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A B S T R A C T   

The research on the tectono-thermal histories of the northern Tarim Basin, particularly the eastern Kuqa fold- 
and-thrust belt (KFTB) is crucial for comprehending the basin-mountain tectonic evolution and related 
coupling in the central Asia. This study aims to reconstruct the tectono-thermal history of the eastern KFTB with 
a combination of apatite fission track (AFT) ages, apatite (U-Th)/He (AHe) ages and vitrinite reflectance data. 
The central AFT ages of the samples range from 22.93 Ma to 156.59 Ma, which are younger than the corre
sponding stratigraphic ages. The single-grain AHe ages range from 4.23 Ma to 24.92 Ma and display some 
dispersion, likely due to radiation damage and/or grain size effects. Thermal modeling results indicate that the 
eastern KFTB mainly experienced the Cretaceous and Miocene rapid cooling events (althouth the timing and 
magnitude of these events varied among the samples), which were related to the collisions of the Qiangtang- 
Lhasa Terranes and India Plate with the southern margin of the Eurasia Plate. The paleo-heat flow of the 
eastern KFTB decreased from the Late Triassic (54 ~ 55 mW/m2) to the Early Miocene (44 ~ 47 mW/m2) and 
then increased since the Late Miocene due to thrust fault activity. Furthermore, we reappraised the maturation 
evolution histories of the source rock in the Huangshanjie and Yangxia formations using the new thermal hir
tories, which were consistent with the hydrocarbon charging and accumulation time, as indicated by the ho
mogenization temperature of fluid inclusions. Overall, this study provides valuable insights into the tectono- 
thermal histories of the eastern KFTB. It enhances our understanding of the tectonic evolution of Central Asia 
and holds great significance for further hydrocarbon exploration and development in the northern Tarim Basin.   

1. Introduction 

The tectono-thermal evolution of the sedimentary basins is associ
ated with the lithospheric thermal structure, crustal thinning and/or 
thickening, sedimentological processes, geothermal field characteristics 
and hydrocarbon generation. It can be reconstructed by the thermal 
indicator and geodynamic methods (Qiu et al., 2022). The thermal in
dicator methods, such as vitrinite reflectance and low-temperature 
thermochronometers including fission track and (U-Th)/He dating, is 
considered to be a more reliable method for thermal history reconstru
citon due to its constraints on the measured values of samples (Qiu et al., 
2022). Some sedimentary basins in the world, such as Tarim, Sichuan 
and Bohai Bay basins in China (Qiu et al., 2022), Otway basin in 
Australia (Gleadow et al., 1983), Swiss Molasse Basin (Mazurek et al., 
2006) and Taranaki Basin in New Zealand (Crowhurst et al., 2002), were 

systematacially studied by a variety of the thermal indicators. Fold-and- 
thrust belts in the margin of the sedimentary basins are transitional 
zones between orogenic belts and intracratonic basins, commonly 
forming at the piedmonts of active orogenic belts. The Kuqa fold-and- 
thrust belt in the northern Tarim Basin serves as a suitable area for 
studying the correlation between the Tianshan uplifting and Tarim Basin 
subsidence, as well as being an important region for hydrocarbon 
exploration (Yin et al., 1998; Wei et al., 2021; Chang et al., 2022). The 
discoveries of giant oil and gas fields such as Kela 2, Dina, Zhongqiu and 
Dabei in the Kuqa fold-and-thrust belt indicate favorable exploration 
prospects. Multiple unconformities observed in the Meso-Cenozoic 
strata suggest that the KFTB has experienced several tectonic uplifting 
and exhumation events (He et al., 2009), although the exact timing and 
extent of these events remain unknown. Previous studies have primarily 
focused on the Cenozoic tectonic deformation of the KFTB by analyzing 
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the growth faults (Yin et al., 1998; Lu et al., 1999), seismic sections 
(Wang et al., 2011), active folds and faults (Hubert-Ferrari et al., 2007), 
low-temperature thermochronological data (Dumitru et al., 2001; Wang 
et al., 2009a; Chang et al., 2017, 2021, 2022) and magnetostratigraphic 
data (Huang et al., 2006, 2010; Zhang et al., 2014, 2015, 2016, 2020). 
However, the Meso-Cenozoic thermal histories of the KFTB have only 
been discussed by Yu et al. (2014) and Tang et al. (2014). Yu et al. 
(2014) considered that the Tuziluoke anticline in the western KFTB 
began deformation since ~ 5 Ma with the thermal modeling of apatite 
(U-Th)/He data. Tang et al. (2014) only discussed the paleo-heat flow 
histories of several wells in the KFTB by the vitrinite reflectance data 
(Ro). Moreover, the differential landforms, oil–gas phases and subsalt 
structural features provide evidence that the western and eastern KFTB 
(separated by the Kuqa River) have experienced distinct thermal his
tories (Wang et al., 2011; Wei et al., 2021 Xu et al., 2020). 

Each thermal indicator usually only records the thermal information 
of the sedimentary basins at a specific period. Vitrinite reflectance data 
can record the maximum temperature experienced by the sedimentary 
formations, while the low-temperature thermochronometers can pro
vide information about the specific temperature range encountered by 

the strata, i.e., apatite fission track ages can record the thermal histories 
within the temperature rangte of 60 ~ 120 ℃. By combining multiple 
thermal indicators, such as joint inversion with vitrinite reflectance and 
low-temperature thermochronometer data, we can gain a more accurate 
understanding of the thermal history of sedimentary basins. However, 
previous studies on the thermal histories of the KFTB only utilized a 
single thermal indicator (Yu et al., 2014; Tang et al., 2014), which may 
lead to missing of some important thermal information. Compared with 
the eastern KFTB, the western KFTB received thick Cenozoic sediments, 
which caused that the thermal indicators only record the present-day 
thermal information. Therefore, the thermal indicators were not suit
able for studying the tectono-thermal evolution of the western KFTB. 

