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Abstract
As a unique example of the intracontinental mountain building, the Cenozoic
deformation of the Tian Shan has been widely studied. The onset of Cenozoic
exhumation of the SW Chinese Tian Shan was constrained at the Oligocene-Miocene
boundary. However, the Cenozoic tectono-geomorphological growth process of the
SW Chinese Tian Shan and adjacent piedmont basins remains a challenge. In this
study, we carried out the geological mapping of satellite images and field
investigations together with the apatite fission track (AFT) and detrital zircon U-Pb
analyses to get further understanding of the Cenozoic tectonic deformation and
geomorphological growth of the SW Chinese Tian Shan. Our results indicate that the
exhumation of Maidan fault or topography growing of the Kokshaal Range
commenced in the late Eocene ~ Oligocene (35 - 25 Ma). Then, the structural
deformation migrated southward to the Muziduke fault and the Atushi Basin Thrust
(ABT) at ~ 15 Ma. The growth strata of 6 - 3 Ma on the south flank of Keketamu
Anticline imply that tectonic deformation propagates further basinward. Furthermore,
the uplift of the Kokshaal Range also strongly affected the evolution of piedmont
basins. The results suggest that the Atushi Basin was still likely linked to the Aksai
Basin during the early Miocene. They were separated into two independent basins
since ca. 13.7 - 10.5 Ma, as a response to the rapid uplift of the Kokshaal Range.
Finally, we infer that the southeastern part of dextral Talas-Fergana fault (TFF) is

likely transferred to the NEE-trending thrust faults of the SW Chinese Tian Shan since
~ 15 Ma.
Key words: Tectono-geomorphological evolution; Cenozoic; Apatite fission track;
Atushi Basin; Tian Shan

1. Introduction
The Tian Shan is a 2500 km long orogenic belt in central Asia with the highest peaks
up to 7400m (Molnar and Tapponnier, 1975; Allen et al., 1993). The currently active
Tian Shan is flanked by east-west trending active thrusts on both north and south
piedmonts (Molnar and Tapponnier, 1975; Avouac et al., 1993). Presently, the
compressive to transpressive deformation is distributed across the whole width of the
range as indicated by the widespread seismicity (Avouac and Peltzer, 1993;
Abdrakhmatov et al, 1996; Fu et al., 2003, 2010; Burtman, 2012).
Forming the southern edge of the Central Asian Orogenic Belt (CAOB), the ancient
Tian Shan Orogen recorded a complex history of amalgamation of a number of
continental and oceanic terranes during the Palaeozoic (e.g., Allen et al., 1993). The
resulting late Carboniferous – early Permian orogen was then repeatedly reactivated
during the Mesozoic and the early Cenozoic in response to distant collisions of island
arcs and continental blocks with the southern margin of Asia (Molnar and Tapponnier,
1975; Hendrix et al., 1994; Dumitru et al., 2001; Jolivet et al., 2010, 2015; Maculay et
al., 2014). Finally, during the late Cenozoic, the Tian Shan has been characterized by
a renewed and intense episode of tectonic reactivation due to the ongoing
India-Eurasia convergence. This reactivation is responsible for the formation of the
modern Tian Shan topography (Hendrix et al., 1994; Yin et al., 1998; Sobel et al.,
1997, 2006a; Zhang et al., 2009; De Grave et al., 2013; Maculay et al., 2014; Bande et
al., 2014, 2015). Low-temperature thermochronological data indicate that the timing

of uplift varies from east to west and north to south within the range and the
pre-existing basement architectures played a significant role in the intracontinental
deformation. It initiated throughout the whole range through the reactivation of
pre-existing basement structures, and the deformation gradually propagated towards
both the south and north piedmonts (Dumitru et al., 2001; De Grave et al., 2007;
Jolivet et al., 2010; Glorie et al., 2011; Macaulay et al., 2014).
The SW Chinese Tian Shan, located in the southeastern side of the Talas-Fergana
fault (TFF) and adjacent to the Pamir to the south (Fig. 1 and 2a), is an excellent area
to study the Cenozoic deformation and landscape evolution of the Tian Shan caused
by the India-Asia collision. Apatite Fission Track (AFT) data indicate the exhumation
of this region commenced at ~ 24 Ma (Sobel et al., 2006a). By comparing with
geodetic data, Sobel et al. (2006a) suggested this region experienced a complex
shortening history in late Cenozoic. Four stages of tectonic deformation in the Atushi
Basin in front of the SW Chinese Tian Shan at 20 ~ 25 Ma, ca.16.3 Ma, 4 ~ 13.5 Ma
and after 4 Ma were constrained by magnetostratigraphic study, which lead to a total
north south shortening of 10 - 32 km (Heermance et al., 2008). The kinematic
mechanism of the Atushi and Kashi folds were well constrained by Scharer et al.
(2004) and Chen et al. (2007).
However, the Tian Shan Range experienced a thermal stable episode in late Jurassic
and Cretaceous (e.g., Dumitru et al., 2001; Jolivet et al., 2010) and large areas of
low-relief surface with late Jurassic AFT ages preserved throughout the range

(Cobbold et al., 1996; Burbank et al., 1999; Oskin and Burbank, 2007; Macaulay et al.,
2013). Previous detrital zircon study also indicates a Mesozoic - early Cenozoic flat
topography in the Wuqia region, 30 km west to the study area (Yang et al., 2013). The
low relief surface on the north flank of the Kokshaal Range is spatially correlated to
the regional Mesozoic relict surface (Fig 2b). If the low-relief surface of the study
area is corresponding to the Atushi Basin floor, it likely indicates at least 2200 m
uplift of the range and 1700 m of the Aksai Basin in Cenozoic (Fig. 2b). Although the
Cenozoic tectonic evolution of the SW Chinese Tian Shan is well constrained by
previous studies, it is unclear whether the Aksai Basin and the Atushi Basin were
connected with each other and then separated by the growing Kokshaal Range. The
regional landscape evolution of the study area driven by the Cenozoic tectonic
deformation still needs more research.
In this study, we carried out the geological interpretation of satellite imagery and
field mapping combined with the apatite fission track and detrital zircon U-Pb
analyses in order to further understand the tectono-geomorphological growth process
in the SW Chinese Tian Shan and adjacent piedmonts basin during the Cenozoic.
2. Geological setting
The Kokshaal Range is located south to the Aksai Basin and the Atbashi Range, and
north to the Atushi Basin (Fig. 2 a). The Atbashi Range is considered as a part of the
South Tian Shan suture (STSs). This portion of the Tian Shan represents a late
Palaeozoic collision-accretion system and is characterized by complex fold-and-thrust

structures (Konopelko et al., 2007, 2009). Most of the rocks in the Kokshaal Range
are Carboniferous-Devonian quartz-rich sandstones and limestone (BGMRXJ, 1993).
The Cretaceous strata exposed in the Atushi Basin are characterized by red
sandstones. The Atushi Basin contains > 6 km thick Cenozoic sedimentary sequences
that unconformably overlaying on the Cretaceous and Palaeozoic strata (Chen et al.,
2007; Heermance et al., 2007). These Cenozoic sedimentary rocks are composed of
the Wuqia Group (N1wq), Atushi Fm. (N2a) and Xiyu Fm. (Q1x) (Chen, et al., 2002;
Heermance, et al., 2007; Fig. 3b and 4), that are conformably contacted with each
other. The Wuqia Group was divided into Keziluoyi Fm., Anjuan Fm. and Pakabulake
Fm. from the bottom to the top by BGMRXJ (1993). The Keziluoyi Fm. is composed
by pale yellow-red poorly consolidated siltstone, sandstone, and conglomerate riched
in well rounded chert pebbles. And, the Anjuan Fm. is composed by interbedded
greyish green siltstone, sandstone with gypsum. The Pakabulake Fm. consists of dark
brown and grey siltstone and shale interbedded by sandstone. The age of the
Keziluoyi and Anjuan Fms. were constrained between 17.5 ~ 13.7 Ma by
magnetostratigraphy analysis, and the depositional age of the Pakabulake Fm. is ~13.7
- 5.3 Ma (Heermance et al., 2007). The Pliocene Atushi Fm. consists of yellow
brown-tan sandstone, siltstone, mudstone, gypsum and rare conglomerate with a
bottom depositional age of ~ 5.3Ma. The Xiyu Fm. is composed by thick grey
calcite-cemented conglomerate. Previous studies suggest that the Xiyu Fm. is a
time-transgressive lithofacies (Chen et al., 2002; Heermance et al., 2007). Heermance

