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Abstract：The study of low-temperature thermochronology at plate edges12

provides favorable constraints for regional tectonic evolution and surface13

processes. Based on the existing thermochronological data of multiple14

cooling events since the Mesozoic era, we conducted apatite fission-track15

and apatite (U-Th)/He studies on drilling samples from the16

central-northern section of the western margin of the Ordos Basin,17

revealing the exhumation, cooling history and differences in the study18

area. The new thermal history simulation results show that the19

Zhuozishan Mountain (Mt.) region (ZM region) experienced large-scale20

exhumation in the Late Jurassic (160 Ma-150 Ma), with an average21

exhumation rate of ca. 45 m/Ma and an average cooling rate of ca. 2 ℃22

/Ma, slow exhumation at Early Cretaceous - Oligocene (130 Ma-30 Ma),23

with an average exhumation rate of ca. 10 m/Ma and an average cooling24

rate of ca. 1 ℃ /Ma, and severe exhumation after Oligocene (3025

Ma-present), with an average exhumation rate of ca. 30 m/Ma and an26
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average cooling rate of ca. 1.2 ℃/Ma; The Taole - Hengshanbao region27

(TH region) began to exhumation at Late Jurassic - Early Cretaceous (15528

Ma-145 Ma), with an average exhumation rate of ca. 48 m/Ma and an29

average cooling rate of ca. 2.4 ℃ /Ma, slowly exhumation at Early30

Cretaceous - Oligocene (145 Ma-30 Ma), with an average exhumation31

rate of ca. 7.5 m/Ma and an average cooling rate of ca. 0.3 ℃ /Ma, and32

then violently exhumation, with an average exhumation rate of ca. 2533

m/Ma and an average cooling rate of ca. 1 ℃ /Ma; The Majiatan -34

Huianbao region (MH region) experienced large-scale exhumation at Late35

Jurassic - Early Cretaceous (158 Ma-137 Ma), with an average36

exhumation rate of ca. 45 m/Ma and an average cooling rate of ca. 1.8 ℃37

/Ma, with a slightly slower exhumation rate at 137 Ma-110 Ma, with an38

average exhumation rate of ca. 13 m/Ma and an average cooling rate of ca.39

0.52 ℃ /Ma, and entered a severe exhumation stage again at Late40

Cretaceous - Eocene (70 Ma-50 Ma), with an average exhumation rate of41

ca. 37.5 m/Ma and an average cooling rate of ca. 1.5 ℃ /Ma. The Late42

Jurassic tectonic exhumation indicated by thermochronology corresponds43

to the formation of the western margin thrust fold structure, with the44

northern and southern sections starting earlier and the central section45

starting slightly later. At the same time, the exhumation time of different46

fault blocks decreases gradually from the edge of the basin to the interior47

of the basin, in the east-west direction. This is related to the different48

LY0Wr7k8L
Commento testo
started to exhume in the

LY0Wr7k8L
Commento testo
is it a fold-and-thrust belt?

LY0Wr7k8L
Commento testo
towards the centre, following an E-W direction



3

tectonic evolution and stress in their location.49

Keyword：Ordos Basin；North China Block；Plate convergence；50

Low-temperature thermochronology；Yanshanian orogeny51

1 Introduction52

The North China Craton, as one of the oldest cratons in the world,53

has a long history spanning 3.8 billion years (Zhai, 2010; Zhang et al.,54

2018). Having undergone prolonged and complex tectonic evolution, it55

records nearly all major tectonic events from ancient to the present,56

especially preserving multi-phase evolutionary remnants since 1.8 Ga57

years (Peng et al., 2022). The Ordos Block is part of the North China58

Craton and one of its core geological units (Bao et al., 2019; Zhai, 2021).59

The present-day Ordos Basin, in a narrow sense, is located in the western60

part of the North China Craton, and has been developed since the61

Mesozoic as a residual intra-cratonic basin (Ren, 1995; Zhai, 2021). This62

basin is superimposed on a large Paleozoic basin, making it a composite63

basin (Liu et al., 2005). The Ordos Basin preserves the most complete64

sedimentary strata in North China Craton, including the Archaean,65

Proterozoic, Paleozoic, Mesozoic, and Cenozoic strata, and is rich in66

various energy and mineral resources such as oil, gas, coal, and uranium67

deposits.The thrust belt along the western margin of the Ordos Basin68

spans between tectonic blocks with different characteristics, including the69

North China Craton, the Alxa Block, the Central Asian Orogenic Belt, the70
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Qinling Orogenic Belt, and the northeastern edge of the Tibetan Plateau71

(Fig.1). It is one of the regions with the most intense tectonic deformation72

within the Chinese mainland since the Mesozoic, recording numerous73

intracontinental deformation and orogenic events since the Mesozoic.74

75
Fig.1 (a) Tectonic setting of China (modified from Peng et al., 2019), (b) Digital76

elevation model of the Ordos basin and surrounding areas. The red rectangle is the77
research area of this article (modified from Qi et al., 2024), abbreviation: AB, Alxa78
Block; CAOB, Central Asian Orogen Belt; HLM, Helanshan Mountain; JXFFB, Jinxi79
Fault-Fold Belt; LPM, Liupan Mountain; QLOB, Qinling Orogen Belt; THD,80
Tianhuan Depression; WMTB, Western Margin Thrust Belt; WBU, Weibei Uplift;81
YCB, Yinchuan Basin; YMU, Yimeng Uplift; YSS, Yishan Slope. (c) Geological map82
of the central-northern section of the western margin of the Ordos Basin (modified83
from Ma, 2019) and the sample locations in this study.84