In this study, we aim to reconstruct the tectono-thermal history of the 
eastern KFTB by using the new vitrinite reflectance, apatite fission track, 
and (U-Th)/He data of both outcrop and drilling samples. Firstly, the 
stages, time, and amplitude of the uplift events in the eastern KFTB were 
revealed using joint inversion of AFT and AHe data. Secondly, we 
modeled the heat flow history of the KFTB based on the burial histories 
and Ro data. Finally, we discuss the possible triggers for these tectonic 
uplift events and their implications for hydrocarbon migration and 

Fig. 1. (a) Geomorphologic map of the Central Asia with some primary faults, showing the location of Kuqa fold-and-thrust belt; (b) Geological map of the KFTB 
showing five secondary structural units; A-Kuqa River Section; B-Yaha Section; C-Yangxia Section; (c) Geological map of the eastern KFTB showing the main faults 
and studied wells (Modified from Wei et al., 2016). ①-Tugeerming Fault; ②-Yiqikelike Fault; ③-Tuziluoke Fault; ④-East Qiulitag Fault. (d&e) The DD′ and EE′cross 
sections. Their locations were shown in Fig. 1c. 
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accumulation. This study provides new insights into the tectono-thermal 
histories and hydrocarbon maturation evolution in the eastern KFTB, 
which will be of great significance for future hydrocarbon exploration 
and tectonic evolution in this region. 

2. Geological setting 

The KFTB, located in the northern Tarim Basin, is bounded by the 
South Tianshan to the north and the Tabei Uplift (a secondary tectonic 
unit of the Tarim Basin) to the south. It can be divided into five sec
ondary structural units from north to south: the Northern Monocline 
Belt, the Kelasu-Yiqikelike Thrust Belt, the Baicheng sag, the Yangxia sag 
and the Qiulitag Anticline Belt (Fig. 1b). The eastern KFTB (east of the 
Kuqa River) consists of the eastern Kelasu-Yiqikelike Thrust Belt, 
Yangxia sag and eastern Qiulitag Anticline Belt (Fig. 1c). In addition, 
several major thrust faults, such as the Tugeerming Fault, Yiqikelike 
Fault, Tuziluoke Fault, and eastern Qiulitag Fault, can be observed in the 
eastern KFTB (Fig. 1c). 

The KFTB developed on the Paleozoic fold basement and experienced 
three evolutionary stages, which includes the Late Permian-Triassic 
foreland basin, the Jurassic-Paleogene extensional depression basin 

and the Neogene-Quaternary rejuvenated foreland basin (He et al., 
2004, 2009; Fig. 2). The KFTB developed from the Early Triassic fluvial 
and alluvial facies to the Late Triassic lacustrine and delta facies and 
deposited massive sandstone, mudstone, and conglomerate with several 
sets of coal layers in the Tajike Formation. In the Early Jurassic, the 
configuration of the KFTB was characterized by a northward-dipping 
slope, accompanied by a shift in tectonic stress from compression to 
extension. The KFTB then developed with braided-fluvial facies and 
lacustrine-swamp facies. The Yangxia Formation, for example, exhibits 
clastic rocks with the thickness of 500 ~ 2200 m (Fig. 1b and 1c). During 
the Late Jurassic-Early Cenozoic, most of Central Asia developed a 
paleo-planation surface and experienced slow uplifting and exhumation 
(Morin et al., 2019; Jolivet, 2015). The northern KFTB was character
ized by the alluvial fan and alluvial plain from the Late Jurassic to Early 
Cretaceous. A parallel unconformity between the conglomerates of the 
Lower Cretaceous Yageliemu Formation and the maroon sandy con
glomerates of the Upper Jurassic Kalaza Formation suggests a proximal 
and rapid deposition process. The Lower Cretaceous Shushanhe For
mation in the KFTB primarily consists of siltstones and mudstones with 
thicknesses ranging from 40 to 1100 m. The absence of Upper Creta
ceous deposits suggests that the entire KFTB likely experienced a paleo- 

Fig. 2. Generalized stratigraphic column of the Kuqa fold-and-thrust belt (Modified from Chang et al., 2019).  
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planation stage during the Late Cretaceous with gradual exhumation 
(Chang et al., 2022). During the Kumugeliemu period, the western KFTB 
deposited the thick gypsum-salt rock and mudstones due to the trans
gression of the Neo-Tethys Ocean, while the eastern KFTB continued to 
undergo exhumation. In the Neogene, the KFTB transformed into a 
rejuvenated foreland basin with the far field effect of the collision be
tween India and Eurasia plates and deposited the clastic sediments with 
thicknesses of up to 2000 m. 

The Upper Triassic and Jurassic lacustrine mudstone, coal shales, 
and coal beds present in the KFTB are considered to be good source 
rocks, while the Mesozoic sandstone and conglomerate layers often 
serve as reservoirs (Fig. 2). The gypsum-salt rocks found in the Kumu
geliemu Group and Jidike Formation not only act as cap rocks for oil and 
gas reservoirs but also serve as important detachment layers. These 
gymsum-salt rocks play a significant role in controlling thrust defor
mation within the KFTB, as evidenced by field investigation, seismic 
data, and structural physical simulations (Tang et al., 2004, 2006; Wang 
et al., 2009b; Li et al., 2012). 

3. Sampling strategy and experiment methods 

In this study, we collected seven samples YH-02, YH-08, YH-15, YX- 
06, TX1-03, YN2-07 and MN1-04 to investigate the tectono-thermal 
histories of the eastern KFTB based on the measured apatite fission 
track (AFT) and apatite (U-Th)/He (AHe) data (Table 1, 3 and 4). The 
AFT and AHe data are sensitive to the temperature ranges between 40 ℃ 
and 120 ℃, making them suitable to study cooling histories under low- 
temperature conditions. In addition, vitrinite reflectance data from the 
Tarim Oilfield of the CNPC were used to determine the maximum tem
peratures experienced by the samples and reconstruct the paleo-heat 
flow histories of the eastern KFTB by employing the Easy% Ro model 
(Sweeney and Burnham,1990; Table 5). 

