China Geology 8 (2025) 141-158

China Geology

Journal homepage: http://chinageology.cgs.cn

https://www.sciencedirect.com/journal/china-geology

Mesozoic multi-direction collision tectonic evolution of the Ordos Basin, China:
Insights from the detrital zircon and apatite (U-Th)/He analyses

Yin Chen® ", Jian-guo Li®", Lu-lu Chen® " ¢, Hua-lei Zhao™ "

* Tianjin Center of China Geological Survey, Tianjin 300170, China

® Key Laboratory of Uranium Geology, China Geological Survey, Tianjin 300170, China

¢ Cores and Samples Center of Natural Resources, China Geological Survey, Langfang 065201, China

4 Key Laboratory of Tectonics and Petroleum Resources, China University of Geosciences (Wuhan), Wuhan 430074, China

ARTICLE INFO

ABSTRACT

Article history:
Received 21 November 2022

Received in revised form 13 September 2023

Accepted 19 September 2023
Available online 13 January 2024

Keywords:

Zircon and Apatite (U-Th)/He
Tectonic evolution
Geochronology

Four stages of regional tectonic
Ordos Basin

Oil-gas-bearing basin
Multi-direction collision
Oil-gas exploration engineering
Mesozoic

The Ordos Basin (OB) in the western part of the North China Craton (NCC), was located at the jointed
area of multi-plates and has recorded the Mesozoic tectonic characteristics. Its tectonic evolution in the
Mesozoic is significant to understand the tectonic transformation of the northern margin of the NCC. In
this work, the detrital zircon and apatite (U-Th)/He chronological system were analyzed in the northern
part of the OB, and have provided new evidence for the regional tectonic evolution. The (U-Th)/He
chronological data states the weighted ages of 240-235 Ma, 141 Ma with the peak distribution of 244 Ma,
219 Ma, 173 Ma, 147-132 Ma. The thermal evolution, geochronological data, and regional unconformities
have proved four stages of regional tectonic evolution for the OB and its surroundings in the Mesozoic: (1)
The Late Permian-Early Triassic; (2) the Late Triassic-Early Jurassic; (3) the Late Jurassic-Early
Cretaceous; (4) the Late Cretaceous-Early Paleogene. It is indicated that the multi-directional convergence
from the surrounding tectonic units has controlled the Mesozoic tectonic evolution of the OB. Four-stage
tectonic evolution reflected the activation or end of different plate movements and provided new time
constraints for the regional tectonic evolution of the NCC in the Mesozoic.

North China Craton

©2025 China Geology Editorial Office.

1. Introduction

The Ordos Basin (OB) located in the western part of the
North China Craton (NCC), has experienced the multi-stage
tectonic evolution in the Mesozoic with a series of energy
resources (Liu CY et al., 2006; Chen G et al., 2007; Ren ZL et
al., 2020; Yu RA et al., 2021; Chen Y et al., 2022). It was
surrounded by the Yinshan-Yanshan Orogenic Belt (YOB),
Taihang-Liiliang Orogenic Belt (TLOB), Qilian-Qinling-
Dabie Orogenic Belt (QOB), and Liupanshan-Helanshan
Orogenic Belt (Fig. 1). Multiple energy resources, such as
oil/gas, coal, and uranium, are abundant and co-existing in the
basin (Deng J et al., 2005; Liu CY et al., 2006, 2009). The
studies on the Mesozoic evolution of the OB are significant to
understand the tectonic transformation of the NCC and the
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ore-forming process of energy resources.

Due to the exploration of muti-energy resources, the
lithostratigraphy structures, subsidence-uplift histories, and
tectonic evolution of the OB in the Mesozoic have been
investigated (Liu CY et al., 2006, 2009; Zhang YQ et al.,
2006, 2007; Ren ZL et al., 2020; Jin RS et al., 2020a). The
regional unconformities indicated the OB has experienced
seven episodes of tectonic events in the Mesozoic (Jin RS et
al., 2020b; Wang SM, 2017). Results of the zircon fission
track (ZFT) and apatite fission track (AFT) showed
multiphase tectono-thermal events developed in the
northeastern part of OB. The basin has experienced slow
barring and warming in the Triassic to Middle Jurassic.
While, the rapid uplift in the early stage of the Early
Cretaceous and the Late Cretaceous caused the differential
uplift and exhumation (Ding C et al., 2016; Wang JQ et al.,
2020). The analysis of oil/gas accumulation demonstrated the
peak maturity of source rocks to be in the Late Jurassic and
Early Cretaceous (Liu CY and Wu BL, 2016; Chen G et al.,
2013). The Early Cretaceous was the key period for the
development of intrusions, including the Heshitougou basalt

Copyright © 2025 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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Fig. 1. Regional location (a), geological map of the Ordos Basin (b), and the Mesozoic-Cenozoic stratigraphic column (c). A-B and C-D are
the locations of the profiles in Fig. 2. The red pentagrams are the locations of samples. The ages of Zijinshan intrusions from Chen G et al.,
2012, and the ages of Heshitougou basalt are from Zou HP et al., 2008.

in the northern part and the Zijinshan intrusion in the eastern
part (Ren ZL et al, 2020 and references therein). Three
tectonic sequences in the Mesozoic were recognized based on
the analyses of the Hangjinqi faults zone (Yang MH et al.,
2013, 2015). Based on the observation and analysis of paleo-
stress, Zhang YQ et al. (2006, 2011) have pointed out the Late
Mesozoic transition of compression and extension in the OB
and discussed the stress directions.

