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1.  Introduction
The India-Eurasia collision caused the uplift of the Tibetan Plateau and extensive intracontinental deformation 
over a broad area of Asia during the Cenozoic. Located more than 1,000–2,000 km to the north of this collision 
zone, the 2,500-km-long Tian Shan, with numerous peaks over 7,000 m, is a seismically active orogenic belt and 
has experienced Cenozoic tectonic reactivation and rapid uplift since the Miocene (Avouac & Tapponnier, 1993; 
Bullen et al., 2003; Molnar & Tapponnier, 1975; Sobel et al., 2006; Tapponnier & Molnar, 1979). The uplift 
of the Tian Shan has affected the geosystem in at least two aspects. On one hand, the significant topography of 
the Tian Shan has played a key role in the climate evolution of Central Asia since the Late Miocene (Charreau 
et al., 2009; Miao et al., 2012; Prud’Homme et al., 2021; Sun et al., 2015); on the other hand, the deformation 
propagated and disrupted adjacent foreland basins, resulting in the development of a series of fold-and-thrust 
belts (FTBs) that encode key deformational and erosional records of the Tian Shan (Figure 1). GPS velocity field 
indicates that the Western Tian Shan accommodates nearly 40% of the present-day total convergence between 
Indian and Eurasia plates (Abdrakhmatov et al., 1996; Reigber et al., 2001; Q. Wang et al., 2001). Moreover, at 

Abstract  In an orogen-foreland basin system, syn-orogenic sedimentation and deformation records within 
the foreland basin provide critical evidence for understanding uplift and erosion processes of adjacent orogenic 
belts. Foreland fold-and-thrust belts (FTBs) are widely developed around the Tian Shan range, Central Asia. 
Problem of how crustal shortening accumulates and propagates from the Tian Shan to adjacent foreland 
basins is essential for understanding the overall dynamics of Tian Shan. In this study, we interpreted three 
high-resolution seismic reflection profiles to estimate the magnitude and distribution of Cenozoic shortening 
across the Eastern Kuqa FTB, South Tian Shan foreland. Combined with well-dated syntectonic stratigraphy, 
we further evaluate the timing, rate, and migration of the deformation front of the Kuqa FTB. Our results 
suggest that the Kuqa FTB's total crustal shortening increases westward. The distribution of crustal shortening 
across secondary structural belts shows a gradual, basinward decrease, which can be explained by the 
telescoped mechanism. Propagation rates of the Kuqa FTB's deformation front indicate an episodic propagation 
of the foreland thrust wedge, with an acceleration after ∼12 Ma. Similar episodic propagation pattern has 
also been observed in other foreland FTBs around the Tian Shan, but they show significant spatio-temporal 
variations in the propagation stages and related rates.

Plain Language Summary  The Tian Shan range stretches over 2,500 km from east to west and is 
one of the Earth's largest intracontinental orogenic belts. As the mountains grew, deformation propagated into 
foreland basins around the range, forming a series of fold-and-thrust belts (FTBs). To better understand the 
spatial distribution of crustal shortening, and basinward propagation process in foreland FTBs, we interpret and 
reconstruct three high-resolution seismic profiles across the Eastern Kuqa FTB, South Tian Shan. Our study 
indicates that the total crustal shortening of the Eastern Kuqa FTB increases westward. Within the Kuqa FTB, a 
telescoped distribution pattern of crustal shortening is also observed in frontal thin-skinned structures above the 
regional salt décollements. In addition, we find that the basinward propagation of Kuqa FTB is episodic, which 
is featured by a two-stage evolution pattern.
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the northern and southern edges of the Tian Shan, 80%–90% of the current N-S shortening is absorbed by the 
foreland FTBs (S. Yang, Li, & Wang, 2008). However, due to the spatial diversity of foreland basins, how this 
massive shortening accumulated and propagated within the orogen-basin system remains unclear, and is critical 
for the understanding of the outward growth of the Tian Shan and related continental tectonics in central Asia.

Considerable effort has been made in recent decades to quantify the crustal shortening and development sequence 
of the FTBs around the Tian Shan foreland basins (Abdulhameed et  al.,  2020; Allen et  al.,  1999; Burchfiel 
et  al., 1999; Chang et al., 2019; Heermance et al., 2008; H. Lu et al., 2010; Scharer et al., 2004; Thompson 
Jobe et al., 2018; X. Wang et al., 2011; X. Yang, Deng, et al., 2008; M. Yang et al., 2010; Yin et al., 1998; 
Yu et  al.,  2014). However, limited by subsurface seismic profile quality and relatively few deformation age 
constraints of multiple faults and anticlines in the past, few studies explore the spatiotemporal distribution pattern 
of the shortening, basinward propagation of deformation front and related mechanisms (Goode et  al.,  2014; 
Heermance et  al.,  2008; H. Lu et  al.,  2010; Thompson Jobe et  al.,  2018). In the Kuqa FTB, southern Tian 
Shan piedmont, over 10 km-thick Meso-Cenozoic strata were deposited and deformed during the late Ceno-
zoic (X. Wang et al., 2011). Previous studies mainly focused on the FTB's deformation style (Izquierdo-Llavall 
et al., 2018; S. Li et al., 2012, 2013; Neng et al., 2018; Qi et al., 2009; X. Wang et al., 2011; W. Wang et al., 2017; 
Z. Wu et al., 2014), lateral structural variation (Pla et al., 2019; W. Wang et al., 2020; Z. Zhang et al., 2019), and 
thermochronological constraints on the regional uplift and exhumation history within FTB (Chang et al., 2017; 
Dumitru et al., 2001; W. Yang et al., 2017; Yu et al., 2014). Moreover, based on geological mapping and recon-
struction of cross sections, a few other studies also calculated the crustal shortening of the Kuqa FTB, indicating 
a westward increase of the regional crustal shortening (Burchfiel et al., 1999; Izquierdo-Llavall et al., 2018; S. Li 
et al., 2012; L. Lu, Sun, et al., 2019; X. Wang et al., 2011; X. Yang, Deng, et al., 2008). Recent works also focused 
on a fold-scale deformation history and landscape evolution. Examples include the evolution of detachment folds 
within the Frontal fold belt of the Kuqa FTB (Gao et al., 2020; Hubert-ferrari et al., 2007; L. Lu, Sun, et al., 2019; 
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Figure 1.  Topography and tectonic setting of the study region. (a) Shaded relief map of Central Asia, showing the location of 
the Tian Shan. (b) Topographic map of the Eastern Tian Shan orogenic belt and adjacent regions; the black rectangle shows 
the location of the Kuqa fold-and-thrust belt (FTB). (c) Shaded relief map of the Kuqa fold-and-thrust belt, showing five 
major tectonic units. The Eastern Kuqa FTB is shown within the black rectangle.
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Tian et al., 2016), geomorphological analysis and fold modeling of the Misikantage, Yaken, and Qiulitage anti-
clines (Adeoti & Webb, 2022; Charreau et al., 2020; Daëron et al., 2007; Delcaillau et al., 2021; Saint-carlier 
et al., 2016; Tang et al., 2017; L. Zhang et al., 2021) and magnetostratigraphic studies of strata within active anti-
clines (Charreau et al., 2006, 2009; Sun et al., 2009; T. Zhang et al., 2014; Z. Zhang et al., 2016, 2018). Despite 
these efforts, the distribution and propagation of the shortening into the foreland basin and what mechanisms 
drive this process within the Kuqa FTB remain poorly understood.