et al. (2007) stated that the deposition of the Xiyu Fm. initiated at 15.5 Ma in the
middle of the Atushi Basin. However, the mid-Miocene conglomerate interpreted as
debris flow deposits is remarkably different from the Xiyu Fm.
In this region, the western Tarim block is underthrust beneath the Tian Shan range on
the east side of the TFF at a rate of ~ 8 - 10mm/yr (Abdrakhmatov et al., 1996;
Mohadjer et al., 2010; Zubovich et al., 2010) and leads to the compressive
deformation at the south side of Tian Shan and its piedmont basins (Fig. 2a).
Topographically, the elevation gradually reduces from over 4200 m in the range to
1500 - 2300 m in the Atushi Basin (Fig. 2b). The Aksai intra-mountain basin north to
Kokshaal Range is up to 3200 m high (Fig. 2b). The large-scale topography of the
study area is generated by a major south-vergent reverse faults system including the
main Maidan and Muziduke faults (Figs. 2a, 3b and 4). These faults are inherited late
Palaeozoic thrust system (Allen et al., 1999; Chen et al., 2001), and the Cenozoic
activation commenced at the Oligocene-Miocene boundary (Sobel et al., 2006a).
Towards to the south, the thrusting of the Atushi Basin Thrust (ABT), which
juxtaposes the Palaeozoic strata with the Cenozoic strata in the middle of the Atushi
Basin (Figs. 2a and 4a), initiated at 15 Ma (Heermance et al., 2008). Immediately
south of the ABT, the geological structures consist of a series of fault-related folds:
the Tashipisake, the Keketamu, the Atushi and the Kashi anticlines from north to
south (Figs. 2a, 3b and 4a; Fu et al., 2010), which were deformed at 13.5 Ma, 4 Ma,
1.4 - 1.2 Ma and 1.4 - 1.07 Ma, respectively (Chen et al., 2007; Heermance et al.,

2008). The total amount of late Cenozoic shortening across the fold system is up to
9.3km, and the deformation is still ongoing (Scharer et al., 2004; Fu et al., 2010).
The northwest extending Talas-Fergana fault over 2000 km-long is another
spectacular structural feature in the study area. It represents one of the largest
intracontinental strike-slip faults, and experienced a complex strike-slip movement
from Palaeozoic to Quaternary with a maximum dextral displacement of 200 km and
Cenozoic offset of 60 ± 10 km (Burtman et al., 1996). While Burtman et al. (1996)
stated that the Cenozoic dextral strike slip faulting occurred in 4 - 12.5 Ma with an
average rate of 10 ± 2 mm/yr, Bande et al. (2014, 2015) proposed that the strike-slip
motion along the TFF commenced at ca. 25 Ma based on low-temperature
thermochronologic study of the transpressional pop-up structures of this fault.
Although the timing of the Cenozoic deformation of this large fault is still debatable,
the tectonic evolution of the SW Chinese Tian Shan is strongly affected by the TFF.
Numerous low-temperature thermochronology data, including AFT, AHe, ZHe, have
already roughly constrained the Mesozoic to Cenozoic uplift history of the Western
Tian Shan (Fig. 5; Bullen et al, 2001; Sobel et al., 2006a, 2006b; De Grave et al.,
2007, 2011, 2012, 2013; Glorie et al., 2010, 2011; Zhang et al., 2009; Chang et al.,
2012; Macaulay et al., 2014). While the Mesozoic cooling AFT and AHe ages are
widespread across the whole Tian Shan Range (Fig. 5), recording the accretion of the
various Cimmerian blocks to the southern Eurasian margin (Roger et al., 2008, 2010;
Jolivet, 2010, 2015), the early Cenozoic uplift history is more heterogeneous across

the range. AFT ages of 40 - 60 Ma obtained along the Atbashi Range might represent
the incipient reactivation of STSs (Glorie et al., 2011). They are consistent with early
Paleogene (~ 60 - 40Ma) AFT ages from detrital samples in the Aksai Basin (Glorie et
al., 2011) as well as with early Paleogene basement AFT ages obtained along the
Narat fault over 850 km east to the study area (Jolivet et al., 2010).
Oligocene-Miocene cooling ages corresponding to the onset of main deformation
phase, which formed the modern Tian Shan, were detected along most of the
sub-ranges except the southern flank of the Kyrgyz Range (Sobel et al., 2006a, 2006b;
De Grave et al., 2007, 2010, 2012, 2013; Zhang et al., 2009; Glorie et al., 2010, 2011;
Chang et al., 2012; Macaulay et al., 2013, 2014; Bande et al., 2014, 2015). AFT
thermal modelling revealed a late Cenozoic reheating event along the Kyrgyz Range,
Atbashi Range and Kokshaal Range, which might reflect sediment loading in this
region or local tectonic burying in these regions (Sobel et al, 2006a, 2006b; Glorie et
al, 2011). An intensive exhumation event occurred during the late Miocene to
Pliocene (10 - 3 Ma) was found along the Atbashi Range, the northern flank of
Kyrgyz Range and the central Kyrgyz Tian Shan (Bullen et al., 2001; Sobel et al,
2006b; Glorie et al, 2011; Macaulay et al., 2014).
3. Method
3.1. Geological and geomorphological mapping of remote sensing data
Geological and geomorphological mapping were carried out using the remote sensing
data such as the SRTM DEM data with resolution of 90 m, Landsat TM data with

resolution of 30 m, ASTER data with resolution of 15 - 30 m, together with field
observations. The Cenozoic lithological units and structural deformation in the SW
Chinese Tian Shan and piedmont basins can be distinguished from these enhanced
images.
3.2. AFT
The apatite fission-track (AFT) method is a low-temperature thermochronological
technique based on the spontaneous fission decay of

238

U, that enables to reconstruct

the thermal history of the host rocks between ~ 60 – 120°C (Donelick, et al., 2005).
Four samples from Carboniferous sedimentary rocks forming the basement of
Kokshaal Range, as well as eight detrital samples from Cretaceous and Cenozoic
strata of the Atushi Basin were collected along a north-south extending profile. The
locations of samples are marked on Fig. 3b and Fig. 5a, and their lithological
characteristics and GPS information are also listed in Table 1.
A detailed description of methodology can be found in Jolivet et al., 2010. The apatite
crystals were mounted on glass slides using epoxy glue and polished. Samples were
etched in 6.5 % HNO3 for 45 s at 20°C to reveal the spontaneous fission tracks
(Seward et al., 2000; Jolivet et al., 2001), before being irradiated with a neutron
fluence rate of 1.1016 neutrons/cm2 at the Oregon State University Reactor (USA). The
micas used as external detector were etched in 40% HF for 40 min at 20 °C in order to
reveal the induced fission tracks. The ages were calculated following the method
recommended by the Fission Track Working Group of the International Union of

Geological Sciences Subcommission on Geochronology (Hurford, 1990) using the
zeta calibration method (Hurford and Green, 1983). CN5 glass was used as a
dosimeter. Ages were calculated using an overall weighted mean zeta value of 342.7 ±
4.5 yr cm2 (J. Y.), obtained on both Durango (McDowell et al, 2005) and Mount
Dromedary apatite standards (Green, 1985; Tagami, 1987). Fission tracks were
counted on a ZeissM1 microscope, using a magnification of 1250 under dry
objectives and the Autoscan® software (on manual mode). Data are reported in Table
2.
Within basement samples, the lengths of horizontal confined fission tracks were
measured on sections parallel to the c-axis in order to perform thermal history
modelling. The modelling was carried out using the QTQt software (Gallagher et al.,
2009, 2012) with the multi-kinetic annealing model of Ketcham et al, 2007. Dpars
(Donelick, 1993; Barbarand, 2003) of every single grain that were dated and the most
grains that were used for length measurement, the arithmetic mean fission-track etch
figure diameter parallel to the crystallographic c-axis, were also measured to better
constrain the thermal history modelling and the statistical analysis of single grains
ages of detrital samples. The measured Dpar values were roughly corrected following
the method of Sobel and Seward (2010). The correction factor is 1.19 and the
corrected Dpars were reported in Table. 2.
The fission track pooled ages are reported for samples that pass the χ2 (P (χ2) > 5 %)
test and central ages are reported for detrital samples with P (χ2) < 5 % (Table. 2).

The AFT ages from an unreseted detrital sample reflect a mixture of component
populations eroded from different source regions. Decomposing of AFT ages of
detrital samples in this study was carried out using Bayersmix software (Jasra et al.,
2005). This method is based on mixture models with flexibility in the class of
component densities using Markov chain Monte Carlo (MCMC) method (Gallagher et
al., 2009). In this case, the number of age components with the highest probability
will be given by the calculation. Finally, a credible result can be obtained based on the
number with highest probability (Jasra et al., 2005; Gallagher et al., 2009) (Table. 3
and Fig. 8).
3.3. Detrital zircon
Detrital zircon U-Pb dating was carried out for the 6 samples from Cenozoic sediment
in the Atushi Basin. More than 1000 detrital zircons per sample were separated by
standard heavy liquid, magnetic techniques and randomly selected, of which more
300 grain were mounted in epoxy resin and polished for LA-ICP-MS (laser
ablation-inductively

coupled

plasma-mass

spectrometer)

U-Pb

dating.