The study area is located in the central-northern section of the85

western margin of the Ordos Basin (Fig. 1). Influenced by multiple86
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tectonic movements, the region has a complex evolutionary history, with87

several large-scale, nearly north-south-oriented faults. In general, it can88

be considered that the structural style of the central-northern section of89

the western margin of the Ordos Basin is the result of the interaction90

between adjacent blocks. Over the years, previous published papers91

investigated the structural characteristics and properities of the92

central-northern section of the western margin of the Ordos Basin (Yang93

and Zhang, 1986; Tang et al., 1988, Tang, 1992; Gan, 1990; Liu, 1995;94

Zhao et al., 1990), its formation mechanisms (Liu and Yang, 1997; Liu et95

al., 2005; Ouyang et al., 2012; Yang et al., 2011; Yang et al., 2006, 2008;96

Zhao, 2003; Zhao et al., 2006, 2007a, b,c), and provenance (Jiang et al.,97

2019). Regarding the overall exhumation process along the western98

margin of the Ordos Basin, previous published papers based on the99

apatite fission-track method suggest that the exhumation in the southern100

section of the western margin of the Ordos Basin began in the Middle to101

Late Jurassic (Chen, 1999, Chen et al., 2007; Gao et al., 2000; Zhang et102

al., 2000; Zhao et al., 2006, 2007a, c; Zhao, 2017; Li, 2019; Ma and He,103

2019; Peng Heng, 2020; Tian et al., 2023). In the central-northern section104

of the western margin of the Ordos Basin, low-temperature105

thermochronology studies are relatively scarce and have mainly focused106

on the Helanshan Mt. area (Ma and He, 2019; Zhao et al., 2007a; Liu,107

2010), the Zhuozishan Mt. region (Zhuo, 2015; Li Bin, 2006), the108
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Shigouyi area (Gao, 2014; Zhao et al., 2007b, c; Ma and He, 2019; Li,109

2019), drilling wells such as LC1, T1, and TS1 (Ren, 1995) (Fig.2).110

On the basis of the limited published thermochronological data (Ma111

and He, 2019; Zhao et al., 2007a, b; Liu, 2010; Zhuo, 2015; Li, 2019;112

Gao, 2014; Ren, 1995), it is evident that the study area recorded an113

exhumation event during the Mesozoic, but its timing and rate vary across114

different regions. The structural differences between the basin margin and115

the inner part have not been well clarified. Current research lacks a116

comprehensive perspective and does not provide a systematic117

understanding of tectonic events in the central-northern section of the118

western margin of the Ordos Basin since the Mesozoic. This greatly119

limits further insights into the overall tectonic evolution of the area and120

poses significant challenges for deeper research into intracontinental121

deformation in the basin and its surrounding regions.122

This study applied low-temperature thermochronology methods,123

combined with thermal history modeling and field observation, to124

precisely constrain the exhumation and cooling history of the125

central-northern section of the western margin of the Ordos Basin. The126

research helps to improve our understanding of the evolution and tectonic127

processes in this region since the Mesozoic. Additionally, it offers a128

foundational reference for future oil and gas exploration efforts in the129

western margin of the basin.130
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2 Geological setting131

The Ordos Basin, as one of the key geological element of the North132

China Craton, is a large basin formed during different periods and133

geodynamic settings (Ren et al., 2020). The evolution of the basin can be134

divided into several stages: Archean-Paleoproterozoic basement135

formation; Mesoproterozoic - Neoproterozoic rift basin development;136

early Palaeozoic stable continental margin sedimentation; late Palaeozoic137

to Middle Triassic intracratonic basin evolution; Late Triassic to Jurassic138

intracontinental depression basin evolution; Early Cretaceous westward139

contraction of the depression basin; Late Cretaceous to Cenozoic basin140

exhumation; formation of Cenozoic fault-depression basins in the141

surrounding areas (Liu et al., 2005; Ren et al., 2020;Li Tianbin, 2006).142

In order to define more precisely the differences in exhumation and143

cooling stages since the Mesozoic era, this article further divides the144

research area into the ZM region, the TH region, and the MH region.145
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146
Fig. 2 (a) Compilation of previously published low-temperature147

thermochronological data in the study area, (b-d) W-E oriented simplified geological148
cross-sections (modified from Xing et al., 2024; Liu et al., 2024, and Ma and He,149
2019, respectively).150

In the ZM region, the main body is the Zhuozishan anticline, with an151

east-west length of about 20km. The core of the anticline exposes older152

strata, with Archean granitic gneiss of the Qianlishan Group at its core.153

Moving westward, it sequentially exposes the Changcheng System154

Huangqikou Formation, Jixian System Wangquankou Formation,155

Cambrian Taosigou Formation, Hulusitai Formation, Zhangxia Formation,156

Abuqiehai Formation, Ordovician Sandaokan Formation, Zhuozishan157

Formation, and the Permian Shanxi Formation and Shihezi Formation,158

and exposes the Carboniferous, Permian, Triassic, Jurassic, and159
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Cretaceous strata in sequence towards the east (Fig. 2b) (Zhuo, 2015;160