To address these issues, we interpreted three high-resolution seismic reflection profiles across the Eastern Kuqa 
FTB, where major structural belts are prominent and well preserved (Figure 2). Along cross-sections, we use 
line length restoration and excess area methods to quantify the crustal shortening of each structural belt. Then, 
combined with the initial ages of individual faults and anticlines, we analyzed both distributions of crustal short-
ening and the basinward propagation of the deformation into the Eastern Kuqa FTB. Finally, combined with 
existing data on Cenozoic shortening and propagation of other FTBs around the Tian Shan, we further discuss the 
mechanism and spatio-temporal variation in basinward deformation around the Tian Shan.

2.  Geological Setting
2.1.  Structural Setting

The EW-striking Kuqa FTB is located in the southeastern piedmont of the Tian Shan, with a length of 400 km 
and a width of 30–80 km (Figures 1 and 2). Driven by regional N-S tectonic compression, large-scale thrusts 
and folds developed along the Kuqa foreland. Based on their tectonic styles and relative positions, the Kuqa FTB 
could be divided into five secondary structural belts: the northern monocline belt (NMB), Kelasu-Yiqikelike 
structural belt (KYSB), Baicheng syncline, Qiulitage structural belt (QLSB), and the Frontal fold belt (X. Wang 
et al., 2011). The NMB developed adjacent to the South Tian Shan thrust (STST) and is dominated by a series of 
basement-involved thrust faults. Recent published thermochronological data on these basement-involved faults 
indicated that regional uplift and deformation started between 42 and 36 Ma (Chang et al., 2017; Du et al., 2007; 
Yu et al., 2014). To the south, the KYSB is a highly deformed belt with several nearly E-W thrusts and folds 

Figure 2.  Geological map of the Eastern Kuqa fold-and-thrust belt, modified and simplified from X. Wang et al. (2011). 
Lines A-A', B-B', and C-C' show cross-sections discussed in this study: solid lines for segments with seismic reflection 
profiles, and dashed lines for sections interpreted by surface geology. Magnetostratigraphic sections addressed in the 
text include: 1-B. Huang et al. (2006); 2-Sun et al. (2009); 3-Charreau et al. (2006, 2009); 4-T. Zhang et al. (2014). The 
deformation ages of the South Tian Shan Thrust and Kelasu-Yiqikelike thrust are labeled. The ages are constrained through 
apatite fission track analysis and apatite (U-Th)/He dating (details in Chang et al., 2017; Yu et al., 2014).
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(e.g., the Kumugeliemu, Kasangtuokai, Jidike, and Yiqikelike anticlines, etc., Figure 2). The Baicheng syncline 
is a gentle symmetric syncline involving thick late Cenozoic syntectonic sediments. The ∼300-km-long arcu-
ate QLSB, characterized by salt-cored detachment folds (S. Li et al., 2012), is the largest fold belt within the 
Kuqa FTB (Figure 1). Magnetostratigraphic studies of growth strata within the Kuchetawu and Eastern Qiulitage 
anticlines suggest that the folding of this belt began at ∼6.5 Ma (Sun et al., 2009; T. Zhang et al., 2014). To 
the  southernmost edge of the Kuqa FTB, the Frontal fold belt is comprised of a series of low amplitude and 
gentle detachment folds. It mainly includes the en echelon Kalayuergun anticlines in the west and the Yaken anti-
clines in the east. Recent magnetostratigraphic study of the Kalayuergun folds, modeling and area-depth-strain 
(ADS) analysis of seismic lines across the Yaken anticline suggest that they initiated around 5.5–5.3 Ma (Daëron 
et al., 2007; Gao et al., 2020; Hubert-ferrari et al., 2007; Z. Zhang et al., 2018).

2.2.  Stratigraphy

Over 10 km-thick Meso-Cenozoic continental clastic rocks were deposited above the Paleozoic basement (Neng 
et al., 2018; X. Wang et al., 2011). The Mesozoic strata are mainly sand-shale sedimentary sequences (Figure 3), 
consisting of sandstone, siltstone and shale. In particular, coal-bearing layers are developed in the Upper Triassic 
to the Middle and Lower Jurassic strata, which form the lower basal décollement of the Kuqa FTB (Hendrix 
et al., 1992; Neng et al., 2018; X. Wang et al., 2011). Moreover, regional isopach maps also indicate that the 
thickness of Mesozoic strata decreases to the south, and the depocenter is located in the hinterland of the Kuqa 
FTB (X. Wang et al., 2011). The lower part of the Cenozoic stratigraphy is comprised of gypsum-salt layers of 
the Paleocene-Eocene Kumugelimu Formation (E1–2 km) and the Early Miocene Jidike Formation (N1j), overly-
ing the fluvial and alluvial detrital sequences (Izquierdo-Llavall et al., 2018). The salt sequences mainly consist 
of the Paleocene-Eocene Kumugeliemu group (E1–2 km) and early Miocene Jidike formation (N1j). These two 
plastic salt-bearing strata are the upper décollements but the main décollement layer changes in different regions. 
The Western Kuqa FTB's main décollement layer is the Kumugeliemu gypsum-salt layers, while in the Eastern 
Kuqa FTB, the dominant décollement layer is the Jidike salt layers (S. Li et al., 2012; X. Wang et al., 2011). 
The overlying fluvial and alluvial detrital sequences mainly include the Kangcun (N1k), Kuqa (N2k), and Xiyu 
(Q1x) formations. Based on published paleomagnetic studies in the Eastern Kuqa FTB, the magnetostratigraphic 
boundary ages of N1j, N1k, N2k, and Q1x are ∼36, 13–9.8, 6.5–5.3, and 2.6–1.7 Ma (e.g., Charreau et al., 2006; 
B. Huang et al., 2006; Sun et al., 2009; T. Zhang et al., 2014).

3.  Materials and Methods
Seismic reflection profiles and observed strata geometries, together with attributed ages of the sedimentary units, 
are commonly used in FTBs to constrain crustal shortening and deformation propagation. To better quantify the 
spatial distribution of crustal shortening and basinward propagation process of the Kuqa FTB, here we analyze 
three high-resolution 2D depth-converted, 50–90 km long seismic reflection profiles (Figures 4–6 and Figure 
S1 in Supporting Information S1), provided by the Tarim Oilfield Company, PetroChina. These seismic profiles 
were collected during 2010–2015, which are 30–40 km apart from west to east along the Eastern Kuqa FTB 
(Figure 2). In addition, we also used three wells (YN2, DQ8, and KL) data to calibrate stratigraphic reflector 
layers of seismic profiles.