Cathodoluminescence (CL) images were obtained to reveal internal structures of
zircons using a LEO1450VP Scanning Electron Microscope. U-Pb analysis was
conducted on an Agilent 7500a Q-ICP-MC connected to a 193nm laser ablation
system of MC-ICPMS (Neptune) in IGGCAS. The ablation spot size was between 60
and 44 nm. Helium was used as the carrier gas to enhance the transport efficiency of
the ablated material (Gao et al., 2008). Zircon grains without visible fractures and

inclusions were selected randomly in each sample mount. The zircon standard 91500
was used as external standard for the age calculation and NIST SRM 610 as external
standard for the concentration calculation in conjunction with the internal
standardization using 29Si (32.8 % SiO2 in zircon). After isotopic ratios and elemental
concentrations calculation using GLITTER 4.0, Isoplot 3.15 was used for plotting of
Concordia diagrams and analysis of detrital zircon age distribution. The
age is used when the age is > 1000 Ma and the

206

207

Pb/206Pb

Pb/238U is used when the age is <

1000 Ma, which can provide more reliable age estimation for these younger grains
due to the low content of radioactive Pb and the uncertainties in common lead
correction (Sircombe, 1999; Li et al., 2010). Zircon grain ages with discordance
degree >10% were excluded for our analysis.
4. Result
4.1. Geomorphological analysis
Different lithological units can be distinguished according to their spectral and texture
characteristics of satellite images. The ASTER pseudo color image (R: band ratio 2/1,
G: band 3 and B: band ratio 4/8) (Fig. 3a) was produced and a detail geological
mapping (Fig. 3b) was made based on interpretation of satellite image and field
observations. The Kokshaal range is bounded by the TFF on the western side and by
thrusts and folds on the southern side, where the relief is much higher and the stream
networks are well developed and deeply incised into the bedrock (Fig. 2a). By
contrast, a large area of low-relief surface with a mean elevation of 3500 - 4000 m is

well preserved on the northern flank of the range, slightly tilted by the Maidan and the
Muziduke faults (Fig. 2a). These low-relief surface can be traced throughout the
whole Tian Shan Range (e.g., Cobbold et al., 1996; Burbank et al., 1999; Oskin and
Burbank, 2007; Macaulay et al., 2013), and are usually characterized by late
Palaeozoic-Mesozoic AFT and ZHe ages (e.g., Jolivet et al., 2010; Glorie et al., 2011;
Zhang et al., 2011), indicating the finite erosion since Mesozoic. Jolivet et al. (2010)
suggested that these surfaces were formed during the late Jurassic-Cretaceous tectonic
quiescence period. The low-relief surfaces are stratigraphically correlated with the
regional unconformity surface between the Palaeozoic and Mesozoic-early Cenozoic
sedimentary sequences (Vakhrameev, 1964; Zhukov, 1969; Turchinskiy, 1970;
Pomazkov, 1972; Cobbold et al., 1996). And, the unconformity can be considered to
be a nearly horizontal datum before the Cenozoic and provides key controls on the
magnitude of the Cenozoic deformation of the Tian Shan (Burbank et al., 1999).
Therefore, the low-relief surfaces in the Kokshaal Range are stratigraphically
correlated with the thin Cretaceous sedimentary rocks in the Atushi Basin, and the
total surface uplift of over 1700 m in the Kokshaal Range occurred relatively to the
Atushi Basin in the Cenozoic. In addition, patches of that low-relief surface with
similar elevation are locally preserved on the footwall of the Maidan fault east to the
Boguzi River (Fig. 2a), implying that the thrusting of this fault is faint to the east.
Extremely asymmetrical (Fig. 2a) catchment basins are well developed along the
Maidan fault and another small fault to the north, likely indicating a dextral strike-slip

movement along these faults. The Muziduke fault is poorly exposed because of the
extensive Quaternary sediments.
Growth strata initiated at 4.7 Ma (Heermance et al., 2007) were observed on the south
flank of the Keketamu anticline by our field investigation. The dip angle gradually
decreases from nearly vertical at the bottom of the Xiyu Fm. to 38° near the top (Fig.
4b). As the dip angle of the strata changes, the clast compositions are heterogeneous
as well. While limestone pebbles are the dominant clast type in the lower part of Xiyu
Fm., the middle part of the Xiyu conglomerate is mainly composed by yellow and red
sandstone pebbles (Fig. 4b). Then, the component of limestone pebbles increases at
the top of the Xiyu Fm. (Fig. 4b). The pebble counting is similar with the method
used by the Heermance et al (2007).
4.2. AFT Results
4.2.1. Basement samples
Four Carboniferous basement samples were collected from the hanging wall of the
Muziduke fault along the Hejiante River (Fig. 3b and 4). Sample TK-09 located less
than 100 meters south of the Maidan fault has a pooled age of 81.3 ± 4.7 Ma.
Confined track lengths measurements of this sample yield a mean length of 10.2 ± 2.3
μm and are characterized by a wide unimodal length frequency distribution (Fig. 6).
The track lengths are comprised between 5 and 15 μm, indicating a slow cooling
across the partial annealing zone (PAZ). A few long tracks (> 15 μm) possibly indicate
a rapid exhumation after a first period of slow cooling. The mean DparC value is 1.51

μm with a small standard deviation (σ = 0.14 μm). Sample TK-10 located 2.1 km
south of the Maidan fault has a pooled age of 193.4 ± 8.2 Ma with a mean confined
track length of 10.8 ± 1.7 μm and a DparC value of 1.52 ± 0.18 μm. While some short
tracks are preserved, most of the track lengths range between 7 and 14 μm (Fig. 7).
The distribution of the confined track length indicates a slow cooling across the PAZ.
Samples TK-12 and TK-13 have pooled ages of 28.8 ± 2.5 Ma and 25.7 ± 3.0 Ma,
respectively. They are situated 4.5 - 5 km south of the Maidan fault. Few confined
tracks could be observed and measured in both samples not allowing any data
modelling. The thermal history model of the TK-09 and TK-10 are similar. Both
samples exhibit two phases of exhumation. As the Mesozoic AFT ages are widespread
across the whole Tian Shan Range, an early Cretaceous (130 -145 Ma) cooling event
can also be observed from the thermal history of TK-09 and TK-10 (Fig. 6).
Following that initial exhumation, the sample experienced a 25 – 70 °C reheating
from Oligocene to early Miocene (35 - 25 Ma) before the Miocene rapid exhumation.
This reheating phase was likely caused by burial beneath either Cenozoic sediment
loading or the southward propagating hanging wall of the Maidan fault. Similar
reheating event observed in samples TK-09 and TK-10 was also reported from AFT
thermal modelling of the sample 99WT-3, 7 km south of the Maidan fault (Sobel et al.,
2006a), and in the Kyrgyz Range to the north and in the Aksu to the east (Glorie et al.,
2011; Sobel et al., 2006b; Zhang et al., 2009). Finally, both models thus show an
intense exhumation phase during the late Cenozoic (ca. 15 Ma).

4.2.2. Detrital samples
Eight detrital samples were collected from the late Cretaceous Kezilesu Group to the
Xiyu Fm. in the Atushi Basin (Fig. 3band 4a). All detrital samples fail the χ2 test and
they show widely spread single-grain ages, spanning largely above the stratigraphical
age and indicating that none of those detrital samples have been totally reseted.
In order to check for the occurrence of some chemical control or crystal structures on
fission track annealing rates, we measured Dpar values for every single grain in each
detrital sample. The Dpar parameter corresponds to the diameter of the etched trace of
the intersection of a fission track with the surface of the studied crystal measured
parallel to the c axis. Apatite fission track annealing rates and closure temperatures are
largely sensitive to the etching characteristics (Dpar) (Carlson, et al., 1999; Barbarand
et al., 2003; Donelick, et al., 2005; Woelfer et al., 2008). For example, apatite grains
with relatively high Dpar value usually anneal more slowly than their low Dpar
counterparts (Carlson, et al., 1999; Donelick, et al., 2005). Then, as the AFT ages of
apatite grains with low Dpar values decrease more rapidly than that of apatite grains
with high Dpar values. If samples are intensively reheated, apatite grains with small
Dpar values might reach their close temperature and show young ages, others with
large Dpar values may still stay in their PAZ and exhibiting older single grain ages. In
this case, the Dpar value and single grain ages might show a faint positive
relationship. Altogether, the DparC values within our detrital samples vary between
1.27 and 7.28 μm. No obvious correlation or inconspicuous negative correlation