The AFT analysis was carried out at the thermochronology labora
tory of China University of Petroleum, Beijing. The apatite grains were 
first mounted in epoxy resin for 48 h, then ground to expose their 
maximum internal surfaces, and finally polished to remove surface 
fractures. The mounts were etched in 5.5 M HNO3 for 20.0 ± 0.5 s at 21 
± 1 ◦C to reveal the spontaneous fission tracks intersecting the polished 
apatite grain surfaces. The spontaneous tracks were manually counted 
on digital images using both reflected and transmitted light at a 
magnification of 1000× on a Zeiss Image.M2m microscope operating 
under Autoscan Trackworks control software. For each sample, only 
grains with polished surfaces parallel to the c-crystallographic axis were 
selected for analysis. Additionally, the horizontal confined track lengths 

and etch pit diameters (Dpar) were measured using the same magnifi
cation as the track counting. All the grains with counting the sponta
neous tracks were measured using an ESI NWR193nm Excimer laser 
coupled to a quadrupole Agilent 7900 ICP-MS for getting the U con
centration. The U concentration and U/Ca ratio were calculated using 
Iolite 4 software. Detailed analytical conditions and measured apatite 
fission track data were shown in Table 2 and 3, respectively. The AFT 
ages were then calculated based on the spontaneous tracks and U con
centration with the equation of Cogné et al. (2020). The zeta fraction
ation factor (ζICP) was determined to be 0.658 ± 0.081. Subsequently, 
radial plots of the AFT ages were generated by the IsoplotR software 
(Vermeesch, 2018). 

The AHe analysis involved several steps, including grain selection, 
helium extraction, and U-Th content measurement. The initial two steps 
were conducted at the thermochronology laboratory of China University 
of Petroleum, Beijing. Apatite grains were examined under polarized 
light to detect possible mineral inclusions. Only clear and euhedral 
grains were chosen for the AHe analysis. For each sample, Two to three 
apatite grains were wrapped in the 1 mm × 1 mm platinum capsules and 
then loaded into a 25-hole sample disc for helium extraction by the 
Alphachron MKII He Extraction instrument. Each grain was heated and 
outgassed under vacuum at ~1000 ◦C for 5 min using a diode laser with 
a wavelength of 970 nm. The extracted gas is then spiked with 3He and 
measured by isotope dilution using a PFEIFFER quadrupole mass spec
trometer. Following helium extraction, the grains were retrieved and 
dissolved in acid for uranium (U) and thorium (Th) measurements at the 
40Ar/39Ar and (U-Th)/He geochronology laboratory of IGGCAS. The 
apatite grains were spiked and dissolved in concentrated HNO3, and a 
350 μl solution was prepared for subsequent U-Th analysis, as described 
by Wu et al. (2016). The dissolved samples were measured with a 
Thermo Fisher X-Series II inductively coupled plasma mass spectrometer 
(ICP-MS). The helium ages were calculated using the java-based pro
gram helioplot (Vermeesch, 2010) and corrected for α-emission 
following the approach of Farley et al. (1996). Replicate analyses were 
carried out for each sample, and detailed analysis results are listed in 
Table 4. 

4. Results and thermal modeling 

4.1. Results 

According to Table 3 and 4, the samples collected from the eastern 
KFTB exhibit varying AFT and AHe ages, all of which are younger than 
their corresponding stratigraphic ages. These ages provide insights into 
the thermal events experienced in the KFTB. The sample YX-06 from the 
Yangxia Section displays an AFT central age of 157.51 ± 29.35 Ma. 
Meanwhile, some single-grain AFT ages of the sample YX-06 were even 
older than the stratigraphic age (Fig. 3c), indicating that it just 

Table 1 
Information of the samples reported in this study.  

Sample 
no. 

Location/Well 
name 

Altitude/ 
Depth (m) 

Formation Lithology 

YH-02 N42◦7′45.6″ 
E83◦24′48.3″ 
(Yaha Section) 

2042 Middle 
Jurassic 

Fine 
sandstone 

YH-08 N42◦7′36.6″ 
E83◦24′49.9″ 
(Yaha Section) 

2111 Middle 
Jurassic 

Middle 
sandstone 

YH-15 N42◦5′1.6″ 
E83◦23′15.3″ 
(Yaha Section) 

1852 Lower 
Cretaceous 

Siltstone 

YX-06 N42◦7′17.5″ 
E84◦26′13″ 
(Yangxia 
Section) 

1450 Middle 
Jurassic 

Middle 
sandstone 

TX1-03 TX1 1195 Lower 
Jurassic 

Middle 
sandstone 

YN2-07 YN2 4071 Middle 
Jurassic 

Fine 
sandstone 

MN1-04 MN1 1057 Lower 
Jurassic 

Fine 
sandstone  

Table 2 
LA-ICP-MS analytical parameters for the apatite U concentration measurement.  

Laser ablation System: 
Model Coherent ExciStar Excimer 
Ablation cell 2- vol sample cell 
Wavelength 193 nm 
Repetition rate 5 Hz 
Fluence 2.0 J/cm2 

Ablation duration 45 s 
Spot diameter 20 μm 
Sampling mode Static spot ablation 
Carrier gas 100% He in the cell, N2 added downstream 
ICP-MS Instrument: 
Model Agilent 7900 
Sample introduction Ablation aerosol 
RF power 1550 W 
Plasma gas flow 15 L/min 
Auxilary gas flow 0.6–0.8 L/min 
Massese measured 43Ca; 204Pb; 206Pb; 207Pb; 208Pb, 232Th, 238U  
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experienced partial annealing after deposition in the eastern KFTB. The 
Jurassic samples MN1-04 and TX1-03 from wells MN1 and TX1 show 
AFT central ages of 127.36 ± 10.64 Ma and 122.41 ± 12.12 Ma, 
respectively. The Jurassic sample YN2-07, obtained from the Well YN2 
at a depth of 4071.0 m, exhibits an AFT central age of 66.55 ± 9.31 Ma, 
slightly younger than the ages of samples MN1-04 and TX1-03. It is 
speculated that the current high burial temperature still keeps the 
sample YN2-07 annealing. The Middle Jurassic samples YH-02 and YH- 
08 from the Yaha Section show AFT central ages of 22.93 ± 5.85 Ma and 
31.65 ± 7.47 Ma, respectively. Furthermore, these two AFT ages grad
ually increase from north to south in the eastern KFTB, suggesting that 
the northern margin of the KFTB deformed gradually from the piedmont 
of the Southern Tianshan to the interior of the Kuqa KFTB, which has 
been discussed by numerous previous studies (Chang et al., 2017, 2019, 
2021, 2022; Hubert-Ferrari et al., 2007; Wang et al., 2011). 