Xing et al., 2024).In the TH region, the faults in this area exhibit161

high-angle thrusting from east to west, characterized by a series of162

imbricated thrust faults (Fig. 2c). In the MH region, four west-dipping163

thrust faults develop from west to east. From west to east, the Weizhou164

fault zone, Qinglongshan fault zone, Shigouyi fault zone, and165

Yandunshan fault zone have formed in sequence. Among them, the166

Shigouyi fault zone, in an syncline form, is situated between the167

Qingshanlong Fault and the Huianbao-Shajingzi Fault (Fig. 2d).168

3 Sampling strategy and methodology169

3.1 Previous thermochronological data170

This study collected a total of 85 published low-temperature171

thermochronology data from the western margin of the Ordos Basin,172

specifically from the area between the Zhuozishan Mt. and the173

Tianshuibao city, including 62 apatite fission-track ages and 23 zircon174

fission-track ages (Fig. 3). Samples with higher mineral closure175

temperatures exhibit older apparent ages. The ages obtained through the176

apatite fission-track analysis range from 189.6 Ma to 3.1 Ma, while177

zircon fission-track ages range from 192 Ma to 105.4 Ma. These findings178

indicate a long cooling history and a complex exhumation process in the179

study area. Based on the collected data, we plotted histograms and kernel180

density estimation curves, revealing that the density peaks for apatite and181
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zircon are at 78 and 101 Ma, and at 153 Ma respectively (Fig.3).182

183

184

Fig.3 Histogram and kernel density estimation (KDE) plot of published185
thermochronological data in the study area.186

In summary, previous thermochronological data indicate that187

multiple cooling events have occurred in the region since the Mesozoic188

era (Ren, 1995; Zhao et al., 2007a, b; Liu, 2010; Zhuo, 2015; Gao, 2014;189

Li, 2019; Ma and He, 2019). Due to the lack of thermochronological190

techniques such as the (U-Th)/He method and the existence of regional191

differences in the study area, the cooling history of the study area after192

the Mesozoic has not been systematically constrained.193

3.2 Sample collection and experimental methods194

This study applies low-temperature thermochronological methods to195

constrain the spatiotemporal evolution of the upper few kilometers of the196

lithosphere. Apatite fission-track analysis is sensitive to temperature197

variations in the range of 60 °C to 120 °C (the partial annealing zone),198

while apatite (U-Th)/He dating is suitable for defining the199
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time-temperature history in the range of 40 °C to 75 °C (Ketcham, 2005;200

Gallagher, 2012; Flowers et al., 2015; Farley et al., 1996).201

The author has previously conducted thermochronological studies in202

the ZM region （ Xing et al., 2024 ） .To systematically study the203

differences in exhumation and cooling, the relationship between204

structural evolution at the basin edge and within the basin, and to address205

the current gaps in thermochronology in the research area, this study206

collected 13 valuable samples, including 11 core samples from 9 drilling207

wells and 2 field outcrop samples. The samples are well-distributed208

across the entire TH region and MH region (Fig.2a). Sample information209

was detailed in Table 1, and sample localities and sites were marked in210

Fig.1 and Fig.2.211

Table 1 Sample information and summary of geochronology methods used.212
Sample NO. Formation Lithology Coordinate(N) Coordinate(E) Methods Note

YCB-11 Ar Granodiorite 38°25'59.9" 106°5'55.8" AFT TH region

SZR-2 T3 Sandstone 39°0'27.7" 106°9'15.9" AFT TH region

W22L34-21 P1 Sandstone 38°7'19.3" 107°6'3.2" AFT TH region

W22R6-6 P2 Sandstone 38°15'29.1" 106°45'50.1" AFT TH region

W22R6-7 P2 Sandstone 38°15'29.1" 106°45'50.1" AFT TH region

W22T1-5 J2 Sandstone 38°1'3.7" 107°5'9.1" AFT TH region

W22Z1-33 J2 Sandstone 37°40'36.2" 106°24'4.6" AFT, AHe MH region

W22Z1-34 J2 Sandstone 37°40'36.2" 106°24'4.6" AFT MH region

W22Z2-11 P2 Sandstone 37°46'51.1" 106°56 '7.4" AFT MH region

W22ZT1-44 T3 Sandstone 37°50'37.4" 106°53'41.2" AFT MH region

W22ZT2-18 J2 Sandstone 37°51'53.1" 106°46'53.2" AHe MH region

W22Z6-16 P1 Sandstone 37°36'45.3" 106°23'14" AFT MH region

W22LT1-20 P1 Sandstone 37°27'8.2" 106°47'8.7" AFT MH region

After obtaining the samples, apatite was separated using213

conventional heavy liquid and magnetic separation methods. All 13214

samples were analyzed using apatite fission-track (AFT) methodology.215
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After selecting mineral grains, the samples were prepared, tested, and216