between the single grain ages and the Dpar values can be observed for each detrital
sample (Fig. 7), indicating that no detrital samples were reseted.
Sample SWTS-04 from the late Cretaceous Kezilesu Group has a mean AFT age of
220.7 ±10.0 Ma (Fig. 8), which is much older than the depositional age of the strata,
and apparently shows the provenance signal. The single grain ages of this sample
spread from 102 ± 33 Ma to 382 ± 185 Ma (Fig.9). Sample WY-03 was collected from
the red conglomerate immediately in front of the Atushi Basin Thrust (ABT), for
which a depositional age of 15.5 Ma has been obtained (Heermance et al., 2007). The
conglomerate can only be traced locally along that particular thrust. It contains
angular sandstone pebbles and large Palaeozoic limestone megaclasts, considered as
debris flow deposit (Heermance et al., 2007). The AFT single-grain ages exhibit a
widespread range between 375 ± 139 Ma and 20 ± 10 Ma. DparC values range
between 1.49 μm to 5.34 μm, with a large standard deviation (σ = 0.92 µm) and no
obvious correlation can be detected between AFT ages and DparC values of single
grains. The youngest age component is 34.5 ± 5.9 Ma (Fig. 8 and Table. 3). An early
Cretaceous (118.6 ± 7.1 Ma) and a late Triassic (219.9 ± 7.4 Ma) age components
were observed as well. SWTS-01 and SWTS-02 were collected from the top of the
red conglomerate. Only 22 grains were obtained from sample SWTS-02. The sample
shows wide AFT age distribution ranging from 17 ± 5 Ma to 363 ± 70 Ma, and the
absence of correlation between AFT ages and DparC values (2.49 – 5.15 μm) indicates
that the sample was not reseted after deposition. While the youngest age component is

28.6 ± 9.1 Ma, the sample also contains a late Cretaceous age component of 83.1 ±
10.2 Ma and an early Jurassic age component of 184.4 ± 11.0 Ma (Fig. 8 and Table. 3).
Fifty apatite grains were obtained from sample SWTS-01. The sample again shows a
widespread range of AFT ages between 15 ± 11 Ma and 505 ± 295 Ma with DparC
values from 1.27 to 4.20 μm with a large standard deviation (σ = 0.52). Three age
components of 32.1 ± 10.8 Ma, 108.2 ± 14.6 Ma and 226.3 ± 13.7 Ma are observed
(Fig. 8 and Table. 3), relatively similar to those of sample SWTS-02. Sample
KKTM-08 was collected from the bottom of the Pakabulake Fm. with a depositional
age of 13.7 Ma (Heermance et al., 2007). As in all the other detrital samples, a wide
range of AFT ages (between 7 ± 4 and 283 ± 140 Ma) was obtained and no positive
correlation could be observed between the single grain AFT ages and the DparC
values in this sample. DparC values are widely spread between 1.79 and 4.76 μm. Two
age components are observed, a Miocene age component of 15.8 ± 4.8 Ma and an
early Cretaceous age component of 105.5 ± 5.1 Ma (Fig. 8 and Table. 3). The young
age component of 15.8 ± 4.8 Ma is younger than the basement AFT ages observed
inside the Kokshaal Range (our data and Sobel, et al., 2006a; Fig. 3b and 4), and is
probably from some source areas with high exhumation rate near the range. Sample
KKTM-04, from the upper part of the Pakabulake Fm. with a depositional age of 10.5
± 0.5 Ma according the paleomagnetic dating by Heermance et al. (2007), contains
widespread AFT ages ranging from 3 ± 3 Ma to 377 ± 113 Ma, which are not
correlated to variations in DparC values (1.27 – 3.53 μm). Most grains show AFT ages

that are older than the depositional age except one grain with AFT age of 3 ± 3 Ma. As
the AFT age of this apatite grain is much younger than the depositional age and has a
very large error, it was ignored in the statistical analysis. An Oligocene age
component of 31.1 ± 18.8 Ma, an early Cretaceous age component of 100.5 ± 20.5 Ma
and an early Jurassic age component of 190.4 ± 20.5 Ma were observed (Fig. 8 and
Table. 3). Sample WY-02 corresponds to the bottom of the Xiyu Fm. on the southern
flank of the Keketamu Anticline. The depositional age is estimated at 8.9 ± 0.3 Ma
(Heermance et al., 2007). The wide AFT age range from 21 ± 8 to 193 ± 76 Ma
observed in this sample was statistically decomposed into three age components: an
Oligocene age component of 29.9 ± 3.0 Ma, a late Cretaceous age component of 89.6
± 3.3 Ma and a late Jurassic age component of 168.7 ± 3.3 Ma (Fig. 8 and Table. 3).
The DparC values range from 1.43 to 4.99 μm, and no positive correlation can be
obtained between these values and the single grain AFT ages. Sample KKTM-05 was
collected higher up in the Xiyu Fm. and corresponds to a depositional age of 7.5 ± 0.5
Ma (Heermance et al., 2007). This sample shows again a widespread range of AFT
ages between 19 ± 7 and 396 ± 280 Ma with DparC values between 1.30 and 7.29 μm
that do not correlate to the AFT ages. A middle Eocene age component of 39.9 ± 9.7
Ma and an early Cretaceous age component of 145.5 ± 3.3 were statistically
distinguished (Fig. 8 and Table. 3).
The abovementioned young age components preserved in the detrital record display a
tendency to decrease with the dropping of the depositional age of samples from 15.5

Ma in the Miocene red conglomerate to 13.7 Ma in the lower part of the Pakabulake
Fm. (Table. 3). However, the young peak age of samples from the upper part of
Pakabulake Fm. and Xiyu Fm. are older than that of the samples from underneath
sequences. The young age component of sample KKTM-08 is significantly younger
than that of samples from both older and younger strata.
4.3. Potential provenance and result of detrital zircon samples
4.3.1. Potential provenance
As the Atushi Basin locates in the south piedmont of the SW Chinese Tian Shan and
north-south paleocurrents were observed in the Cenozoic strata (Heermance et al.,
2007), the Tian Shan Range is attributed to be the dominant provenance area for its
Cenozoic sediment. And, the Tarim Basin to the south also provides significant
sources for the deposition of the foreland basins in the Tian Shan, including the Atushi
Basin (Li et al., 2010; Carroll et al., 2013; Liu et al., 2013).
A variety of U-Pb ages were obtained from both the Precambrian plutons and
sedimentary rocks in the Tarim block (Li et al., 2010; Shu et al., 2011; Carroll et al.,
2013; Yang et al., 2013), and are clustered into four groups: 2360 - 2550 Ma (peak of
2437 Ma), 1800 - 2020 Ma (peak of 1870 Ma), 860 - 1140 Ma (peak of 920 Ma) and
680 - 840 Ma (peak of 800 Ma), which indicate four tectono-thermal evolution stages
of the Tarim block. The first age peak at 2437 Ma represents a Neoarchean-early
Paleoproterozoic magmatism of the Tarim craton corresponding to the global
continent-building event (Zhang et al., 2007a, b; Long et al., 2010; Shu et al., 2011;

Carroll et al., 2013), the second corresponds to the assemblage of the Columbia
supercontinent (Daly et al., 2001; Wilde et al., 2002; Kroner et al., 2005; Santosh et
al., 2006; Zhao et al., 2002), and the third and the fourth peaks are most likely related
to the assemblage and break-up of the Rodinia supercontinent (Li et al., 2008, 2009).
The similar tectono-thermal evolution events were also detected in the Central Tian
Shan (Konopelko et al. 2009; Glorie et al., 2011).
The Palaeozoic evolution of the Tian Shan was dominated by the closure of several
branches of the Paleo-Asian Ocean. The magmatic rocks, that associated to the
closure of Central Tian Shan Ocean and the following accretion the Central Tian Shan
block (Charvet et al., 2007), were strongly intruded into the North Tian Shan and the
Central Tian Shan during the Ordovician-late Devonian. Then, the northward
subduction of the South Tian Shan Ocean generated a magmatic arc along the
southern edge of the Central Tian Shan during the late Devonian-early Carboniferous.
After the closure of the South Tian Shan Ocean, the Hercynian post-collisional
plutons (280-300 Ma) were emplaced into the South Tian Shan and the Middle Tian
Shan (Konopelko et al., 2007, 2009; Glorie et al., 2011; Seltmann et al., 2011; Carroll
et al., 2013) (Fig. 9).
After formation of the ancestral Tian Shan orogen, the range was characterized by a
major period of tectono-magmatic quiescence during the early Mesozoic (Dumitru et
al., 2001; Jolivet et al., 2010; Glorie et al., 2011; Ren et al., 2011). During the late
Cretaceous-early Cenozoic, basalt was emplaced into the Tuyun Basin (Sobel and