The sample YX-06 yielded three single-grain AHe ages of 19.52 ±
1.15 Ma, 9.22 ± 0.23 Ma and 16.95 ± 0.22 Ma, showing a positive 
correlation with the Rs (Fig. 4a). The single-grain AHe ages of the 
samples YH-02 and YH-15 are relatively concentrated with the range of 
4.23 ~ 4.98 Ma and 5.96 ~ 7.60 Ma, showing a slightly positive cor
relation with the Rs and a slightly negative correlation with the eU 
(Fig. 4). Their weighted mean ages are 4.92 ± 0.05 Ma and 6.54 ± 0.33 
Ma, indicating a late Miocene cooling event. The sample MN1-04 yiel
ded two AHe ages of 24.92 ± 0.33 Ma and 25.18 ± 0.90 Ma with a 
weighted mean age of 24.95 ± 0.31 Ma, recording the Late Oliogene 
cooling event. The three single-grain AHe ages of the sample TX1-03 are 
9.40 ± 0.09 Ma, 8.55 ± 0.25 Ma, and 7.16 ± 0.17 Ma, which show a 

Table 3 
Measured apatite fission track data of the samples from the eastern KFTB.  

Sample 
No. 

Depositional age 
(Ma) 

No. grains ρs(105/cm2) 
(Nsa) 

U/Ca U(ppm)b P(χ2)c Central age ± 1σ 
(Ma) 

Mean track length ± 2σ 
(μm) (nd) 

Dpar (μm) 

YH-08 195–190 Ma 11 4.755(84)  0.0175347  71.73879016  0.19 22.93 ± 5.85 9.87(1) 1.98(1.61 ~ 2.51) 
YH-02 195–201 Ma 13 5.581(115)  0.0132483  65.50654981  0.11 31.65 ± 7.47 12.23 ± 3.19(3) 2.05(1.46 ~ 2.56) 
YX-06 180–175 Ma 50 13.443(2124)  0.0076849  26.44376415  0.92 156.59 ± 7.34 10.51 ± 1.42(80) 2.10(1.52 ~ 2.92) 
MN1-04 190–195 Ma 20 15.999(1308)  0.0097446  48.11891792  0.19 127.36 ± 10.64 9.43 ± 1.45(70) 2.28(1.51 ~ 3.21) 
TX1-03 190–195 Ma 12 18.516(432)  0.012152  50.51502484  0.86 122.41 ± 12.12 9.63 ± 1.60(18) 1.96(1.53 ~ 2.70) 
YN2-07 170–175 Ma 7 16.031(211)  0.0216907  78.39128874  0.4 66.55 ± 9.31 10.42 ± 1.61(6) 1.79(1.50 ~ 2.52)  

a Ns: sum of spontaneous fission tracks for one sample; 
b U (ppm): U content value gotten from the LA-ICP-MS measurement; 
c P(χ2): chi-square probability (Galbraith, 1981). 
d n: number of the confined fission tracks. 

Table 4 
Measured apatite (U-Th)/He data of the samples from the eastern KFTB.  

Sample Grain 
No. 

4He 
(ncc) 

Mass 
(μg) 

U 
(ppm) 

Th 
(ppm) 

[eU]a 

(ppm) 
Lb 

(μm) 
Wb 

(μm) 
Rsc 

(μm) 
Td Raw age 

(Ma) 
FT

e Corrected Age 
± 1σ 
(Ma) 

Weighted Mean age f 

(Ma ± 2σ) 

TX1-03 1  0.220  3.482  32.089  183.857  75.295 190.5 96  54.42 1  6.925  0.74 9.40 ± 0.09 8.88 ± 0.08 
2  0.140  2.757  23.333  185.517  66.93 168 95  53.03 1  6.24  0.73 8.55 ± 0.25 
3  0.071  11.955  2.554  24.431  8.29 269.5 149  86.41 0  5.94  0.83 7.16 ± 0.17 

MN1- 
04 

1  0.146  7.247  4.575  15.995  8.333 206.5 136.5  74.44 1  20.01  0.80 24.92 ± 0.33 24.95 ± 0.31 
2  0.749  14.087  15.325  23.61  20.873 275 161.5  89.67 1  21.03  0.84 25.18 ± 0.90 

YH-02 1  0.238  15.118  18.16  54.82  31.04 303.5 160  93.25 0  4.19  0.84 4.98 ± 0.07 4.92 ± 0.05 
2  0.127  7.165  27.66  35.00  35.89 182 147  81.25 0  4.08  0.82 4.98 ± 0.09 
3  0.029  1.95  18.41  101.20  42.19 154 81  45.67 1  2.92  0.69 4.23 ± 0.19 

YH-15 1  0.021  36.336  0.53  1.29  0.83 319.5 247.5  137.64 0  5.69  0.89 6.39 ± 0.43 6.54 ± 0.33 
2  0.053  27.551  1.54  6.40  3.04 323 208.5  118.79 0  5.21  0.87 5.96 ± 0.69 
3  0.019  26.463  0.07  3.49  0.89 315 220.5  124.34 0  6.68  0.88 7.60 ± 0.73 

YX-06 1  0.026  49.611  0.02  0.94  0.24 374 267.5  143.98 1  17.48  0.90 19.52 ± 1.15 13.37 ± 0.16 
2  0.055  41.039  0.90  1.94  1.36 366.5 249  124.94 2  8.11  0.88 9.22 ± 0.23 
3  0.782  82.961  3.81  5.14  5.02 414.5 342.5  179.58 1  15.52  0.92 16.95 ± 0.22  

a Effective uranium content, [eU] = [U] + 0.235*[Th] (Shuster et al., 2006). 
b L and W are length and width of crystal or crystal fragment, respectively. 
c Radius of a sphere with the equivalent surface area-to-volume ratio as cylindrical crystals [Meesters and Dunai, 2002], Rs=(3*(RL))/(2*(R + L)) where R = W/2. 
d T is Number of terminations identified on crystal, 0 = no crystal terminations, 1 T = one crystal termination and 2 T = 2 crystal terminations. 
e FT is the a-ejection correction after Farley et al. (1996). 
f Weighted mean age with 95% confidence is calculated in the website https://www.isoplotr.com/isoplotr/. 