However, most of the above achievements were
concentrated on the evolution in the Late Mesozoic, especially
after the Jurassic. Only a few papers have stated the
convincing chronological data for the Early Mesozoic tectonic
evolution of the basin and the surrounding orogenic belts.
Besides, different research methods would record the
difference in the spatial-temporal distribution of the basin
uplift and denudation. As for the large-scale sedimentary
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basin, its long-time tectonic reworking and denudation would
record the significant tectonic events of the basin evolution
and the regional tectonic transformation (Liu CY and Wu BL,
2016). With the combined effect of the closure of the Paleo-
Asian Ocean, Tethys tectonic movements, and the subduction
of the Paleo-Pacific Ocean, it is recognized that the OB has
experienced muti-cycle evolution (Zhang YQ et al., 2011; Liu
CY and Wu BL, 2016). However, the detailed dynamic
mechanism and time of the tectonic events are still debated.

Generally, the low-temperature chronological dating can
provide different constraints on the thermal history of the
sedimentary basins or orogenic belts (Reiners PW, 2009;
Zhou ZY, 2014; Chew D and Spikings R, 2015; Malusa GM
and Fitzgerald GP, 2019). These chronological studies have
been widely used to explore and discuss the tectonic evolution
of the OB and its surroundings (Ehlers TA and Farley KA,
2003; Reiners PW et al., 2002, 2005; Zheng DW et al., 2000;
Chen G et al., 2007; van Soest MC et al., 2011; Ren ZL et al.,
2015; Chen Y et al., 2022; Tang XY et al., 2022), such as the
ZFT, AFT, zircon (U-Th)/He dating (ZHe) and apatite (U-
Th)/He dating (AHe). Especially, the apatite and zircon
Helium dating is widely applied to track the
thermochronology of basins, exhumation of rocks, and
orogenic evolution (Reiners PW, 2005; Cooper FJ et al.,
2011; Coble MA et al., 2017; Colleps C et al., 2018). (U-
Th)/He isotopic systems have relatively low closure
temperatures, 40—85°C for apatite (Helium Partial Retention
Zone, PRZ) (Warnock AC et al., 1997; Wolf RA et al., 1998;
Flowers RM et al. 2009; Gautheron C et al. 2009) and
130-210°C for zircon (Guenthner WR et al. 2013), compared
to the other major methods of thermochronology. They can
record many youngest tectonic events to build a systemic
evolution together with other chronological methods.

In this study, the ZHe and AHe analyses were performed
and provided important chronological data to track the
tectono-thermal evolution of the northern part of OB and the
YOB. Furthermore, the chronological data of the ZFT, AFT,
and “*Ar/*Ar, were collected and analyzed. The Mesozoic
evolution and regional motivation mechanism of the basin and
its surroundings are systematically discussed, which is crucial
for further recognizing the basin evolution in the Mesozoic.

2. Geological setting

The Ordos Basin is located at the western part of the
North China Craton, and is separated from the eastern part by
the TLOB (Fig. 1). The basin is regarded to be located in the
transitional zone between eastern China and western China.
There are six subunits including the Yimeng Uplift, Western
Fold-Fault Belt, Tianhuan Depression, Yishaan Slope, Jinxi
Flexural Belt, and Weibei Uplift in the OB (Fig. 1b).

The basin developed on the Archean and Lower
Proterozoic metamorphic basement and experienced multiple
evolutionary phases from Paleozoic marine sedimentation to
Mesozoic continental sedimentation to Cenozoic fault-
depression activity (Liu CY et al., 2006; Jiang L et al., 2016).

Since the Mesozoic, the sedimentation and tectonic evolution
of the OB have led to the formation of Triassic hydrocarbon
sources, Jurassic coal seams and uranium-bearing beds, and a
Cretaceous aeolian sedimentation system (Liu CY and Wu
BL, 2016; Miao PS et al., 2020; Chen Y et al., 2022). While a
series of regional unconformities were developed in the
Mesozoic successions (Fig. 1c).

The northern part of OB was separated from the
provenance of the YOB by the Cenozoic Hetao rift basin
(Figs. 1, 2). Since the Late Cretaceous, the northern part of
OB was in uplifted and suffered denudation (Liu CY et al.,
2006; Zhao JF et al, 2020). Influenced by the tilted
movement, the Triassic Yanchang formation, the Jurassic
Yan’an and Zhiluo formations, the Cretaceous Yijinhuoluo
and Dongsheng formations of Zhidan Group were exposed to
the surface and exhibited as an arc in the northeastern part of
OB (Figs. 1b, 2, 3). The NEE-trend Boerjianghaizi fault has
cut across the Cretaceous succession and its underlying layers
(Fig. 2; Yang MH et al., 2015). The Heishitougou basalt
intruded into the Lower Cretaceous Dongsheng Formation
with a “*Ar/*°Ar dating of 126 Ma (Zou HP et al., 2008). In
the eastern margin, the Zijinshan intrusions developed in the
Triassic successions and have the age of 136130 Ma (Chen
G et al.,, 2012). The oil/gas, coal, and sandstone-type uranium
deposits were preserved in the Late Paleozoic and Mesozoic
depositions (Liu CY and Wu BL, 2016).

