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Intracontinental foreland basins with fold-and-thrust belts on the southern periphery of the Tianshan
orogenic belt in China resulted from still-active contractional deformation ultimately cased by the India
eAsia collision. To quantify the amounts of shortening distance and the rates of deformation, and to
decipher the architectural framework, we mapped the stratigraphy and structure of four anticlines in the
Kuqa and Baicheng foreland thrust belts in the central southern Tianshan. In the Baicheng foreland thrust
belts, Lower Cretaceous Baxigai and Bashijiqike Formations located in the core of the Kumugeliemu
anticline are overlain by the Paleocene to Eocene Kumugeliemu Formation, above which are conformable
Oligocene through Pleistocene sediments. A disharmonic transition from parallel to unconformable
bedding at the boundary of the Miocene Kangcun and Pliocene Kuqa Formations suggests a change from
pre-detachment folded strata to beds deposited on top of a growing anticline. Most of the anticlines have
steep limbs (70e90 ) and are box to isoclinal folds, suggestive of detachment folding or faulted
detachment folding (faults that transect a fold core or limb). Shortening estimates calculated from the
cross-sections by the Excess area method indicate that the total shortening for the Kelasu, Kuchetawu,
Kezile and Yaken sections are 6.3 km, 6.4 km, 5.8 km and 0.6 km, respectively, and the respective depths
of the detachment zones are (2.3 km and 6.9 km), 2.3 km, 2.5 km and 3.4 km. Time estimates derived
from a paleomagnetic study indicate that the transition to syn-folding strata occurred at ~6.5 Ma at the
Kuchetawu section along the Kuqa river. In addition, according to our ﬁeld observations and previous
sedimentary rate studies, the initial time of folding of the Yaken anticline was at 0.15e0.21 Ma. Therefore,
the average shortening rate that began at ~6 Ma was ~2 mm/a for the Kelasu, Kuchetawu and Kezile
sections. At 0.15e0.21 Ma, the average shortening rate increased to 3e4 mm/a in the Yaken section.
Combined with the recent GPS data, the shortening rate in the central southern Tianshan area increased
to 4.7 ± 1.5 mm/a at present. We suggest that there was a linear increase in shortening rate in the
southern Tianshan foreland basin, which also indicates that the far ﬁeld stress increased considerably
from the late Miocene to Present in response to the IndiaeAsia collision.
© 2016 Elsevier Ltd. All rights reserved.
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Tapponnier, 1975) or intraplate transpressional orogenic belts
(Cunningham, 2005, 2013) form within continental plates far from
any plate boundary in contrast to accretionary and collisional
orogenic belts (Cawood et al., 2009). Foreland basins or foredeeps
are ﬂexural depressions that develop in front of migrating thrust
loads, and may form on the periphery of continentecontinent
collisional orogenic belts like the Swiss Alps (Sinclair et al., 1991)
belts that form as a result of the collision between a continent and
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an accretionary orogen as in the SW Tianshan (see below), and
intraplate orogenic belts as in the Cenozoic SW Tianshan documented in this paper.
The Tianshan, which extends for more than 2500 km from the
Aral Sea to northern Xinjiang in China (Xiao et al., 2013), was once
an accretionary orogen that formed during closure of the PaleoAsian Ocean in the late Paleozoic and earliest Mesozoic, when it
belonged to the Central Asian Orogenic Belt (Jahn, 2004; Windley
€ r et al., 1993; Guo
et al., 2007; Xiao et al., 2015) or Altiads (Sengo
et al., 2012; Wilhem et al., 2012; Wilhem and Windley, 2015). The
last stage in this orogenic process was the formation of a peripheral
foreland basin with a foreland thrust belt in the late Permian-Early
Triassic on the northern margin of the Tarim craton (Chen et al.,
1999). In the late Permian, about 1000 m of alluvial or lacustrine
sediments were deposited unconformably on early Permian marine
foreland basin sediments west of Kepingtag (Zhao et al., 2003).
The Tianshan orogenic belt, has long been the focus of geologic
investigations related to tectonic uplift and intracontinental
deformation largely in the Cenozoic caused by the far ﬁeld stress of
the Indo-Asian collision (Sobel and Dumitru, 1997; Yin et al., 1998;
Allen et al., 1999; Burchﬁel et al., 1999; Sun et al., 2009a; Sun and
Zhang, 2009; Sun and Jiang, 2013). As a result the Tianshan was
redeformed, uplifted and turned into a Cenozoic mountain belt
(Windley et al., 1990; Allen et al., 1994) by regional-scale thrusts
and oblique-slip faults that link with dextral transpressional faults
and thrusts within a 500 km-wide deformation belt sandwiched
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between the rigid Tarim Craton to the south and the Junggar block
to the north (Fig. 1) (Cunningham et al., 1996; Cunningham, 2005,
2013).
Cenozoic foreland fold-and-thrust belts (FTBs) formed in
Cenozoic foreland basins on both northern and southern sides of
the Tianshan belt, as a result of the migrating thrust loads created
by intracontinental crustal shortening (Molnar and Tapponnier,
1975). These foreland FTBs contain key information for understanding the intracontinental crustal shortening of the Tianshan in
response to the India-Asian collision. Investigations of the Cenozoic
uplift and crustal shortening in the Tianshan foreland basins
include: Burchﬁel et al. (1999), Scharer et al. (2004), Sun et al.
(2007), Sun and Zhang (2009) and Zhang et al. (2014). Using
cross-sections across the southern and northern Tianshan belts
Burchﬁel et al. (1999) calculated 18e21 km and 2.1e6.2 km crustal
shortening, respectively, and to the SE at Kashgar Scharer et al.
(2004) estimated that shortening of individual folds decreased
from a maximum of 6.8 km in the northwest to a minimum of
0.7 km (Fig. 1). Although the earlier works lacked precise seismic
proﬁles, their shortening distances calculated by restoring balance
cross-section are viable. However, calculation of the long-term
shortening rate from a foreland basin can be difﬁcult, if the initiation time of deformation is not known. Cooling histories revealed
by apatite ﬁssion tracks suggest that the Tianshan orogeic belt
began to uplift in the Late Oligocene-early Miocene (Windley et al.,
1990; Dumitru et al., 2001; Sobel et al., 2006; Heermance et al.,

Fig. 1. A digital elevation map of Central Asia created with 90 m digital elevation data (DEMs) download from the USGS ftp site, provided by the NASA Shuttle Radar Topographic
Mission (SRTM). Bottom right inset is a DEM map of Asia marks the location of main Fig. 1, which shows the Tianshan orogenic belt that was reactivated and uplifted by the
IndiaeAsia collision in the Cenozoic. Major thrusts, strike-slip and normal faults are marked. Both sides of the Tianshan orogenic belt developed foreland basin with thick sediments,
strongly deformed in fold and thrust belts (FTBs). In the southern central Tianshan foreland, the Baicheng and Kuqa FTBs contain the Kelasu structural belt, the Qiulitag and Yaken
anticlines (marked as 1, 2 and 3, respectively). On the northern side, south of the Juggar basin, there are three parallel ridges of anticlines (Marked as, 4, 5 and 6). In the southwest
Tianshan, the Kashgar-Akesu FTB contain many anticlines including Mingyaole, Kashgar, Atushi-Talanghe and Mutule (marked as 7, 8 and 9, respectively). Our study area, located in
the Baicheng-Kuqa FTB, is marked by a black rectangle containing Fig. 2a,b and c. Locations of cross-sections from Avouac et al. (1993), Allen et al. (1994), Yin et al. (1998), Burchﬁel
et al. (1999), Zhao et al. (2003), Scharer et a.(2004), Hubert-Ferrari et al. (2007), Gao et al. (2013) and Zhang et al. (2014) are shown.
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2008). However, detailed magnetostratigraphic data of the molasse
deposits of the folded Neogene and Quaternary strata on the
northern edge of the Tianshan indicate that the most recent major
uplift began at ~7 Ma (Sun et al., 2004), and growth strata in the
southern and northern Tianshan foreland basin indicate that
crustal shortening began in the latest Miocene (Hubert-Ferrari
et al., 2007; Sun et al., 2009a; Sun and Zhang, 2009) or Pleistocene (Chen et al., 2002). Countand et al. (2002) concluded that the
contraction began in the late Oligocene-early Miocene in the
southern Tianshan-Pamir region through structural and stratigraphic ﬁeld data collecting, and migrated seismicereﬂection
proﬁles analysis. The initiation time of shortening therefore was
still controversial.
Based on our recent detailed paleomagnetic (Sun et al., 2009;
Zhang et al., 2015, 2016) and growth bedding ﬁeld mapping
works in the Kuqa and Baicheng foreland thrust belts in southern
Tianshan. Our aims in this paper are: (1) to present four detailed
cross-sections, including the Qiulitag anticline (the Kuchetawu and
Kezile sections), the Yaken anticline in the Kuqa depression, and the
Kumugeleimu-Kasangtuokai anticlines in the Baicheng depression,
in order to quantify regional shortening distances based on our
detailed ﬁeld mapping and precise seismic proﬁles published in
recent years; (2) to estimate shortening rates based on the ﬁeld
observation of timing of growth folding and recently published
detailed paleomagnetic data by our group; (3) to integrate our results with modern GPS Monitoring Data, and to discuss the crustal
shortening history of intracontinental deformation in the Tianshan
orogenic belt after the IndiaeAsia collision.
2. Geological background
Geographically, the current Tianshan mountain range extends in
China for over 2500 km from west to east; it is sandwiched between
the Junggar Basin to the north and Tarim Basin to the south (Fig. 1).
The Tarim Basin, which extends from the Tianshan southwards to
the Kunlun mountain to the south, is occupied by the Taklimakan
Desert, the world's second largest shifting sand desert that began to
form at 7e5.3 Ma (Sun and Liu, 2006; Sun et al., 2009b).
Tectonically, the Tianshan orogenic belt is divisible into south,
central and north. The south Tianshan, between the Tarim Basin
and the central Tianshan arc, developed by the consumption of the
southern Tianshan Ocean (a branch of the Paleo-Asian Ocean) until
the end-Paleozoic (Xiao et al., 2013) after which the Tianshan
mountain belt was reduced to low relief and the whole belt entered
into a quiet tectonic period until the end-Cretaceous (Burtman,
2010). During the Cenozoic many FTBs formed in the foreland basins on the northern and southern margins of the Tianshan
orogenic belt induced by the far ﬁeld effect of the IndiaeAsia
collision. However, the timing of initiation of Cenozoic deformation
in the foreland basin and uplift in the hinterland of the Tianshan
remain controversial.
2.1. FTBs in the northern and southern Tianshan forelands
On the northern side of Tianshan range, south of the Junggar
basin, three low elongate elevated hills (relative to the Tianshan) of
deformed Mesozoic and Cenozoic strata form three parallel eastewest trending ridges of anticlines (marked as, 4, 5 and 6 in Fig. 1),
which indicate northesouth compression. Marker 4 refers to the
Qingshuihe and Qigu anticlines of deformed Mesozoic and Cenozoic strata; Marker 5 indicates the Huoerguoshi, Manasi and Tugulu
anticlines that mainly consists of Paleogene to Pleistocene strata;
and Marker 6 marks the Anjihai and Dushanzi anticlines, which
consist of Neogene to Pleistocene sediments. Based on the growth
strata and age determination of the Tugulu anticline, Sun and