The crustal shortening is estimated by section-balancing and restoration techniques. These methods are widely 
applied to calculate the shortening of contractional deformation in orogenic belts (Dahlstrom,  1969; Ghani 
et al., 2021; Hossack, 1979; Zuza et al., 2016). We used the structural modeling software StructureSolver (https://
www.structuresolver.com) to help conduct palinspastic reconstruction for these sections (Figures 7–9). In particu-
lar, we adopted the fault parallel flow algorithm and followed the line length conservation for the reconstruction. 
Given the intense denudation of hanging wall strata, possible bed length changes during deformation and some 
unconstrained shortening in the pre-Cenozoic strata, our balanced cross sections provide a minimum magnitude 
of Cenozoic shortening. There are five key assumptions and/or limitations in our balancing reconstruction and 
shortening calculations: (a) Deformation is a plane strain within the north-south cross sections. We only recon-
structed basic shortening amounts across 2D seismic profiles. (b) As the original thickness of the salt layers has 
changed significantly due to viscous flow during deformation, we restored the layers according to the thickness 
trends of the counterpart strata in the adjacent regions (K. Huang et al., 2020; S. Li et al., 2012). (c) We used the 
basal Tertiary (E1–2 km) layer as a common reference horizon to calculate the crustal shortening because it is the 
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lowest Cenozoic strata, and shows clear high-amplitude reflectors within the seismic profiles (Figures 4–6). We 
restored this layer to a horizontal state, which is indicated by the parallel to the subparallel, low-angle uncon-
formity between the Cretaceous and Tertiary strata. (d) The pin lines are placed at the relatively undeformed 
southernmost edge of the Kuqa FTB. And minimum fault offsets were used in restorations when the hanging wall 
cutoffs were eroded (Zuza et al., 2016). (e) To estimate the shortening distribution across each secondary struc-
tural belt (i.e., the NMB, Kelasu-Yiqikelike, Qiulitage, and Frontal fold belts), we calculated line length changes 
of each segment, assuming the bed's original length did not change during the folding process (Chamberlin, 1910; 
Dahlstrom, 1969; Wiltschko & Groshong, 2012).

Another approach for determining shortening across detachment folds in the Frontal fold belt of the Kuqa FTB 
is the ADS method (Groshong, 2015). This method follows area conservation along the analyzed cross-section 
above the décollement. In this study, we calculated each traced reflector horizon's excess area and related height 
(depth) above the interpreted décollement (Table S1 in Supporting Information S1). The shortening of the traced 
horizons could be calculated from the best-fit line of the related excess area-depth graph. Moreover, for the 

Figure 3.  Synthesis stratigraphic column for the Kuqa fold-and-thrust belt (FTB) (modified and simplified after S. Li 
et al. (2012), Neng et al. (2018) and Pla et al. (2019)). PZ—Paleozoic. Note the growth and pre-growth strata, the two plastic 
salt-bearing strata, the Paleocene-Eocene Kumugeliemu Group (E1–2 km) and the Miocene Jidike Formation (N1j), are the 
main regional décollements of the Kuqa FTB.
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pre-growth strata of a growth fold, the excess area-depth plot usually shows a linear trend. In contrast, for the 
growth strata within the same fold, the gradient decreased upward, indicating that the younger beds went through 
a less shortening (Epard & Groshong, 1993; Gonzalez-Mieres & Suppe, 2006, 2011). The deformation ages of 
individual structures are constrained by the recognition of growth strata in seismic profiles and published paleo-
magnetic ages of the Cenozoic strata within the Eastern Kuqa (Figure 2). Moreover, in the hinterland of the Kuqa 
FTB, where syn-tectonic strata have been strongly denuded, low-temperature thermochronology data (Chang 
et al., 2017; Du et al., 2007; Yu et al., 2014) were also used to constrain deformation ages of major bounding 
faults (i.e., STST fault and Kelasu-Yiqikelike thrust (KYT) fault).

4.  Structures and Cenozoic Shortening of the Eastern Kuqa Fold-And-Thrust Belt
4.1.  Structural Analysis of Seismic Profiles

4.1.1.  Profile A-A'

The westernmost profile is the ∼87 km long N-S seismic reflection profile A-A'. It runs through all four linear 
structural belts of the Kuqa FTB (i.e., the NMB, Kelasu-Yiqikelike, Qiulitage, and front folding structural belts, 
Figure 2). The upper part of the seismic profile is characterized by well-defined, continuous seismic reflectors 
of the late Cenozoic sedimentary strata. The Paleogene Kumugeliem Group is especially imaged between two 
regional, well-defined high-amplitude reflectors, and chaotic reflectors within the cores of anticlines along the 
profile indicate the flow of this plastic salt layer. To the northern part of this cross section, regional deformation 
of the NMB is characterized by the KYT. On the hanging wall of the fault, reflections are less continuous and 
the Mesozoic and Tertiary strata uplifted to the surface, forming a large syncline structure. The Kumugeliemu 
and Kasangtuokai anticlines compose the KYSB. These folds developed in the hanging wall of thrust faults, 
displaying a fault-propagation geometry (Figures 2 and 4). Moreover, the growth strata of these two anticlines 
indicate that the Kumugeliemu and Kasangtuokai anticlines began to develop in the early and late Miocene (N1j 
and N1k), respectively. The deep structure is complicated beneath the salt layer of the Paleogene Kumugeliem 
Group (E1–2 km, a high-amplitude unit marked by blue triangles in Figure 4a). Beneath the Kumugeliemu Group, 
small-scale thrusts and related anticlines developed along the lower décollements of Jurassic and Triassic strata.

The south end of the seismic profile imaged the QLSB and the Frontal fold belt. The southern Qiulitage anticline 
is nearly symmetric with gently dipping parallel seismic reflectors of both fold limbs. Massive salt and gypsum 
strata (chaotic reflectors within the core) filled the core of the anticlines during fold growth. Moreover, as imaged 
by the seismic profile, a south-dipping high-angle reverse fault and a minor back thrust also developed on the 
crest of this anticline (Figure 4b). Farther to the south, the Frontal fold belt is characterized by a detachment fold 
(Figures 4a and 4d). The fold is a buried structure with no apparent topographic expression on the ground surface.