3. Sampling and methods

Five samples were collected from the sandstone of the
Jurassic Yan’an, Zhiluo, and Anding formations in the
northern part of OB (Fig. 1b; Table 1). OF120 is the gray-
green siltstone from the Middle Jurassic Anding Formation.
OF87-1 and OF87-2 are the yellow calcareous medium
sandstones from the channel sand-body of the Middle Jurassic
Zhiluo Formation. OF112 is the yellow-green medium
sandstone from the top layer of the Middle Jurassic Zhiluo
Formation. OF126 is the gray medium-fine sandstone from
the Yan’an Formation (Fig. 1c). All apatite and zircon grains
were separated using standard crushing, sieving, and magnetic
and heavy liquid separation methods by the Yu-Neng
Technology Service Limited Company, Langfang, Hebei,
China. First, apatite and zircon were separated by using
standard density and magnetic separation techniques, and then
the grains with no inclusions and fractures were hand-picked
under a binocular microscope. The widths of the crystals are
generally between 68.3—154.6 um (Fig. 4a).

The (U-Th)/He analyses were performed at the Isotope
Thermochronology Laboratory, Chinese Academy of
Geological Sciences. Based on the purity, brightness and
morphology, the grains were hand-picked and wrapped up in
Platinum or Niobium capsules. The measure data of length
and width were calculated with alpha ejection correction (Fr;
Farley KA, 2002). The length and width were measured for
alpha ejection correction. The extraction and analysis of He
were carried out by the mass spectrograph of Alphachron II


https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068

144 Chen et al. / China Geology 8 (2025) 141-158

| rrrrrrrrrr Yinshan-Yanshan Orogenic Belt - } """"""" Hetao Rift Basin

Zhaertaishan Seertengshan Daqirllgshan

I Ordos Basin

1750 | |
/m

Boerjianghaizi Dongsheng

Falult

1500
Yellow River

1250

1000

750

Ar
(a)

500 \
0 50

150 260 238 km

IIl Quaternary Neogene Paleogene - Cretaceous Jurassic - Triassic - Cambrain-Permian
- Proterozoic Archean - Intrusion Faults

C JI8  YS1IP1
A A A

TWTT/s

Boerjainghaizi D
Y/I\O Fault J6

TWTT/s

Protezoic basement

Fig. 2. Geological profile of the northern part of the OB and the YOB (a) and the seismic profile of the Boerjianghaizi fault in the northern part
of the OB (b) (the seismic section was modified from Yang MH et al., 2013).

(1300°C for zircon, 900°C for apatite). The values of *He/*He
were determined by the Quadrupole Mass Spectrometer and
standardized by the “He standard gas. The apatite and zircon
grains were dissolved, and U and Th were measured by the
ICP-MS. The standard sample for zircon and apatite was the
Sri Lanka zircon [(U-Th)/He dating of 479.0 + 8.0 Ma] and
Durango apatite [(U-Th)/He dating of 31.541.4 Ma]
respectively. The detailed measured processes for zircon and
apatite (U-Th)/He were according to Sun JB et al., 2015,
2017. Five crystals from each sample were analyzed in this
work (Table 1).

For the (U-Th) /He dating, results are recognized to be
influenced by some factors, such as the U and Th
concentration difference, banding in the single crystal, size,
and structure difference of crystal, inclusion, o calibration,
and so on. Commonly, the dispersion of dating data caused by
the differences among crystals is much larger than the one
caused by the testing precision (Boyce JW and Hodges KV,
2005; Reiners PW and Nicolescu S, 2006). The dispersion of
ages was also affected by the geological process. The
effective uranium content (eU, U + 0.235 x Th, in 1076) and

cooling rate may be regarded as the major factors (Guenthner
WR et al., 2011, 2013), which even cause the dating data of
the ZHe and AHe are larger than the results of the fission
track analysis (Green PF and Duddy IR, 2006; Shuster DL et
al., 2006). eU would reflect the radiation damage and its
effects on the (U-Th) /He dating data or the detailed thermal
histories (Flowers RM et al., 2009; Shuster DL et al., 2006).