analyzed at the Petroleum Thermochronology Laboratory in the217

Department of Geology at Northwest University. The calculation method218

for AFT ages follows Hasebe et al. (2004), and ages were analyzed using219

RadialPlotter software (Vermeesch, 2009). Additionally, the HeFTy220

software was utilized to simulate the cooling history (Ketcham, 2005).221

Additionally, following three criteria— crystalline integrity of the222

automorphic particles, the purity of the particles, and ensuring that the223

crystal dimensions perpendicular to the c-axis exceed 60-70 μm—apatite224

grains from samples Z1-33 and ZT2-18 were chosen under a high225

magnification (160x) binocular microscope for (U-Th)/He (AHe) dating.226

The dating was conducted at the Ar-Ar and (U-Th)/He Geochronology227

Laboratory of the Institute of Geology and Geophysics, Chinese Academy228

of Sciences.229

Due to the complexity of annealing processes, the measured230

apparent ages lack any practical geological significance (Flowers et al.,231

2015). By utilizing the measured ages, track lengths, angle with the232

C-axis of mineral particles, Dpar values, this thermal history can be233

inversely modeled (Ketcham, 2005). In this study, HeFTy version 1.6.7234

software was used for inverse modeling (Ketcham, 2005), and the235

Ketcham (2005) multi-dynamic annealing model was selected for the236

inversion simulation, along with the corrected confined track lengths. The237
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original confined track length was set at 16.3 μm, and the present-day238

surface temperature was 20°C. The goodness-of-fit parameter (GOF) was239

used to indicate how well the simulation results matched the actual240

measurements; a higher value signifies a better fit. When the GOF value241

obtained from the simulation exceeds 0.05, it indicates that the simulation242

results are acceptable, while a GOF value greater than 0.5 indicates a very243

good match. The simulated ages and lengths both had GOF values greater244

than 0.5 and close to 1, suggesting that the simulation results closely245

aligned with the measured values.246

4 Results247

4.1 Low-temperature thermochronology results248

4.1.1 The TH region249

The AFT central ages of the two samples from well R6 (R6-6 and250

R6-7) are 140.4±15.7 Ma and 115.3±10.2 Ma, with average track lengths251

of 11.66±1.02 μm and 12.1±1.52 μm, respectively. The AFT central age252

of the sample from well L34 (L34-21) is 130±19.8 Ma. In the Helanshan253

Mt. area, the AFT central ages of samples SZR-2 and YCB-11 are254

95.2±14.8 Ma and 95.4±3.7 Ma, with average track lengths of 12.01±1.68255

μm and 12.88±1.11 μm, respectively. The AFT central ages of these five256

samples in this region are significantly younger than the stratigraphic257

ages from which they were derived, indicating that the samples have258

undergone annealing and cooling processes. Only the YCB-11 sample259
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passed the χ2 test, with the RadialPlotter software providing a single peak260

age of 95.2±3.2 Ma. The remaining four samples did not pass the χ² test,261

suggesting that each sample contains at least two age populations. The262

RadialPlotter software (Vermeesch, 2009) was used to decompose the263

ages, and these peak ages record potential tectonic activities in this region264

from Late Jurassic to Eocene (Table 2, Fig. 4).265

Table 2 Fission-track age obtained by the laser method266

Sample n Ns ρs（×106/cm2）
238U

（×10-6）

Central

age（Ma）

P（χ2）

（%）
MTL（μm）（N）

Dpar

（μm）

YCB-11 27 904 1.203 26.55±8.78 95.4±3.7 18 12.88±1.11(97) 1.53±0.19

SZR-2 18 187 0.927 20.91±1.49 95.2±14.8 0 12.01±1.68(43) 1.70±0.4

W22L34-21 7 269 1.04 16.27±3.41 130±19.8 0 1.43±0.17

W22R6-6 14 339 0.967 16.38±1.8 140.4±15.7 0 11.66±1.02(35) 1.66±0.23

W22R6-7 26 852 0.946 19.20±1.52 115.3±10.2 0 12.1±1.52(56) 1.44±0.16

W22T1-5 20 946 1.814 47.72±4.08 88.3±8.3 0 11.3±1.22(78) 1.46±0.14

W22Z1-33 21 1066 1.547 24.52±1.75 137.9±7.7 0 10.89±1.15(82) 1.61±0.24

W22Z1-34 15 826 2.182 34.22±2.77 144.5±12.2 0 10.75±1.13(80) 1.42±0.16

W22Z2-11 12 502 0.794 8.60±2.53 189.5±11.1 5 12.21±1.31(52) 1.48±0.21

W22ZT1-44 20 778 1.312 38.34±3.7 71.0±8.1 0 1.41＋0.2

W22ZT2-18 13 643 2.416 33.92±2.6 152.6±15.2 0 1.49±0.24

W22Z6-16 18 398 1.092 49.28±5.8 68.6±13.7 0 1.31±0.23

W22LT1-20 22 677 1.135 47.69±3.1 51.9±6.1 0 11.43±0.99(50) 1.40±0.18

Note: n: number of measured grains; ρ s(Ns): spontaneous track densities (tracks267
numbers measured); P(%): probability of obtaining χ2-test value, a probability >5%268
is indicative of a homogenous population; MTL: mean confined track lengths with269
c-axis correction.270

271
272
273
274
275
276
277
278
279
280
281
282
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Table 3 Borehole Z1 and ZT2 apatite (U-Th)/He data.283

Sample
Mass(u

g)

Rs

(um)

U

(ppm)

Th

(ppm)

Th

/U

[eU]

(pp

m)

mol
4He

Std. mol
4He

FT
Cor Age

(Ma)

± σ

(Ma)