4.1.2.  Profiles B-B' and C-C'

The ∼75-km long seismic profile B-B' is located ∼40 km to the east of profile A-A' (Figure 2). Similarly, in the 
NMB of this section, the structure is dominated by north-dipping high-angle basement-involved thrust faults 
(Figure 5). Adjacent to the NMB, the Bashijiqike and Kasangtuokai anticlines comprise the KYSB within this 
section. The Bashijiqike anticline developed in the hanging wall of a north-dipping basement-involved thrust 
fault. In addition, a secondary thrust fault cuts upward through the strata within the core of this fold (Figures 5b 
and 5c). Adjacent to the Bashijiqike anticline, the Kasangtuokai anticline is interpreted as a fault-bend fold, whose 
lower detachment fault is in the coal and shale layers of the Triassic-Jurassic strata, while the upper detachment 
fault is in the gypsum-salt layers of the Jidike formation. Growth strata are well preserved in fold limbs of both 
Bashijiqike and Kasangtuokai anticlines. And the younger growth strata of the Kangcun formation (N1k) within 
fold limbs of the Kasangtuokai anticline suggest that it developed later than the Bashijiqike anticline (Figure 5c). 
To the south, the QLSB is characterized by the Kuchetawu anticline. It grows above gypsum décollement layers 
of the Neogene Jidike formation (N1j) and is mainly characterized by a south-dipping back thrust (Figure 5b). 
Similarly, a buried detachment fold with a slightly tilted décollement layer also developed in the southernmost of 
this seismic profile (Figure 5d).

Seismic reflection profile C-C' is ∼53 km long and located at the eastern end of the Kuqa FTB (Figure 2). The 
deformation of the NMB gradually weakens to the east and disappears in this section, so this section only runs 
through the other three structural belts to the south. The KYSB is characterized by the Yiqikelike anticline 
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southward of the South Tian Shan fault (Figure  6b). This fold is controlled by a thrust fault detached along 
the Triassic strata, we interpreted it as a breakthrough fault-propagation fold. Underneath the Yiqikelike anti-
cline, a basement-involved thrust fault developed in deeper basement layers, which further amplifies the Yiqike-
like anticline (Figure 6b). To the south, the asymmetric Eastern Qiulitage anticline developed. It is dominated 
by  a low-angle north-dipping thrust fault, thrusting southward above the décollement along the Neogene Jidike 
formation (N1j). Beneath the Jidike décollement, a south-verging thrust developed. This deep fault climbs up 
section from the lower décollement (the Jurassic coal layers) to the upper décollement in the evaporite layers of 
the Miocene Jidike formation (X. Wang et al., 2011). Farther to the south, the eastern edge of the Yaken anticline 
developed above a ∼4.5 km deep décollement of the Miocene Jidike formation.

4.2.  Cenozoic Shortening of the Eastern Kuqa FTB

Balanced cross section A-A' shows that the minimum total crustal shortening within the section is 26.3 ± 5.0 km, 
resulting in a shortening strain of 23% ± 4% (Figure 7, Table 1), as described in detail below. Cenozoic shortening 
across the NMB is difficult to constrain because of the denudation of Meso-Cenozoic strata (Figures 2 and 4). 
Based on the line-length balance of preserved Triassic strata and fault displacement of the KYT, we obtained a 
minimum shortening of ∼1.7 and ∼1.1 km, respectively. Shortening estimates across the STST fault are based on 
the thickness of preserved footwall strata and fault dip. At least ∼2 km of footwall Mesozoic strata were cut by the 
STST fault, thus we place a minimum surface uplift of 2 km on the hanging wall of the STST fault. This vertical 
uplift combined with fault dip (30°–40°) of the STST fault along the southern Tian Shan range (Allen et al., 1999; 
Heermance et al., 2008; C. Y. Wu et al., 2019; Yin et al., 1998), provide a minimum horizontal shortening of 

Figure 4.  Interpreted seismic reflection profile A-A' and shortening estimate for the detachment fold within the Front fold belt. (a) Uninterpreted depth seismic profile 
A-A' (see Figure 2 for location); high-resolution figures are shown in Figure S1 in Supporting Information S1. The stratigraphy was constrained by the well KL and 
local surface geology. Blue triangles mark the bottom of the Paleocene Kumugeliem Group (E1–2 km), which serves as a regional décollement layer. (b) Geological 
interpretation of the seismic profile A-A'. (c) Enlarged detail from part of seismic reflection profile A-A'. Growth strata developed on both the Kumugeliemu and 
Kasangtuokai Anticline flanks, indicating that the Kumugeliemu anticline mainly initiated in the early Miocene (N1j). In contrast, the Kasangtuokai Anticline developed 
during the late Miocene (N1k). (d) Interpretation of the buried detachment fold. Depth above the detachment and area above the regional level is computed for each 
horizon. (e) The resultant area-depth (height) graph of the blind detachment fold.
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2.4 ± 1 km across the STST fault. These estimates yield a total minimum shortening of 5.2 ± 1 km across the 
NMB. To the south, more than half of the total shortening (∼15.4 ± 3 km) occurred in the KYSB. The ∼3 km of 
potential shortening error is from possible changes in subsurface fault geometry and present erosion surface of 
Kasangtuokai and Kumugeliemu anticlines (as in McQuarrie et al. (2008)). Further south, the minimum shorten-
ing of the QLSB is 5.2 ± 1 km. For the detachment fold of the Frontal fold belt, we traced eight seismic horizons 
for ADS analysis (Figures  4d and  4e). The obtained area-depth graph shows a prominent linear relationship 
(R 2 = 0.96), suggesting a shortening of ∼0.5 km.

The total horizontal shortening of section B-B' is 20.9 ± 4.6 km, yielding a shortening strain of 17% ± 4% (Figure 8, 
Table 1). Both subsurface seismic profile and surface outcrops show that most Meso-Cenozoic strata have been eroded 
in the NMB (Figures 2 and 5). Line-length balance of preserved Triassic strata in this region yields a minimum short-
ening of ∼1.6 km. Based on >3 km of regional exhumation suggested by recent low temperature thermochronology 
(Yu et al., 2014) and fault dip (30°–40°), we calculate a minimum shortening of 3.6 ± 1.6 km across the STST fault. 
These two estimates yield a total minimum shortening of 5.2 ± 1.6 km across the NMB. To the south, the minimum 
shortening of the KYSB is 11.1 ± 2 km, possible changes in fault geometry beneath the Kasangtuokai anticline can 
produce fault displacement error of ∼2 km. Across the QLSB, the minimum shortening across the Kuchetawu anti-
cline is 4.2 ± 1 km. For the detachment fold at the Frontal fold belt, we carefully traced 11 seismic horizons above 
the décollement for ADS analysis (Figure 5d). The excess area-depth plot reflects two separate groups (horizons 
1–6 and 7–11). Linear regression between horizons 1 to 6 indicates a constant shortening of ∼0.4 km. Notably, the 
excess area decreases upward from horizons 7 to 11, indicating that fold developed after the deposition of horizon 7.