Zhang (2009) recognized that syntectonic growth strata began to
develop at ~6 Ma, and concluded that the late Cenozoic crustal
shortening and mountain building in that area continued until the
early Pleistocene.
In the southern Tianshan foreland basin from west to east are:
(1) the Kashgar-Akesu FTB; (2) the Baicheng-Kuqa FTB; (3) the
Korla transfer zone; and (4) the Lop-Nur FTB (Fig. 1). In the
northwest corner of the Tarim basin, the Kashgar-Akesu FTB
contain three anticlines: the Mingyaole, Kashgar, and AtushiTalanghe-Mutule anticlines (marked as 7, 8 and 9 in Fig. 1, respectively). In addition, the Kepin uplift in the Kashgar-Akesu FTB
consists of folds and thrust-imbricates involving Cambrian to
Quaternary strata. McKnight (1994) recognized the thin-skin style
of thrusting in this FTB.
Moreover, the Baicheng-Kuqa FTB contains the Kelasu structural
belt, and the Qiulitag and Yaken anticlines (marked as 1, 2 and 3 in
Fig. 1, respectively) (Sun et al., 2009a). The Kelasu structural belt
(Fig. 2) contains several anticlines (Kaiyileiaikeng anticline in the
north, Kumugeliemu and Bashijiqike anticlines in the centre, and
Kasangtuokai and kezileaikeng anticlines in the south) together
with thrust faults (Burchﬁel et al., 1999). East of the Baicheng-Kuqa
FTB, the Korla transfer zone contains a NW-striking oblique thrust
ramp, and the Lop Nor FTB consists of widely spaced folds and
thrusts that involve Pre-Cambrian basement rocks (Yin et al., 1998).
This paper mainly focuses on the Baicheng-Kuqa FTB (Fig. 1).
2.2. Geologic features and stratigraphy
Our study area includes the Kelasu section along the Kelasu river
northeast of the Baicheng County, the Kuchetawu section along the
Kuqa river, and the Kezile and Yaken section along the Kezile river
in northeastern Kuqa County (Fig. 1 and Fig. 2). Along the Kelasu
river the Kumugeliemu and Kasangtuokai anticlines are wellexposed, and the Qiulitag and Yaken anticlines crop out well
along the Kuqa and Kezile rivers.
In the north of the Kelasu section (Fig. 2a) the Kumugeliemu
anticline contains Lower Cretaceous to Pliocene strata including the
Lower Cretaceous Baxigai Formation, which are the oldest rocks in
the core of this fold (Fig. 2a). The Baxigai Formation consists of
yellowebrown sandstones and siltstones with a thickness of
~810 meters (ms); its Cretaceous age is based on the presence of
Ostracoda fossil (e.g. Rhinocypris. sp.) (Fig. 3). The depositional
environment of the Baxigai Formation was ephemeral lacustrine
(Fig. 3). An EW-striking reverse fault, which cuts across the Baxigai
Formation, is probably a thrust ramp (Fig. 2a). The Bashijiqike
Formation, which is conformable on the Baxigai Formation, contains pink sandstones and siltstones, calcareous mudstones and
purple gray conglomerates, its thickness ranges from 140 ms to
270 ms in the two limbs of the anticline and its Cretaceous age is
based on the presence of Ostracoda fossils (GKX, 1997). The
Bashijiqike Formation was deposited in an alluvial fan or ﬂuvial
environment (Fig. 3).
Unconformabley on the Bashijiqike Formation is the largely
Eocene Kumugeliemu Formation, the base of which is marked by an
abrupt darkening and coarsening of the beds, which include conglomerates (Fig. 4a) with a thickness of 50e100 ms. The top of this
Formation consists of reddish mudstones/siltstones and gravels,
occasionally, intercalated with thin gypsum layers (Fig. 4b) (usually
less than 10 cm thick), but no fossils are found in this Formation;
the environment of deposition is alluvial fan to lacustrine (Fig. 3).
Conformable on the Kumugeliemu Formation is the Suweiyi Formation, which contains reddish mudstones, siltstones, and interbeds of sandstones and conglomerates. Its thickness varies from
400 ms to 440 ms, and its age is interpreted as largely lower
Oligocene (Fig. 3) based on the paleomagnetic data of Zhang et al.
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Fig. 2. Geologic maps of the Kumugeliemu and Kasangtuokai anticlines (a), the Qiulitag anticline (b), and the Yaken anticline (c) showing axial traces of EeW anticlines and
synclines. Modiﬁed after the 1:100, 000 geologic map (GKX, 1997), and our ﬁeld structural data. The topography is from the 90 m DEM. Locations of the Kelasu (Fig. 5c, CeC0 in
Fig. 5), Kuchetawu (Fig. 5a, AeA0 in Fig. 5), Kezile (Fig. 5b, BeB0 in Fig. 5) and Yaken (Fig. 11b) sections are marked. Locations of the seismic reﬂection proﬁles (Figs. 6b, 7b and 9b and
€ron et al. (2007) is shown in Fig. 2c. (For interpretation of the references to colour in this ﬁgure legend, the
11c) are marked in red solid lines. Location of the cross-section from Dae
reader is referred to the web version of this article.)
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Fig. 3. Mesozoic to Cenozoic strata exposed in our study area (the Kelasu, Kuchetawu and Kezile sections). Lower Cretaceous sediments, overlain mostly unconformably by
Paleocene and Neogene strata, and capped by conformable Pleistocene conglomerates. The depositional environments of all units are clearly shown. Modiﬁed after Sun et al.
(2009a), Zhang et al. (2015, 2016), 1:100,000 geologic map (GKX, 1997), and combined with our ﬁeld observations. Stars indicate fossils.

(2015). The depositional environment of the Suweiyi formation is
widely recognized as lacustrine to alluvial fan.
Resting conformably on the Suweiyi Formation, the Jidike Formation (Figs. 3 and 4c) contains reddish-brown mudstones to
siltstones interbedded with grayegreen siltstones, and sandy
conglomerates, and its thickness varies from 300 to 360 ms in the
Kumugeliemu anticline, and from 230 to 620 m in the Kasangtuokai
anticline (Fig. 3); the environment of deposition of the Jidike formation is shallow lake to ﬂuvial. Above the Jidike Formation is the
upper Miocene Kangcun Formation (Fig. 4d), which consists of
browneyellow siltstones and sandy conglomerates, its thickness
varies from 120 to 320 in the north Kumugeliemu anticline and
from 650 to 800 m in the south Kasangtuokai anticline (Fig. 3); the
depositional environment of the Kangcun formation was also
shallow lake to ﬂuvial. The ages of the Jidike and Kangcun Formations are 34e9.7Ma and 9.7e5.3Ma, as deﬁned by paleomagnetic
data (Zhang et al., 2015).
Conformably above the Kangcun Formation, the mostly Pliocene
Kuqa Formation contains light yellow siltstones and sandstones
interbedded with conglomerates at the Kelasu section (Fig. 4e). The
thickness of the Kuqa Formation widely varies from 200 ms to
1550 ms on difference limbs of the Kumugeliemu and Kasangtuokai
anticlines (Fig. 3). The Kuqa Formation was deposited in an alluvial
fan or ﬂuvial environment. The top of the Kuqa Formation is
marked by an abrupt darkening and coarsening of the lithologies,
which indicates a transition into the Xiyu Formation (Fig. 4f). At the
base of the mostly Pleistocene Xiyu Formation, 0.3e7 m-thick
pebble conglomerates alternate with poorly sorted lenses and
discontinuous light-yellow siltstone beds. In the upper Xiyu Formation dark gray conglomerates become thicker and contain pebbles and cobbles.