Table 5 
The vitrinite reflectance data of the typical wells in the eastern KFTB.  

Well 
No. 

Depth 
(m) 

Form. Ro 
(%) 

Well 
No. 

Depth 
(m) 

Form. Ro 
(%) 

YT1 7044 J2  1.05 YN2  4178.5 J2  0.8 
7146 J2  0.99  4179.5 J2  0.8 
7230 J2  1.17  4250.2 J2  0.9 
7352 J1  1.08  4250.3 J2  0.85 
7465 J1  1.05  4250.37 J2  0.9 
7606 J1  0.98  4310.23 J2  0.9 
7709.6 J1  1.01  4312.83 J2  0.86 
7791.2 J1  1.08  4314.9 J2  0.86 
7802 J1  1.13  4316.6 J2  0.84 
7895 J1  1.25  4317.8 J2  1.08 
7905 T3  1.13  4318.8 J2  0.86 
7938 T3  1.13  4319.5 J2  0.83 

MN1 420.09 J2  0.46  4400.5 J1  0.97 
608.59 J1  0.50  4402.8 J1  0.97 
957.4 J1  0.61  4403.7 J1  0.89 
1148.07 J1  0.64  4404.4 J1  1.11 

TD2 3979.95 J1  1.16  4404.46 J1  0.81 
4139.2 J1  1.37  4405.5 J1  1.0 
4139.5 J1  1.33  4560.7 J1  1.14 

TX1 1636.2 J1  0.73  4702.95 J1  0.9 
YN2 3945.6 J2  0.78  5244.1 T3  1.23 

4123.93 J2  0.77  5244.3 T3  1.4 
4124.2 J2  0.81  5310.8 T3  1.43 
4124.9 J2  0.78      
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positive correlation with eU and a negative correlation with Rs (Fig. 4). 
Its weighted mean age is 8.88 ± 0.08 Ma, indicating a late Miocene 
cooling event. 

4.2. Thermal modeling histories 

In this study, the time–temperature histories of the samples MN1-04, 

Fig. 3. Radial plots and age spectra of the measured AFT samples in the eastern KFTB. The dash line in each spectrum represents the stratigraphic age of the sample. 
Except for the sample YX-06, all the single-grain AFT ages of other samples are younger than the stratigraphic ages. 

Fig. 4. Correlation of the single-grain AHe age with Rs (a) and eU (b) for the samples from the eastern KFTB.  
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TX1-03, YH-02, YH-08, and YX-06 were modeled for better under
standing the thermal history of the eastern KFTB. Due to the fewer 
apatite grains (7) and confined tracks (6), AFT data of the sample YN2- 
07 are not suitable for thermal history simulation. Compared to the 
samples YH-02 and YH-08, the measured AHe data of the sample YH-15 
only recorded the Late Miocene cooling event, and its thermal modeling 
cannot effectively constrain the earlier thermal information. This 
modeling was implemented by the HeFTy software (Ketcham, 2005). 
For the samples MN1-04, TX1-03, YH-02 and YX-06, the AFT and AHe 
data were integrated for thermal simulation, while only AFT data were 

used for thermal modeling of the sample YH-08. The AFT central ages 
and track length data were modeled using the multi-kinetic annealing 
model by Ketcham et al. (2007) with the measured kinetic parameter 
Dpar. The apatite radiation damage accumulation and annealing model 
developed by Flowers et al. (2009) was adopted for the measured AHe 
ages. In our modeling approach, the initial modeling time was set as the 
time when each sample was deposited in the eastern KFTB (Table 3). 
Both the initial and present-day surface temperature were set to be 
~14 ◦C. For the drilling samples, the present-day temperature was 
calculated based on the present-day surface temperature, the present- 

Fig. 5. Thermal histories of the samples MN1-04, TX1-03 and YX-06 using the AFT and AHe data. The left figures show the attempted temperature paths. Green lines 
are acceptable, magenta lines are good, and the thick black line is the best modeled thermal history. The right histograms indicate the measured and modeled AFT 
length distribution; the right cure graphs indicate a progression of the He concentrations from the core to the rim in a single grain (Ketcham, 2016). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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day geothermal gradient provided by Wang et al. (2003), and the burial 
depth of each sample (Table 1). In addition, some additional constraints 
were required for the thermal modeling. According to the missing Upper 
Jurassic, Cretaceous and Cenozoic strata shown by the drilling data, 
regional tectonic evolution characteristics and measured AFT and AHe 
data, three constraints were chosen around the Early Cretaceous, Late 
Cretaceous-Eocene and Late Miocene to Quaternary time intervals for 
the samples TX1-03 and MN1-04. Because the outcrop sample YX-06 
were located near the wells TX1 and MN1, it was assigned the same 
constraints. According to the distribution characteristics of residual 
strata in the Kuqa River and Yaha sections, three additional constraints 
were chosen around the Early Cretaceous-Late Cretaceous(120–80 Ma), 
Late Cretaceous-Paleogene (70–40 Ma) and since the Miocene for the 
outcrop samples YH-02 and YH-08. In our model, 100,000 thermal paths 
were run using a Monte Carlo inverse modeling method, with the best 
temperature path indicating the thermal history of the sample. It is 
worth noting that changes in the paleotemperature of the samples could 
occur due to sedimentation, uplift, or erosion events. 