Figure 5.  Interpreted seismic reflection profile B-B' and shortening estimate for the detachment fold within the Frontal fold belt. (a) Uninterpreted depth seismic 
profile B-B' (see location in Figure 2); high-resolution figure is shown in Figure S1 in Supporting Information S1. The stratigraphy was constrained by the well 
DQ and local surface geology. Black triangles mark the bottom of the Paleocene Kumugeliem Group (E1–2 km). (b) Geological interpretation of the seismic profile 
B-B'. (c) Enlarged detail from part of seismic reflection profile B-B', showing unconformities and growth strata developed in synclines. Growth strata show that the 
Bashijiqike Anticline initiated mainly in the early Miocene (N1j), while the Kasangtuokai Anticline began to shorten in the late Miocene (N1k). (d) Interpretation of the 
buried detachment fold. Depth above the detachment and area above the regional level is computed for each horizon. (e) The obtained area-depth (height) plot of the 
detachment fold. Horizons 1–6 show a best fit linear regression. However, the excess area decreases upward after horizon 7.
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The restoration of section C-C' shows a total shortening of 11.1 ± 0.9 km, yielding a shortening strain of 17% ± 1% 
(Figure 9, Table 1). The NMB disappears in this section, and the Yiqikelike anticline developed adjacent to the 
STST fault. The minimum shortening across the KYSB is 6.9 ± 0.3 km, local seismic reflector distortions in the 
fault zone of the Yiqikelike thrust fault produced ∼0.3 km of fault displacement error (Figure 6 and Figure S1 in 
Supporting Information S1). To the south, crustal shortening of the QLSB is accumulated by the eastern Qiulitage 
anticline in section C-C', and the minimum shortening of this anticline is 3.9 ± 0.6 km. To calculate shortening of 
the Yaken anticline to the south, we traced eight seismic horizons for the ADS analysis (Figure 6d); the area-depth 
graph indicates a prominent linear relationship (R 2 = 0.97) and a shortening of ∼0.3 km. This value is smaller 
than ∼1.2 km of shortening across the Yaken anticline to the west of the fold (Hubert-ferrari et al., 2007). This 
along-strike variation is mainly caused by the lateral growth of the Yaken anticline (Hubert-ferrari et al., 2007; 
Saint-carlier et al., 2016), which is also widely observed in the other active anticlines of the Kuqa FTB (Adeoti & 
Webb, 2022; Delcaillau et al., 2021; L. Zhang et al., 2021).

Figure 6.  Interpreted seismic reflection profile C-C' and shortening estimate for the detachment fold within the Front fold belt. (a) Uninterpreted depth seismic 
profile C-C' (see location in Figure 2); high-resolution figure is shown in Figure S1 in Supporting Information S1. Stratigraphy is constrained by the well YN2 and 
local surface geology. Black triangles mark the bottom of the Paleocene Kumugeliem Group (E1–2 km). (b) Geological interpretation of the seismic profile C-C'. (c) 
Line drawing of the Yaken detachment fold. The distance above the detachment and the area above the regional level is computed for each horizon. (d) The obtained 
area-depth (height) plot of the detachment fold.
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5.  Discussion
5.1.  Spatial Patterns and Associated Mechanisms of Cenozoic Shortening Across the Eastern Kuqa 
Fold-And-Thrust Belt

Along the strike of the Eastern Kuqa FTB, results of three restored cross sections suggest that the total crustal 
shortening decreases eastward from 26.3 ± 5 km (section A-A') to 11.1 ± 0.9 km (section C-C') in the east. Our 
results complement several previous analyses of crustal shortening along the southern Tian Shan foreland (Allen 
et al., 1999; Burchfiel et al., 1999; Heermance et al., 2008; Izquierdo-Llavall et al., 2018; S. Li et al., 2012; 
Scharer et al., 2004; Tian et al., 2016; Yin et al., 1998; T. Zhang et al., 2014), which suggest an eastward decreas-
ing trend of intracontinental deformation between the Southern Tian Shan and the Tarim craton block. This E-W 
strain gradient could be partly explained by the clockwise rotation of the Tarim block relative to the Junggar 
and Kazakhstan blocks (Avouac et al., 1993; Zubovich et al., 2010). In addition, the late Cenozoic convergence 
between the Pamir and western Tian Shan also contributed to this eastward decrease (Qiao et al., 2017; Thompson 
et al., 2015; Tian et al., 2016). Within the Eastern Kuqa FTB, accumulated shortening of both Kelasu-Yiqikelike 

Figure 7.  Regional geologic and balanced cross section A-A' within the Eastern Kuqa FTB. (a) Geological cross-section A-A' (see Figure 2 for location). (b) Restored 
cross section A-A'. We placed the pin line to the relatively undeformed southernmost edge of the section. STST: South Tian Shan Thrust.

Table 1 
Shortening Estimates From the Balanced Cross Sections

Structural belt

Cross section A-A' Cross section B-B' Cross section C-C'

Shortening (km)
Shortening strain 

(%) Shortening (km)
Shortening strain 

(%) Shortening (km)
Shortening strain 

(%)

Northern Monocline Belt (NMB) 5.2 ± 1 22 ± 4 5.2 ± 1.6 22 ± 6 N.D. N.D.

Kelasu-Yiqikelike Structural Belt (KYSB) 15.4 ± 3 27 ± 5 11.1 ± 2 27 ± 5 6.9 ± 0.3 20 ± 1

Qiulitage Structural Belt (QLSB) 5.2 ± 1 19 ± 4 4.2 ± 1 14 ± 4 3.9 ± 0.6 21 ± 3

Front Fold Belt (FFB) 0.5 4 0.4 3 0.3 3

Totals 26.3 ± 5.0 23 ± 4 20.9 ± 4.6 17 ± 4 11.1 ± 0.9 17 ± 1

Note. See Figure  2 for section locations. Percent shortening is the shortening amount divided by the original length of the related structural belt (Present 
length + Shortening). Shortening errors are described within the text. N.D., no data.
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Figure 8.  Regional geologic and balanced cross section B-B' within the Eastern Kuqa FTB. (a) Geologic cross-section B-B' (see Figure 2 for location). (b) Restored 
cross section B-B'. Most Meso-Cenozoic strata have been eroded in the northern monocline belt, line-length restoration using the preserved Triassic strata in this region.

Figure 9.  Regional geologic and balanced cross section C-C' within the Eastern Kuqa fold-and-thrust belt. (a) Geologic cross-section C-C' (see Figure 2 for location). The 
northern monocline belt disappears in this section, and the Yiqikelike anticline developed adjacent to the South Tian Shan thrust fault. (b) Restored cross section C-C'.
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and QLSBs also show an obvious eastward decreasing trend (Table 1). However, the situation is different in the 
Frontal Fold belt, which is composed of several active anticlines and is widely regarded as the current deforma-
tion front of the Kuqa FTB (Daëron et al., 2007; Hubert-ferrari et al., 2007; Saint-carlier et al., 2016). Due to 
lateral growth of the fold, shortening reduces to both terminations. For instance, the shortening across the Yaken 
anticline decreases from ∼1.2 km in its central segment (Hubert-ferrari et al., 2007) to 0.3–0.5 km (this study) in 
the eastern and western segments.