Arnaud, 2000; Wang et al., 2000; Ji et al., 2006; Liang et al., 2007) and along the ABT
fault in our study area (Fig. 9). Considering the physiochemical resilience of the
zircons, it should be pointed out that the recycled zircons from the Palaeozoic and
Mesozoic strata could also be a significant provenance source for the Cenozoic Atushi
Basin.
4.3.2. Detrital zircon results
90 zircon grains were randomly measured from the sample WY-03 that collected from
the Miocene red megaclastic conglomerate, and 79 effective data points were obtained
(Fig. 10, 11). U-Pb ages of this sample show a wide range between 189.8 and 2673.6
Ma and are composed by 4 main age groups: 220 - 331 Ma (30.3 %), 340 - 500 Ma
(36.5 %), 626 - 920 Ma (8.9 %), 1556 - 2000 Ma (16.5 %), which are corresponding
to 4 peak ages of 301 Ma, 460.6 Ma, 736.4 Ma and 1962.8 Ma (Fig.12 and Table. 4).
A small age group ranging from 2230 - 2680 Ma (7.6 %) are observed as well. This
sample is dominated by zircon groups with U-Pb peak ages of ~ 301 Ma and ~ 460
Ma.
Sample SWTS-01 was collected from the top of the Miocene red conglomerate. 85
effective age points were obtained from the sample and yield a similar age
distribution with WY-04. The ages can be mainly divided into four groups of 245 347 Ma (34.1 %), 370 - 505 Ma (35.2 %), 764 - 990 Ma (8.2 %) and 1600 - 2100 Ma
(18.8 %), with peak ages of 294 Ma, 446.6 Ma, 984 Ma and 1808 Ma, respectively
(Fig. 11, Table. 4). Most zircon grain ages fall between ~ 250 Ma and ~ 500 Ma.

As only 27 effective age points were obtained from KKTM-08 (the bottom of the
Pakabulake Fm.), the sample shows no obvious primary age peaks or a faint age peak
of 607 Ma. Despite its limited zircon grains, the sample shows a wide age range
between 15 Ma and 2409 Ma, which contains 18 Precambrian ages (66.7 %), 4 early
Palaeozoic ages (14.8 %), 2 late Palaeozoic ages (7.4 %), 2 Mesozoic ages (7.4 %)
and a very young Miocene age (15 Ma) (Fig. 11). Very different from other samples,
this sample contains a higher percentage of Precambrian ages. However, given the
insufficient zircon grains, the high content of Precambrian ages might be not credible
enough. The youngest zircon age (15 ± 1.08 Ma) is nearly the same time as the
depositional age the strata (13.7 Ma).
75 effective age points obtained from KKTM-04 that collected from the upper part of
the Pakabulake Fm. show a widely range between 174 Ma and 2527 Ma (Fig. 11).
Four zircon age peaks can be detected. Two primary peaks are located at 284 Ma
(25.3 %) and 435 Ma (34.7 %), and two secondary age peaks occur at 608 Ma (607 684 Ma 8 %) and 1820 Ma (25.3 %).
104 effective age points were obtained from WY-02 (the bottom of the Xiyu Fm.).
U-Pb ages of this sample show a wide range between 44.9 and 2541.7 Ma, and can be
mainly separated into five groups: 240 - 350 Ma (24.0 %), 396 - 543 Ma (39.4 %),
785 - 863 Ma (7.7 %), 1554 - 1935 Ma (18.3 %) and 2196 - 2542 Ma (6.7 %) with
their peak ages of 316 Ma, 418 Ma, 816 Ma, 1818 Ma and 2469 Ma, respectively (Fig.
11). Zircon grains with Cenozoic ages (44.9 - 48.5 Ma) appear again in this sample

and are magmatic original.
79 effective age points obtained from KKTM-05 (Xiyu Fm.) show a wide range
between 243 Ma and 2614 Ma with Th/U value of 0.06 - 2.47 (Fig. 11). The U-Pb
ages are clustered into 5 groups: 243 - 342 Ma (27.8 %), 384 - 486 Ma (25.3 %), 609 985 Ma (16.5 %), 1308 - 1958 Ma (21.5 %), 2248 - 2685 Ma (8.9 %) with their
corresponding peak ages of 301 Ma, 452 Ma, 840 Ma, 1711 Ma and 2434 Ma,
respectively.
In summary, all Cenozoic samples display wide age ranges and similar age
distribution, except for sample KKTM-08 (lower Pakabulake Fm.) that contains
insufficient crystals (Fig. 11). The detrital zircon ages are characterized by two
primary age peak at 288 - 300 Ma and 420 - 460 Ma, two secondary peaks around 840
Ma and 1820 Ma and sometimes a small peak at 600 - 620 Ma. Similar detrital zircon
U-Pb age distributions were also reported from the Cenozoic sedimentary rocks in
Kuqa and Wuqia area in the South Tian Shan (Li et al., 2010; Carroll et al., 2013; Liu
et al., 2013; Yang et al., 2013). The two primary peaks most likely correspond to the
Hercynian post-collisional magmatism in the South and Central Tian Shan and
Ordovician-late Devonian magmatism in the North and Central Tian Shan,
respectively, and the Precambrian age components are probably related to the Tarim
block or the Central Tian Shan (Carroll et al., 2013; Liu et al., 2013). Zircons with
early Cenozoic U-Pb ages in WY-2 are most probably come from the late Cretaceous Eocene basalt in the study area (Sobel and Arnaud, 2000; Ji et al., 2006). As no

mid-Miocene magmatic activation were reported in the study area and surrounding
regions, the 15 Ma zircon grain was likely transported by volcanic ashes from a
remote source area.
In contrast with the detrial AFT data, no significant provenance change can be
detected in the Cenozoic sedimentary rocks despite the appearance of the Cenozoic
zircons in KKTM-08 and WY-02. All the Cenozoic samples exhibit wide detrial U-Pb
age ranges. Similar U-Pb age distribution was observed in the Jurassic and Cretaceous
sandstones in the Ulugqat area 30 km west to the Atushi Basin by Yang et al., (2013)
and they attribute the wide zircon U-Pb age distribution to a huge river system and the
flat topography of the Tian Shan in the Mesozoic. Carroll et al. (2013) suggested that
the extensive Palaeozoic sandstone supplied significant sources of recycled zircon for
the Mesozoic and Cenozoic sedimentary rocks in north of the Tarim Basin. Therefore,
the wide detrital U-Pb age ranges can be either caused by a vast source area that
encompassing most of the tectonic blocks of Tian Shan or by recycling of previous
sedimentary rocks containing those zircons. As the building of the modern Tian Shan
began at the Oligocene-Miocene boundary (Sobel et al., 1997, 2006a; Glorie et al,.
2011; our data), the flat Mesozoic topography and the river system should be
disturbed and rebuilt (Fig. 13), and the wide U-Pb age distributions of the Cenozoic
samples in the study area are more likely caused by zircon recycling from previous
sedimentary rocks.

5. Discussion
5.1. Cenozoic tectono-geomorphological evolution of the SW Chinese Tian Shan
As a response to distant collision of continental blocks with the southern margin of
Asia, the Tian Shan Range experienced a complex uplift history during the Cenozoic
(Molnar and Tapponnier, 1975; Hendrix et al., 1992; Dumitru et al., 2001; Jolivet et
al., 2010; Macaulay et al., 2014). While the Mesozoic and early Tertiary exhumation
was largely controlled by the inherent lithospheric structures, a late Oligocene-early
Miocene exhumation phase throughout the whole range was constrained by AFT data
and sedimentological analyses (e.g., Hentrix et al., 1994; Yin et al., 1998; Trifonov et
al., 2008). In this study, the basement AFT samples in this study suggest a late
Eocene-Oligocene reheating episode of the Kokshaal Range. A 25-70°Creheating
episode is detected in the sample TK-09 and TK-10 that located within 2 km in front
of the Maidan fault. And, the similar reheating process was also detected by thermal
modelling of the sample 99WT-3 by Sobel et al. (2006a), which is about 7 km south
to the Maidan fault and 20 km away from the sample TK-09, as well as in the Kyrgyz
Range and Atbashi Range (Sobel et al., 2006b; Glorie et al., 2011). It can be caused
by either the tectonic burying of hanging walls of thrust faults or sediment loading
(Sobel et al., 2006a). Previous study suggested that the reheating event in the Atbashi
Range was due to an increase in sediment loading caused by renewed erosion of a
growing topography (Glorie et al., 2011). If the late Eocene-Oligocene reheating
process in the study area was due to sediment loading and the regional geothermal