The thermal modeling results revealed that the samples MN1-04, 
TX1-03 and YX-06 experienced similar time–temperature histories, 
regardless of the amplitude of the cooling events (Fig. 5). The Wells MN1 
and TX1 and Yangxia Section areas experienced prolonged deposition 
from the Early Jurassic to early Cretaceous, leading to a gradual increase 
in burial temperature of the samples MN1-04, TX1-03 and YX-06. 
Firstly, thest areas experienced a rapid cooling event at ~ 120 Ma- 
~80 Ma (Early Cretaceous- Late Cretaceous), which was followed by a 
prolonged period of slow cooling (~80 Ma-~40 Ma). Subsequently, 

there was a notable rapid burial and heating event from the Late Eocene 
to Miocene due to the burial of the geological layers. Another phase of 
rapid cooling began around 10 Ma and has continued since then. 
However, it is worth noting that the sample TX1-03 experienced sub
sequent heating due to deposition in the Quaternary. 

The thermal modeling results of the samples YH-02 and YH-08 
indicated that the Yaha Section area experienced two heating events 
and two cooling events (Fig. 6). During the Late Cretaceous to Early 
Paleogene period (100–60 Ma), both samples experienced the initial 
phase of rapid cooling. However, the timing of the second cooling events 
differs between these two samples. Sample YH-02 suggests that the Yaha 
Section underwent deformation and started to experience exhumation 
around 5 Ma. On the other hand, sample YH-08 indicated that the area 
began exhumation around 20 Ma, as indicated by the measured AHe 
ages. 

5. Heat flow evolution 

In this study, we collected 47 vitrinite reflectance data from wells 
TX1, MN1, YN2, TD2 and YT1 in the eastern KFTB (Table 5), which 
range from 0.46% to 1.43% and show a positive correlation with the 
depths (Fig. 7). In this study, the Basinmod 1D software was utilized to 
model the heat flow histories in the eastern KFTB by employing the Easy 
%Ro model developed by Sweeney and Burnham (1990). First, we 
rebuilt the sedimentary and burial histories of the drillings according to 
the borehole data, and then the constraints such as the vitrinite reflec
tance data and the present-day heat flow were input. Secondly, we 

Fig. 6. Thermal histories of the samples YH-02 and YH-08. The left figures show the attempted temperature paths. Green lines are acceptable, magenta lines are 
good, and the thick black line is the best modeled thermal history. The right histograms indicate the measured and modeled AFT length distribution; the right cure 
graph indicates a progression of the He concentrations from the core to the rim in a single grain (Ketcham, 2016). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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iteratively adjusted the paleo-heat flow paths through forward modeling 
and analyzed the correlation between the modeled Ro paths and the 
measured Ro data. The paleo-heat flow path corresponding to the actual 
heat flow history was considered when the modeled Ro path overlapped 
with the measured Ro data. Fig. 7 illustrates the burial and thermal 
histories of the wells TX1, MN1, YN2, TD2 and YT1, along with the 
reconstructed heat flow histories. 

Evidently, the heat flow evolution in the eastern KFTB was influ
enced by regional depositional characteristics and thrust fault activities. 

Previous studies by Li et al. (2014) and Chang et al. (2016) suggested 
that rapid subsidence can lead to a thermal underbalance near the sur
face, resulting in a decrease in surface heat flow. Considering their 
similar burial histories, the heat flow evolutionary histories of wells 
TX1, MN1 and TD2 exhibit resemblances. During the Late Triassic, their 
paleo-heat flow values were around 54 ~ 55 mW/m2. Subsequently, 
they gradually decreased to approximately 44–47 mW/m2 in the Early 
Miocene. However, due to friction heat and local heat convection 
associated with Late Cenozoic thrusting (Wang et al., 2003), the heat 

Fig. 7. (a-e) Burial and temperatrue history of the wells TX1, MN1, YN2, TD2 and YT1 (left) and the correlation of the measured Ro data (＋) and simulated result 
with black lines (right). (f) The heat flow evolution of the typical wells in the eastern KFTB. 
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flow in these wells began to increase again and is currently around 47 ~ 
54 mW/m2. In contrast, well YN2 experienced relatively rapid subsi
dence before the Late Miocene compared to wells TX1, MN1, and TD2. 
Consequently, its paleo-heat flow rapidly decreased from ~ 54 mW/m2 

in the Late Triassic to ~ 37 mW/m2 in the Early Miocene. Subsequently, 
along with thrust fault activity, the heat flow in well YN2 increased to 
approximately 54 mW/m2 today (Figs. 1 and 7). As for the well YT1 
area, it experienced a long-term rapid subsidence without substantial 
uplift and exhumation. Consequently, its heat flow gradually decreased 
from ~ 54 mW/m2 in the Late Triassic to ~ 37 mW/m2 today. 

6. Thermal evolution of the main source rocks in the eastern 
KFTB 

The KFTB contains several distinct suites of source rocks that formed 
during the Mesozoic. In this study, we focus on analyzing the maturation 
evolution process of the Upper Triassic Huangshanjie Formation and the 
Lower Jurassic Yangxia Formation source rocks in wells TD2, YN2, MN1, 
YT1, KZ1, TZ2 and DN201 (Fig. 8). The source rocks in wells KZ1 and 
MN1 areas experienced similar maturation evolution process, but the 
maturity levels in well KZ1 area are consistently higher than those in 
well MN1 area. During the Early Cretaceous, the accelerated subsidence 
in the well KZ1 area led to an increased maturity of the source rocks of 
the Huangshanjie and Yangxia formations, reaching approximately 
2.4% and 1.3%, respectively. Afterward, their maturation evolution 
ceased since the Late Cretaceous. The maximum maturation levels of the 
source rocks in the well MN1 area were around 0.7% and 0.45% 
respectively. The continuous deposition caused that the source rocks of 
the well DN201 gradually increase since the deposition to be 2.4% and 
1.3% by now. The Huangshanjie Formation source rock of the wells TZ2 
and YN2 get into middle maturation stage with 0.7–0.9% in the Late 
Jurassic, followed by a long-term quiescent stage from the Late Jurassic 
to Early Miocene, and finally increased to be 1.3% (high maturation 
stage). The Huangshanjie Formation source rock of the Well YT1 expe
rienced similar maturation evolution with the wells TZ2 and YN2, but 
the maturity level was always lower than them. The Huangshanjie 
Formation source rock of the Well TD2 get into high maturation with ~ 
1.2% during the Early Cretaceous, then followed by a long-term ceasing 
from the Late Cretaceous to Early Miocene and finally become ~ 1.8% 
during the Late Miocene for wet gas generation. 