Across the strike of the Eastern Kuqa FTB, the distribution of crustal shortening shows a gradual, basinward 
decrease. The KYSB accumulated the maximum crustal shortening (6.9–15.4 km). Regional crustal shortening 
decreases further to 3.9–5.2 km at the QLSB. At the southernmost end of the Eastern Kuqa FTB, crustal short-
ening across detachment folds of the Frontal fold belt is only 0.3–1.2 km (Figures 4–6). This across-strike distri-
bution mechanism can be regarded as a telescoping pattern, which widely developed in the foreland FTBs around 
the world (Boyer & Elliott, 1982; Meigs, 1997; Qayyum et al., 2015; Watkins et al., 2017). And the regional 
décollement of the Kuqa FTB mainly controls the above spatial distribution pattern. During the development of 
the Kuqa FTB, Cenozoic shortening is accommodated by a series of internal structures (i.e., thrusts, pop-ups and 
salt-cored anticlines) above the regional décollement (salt strata of Kumugeliemu group or Jidike formation). 
As deformation propagated along the décollement, early-developed structures could accumulate greater crustal 
shortening than the late-developed structures (Figure 10). Similar distribution pattern has also been observed in 
southwestern and the northern Tian Shan forelands. Although the locus of maximum shortening varied along 
the strike, from hinterland structures to the distal detachment folds, the distribution of crustal shortening also 
has a basinward decreasing tendency (Heermance et al., 2008; H. Lu et al., 2010; H. Lu, Li, et al., 2019; Scharer 
et al., 2004).

5.2.  Basinward Propagation of the Kuqa FTB

5.2.1.  Propagation of the Deformation Front

The propagation process of the foreland deformation front can provide indirect evidence to understand the 
building history of the adjacent orogenic belt (Avouac, 2003; Heermance et al., 2008; Simoes & Avouac, 2006; 
Thompson Jobe et al., 2018). In this study, we focused on this propagation process in the Eastern Kuqa FTB, 
where the regional temporal framework is well established by detailed paleomagnetic and thermochronologic 
ages (Chang et al., 2017; Charreau et al., 2006, 2009; Du et al., 2007; B. Huang et al., 2006; Sun et al., 2009; 
Yu et al., 2014; T. Zhang et al., 2014; Z. Zhang et al., 2015). The southward younging of uplift and exhumation 

Figure 10.  Schematic diagram showing displacement distribution (with a telescoping pattern) and distribution of shortening 
in the Eastern Kuqa fold-and-thrust belt (FTB). (a) Crustal shortening decreases from the Kelasu-Yiqikelike structural belt 
to the Front fold belt across the Eastern Kuqa FTB (see text for discussion). (b) The telescoping model was modified after 
Qayyum et al. (2015), demonstrating that crustal shortening in the telescoped wedge gradually decreases to zero at the tip of 
its basal detachment. Displacement amount: A < B < C, net total displacement S = A + B + C.
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of structures within the Eastern Kuqa FTB through time, suggests that shortening gradually propagates from the 
South Tian Shan to the Tarim Basin during the late Cenozoic (Figure 11, Table 2). Based on initiation ages of 
secondary structural units within the Kuqa FTB, this sequential development and propagation of deformation 
could be divided into four stages. During stage 1, uplift on the STST and development of basement-involved 
faults in the NMB occurred after 42-36 Ma. During stage 2, displacement along the KYT fault, growth of anti-
clines and associated thrusting within the KYSB, developed from 22–16  Ma to 13–9.8  Ma. During stage 3, 
deformation of Qiulitage anticlines occurred after ∼6.5 Ma. During stage 4, shortening across the Frontal fold 
belt and a series of detachment folds developed after 5.5–5.3 Ma.

Our palinspastic reconstruction of A-A' and B-B' sections, combined with temporal constraints on specific structures 
within the Eastern Kuqa FTB further enabled us to calculate the basinward propagation rates during different periods 
(Figures 11 and 12). Between 42–36 and 22–16 Ma (stage 1), the deformation front propagated from the STST to the 
KYT. These two faults are currently 23–17 km apart, they must have been a greater distance apart before the crus-
tal shortening. Thus, adding 3.6–2.4 km of minimum shortening across the STST fault and ∼1.6 km of minimum 
shortening across the NMB, the deformation front migrated 28.2–21.0 km over ∼20 million years, yielding a propa-
gation rate of 1.4–1.0 mm/yr. During stage 2, the deformation front further migrated to the southern boundary of the 
KYSB at 13–9.8 Ma (Figure 12a). The Kasangtuokai anticline is now 20.5–18.6 km away from the KYT. Combined 
with the minimum shortening of 15.4–11.1 km across the KYSB, the deformation front propagated 35.9–29.7 km 
over 9.0–6.2 million years, leading to a rapid propagation rate of 3.3–5.8 mm/yr. During stage 3, the deformation 
front migrated from the Kasangtuokai anticline to the southern Qiulitage and Kuqatawu anticlines. These two anti-
clines are located today some 19.2 and 15.3 km south of the Kasangtuokai anticline respectively, adding 5.2–4.2 km 
of shortening across them, the deformation front migrated 24.4–19.5 km over 6.5–3.3 million years, resulting in a 
propagation rate of 3–7.4 mm/yr. During stage 4, the deformation front propagated to Yaken anticline and other 
detachment folds at 5.5–5.3  Ma. The minimum propagation distance of this period is 13.8–9.6  km, yielding a 
propagation rate of 8–13.8 mm/yr. After ∼5.3 Ma, the propagation of the deformation front seems to slow down. 
The southernmost end of seismic profiles shows no obvious deformation except for the shortening of detachment 
folds along the Frontal fold belt. The propagation rate may gradually decrease to zero (Figure 12b). Collectively, our 
analyses suggest an in-sequence, episodic process of overall deformation propagation of the Kuqa FTB during early 
Miocene to Holocene time with a two to three-fold increase in propagation rates since middle Miocene (Figure 12b).

