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Abstract: The contractional structures in the southern Ordos Basin recorded critical evidence for the
interaction between Ordos Basin and Qinling Orogenic Collage. In this study, we performed apatite
fission track (AFT) thermochronology to unravel the timing of thrusting and exhumation for the
Laolongshan-Shengrengiao Fault (LSF) in the southern Ordos Basin. The AFT ages from opposite sides
of the LSF reveal a significant latest Triassic to Early Jurassic time-temperature discontinuity across this
structure. Thermal modeling reveals at the latest Triassic to Early Jurassic, a ~50°C difference in
temperature between opposite sides of the LSF currently exposed at the surface. This discontinuity is
best interpreted by an episode of thrusting and exhumation of the LSF with ~1.7 km of net vertical
displacement during the latest Triassic to Early Jurassic. These results, when combined with earlier
thermochronological studies, stratigraphic contact relationship and tectono-sedimentary evolution,
suggest that the southern Ordos Basin experienced coeval intense tectonic contraction and developed a
north-vergent fold-and-thrust belt. Moreover, the southern Ordos Basin experienced a multi-stage
differential exhumation during Mesozoic, including the latest Triassic to Early Jurassic and Late
Jurassic to earliest Cretaceous thrust-driven exhumation as well as the Late Cretaceous overall
exhumation. Specifically, the two thrust-driven exhumation events were related to tectonic stress
propagation derived from the latest Triassic to Early Jurassic continued compression from Qinling
Orogenic Collage and the Late Jurassic to earliest Cretaceous intracontinental orogeny of Qinling
Orogenic Collage, respectively. By contrast, the Late Cretaceous overall exhumation event was related to
the collision of an exotic terrain with the eastern margin of continental China at ~100 Ma.

Key words: fission track thermochronology, thermal history modeling, thrusting and exhumation, Ordos
Basin, Qinling Orogenic Collage

1 Introduction

The process of tectonic stress propagation from the
orogen to the adjacent stable plates is well known and has
been applied to interpret the deformation and evolution of
the transition zones between orogen and adjacent stable
plates (Holford et al., 2009; Li et al., 2010; Merten et al.,
2011; Tian et al., 2012; Gautheron et al., 2013; Savignano
et al., 2016; Zhao Xiaochen et al., 2016; Bande et al.,

* Corresponding author. E-mail: wjq@nwu.edu.cn

2017; Yang et al., 2017; Zhang Beihang et al., 2017).
Therefore, the original deformation characteristics of the
transition zones provide critical evidence for the
interaction between orogen and adjacent stable plates
through time and space (Witt et al., 2012; Dielforder et al.,
2016). Unfortunately, the original deformation records of
the transition zones are not always completely preserved
due to the later tectonic superposition and/or erosion
(Giorgis et al., 2017). This makes it is challenging to
thoroughly unravel the interaction between orogen and

© 2018 Geological Society of China



Aug. 2018

ACTA GEOLOGICA SINICA (English Edition)

http://www.geojournals.cn/dzxben/ch/index.aspx

Vol. 92 No. 4 1335

http://mc.manuscriptcentral.com/ags

adjacent stable plates.

From the perspective of tectonic geomorphology, the
Mesozoic Ordos Basin is separated from the Qinling
Orogenic Collage by the Cenozoic Weihe Graben to the
south (Du Jianjun et al., 2017; Meng Qingren, 2017).
Therefore, most of original deformation records regarding
the pre-Cenozoic interaction between the Qinling
Orogenic Collage and Ordos Basin have been deeply
buried beneath the Weihe Graben by Cenozoic intense
subsidence. Fortunately, the southern Ordos Basin seems
to preserve some pre-Cenozoic deformation records
mostly as contractional structures, e.g. thrust fault and
fold, although some studies argued the exhumation of the
southern Ordos Basin was mainly caused by the tilting of
rift shoulder related to the evolution of Cenozoic Weihe
Graben (Wang Jiangiang et al., 2015). In addition, other
studies (Chen Gang and Zhou Dingwu, 1994; Zhou
Dingwu et al., 2002) have linked these contractional
structures to the Middle Paleozoic collision of the North
China Plate and the South Qinling along the Shangdan
Suture (Meng and Zhang, 1999, 2000) or to the Late
Jurassic to Early Cretaceous intracontinental orogeny due
to the southward intracontinental subduction of the North
China Plate beneath the Qinling Orogenic Collage and
continuously northward subduction of the South China
Plate (Dong et al., 2016). Obviously, the timing of
deformation of these contractional structures is still
amphibolous and hampers efforts to better understand the
interaction between the Qinling Orogenic Collage and
Ordos Basin.

