
1. Introduction
The Tianshan in Central Asia, is a classic example of an intracontinental mountain range that reacti-
vated during the Cenozoic in response to the progressive collision between India and Eurasia (De Grave 
et  al.,  2007; Molnar & Tapponnier,  1975). Abundant low-temperature thermochronological studies have 
indicated that the Tianshan experienced punctuated denudation during the Meso-Cenozoic and accelerated 
exhumation since ∼10 Ma (e.g., Glorie et al., 2011; Jepson et al., 2018a; Lü et al., 2020; Macaulay et al., 2014; 
Rolland et al., 2020). While low to moderate relief study areas predominantly record the Mesozoic denuda-
tion history of the Tianshan (e.g., De Grave et al., 2013; Gillespie et al., 2017; Glorie & De Grave, 2016; Glorie 
et al., 2010; Jolivet et al., 2010), recent studies have revealed that the granitic basement near fault zones 
in the highest mountains of the Tianshan (e.g., Peak Pobedi in Kyrgyzstan) as well as granitic clasts from 
modern moraines of the Tomor Glacier in China record younger apatite (U-Th)/He (AHe) ages within the 
range of 5.0∼7.1 Ma (Jia et al., 2020; Rolland et al., 2020). Latter cooling ages correspond with the modelled 
timing of rapid deformation and exhumation (7∼5.5 Ma) of the South Tianshan as revealed by magnetostra-
tigraphy (J. M. Sun et al., 2009) and tectonic deformation studies of the Kuqa Fold-and-Thrust Belt (KFTB) 
(Hubert-Ferrari et al., 2007). However, the extent of the late Miocene exhumation of the South Tianshan 
is still poorly understood and direct low-temperature thermochronological evidence is scant. Given that 
young thermal histories have been recorded along the slopes of the highest mountains in the Tianshan 
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(Jia et al., 2020; Rolland et al., 2020), the central South Tianshan (CSTS), which hosts the highest elevation 
throughout the mountain range (Figure 1a), constitutes a promising area for researching the recent history 
of deformation and exhumation. In addition, the southern and northern sides of the South Tianshan show 
contrasting weather patterns, particularly during the summer, suggesting that moisture is effectively isolat-
ed in the north (i.e., the Yili Basin) of the South Tianshan, causing enhanced aridification in the south (i.e., 
the Tarim Basin) and forming the present-day Taklimakan Desert. Oxygen and carbon isotopes as well as 
magnetostratigraphic analyses suggest that enhanced aridification in the Tarim Basin initiated at 6∼5 Ma 
(Chang et al., 2012; J. M. Sun & Liu, 2006; J. M. Sun et al., 2017; Z. L. Zhang et al., 2020), which is possibly 
related to the uplift of the northern Tibetan Plateau (Chang et al., 2012; Fang et al., 2005) and the final 
collision between the Pamir and southwestern Tianshan (Heermance et al., 2018; Z. L. Zhang et al., 2020). 
However, the South Tianshan is geographically closer to the Tarim Basin and has, therefore, a greater poten-
tial to affect climate change within the Tarim Basin. Hence, in addition to contributing to our knowledge on 
the recent deformation history of the Tianshan, low-temperature thermochronology applied in the South 
Tianshan could shed more light on the diverging climate conditions that presumably initiated at 6∼5 Ma.

In this study, we report new AFT and AHe thermochronological data for seven samples collected from the 
southern flank of the CSTS (Figure 1b). AFT central ages, confined track lengths and single-grain AHe 
ages from volcanic and sedimentary outcrop samples were used for thermal history modeling, revealing 
important constraints on the timing and magnitude of exhumation in the South Tianshan. Furthermore, 
the potential driving forces for Neogene exhumation as well as the interplay between climate change and 
tectonic uplift in Central Asia are discussed.

2. Geological Setting and Previous Studies
The Tianshan in China consists of the Eastern and Western Tianshan, which are separated by the Urum-
qi-Korla line (Cai, 2000). The Western Tianshan is divided further into three domains by the Northern Tian-
shan Fault (NTSF) and South Tianshan Suture (STSs) (Figure 1a): The North, Central (including the Yili 
Block) and South Tianshan, with the latter hosting the study area for this work. The boundaries between 
the Central Tianshan, South Tianshan and the northern Tarim Basin are represented by two major faults: 
the STSs and North Tarim Fault (NTF), which developed at the southern margin of the South Tianshan 
(Figure 1a).