The Kuchetawu and Kezile sections (both in the Qiulitag anticline) contain the Jidike, Kangcun, Kuqa and Xiyu Formations. The
Jidike Formation is exposed in the core of these two sections along
the Kuqa and Kezile rivers (Fig. 2b). Note that the stratigraphy in the
Kuqa and Kezile sections is a little different from that in the Kelasu
section. Firstly, the Kuqa Formation herein is divisible into two
layers in these two sections; the lower mainly consists of siltstones
and sandstones with conglomerates, whereas the upper consists of
siltstones and thick conglomerates (Fig. 3). The thickness of the
Kuqa Formation is 1446 ms in the south limb and 2070 ms in the
north limb of the Qiulitag anticline (in the Kuchetawu section), and
is 306 ms in the south limb and 4590 ms in the northern limb in the
Kezile section. Secondly, fewer conglomerates were deposited here
compared with the Kelasu section, this may be due to a longer
distance to the hinterland of the Tianshan mountain belt compared
with the anticlines in the Kelasu section. Fig. 3 summaries detailed
stratigraphic data about the lithologies in the Kuchetawu and
Kezile sections. The Yaken section along the Kezile river contains
the Kuqa and Xiyu Formations (Fig. 2c).

2.3. Growth strata
Growth strata in the study area can be easily related to the folds
and faults in the foreland basin of the Tianshan orogenic belt.
Syntectonic sediments therein can provide precise information on
the timing of depositional interaction and deformation. For
example, in the Kuchetawu section growth strata developed in the
southern limb of the Qiulitag anticline, and syntectonic sediments
were deposited from the Upper Kangcun Formation to the Lower
Pleistocene Xiyu Formation (Hubert-Ferrari et al., 2007; Sun et al.,
2009a). Field observations show that in the last hundred of
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Fig. 4. Field photos showing various Cenozoic lithologies: (a) the Kumugeliemu Fromation manly consists of conglomerates; (b) the Suweiyi Formaiton, reddish siltstones and
mudstones; (c) the Jidike Formation, reddish-brown mudstones interbedded with grayegreen siltstones, and grayegreen siltstone lenses that are characteristic of this Formation;
(d) the Kangcun Formation of siltstones and interbedded sanstones and conglomerates; (e) the Kuqa Formationwith siltstones, sandstones and conglomerates; and (f) the Xiyu
Formationof conglomerates, a ﬁnal light-yellow siltstone layer marks the boundary of the Kuqa and the Xiyu Formations. Scientist or telephone pole for scales. See Fig. 3 for
lithological details. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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meters of exposed strata in the Kuchetawu section, the bedding
inclination decreases abruptly up section, from~60º to 40º in the
upper part of the Kangcun Formation, from ~40 to 28 in the Kuqa
Formation, and ﬁnally decreasing to ~20 in the Xiyu Formation
(Sun et al., 2009a). Seismic proﬁles also show that the bedding
inclination decreases abruptly up section from the Kangcun Formation to Xiyu Formaion underground (Wang et al., 2002a and b;
Yang et al., 2003; Suppe et al., 2004; Wang et al., 2011). Paleomagnetic sampling has focused on the southern limb of the Qiulitag anticline in the Kuchetawu section. Sampling strategies and
statistics, demagnetization processes, and correlation with the
geomagnetic polarity timescale GPTS (Cande and Kent, 1995) are
described in detail in Sun et al. (2009a). Moreover, in the southern
limb of the Kumugeleimu anticline along the Kelasu section, ﬁeld
observations and seismicereﬂection proﬁles (Qi et al., 2009; Wang
et al., 2011) also indicate that the bedding inclination decrease
gradually from the Kangcun Formation (~65 ) to the Kuqa Formation (~10 ) (Fig. 5). This characteristic of growth strata combined
with the high-resolution magnetostratigraphy age of syntectonic
deposition indicate that the syntectonic growth strata began to
accumulate at ~6.5 Ma ago, whereas crustal shortening was initiated at the latest Miocene (Sun et al., 2009a).
3. Structure
We conducted detailed ﬁeld mapping along four traverses (the
Kelasu, Kuchetawu, Kezile and Yaken section) in order to investigate the variations in shortening and deformation style across the
Baicheng-Kuqa FTB (Figs. 2 and 5). Structural and sedimentological
details were mapped along three river beds (Kelasu, Kuqa and
Kezile) based on the 1:100, 000 geological map and 90 m digital
elevation model (DEM) data. Topographic proﬁles, oriented
perpendicular to the average strike of the bedding at each crosssection (Fig. 5), were derived from the DEM data/ﬁeld mapping
elevations, and used as base for our cross-section interpretations.
The surface structures of our cross-sections are constrained by
detailed ﬁeld structural measurements (Fig. 5), the stratigraphic
thicknesses are based on our detail ﬁeld observations and on our
paleomagnetic studies that were carried out in the Kuchetawu and
Kelasu sections (Sun et al., 2009a; Zhang et al., 2015; Zhang et al.,
2016). Earlier (Wang et al., 2002a and b; Yang et al., 2003), and

recently published seismic data (Tang et al., 2004; Qi et al., 2009;
Zeng et al., 2010; Wang et al., 2011) were used to infer the subsurface structure of the cross-sections. The seismic proﬁles are
basically positioned and correlated with the three traverses marked
on Fig. 2, i.e. over the Kuchetawu section along the Kuqa river at
AeA0 and the Kezile section along the Kezile river at BeB0 , and a
little east of the Kelasu section at CeC0 .
3.1. The Qiulitag anticline
The Qiulitag anticline is in the structural belt in the BaichengKuqa FTB (marked as 2 in Fig. 1), which extends from the hinterland to the foreland basin in front of the central southern Tianshan.
This anticline is continuous for 300 km along strike (EeW), bends
towards northwest (GPS: N40 5102200 , E82 490 0400 ), where it
n, 2004). In the west part
changes into a superposed fold (Simo
(west of the GPS position), it separates into two anticlines with
axial traces that strike west-southwest, and it ﬁnally bends to the
west-northwest (Fig. 1). Two cross-sections were made across this
anticline (the Kuchetawu and Kezile sections) along the Kuqa and
Kezile rivers.
3.1.1. The Kuchetawu section
The Kuchetawu section (AeA’ on Fig. 2, Figs. 5a and 6) is located
along the Kuqa river, where the axial plane of the Qiulitag anticline
is slightly overturned to the north, although on the surface the beds
mostly have 85 dips on the southern and northern fold limbs;
some 85 (overturned) dips are only in the north (Fig. 5a). The
Jidike Formation is exposed in the core of this anticline, where it
consists of red mudstones that contain lenses and discontinuous
layers of grayegreen siltstone (Fig. 4c). On the seismicallyconstructed reﬂection proﬁle (Fig. 6a) two faults (f1 and f2) transect the Jidike Formation either paraller or sub-parallel (low angle)
to the bedding. In the hinge of the fold the two faults converge into
one vertical fault (Figs. 6a and b). The dip angles of beds of the
Upper Miocene (N2) Kangcun Formation (Fig. 3) decreases from 70
to 60 away from the fold hinge. In the area with growth strata, the
dip angles changed considerably; the average angles of dip are used
to calculate the bed thicknesses. The thickness of the Kangcun
Formation is 2100 m and 1900 m on the southern and northern
limbs, respectively (see Figs. 3 and 6a). In addition, in the lower

Fig. 5. Detailed cross-sections (a) the Kuchetawu section, (b) the Kezile section, and (c) the Kelasu section with structural information mapping in the ﬁeld. The topography is from
the 90 m DEM data. Location of Fig. 8 is shown in (b). (d) Field photo showing the growth strata on the southern limb of the Kumugeliemu anticline. Location of this photo is shown
in (c). The dotted line indicates the boundary of the Kangcun and Kuqa Formation, which also the area of bedding growth.
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Fig. 6. (a) Interpretation of cross-section (AeA0 , Fig. 5a) for the Qiulitag anticline in the Kuchetawu section along the Kuqa river in the Baicheng-Kuqa FTB. Bedding orientations and
lithologic data are from our ﬁeld maps. The bed lines in the Kuqa to Jidike Formation are used to calculate Excess area and Line length shortening values. Location of the section is
shown in Fig. 2b, lithological legends are in Fig. 2. The deep structure were interpreted from seismic reﬂection proﬁles (b), which is modiﬁed after Wang et al., 2002a and 2002b;
Wang et al., 2011.