Determination of timing of crustal deformation is
always challenging, especially when deformation-related
strata are poorly preserved (Duvall et al., 2011). Low-
temperature thermochronology, including *He/*He, (U-
Th)/He, fission track, and A Ar thermochronology,
has emerged as a useful method based on the thermal
effect of crustal deformation (Ehlers et al., 2001; Tagami,
2005, 2012; Zheng et al., 2006; Gautheron et al., 2013;
Wang et al., 2014; Maino et al., 2015; Giorgis et al., 2017,
Sueoka et al., 2017). Apatite fission track
thermochronology has been proven to be an effective tool
for dating rock exhumation that accompany fault activity
(West and Roden-Tice, 2003; Fitzgerald et al., 2009; Ring
and Bernet, 2010; Blythe and Longinotti, 2013; Tremblay
et al., 2013). For most apatite samples, fission tracks are
fully retained at temperature below 60°C, whereas they are
only partially retained between 60°C and 120°C (apatite
partial annealing zone, APAZ) with a mean closure
temperature of 110°(+10)°C (Gleadow et al., 1983; Green
et al., 1989). If no apparent displacement has occurred
across the fault zone, then the AFT ages should be zero for
the same buried depth in both the foot-wall and hanging-

wall samples buried below the APAZ. However, if the
foot-wall and/or the hanging-wall rocks exhumed the
closure temperature due to fault activity, then the AFT
thermometer will work and record the timing for faulting
(Zheng et al., 2006; Tremblay et al., 2013; Cheng Xiaogan
etal., 2016).

Although several AFT thermochronological studies
have been applied to the southern Ordos Basin during the
last decade (Chen Gang et al., 2007; Wang Jianqiang et
al., 2010; Xiao Hui et al., 2013; Ren Zhanli et al., 2015;
Huang Zhigang et al., 2016; Qi Kai et al., 2017), less
attention has been devoted to dating the poorly constrained
contractional structures. For this study, we focus on the
Laolongshan-Shengrenqiao Fault (LSF) cropping out in
the southernmost portion of the Ordos Basin. The LSF has
been interpreted as a result of Yanshanian intracontinental
deformation (Chen Gang and Zhou Dingwu, 1994) or a
boundary of the Indosinian-Yanshanian Qinling Orogenic
Collage and North China plate (Zhou Dingwu et al.,
2002). Here we use AFT thermochronology to constrain
the timing of deformation of the LSF. The results will help
us determine the timing and displacement of the LSF and
understand the interaction between the Qinling Orogenic
Collage and Ordos Basin.

2 Geological Background

2.1 Tectonic setting

The Ordos Basin, located in the western block of the
North China Plate/Craton (NCC), is the second largest
sedimentary basin in China, encompassing an area of
about 250, 000 km’. It is surrounded by the Qinling
Orogenic Collage in the south, the Yinshan-Yanshan
tectonic belt in the north, the Lvliang Mountain in the east,
the Qilian Orogenic Collage in the southwest (Fig. 1). The
Ordos Basin is a large intraplate basin with multi-stage
evolutionary history (Ritts et al., 2009).