The high value of U, Th contents in the sample or
associated minerals would result in the generation and
accumulation of “He. The implantation of “He in the crystal
could cause the age to be older (Spiegel C et al., 2009;
Gautheron C et al., 2013; Murray KE et al., 2014). The effect
of o implantation is remarkable as eU<<5 pg /g, which can
also be indicated by the negative correlation between eU and
(U-Th) /He ages (Spiegel C et al., 2009). In this situation, the
20 pm coating of crystal should be removed to make the a-
ejection correction. Guenthner WR et al. (2011, 2013) also
pointed out that the positive or negative correlation between
eU and (U-Th) /He ages may exist due to the differences in
thermal histories and degrees of radiation damage.
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Fig. 3. Geological unconformities among the successions in the northern part of OB. a—Unconformity between the Carboniferous (C) and Tri-
assic (T) in the northeast of the Dongsheng, Inner Mongolia; b—unconformity between the Triassic Yanchang Formation (T;y) and Jurassic
Yan’an Formation (J;_,») in the northeast of the Dongsheng; c—unconformity between the Triassic Yanchang Formation (T;y) and Jurassic Yan’an
Formation (J;_,y) and the paleo crust of weathering in the northeast of the Dongsheng; d, e-unconformity between the Triassic Ermaying Form-
ation (T,e) and the Cretaceous Zhidan Group (K,z) in the northeast of the Dongsheng; f, g—unconformity between the Jurassic Zhiluo Forma-
tion (J,z) and the Cretaceous Zhidan Group (K,z) in the northeast of the Dongsheng; h—unconformity between the Jurassic Anding Formation
(J,a) and the Cretaceous Zhidan Group (K,z) in the northeast of the Yuling, Shaanxi; i—unconformity between the Lower Cretaceous Zhidan

Group (K,z) and the Neogene (N) in the north of the Dongsheng.

4. Results and interpretation

The results of the zircon and apatite (U-Th)/He analyses
are given in Table 1.

In this work, the zircon and apatite grains with a spherical
radius >70 pm and less of fluid inclusions were chosen. It
would improve correction accuracy and reduce the effect of a-
ejection correction and the “He diffusion (Vermeesch P et al.,
2012). There is no apparent correlation between (U-Th)/He
ages and other possible criteria, such as crystal size, or eU
content (Fig. 4). The data set includes crystals with a wide
range of sizes (equivalent sphere radius between 37.9 um and
106.8 um) and eU contents (ranging from 6.74x1076-502.34x
107®) (Table 1). This further indicates that the effect of o
implantation can be ignored, and the samples have
experienced rapid cooling histories (Guenthner WR et al.,
2014).

The ZHe dating ages ranged from 419-174 Ma with the
spreading summit in the Middle Triassic. The measured ZHe
ages are all older than the depositional age of the sampled
units (Table. 1), supporting that ZHe system has not been

reset after Late Jurassic. The ZHe system of samples has
recorded tectono-thermal histories of the provenance. Among
them, OF87-1 has a weighted average age of 243+8 Ma (3
grains) with the youngest age of 185 Ma. OF112 have a
weighted average age of 235+21 Ma (4 grains). OF120 have a
weighted average age of 236+24 Ma (5 grains). OF126 has a
weighted average age of 240+65 Ma (3 grains) with the
youngest record of 174 Ma. All samples exhibit a similar age
distribution pattern, which further states they have the same
provenance.

While the AHe data of OF87-2 have an age ranging from
195 Ma to 131 Ma with a weighted average age of 141+22
Ma (3 grains). The AHe mean age was younger than the
depositional age and supported that AHe system has not been
reset since the Late Cretaceous. Therefore, these data have
recorded the tectono-thermal events that lead to the strata
uplifting and denudation.

5. Thermal modeling

Inverse modeling of time-temperature (¢-7) histories for
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Table 1. AHe and ZHe analysis results of samples from the Jurassic successions in the northern part of the OB.
No. Sample ID 4Hencc +/— Total +/— Total +/— Th/U FT Mass/ Uncor. FT +/— Sphere Weighted +/—/
u/10°¢ Th/10°° factor pg Age/  Cor. Ma radius/ average Ma
Ma age/ pm Age/Ma
Ma
1 OF87-1-1 9.076 0.227  55.167 2.0675 36.3423 14285 0.68 0.781 5.9 197.06 252.45 8.08 589 243 8
Zr
OF87-1-2 144618 0.3616 288.3944 10.8145 175.7364 6.9007 0.63  0.688 2.2 163.49 237.7 672 413
Zr
OF87-1-4 12.6711 0.3168 142.3994 53311 45.843 1.8078 0.33  0.745 3.7 180.62 24237 7.69  50.1
Zr
OF87-1-3 53.0918 1.3274 459.5935 17.1803 181.8793 7.3096 0.41 0.783 59 145.13 18527 6.09  59.1
Zr
OF87-1-5 17.9463 0.4487 87.0791 3.2625 843196 3.3291 099 0.749 43 314.24 419.77 12.67 51.8
Zr
2 OF87-2-1 7.0203 0.1767 7.7751 0.1794 36.4222 0.7937 4.81 0.872 23.58 148.8 170.72 4.44 106.8
AP
OF87-2-2 1.7539 0.0439 8.6688 0.2047  9.0302 0.2025 1.07 0.827 8.18 161.98 195.75 5.13 757
Ap
OF87-2-3  3.0245 0.0757 29.425 0.681 42742 0.097 0.15 082 694 117.22 14294 391 70.4 141 22
Ap
OF87-2-4 0.3536  0.0089 5.2079 0.1273  6.5084 0.1514 128 0.768 3.76 11441 14894 3.64  56.6
Ap
OF87-2-5 0.4133 0.0104 6.1421 0.1474  3.8672 0.0904 0.65 0.788 4.63 103.86 131.86 3.4 60.8
Ap
3 OF112-1 284613 0.7116 60.7369 2.2705 78.5349 3.0769 133 0805 9 321.94 400.08 12.67 67.3
Zr
OF112-2 354048 0.8852 150.5019 5.6266 51.9941 2.0441 0.35 0816 9.1 193.51 237.15 822 694 235 21
Zr
OF112-3  79.1524 19789 342.7607 12.8471 230.1827 9.2378 0.69  0.766 8.6 189 246.87 7.74  55.1
Zr
OF112-4  70.7688  1.7693 240.0379 8.974 140.5338 5.5596 0.6 0.802 12.1 175.06 21826 7.21 65.1
Zr
OF112-5  188.1795 4.7045 489.8613 18.326 372.3527 14.5507 0.78  0.806 13.6 19447 24123 789  66.8
Zr
4 OF120-1  2.4991 0.0625 37.5213 1.4077 35.1803 1.392 096 0.709 2.6 169.76 239.51 6.78  44.7 236 24
Zr
OF120-2  14.1709 0.3543 322.3382 12.0566 115.4539 4.5295 0.37 0.674 2 166.3 24688 7.03 392
Zr
OF120-3  14.0932 0.3524 212.812 79767 82.6549 3.2476 04 072 238 179.34 249.03 7.57  45.7
Zr
OF120- 217972 0.545 416.5267 15.6242 208.4631 8.2195 0.51 0.684 2.6 148.45 21695 6.17  40.7
4Zr
OF120-5 20.2891 0.5073 296.1808 11.0786 86.854 34941 03 0.7 22 237.42 339.19 102 425
Zr
5 OF126-1  8.6293 0.2158 190.4437 7.1279 129.6713 5.0795 0.7 0.706 2.6 122.99 174.18 5 44
Zr
OF126-2  9.3808 0.2346 199.2274 7.4587 88.6545 3.5066 0.46  0.684 2.4 147.39 21541 6.16  40.6 240 65
Zr
OF126-3  8.8146  0.2204 235.4956 8.8724 113.8394 4.498 0.5 0.661 1.7 165.89 25093 6.94 379
Zr
OF126-5 12.4068 0.3102 277.7824 10.4128 118.8724 4.6795 0.44  0.681 1.8 180.91 265.57 7.61 40.2
Zr
OF126-4  0.0326  0.0009 357.0466 13.3535 148.3217 5.8107 043  0.681 1.8 038 056 0.02 402
Zr