gradient is 22°C/km (Zhang, 1989; Sobel and Dumitru, 1997), the thickness of the
sediment should reach 1000-3200 m in the Kokshaal Range. However, we have not
found any Cenozoic sedimentary rocks in the modern Kokshaal Range. In contrast
with the south flank of the Kokshaal Range, the low-relief surface preserved on the
north flank of the Kokshaal Range experienced a stable thermal history since the late
Jurassic (Glorie et al., 2011). The oldest Cenozoic sediment in the Atushi Basin shows
a paleomagnetic age of 18 Ma (Heermance et al., 2007). Hence, the sediment burying
was occurred locally on the south flank of range if the reheating event was driven by
increase in sediment loading in the study area. In this case, we infer the sediment
loading was likely caused by erosion of a nearby growing topography. Alternatively,
the reheating event was caused by the tectonic burying of the hanging wall of the
Maidan fault. Therefore, the reheating event implies the initiation of the thrusting
activation of the Maidan fault or a topographical growth of the Kokshaal Range at 35
-25 Ma. The contemporaneous uplift of the Pamir was also detected based on the
coarse molasse deposits in the northeastern Pamir and foreland basin deposits in the
Tajik Basin and southern Tian Shan (Sun et al., 2013; Carrapa et al., 2015). Hence, the
35 – 25 Ma reheating events in the study area is likely a response to the Cenozoic
tectonic uplift of the Pamir.
After the reheating at 35 - 25 Ma, the sample TK-09 and TK-10 located in the
hanging wall of the Muziduke fault experienced a rapid cooling episode from 15 ± 5
Ma to present, suggesting a strong exhumation event of the Kokshaal Range in the

mid-Miocene. A similar cooling event was reported from the sample 99WT-3, over 7
km south of the Maidan fault (Sobel et al., 2006a), and late Oligocene-Miocene AFT
ages were also observed on the hanging wall of the Muziduke fault (Sobel et al.,
2006a and our data). Although Sobel et al. (2006a) inferred that the exhumation of the
Kokshaal Range initiated at ~ 24 Ma based on these young AFT ages, the limited
confined tracks in these sample show short track lengths and imply that these samples
could also be exhumed from the PAZ (Sobel et al., 2006a). So far, the denudation of
the Muziduke fault might initiate around 15 ± 5 Ma. Our thermal modelling results
indicate that a 60 – 80 °C cooling occurred in the recent ~ 15 Ma. Assuming a surface
temperature of 10 °C and a geothermal gradient of 22 ± 3 °C/km (Zhang, 1989; Sobel
et al., 2006a), we can estimate that the mean exhumation rate of the Kokshaal Range
is 0.18 - 0.28 mm/yr. Similarly, Sobel et al. (2006a) have also calculated an
exhumation rate of 0.2 - 0.3 mm/yr between 18 and 3 Ma in the study region based on
the AFT analyses of late Cenozoic sediments. Further south, the activation of ABT
occurred nearly the same time as constrained by Heermance et al. (2007, 2008).
Hence, we infer that the simultaneous activation of the Muziduke fault and ABT is
most likely corresponding to the strong exhumation phase of the Kokshaal Range in
the middle Miocene. The similar mid-Miocene cooling event was also detected in the
Aksu blue schist and the Kyrgyz Tian Shan north to the Alai Basin (De Grave et al.,
2012; Zhang et al., 2009). Fission track dating also suggested that deformation
propagated southward from the Tian Shan to Kuzigongsu since ca. 14 Ma (Sobel and

Dumitru, 1997). Moreover, sharp increase in sedimentary rate in the northern and
southern Tarim Basin also suggests the thrusting speeded up in the middle Miocene
(15-13.7 Ma) (Yin et al., 2002; Wang et al., 2003; Sun et al., 2005; Huang et al., 2006;
Wu et al., 2012). Therefore, the exhumation of the Kokshaal Range at ca. 15 Ma is
consistent with the regional uplift in Tian Shan and southern margin of the Tarim
Basin in the mid-Miocene.
Detrital apatite grains from the late Cretaceous Kezilesu Group yield a late Triassic to
early Jurssic AFT central age (our study and Sobel et al., 2006a), which can also be
found on the hanging wall of the Muziduke fault (TK-10) and in Permian sedimentary
rock in the piedmont basin (Sobel et al., 2006a and Fig 4). Therefore, the late Trassic early Jurassic AFT ages in the foreland basin can be produced by either erosion of the
Tian Shan Range to the north or recycling of Permain sedimentary sequences. The
unreseted AFT ages suggest that the Cretaceous depositions might be buried to less
than 4 km before exhumated to the surface. However, more than 6 km Neogene to
Quarternary sedimentary sequences developed in the Atushi Basin (Heermance, et al.,
2007). Hence, a topography in the Atushi Basin likely appeared before Neogene,
which is supported by the angular unconformable contact between the Cretaceous and
Cenozoic sequences. As no obvious reheating were observed in the Cretaceous
sedimentary rocks, we infer that younger sedimentary rocks overlying on it also did
not experience any evident reheating. Late Triassic to early Jurassic age components
were also found from Miocene detrital samples: 219.9 ± 7.4 Ma (WY-03), 226.3 ±

13.7 Ma (SWTS-01), 184.4 ± 11.0 Ma (SWTS-02) and 190.4 ± 20.5 Ma (KKTM-04),
which were likely produced by either erosion of the Kokshaal Range or recycling of
Permian and Cretaceous sandstone. The detrital zircon analysis also shows that the
recycling of the Palaeozoic and Mesozoic rocks contributed a significant part for the
Cenozoic sedimentation in the Atushi Basin.
The young detrital AFT age component of the Cenozoic sedimentary rocks gradually
decreases from 39.9 ± 9.7 in the Miocene red conglomerate to 15.8 ± 4.8 Ma at the
bottom of the Pakabulake Fm. with the reduction of the depositional age (Fig. 12).
The lag time decreased rapidly from ~ 15 Ma to ~ 2 Ma, suggesting an intensive
erosion event in source areas, and the corresponding erosion rate sharply increased
from ~ 0.28 mm/yr to ~ 2.5 mm/yr. Similar detrital AFT ages between 25.0 and 13.1
Ma were also observed in the Wenguri area by Sobel et al. (1997) and they inferred
that these ages probably reflect the activation of nearby thrusts. Then, the AFT
component age abruptly increases to 31.6 ± 18.8 Ma in the upper part of Pakabulake
Fm. and decrease again. Another abrupt increase of young AFT peak ages can be
detected in the lower part of Xiyu Fm. The disturbance of the positive relationship
between the young AFT peak ages and the depositional ages can be either caused by
tectonic activation in source areas or provenance changes.
The paleocurrent direction from the north to south in the Atushi Basin indicated the
Tian Shan is the main source area for the Cenozoic sedimentary rocks in the study
area (Heermance et al., 2007). Therefore, the detrital AFT ages in Miocene

conglomerate and the lower part of Pakabulake Fm. must be a reflection of a
denudation of the Tian Shan Range. Although previous AFT study stated that the
young age components probably due to the thrusting activation nearby (Sobel et al.,
1997), the sample KKTM-08 contains AFT ages younger (15.8 ± 4.8 Ma) than any
basement AFT ages in the Kokshaal Range (Sobel et al., 2006a; our data and Fig. 5).
However, basement ages of 20 - 10 Ma were observed in the Atbashi Range located
100 km north to the study area and a rapid cooling phase from the closure temperature
to ~ 50°C was also occurred between ~ 10 to 8 Ma in the STSs (AI-13 and Kyr-21 in
Glorie et al., 2011). Hence, the Atbashi Range was probably one of the significant
source regions of the Atushi Basin. And, the Atushi Basin was still connected with the
Aksai Basin before the mid-Miocene (Fig. 13b), though the thrusting of faults or
topographical growth in the Kokshaal Range has already initiated at ca. 35 - 25 Ma.
However, the young AFT peak age suddenly increased and the mid-Miocene AFT
peak age no longer existed in the upper part of Pakabulake Fm. (KKTM-04), which
probably implies that Atbashi Range was not the source area of the Atushi Basin since
the mid-Miocene. We infer that a high topography of the Kokshaal Range was
generated from the rapid uplift in the mid-Miocene, which blocked all the southward
rivers flowed from the Atbashi Range to the Atushi Basin. The Atushi Basin and the
Aksai Basin were finally separated into two independent basins (Fig. 13c).
The young AFT peak age (39.9 ± 9.7 Ma) increases again in Xiyu Fm. (KKTM-05)
(Fig. 12). We infer that it represents the recycling of the Cenozoic sediments from the