The CSTS is mainly composed of Mesoproterozoic to Permian metamorphic, volcanic, and clastic rocks 
and carbonates (Z. X. Zhu, 2006). The Tiereke Syncline, which exhibits a spectacular geomorphology with 
a slightly NW-SE inclined axial surface, is located along the northern margin of the KFTB (Figure 1b) and 
consists of Triassic-Miocene strata (lithologies and sediment thicknesses are provided in the supporting 
information: Text S1, Figures S3 and S4). Cenozoic crustal shortening and deformation in the South Tian-
shan and along the northern margin of the KFTB is generally considered to have initiated at 20∼25 Ma (A. 
Yin et al., 1998; Dumitru et al., 2001; X. Wang et al., 2011), after which deformation gradually propagated 
southward to the Qiulitag and Yaken anticlines in the south of KFTB at 7∼5 Ma (Figure 1a; Hubert-Ferrari 
et al., 2007; J. M. Sun et al., 2009; T. Zhang et al., 2014).

Several thermochrnological studies have attempted to reveal the exhumation history of the Tianshan. For 
the southern part of the Central Tianshan (close to the study area for this paper), relatively old AHe ages 
of 94∼161 Ma (in the Xiate profile) and 49∼201 Ma (in the Kekesu River profile) have been recorded (Yu 
et al., 2016), implying that the southern Central Tianshan may have been stable since the Paleogene. In 
addition, based on biotite 40Ar/39Ar, zircon (U-Th)/He (ZHe), AFT and AHe data, Jolivet et al. (2010) and 
J. Yin et al. (2018) considered that the Central Tianshan experienced multiple cooling events during the 
Mesozoic and Cenozoic. The eastern margins of the Central and South Tianshan record AFT and AHe 
ages in the range from 35 Ma to 205 Ma (Du & Wang, 2007; Dumitru et al., 2001; Jolivet et al., 2010), while 
Miocene cooling was not documented in the thermochronological data-set. For the Eastern Tianshan, W. 
Zhu et al. (2006) and Yuan et al. (2007) reported a wide spectrum of AFT ages (12∼140 Ma), suggesting 
differential exhumation histories since the Early Cretaceous. In addition, Gillespie et al. (2017) proposed 
that the easternmost Tianshan experienced Early-Middle Triassic and Late Cretaceous cooling, while Ce-
nozoic denudation in response to the collision of India with Eurasia has been insufficient to be detected 
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Figure 1. (a) General tectonic framework of the Tianshan with major faults. The studied area is circled by the white square. STSs: South Tianshan suture; IKF: 
Issyk-Kul Fault; TFF: Talas Fergana Fault; NTF: North Tarim Fault; NTSF: North Tianshan Fault; KFTB: Kuqa fold-and-thrust belt; QA: Qiulitag anticline; YA: 
Yaken anticline. (b) Geological map of the central part of the South Tianshan (modified from BGMRXUAR, 1989) indicating the locations of the samples with 
small red hexagons. (c) Geomorphology and elevation map near the samples P-01, P-06 and P-07 showing as red stars. The blue curves display the tributary of 
the Muzhaerte River, which provides provenance for sample P-01. (d) Typical cross-section (I-I') across the Mesozoic-Cenozoic strata near the Tiereke section 
showing the samples T-03, T-05, T-08 and T-10 with the red stars (modified from BGMRXUAR, 1982), which location is shown in Figure S3. The legend of 
Figures 1a, 1b and 1d is shown in Figure S2.
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by low-temperature thermochronology applied to surface samples. This study tests latter hypothesis using 
thermochronology applied to the roof of the Tianshan, where more extensive mountain building increases 
the likelihood to reveal Cenozoic exhumation.