Note: The weighted average ages were calculated by the bolded black data in the list of FT Cor. Ages.

(U-Th)/He datasets is common to recover the tectono-thermal
evolution and hydrothermal reheating. The HeFty 2.0.0
software package was used to model this thermal history of
the zircon and apatite grains based on the (U-Th)/He datasets
(Ketcham RA, 2005). Besides, the authors adopt the diffusion
model of Guenthner WR et al. (2013) for ZHe, and Farley KA
(2000) for AHe. The Monte Carlo statistical approach was

employed to test numerous random ¢-7 paths that go through
the constraint condition. The constraint conditions were
chosen according to the regional tectonic evolution stages,
deposition and burial history, and key thermal events (Fig. 5).
The constraint conditions were as follows: (1) As the samples
from the Jurassic successions ought to be exposed to the
surface as the sources before or in the Jurassic, the
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Fig. 4. Microscope photos of zircon and apatite selected for the (U-Th)/He dating (a), plots of corrected ZHe and AHe age versus effective

uranium content (eU) (b) and equivalent sphere radius (SR) (c).

temperature was limited to the scale of 0—40°C. (2) According
to the paleo-geotemperature recovery in Fig. 6 and the huge
thick deposition in the Cretaceous, the scale of temperature
from the Late Jurassic to Early Cretaceous was chosen from
0°C to 120°C. (3) Since the Late Cretaceous, the OB was
suffered from denudation with a little amount of Neocene
deposition, and the scale of temperature from the Late
Jurassic to Early Cretaceous was restricted from 0°C to 60°C.
(4) The paleo- and present mean surface temperature is
assumed to be 20°C. (5) The starting time of the thermal
history is selected as the maximum age recorded by the
crystals. In the modeling, the goodness-of-fit (GOF)
parameter was used to assess the fitness between the modeled
results and the analyzed data. The results were interpreted to
be acceptable when GOF was >0.05 and good when GOF was
>0.5 (Ketcham RA, 2005). For all samples, inverse thermal
history modeling was run for 10000 paths. Over 100 good
random time-temperature (#-7) paths were used to ensure that
the modeling was adequate.

The modeling results are shown in Fig. 5. Most of the
samples experienced a high initial temperature and rapid
cooling rate during the Late Permian to Early Triassic (ca.
290-245 Ma). Especially, the pattern of OF112 has been
exposed to the surface and kept a flat pattern until the Early
Jurassic. Influenced by the tectono-thermal events in the Late
Triassic to Early Jurassic, other samples were brought to the
surface as the source for the Jurassic deposition. Then all
samples were buried again with the huge thickness of Jurassic
and Early Cretaceous depositions. However the patterns of
OF87-1 and OF126 have recorded rapid cooling during the
Late Jurassic and Early Cretaceous. Meanwhile, the highest
temperature would be up to ca. 100°C. Except for OF87-1, the
thermal patterns showed rapid cooling from the Late
Cretaceous to the Early Paleocene. Besides, the thermal

histories of OF120 and OF126 also recorded the cooling in
the Miocene, which is not discussed in detail in this work.