After the cratonization of the NCC at
approximately 1.82 Ga (Zhai Mingguo, 2011; Liu Chaohui
et al., 2012), the Ordos area began to develop sedimentary
cover (Lu et al., 2008) and experienced multiple tectono-
sedimentary  evolutionary  phases. = The  Meso-
Neoproterozoic volcaniclastic and carbonate sediments are
the first sedimentary cover in the Ordos area during
intracontinental rifting and aulacogen development period
(Zhai et al.,, 2014; Chen Youzhi et al.,, 2016; Gong
Wangbin et al., 2016). Subsequently, the Ordos area
experienced a long-term denudation (He et al., 2017) and
then stepped into a cratonic evolutionary stage during the
latest Neoproterozoic to Early Paleozoic (Yang et al.,
2005; Bai Yunlai et al., 2013). During the Middle
Ordovician to Early Carboniferous, the Ordos area

finial
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Fig. 1. Regional tectonics and Mesozoic-Cenozoic basins distribution of the North China Plate and its adjacent regions (modified

from Darby and Ritts, 2002) (China basemap after China National Bureau of Surveying and Mapping Geographical Information).
KL, Kunlun Orogenic Collage; NC, North China; Q-D, Qinling-Dabie Orogenic Collage; QL, Qilian Orogenic Collage; SC, South China; TLF, Tancheng-

Lujiang Fault; NJB, Ningwu-Jingle Basin; DTB, Datong Basin.

experienced a long-term of uplift and denudation again
(Yang et al., 2005). Then, it subsided and evolved as an
intracratonic basin during the Late Paleozoic to Middle
Triassic (Yang et al., 2015; Yang Minghui et al., 2015).
During latest Middle Triassic to Late Triassic, tectonic
differentiation of the NCC occurred initially, as evidenced
by the denudation of the eastern NCC and the rapid
subsidence of the Ordos Basin (Liu Chiyang et al., 2008;
Zhao Junfeng et al., 2009; Yang Minghui et al., 2015).
After the latest Triassic to Early Jurassic uplift, tectonic
differentiation of the NCC further strengthened and the
Middle Jurassic to Early Cretaceous subsidence of Ordos
Basin was interrupted by a transient tectonic uplift event at
the Late Jurassic (Liu Chiyang et al., 2008; Zhang
Yueqiao et al., 2011; Yang Minghui et al., 2015). Later,

the convergence of the Pacific Ocean Plate and the Indian-
Australian Plate toward the FEurasia Plate further
complicated the Ordos Basin, and as such most of this
region lacks Late Cretaceous to early Miocene sediments,
except for the western part (Li and Li, 2008). Contrary to
the hinterland of Ordos Basin, its periphery experienced
intense rifting during Cenozoic, resulting in the formation
of the grabens.

2.2 The southern Ordos Basin and the LSF

The southern Ordos Basin is separated from Qinling
Orogenic Collage by Cenozoic Weihe Graben to the south.
This area has been deeply influenced by the pre-Cenozoic
multi-cycle orogenesis of Qinling Orogenic Collage
(Meng and Zhang, 1999, 2000; Dong et al., 2016), as
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indicated by polyphase contractional structures (Chen
Gang and Zhou Dingwu, 1994). The E-W-trending LSF,
cropping out in the southernmost portion of the Ordos
Basin, is a polyphase fault (Fig. 2a), which experienced
pre-Cenozoic tectonic contraction and Cenozoic negative
inversion (Yang Chenyi, 2015). The hanging-wall of the
LSF consists of a series of N-vergent folds and thrusts in
Paleozoic rocks, while the foot-wall consists of
undeformed Triassic rocks (Fig. 2). In addition, the
hanging-wall of the LSF is separated from the Cenozoic
Weihe Graben by the Kouzhen-Guanshan Fault (Figs. 2a-
b). Due to the lack of the constraints from overlying
younger undeformed strata, the E-W-trending LSF has
previously been interpreted as a part of Yanshanian
tectonics (Chen Gang and Zhou Dingwu, 1994), which is
usually characterized by ENE-SSW-trending thrusts and
folds (Qi Kai et al., 2017).