The maturation evolution of the Yangxia Formation source rock in 
the seven wells analyzed shares similarities with the Huangshanjie 
Formation (Fig. 8), albeit with smaller magnitudes. Based on the 
maturation histories, the Huangshanjie Formation source rocks in the 
wells KZ1, DN201, and TD2 have reached a level of maturity where they 
are presently generating gas. However, the Huangshanjie Formation 
source rocks in the wells YN2, MN1, YT1, and TZ2, as well as the 
Yangxia Formation source rocks in all the wells, are still generating oil at 

present. These understandings can be confirmed by measured vitrinite 
reflectance and drilling exploration (Fig. 7; Wei et al., 2021; Wang et al., 
2021). 

7. Discussion 

7.1. The Mesozoic-Cenozoic tectono-thermal evolution in the KFTB 

The thermal modeling results in this study revealed that the eastern 
KFTB experienced the Cretaceous and late Miocene cooling events since 
the Mesozoic. The results also indicate that the cooling events occurred 
at different times across various areas. In the Yaha Section, the Creta
ceous rapid cooling occurred in 100–60 Ma, while others areas such as 
wells MN1-04 and TX1-03 and Yangxia Section experienced cooing 
event around 120–80 Ma. This cooling event is also different from that 
occured in the Kalpin thrust-and-fold belt (140 ~ 120 Ma, Chang et al., 
2019), Kashgar thrust-and-fold belt (100–80 Ma; Sobel et al., 2006), 
Bayanbulake Basin in the Central Tianshan (200–150 Ma; Jolivet et al., 
2010) and Kuluktag Mountain (200 ~ 140 Ma; Zhang et al., 2011). 
Previous studies considered that these cooling events in Central Asia are 
probably realted to the collisions between the Qiangtang and Lhasa 
Terranes with the southern margin of the Eurasia Plate (Dumitru et al., 
2001; Jolivet et al., 2010), the closure of the Mongol-Okhotsk Ocean 
(Jolivet et al., 2010; Wang et al., 2018) and/or the strike-slip defor
mation as a result of differential rotation of local curstal blocks (Yin 
et al., 2023). Most of Central Asia developed a paleo-planation surface 
and underwent gradual uplift and exhumation from the Late Jurassic to 
Early Cenozoic, as suggested by Morin et al. (2019) and Jolivet (2015), 
which could result in the differential cooling time across the Tianshan 
and adjacent areas. In addition, river incision played a role in localized 
and asynchronous erosion in the piedmonts and orogenic belts of Central 
Asia (Larsen and Montgomery, 2012; Malatesta and Avouac, 2018; Lu 
et al., 2018), probably causing variations in the timing and duration of 
the cooling events in the Kuqa fold-and-thrust belt and other mentioned 
areas. The mountain landscapes arise from interactions among tectonic 
rock uplift, river incision and landslide erosion (Larsen and Mont
gomery, 2012). Malatesta and Avouac (2018) considered that the 
piedmont of Eastern Tianshan were deeply incised by rivers since the 
Quaternary. Li et al. (2004) proposed that the elevation difference be
tween the South Tianshan and the KFTB gradually increased since the 
Late Jurassic, facilitating the development of river incision. A marine 
transgression during the Paleogene led to renewed deposition in the 
Yaha Section and increased burial temperatures for samples YH-03 and 
YH-08, as indicated by the thermal modeling results. However, this 
marine transgression did not extend to the eastern part of the Yaha 
Section (Song et al., 2021). Therefore, samples YX-06, MN1-04 and TX- 
03 did not experienced the temperature increase reflected in the thermal 
modeling results. 

Fig. 8. The source rock maturation histories of the wells in the eastern KFTB. (a) Huanghejie Formation; (b) Yangxia Formation.  
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The collision between the Eurasia and India plates had a distant 
impact on the geological evolution of the Tianshan and adjacent basins, 
such as the northern margin of the Tarim Basin. Extensive research has 
demonstrated that compressional tectonic deformation in the KFTB 
commenced around 24 Ma and gradually propagated southward (Yin 
et al., 1998; Wang et al., 2011; Chang et al., 2017). The thermal 
modeling results provide valuable insights into the cooling events that 
occurred at different times within the eastern KFTB. The sample YH-08 
indicates a cooling event around 20 Ma, while samples YX-06 and TX1- 
03 suggest a cooling event initiated around 10 Ma. Additionally, samples 
MN1-04 reveal a cooling event that began approximately 5 Ma ago. The 
recognition indicated that the tectonic deformation in the eastern KFTB 
propagated southward since the Neogene (Yu et al., 2014). According to 
the AFT data, Yang et al. (2017) suggested that the western KFTB 
experienced one cooling event during 14–11 Ma. These thermal 
modeling results not only highlight the variations in cooling times but 
also hint at the asynchronous tectonic deformation and exhumation that 
likely occurred in different areas or tectonic units of the KFTB during the 
Neogene period. The dynamic mechanism for the differential tectono- 
thermal evolution in the eastern and western KFTB probably include 
three aspects: (1) GPS data suggest the crustal shortening rate in the 
Tianshan decrease from west to east (Wang et al., 2001), which could 
result in the differential shortening and deformation in the KFTB; (2) As 
the detachment layers, the gypsum-salt rocks in the western KFTB 
dominantly experienced the plastic deformation (Tang et al., 2004, 
2006; Wang et al., 2009b; Li et al., 2012; Liu et al., 2017), which should 
make a contribution to the differential deformation between the eastern 
and western KFTB. The tectonic deformation of the strata overlying the 
salt layers is mainly characterized by the detachment fold and thrust 
fault in the western KFTB (Yang, 2017). (3) the differntial uplifting in 
the South Tianshan during the Cenozoic provide different amounts of 
sediments for the eastern and western KFTB (Macaulay et al., 2013; 
Morin et al., 2019; Chang et al., 2021, 2022). Macaulay et al. (2013) 
considered that the western South Tianshan (Terskey Range) experi
enced rapid uplifting and exhumation since 26–20 Ma with a significant 
increase in exhuamtion at ~ 10 Ma. Chang et al. (2021) suggested that 
the Middle Tianshan experienced two phases of accelerated cooling and 
exhumaition at 10 ~ 6 Ma and since ~ 3 Ma. The occurrence of the 
plaeo-planation surface in the eastern South Tianshan implied that it 
only experienced slow uplifting and exhumation during the Cenozoic 
(Morin et al., 2019; Chang et al., 2022). The rapid uplifting and exhu
mation in the middle South Tianshan led the Baicheng Sag in the 
western KFTB to deposit massive sediments with the thickness of ~ 5–7 
km, while the eastern KFTB just deposit relatively little deposits along 
with the slow uplifting and exhumation of the eastern South Tianshan. 