W22Z1-

33-A1 3.00 47.2 33.7 35.4 1.1 42.1

3.0575

E-14

3.7211E

-16

0.7

09 63.48 3.38

W22Z1-

33-A2 5.95 64.3 20.9 9.0 0.4 23.1

3.9018

E-14

4.8104E

-16

0.7

88 67.06 3.58

W22Z1-

33-A3 2.48 47.8 41.7 114.7 2.8 68.7

4.0084

E-14

8.5601E

-16

0.7

07 61.64 3.43

W22ZT

2-18-A1 3.95 53.6 8.4 3.7 0.5 9.2

7.6887

E-15

9.0770E

-17

0.7

46 52.61 2.82

W22ZT

2-18-A2 2.69 47.0 45.7 160.9 3.6 83.5

4.2928

E-14

5.2774E

-16

0.6

98 50.69 2.66

W22ZT

2-18-A3 2.91 48.4 19.0 4.3 0.2 20.1

1.2764

E-14

1.5287E

-16

0.7

23 56.31 3.17

Note:Rs, equivalent spherical radius; eU, effective uranium concentration; FT,284
α-ejection correction factor; Cor. Age, AHe age with α-ejection correction.285

286

Fig.4 AFT age Radial plots for The TH region287
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288
Fig.5 AFT age Radial plots for The MH region289

290

4.1.2 The MH region291

Due to this region being a key area for oil and gas exploration, a292

large number of drilling samples are available. Except for sample Z2-11,293

which passed the χ² test, the remaining samples did not pass the test. The294

fission-track ages obtained for this region range from 189.5 Ma to 35.6295

Ma and were statistically divided into three peak values: 42 Ma, 95 Ma,296

and 170 Ma (Fig.5). All of these ages are significantly younger than the297

stratigraphic ages , indicating that they have undergone exhumation and298
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cooling processes. The three single-grain AHe ages for sample Z1-33299

range from 61.64 Ma to 67.06 Ma, while the three single-grain AHe ages300

for sample ZT2-18 range from 50.69 Ma to 56.31 Ma, with no significant301

correlation to eU, recording late exhumation and cooling events (Table 3,302

Fig. 6).303

304
Fig.6 (a) Relationships between AFT Age and depth; (b) Relationships between305

AHe age and eU; (c), Relationships between AFT Age and AFT length; (d)306
Relationships between AFTAge and Dpar.307
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In addition, the correlation between track length and AFT age308

indicates a complex cooling history in the region. Considering the309

different annealing dynamics (Ketcham et al., 2007), the chemical310

composition of the grains may influence the AFT age and length (Carlson311

et al., 1999; Barbarand et al., 2003). However, the Dpar values in the312

samples range from 1.31 μm to 1.70 μm, showing minimal variation and313

no significant correlation with the AFT ages. This suggests that the314

influence of chemical composition on AFT age is either minimal or315

nonexistent.316

4.2. Thermal history modeling317

Among the 13 samples, 12 with more extensive length information318

were selected for thermal history simulation, representing a broad319

distribution across the study area to assess their potential thermal history320

and determine their exhumation and cooling times. The goodness-of-fit321

parameters for both length and age in this simulation were above 0.90,322

indicating a good fit. The inverted time-temperature paths are shown in323

Fig. 7.324

The modeling results indicate significant differences in the thermal325

histories of samples from different regions. Two samples from the326

western part of the TH region record a rapid exhumation event from 110327

Ma to 90 Ma, followed by a long period of slow cooling, and finally a328

rapid cooling event around 25 Ma. The R6 well records a rapid cooling329
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history during the Late Cretaceous (ca. 155 Ma). The T1 well records a330

rapid exhumation event from 95 Ma to 85 Ma. In the MH region, the Z1331

well simulation reveals rapid exhumation from 158 Ma to 137 Ma, and332

the three samples in this region show rapid exhumation between 70 Ma333

and 50 Ma (Fig.7).334

335
Fig.7 Thermal history inverse modeling calculated by HeFTy (Ketcham, 2005),336

using the model of Ketcham et al. (2007) and Flowers et al. (2009). HeFTy modeling337
tests possible t– T curves by using the Monte-Carlo inverse modeling approach.338
Shaded parts of different colors represent different cooling periods.339

5 Discussion340

From the thermal history simulation paths, the exhumation initiation341
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times generally fall in the late Jurassic; however, there are still differences.342

The exhumation of the TH region was later, while the other region was343

earlier, which is related to the tectonic evolution and stress of their344

respective locations. Additionally, the exhumation intensity varies from345

east to west across the regions. For example, the samples from the MH346

region indicate that exhumation occurred earlier in the western samples347

compared to those in the eastern side. These observations are closely348

linked to the reverse thrusting and imbrication along the western margin349

(Fig. 8).350

351

Fig.8 (a) Summary of all available thermochronology data The data sources are352
the same as in Fig. 2. (b-d), The thermal history paths summarized in this study are353
from the ZM region, TH region, and MH region, respectively.354
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5.1 Exhumation Process Differences and Geological Responses in the355

central-northern section of the western margin of the Ordos Basin356

Constrained by Low-Temperature Thermochronology357

5.1.1 The ZM region358

Based on the test results, the exhumation rate of this area can be359

calculated. The calculation formula is:360

FKTU  /)( 0 (1)361

Here, U represents the exhumation rate (the exhumation rate of362

apatite since it entered the annealing zone), measured in m/Ma; θ is the363

closure temperature of the mineral, in ℃; K is the geothermal gradient,364

in ℃/100m; T0 is the mean annual surface temperature, in ℃; and F365

represents the fission-track age, in Ma. For the sake of discussion and366

comparison, this paper adopts the same parameters as Zhao Hongge367

(2007c), with K set at 4 ℃/100m, T0 at 25 ℃, and θ at 110 ℃.368

The author also conducted thermochronology work in the ZM region369

this year and inverted its exhumation history and thermal history, indicate370

that the region underwent three major exhumation stages since the371

Mesozoic: Late Jurassic (160 Ma-150 Ma), this phase marks the first372

major exhumation stage in the area, with an average exhumation rate of373

ca. 45 m/Ma and an average cooling rate of ca. 2 ℃ /Ma. This374

exhumation corresponds to the early stages of the Yanshanian orogeny in375

the region, triggering reverse thrusting and imbrication, as evidenced by376
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the inversion results of all three samples; Early Cretaceous - Oligocene377

