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Because of the influence of the far field effect of the collision between Euro-Asian and India
plates during the Late Cenozoic, the Tian Shan orogenic belt underwent intense
reactivation, forming the Southern Junggar fold-and-thrust belt (SJ-FTB) to the north
and the Kuga fold-and-thrust belt to the south. Most previous research focuses on the
deformation features and mechanisms during the Late Cenozoic. However, little research
has been done on deformation features and mechanisms during the Late Jurassic. In this
paper, we conducted geometric and kinematic analyses of seismic profiles and outcrop
data to reveal the Late Jurassic deformation characteristics in SJ-FTB. Furthermore, we
carried out sandbox modeling experiments to reproduce the regional structural evolution
since the Early Jurassic. Angular unconformity between the Cretaceous and Jurassic is
well preserved in the Qigu anticline belt. This unconformity also exists in the
Huoerguosi-Manasi-Tugulu (HMT) anticline belt, which is the second fold belt of the
SJ-FTB, indicating that the HMT anticline belt started to become active during the Late
Jurassic. The Qigu anticline belt reactivated intensively during the Late Cenozoic, and the
displacement was transferred to the HMT anticline belt along the Paleogene Anjihaihe
Formation mudstone detachment. Therefore, the present-day SJ-FTB forms because of
the two-stage compressional deformation from both the Late Jurassic and Late Cenozoic
(ca. 24 Ma).

Keywords: Tian Shan, southern Junggar, fold-and-thrust belt, sandbox modeling, structural evolution

INTRODUCTION

The Southern Junggar fold-and-thrust belt (S]-FTB) experienced strong deformation during the Late
Cenozoic as a result of the far field effect of the collision between the Euro-Asian and India plates.
Much research has been conducted in the S]J-FTB focusing on the study of the geometry, kinematics,
and kinetics during the Late Cenozoic (e.g., Avouac et al., 1993; Deng et al., 1999; Wang et al., 2004;
Wang et al., 2007; Daéron et al., 2007; Charreau et al., 2008; Lu et al., 2010; Li et al., 2011; Lu et al,,
2018; Li et al., 2020). Studies of the clastic lithology (Hendrix et al., 1992; Fang et al., 2007; Li and
Peng., 2013) and low-temperature thermal chronology (Guo et al, 2006) demonstrate that the
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FIGURE 1 | Satellite image and geologic map of the study area. (A): Digital elevation map of the Tibetan Plateau and surrounding area where the white box shows the
location of the study area. (B): Enhanced thematic mapper image shows that the Tian Shan and Junggar Basin are separated by the Southern Junggar fold-and-thrust belt.
(C): Geological map of the Southem Junggar fold-and-thrust belts (Bureau of Geological and Mineral Resources of the Xinjiang Uygur Autonomous Region, 1985).

Southern Junggar Basin margin experienced reginal uplift during
the Late Jurassic, and the neighboring Tian Shan orogenic belt
also uplifted at that time (Dumitru et al., 2001; Jolivet et al., 2010).
However, very few researchers have analyzed the Mesozoic
structural deformation recorded in the Southern Junggar
Basin. Furthermore, there is a lack of study on the
superposition of the Late Cenozoic deformation and the Late
Jurassic uplift. By using field outcrops and subsurface seismic
profiles, this paper analyzes the characteristics of the two-stage
structural deformation. We also carried out sandbox modeling
experiments to reveal the structural evolution history. Our study

results could help to understand the deformation process in other
fold-and-thrust belt regions, such as Alps thrust belts (Ziegler,
1987, 1989) while also providing a reference on how to define
their deeper hydrocarbon prospects.

GEOLOGIC SETTING

Regional Tectonic Evolution
The Tian Shan is an approximately 2500-km-long, east-west-
trending mountain belt in northwest China (Figure 1). The belt
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FIGURE 2 | Stratigraphic column showing the main stratigraphic units in the study region (Bureau of Geological and Mineral Resources of the Xinjiang Uygur
Autonomous Region, 1985), and the tectonic setting that the region experienced (Yang et al., 2013).

originally formed in the Paleozoic as the result of multiple
collisional events involving continental blocks and island arcs
during the closure of the Paleo-Asian Ocean (e.g., Windley et al.,
1990; Allen et al., 1993; Gao et al., 1998; Charvet et al., 2011; Xiao
et al., 2013).