3. Sample Information
In this study, seven samples were collected from the central South Tianshan (Table S1 in the supporting 
information). Sample P-01, an unconsolidated river sand sample, was collected from a tributary of the Mu-
zhaerte River (Figures 1b and 1c). Samples P-06 and P-07 were obtained from Permian granitic outcrops 
(Figures 1b and 1c) near the Muzhaerte River that have only recently become accessible due to upgraded 
road conditions. In addition, the samples T-03, T-05, T-08 and T-10 were collected from the Triassic and 
Jurassic sedimentary strata near the Tiereke River (Figures 1b and 1c and S3), which belong to a part of the 
western limb of the Tiereke syncline. Both AFT and AHe data were collected from most samples with the 
exception of sample T-05 (AHe only) and sample T-08 (AFT only). The AHe and AFT data are presented 
in Tables S2 and S3. The thermal history modelling strategy involved (1) inverse modeling using the QTQt 
software (Gallagher, 2012), followed by (2) forward modeling using an in-house MATLAB script, which 
tests the inverse models against the apatite radiation damage accumulation and annealing model (AR-
DAAM) and inheritance envelope concept, successively proposed by Flowers et al. (2009) and Guenthner 
et al. (2015). The detailed modeling parameters and procedures were described in Text S2 of the supporting 
information.

4. Low-temperature Thermochronology Data
Sample P-01 (unconsolidated river sand) yields scattered single-grain AHe and AFT ages, indicating that 
this sample represents a combination of numerous provenances characterized by different cooling ages. 
The AHe ages range from 4.2 ± 0.3 Ma to 43.0 ± 3.1 Ma and show a negatively (young) skewed distribution 
with a distinctive youngest peak at 6.03 ± 0.1 Ma (Figure 2a; Table S2). The AFT pooled age was calcu-
lated at 13.4 ± 1.1 Ma. Given that the P(χ2) value for this sample is equal to 0 (Figure 2a; Table S3), the 
data was decomposed into age populations, with the youngest statistical AFT age population calculated at 
11.3 ± 1.4 Ma.

The single-grain AHe ages for samples P-06 and P-07 show a slight positive correlation with eU con-
tents (Figure 3c), implying that radiation damage might have an influence onto the AHe age dispersion. 
The weighted mean values of the single-grain AHe ages for samples P-06 and P-07 (Permian granite) are 
4.59 ± 0.55 Ma and 5.38 ± 0.88 Ma, respectively. These ages correspond well with the youngest age popula-
tion obtained from the river sand sample (6.03 ± 0.1 Ma; P-01) and for a basement granite intrusion (6.390 
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Figure 2. (a) Apatite fission-track (AFT) and (U-Th)/He (AHe) single-grain age histograms for sample P-01. (b) AHe single-grain histograms for the granite 
basement near the Peak Pobedi (Rolland et al., 2020).
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± 0.06 Ma) in the Kyrgyz Tianshan (Figure 2; Rolland et al., 2020). The AFT central ages of the samples P-06 
and P-07 range from 10.5 ± 1.3 Ma to 11.3 ± 1.2 Ma, which are equal within uncertainty to the youngest 
AFT age population of P-01 (11.3 ± 1.4 Ma). Furthermore, the AFT central ages (10.1∼10.3 Ma) and sin-
gle-grain AHe age distribution (3.9∼8.3 Ma) for the granite rocks from nearby modern moraines (Figure 3c; 
Jia et al., 2020) are in good agreement with those obtained for samples P-06 and P-07. Therefore, the Permi-
an granite, near the highest mountains of the CSTS, is interpreted to have cooled through the AFT partial 
annealing zone and the AHe partial retention zone during the late Miocene and represents an important 
source for the youngest AHe and AFT age population of detrital sample P-01 and the modern moraine sam-
ples (Figures 1b and 1c). In order to reveal measurable confined fission tracks, samples P-06 and P-07 were 
exposed to 252Cf irradiation at the University of Adelaide. However, given the very young AFT ages, only 15 
confined tracks could be measured with a mean value of 13.4 ± 1.8 μm.