Kuqa Formation (Lower Pliocene, uppermost Neogene N2, Fig. 6a)
the dip angle is nearly 60 , and decreases northwards to ~30 ;
growth strata in the upper part of the section, were interpreted as

syntectonic sediments by Sun et al. (2009a). Conservative estimates
of the thickness of the Kuqa Formation are 1446 ms and 2070 ms in
the southern and northern limbs, respectively. The dark
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conglomerates of the Pleistocene Xiyu Formation in the northern
limb have a thickness of 1330 m, much thicker than the 330 m in
the southern the south limb. The dip angle of this Formation is 15 ,
which is decreasing from 25 to 10 . To accommodate the steep
dips of the inner beddings, this anticline can be modeled as a fault
propagation fold with complex, imbricate blind faults or alternatively as a detachment fold (Dahlstrom, 1969) both in the surface
and subsurface (from 5 km to 4 km in Fig. 6a). The seismicereﬂection proﬁle (Fig. 6b) suggest that the Qiulitag anticline are not a
fault propagation folds but a detachment fold. Moreover, it is easy
to recognize the fault-bend fold in the subsurface below ~ 5 km
from the seismicereﬂection proﬁle (Fig. 6b), where pre-Miocene
strata are involved in the structure.
The width of this anticline was determined from the sum on
both limbs of the strata thickness from the Jidike Formation to the
Xiyu Formation, a total of 21.3 km. Similar to the detachment
folding study in the southwestern Tianshan by Scharer et al. (2004),
for a conservative shortening estimate, the top panel of the anticline was modiﬁed to have a horizontal dip (Fig. 6a). Accordingly,
the height of the fold is ~6 km. Paleomagnetic data from the
southern limb of this anticline constrain the age of the strata (Sun
et al., 2009a).
3.1.2. The Kezile section
The Qiulitag anticline in the Kezile section (BeB0 ) (Figs. 2, 5b and
7) is located along the Kezile river, ~20 km east of the Kuchetawu
section; it involves the core of the Jidike Formation and the Kangcun, Kuqa and Xiyu Formations on both limbs. In the fold core
(hinge), mudstones interbedded with siltstones of the Jidike Formation are deformed into a huge box-fold (Fig. 8). Competent
siltstone layers were deformed by ﬂexural slip mechanism,
whereas interbedded incompetent mudstone layers were
deformed by inhomogeneous deformation (ﬂexural ﬂow) forming
ptygmatc or parasitic folds on both limbs (Fig. 8). S-shaped parasitic
folds and thrusts on the southern limb show sinistral movement,
whereas Z-shaped parasitic folds and thrust on the northern are
dextral (Fig. 8). Kink bands on both limbs of the box-fold, and the
axial surfaces of parasitic folds can help to deﬁne the geometrical
shapes of hinge zone panels when drawing the cross-section
(Fig. 7). Similar to the Kuchetawu section, based on ﬁeld maps
and the seismicereﬂection proﬁle (Fig. 7b), the interpreted map of
the cross-section along the Kezile river is shown in Fig. 7a. The
southern limb near the hinge of the anticline contains an overturned panel which dips 87º to the north, while the northern limb
also dips to the north at an angle of 60 , these relations indicate an
overturned anticline. Also, in the southern limb (Fig. 7) the northdipping Kangcun Formation becomes vertical near the hinge and
even dips to the south together with the contact with overly Kuqa
Formation (i.e. N1 to N2). The southern limb of the Kuqa Formation
is much thinner than the northern, because of the cut off by a thrust
fault, which is clearly visible in the seismic proﬁle (Fig. 7b) with its
low angle (~30 ) dip to the north.
Similar to the Kuchetawu section, the top panel of the anticline
was modiﬁed to have a horizontal dip panel (Fig. 7a) as a result of
our ﬁeld observations in the hinge of the anticline (Fig. 8). The
width of this anticline is ~18 km and with an ~8 km of height
(Fig. 7). Moreover, a fault-bend fold also is recognized underground
(Fig. 7b).
3.2. The Kelasu section
The Kelasu section (CeC0 ) (Figs. 2, 5c and 9) is located along the
Kelasu river, and the Kumugeliemu anticline occurs to the north,
while the Kasangtuokai anticline is to the south. The axial traces of
these folds strike almost EeW (Fig. 2a). The Kumugeliemu anticline

is ~30 km long and 8 km wide, while the Kasangtuokai anticline is
~100 km long and 6 km wide (Fig. 2a). Variations in dip between
planar segments of beds are very clear in the ﬁeld; construction of
the cross-section CeC0 was constructed based on our structural
ﬁeld maps (Fig. 5c) and the seismicereﬂection proﬁle (Fig. 9b), in
common with the Qiulitag anticline (Fig. 9). These two major folds
together show dome-and-basin geometry in planar view (Fig. 2).
In the south the hinge of the Kasangtuokai anticline (Fig. 5c), with
the early Oligocene Suweiyi Formation, is transected by a reverse
fault, which was detected sub-surface by the seismicereﬂection
proﬁle (Fig. 9b); the dip of the fault decreases from 65 to 35 on the
surface based on our ﬁeld observation. The interpreted stratigraphic
marker beds from the seismic proﬁle data indicate that the offset of
the fault is ~1000 ms (Qi et al., 2009). The southern limb of the
Kasangtuokai anticline, dips ~65 S and the northern limb dips ~50
N. Unlike the Qiulitag anticline, this anticline is less tight, the interlimb angle being ~65 . The axial plane of the fold is almost vertical
and strikes EeW. The total width of the fold at depth is ~8 km, almost
twice the size of its surface topographic width (~4 km) (Fig. 9a).
Moreover, imbrication fans beneath this anticline at ~ 2 to 4 km
depth are well recognizable on the seismicereﬂection proﬁle
(Fig. 9b); a series of curved triangular thrust slices converge northwards into a shallow-dipping thrust (Fig. 9b). The thrust direction of
FTB is to the south (foreland direction), which indicates that the
vergence of this modern FTB have been inﬂuenced by the vergence
of structures of the older sbuduction system, the northward subduction direction of the Tarim plate below the Tianshan orogenic
belt in the late Paleozoic to early Mesozoic (Xiao et al., 2013).
North of the Kasangtuokai anticline is the Kumugeliemu anticline. Between these two anticlines is an open syncline, which
contains the Pliocene Kuqa Formation, in the core of which the
strata are almost horizontal (Fig. 5c). The southern limb of the
Kumugeliemu anticline dips south with an average dip of ~65 from
the Upper Miocene Kangcun Formation to the Lower Cretaceous
Baxigai Formation (Figs. 3, 5c and 9a). The bedding inclinations in
the southern limb of this anticline between the Kangcun and Kuqa
Formations decrease abruptly up section from 65 to 10 in only
50 ms distance (Fig. 5c and d). We suggest that these beds that
abruptly decrease in dip are syntectonic strata that were deposited
at the same time as, or after, the initiation of folding, similar to the
Kuchetawu section (Sun et al., 2009a). In addition, in the centre of
the Kumugeliemu anticline, a reverse fault has transected the
Basigai Formation. From the east to west, this 30 km-long fault cuts
off the whole anticline (Fig. 2a) as well as a thick conglomerate bed
(Fig. 10a). Slickenlines on the fault surface indicate a southward
movement (Fig. 10b).
3.3. The Yaken anticline
The Yaken anticline belongs to the third structural belt in the
Baicheng-Kuqa FTB (Figs. 1 and 2c); it extends from the hinterland
to the foreland in front of the central southern Tianshan (marked as
3 in Fig. 1). It is the smallest anticline in the study area, ~60 km long
and a maximum width of ~8 km. Its vertical to sub-vertical axial
plane strikes nearly EeW. The anticline has a snake-like shape
because its hinge bends from east to west (Fig. 1). Our study section
is along the southern Kezile river (Figs. 2c and 11). Based on the
1:100, 000 geological map (GKX, 1997), combined our own ﬁeld
mapping and seismicereﬂection proﬁle (Fig. 11c), the Yaken anticline is a broad open fold (Fig. 11b), unlike the Qiulitag, Kasangtuokai and Kumugeliemu anticlines, which are very tight. The strata
exposed in the Yaken anticline are the Kuqa Formation in the core
and the Xiyu Formation in the outer limbs (Fig. 11b). We used the
dipping angle of 10 for both limbs in the reconstructed crosssection (Fig. 11b).
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Fig. 7. (a) Interpretation of cross-section (BeB0 , Fig. 5b) for the Qiulitag anticline in the Kezile section along the Kezile river in the Baicheng-Kuqa FTB. Bedding orientations and
lithologic data are from our ﬁeld mapping. Location of BeB0 is shown in Fig. 2b. Lithology legends are in Fig. 2. The deep structure and major stratigraphic boundaries were
interpreted from seismic reﬂection proﬁles (b), which is modiﬁed after Suppe et al., 2004.