Figure 11.  Interpreted initiation ages of different structures within the Eastern Kuqa fold-and-thrust belt illustrate basin-
ward propagation of the Tian Shan front. Data from Charreau et al. (2006, 2009), B. Huang et al. (2006), Sun et al. (2009), T. 
Zhang et al. (2014), Yu et al. (2014), Chang et al. (2017). BJA, Bashijiqike Anticline; BYA, Biyoulebaoguzi Anticline; EQA, 
Eastern Qiutitag anticline; KMA, Kumugeliemu Anticline; KSA, Kasangtuokai Anticline; KTA, Kuqatawu Anticline; KYT, 
Kelasu-Yiqikelike Thrust; Magstrat, magnetostratigraphic; SQA, Southern Qiulitage Anticline; YKA, Yaken Anticline; YQA, 
Yiqikelike Anticline.
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5.2.2.  Control Factors for the Basinward Propagation Process

Numerical and sandbox modeling of fold-thrust wedges indicates that the outward propagation of thrust-related 
deformation is cyclical, and basically influenced by the ratio of internal rock strength to basal décollement 
strength and the magnitude of surface erosion or sedimentation (Dahlen et al., 1988; Davis et al., 1983; Fillon 
et al., 2013; Graveleau & Dominguez, 2008; Hilley et al., 2004; McQuarrie et al., 2008). In the Kuqa FTB, major 
control factors include (a) distribution of décollements and (b) syntectonic sedimentation as detailed below.

In the early propagation stage of the Kuqa FTB, basinward propagation is characterized by sequential develop-
ment of the STST, KYT and other deep basement-involved faults during ∼42 to ∼16 Ma (Figures 11 and 13a). 
These thrust faults developed in the Paleozoic basement rocks that are previously deformed, metamorphic, or 
plutonic rocks from prior tectonism (Laborde et al., 2019), lacking subhorizontal, weak lithological layers as 
regional décollements (Figures 4 and 5). During thrusting, as basement rocks and sedimentary cover rocks trans-
formed upward to the ground, the deformed hanging wall strata results in the formation of synthetic or antithetic 
thick-skinned structures (Figures 7–9). In this case, the deformation front migrates only when new or pre-existing 
faults cut upward through the basement and sedimentary cover rocks (Parker & Pearson, 2021; Pfiffner, 2017). 
Commonly, compared to thrusting along subhorizontal regional décollements, which is energetically advanta-
geous, propagation through thrust faults in basement rocks with limited or no décollement is slow (Heermance 
et al., 2008; Hilley et al., 2005; Pfiffner, 2006), which could partly explain the early low propagation rate of the 
Kuqa FTB (>1–1.4 mm/yr, Figures 12 and 13). After a long, slow basinward propagation process within the 
hinterland, the migration rate of the deformation front significantly accelerated during the middle Miocene (ca. 
12 Ma, Figure 12a). This period coincides with relatively high sedimentation rates (>0.3–0.4 mm/yr, Figure 12c), 
leading to over ∼4 km thick, well-bedded, syntectonic sedimentation strata (i.e., fluvial and alluvial sandstone and 
mudstone in Kangcun and Kuqa formation) above plastic gypsum salt layers in Kumugeliemu and Jidike forma-
tions (Figures 4–6). Analog models indicate that the overburden thickness, whether pre-tectonic or syntectonic, 
significantly influences the deformation style within FTBs, such as the fault geometry, number and spacing of 
the resulting structures (Barrier et al., 2013; Bonini, 2001; Fillon et al., 2013; Mugnier et al., 1997). This thicker 
overburden could also facilitate the development of the thin-skinned thrusting and folding (Figure 13b) along 

Table 2 
Summary of Initiation Ages of Structures Within the Eastern Kuqa Fold-And-Thrust Belt

Structures Initiation age (Ma) Method of age determination Growth strata References

Northern Monocline Belt

  South Tian Shan thrust fault 42–36 (U-Th)/He and apatite fission track \ Du et al. (2007); Chang 
et al. (2017); Yu et al. (2014)

  Jiesidelike anticline ∼23.3 Growth strata N1j-Q1x H. Lu et al. (2010)

  Biyoulebaoguzi anticline 22–15.7 (U-Th)/He \ Yu et al. (2014)

Kelasu–Yiqikelike Structural Belt

  Kelasu–Yiqikelike thrust (KBT) 22–16 Apatite fission track \ Yu et al. (2014)

  Kumugeliemu anticline >13 Unconformities and growth strata N1j-Q1x This study; X. Wang 
et al. (2011)

  Bashijiqike anticline >13 Growth strata N1j-Q1x This study

  Yiqikelike anticline ∼13 Magnetostratigraphy, growth strata N1k-Q1x T. Zhang et al. (2014)

  Kasangtuokai anticline 13–9.8 Growth strata N1k-Q1x This study

Qiulitage Structural Belt

  Kuqatawu anticline ∼6.5 Magnetostratigraphy, growth strata N2k-Q1x This study; Sun et al. (2009)

  Eastern Qiulitage anticline ∼6.5 Magnetostratigraphy, growth strata N2k-Q1x T. Zhang et al. (2014)

Front Fold Belt

  Yaken anticline ∼5.5 Growth strata N2k-Q1x This study; Hubert-Ferrari 
et al. (2007)

  Kalayuergun anticline ∼5.3 Magnetostratigraphy, growth strata N2k-Q1x Z. Zhang et al. (2018); Gao 
et al. (2020)
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both (a) gypsum-salt layers within the Paleocene-Eocene Kumugelimu Formation (E1–2 km) or the Early Miocene 
Jidike Formation (N1j), and (b) subsalt Jurassic décollement (mainly coals and shales), which is confirmed by 
recent sandbox modeling of the Kuqa FTB (Pla et al., 2019), and previous simulations of the salt tectonics (Ge 
et al., 1997; Vendeville, 2005). During this propagation stage, the deformation front mainly migrated along the 
subhorizontal salt décollement, resulting in high propagation rates (8–13.8 mm/yr, Figure 12b).

Figure 12.  Initiation ages and deformation front migration rates for the eastern Kuqa fold-and-thrust belt (FTB). (a) Boxes 
with abbreviated locations denote dominant features (thrusts and/or folds) for each structural belt, indicating initiation ages of 
different structures from the margin of the Tian Shan to the foreland. KMGA, Kumugeliemu Anticline; KSA, Kasangtuokai 
Anticline; KYT, Kelasu-Yiqikelike Thrust; QLTA, Qiulitage Anticline; STST, South Tian Shan Thrust; YKA, Yaken 
Anticline. (b) The plot shows variable rates (shaded zones) at which the deformation front migrated basinward within the 
Kuqa FTB. (c) Sedimentation rates were calculated based on magnetostratigraphic ages and stratigraphic thickness from 
paleomagnetic sections within the Eastern Kuqa FTB (see location in Figure 2).
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5.3.  Implications for the Outward Growth of the Tian Shan