2.3 Previous AFT thermochronological work

Previous thermochronological studies (Chen Gang et
al., 2007; Wang Jianqiang et al., 2010; Xiao Hui et al,,
2013; Ren Zhanli et al., 2015; Huang Zhigang et al., 2016;
Qi Kai et al., 2017) have reported a few AFT data aiming

to constrain the exhumation processes of the southern
Ordos Basin. Reviewing and compiling the reported AFT
data, we found that some of them failed the x2 test,
suggesting that the reported apparent ages could not
constrain the timing of exhumation although they are
significantly younger than the corresponding depositional
ages. In Fig. 3, we summarized published AFT data with P
(x*) >5% and the apparent age younger than the
corresponding depositional age. The previously published
AFT data were mainly distributed in the foot-wall of the
LSF, and only one sample (Kz-2a) was collected from the
hanging-wall. The wide range of the reported AFT ages
(38—125 Ma) suggest various magnitudes of exhumation
affecting different parts of the southern Ordos Basin. In
addition, it is worth noting that the AFT ages from
opposite sides of the LSF at Kouzhen section, 63 Ma for
the foot-wall sample (Kz-1) and 59 Ma for the hanging-
wall sample (Kz-2a), are almost equal. However, our two
unpublished apatite (U-Th-Sm)/He ages from the hanging-
wall samples of the LSF at Kouzhen section are 57.4 Ma
and 63.7 Ma, implying that the previously published AFT
data for the hanging-wall sample (Kz-2a) of the LSF is
suspicious. We seek to get accurate AFT ages from

(a)

o

Fig. 2. (a), Schematic cross section showing deformation characteristics of the LSF at Kouzhen section (modified from
Chen Gang and Zhou Dingwu, 1994); (b), The Kouzhen-Guanshan Fault (KGF), the northern boundary fault of Cenozoic
Weihe Graben, and the normal fault in the hanging-wall of the LSF; (c), N-vergent thrust in the hanging-wall of the LSF;

(d) and (e) Recumbent folds in the hanging-wall of the LSF.
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Fig. 3. Digital elevation model (DEM) and previous published AFT data of the southern Ordos Basin.

AFT age data are sourced from Chen Gang et al. (2007), Wang Jiangqiang et al. (2010), Huang Zhigang et al. (2016) and this study. HF, Hancheng Fault;
HPF, Huashan Piedmont Fault; NMF-WLT, North Margin Fault of the Weinan Loess Tableland; BPF, Beishan Piedmont Fault; QPF, Qinling Piedmont
Fault; KGF, Kouzhen-Guanshan Fault; WF, Weihe Fault; QMF, Qishan-Mazhou Fault.

opposite sides of the LSF and to provide
thermochronological constraints on the timing and
displacement of the LSF.

3 Samples and Methods

In general, the timing of tectonic contraction and
associated hanging-wall exhumation is synchronous with
the onset of rapid cooling. Therefore, reasonable sampling
for low-temperature thermochronology study could
provide the tightest constraint on timing of tectonic
contraction and thrust fault activity. In this study, 9
sandstone samples (Table 1; Fig. 3), 3 kg each, were
collected from both hanging-wall and foot-wall of the LSF
in the southern Ordos Basin. Enough apatite grains for
AFT analysis were successfully separated from 4 of 9
samples, using standard heavy liquid and magnetic
separation techniques. Three of them were collected at the
Kouzhen section, including two hanging-wall samples and

one foot-wall sample; while another foot-wall sample is
located 100 km apart from Kouzhen section, albeit seemed
slightly distant, deformation structure between them can
be ruled out due to the lack of transverse structure in the
southern Ordos Basin (Zhou Dingwu et al., 2002; Qi Kai
et al.,, 2017). According to apatite yields and quality,
apatite fission track analysis was conducted on four
samples by LA-ICP-MS method at University of
Melbourne, following analytical details based on Gleadow
et al. (2015). Experimental procedures for this method are
described briefly below.

Apatite grains were mounted in epoxy resin on glass
slides. Mounts were then ground to expose internal grain
surfaces and polished to an optical finish, prior to etching
in SN HNO; for 20 seconds at 20°C to reveal the fossil
tracks. The polished and etched mounts were also coated
with a thin Au film (~10 nm) to enhance the surface
reflectivity and minimizes internal reflections under the
microscope (Gleadow et al., 2009). Apatite grains with c-

Table 1 Sample information for low temperature thermochronology in the southern Ordos Basin.