Samples T-03, T-05 and T-10 (sedimentary rocks) yielded single-grain AHe ages with weighted means of 
6.9 ± 1.2 Ma, 8.8 ± 0.4 Ma and 7.7 ± 0.3 Ma, respectively. Regardless of their paleo-depths (Figure 3d), 
these tightly clustered weighted means suggest that their AHe systems were reset after deposition, thereby 
recording the timing of a late Miocene cooling event. Except for the sample T-10, the single-grain AHe ages 
for samples T-03 and T-05 display a positive relationship with eU contents (Figure S5). The AFT central ages 
for samples T-03, T-08 and T-10 range from 18.1 ± 2.1 Ma to 35.6 ± 3.5 Ma and become older as the paleo-
depth decreases (Figure 3d), suggesting that these three samples experienced partial annealing during the 
Miocene. After 252Cf irradiation, confined track lengths were measured, producing mean values of 12.6 ± 
2.7 μm, 12.3 ± 2.7 μm and 14.1 ± 1.5 μm, respectively.
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Figure 3. (a) Thermal history of sample P-06. The black line is the expected model, the magenta lines indicate 95% confidence intervals for the expected 
model, the color represents the path probability, and the black boxes are the constraints. (b) Temperature-time (t-T) paths for forward modeling; (c) Correlation 
between the single-grain AHe ages and eU for the samples P-06 and P-07 (red and purple circles) and presented by Jia et al. (2020) (light blue circles) with 
the inheritance envelopes taken from the modelled t-T paths in Figure 3b, the AHe ages with red circles were used for the inverse modeling in Figure 3a; (d) 
Apatite (AFT) and AHe ages vs. paleo-depth profiles for the samples from the Tiereke section, where the paleo-depths before the Miocene were calculated by 
the thicknesses of the residual strata (Figure S4). (e) Reconstructed burial and thermal history of the Tiereke section by utilizing the thicknesses of the residual 
strata and a steady-state heat flow model with a value of ∼48 mW/m2 (Figure S4; L. S. Wang et al., 2005). Blue dash-dotted lines represent the burial histories 
of samples T-03, T-05, T-08 and T-10 from deep to shallow depths. (f) Thermal history of sample T-03. The black line is the expected model, the magenta lines 
indicate 95% confidence intervals for the expected model, the color represents the path probability, and the red box is a constraint.
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5. Thermal History Modeling
The two Permian granite samples (P-06 and P-07) were located only ∼800 m apart horizontally and are, 
therefore, assumed to have experienced a similar thermal history. Here, sample P-06 was used to model 
the cooling history. According to the measured AFT central ages and single-grain AHe ages of the Permian 
granite in this study and presented by Jia et al. (2020), three constraint boxes of 110 ± 10°C at 10 ± 2 Ma, 50 
± 10°C at 6 ± 2 Ma and 40 ± 10°C at 4 ± 1 Ma were used in the thermal history modeling (Figure 3a). The 
QTQt modeling result indicate that sample P-06 firstly experienced a rapid cooling pulse between ∼10 Ma 
and ∼6.0 Ma, followed by a period of thermal quiescence from ∼6.0 Ma to ∼3.0 Ma, and finally rapid cooling 
again since ∼3.0 Ma (Figure 3a). In order to quantitatively explain the dispersion of the single-grain AHe 
ages in this study and presented by Jia et al. (2020), forward modeling was carried out using a MATLAB 
script (Figures 3b and 3c). When the terminal time for the first rapid cooling was set at 6-7 Ma and the bur-
ial temperature from 6-7 Ma to 3 Ma was set to be 40∼50°C, most single-grain AHe ages clustered into the 
inheritance envelope, indicating that the inversion result was credible.

Because the deformation of the northern margin of the KFTB gradually advanced southward during 
20∼25 Ma (Dumitru et al., 2001; X. Wang et al., 2011; A. Yin et al., 1998), the thermal histories of the Mes-
ozoic samples from the Tiereke section were modeled separately (Figures 3e and 3f and S7). According to 
the thicknesses of the residual strata and the steady-state heat flow of ∼48 mW/m2 (L. S. Wang et al., 2005), 
the depth and temperature evolutions of the individual samples were reconstructed under the assumption 
that the sedimentary strata were horizontally distributed in the Tiereke section before the onset of Miocene 
deformation (Figure 3e). The QTQt modeling result for sample T-03 revealed rapid cooling during the early 
Miocene, followed by a very slow cooling at 70∼55°C between ∼18 Ma and ∼6 Ma. A final phase of rapid 
cooling initiated at ∼6.0 Ma (Figure 3f), and this pulse of rapid cooling is also detected in the thermal inver-
sion result for sample T-08 (Figure S7).