The long-term outward growth of an orogenic wedge is mainly controlled by the interaction among crustal 
shortening, accretion and erosion (Decelles & Decelles,  2001; Whipple & Meade,  2006). Generally, crustal 
shortening-driven basinward propagation and erosion-driven retreat are the two competing factors in controlling 
the migration of orogenic front (Avouac, 2003; McQuarrie et al., 2008; Simoes & Avouac, 2006). Syn-orogenic 
sedimentation and the development of FTBs within the orogen-foreland basin system provide key insights into 
the evolution history of the growing orogens. In the Eastern Tian Shan, thanks to several recent studies, long-
term denudation over the whole range is proven to be outpaced by crustal thickening; the current Tian Shan 
range remains in a transient state of topographic growth with limited denudation driven by the arid climate 
of Central Asia (Charreau et al., 2017, 2023; Guerit et al., 2016; Jolivet et al., 2014; Puchol et al., 2017). Our 
results in the Kuqa foreland suggest that the deformation front of the whole thrust belt propagated to the Tarim 
Basin through a “two-stage” process, which is consistent with the evolution of total shortening rates across the 
Kuqa FTB (Figures 14c and 14e). Additionally, based on detailed tracing of onlap points with high-resolution 
seismic profiles, C. Li et al. (2019) found that the basinward progradation of syn-orogenic sediments within the 
Kuqa foreland also shows a two-stage process over the last 26 Ma. The basinward migration rates of traced onlap 
points have significantly accelerated from ∼1.6 to ∼14.6 mm/yr after ∼12 Ma (Figure 14d). In the Yaha section 
(Eastern Qiliutage anticline, Kuqa FTB), progradation rates over the last ∼10 Ma were directly constrained by 
gravel wedges within the Xiyu formation (Charreau et al., 2009). Results indicate that progradation rates were 
stable, on the order of ∼2 mm/yr during the last ∼10 Ma. Although no older gravel wedges have been found in the 
Kuqa region to further constrain the progradation rate during the earlier period from ∼20 to ∼10 Ma. Given that 
the syn-tectonic sedimentation rates during this period are lower than 0.1 mm/yr (Figure 12c), we suspect  that 
the progradation rate in the early stage can be very low. In general, our study of the basinward deformation 
propagation, together with previous analysis of crustal shortening and sediment progradation, all indicate that 
the basinward growth of the southern Tian Shan wedge in the Kuqa foreland is characterized by a “two-stage” 

Figure 13.  Schematic illustration showing changes in dominant structures during the development of the Kuqa 
fold-and-thrust belt (FTB). (a) Thick-skinned tectonics dominated the early development of the Kuqa FTB. The deformation 
front is migrated by new faults rupturing upward through the basement. KYT, Kelasu-Yiqikelike Thrust; STST, South Tian 
Shan Thrust. (b) Thin-skinned tectonics dominated the late development of the Kuqa FTB. Shortening propagated along 
plastic gypsum salt layers.
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evolution pattern, with an early (25–12 Ma) slow shortening and propagation, followed by a rapid acceleration 
after ∼12 Ma.

Similar studies have been carried out at the Junggar Basin, Chu Basin in the northern Tian Shan forelands, and 
Kashi foreland in the southwest Tian Shan (Figure 14a). At the southern Junggar Basin, the basinward growth of 
the northern Tian Shan orogenic front has been analyzed through gravel wedges that have prograded over the fore-
land (Charreau et al., 2009; C. Li et al., 2022). The long-term sediment progradation rate in this region is slower 
than that in Kuqa (Figure 14d). However, at ∼3 Ma, both crustal shortening rate and sediment progradation rate 

Figure 14.  Late Cenozoic shortening, basinward deformation propagation, and sediment progradation rates in the Tian Shan 
foreland basins. (a) Topographic map of the Tian Shan range with locations of studied cross-sections (1-Bullen et al., 2003; 
2-Thompson Jobe et al., 2018; 3-Heermance et al., 2008; 4-S. Li et al., 2012; 5-Izquierdo-Llavall et al., 2018; 6-C. Li 
et al., 2019; 7-Charreau et al., 2009; 8-T. Zhang et al., 2014; 9-Charreau et al., 2018; 10-C. Li et al., 2022; 11-Charreau 
et al., 2008; 12-Zhou et al., 2020; 13-Lu et al., 2010; 14-Qiu et al., 2019). Values of crustal shortening across the western and 
eastern Tian Shan are from Avouac et al. (1993). (b, c) Evolution of total shortening rates of different foreland fold-thrust 
belts in the western and eastern Tian Shan. (d) Late Cenozoic sediment progradation rates in the northern and southern 
forelands of the Eastern Tian Shan. Rates are derived from high-resolution seismic lines, drill and magnetostratigraphic data. 
(e) Basinward propagation rates of the deformation front over the last 25 Myrs.
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significantly accelerated (Figures 14c and 14d), which may reflect a rapid basinward growth of the northern Tian 
Shan into the Junggar Basin. Farther west, in the forelands of western Tian Shan, the evolution of both crustal 
shortening and basinward deformation propagation within the Kashi foreland was investigated by Heermance 
et al. (2008) and Thompson Jobe et al. (2018). Unlike Kuqa and southern Juggar Basin foreland, results of their 
studies suggest a “pulsed” evolution of the Kashi FTB, with both shortening and propagation rates accelerated 
and decelerated several times (Figures 14b and 14d). Additionally, uplift and shortening of the Kyrgyz Range 
foreland also clearly argue for a pulsed deformation since the late Miocene (Bullen et al., 2003). Collectively, the 
late Cenozoic outward growth of the Tian Shan is an episodic process, but the propagation patterns and related 
rates varied in different regions (Figure 14). The main mechanism leading to this spatio-temporal variations is 
still unclear. In foreland thrust systems, our study in the Kuqa FTB highlights the influence of the distribution 
of regional décollements, syntectonic sediments. These factors varied in the Tian Shan forelands. For example, 
along the southern Tian Shan foreland, the main regional décollement varied among the Kashi (Heermance 
et al., 2007), Kepingtage (Allen et al., 1999) and Kuqa FTBs, which could significantly influence the basinward 
propagation rates of the thrust wedges. From the view of the whole Tian Shan range, changes in the magnitude of 
long-term erosion rate, collision or convergence between the Tian Shan and adjacent basins could also contribute 
to variations in basinward propagation of the orogenic front at different forelands. However, these factors have not 
been well constrained in the Tian Shan region at present and need further study.

6.  Conclusions
In southern Tian Shan foreland, through analysis of three high-resolution and long seismic reflection profiles 
across the Eastern Kuqa FTB, we observed a westward along-strike increase in total Cenozoic crustal short-
ening. Within the Kuqa FTB, a telescoped distribution pattern of crustal shortening is also observed in frontal 
thin-skinned structures above the regional salt décollements, which is consistent with a gradual, basin-ward 
decrease in shortening, with the maximum across the Kelasu-Yiqikelike structure belt and nearly zero at the tip 
of the thrust belt. The Cenozoic propagation rates of the deformation front, together with previous analysis of 
crustal shortening and sediment progradation, all indicate that the basinward growth of the southern Tian Shan 
wedge in the Kuqa foreland is featured a “two-stage” evolution pattern, with an early (25-12 Ma) slow shortening 
and propagation, followed by a rapid acceleration after ∼12 Ma.
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