4. Shortening calculation
We now present our estimates of shortening using two
methods: 1. excess area 2. line length balancing. 1. The excess area
method was ﬁrst used by Chamberlin (1910) to determine the

shortening distance and depth to a detachment horizon below the
surface of Appalachian folds in Pennsylvania. This method was later
improved by many studies, e.g. Mitra and Namson (1989), Epard
and Groshong (1993), and Wiltschko and Groshong (2012).
Here we used the improved excess area method by Epard and
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Fig. 8. Field photo showing (a) the Qiulitag anticlinal box-fold, and its interpretation map (b) in the Kezile section along the Kezile river. Reddish mudstones and interbedded
grayegreen siltstones and conglomerates of the Jidike Formation. Car for scale. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

Groshong (1993), which compares the excess area at several
stratigraphic levels with the depth from each level to a constant
reference horizon. The shortening distance of the folding is the
slope of the function, and the X-intercept is the depth of the
detachment fault zone. We determined at least three excess areas
for each anticline, and the different reference surfaces of each
cross-section were plotted as reference horizons (Fig. 12).
2. In order to compare the excess area calculation and with other
regional estimates of shortening (Yin et al., 1998; Burchﬁel et al.,
1999; Zhang et al., 2014), we calculated the line length changes
for each cross-section. This method assumes that the folding process does not change the original length of the bedding and also
assumes that the cross-sections are admissible and viable (Suppe,
1983; Suppe and Medwedeff, 1990). Using this method, we ﬁrst
constructed the topographic proﬁle along the line of section based
on the 90 m DEM data, then transferred the strikes and dips from
our ﬁeld mapping (Fig. 2), and ﬁnally incorporated the seismicereﬂection proﬁles (Figs. 6b, 7b and 9b) onto the cross-sections
(Figs. 5a, b and c). In order to capture the shortening of the youngest pre-growth deposits, an appropriate bedding horizon (average
or shortest length) for each section was used. Although the
complicated geological feature and obvious differential thicknesses
of the growth beds affect our measurement, all the cross-sections
are balanced.
The two methods both assume that ﬂexural folding is the

predominant mechanism of deformation and folding mechanism.
This mechanism is consistently supported by considerable evidence
in the ﬁeld: (1) there are slickenlines appear on the gypsum beds in
the Suweiyi Formation in the Kumugeleimu anticline (Figs. 10c,
d and e), and on the bedding surfaces of the Jidike Formation in the
Kasangtuolai anticline (Fig. 10f); (2) folding was by ﬂexural ﬂow,
indicated by parasitic folds on both limbs of anticlines (Figs. 8 and
10c), this folds accommodated the shear stresses within mechanically soft lithologies (mudstone and claystone) sandwiched between rheologically rigid or stronger lithologies (sandstone and
conglomerate); (3) slaty cleavage, which forms as a response to
layer-parallel shortening parallel to the axial surface of a major fold,
could not be found in any of the study areas. Accordingly, ﬂexural
bedding plane slip was the predominant folding mechanism,
consequently with no evidence of longitudinal strain folding or
ﬂattening.
The ﬁnal results of the two methods are shown in Table 1 and
Fig. 12. The shortening distance of the Qiulitag anticline at the
Kuchetawu section along the Kuqa river is 6.5 km (Excess area) and
6.1 km (Line length). For the Kezile section, the shortening distance
is 5.8 km by the Excess area method, and 5.9 km by the line length
method. In the Kelasu section along the Kelasu river, the shortening
distances of the Kasangtuokai and Kumugeleimu anticlines are 3.5
and 3.8 km by the Excess area method, and 3.1 and 3 km respectively by the line length method. In the southern Kezile section the
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Fig. 9. Cross-section (CeC0 , Fig. 5c) of (a) the faulted and thrusted Kumugeliemu and Kasangtuokai anticlines, and (b) their seismic reﬂection proﬁles (modiﬁed after Wang et al.,
2011), in the Kelasu section along the Kelasu river in the Baicheng-Kuqa FTB. Bedding orientations and lithologic data are from our ﬁeld maps (Fig. 5c). Lithology legends are shown
in Fig. 2. The displacement of the main thrust is 1.0 km (calculated from our ﬁeld data and seismic reﬂection proﬁles).

Yaken anticline has a 0.6 km (Excess area) and 0.19 km (Line length)
shortening distances. The shortening distances determined by the
Excess area method are almost the same as by the Line length
method except for the Yaken anticline.
5. Discussions
Our data presented above, which include four structuralgeological cross-sections combined with geomagnetic data from
the Kuchetawu section by Sun et al. (2009a), and from the Kelasu
section by Zhang et al. (2015, 2016) enable us to discuss the
structural characteristics of the Kuqa and Baicheng FTBs in front of
the southern Tianshan orogenic belt, and to calculate the respective
shortening distances and rates. By Integrating with previous
regional geological data, we discuss the implications of the deformation of these foreland basins within the context of Cenozoic
intercontinental crust shortening in this part of Central Asia caused
by the IndiaeAsia collision.
5.1. Structure
The Tianshan orogenic belt is tectonically a shortening zone
underwent lateral compression in the Cenozoic, seismic reﬂection
proﬁles (location of the proﬁle is shown in Fig. 1) from Zhao et al.
(2003) suggested that it is a block with relatively low velocity
and density, and partially high resistivity. Three crustal layers

(lower, middle and upper crusts) of the southern Tianshan foreland
were proposed by them indicated that: (1) a detachment exists in
the upper crust at the northern margin of the Tarim Basin; (2) the
sedimentary cover containing FTBs, the intrusive layer in the upper
and middle crust, and the mass from the subduction of the Tarim
Basin into the upper mantle of the Tianshan (forming a ~20 kmthick complex crust-mantle transitional zone) are probably
responsible for the crustal thickening of the Tianshan. In addition,
seismic reﬂection proﬁle (location of the proﬁle is in Fig. 1) (Gao
et al., 2013) from the northwestern Tarim Basin in the Kashgar
area to the southwestern Tianshan in the Tielieke area reﬂect the
sedimentary sequences and the relevant FTBs, especially because
the upper lithosphere of southwest Tianshan is easy to recognize as
two layers (Lower layer and Upper layer). The lower Layer
(20e100 km thick) consists of thick-skin faulted structures that
involved Precabrian Tarim basement. The Upper layer (0e10 km
thick) contains thin-skin structures; Many FTBs involved sediments
from Mesozoic to Pleistocene age. Published seismic reﬂection
proﬁles from the Baicheng and Kuqa areas (Wang et al., 2002a and
b; Yang et al., 2003; Wang et al., 2011) show the same geophysical
characteristics as those in the Upper layer in southwestern
Tianshan.
The Kuqa-Baicheng FTB consists of a series of fault-related folds
and north-dipping thrusts (Yin et al., 1998; Burchﬁel et al., 1999).
Previously, these fault-related folds were considered to be faultbend folds (Yin et al., 1998; Burchﬁel et al., 1999; Suppe, 1983;
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Fig. 10. Field photos showing (a) a conglomerates bed of the Baxigai Formation; this is transected by a north-dipping fault (Fig. 2a), and (b) slickensides occur on the fault surface.
(c) a gypsum bed in suweiyi Formation, (d, e) slickensides on gypsum bedding places; (f) slickensides on a bedding surface in the Jidike Formation.

Zhang et al., 2014), following the geometric model of Suppe (1983,
1990). However, based on our detailed ﬁeld observation and
recently published (Figs. 6b, 7b and 9b and 11c) (Wang et al., 2011)
and unpublished seismic reﬂection proﬁles, we suggest that the
Qiulitag, Kumugeliemu, Kasangtuokai and Yaken anticlines are
detachment folds (Chamberlin, 1910; Mitra, 2003), similar to the
detachment folds of the Kashgar-Atushi fold system in the southwestern Tianshan (Scharer et al., 2004). Before we present our
reasons for this decision, we ﬁrst describe the geometric characteristics of the detachment folds.
Fault-related folds are divisible into fault-bend folds, faultpropagation folds and detachment folds. Detachment folds generally form in sedimentary units with signiﬁcant thickness and
competency contrasts, and their geometric morphology and
structural evolution are strongly dependent on the thickness,

ductility and stratigraphic sequence of the deformed sediments
(Currie et al., 1962; Davis and Engelder, 1985). Also, detachment
folds can be sub-divided into two main geometric types: isharmonic detachment folds and lift-off folds (Mitra, 2003). The isharmonic detachment folds have parallel geometries in their outer arc
and disharmonic geometries in the cores of their anticlines
(Dahlstrom, 1969), and the whole fold system terminates in a basal
detachment. The lift-off folds are characterized by parallel geometries in most of their outer units, and isoclinal folding at the basal
detachment in the core of their anticlines (Mitra, 2003). From our
ﬁeld observations and previous studies (Poblet et al., 1997; Mitra,
2002, 2003), we consider that detachment folds readily form if a
foreland basin consists of incompetent beds (e. g. gypsum layers,
Fig. 10c) intercalated with thick competent beds. The evidence that
supports that relationship is as follows:
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Fig. 11. Field photos (a) and interpreted cross-section (b) of the Yaken anticline in the southern Kezile section along the Kezile river in the Baicheng-Kuqa FTB. Bedding orientations
and lithologic data are from our ﬁeld maps and 1:100, 000 geologic maps. The bed lines from the Xiyu to Kuqa Formations are used to calculate excess area and line length
shortening values. The sub-surface structure is interpreted from seismic reﬂection proﬁles (c) (Modiﬁed after Hubert-Ferrari et al., 2007). Lithology legends are shown in Fig. 2.
Location of the section is marked in Fig. 2c.