Sample ID Lithology Strata Longitude (E) Latitude (N) Elevation (m)
WB4 Sandstone Lower Triassic 108°40'59" 34°44'38" 674
WB5 Sandstone Upper Permian 108°4129" 34°44'11" 652
WB6 Sandstone Lower Permian 108°41'31" 34°44'07" 649
WB8 Sandstone Upper Permian 109°43'07" 35°13'34" 524
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axes lying horizontally in the plane of the polished
surface, relatively homogeneous track distributions, with
minimal dislocations and other surface imperfections,
were selected for counting using circular polarised light
and an automated grain detection option in TrackWorks.
Reflected and transmitted light digital image sets were
then captured autonomously and analyzed offline using
FastTracks image processing software. Spontaneous
fission tracks were counted automatically using the
coincidence mapping procedure described by Gleadow et
al. (2009) and then manually corrected as necessary. The ¢
determined automatically and
corrected manually as necessary. Average Dpar values
(Donelick et al., 2005) for all single track etch pits were
also determined automatically. Confined track length
measurements were made on c-axis parallel grains as true
3D lengths using captured digital images. Confined
lengths were measured per sample as more as possible.
3Cf tracks were implanted into polished grains to
enhance the number of confined track intersections below
the surface (Donelick and Miller, 1991). After counting,
uranium concentrations were measured by LA-ICP-MS
using a New Wave UP-213 Quintupled Nd: YAG Laser
Microprobe and an Agilent 7700X ICP-MS. For each
apatite grain a laser spot of 30 um diameter was ablated to
a depth of ~8 pm in a ‘Supercell” under He, with Ar as the
carrier gas. The 213 nm laser was used with a pulse rate of
5 Hz and 45% power giving an energy density of 2.3 J/cm®
at the target. Measurements were made on the ~**U/*Ca
ratio against glass (NIST612) and a homogenized and
recrystallized Mud Tank Carbonatite apatite standard.
Repeat analyses of a Durango apatite reference crystal
were also included with the FCT runs as an additional
internal standard. Lastly, fission track ages were
calculated from the spontaneous track densities and single
grain 2*U concentrations as described by Hasebe et al.
(2004).

To help interpret the AFT data, thermal history
modeling was performed using the inverse Monte-Carlo
modelling approach of HeFTy 1.9.1 (Ketcham, 2005),
which uses the Kolmogorov-Smirnov test to assess the fit
between modeled and measured data (Ketcham, 2005),
thus ruling out the inappropriate models (Vermeesch and
Tian, 2014). In this study, AFT data are modeled using the
multi-kinetic annealing model of Ketcham et al. (2007),

-axis direction was

with Dpar values as a kinetic parameter. Depending on the
AFT data (i.e. ages and lengths) and the geological
evolution of the southern Ordos Basin, constraints used for
inversion modeling were as follow: (a) The starting time
was constrained by the deposition ages of the rock
samples and assuming that the paleo-surface temperature
was 20+10°C; (b) A broad temperature constraint of 120—
180°C was set at a time older than the corresponding
apparent AFT age; and (c) A present-day mean surface
temperature of 20£10°C provided the final constraint.
These pre-modeling settings always contain large
uncertainties in order to give the inversion algorithm
sufficient freedom to search for a wide range of possible
thermal histories. In this study, inverse modeling was run
randomly until 500 good paths were obtained, which
resulted in >4000 acceptable paths, such that sufficient
model paths were available to clearly differentiate
between “good fit” and “acceptable fit” solutions.

4 Results

4.1 AFT data

The AFT data set including age, length, and Dpar are
presented in Table 2. Radial plots of single grain age data
are illustrated in Fig. 4. The AFT ages range from
72.0+4.8 to 183.849.8 Ma, and all are significantly
younger than their stratigraphic ages and therefore
considered to have been fully thermally reset. All samples
passed the y* test (Galbraith, 1981), showing the
homogeneity of the grain age population. Spreading of
individual grain ages may result from different chemical
compositions of the apatite grains, although there is no
clear correlation between Dpar values and AFT ages (Fig.
5). The mean Dpar values vary between 1.45 pm and 1.72
um, indicating fairly similar chemical compositions with a
low resistance to annealing (Ketcham et al., 1999). The
mean length of confined tracks ranges between 11.9+0.2
pm and 12.5+0.4 um, with standard deviations of 0.13 to
2.29 pm, suggesting a slow exhumation or a prolonged
residence in the APAZ.