6. Discussion

In the Mesozoic, the OB experienced complex and
episodic tectonic activities. Based on the analyses of thermal
evolution histories and paleo-geotemperature recovery, the
maximum buried depth of the Middle Jurassic Yan’an,
Zhiluo, and Anding Formations in the northern part of OB
were estimated to be up to ca. 1400-1800 m (Fig. 0).
According to the paleo-geothermal gradient, the highest
paleo-temperature would be 105-120°C (Fig. 6). Therefore,
the samples from the above formations have crossed the
closure temperature of AHe system, which recorded the
thermal evolution of the basin. On the other side, they still did
not cross the closure temperature of the ZHe system, which
has recorded the thermal events of the provenance.

To further understand the Mesozoic tectono-thermal
evolution of the northern part of OB and its surroundings, and
discuss the regional dynamic background, a series of thermal
chronological data were also collected and analyzed in this
work. Fig. 7 shows the location of these data including AFT,
ZFT, and “°Ar/°Ar. The contrastive analysis has been
conducted on the tectono-thermal evolution of the northern
part of OB, the western part of OB, the Helanshan orogenic
belt, the YOB, and the TLOB (Fig. 8). The ¢-T patterns of the
northern part of OB and the YOB have been built up. The
analysis data modeling results of this study, and other
geochronological data indicate that the northern part of OB
and the YOB have experienced the four stages of tectono-
thermal evolution in the Mesozoic.

6.1. Late Permian-Early Triassic

In the northern part of OB, ZHe dating ages from 4
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Fig. 5. Thermal history modeling results by using HeFTy. The purple and green curves represent the “good” and “acceptable” paths, and the

bold black curves represent the best-fit paths. AHe partial retention zone (PRZ) ranges from 40°C to 85°C; while ZHe PRZ from 130°C to
210°C. The red boxes are the constraint conditions for thermal modeling.

samples in the Jurassic Yan’an and Zhiluo Formation ranged
from 243 Ma to 229 Ma, which were older than the
depositional age (Table 1). The paleogeothermal gradient in
Fig. 6 indicated that all zircon grains did not experience the

cooling after deposition, and were regarded to still record the
thermal histories of the provenance. The thermal modeling
showed that all samples had experienced the rapid cooling
event during ca. 290-240 Ma. The intensive tectonic uplifting
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of the YOB in the Late Permian-Early Triassic was indicated and Cretaceous successions were collected, combined with
by the analysis of ZHe and AHe from the deposition in the the ages of the intrusions in the YOB (Fig. 9). Figs. 8 and 9

OB. show that the tectono-thermal event recorded by the ZHe
The samples from the deposition may record the system acted at ca. 244 Ma which was younger than the
geochoronological data of the units in the provenances intruding ages of the intrusions in the YOB at ca. 268 Ma.

(Dickinson WR and Gehrels GE, 2009; Thomas WA, 2011). Besides, the major mineralization ages in the YOB were also
The chronological data of detrital zircons from the Jurassic consistent with the activities of the thermal events and


https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068
https://doi.org/10.31035/cg20230068

150

R\

N \\Y
S@‘ée\gw‘ée\ g

Helanshan
n=58

Probability density

estern part of Ordos Basin
n=52

Probability density

400/Ma

ng-Lvlaing Orogenic Belt
n=109

Probability density

A

300 400/Ma

100

200

Chen et al. / China Geology 8 (2025) 141-158

W L\ SN
W g’ W g®
0.025 - ik S 3
Langshan-Yinshan
n=88
Z\. I
g
<
z
=)
8 I
[~}
I 300 400/Ma
stern part of Ordos Basin
n=143
b I
7]
g
]
z
=)
8 I
-
I 300 400/Ma
This work
n=25
i
g
<
z
=)
e '
=™
AJ
0 100 200 300 400/Ma

Fig. 8. Probability of chronological data in the northern part of OB and its surroundings (please see the references in Fig. 7 for the data

sources).

intrusion (Fig. 9). The #T cooling paths in Fig. 10 also
suggested the first rapid cooling event start during the Late
Permian-Early Triassic. These data have recorded the closure
of the Paleo-Asian Ocean with the massive magmatic events
and mineralization. The regional unconformity developed
between the Triassic and Carboniferous (Fig. 3a) also
presented this tectonic uplift in the northern part of OB.

The Late Permian-Early Triassic is the significant
development stage of the Central Asian Orogenic Belt
(CAOB) (Xiao WIJ et al., 2015; Imayama T et al., 2019;
Zhang C et al., 2020; Wang B and Zhao GC, 2021; Dang ZC
et al., 2022; Wang T et al., 2022; Ma YF et al., 2022). The
subduction and collision between the Siberia Plate and the