(130 Ma - 30 Ma), this stage represents a period of slow cooling, with an378

average exhumation rate of ca. 10 m/Ma and an average cooling rate of ca.379

1℃/Ma, suggesting the absence of significant tectonic events during this380

time. The timing and exhumation differences among the samples during381

this phase may reflect the varying effects of different episodes of the382

Yanshanian orogeny (stages II, III, and IV) on the region; Cenozoic (since383

ca. 30 Ma), The most recent exhumation stage is associated with the384

Himalayan orogeny, which caused further significant exhumation in the385

region, with an average exhumation rate of ca. 30 m/Ma and an average386

cooling rate of ca. 1.2 ℃/Ma.387

5.1.2 The TH region388

In the Taole-Hengshanbao part, two samples from well R6 have peak389

ages of 161 Ma, 146 Ma, 78 Ma, and 74 Ma, suggesting possible tectonic390

events during the Late Jurassic and Late Cretaceous. The thermal history391

models of both samples show similar results, indicating three phases of392

exhumation: Late Jurassic (155 Ma-145 Ma), a period of significant393

exhumation begins, with an average exhumation rate of ca. 48 m/Ma and394

an average cooling rate of ca. 2.4 ℃/Ma; Early Cretaceous - Oligocene395

(145 Ma-30 Ma), this phase is characterized by slow exhumation, with an396

average exhumation rate of ca. 7.5 m/Ma and an average cooling rate of397

ca. 0.3 ℃ /Ma; Cenozoic (ca. 30 Ma-present), a period of intense and398
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rapid exhumation occurs, with an average exhumation rate of ca. 25399

m/Ma and an average cooling rate of ca. 1 ℃/Ma. The ages recorded in400

samples R6-6 and R6-7 are basically the same. The slight differences in401

their AFT model results arise because R6-6 was located deeper, meaning402

it exited the partial annealing zone later than R6-7 during exhumation.403

This caused the AFT age constraints for R6-6 to be slightly younger. For404

the T1-5 sample, located in the THD, exhumation began at the end of the405

Early Cretaceous, with an average exhumation rate of ca. 50 m/Ma and an406

average cooling rate of ca. 2 ℃/Ma. This area previously had a complete407

sedimentary sequence and extensive sediment distribution, forming the408

thick Tianhuan syncline in the Ordos Basin (Zhao et al., 2007a).。409

The exhumation in this area is related to the exhumation in the410

neighboring Helanshan Mountain region and the intense faulting and411

subsidence in the Yinchuan Graben. The thermal history models of the412

two Helanshan Mountain samples (SZR-2 and YCB-11) also have a413

certain pattern in spatial and temporal distribution: The YCB-11 sample414

in the south entered a rapid cooling stage from the end of the Early415

Cretaceous to the Late Cretaceous (130 Ma-95 Ma), with an average416

exhumation rate of ca. 46 m/Ma and an average cooling rate of ca. 1.8 ℃417

/Ma, followed by slow cooling with an average exhumation rate of ca. 2.5418

m/Ma until the Eocene (~35 Ma), after which it rapidly exhumation to the419

surface, with an average exhumation rate of ca. 18 m/Ma and an average420
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cooling rate of ca. 0.7 ℃ /Ma. The northern SZR-2 sample, however,421

shows a delayed cooling history at essentially the same rate of422

exhumation, with cooling events occurring primarily after the Early423

Cretaceous. The exhumation pattern, with earlier exhumation in the south424

and later exhumation in the north, aligns with previous studies on the425

Helanshan Mountain region (Ma and He, 2019).426

5.1.3 The MH region427

In the southern, Majiatan-Huianbao part, two samples from well Z1428

(Z1-33 and Z1-34) indicate that exhumation in the well began during the429

Late Jurassic (ca. 160 Ma). Combined AFT and AHe inversion results430

show that sample Z1-33 experienced rapid exhumation between 158 Ma431

and 137 Ma, with an average exhumation rate of ca. 45 m/Ma and an432

average cooling rate of ca. 1.8 ℃ /Ma, followed by slower exhumation433

from 137 Ma to 110 Ma, with an average exhumation rate of ca. 13 m/Ma434

and an average cooling rate of ca. 0.52 ℃/Ma, and then entered another435

phase of intense exhumation between 70 Ma and 50 Ma, with an average436

exhumation rate of ca. 37.5 m/Ma and an average cooling rate of ca.437

1.5 ℃ /Ma. Sample Z1-34, constrained only by AFT data, shows438

large-scale exhumation starting from 160 Ma to 140 Ma, a slow439

exhumation phase from 140 Ma to 64 Ma, and then a rapid exhumation440

event. Since the temperature at 64 Ma is beyond the AFT-sensitive441

temperature range, the thermal history model of well Z1, especially for442
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the later stages of exhumation and cooling, is more reliably constrained443