foreland area, which was likely caused by a late Miocene basinward propagation of
the shortening deformation. Heermance et al. (2008) suggested that the ABT,
Tashipishake and Keketamu anticlines were deformed at ~ 15 Ma, 13.5 Ma and 4.7
Ma, respectively. Cenozoic sedimentary sequences, which were titled during the
shortening deformation, were recycled and deposited further south. Clast composition
data show that yellow and red sandstone pebble content increased from the lower part
of the Xiyu conglomerate to the middle part of it as the dip angle of the growth strata
decreases, indicating the recycling of the strata in the piedmont basin. What’s more,
the growth strata initiated ca. 4.7 Ma on the south flank of the Keketamu Anticline
also suggests the Pliocene shortening deformation in the Atushi Basin (Heermance et
al., 2007). Similarly, Sun et al. (2007, 2009a, 2009b) indicated that growth strata
initiated ca. 6 Ma developed on both northern and southern piedmonts of the Tian
Shan and the southern Tarim Basin, and they suggested that these coeval widespread
growth strata representing a strong latest Miocene to early Pliocene crustal shortening
episode in the Tian Shan and the northern Tibet. Numerous AFT/AHe ages of the Tian
Shan basement together with magnetostratigraphic data of Neogene sedimentary
sequences in the adjacent basins have revealed a late Miocene exhumation pulse
between ~10 - 3 Ma (Charreau et al., 2006; Sun et al., 2007; Heermance et al., 2008;
De Grave et al., 2012; Glorie et al., 2012). Detrital AFT analysis in this study suggests
that the shortening deformation of Atushi Basin in late Miocene is probably
corresponds to a regional late Miocene intense shortening episode and basinward

propagating deformation of the Tian Shan. Finally, the shortening deformation
propagated further south the Atushi anticline at ~1.4 - 1.2 Ma (Chen et al., 2002).
While both the growth strata in previous studies and the recycled detrital AFT in the
Xiyu Fm. imply a basinward propagation of the deformation, the constant lag times of
the late Cenozoic sediment along the Atushi-Talanghe anticline indicate a stable
exhumation rate in the source area between 18 and 3 Ma (Sobel et al., 2006a and Fig.
12).
5.2. Tectonic kinematics of the SW Chinese Tian Shan and the southern termination of
the TFF
The India-Asia collision not only caused the intense uplift of the Tibet Plateau and
reactivation of the Tian Shan belt, but also leaded to the activation of a series of huge
strike-slip faults such as the Altyn Tagh fault, East Kunlun fault and Talas-Fergana
fault (TFF). These continental strike-slip faults play a significant role in
accommodating the strong crustal shortening and are often terminated by extensional
or contractional imbricated faults or horsetail splays (Molnar and Tapponnier, 1975;
Yin, 2010). As the largest strike-slip fault system of the Tian Shan, the TFF
experienced episodes of strike-slip motion in Palaeozoic and Jurassic constrained by
40

Ar/39Ar dating of the syn-kinematic white mica (Rolland et al., 2013) and was

reactivated in late Cenozoic with an amount of right-lateral slip of at least 60 ± 10 km
(Verzilin, 1968). However, it is still debatable whether the fault terminates in the
Atushi Basin or it extends southward to the Pamir region (Luo et al., 2004; Li et al.,

2007). The tectonic evolution of the Atushi Basin is significantly influenced by this
dextral strike-slip fault since late Triassic and Jurassic (Sobel, 1999; Luo et al., 2004).
Sedimentary study suggested that a middle Jurassic transtensional basin was
controlled by the TFF and the paleo West Kunlun fault (Sobel, 1999). Our mapping
from satellite imagery also shows that the thrust faults of the Kokshaal Range are
likely linked to the dextral TFF (Fig. 1). Furthermore, it can be clearly observed from
satellite images that the large strike-slip fault spatially connects with many
NEE-trending sub-ranges of the Tian Shan and transferred into a series of thrusts on
its both sides, which was intepreted as transpressional pop-up structures of the TFF
(Bande et al, 2014, 2015). The paleomagnetic study also suggested that the eastern
wall of the TFF transferred to a series of southward thrust fault approximately
perpendicular to the TFF at the south margin of the south Chinese Tian Shan (Huang
et al., 2008). Therefore, the thrust faulting of the Kokshaal Range might be
transformed from the dextral strike-slip faulting of the TFF.
Burtman et al., (1996) suggest that the Cenozoic deformation of the TFF initiated in
12.5 - 4 Ma based on geomorphological analyses. Moreover, a mid-Miocene rapid
cooling was also observed in a branch fault of the TFF north to the Tuoyun basin
(Glorie et al., 2011). AFT data from this study also show a rapid exhumation of the
Kokshaal Range in the same period, which reinforces the speculation that the thrust
system of the Kokshaal Range and the Atushi Basin is kinematically linked with the
TFF and forms the contractional imbricated faults at the southernmost termination of

this large dextral strike-slip fault. In this case, the 15 ± 5 Ma cooling event of the
Kokshaal Range is probably a response to the Cenozic dextral movement of the large
strike-slip fault. As discussed in the above section, the middle Miocene deformation
was occurred all around the Tarim Basin. The late Cenozoic movement of the TFF
and its transferred faults appear to be a response to this middle Miocene regional
deformation. While previous low-temperature thermochronology data indicate that the
Cenozoic deformation of the Tian Shan varies from south to north due to the
northward propagation of the deformation (e.g., Bullen et al., 2001; Jolivet et al.,
2010), a 25 Ma exhumation event was synchronously occurred along the TFF both in
the NW and SW Tian Shan (Bande et al., 2014, 2015). They also suggested that the
huge pre-existing strike-slip fault played a significant role for transferring the Pamir
induced shortening deformation of the Tian Shan (Bande et al., 2014, 2015). Although
the initiation of the Cenozoic deformation of the TFF is still debatable, the thrust and
fold system in the study area was likely transferred from this large strike-slip fault.

6. Conlusions
The synthesis of our detailed geological and geomorphological mapping from satellite
images, field observations, AFT and detrital zircon data together with previous data
provide a better understanding of the Cenozoic tectono-geomorphological growth of
the SW Chinese Tian Shan. Major conclusions are listed as follow:
1) The tectonic deformation exhibits a tendency of southward migration. Our new

thermal modelling shows that the initiation of the Cenozoic deformation of the
Maidan fault or the topographical growth of the Kokshaal Range occurred in late
Eocene-Oligocene (35 - 25 Ma), which is slightly earlier than that late Oligocene
to early Miocene (~ 24 Ma ) range uplift event suggested by the previous studies.
It is probably a response of the Tian Shan to the northward indentation and growth
of the Pamir. Then, the structural deformation migrated southward to the
Muziduke fault and the ABT at 15 ± 5 Ma. Finally, the shortening deformation
propagated basinward to the fault-related folds in the late Miocene.
2) Similarly, the geomorphological analysis shows that the Atsuhi Basin was still
connected with the Aksai Basin during the early Miocene. They were separated into
two independent basins since the mid-Miocene because of the rapid uplift of the
Kokshaal Range.
3) The thrust and folds system in the study area are kinematically linked with the
TFF. The late Cenozoic thrust faults of the SW Chinese Tian Shan are likely
transferred from the dextral TFF since ~15 Ma.
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Figure captions

Fig. 1 Simplified active tectonic map of the SW Tian Shan and adjacent regions
mapped from the Landsat TM imagery showing major Cenozoic faults (modified
from Fu et al., 2011, and Jolivet et al., 2010). KKTB: Kuqa-Korla thrust belt; KPT:
Kalpingtage thrust; WKB: West Kunlun thrust belt; TFF: Talas-Fergana fault; KYTF:
Kashi-Yecheng Transfer system, KXF: Kangxiwa Fault. Location of Fig. 2a is marked
by the black box.

Fig. 2 (a) The topography and tectonic map of the SW Chinese Tian Shan.; (b) the 30
km wide DEM swath profile across the Atbashi Range, Aksai Basin, Kokshaal Range
and the Atushi Basin.

Fig. 3 (a) False colour ASTER composite image of 2/1 (R), 3 (G) and 4/8 (B); (b)
geological interpretative map displaying the tectono-geomorphological features and
AFT samples. The cross-section A-A’ is shown in Fig. 4.

Fig. 4(a) Cross-section of the study area along A-A’ of fig. 3 (b), and AFT samples
from this study; (b) a detailed map of the growth strata on the south flank of the
Keketamu anticline and clast compositions investigation of the Xiyu Fm..

Fig.5 Summary of AFT and AHe data across the Western Tian Shan Range (Bullen et
al., 2001; Dumitru et atl., 2001; Sobel et al., 2006a, 2006b; Zhang et al., 2009; Glorie
et al., 2010, 2011; De Grave et al., 2011, 2012; Chang et al., 2012: Macaulay et al.,
2014)

Fig. 6 Thermal history modelling and confined track length distribution of TK-09
and TK-10 with the multikinetic annealing model of Ketcham et al, 2007, the thermal
history modelling was carried out using the QTQt program (Gallagher et al., 2009;
Gallagher, 2012).