The AFT ages for the hanging-wall and foot-wall
samples from across the LSF are distinctly different and
are out of analytical error, indicating that they have
experienced contrasting exhumation history. Hanging-wall
samples, WBS5 and WB6, yielded AFT ages of 169.2+8.8

Table 2 LA-1ICP-MS-based AFT data for sandstone samples from the southern Ordos Basin

No. of s o Pooled 3y D, o Pooled age P( 2) Dispersion Central age Mean trackLength
Sample ID — bog Ns o ps(Q07em?) o) (upm) (Mailcg) (‘;E ) (&)) (Mailc% fength (wm + se) s um)
WB4 6 311 7.3054 23.09+12.77 1.45 72.0+4.8 21.06 0 72.6+4.6 2 12.5+0.1 0.13
WBS5 16 1920 13.0309 17.16£11.22 1.50 169.2+48.8 15.93 12 172.9+7.6 71 11.9+0.2 1.66
WB6 12 941 20.2514 23.42+15.87 1.68 183.849.8  24.05 5 185.6+7.9 25 12.3+0.4 1.89
WBS 21 2174 17.8349 46.58+36.43 1.72 81.5+5.4 45.43 26 81.3+£5.3 27 12.5+0.4 2.29

Note:Ns = number of spontaneous tracks counted; ps = spontaneous track density; Dps- = long axis of track etch pit; Niengn= number of lengths measured; se =

standard error.
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Fig. 4. Radial plots of calculated AFT cooling ages for samples in this study.
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Ma and 183.849.8 Ma, respectively, while the foot-wall
samples, WB4 and WBS, yielded younger AFT ages of

72.0+4.8 Ma and 81.5+5.4 Ma, respectively (Fig. 4; Table
2). Despite the results analyzed by different methods, our
results for the foot-wall samples agree well with the
previously published results (Fig. 3), suggesting that both
of the analytical methods are reliable and the results could
be discussed together. However, it is worth noting that the
new AFT ages for the hanging-wall of the LSF are
significantly older than the previously published AFT age
(Kz-2a), and furtherly provides new evidence for the
incorrectness of the reported AFT age.

4.2 Thermal history modeling

In order to further constrain the evolution of the LSF,
thermal history modeling has been conducted to
reconstruct the time-temperature histories (t-T evolution)
of hanging-wall and foot-wall samples, respectively. Fig.
6 shows the results of HeFTy Monte-Carlo simulations
that were run for hanging-wall and foot-wall samples from
the LSF, in the southern Ordos Basin.
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Fig. 6. Low-temperature thermal history models for representative hanging-wall and foot-wall samples of the LSF.
Models were constructed using the modelling software HeFTy (Ketcham, 2005).

Note that modelled t-T paths are valid only inside 120-60°C (APAZ). Outside this temperature range, the actual sample thermal trajectory is
not presented unless constrained by other data.
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As can be seen from Fig. 6, the hanging-wall and foot-
wall samples both have been reheated after deposition to
temperatures higher than the AFT closure temperature.
Then, the hanging-wall samples (WB5 and WB6) entered
into the APAZ and were fastly brought to the upper part of
APAZ at ~205-185 Ma. While the foot-wall sample
(WBS) experienced a long period at the lower part of
APAZ and was fastly brought out the APAZ at ~85-60
Ma. In addition, the time-temperature histories of WBS5,
WB6 and WBS8 all apparently detect a Cenozoic
accelerated cooling event, because the cooling pathways
are mostly located outside the APAZ (i.e. <60°C), where
thermal modelling is invalid and should not be overly
interpreted.