The tectonic subsidence patterns in the wells TD2, YN2, MN1, YT1, 
KZ1, TZ2, and DN201 in the KFTB exhibit notable differences (Fig. 9), 
especically during the Late Cenozoic period. Moreover, the central South 
Tianshan experienced rapid uplifting and erosion since ~ 10 Ma, leading 
to significant sediment deposition in the Baicheng Sag of the western 
KFTB (Chang et al., 2021, 2022). In contrast, the eastern South Tianshan 
witnessed slower uplifting and erosion, resulting in insufficient sediment 
supply for the Yangxia Sag in the eastern KFTB. This differential sedi
ment quantity has resulted in a higher maturity level for the Triassic and 
Jurassic source rocks in the Baicheng Sag composed to those in the 
Yangxia Sag (this study; Wang et al., 2021). Acccording to Wang et al. 
(2003), the present-day geothermal gradient in the KFTB gradually in
creases from south to north due to frictional heat and local heat con
vection along with the motion of the thrust faults. This has also led to an 
increase in paleo-heat flow in some wells during the Late Cenozoic. 
However, the heat flow in the central Tarim Basin has gradually 
decreased since the Late Permian (Li et al., 2022; Chang et al., 2022). 

7.2. Implication for the hydrocarbon accumulation in the eastern KFTB 

The oil and gas exploration results show that the eastern KFTB 
mainly contains the structural-lithological and tight-sandstone conden
sate gas reservoirs, which are distributed in the Tugeerming anticline 
and its adjacent areas, as well as the Dibei-Tuzi area (Wang et al., 2021, 
2022; Fig. 1a). The TD2 gas reservoir in the Tugeerming anticline and its 
adjacent areas is classified as a normal temperature and pressure 
structural-lithological condensate gas reservoir with geological reserves 
of 200 × 108 m3 (Wang et al., 2021). The reservoir strata consist of the 
Jurassic Kezilenur and Yangxia formations. Zhao et al. (2015) consid
ered that the timing of crude oil and the natural gas charging was 13–8 
Ma and 5–0 Ma, respectively, which were well consistent with the 
thermal history of the well TD2 in this study. Although oil and gas shows 
have been observed in the Kezilenur and Yangxia formations of the wells 
TX1 and MN1, they did not form reservoirs due to the Late Miocene 
destruction caused by intense uplifting and erosion (Wei et al., 2021; 
Fig. 5). The Dibei gas reservoir in the Dibei-Tuzi area is characterized by 
normal temperature and high-ultrahigh pressure. The reservoir stratum 
is the Late Jurassic Ahe Formation. The thick-layer tight sandstone of the 
Ahe Formation exhibits strong heterogeneity, resulting in localized 
accumulation of oil and gas as the lithological reservoirs (Wang et al., 
2022). The homogenization temperatures of associated saline inclusions 
in well YN2 are gathered in 90-120℃ for crude oil charging and 140 ~ 
150℃ for natural gas charging (Wang et al., 2022). According to the new 
burial and thermal history of the well YN2 (Fig. 7c), we considered that 
the charging of the crude oil and the natural gas occurred in 24 ~ 18 Ma 
and 5–1 Ma, respectively. These findings are consistent with the results 
obtained through autogenic illite K-Ar dating regarding the oil charging 
time (Wei, 2019). The overpressure formation and fracture development 
in the Late Miocene provided the driving force and pathways for oil and 
gas migration (Wang et al., 2023). 

8. Conclusions 

This study provides a detailed investigation into the tectono-thermal 
history of the eastern KFTB using new vitrinite reflectance, AFT and AHe 
data. Thermal modeling results reveal two distinct periods of rapid 
cooling during the Cretaceous and Miocene, which varied in timing and 
magnitude across different areas of the eastern KFTB. This study also 
clarified the heat flow historis of the eastern KFTB, which were 54 ~ 55 
mW/m2 during the Late Triassic, gradually decreased to 44 ~ 47 mW/ 
m2 in the Early Miocene. Subsequently, some areas in the eastern KFTB 
experienced an increase in paleo-heat flow during the late Miocene, 
likely due to thrust fault activity. Furthermore, the new maturation 
evolution histories revealed that the Huangshanjie Formation soure rock 
in the eastern KFTB have entered the gas generation stage since the late 
Miocene, while the Yangxia Formation source rock still retains the Fig. 9. The tectonic subsidence of the wells in the eastern KFTB.  
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potential for oil generation. Overall, this research enhances our under
standing of the tectono-thermal evolution of the eastern KFTB and 
provides valuable information for the assessment of hydrocarbon po
tential in the region. 
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