6. Discussion and Conclusions
6.1. Dynamic Mechanism for Rapid Denudation Since ∼10 Ma in the CSTS

The new modeling results in conjunction with previously reported thermochronological data suggest that 
the high relief CSTS records a young thermal history with rapid cooling during the Late Miocene (espe-
cially during ∼10-6 Ma), which was previously reported in the Kyrgyz, Uzbek and Tajik Tianshan (Glorie 
et al., 2011; Jepson et al., 2018a, 2018b, and 2018c; Lü et al., 2020). This rapid late Miocene cooling event, 
identified in the CSTS, is supported by other lines of evidence, including field observations, seismic data, 
and regional tectonic settings, as discussed below. First, the collision between the Indian and Eurasian 
plates provided a large-scale tectonic framework that induced horizontal shortening and vertical movement 
(i.e., uplift) in the South Tianshan. Currently, the whole Western Tianshan continues to experience horizon-
tal shortening at a rate of 4.7 ± 1.5 mm/yr, as estimated from GPS data. In addition, bending stresses from 
Tibetan loading also contributed to mountain building in the CSTS (Aitken, 2011; Figure 4a). It is worth 
noting that the CSTS has received more intense exhumation during ∼10-6 Ma compared to other terranes 
in the southern Tianshan, although the shortening rate of the Tianshan decreases from the west to the east. 
Second, present-day GPS data and low-T thermochronological data imply that strike-slip faults throughout 
the Tianshan have been very active since the late Miocene (Figures S1b and S1c). As shown in Figures S1b 
and S1c, low-T thermochronological ages younger than ∼10  Ma are mostly distributed near reactivated 
strike-slip faults in the Tianshan. Therefore, deformation of the CSTS since ∼10-6 Ma was most likely re-
lated to superimposed NW-SE oriented compressional stresses (Wang & Li, 2007) generated by reactivated 
strike-slip faults including the IKF and STSs (Figure 1a). This phase of late Miocene reactivation is probably 
also responsible for the formation of the Tiereke syncline and related to the deformation of the Qiulitag and 
Yaken anticlines in the southern KFTB (Figures 1a and 4a; Hubert-Ferrari et al., 2007; J. M. Sun et al., 2009). 
The shortening rates in the KFTB increased rapidly to ∼0.99 mm/yr, since ∼6.5 Ma (T. Zhang et al., 2014). 
Third, the upwelling of hot asthenospheric mantle under the study area may have contributed to the ob-
served rapid exhumation since the Late Miocene (Figure 4b; Lei & Zhao, 2007). During the late Miocene, 
convergence between the lithospheric blocks of the Tarim Basin and Junggar Basin (or the Kazakh Shield) 
caused the top section of the former to break off and sink (Figure 4b; Lei & Zhao, 2007), as indicated by 

CHANG ET AL.

10.1029/2020GL090623

6 of 11



Geophysical Research Letters

seismic P-wave tomography. Light and hot asthenosphere may have begun upwelling following the sinking 
of the heavy Tarim Basin lithosphere, thereby triggering the rapid exhumation of the upper crust in the 
CSTS.