by the dual-dating sample Z1-33. The AFT simulation of sample LT1-20444

reveals an exhumation event between 60 Ma and 55 Ma, with an average445

exhumation rate of ca. 60 m/Ma and an average cooling rate of ca. 4 ℃446

/Ma, and the AHe thermal history simulation of sample ZT2-18 similarly447

shows an exhumation event from 62 Ma to 52 Ma, with an average448

exhumation rate of ca. 65 m/Ma and an average cooling rate of ca. 6.5 ℃449

/Ma. This indicates an early Cenozoic tectonic cooling event in the450

region.451

5.2 Transformation of the Meso-Cenozoic Tectonic Regime and452

Regional Dynamic Background in the North-Central Western453

Margin454

At the end of the Paleoproterozoic, the Ordos Block formed and455

merged with the North China Craton. Following this, under an456

extensional tectonic environment, large-scale rifting occurred, creating457

northeast-trending rift troughs with some structural inheritance from the458

basement，which was covered by strata from different periods, including459

strata of the Proterozoic, Paleozoic, Mesozoic, and Cenozoic eras (Bao et460

al., 2019; Wang et al., 2019). In the early Palaeozoic, the Ordos region461

transitioned into a stable cratonic basin. During multiple marine462

transgressions and regressions, a set of widespread marine carbonate463

sediments, interbedded with clastic rocks, was deposited across the region.464
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The large-scale Caledonian orogeny caused a depositional hiatus between465

Ordovician and Carboniferous strata, resulting in an unconformable466

contact between the two. Since the late Palaeozoic, the Ordos Basin has467

begun the transition from sea-land intersection to terrestrial sedimentation,468

and the development of the North China marginal sea - coastal shallow469

sea sedimentary. During the Late Triassic to Early Cretaceous, the basin470

saw intracratonic fluvial-lacustrine sedimentation. Since the Late471

Cretaceous, the basin has entered a phase of overall exhumation and472

peripheral subsidence. From the late Mesozoic, the Ordos Basin became473

an independent sedimentary basin. Its sedimentary evolution has been474

primarily influenced by the Mesozoic-Cenozoic tectonic systems,475

undergoing multiple sedimentary cycles and exhumation-related476

transformations (Fig. 9).477

In the Triassic period, influenced by the Indosinian Orogeny, the478

Qinling-Qilian ancient ocean basin finally closed. The mountains collided479

and continued to compress, resulting in sedimentary hiatuses or erosion.480

Therefore, the Late Triassic and Early Jurassic strata were in parallel481

unconformable contact (Zhang et al., 2001). The Indosinian tectonic482

stress originated from the collision and docking of the South China Plate483

and the North China Plate during the Triassic period, resulting in a484

north-south stress field (Peng, et al., 2024).485

The Yanshanian orogeny was the primary tectonic deformation486
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period for the Ordos Basin, with the particularly intense compression487

deformation and exhumation erosion in the Late Jurassic. These488

movements caused the Jurassic and underlying sedimentary layers to489

become involved in widespread deformation, resulting in a clear angular490

unconformity with the overlying strata. This deformation was especially491

pronounced along the western margin of the basin, where much of the492

surface deformation that is observed today had already taken shape493

during this period (Darby and Ritts, 2002). The tectonic stress of the494

Yanshanian orogeny originated from the Tethys tectonic domain,495

eastward compression of the Alxa block, westward subduction of the496

Pacific plate, and closure of the Okhotsk Ocean.497
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498
Fig.9 Dynamic model diagram of the northern part of the western margin of499

Ordos Basin.(Modified from Zhang et al., 2021; Peng et al., 2022)500

In the Late Jurassic, the Yanshanian orogeny triggered the first major501

large-scale exhumation in the study area. During this period, the502

compressional forces that were primarily north-south oriented during the503

earlier Indosinian orogeny transitioned to an east-west orientation504

characteristic of the Yanshanian phase (Dong et al., 2007, 2008, 2021;505

Zhang et al., 2008). This tectonic exhumation event aligns with the peak506

ages obtained from fission-track at 170 Ma, 161 Ma, and 153 Ma. The507

tectonic evolution of this phase was controlled by several factors, notably508
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the southwest Tethys tectonic domain, eastward compression from the509

Alxa Block, and the closure of the Okhotsk Ocean in the north during the510

Late Jurassic (Zhao et al., 2023). Additionally, far-field effects from the511

subduction of the Pacific Plate played a role (Darby and Ritts, 2002, 2007;512

Faure et al., 2012; Liu, 1998; Yang et al., 2008; Zhang et al., 2020, 2021,513

2022; Zhao et al., 2023). Previous paleomagnetic studies revealed that the514

Ordos Basin was undergoing a counterclockwise rotation during this515

period (Zhao and Coe 1987; Zhang et al., 2000). These regional tectonic516

processes collectively shaped the large-scale exhumation and deformation517

seen during this period, marking a significant phase in the area's518

geological history. The comprehensive analysis of stress fields in the Late519

Jurassic indicates that multiple tectonic blocks around the Ordos Basin520

experienced subduction, collision, compression, and even mutual rotation.521

These interactions led to the folding and exhumation of Jurassic strata,522

accompanied by a series of imbricate thrust faults pushing from west to523

east (Zhao and Coe, 1987; Ma and He, 2019; Zhang et al., 2021, 2022). In524

the ZM region, the collision with the Alxa Block initiated significant525

exhumation, while in the MH region, the overall exhumation of the Qilian526

Mountains and its thrusting into the basin resulted in strong thrusting527

structures. This contributed to the earlier onset of exhumation in areas528

like ZM region and MH region. The compressional deformation shows a529

general pattern of stronger exhumation and deformation in the west and at530
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the margins, with weaker effects in the interior of the basin.531