1. The Yaken anticline (Fig. 11), both limbs have very lower dipping
of ~10 . The seismic reﬂection proﬁle (Fig. 11c) show that no
fault have affected the Yaken anticline in our study area (Fig. 2c).
The wavelength-amplitude (w/a) ratios (Dahlstrom, 1990) of the
anticline are high, which is a similar relationship to that in many
well-established equivalents worldwide, such as the Parry
Islands fold belt (Harrison and Bally, 1988) and the Appalachian
Plateau fold belt (Gwinn, 1964). All the evidence points to the
Yaken anticline being a low-amplitude detachment fold that
started with a high w/a ratio in its early stage of growth (Mitra,
2003).
2. The Qiulitag anticline in the Kuchetawu section along the Kuqa
river (AeA0 in Fig. 2b, Figs. 5a and 6a) contains stratigraphic
packages in which the different units have high competency
contrasts. The Jidike and Kangcun Formations in the core of the
fold mainly consist of mudstones and siltstones, whereas the
outer layers of the fold consist of the ﬂuvial Kuqa and Xiyu
Formations, which are mainly made up of conglomerates. This
anticline is characterized by parallel geometries in the outer
Kuqa and Xiyu units, and by isoclinal folds in the inner Kangcun
and Jidike units. This geometrical character is indicative of a
symmetrical upright fold. In addition, from the seismic reﬂection proﬁle (Fig. 6b) shows that two faults (f1 and f2 in Fig. 6a)
amalgamate into one vertical fault in the Jidike Formation, but
no fault can be recognized as a ramp fault that cut off all the
stratigrahpic units in the subsurface (at the depth of 0e4 km)
(Fig. 6). This kind of geometry combined with the tight isoclinals
in the fold core suggests that the Qiulitag anticline is a lift-off
type detachment fold (Mitra, 2003).
3. The Qiulitag anticline in the Kezile section along the Kezile river
(BeB0 in Fig. 2b, Figs. 5b and 7a) has a slightly shallower dip

(60e74 ) on the northern limb than the southern limb (75e85 ,
overturned). To accommodate this geometric character and
subsurface structure from the seismic reﬂection proﬁle (Fig. 7b),
this anticline can be classiﬁed as a detachment fold (Mitra,
2003) or a fault-propagation fold (Suppe and Medwedeff,
1990). The overturned southern limb is cut through by a fault,
which is likely thrust ramp (Fig. 7a). Nevertheless, we suggested
that this anticline is an asymmetric faulted detachment folding
(Mitra, 2003) for the following reasons: (1) in the core of this
anticline box-fold (Fig. 8) is an extremely tight isoclinal folding
(Fig. 7a), (2) both of limbs still have steep dips, which is inconsistent with a much shallower dip of one required by faultpropagation fold (Suppe and Medwedeff, 1990), (3) if it is a
fault-propagation fold, the angle of dip of the northern limb
should be equal to the ramp fault angle, but, from the seismicereﬂection proﬁle (Fig. 7b), the dip of the ramp is much shallower than the northern limb (Fig. 7a). However, a limb faulted,
asymmetric, detachment fold is one of the most common features of the geometry of detachment folds (Mitra, 2002). This
kind of detachment fold is found in many foreland FTBs, for
example in the Zagros, Idaho-Wyoming-Utah, Carpathian and
Albanian belts.
Moreover, the Kasangtuokai and Kumugeleimu anticlines along
the Kelasu river (CeC0 in Fig. 2a, Figs. 5c and 9a) can also be
recognized as asymmetric, faulted, detachment folds. Such folds
often forms during the transition from detachment to faultpropagation folding (Mitra, 2002). Accordingly, the Kumugeleimu
anticline represents the early stage of evolution from detachment
to fault-propagation folding, and the Kasangtuokai and Qiulitag
anticlines show the late stage of this evolution.
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Continuous growth folding occurs by limb lengthening accompanied by hinge migration and limb rotation (Poblet et al., 1997). In
the early stage, a high wavelength-amplitude (w/a) ratio detachment fold such as Yaken detachment fold forms with a small
shortening displacement. After fold tightening, the competent
units are deformed primarily by hinge migration, not limb rotation.
During the late stage of evolution, the units are internally deformed
and possibly faulted in some of the rotated limb segments (Mitra,
2003). From the 90 m DEM map (Fig. 1) or Google Earth map, the
Qiulitag anticline shows that from east to west the axial trace of
eastern part has migrated faster than the western part towards the
hinterland. This evidence of hinge migration also indicates that the
Qiulitag anticline is still in the detachment folding stage, not the
fault propagation stage.
5.2. Shortening distances and depths of detachment
Estimates of the total Cenozoic shortening across the entire
Tianshan belt range from 124 ± 30 km (Avouac et al., 1993) (location
of the section is shown in Fig. 1) or 100 km (Molnar and Tapponnier,
1975) to 80 km (Allen et al., 1994) (location of the section is in
Fig. 1), and the shortening rate as 13 ± 7 mm/a (Molnar and Qidong,
1984). Calculations of the shortening distances across the South
Tianshan foreland basins have also proved to be varied, e.g.
~20e40 km for the whole southern Tianshan foreland basin (Yin
et al., 1998) (see the section in Fig. 1), 12.1e14.1 km along Kelasu
River, and 10.3e13 km for the Boston Tokar cross-section (Burchﬁel
et al., 1999) (the section is shown in Fig. 1), 9.3 km in the southwestern Tianshan in the Kashgar area (Scharer et al., 2004) (see
section in Fig. 1), and ~13.95 km from the Yiqikelike to the Qiulitag
anticline along the Kezile river (Zhang et al., 2014) (see section in
Fig. 1). Based on our detailed ﬁeld mapping, and recently published
(Figs. 6b, 7b and 9b) and unpublished seismic reﬂection proﬁles, we
estimate the shortening distances for the Qiulitag anticline in the
Kuchetawu and Kezile sections are 6.5 km and 5.8 km respectively,
and that of the Kumugeliemu and Kasangtuokai anticlines are
6.3 km in the Kelasu section (excess area method, Table 1 and
Fig. 12). The 5.8 km and 6.5 km shortening distances for the Qiulitag
anticline in the Kuchetawu and Kezile sections, is a little shorter
than the 7.46 km estimated by Zhang et al. (2014). The shortening
strains can be calculated as ~18% in these two sections. From the
seismic reﬂection proﬁles (Figs. 6b and 7b), the subsurface structures of the two sections are complicated, which contain a
detachment fold in the upper part (0e3 km) and a fault-bend
related fold (3e6 km) in the lower part. Therefore, the depths to
the detachment zones (the upper part), calculated from the excess
area method for these two sections are 2.5 km and 2.3 km (Fig. 12a
and b) by this study. This result is difference from the depths (the
lower part) calculated from the seismic reﬂection proﬁle (Wang
et al., 2002a and b; Yang et al., 2003), which are 8.5 km and
5.8 km, respectively.
Burchﬁel et al. (1999) estimated from a cross-section along the
Kelasu river that the shortening distance was 12.1e14.1 km from
the Kaiyileiaikeng to Kasangtuokai (Hasangtuokai in their paper)
anticlines (see section in Fig. 1). We calculate the shortening distance for the Kumugeliemu and Kasangtuokai anticlines to be
6.3 km. Our cross-section does not include the Kaiyileiaikeng
anticline farther north (Fig. 1). Also, from their ﬁeld mapping
Burchﬁel et al. (1999) calculated that the depth to the detachment

Fig. 12. Calculated values of shortening (the slope) and of depth to the detachment
(the X-intercept, Y ¼ 0) for the main anticlines: the Qiulitag anticline in (a) the

Kuchetawu section and (b) the Kezile section; (c) the Kasangtuokai and (d) Kumugeliemu anticline in the Kelasu section; (e) the Yaken anticline in the Kezile section.
Abbreviation DZ means the depth of detachment zone. All using the Excess area
method of Epard and Groshong (1993).
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Table 1
Summary of shortening distance and shortening rate for each structural transect. The shortening distances determined by excess area are considered more robust than the line
length shortening in the text.
Transect
Qiultag anticline
AeA’ (Kuchetawu)
BeB’ (Kezile)
K&K anticlines
CeC0
Total
Yaken anticline

Excess area shortening (km) (Method 1)

Line length shortening (km) (Method 2)

Shortening age (Ma)

6.5
4 þ 1.81

6.1
5.9

6.5
6.5

6.3(3.32 þ 32)
12e12.6
0.6

7.3(3.52 þ 3.82)
13.2e13.5
0.2

5.3
~6
0.15e0.21

Shortening rate (mm/a)

~2
3e4

K&K anticlines: Kasangtuokai and Kumugeliemu anticlines. It should be note that: according to the detailed ﬁeld observations and seismic reﬂection proﬁles (Fig. 7b and
Fig. 9b, Qi et al., 2009), the displacements of faults at the Kezile and Kelasu sections 1.8 km (1.81)and 1.0 km {2.3(Fig. 12c)þ1 ¼ 3.32, 2.0(Fig. 12d)þ1 ¼ 32}, respectively.