NCC caused the closure of the Paleo-Asian Ocean. The E-W
trending magmatic belt spread along the northern margin of
the NCC in the period of the Late Paleozoic to Early
Mesozoic, especially Triassic sodic granites of 246-236 Ma
responding to the collision, extrusion and thicken (Li S et al.,
2016; Wu D et al., 2021). The regional tectonic regime of the
OB and the YOB transferred from back-arc extension to
collision and extrusion, which drove the exposition of the
YOB and uplift of the Yimeng Uplift in the OB to be the new
provenances for the basin (Chen AQ et al., 2011; Chen QH et
al., 2012). Meanwhile, the marine depositional system in the
basin transferred to the continental depression sedimentary
system (Li JY, 2009; Zhang XH and Zhai MG, 2010; Zhao Y
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Fig. 9. Geochronological data distribution patterns in the northern
part of OB and the YOB. a-the AHe and ZHe data in this work;
b—detrital zircon U-Pb data from the Jurassic Zhiluo formation and
Zhidan Group (Stevens T et al., 2013; Chen Y et al., 2017) and intru-
sion Zircon U-Pb data from the YOB (Guo L et al., 2012); c—miner-
alization age in the YOB (Zhang HT et al.,1999; Nie FJ et al., 2002,
2005; Liu YF et al., 2011; Zhang YM et al., 2011; Zhang RR, 2015;
Li ZD et al., 2020; Wu HH et al., 2020; Zhang HD et al., 2021, and
references therein).

etal., 2017).

As a result, the tectonic evolution of the northern margin
of the NCC in the Late Permian-Early Triassic was
characteristic of the subduction and collision (Fig. 11a). Until
the closure of the paleo-Asian Ocean and development of the
Mongol-Okhotsk Ocean, compressional uplifts and thrusts
were widely developed along the YOB as the significant
sources for the deposition of the Mesozoic successions.

6.2. Late Triassic-Early Jurassic

The geochronological data of 218—171 Ma were recorded
in many grains (Table 1) and the thermal patterns (Fig. 5). It
stated that the YOB experienced continued cooling and
uplifting to be the major provenance. Unconformities

commonly developed above the Triassic Ermaying Formation
and Yanchang Formation. The paleo-weathering crust was
found in the Yanchang Formation and covered by the Middle
Jurassic Yan’an Formation (Figs. 3b—c). The chronological
data distributions in Figs. 8 and 9 stated that the Late Triassic
was the secondary peak age for the uplifting in the northern
part of OB and YOB. Fig. 10 shows the rapid cooling rate of
the YOB and OB in the Late Triassic-Early Jurassic.

During the Early-Middle Triassic, the northern part of OB
and the YOB were in the regime of post-collisional extension.
With the weak regional tectonic activities, the basin was in
subsidence and sedimentary (Liu CY et al., 2006). But in the
Late Triassic, the continuing collision along the northern
margin of the NCC, and the collision tectonics between the
NCC and South China Craton (SCC), have reached the peak
(Wang T et al., 2009; Wang XX et al., 2015; Zhang XM et al.,
2019; Zhang YQ et al., 2019). The movements drove the
regional tectonic system from extension to compression. As a
result, uplift and thrust widely spread in the YOB with the
uplift of the eastern part of the NCC (Peng ZM et al., 2009;
Yang MH et al., 2012; Liu S et al., 2013).

During 205-190 Ma, the OB has suffered the first large-
scale uplift and denudation (Wang JQ et al., 2020). At the end
of the Yanchang Formation, the Indosinian movement drove
the E-W-direction uplifting and denudation to form the
topographical relief in the Early Jurassic. Unconformities
laying under the Lower Jurassic succession were commonly
discovered in the Yungang-Pinglu basin, OB, Shiguai basin,
and Baotou basin (Figs. 1c and 3; Ma YS, 2001; Liu S et al.,
2013; Wang Y et al., 2017).

The OB and the YOB have experienced the transition
from the post-orogenic extension of the CAOB to the
subduction and compression of the Mongol-Okhotsk Ocean in
the Late Triassic-Early Jurassic (Fig. 11). Influenced by the
collision between the NCC and SCC, the strain state of the
OB was in the S-N-direction compression. A series of thrust-
nappe structures were developed in the YOB to be the major
source area. Although the arguments about the start time of
the subduction of the Paleo-Pacific Ocean still existed, it was
commonly recognized that the subduction would not be later
than the Early Jurassic (Xu WL et al., 2013; Wilde SA, 2015;
Zhang C et al., 2020) and with the E-W subducting direction
(LiuK etal., 2017).

6.3. Late Jurassic-Early Cretaceous

The tectono-thermal events were only recorded by the
results of the AHe analysis data in this work (Table 1). The
thermal modellings, statistical analysis of dating data have
recorded this rapid cooling event (Figs. 5, 6, 7, and 8). The t-T
patterns of Fig. 10 preserve that the OB and the YOB
experienced rapid cooling during the Late Jurassic-Early
Cretaceous. In the northern part of OB, the Lower Cretaceous
Zhidan Group conglomerate was developed, and has an
unconformity with the Middle Jurassic Zhiluo and Anding
formations (Figs. 3f—h), which indicated the rapid uplift of the
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During the Late Jurassic—Early Cretaceous, the OB was Influenced by the NW-direction high-speed and low-angle
affected by a tectonic compressive regime with an subducting of the Paleo-Pacific Plate, the paleogeography of
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the NCC underwent a major transformation (Liu YQ et al.,
2015; Li SZ et al., 2019; Zhu RX and Xu YG, 2019; Zhang C
et al., 2020). The TLOB started to become the highlands and
further resulted in the deposition center transferring from the
southern to the western part of the basin (Liu CY et al., 20006;
Zhao JF et al., 2020). The large-scale thrust-nappe structures
developed in the YOB (Zheng YD et al., 1998; Xu ZY et al.,
2001; Liu ZH et al., 2003). Accompanied by the closure of the
Mongol-Okhotsk Ocean, a series of Late Jurassic—Early
Cretaceous plutons spread in the YOB. It was also a
significant mineralization period in the YOB (Fig. 9c¢).