Fig. 7 Dpar analysis of apatite single grains of detrital samples

Fig. 8 Radial plots showing age components of the non-resetted detrital apatite
samples. Plots were made using the Trackkey software (Dunkl, 2002). Age
components were modelled and calculated using the Bayesmix software (Jasra et al.,
2005; Gallagher et al., 2009).

Fig. 9 Simplified geological map of the SW Chinese Tian Shan Range and
surrounding regions (modified after Gao et al., 2009), the red dots are basement U-Pb
ages dated Konopelko et al (2007) and Glorie et al (2011) and Ar-Ar ages in Sobel et

al., 2000.

Fig. 10 Concordia plots for detrital zircons of samples (with an error of 1 sigma)
collected from Cenozoic strata of Atushi Basin, SW Chinese Tian Shan. Ages with
disconcordance degree > 10% were excluded.

Fig. 11 Relative probability plots histograms of U-Pb ages of detrital zircons from
Cenozoic sandstone samples in the Atushi Basin.

Fig. 12 Lag time plot for the Cenozoic sedimentary rocks in the Atushi Basin.
Depositional ages are based on Heermance et al., 2007 and Chen et al., 2002. The
black dots are our data and the yellow dots are from Sobel et al., 2006a.

Fig. 13 3D cartoon schematically showing the tectono-geomorphological evolution
of the SW Chinese Tian Shan. The underground structures are rectified from Fu et al.,
2010; Hou et al., 2012 and Gao et al., 2013. (ABT: Atushi Basin Thrust; MF: Maidan
fault, MZF: Muziduke fault, STSs: South Tian Shan suture and TFF: Talas-Fergana
fault)

Table. 1 Geographic positions, altitudes, and lithology of the samples; AFT: apatite
fission track dating, ZUPb: detrital zircon U-Pb dating.
Sample

Latitude

Longitude

Altitude

Lithology

Method

TK-09

40° 05'57.18″

75°47'07.29" E

2508m

Carboniferous quartz sandstone

AFT

TK-10

40° 04'52.10"

75°47'31.47" E

2471m

Carboniferous quartz sandstone

AFT

TK-12

40° 03'27.80"

75°47'36.57"E

2406 m

Carboniferous quartz sandstone

AFT

TK-13

40° 02'38.40"

75°47'06.00" E

2374 m

Carboniferous quartz sandstone

AFT

SWTS-01

39°54' 07.66"

75°56'21.69" E

1921 m

Miocene sandstone

AFT,ZUPb

SWTS-02

39°54' 06.37"

75°56'22.07" E

1906 m

Miocene sandstone

AFT

SWTS-04

39°50'54.34" N

75°56'37.77" E

1771 m

Cretaceous sandstone

AFT

WY-02

39°50'14.46" N

76° 04'13.97" E

1598 m

Miocene sandstone

AFT,ZUPb

WY-03

39°55'19.22" N

76° 04'29.67" E

1720 m

Miocene sandstone

AFT,ZUPb

KKTM-04

39°49'55.62" N

76° 01'40.53" E

1578 m

Sandstone (Pakabulake Fm.)

AFT,ZUPb

KKTM-05

39°49'48.72" N

76° 03'37.81" E

1581 m

Sandstone (Xiyu Fm.)

AFT,ZUPb

KKTM-08

39°50'36.63" N

75°56'48.16" E

1785 m

Sandstone (Pakabulake Fm.)

AFT,ZUPb

Table. 2 apatite fission track data
Sample

TK-09

TK-10

TK-12

No. G

ρd × 105

ρs ×105

ρi× 105

U

P(χ2)

Age

error

DparM

grain

(cm−2)

(cm−2)

(cm−2)

(ppm)

(%)

(Ma)

(±1σ

(μm)

3.41

10.22

8.95

62.57

81.3

4.7

1.27

(433)

(1298)

19.25

23.4

20.30

24.06

193.4

8.2

(1161)

(1411)

5.47

44.25

40.88

30.64

28.8

2.5

(156)

(1261)

24

20

18

14.39

14.00

13.62

DparC

Length

Stdev.

No. L

(μm)

(μm)

length

1.51

10.2

2.3

46

1.28

1.52

10.8

1.7

62

2.15

2.56

TK-13

SWTS-01

SWTS-02

SWTS-04

WY-02

WY-03

KK-04

KK-05

KK-08

6

50

22

47

33

50

50

50

50

13.23

11.12

15.16

14.58

11.40

11.28

12.04

11.91

11.82

4.87

54.73

(36)

(405)

11.18

18.57

(1286)

(2135)

14.96

35.47

(495)

(1174)

20.35

24.83

(1575)

(1922)

6.29

19.33

(424)

(1303)

10.71

16.68

(876)

(1364)

14.22

34.83

(1287)

(3152)

5.70

11.87

(442)

(921)

5.40

41.48

(336)

(2580)

54.22

13.38

25.7

3.0

1.66

1.98

22.10

0.00

111.1

12.6

1.65

1.96

28.10

0.00

112.1

17.9

1.70

2.02

21.01

5.16

205.1

9.2

1.52

1.81

20.42

0.00

68.1

8.5

2.03

2.42

19.1

0.00

115.7

11.9

2.01

2.39

35.85

0.00

96.2

10.8

1.56

1.86

13.43

0.00

109.2

11.4

2.36

2.81

45.22

0.00

30.1

3.1

2.45

2.92

(No. G is number of individual grains dated per sample; ρd, the density of induced fission track
density (per cm2) that would obtained in each individual sample if its U concentration was equal to
the U concentration of the CN5 glass dosimeter; ρs, spontaneous track densities of samples; ρi, the

induced track densities of samples; U, the calculated uranium density (in ppm); P(χ2) , chi-square
probability; DparM, the measured mean diameter (in μm) of the etched trace of the intersection of
a fission track with the surface of the analyzed apatite crystal, measured parallel to the c axis;
DparC, the DparM that corrected follow the method in Sobel and Seward, 2010; Age, the apatite
fission track age in Ma; error is ±1σ; length, mean fission track length of the horizontal confined
fission tracks in crystal sections. No. L is number of the horizontal confined fission track
measured per sample. When P (χ2) > 5%, the age is the pooled age of the sample. When P (χ2) <
5%, the age is the central age. Ages have been calculated using the TRACKKEY software (Dunkl,
2002).)

Table. 3 Apatite fission-track age components
Samples

No. of Grains

Component 1

Component 2

KKTM-05

50

39.9 ± 9.7 Ma

145.5 ± 10.7

50.5

49.5

29.9 ± 3.0

89.6 ± 3.3

168.7 ± 3.3

60.4

25.7

13.9

31.1 ± 18.8

100.5 ± 20.5

190.4 ± 20.5

38.4

28.2

33.3

15.8 ± 4.8

105.5 ± 5.1

70.0

30.0

28.6 ± 9.1

83.1 ± 10.2

184.4 ± 11.0

54.1

32.2

13.7

WY-02

KKTM-04

KKTM-08

SWTS-02

33

50

50

22

Component 3

SWTS-01

WY-03

50

50

32.1 ± 10.8

108.2± 14.6

226.3 ± 13.7

39.0

25.6

35.4

34.5 ± 5.9

118.6 ± 7.1

219.9 ± 7.4

35.3

43.3

21.4

The age components were calculated using the Bayesmix software (Jasra et al., 2005; Gallagher, et
al., 2009)

Table.4 Zircon U-Pb age groups of the Cenozoic samples
sample

No. of

Group1

Group2

Group3

Group4

Group5

220-331

340-500

626-920

1556-2000

2230-2680

30.3%

36.5%

8.9%

16.5%

7.6%

245-347

370-505

764-990

1600-2580

34.1%

35.2%

8.2%

21.2%

220-310

390-512

600-820

1030-2410

11.1%

14.8%

29.6%

37.0%

251-316

353-484

600-1140

1730-2530

25.3%

34.7%

12%

25.3%

240-350

396-543

785-863

1554-1935

2196-2542

24.0%

39.4%

7.7%

18.3%

6.7%

243-342

384-486

609-985

1308-1958

2248-2685

27.8%

25.3%

16.5%

21.5%

8.9%

grains
WY-03

SWTS-01

KKTM-08

KKTM-04

WY-02

KKTM-05

79

85

27

75

104

79

The detrital zircon age group analysis is calculated using Isoplot 3.15.

Highlight

1. The deformation of the SW Chinese Tian Shan initiated at 35-25 Ma, and
migrated southward at ~15 Ma.
2. The Atushi and Aksai Basin were separated into two independent basins since the
mid-Miocene.