Southward thrusting of the South Tianshan became intense since ∼6.0 Ma, which not resulted in the rapid 
deformation and exhumation of the southern margin of the Tianshan (Figure 3f), but formed the strata 
growth in the KFTB (J. M. Sun et al., 2009). Compared to the southern margin of the South Tianshan, the 
Permian granite in the CSTS experienced relatively slow cooling from ∼6 Ma to ∼3 Ma (Figure 3), which can 
be attributed to relative rock hardness and erodibility (Flowers & Ehlers, 2018). Granite is harder to erode 
than the sedimentary rocks, which can decelerate the denudation rate. Tectonic activity in the Tianshan ac-
celerated since the Pliocene (∼4-3 Ma), as demonstrated by increasing sedimentation and shortening rates 
(Charreau et al., 2008; Liavall et al., 2018; Tian et al., 2016), the widespread occurrence of Quaternary Xiyu 
conglomerates above unconformities (Charreau et al., 2009; Huang et al., 2010), and various thermochron-
ological data (Bullen et al., 2003; Cao et al., 2013). Furthermore, during the late Pliocene and Pleistocene, 
the northern Hemisphere experienced enhanced glaciation (Martínez-Botí et al., 2015; Mudelsee & Ray-
mo, 2005; Shackleton & Opdyke, 1977), which might have further accelerated bedrock denudation (Herman 
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Figure 4. (a) Distribution of low-temperature thermochronological data in the central South Tianshan (CSTS) and 
adjacent areas and the enhanced aridification in the Tarim Basin. The pink arrows represent the prevailing wind 
direction of the Central Asia westerlies (Blomdin et al., 2016); the white dash-dot line indicates where bending stresses 
from Tibetan loading are interpreted to have focused mountain building within the Tianshan (Aitken, 2011). Yellow 
triangles show the locations of the AFT or AHe data along the STSs. ① is the Atbashi Range (Glorie et al., 2011); ② is 
the Sary-Dzhaz Range (Glorie et al., 2011); ③ is the granite intrusion near the Pobedi thrust (Rolland et al., 2020); ④ 
is the Xiate Profile; ⑤ is the Kekesu River Profile (Yu et al., 2016); ⑥ and ⑦ is the eastern part of the South Tianshan 
and Central Tianshan (Dumitru et al., 2001; J. Yin et al., 2018). Red stars represent the locations for the enhanced 
aridification research in the Tarim Basin. [1]-J. M. Sun et al. (2017); [2]-J. M. Sun and Liu (2006); [3]-Z. L. Zhang 
et al. (2020); [4,5]- Hubert-Ferrari et al. (2007) and J. M. Sun et al. (2009); [6,7]-Z. Q. Zhang and Sun (2011) and J. M. 
Sun et al. (2015); [8]-Z. C. Sun et al. (1999); [9]Chang et al. (2012); (b) Schematic illustration of the upwelling of deep 
asthenospheric materials under the Tianshan (modified from Lei & Zhao, 2007). TC-Tarim Basin crust; TL-Tarim Basin 
lithosphere; TSC-Tianshan crust; TSL-Tianshan lithosphere; JC-Junggar Basin crust; JL-Junggar Basin lithosphere; JB-
Junggar Basin; NTF-North Tarim Fault; STSs- South Tianshan suture; NTSF-North Tianshan Fault.
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et al., 2013; Thomson et al., 2010; P. Zhang et al., 2001). Hence, the interplay between tectonic activity and 
glaciation was probably responsible for the last phase of rapid exhumation of the CSTS since ∼3 Ma.

6.2. Implications for Climate Change in the Tarim Basin

It has been suggested that enhanced aridification initiated in the Tarim Basin during 6∼5 Ma (Figure 4a; 
Chang et al., 2012; J. M. Sun & Liu, 2006), which is coeval with the cease of the fastest phase of denuda-
tion in the CSTS and the onset of the last rapid cooling along the northern margin of the KFTB. Previous 
studies (Fang et al., 2005; Heermance et al., 2018; Jepson et al., 2018c; Z. L. Zhang et al., 2020) attributed 
this enhanced aridification to the tectonic uplift and deformation of the northern Tibetan Plateau and the 
final collision between the Pamir and Tianshan. Here, we speculate that the rapid exhumation in both 
the CSTS and the northern margin of the KFTB during 10∼6 Ma most likely contributed to the enhanced 
aridification of the northern Tarim Basin. Based on the equations proposed by Brown (1991), England and 
Molnar  (1990), and Tippett and Kamp (1993), we calculated that the elevation of the CSTS would have 
increased by >2,800m during this time period (see Text S3 of the supporting information), which could 
have effectively blocked the humid moisture (the westerlies) from the Atlantic and Indian Oceans to enter 
the Tarim Basin (Figure 4a; Blomdin et al., 2016; Cheng et al., 2012; X. Wang et al., 2020). The present-day 
Tianshan plays an important role in blocking humid air from circulating over the Tarim Basin, as evidenced 
by the contrast in the weather conditions between the southern and northern sides of the South Tianshan, 
particularly during the summer (Sorg et al., 2012). However, additional research is required to better un-
derstand the interplay between the tectonic uplift of the Tianshan and the aridification of the Tarim Basin.

Data Availability Statement
The AFT and AHe data in this study are available at the Mendeley Data website (http://dx.doi.org/10.17632/
dc69bwyjsp.1)
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