The Late Jurassic—Early Cretaceous is commonly
recognized as a significant transitional phase of tectonics in
East Asia and is in the background of multi-direction collision
(Dong SW et al., 2015; Jiang L et al., 2016). It was also
addressed to be the key tectonic event for basin evolution
(Chen G et al., 2007). The Mongol-Okhost Ocean closed with
the orogenesis in the northern margin of the NCC (Dong SW
et al., 2015; Cogné JP et al., 2005; Arzhannikova AV et al.,
2020). East Asia began to be dominantly influenced by the
subduction of the paleo-Pacific plate (Dong SW et al., 2015;
Zhu G et al., 2015), and the Lhasa Block and Indian Plate
moved northward toward the Eurasian Plate (Xu ZQ et al.,
2006; Song DF et al., 2018). Then, the OB was mainly under
the NW-SE direction compressional conditions (Zhang YQ
and Liao CZ, 2006; Zhao JF et al., 2020).

6.4. Late Cretaceous- Early Paleogene

This cooling event was exhibited by the thermal evolution
paths of samples expect of OF87-1 (Fig. 5). All
geochronological data in the OB and its surroundings also
have the peak ages in the Late Cretaceous—Early Paleogene
(Figs. 7 and 8). The outcrops in the northern part of OB have
shown an unconformity between the Lower Cretaceous red
sedimentary system and the Neogene calcium cemented
sedimentary system (Fig. 31). Furthermore, the OB was absent
of the deposition of the Upper Cretaceous, which also proved
the significant tectonic activity to drive the uplift of the basin
in the Late Cretaceous (Figs. 1c and 10).

During the Late Cretaceous—Early Paleogene, the OB
experienced regional exhumation, with the stress field shifting
from extension to compression (Zhang XH and Zhai MG,
2010; Shi W et al., 2006; Ren XM et al., 2015). Since the Late
Cretaceous, the East Asian continent began to experience the
subductions of the Neo-Tethys Ocean from the southwest and
the Paleo-Pacific Ocean from the east (Li JY, 2009; Suo YH
et al.,, 2020). The Indian Plate began to collide with the
Eurasian Plate (Jolivet M et al., 2001; Zattin M and Wang X,
2019; Yi ZY et al., 2022). The subduction direction of the
Paleo-Pacific plate transferred from NW in the Early
Paleogene to NNW after the Neogene (Ge XH et al., 2014;
Cheng YH et al., 2018). Influenced by the subduction from
the Paleo-Pacific Plate in the east and the collision from the
Indian Plate in the southwest, The OB remained in a long-
term condition of basin-scale uplifting and exhumation since
the Late Cretaceous (Ren ZL et al., 2015; Liu CY and Wu BL,

2016). Some previous works on sandstone-type uranium
mineralization also proved that this cooling event controlled
their peak metallogenic process in the OB (Wang SY et al.,
2020; Chen Y et al., 2022).

7. Conclusions

Based on the tectonic and geochronology analysis of the
northern part of the OB, the regional dynamic background in
the Mesozoic was further discussed. The results were helpful
to understand the tectonic transformation of the NCC and
multi-direction collision of plates in the Mesozoic.

The geochronological data of AHe and ZHe analyses from
the Jurassic successions in the northern part of OB present to
have weighted ages of 240 Ma—-235 Ma, and 141 Ma with the
peak distribution of 244 Ma, 219 Ma, 173 Ma, 147 Ma-132
Ma.

Combined with the thermal models, the regional
unconformities, and the geochronological data of AFT, ZFT,
and “°Ar/*°Ar in the northern part of OB and its surroundings,
four stages of regional tectonic evolution for the OB and the
YOB were confirmed in the Mesozoic.

In the Late Permian-Early Triassic, The OB and The YOB
were major influenced by the closure of the paleo-Asian
Ocean and the orogenic process of the CAOB. In the Late
Triassic-Early Jurassic, they experienced the transfer from the
post-orogenic extension of the CAOB to the subduction and
compression of the Mongol-Okhotsk Ocean. Influenced by
the collision between the NCC and SCC, the S-N-direction
compression caused the uplift and thrust in the OB and YOB.
In the Late Jurassic-Early Cretaceous, the closure of the
Mongol-Okhost Ocean and subduction of the paleo-Pacific
Plate were the major regional tectonic regime. Uplift and
orogenic processes widely developed surround the OB and
lead to the decrease of the deposition scale. In the Late
Cretaceous- Early Paleogene, influenced by the subduction
from the Paleo-Pacific Plate and the collision from the Indian
Plate, the OB suffered from a long-term basin-scale uplifting
and exhumation.

In summary, the multi-direction collision controlled the
tectonic evolution of the OB in the Mesozoic. Four stages
may reflect the activation or end of different plate
movements.
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