5 Discussions

5.1 Timing and displacement of thrusting of the LSF

The data obtained in this study reveal a significant AFT
age discontinuity across the LSF, which provide us a good
opportunity to determine deformation timing of the LSF.
Because all single grain ages are significant younger than
their stratigraphic ages, the AFT ages obtained in this
study all stand for cooling age. The hanging-wall AFT
ages of the LSF indicate these rocks have cooled below
apatite closure temperature (110°£10°C) between ~190—
170 Ma. In contrast, the foot-wall AFT ages imply these
rocks have cooled below apatite closure temperature (110°
+10°C) between ~90-70 Ma. This age discontinuity
suggests a significant thermal contrast existed in the rocks
now juxtaposed along the LSF at least since Early
Jurassic. Moreover, the thermal history modeling indicates
that this thermal contrast existed along the LSF initially
formed at the latest Triassic.

Regarding the displacement of thrusting of the LSF, the
thermal modeling indicates a ~50°C difference in
temperature between opposite sides of the LSF at the latest
Triassic to Early Jurassic. This difference in temperature
corresponds to ~1.7 km of net vertical displacement along
the LSF if a linear steady-state geothermal gradient of 30°
C/km is assumed. Therefore, the observed AFT age
discontinuity is best explained by an episode of thrusting
and exhumation of the LSF with ~1.7 km of net vertical
displacement during the latest Triassic to Early Jurassic.

5.2 Regional implications

Previous studies suggest that there was a depositional
hiatus and differential denudation event within the Ordos
Basin during the latest Triassic to Early Jurassic (Liu
Chiyang et al., 2008; Chen Gang et al., 2007; Yang et al.,
2015; Yang Minghui et al., 2015). Regarding the tectonic
regime of this event, however, essential questions still

remain unsolved. Although it may be a response to the
Early Mesozoic collision and the continued compression
of the South Qinling and the South China Plate along the
Mianlue Suture, which finally combinated the NCC, the
South Qinling, and the South China Plate, critical
evidence is missing because most original tectono-
sedimentary records related this tectonic event have been
deeply buried beneath the Weihe Graben by Cenozoic
intense subsidence. In this work, the determination of the
latest Triassic to Early Jurassic thrusting and exhumation
of the LSF in the southern Ordos Basin provides an
opportunity to reassess coeval tectonic regime.

The stratigraphic contact relationship of the southern
Ordos Basin suggests that this region experienced a
differential denudation processes during the latest Triassic
to Early Jurassic, characterized by parallel unconformity
between the Triassic and Jurassic strata in the hinterland
of Ordos Basin, whereas high-angle unconformity in the
periphery (Fig. 7), implying that the periphery experienced
a stronger coeval tectonic deformation and denudation
processes. In this study, the determination of coeval
thrusting of the LSF suggests that the latest Triassic to
Early Jurassic differential denudation can be confidently
ascribed to tectonic stress propagation derived from the
continued compression of Qinling Orogenic Collage.
Moreover, the determination of the latest Triassic to Early
Jurassic thrusting of the LSF also implies that there may
be a coeval north-vergent fold-and-thrust belt between the
Ordos Basin and the Qinling Orogenic Collage although
the main body of it has been deeply buried beneath the
Cenozoic Weihe Graben, and the LSF might act as the
thrust front of this north-vergent fold-and-thrust belt.

Additionally, the Mesozoic exhumation history of the
southern Ordos Basin is still in dispute. Wang Jiangiang et
al. (2010) suggested the exhumation of the southern Ordos
Basin mainly occurred in the Late Cretaceous, while Qi
Kai et al. (2017) demonstrated that there was a Late
Jurassic to earliest Cretaceous thrust-driven exhumation
prior to Late Cretaceous overall exhumation. The main
reason for this dispute is that the samples of these studies
are mostly limited to certain geographic regions.
Synthesizing  thermochronological data (Fig. 3),
stratigraphic contact relationship (Fig. 7), and tectono-
sedimentary evolution (Fig. 8), here we suggest that the
southern Ordos Basin experienced a multi-stage
differential exhumation during Mesozoic, including the
latest Triassic to Early Jurassic and Late Jurassic to
earliest Cretaceous thrust-driven exhumation as well as
Late Cretaceous overall exhumation.