zone is ~5e6 km beneath the Kaiyileiaikeng anticline, ramping
upwards to the south to ~4e5 km. Our results suggest that the
depth of the detachment zone below the Kumugeiliemu anticline is
2.3 km (Fig. 12d). We also estimate with the excess area method
that the depth of detachment beneath the Kagsangtuolai anticline
is 6.9 km (Fig. 12c). In the Yaken section along the southern Kezile
river (Fig. 11), the shortening distance of the anticline estimated by
the Excess area method is 600 ms (Table 1 and Fig. 12e), which is
close to that of the Kashgar east anticline studied by Scharer et al.
(2004). With the same method, Hubert-Ferrari et al. (2007) suggested a 1200 ms shortening distance based on the rate of change in
the area of relief with respect to height in the pre-growth interval
beds along the same section as ours. However, based on our ﬁeld
mapping and the seismic reﬂection proﬁle (Fig. 11c), we prefer a
shortening distance of 600 ms, because of the shallow limb dip
(5e10 ) and the small fold width at the widest position (only 8 km).
5.3. Deformation age
Apatite ﬁssion track ages of Mesozoic strata that were involved
in the western area of the southern Chinese Tianshan FTBs record
strong late Oligocene to early/middle Miocene exhumation and
cooling age (Sobel and Dumitru, 1997; Sobel et al., 2006). The initial
age of folding in the Cenozoic FTBs in the foreland basin of the
southern Tianshan has been variably estimated as: early Pleistocene (Burchﬁel et al., 1999); at late Eocene (36 Ma) (Zhang et al.,
2014), and late Miocene by growth strata (Sun et al., 2009a).
Burchﬁel et al. (1999) suggested that most of the shortening in the
Kuqa and Baicheng depressions should be after the beginning of the
deposition began after the start of the thick conglomerate units
(Xiyu conglomerate) that have an early Pleistocene age (~2.5 Ma).
Magnetostratigraphic data along the Kuchetawu section in the
Qiulitag anticline in the Kuqa river provide age constraints on the
initiation of shortening (Fig. 13) (Sun et al., 2009a). The geometric
measurements and magnetic fabric data indicate that syntectonic
growth strata began to accumulate at ~6.5 Ma, and that the increase
in sedimentation rate was also at 6.5 Ma. Consistent with the
growth bedding in the Kuchetawu section, and between the
Kasangtuokai and Kumugeliemu anticlines in the Kelasu section,
growth bedding occurs at the boundary of the Kangcun and Kuqa
Formations (Fig. 5c and d). Zhang et al. (2016) suggested that
syntectonic growth strata in the Baicheng Depression initiated at
~5.3 Ma and intense deformation of Tianshan lasted from ~7 to 5
Ma to early Pleistocene. This result is close to the initiation folding
age of 6Ma for the Tugulu anticline in the middle northern Tianshan, which was estimated from syntectonic growth strata (Sun
and Zhang, 2009).
Using the sedimentology rate of 0.31e0.33 mm/a of Sun et al
(Sun et al., 1999), Hubert-Frrari et al. (2007) predicted that the
beginning of growth of the Qiulitag-Yaken anticline was at ~5.5 Ma,
and the topographic emergence was at ~0.16e0.21 Ma. Although

the time of 5.5 Ma is close to our paleomagnetic results, the initial
age of the growth strata (6.5 Ma) in the Kuchetawu section in the
Qiulitag anticline was 6.5 Ma (Sun et al., 2009a), Hubert-Ferrari
et al. (2007) suggested that this age indicated the initial time of
folding of the Yaken anticline (Yakeng in their paper). However, this
initial time of folding (5.5 Ma) is difﬁcult to explain the order-ofmagnitude shortening rate that ranged from 0.16 mm/a at 5.5 Ma
to ~1.2e1.6 mm/a at 0.16e0.21 Ma happened. Therefore, we prefer
the age of 5.5 Ma for the initial timing of folding of the Qiulitag
anticline, but not for the Yaken anticline, whose initial deformation
age should be much younger than that of the Qilitag anticline.
Through a detailed study of the terraces that were deposited on
the Yaken anticline, Poisson (2002) suggested that the formation of
the Yaken anticline should be older than ~34 ka according to
optically stimulated luminescence (OSL) dating. Moreover, in their
summary of fold growth, which considered interactions between
€ron et al. (2007) suggested
uplift, sedimentation, and erosion, Dae
that if the cumulative shortening experienced by the Ta terrace
(near our cross-section, see section in Fig. 2c) is of the order of
320 ms, its age of ~150 kyr can be estimated from the 2.15 mm/a
shortening rate (fold width at the start of relief emergence, calculated as a function of the ratio of shortening and sedimentation
rate, Fig. 22 in their paper). This age is close to the initial folding age
of the Yaken anticline, or it post-dates the formation of the anticline. Therefore, in this paper, we tentatively propose that the initial
age of folding age of the Yaken anticline was at ~0.15e0.21 Ma for
the following reason: the topographic emergence of the Yaken
anticline was at ~0.16e0.21 Ma, which is consistent with the age of
the terrace (~150 kyr) that was deposited on the Yaken anticline.
5.4. Shortening rate
Calculation of the shortening distance and initial time of folding
for each section enable us to estimate the shortening rate for the
study area. Firstly, the shortening distance of the Kasangtuokai and
Kumugeliemu anticlines is 6.3 km. Note here that the shortening
distance of the Qiulitag anticline should be added to the total
shortening in the Kelasu section because of the initial time of
folding of the Kasangtuokai and Kumugeliemu anticlines (Zhang
et al., 2015, 2016) is close to that of the Qilitag anticline (Sun
et al., 2009). However, south of the Kasangtuokai anticline in the
Kelasu section (Fig. 1), passing across the Baicheng depression, the
structure of the Qiulitag anticline is complicated, because it separates into two anticlines and a syncline. In consequence, we added
instead the shortening distances of 6.5 and 5.8 km of the Qiulitag
anticline along the Kuqa and Kezile rivers respectively. This shortening distance is consistent with ~6e7 km of shortening distance
estimated by Burchﬁel et al. (1999) from the geological map
(1:200,000) for the Qiulitag fold in the Kelasu section. Accordingly,
the total shortening at this longitude is ~12.1e12.8 km. This result
divides the initial time of folding (~6 Ma), which has an average
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Fig. 13. Magnetostratigraphy of the Kuchetawu section, modiﬁed after Sun et al.
(2009a). Samples are from the southern limb of the Qiulitag anticline in the Kuchetawu section shown in Fig. 6. Magnetic polarity is compared with geomagnetic polarity
time scale (GPTS) of Cande and Kent (1995). Vertebrate fossil Hipparion chiai at a depth
of 3100 m suggests an age of ca. 10 Ma. Star marks the syntectonic growth strata began
to accumulate at ~6.5 Ma ago, indicating that crustal shortening initiated in the latest
Miocene.

shortening rate of ~2 mm/a. This rate is much slower than the

7.2e8.4 mm/a estimated by Burchﬁel et al. (1999), but their results
have two problems: ﬁrstly, the distance they used from the Kaiyileiaikeng to the Qiulitag anticline (18e21 km) is longer than ours.
Also the time of initial folding of the Kaiyileiaikeng anticline is
unknown, which might be older than 6.5 Ma according to our
growth strata study; secondly, their age of 2.5 Ma was speculatively
estimated from the beginning of conglomerate deposition (The 2.5
Ma Xiyu Formation), and they assumed that the deformation began
soon after the onset of deposition. However, in the Kelasu section,
many Formations such as the Kuqa, Kangcun, Jidike or Baxigai
contain thick conglomerate beds, which are not good indicators of
the initial time of folding. In this situation, an indicator of the
growth strata will be a more convincing constraint than a
conglomerate marker. Also, our shortening rate (2 mm/a) is twice
as fast as that estimated by Zhang et al. (2014) (0.99 mm/a).
Although both of us used the same initial time of folding, Zhang
et al. (2014) did not consider that the Kumugeliemu and Kasangtuokai anticlines also have the same initial time of folding as the
Qiulitag anticline, which has a 6.3 km shortening distance. Differently, after collected structural and stratigraphic ﬁeld data,
reviewed existing Soviet literature, and analyzed migrated seismic
reﬂection proﬁles, Coutand et al. (2002) suggested that the
contractional deformation in the Alasi Valley (north of the Pamir)
occurred far in the interior of the Asian continent as early as the late
Oligocene, which concluded a low displacement rate of
0.66e0.78 mm/a horizontal crustal shortening.
According to our ﬁeld observations and calculations of the
growth strata, the deformation of the Qiulitag anticline continued
from 6.5 Ma ago to at least the late Pleistocene (Xiyu Formation).
The Yaken anticline may have been deformed at 0.15e0.21 Ma, and
the total shortening distance across it is 600 ms, therefore, the
shortening rate of the Yaken anticline is 3e4 mm/a. This rate is a
little faster than 2 mm/a, which began at 6.5 Ma.
There are many indicators that folding and thrusting has
continued to the present (Scharer et al., 2004) (Fig. 14), e.g. the
number of small magnitude earthquakes from USGS, the geomorphic expression of fault scarps (Hubert-Ferrari et al., 2007) (Fig. 1),
€ron et al., 2007) (Fig. 2c),
the warping of ﬂuvial terrace surfaces (Dae
geodetic studies (Abdrakhmatov et al., 1996; Wang et al., 2000), the
migration of Quaternary folding and thrusting southwards towards
the mountain front (Fu et al., 2003), and record of growth strata
(Sun et al., 2009a). Using the Global positioning system (GPS) to
constrain the geodetic measurements of the Tianshan (in
Kyrgyzstan, west of Pamir, not shown in Fig. 14) Abdrakhmatov
et al. (1996) demonstrated that the current crustal shortening
rate is ~20 mm/a, which is nearly half the convergence rate of India
with Eurasia. By using more accurate GPS in their study of the
western Tianshan in the Kashgar (Kashi) region Wang et al. (2001)
demonstrated that the shortening rate is much higher (~20 mm/a),
whereas in the central southern Tianshan, at longitudes 81E to 85E
(our study area), the shortening rate is only ~4.7 ± 1.5 mm/a, and at
longitudes 86E to 87E in the southeast Tianshan, the shortening
rate is <1 mm/a (Fig. 14). Using current GPS Reigber et al. (2001)
calculated that the crustal shortening rate in the Kashgar is
23 ± 3 mm/a (Fig. 14), compared with 21 ± 3 mm/a in the front of
the Pamir Salient relative to the stable Kazakh platform or foreland
(Wang et al., 2001; Heermance et al., 2008). From their comprehensive reconstruction of Asia resulting from the IndiaeAsia collision, Replumaz and Tapponnier (2003) calculated that total
shortening in the SW Tianshan between the Tianshan and Tarim
has been 50 km at a rate of 10 mm/a, and the total amount of
shortening across the Tianshan mountain range as a whole has
been 200 km. All these regional variations in deformation should be
seen in relation to the major suture of the southern Tianshan
located on the Korla fault (that passes EeW through the middle of