The Early Cretaceous was a crucial period in the evolution of the532

Ordos Basin, the deep thermal material in the basin began to upwell.533

Northern China was under an extensional tectonic regime, linked to the534

broader lithospheric thinning and basin development of the North China535

Craton during this time (Ren et al., 2007, 2008, 2014, 2017, 2020, 2022).536

In the central Taole region, extensional faults from this period are537

observable in seismic profiles (Zhao et al., 2007a). Towards the end of the538

Early Cretaceous, the regional tectonic stress field reversed due to the539

multiple phases of the Yanshanian orogeny (phases II, III, IV). The area540

was simultaneously influenced by the northward collision of the Yangtze541

Plate and the far-field effects of the Pacific Plate. The northern region542

was affected by the closure of the Okhotsk Ocean, and the western region543

continued to experience direct compression from the eastward movement544

of the Alxa Block (Yang et al., 2008; Zhang et al., 2020, 2022; Zhao et al.,545

2023). The previously deposited strata experienced intensified folding546

and exhumation under compressional stress. This led to the formation of547

large-scale south-north-oriented thrust faults and imbricate thrust548

structures. At this point, the tectonic landscape of the study area is549

basically formed.550

During the Cenozoic, the tectonic deformation of the Ordos Basin551

was primarily driven by the collision between the Indian and Eurasian552
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plates. This is the primary cause of the closure of the Tethys Ocean and553

one of the responsible for the stresses applied in the region, with554

significant tectonic activity occurring during the Eocene to Miocene. The555

continued Himalayan orogeny caused strong tectonic movements in the556

region, leading to further exhumation of the strata. The strata557

predominantly displaying parallel and angular unconformities. This558

tectonic activity has significantly shaped the present-day landscape. The559

neighboring Alxa region, located at the northeastern edge of the Tibetan560

Plateau, was affected by the plateau's Cenozoic exhumation. Its561

deformation is closely linked to the evolution of the Tibetan Plateau562

(Zhang et al., 2023; Rao et al., 2016; Lei et al., 2022). Concurrently, the563

Pacific Plate continued its northwestward subduction during this period.564

Numerous geochronological records document the exhumation and565

northeastward expansion of the northeastern Tibetan Plateau during the566

Cenozoic, particularly in the Eocene and Miocene (England and567

Housemann, 1986; Wang et al., 2008; Lease et al., 2011, 2012; Craddock568

et al., 2011; Ding et al., 2022; Peng et al., 2019; Zhao et al., 2023; Zhang569

et al., 2020). Low-temperature thermochronology data, along with570

thermal history reconstructions constrained by AHe and AFT, reveal rapid571

exhumation during the Eocene to Miocene, likely a result of the far-field572

effects of the Cenozoic exhumation of the northeastern Tibetan Plateau573

and the northwestward subduction of the Pacific Plate.574
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Overall, the study area has undergone the Indosinian, Yanshanian,575

and Himalayan orogenies since the Mesozoic era. In the central-northern576

section of the western margin of the basin, especially during the577

Yanshanian period, the Alxa rigid block sandwiched between the South578

China and North China plates is squeezed out in a southeast direction,579

directly affecting the Helanshan Mountains and the northern part of the580

western margin of the basin, causing the stress direction to shift towards a581

nearly east-west direction.582

6 Conclusion583

(1) This study used apatite fission-track (AFT) and apatite (U-Th)/He584

(AHe) dating methods, combined with thermal history modeling, to585

precisely constrain the exhumation and cooling history of the586

central-northern sections of the western margin of the Ordos Basin. The587

analysis reveals significant differences in the timing and intensity of588

exhumation across different regions: ZM region experienced a large-scale589

exhumation during the Late Jurassic (160-150 Ma), slow exhumation at590

Early Cretaceous - Oligocene (130 Ma-30 Ma), and severe exhumation591

after Oligocene (30 Ma-); TH region began at Late Jurassic - Early592

Cretaceous (155 Ma-145 Ma), slowly exhumation at Early Cretaceous -593

Oligocene (145 Ma-30 Ma), and then violently exhumation; MH region594

experienced a significant exhumation at Late Jurassic - Early Cretaceous595

(158 Ma-137 Ma), with a slightly slower exhumation rate at 137 Ma-110596
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Ma, and entered a severe exhumation stage again at Late Cretaceous -597

Eocene (70 Ma-50 Ma). Overall, the northern and southern sections598

began earlier, while the central section initiated exhumation slightly later.599

These findings highlight the spatial variation in exhumation timing and600

rates within the western Ordos Basin.601

(2) The study reveals that the Yanshanian orogeny had the most602

significant tectonic impact on the study area. Multiple exhumation events603

during the Mesozoic are responses to the multi-phase Yanshanian orogeny604

in this region. Since the Cenozoic, rapid exhumation influenced by the605

Himalayan orogeny has shaped the current landscape.606
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