As discussed in Section 5.1, new AFT data in this study,
together with stratigraphic contact relationship between
the Triassic and Jurassic strata (Fig. 7), provide
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Fig. 7. Geological map and stratigraphic contact relationship of the southern Ordos Basin.
Partial data are modified from Gao Fei (2009) and Tang Xiyuan et al. (1992).

unambiguous evidence for the latest Triassic to Early
Jurassic thrust-driven exhumation in the southern Ordos
Basin, which act as a response to the Early Mesozoic
collision and the continued compression of the South
Qinling and the South China plate along the Mianlue
Suture (Meng and Zhang, 1999, 2000). Then, the Ordos
Basin entered into an oblique extensional tectonic setting,
as the result of the NW-trending subduction of the Izanagi
Plate toward the NCC (Faure et al., 2012; Yang et al.,
2015). During the Late Jurassic to earliest Cretaceous, the
southern Ordos Basin experienced a more intense thrust-
driven exhumation event, evidenced by well-preserved
fold-and-thrust belt style deformation, widespread angular
unconformity between the Jurassic and Cretaceous strata,
coeval coarse-grained sedimentation and depositional
hiatus (Qi Kai et al., 2017). From the viewpoint of
regional tectonics, this thrust-driven exhumation event
was controlled by the coeval intracontinental southward
subduction of the NCC and continuously northward
subduction of the South China Plate beneath the Qinling
Orogenic Collage (Dong et al., 2016). From the viewpoint
of plate tectonics, this tectonic event recorded the far-field
effects of multiple plate interactions, including the paleo-
Pacific Plate subduction along the eastern margin of the
East Asia, the collision between the Qiangtang and Lhasa
Plates, and the convergence between the Mongol-China
and the Siberia Plates (Dewey et al., 1988; Yin and Nie,
1996; Dong et al., 2015). After the Early Cretaceous weak
subsidence, shrinking and vanishing of the Ordos basin
occurred at the Late Cretaceous, characterized by long-

term basin-scale exhumation, which was related to the
collision of an exotic terrain with the eastern margin of
continental China at ~100 Ma (Niu et al., 2015; Ding et
al., 2017).

6 Conclusions

The LA-ICP-MS-based AFT method can be used to
date rock exhumation that accompany fault activity. In this
study, we performed an AFT thermochronology to unravel
the timing of thrusting and exhumation for the LSF in the
southern Ordos Basin, and the following conclusions can
be drawn:

(1) The AFT ages from opposite sides of the LSF reveal
a significant latest Triassic to Early Jurassic time-
temperature discontinuity across the structure. Hanging-
wall samples yielded AFT ages of 169.2+8.8 Ma and
183.849.8 Ma, while the foot-wall samples yielded AFT
ages of 72.0+4.8 Ma and 81.5+5.4 Ma. Modeling of track
length distributions reveals at the latest Triassic to Early
Jurassic, a ~50°C difference in temperature between
opposite sides of the LSF currently exposed at the surface.
This discontinuity is best interpreted by an episode of
thrusting and exhumation of the LSF with ~1.7 km of net
vertical displacement during the latest Triassic to Early
Jurassic.

(2) The latest Triassic to Early Jurassic thrusting and
exhumation the LSF suggests that the southern Ordos
Basin experienced coeval intense tectonic deformation and
developed a north-vergent fold-and-thrust belt. And the
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LSF was the thrust front of this north-vergent fold-and-
thrust belt. When combined with earlier structural and
thermochronological studies, these results suggest the
southern Ordos Basin experienced a multi-stage
differential exhumation during Mesozoic, including the
latest Triassic to Early Jurassic and Late Jurassic to
earliest Cretaceous thrust-driven exhumation as well as
Late Cretaceous overall exhumation. Specifically, the two
thrust-driven exhumation events were related to tectonic
stress propagation derived from the latest Triassic to Early
Jurassic continued compression in Qinling Orogenic
Collage and Late Jurassic to Early Cretaceous
intracontinental orogeny of Qinling Orogenic Collage,
respectively. By contrast, Late Cretaceous overall
exhumation event was related to the collision of an exotic
terrain with the eastern margin of continental China at
~100 Ma.
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