Z. Tian et al. / Journal of Structural Geology 84 (2016) 142e161

159

Fig. 14. Interpretative 3D map (as in Fig. 1) illustrating the rates of movement between the Tarim plate and the Tianshan orogenic belt. The shortening rate in our study area
(Baicheng eKuqa FTB) is slower than that in the southwestern Tianshan at the Kashgar (Kashi) area, north of the Pamir Salient. The intra-continental stress decreases from west to
east. Also, from the late Miocene (6.5Ma) to present, the shortening rate has increased as a consequence of increased intracontinental deformation caused by the IndiaeAsia
collision (for details of the values see the text). Locations of present day GPS observation from Reigber et al. (2001) and Wang et al. (2001), and of shortening rate calculation from
Balance cross-sections restore (Scharer et al., 2004 and this study) are shown.

the inset of Fig. 1), which is well deﬁned by a variety of geophysical
parameters Zhao et al. (2003). The Korla fault may have started in
the late Paleozoic orogenesis, but it was re-active in the Mesozoic
and Cenozoic post-orogenesis, and today we see that there are
signiﬁcant differences in the velocity distribution and density on
either side of the Korla fault, as indicated by 2D velocity structure
and 2D density proﬁle. Resistivity contours 50 km thick dip
northwards at c. 30 down to 180 km into the upper mantle below
the Tianshan, demonstrating that the Tarim craton must have
subducted under the Tian Shan, and the depths of earthquakes
today range down to 40 km in the southern Tian Shan seismic zone
(Zhao et al., 2003; Gao et al., 2013).
Overall, the shortening rate increased from 2 mm/a in the late
Miocene (6.5Ma) to 3e4 mm/a in the Pleistocene (0.2Ma), then
increased to 4.7 ± 1.5 mm/a at present (Fig. 14). This data indicate
that the intra-continental deformation in the southern Tianshan
became stronger from 6.5 Ma to the present in response to the
India-Asian collision.

5.5. Kinematic implications
After closure of the Paleo-Asian Ocean at the end of the Permian
€ r et al., 1993; Xiao et al., 2004; Eizenho
€ fer
to early Triassic (Sengo
et al., 2014; Tian et al., 2015), intra-continental deformation
affected the whole Tianshan region from the late Mesozoic and
through the Cenozoic. From this study we suggest that the
Baicheng-Kuqa FTB were a part of the south Tianshan accretionary
wedge, formed when the Tarim craton was thrust northwards
below the Tianshan orogenic belt, as illustrated by the most recent,
deep seismic reﬂection proﬁle of Gao et al. (2013). Our ﬁeld
structural mapping, an independent geomagnetic study Sun et al.
(2009a) and geophysical evidence support the idea that approximately 15e6 km of the Tarim craton have been thrust under the
Tianshan in the last 6.5 Ma, which has contributed to folding of the
top ~6e8 km of Mesozoic to Cenozoic strata. The foreland basin in

the SW Tianshan received some 9 km of sediments in the Cenozoic
(Chen et al., 2002; Heermance et al., 2007). The Cenozoic deformation, shortening, uplift and exhumation of the SW Tianshan
began at 25e20 Ma near the Oligocene-Miocene boundary (Sobel
and Dumitru, 1997; Yin et al., 1998; Sobel et al., 2006; Yang et al.,
2015). Renewed exhumation at 19 ± 3 Ma (Reigber et al., 2001;
Sobel et al., 2006; Heermance et al., 2007; Gao et al., 2013) led to
increased deposition of alluvial fan conglomerates at 16, 13, and 4
Ma e our Jidike, Kangcun and Kuqa Formations esee Fig. 3
(Heermance et al., 2007; Yang et al., 2015).
We emphasize two points: ﬁrst, compared with the high
shortening rate in the southwestern Tianshan in the Kashgar area,
north of the Pamir Salient, the shortening rate in our study area was
much lower and slower, which suggests a stronger intracontinental
stress in the southwestern Tianshan (Fig. 14). In other words, the
bulwark of the Tarim craton apparently absorbed intracontinental
stresses directed from the IndiaeAsia collision leaving a weak
shortening rate in the central Tianshan, whereas farther west in the
Kashgar area away from the shield of the Tarim bulwark, the
western Tianshan received the full force of the Pamir Salient (Allen
et al., 1994), culminating in a total crustal shortening of 37% in the
last 25 Ma in the front of the Pamir Salient (Coutand et al., 2002).
This is consistent with the conclusion of both Reigber et al. (2001)
and Gao et al. (2013) that the maximum NeS shortening with
respect to the Kazakh foreland is near Kashgar where the northerlydirected crustal motion is 19 ± 3 Ma, and where the shortening
strain rate in 2001 was 7.8  108 yr1 or 13 ± 4 mm/a of annual
differential motion (Reigber et al., 2001). This interpretation is
consistent with the above calculations of Scharer et al. (2004) with
respect to the shortening of individual folds. Second, from 6.5 Ma to
present, the shortening rate increased from ~2 mm/a to
4.7 ± 1.5 mm/a (Fig. 14).
The above tectonic results are consistent with the paleontological data of Sun et al. (1999) from our main study area between
the Kuqa and Korla (Fig. 1). The onset of uplift of the Tianshan gave
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rise to subsidence and a shallow lake in which the brackish-water
ostracod Cyprides thrived in gypsum-bearing sediments in the
mid-late Miocene. From the Pliocene onwards when the Tianshan
mountains were undergoing continuous and major uplift, the rate
of subsidence and sedimentation increased, and so during the
Quaternary an abundant, high-diversity fauna of ostracods ﬂourished although in an extremely arid climate, the freshwater in the
lake coming from snow-melt, suggesting that the Tianshan
mountains were uplifted above the snow line during the last few
million years.
We therefore suggest that, although intracontinental exhumation and shortening began in the Late Oligocene-early Miocene
(Sobel and Dumitru, 1997; Sobel et al., 2006), and continued in the
Late Miocene giving rise to crustal shortening in the south Tianshan
orogenic belt, the intracontinental compression increased signiﬁcantly from ca. 6.5 Ma to present, the contraction increasing
westwards towards the Pamir Salient, and all a response to the
IndiaeAsia collision.
6. Conclusions
The following conclusions may be drawn from our present
structural and previous geomagnetic investigations of the Qiulatag,
Kumugeliemu, Kasangtuokai and Yaken anticlines:
(1) From our detailed ﬁeld observations and recently published
and unpublished seismicereﬂection proﬁles, we conclude
that the Qiulitag, Kumugeliemu, Kasangtuokai and Yaken
anticlines are a series of detachment folds or detached
faulted folds.
(2) Shortening estimates calculated from the cross-sections
show that the total shortening distance for the Kelasu,
Kuchetawu, Kezile and Yaken sections are 6.3 km, 6.5 km,
5.8 km and 0.6 km by the Excess area method, respectively.
The respective depths to the detachment zones are (2.3 km
and 6.9 km), 2.3 km, 2.5 km and 3.4 km for each section.
(3) Growth strata developed in the Kuchetawu and Kelasu sections indicate the time of initial folding of the Qiulitag,
Kasangtuokai and Kumugeliemu anticlines beginning in the
late Miocene (~6 Ma). In addition, by integrating previous
studies, this paper we tentatively propose that the Yaken
anticline began to fold at 0.15e0.21 Ma.
(4) From the late Miocene (~6 Ma), the shortening rate increased
from 2 mm/a, to 3e4 mm/a in Pleistocene (0.15e0.21 Ma),
then it increased substantially to 4.7 ± 1.5 mm/a at the present time in the Baicheng-Kuqa FTB of the southern Tianshan
foreland basin.
(5) The shortening rate in our study area in the central Tianshan
is much less than that in the Kashgar region in the southwestern Tianshan, north of the Pamir Salient. This is a
reﬂection of the shield effect of the rigid bulwark of the
Tarim craton, whereas farther west away from the Tarim
bulwark the Tianshan crust received the full effect of the
Pamir Salient, thus intracontinental stresses decreased from
west to east. In addition, an important episode of crustal
shortening deformation began in the late Miocene in the
southern central Tianshan foreland, but this intracontinental
deformation increased from ca.~6 Ma to present as a
consequence of the IndiaeAsia collision.
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