Substantial work has been done on the sedimentology,
structural history, and geodynamics of the Southern Junggar
Basin, which flanks the Tian Shan to the north
(e.g.Tapponnier and Molnar, 1979; Nelson et al., 1987;
Hendrix et al.,, 1992, 1994; Avouac et al., 1993; Burchfiel et al,,
1999; Sun et al., 2004; Charreau et al, 2012). The present
topography and structural style of the Southern Junggar Basin
is a result of the late Cenozoic reactivation of the Paleozoic
mountain range (Tapponnier and Molnar, 1979; Windley et al.,
1990).

The study area experienced multiple extensional-
compressional tectonic cycles before the Late Cenozoic (e.g.,

Hendrix et al., 1992; Allen et al., 1995; De Grave et al., 2007;
Jolivet et al., 2010; Guan et al., 2016). However, the Mesozoic
tectonic setting of the Southern Junggar Basin is still
controversial. Some researchers think it is an extensional basin
(Li and Chen, 1998; Liu et al., 2000; Guan et al., 2016), and some
other researchers think it is a continental depression basin (Xu
et al.,, 1997; Jolivet et al.,, 2010), and still others think it is a
foreland basin associated with the collision of the Qiangtang
terrane to the south (Hendrix et al., 1992; Zhang et al., 1999; Chen
et al., 2002).

Sedimentary Sequence

The Southern Junggar Basin developed adjacent to the Tian Shan
and hosts nearly continuous sediments from carboniferous to
quaternary (Figure 2). The carboniferous volcanic rock serves as
the basement of the basin. Permian mudstones are mainly
distributed along the eastern part of the southern margins,
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FIGURE 3 | Sections cutting across the Qigu and Tugulu anticlines (for location see Figure 1C), showing the shallow folds and thrusts detached above the wedge-
shaped Lower Jurassic strata. Note the wedge-shaped nature of the Lower Jurassic strata indicating the syn-kinematic deposition. (A): Regional transient
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FIGURE 4 | Seismic reflection (A) and outcrop (B) features of K/J unconformity in the Qigu anticline.
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and Permian tuff is more limited in the central part. Triassic rock
is rare in the central part although it is widespread in the eastern
part with the rocks, mainly clastics. Jurassic occurs in the whole
basin, and it unconformably sits on top of the carboniferous in the
central part. The Lower and Middle Jurassic are mainly mudstone
with coal and siltstone, and the Upper Jurassic is sandstone.
Cretaceous is mainly mudstone with interlayers of sandstone in
some local part. The Lower Paleogene consists of interlayered
mudstone and sandstone, and the Middle and Upper Paleogene is
mainly thick-layered mudstone. Neogene is interlayered
mudstone and sandstone. Quartey is composed of thick
conglomerates.

STRUCTURAL AND GEOPHYSICAL
CHARACTERISTICS

Regional transient electromagnetic data (Figure 3A) shows that
the carboniferous basement rocks have large resistivity of more
than 2 Q m, and the sediments above generally have resistivity
lower than 1.8 QO m. The transient electromagnetic profile shows
that the carboniferous basement fluctuates a lot, and it is at least
8 km shallower in the Qigu fold belt region compared with the
interior basin, which could be caused by a series of thrust faults.
The Middle and Lower Jurassic has a resistivity of about
1.5-1.8 O m with local lows being 1.4 Q m, exhibiting an oval
shape, potentially indicating the depocenters controlled by blind
normal faults. The Cretaceous shows a very low value of smaller
than 1.3 QO m in the HMT anticline belt and 1.6-1.7 Q m in the
Qigu anticline belt. Meanwhile, the resistivity of the Cenozoic
sequence is higher in the hanging wall of the HMT thrust
compared with the footwall region.

Recently acquired and processed reflection seismic data by
PetroChina with a trace interval of 25 m greatly improves the

imaging quality of the study area. Due to the complexities of the
regional deformation, we were not able to build a 3-D velocity
model for depth conversion. Nevertheless, well data suggests a
uniform seismic velocity of 2.5km/s serves as a good
approximation for depth conversion.

Based on these depth-converted seismic data, we can identify
south-dipping normal faults along the HMT anticline belt. These
normal faults bound the Lower Jurassic wedge-shaped seismic
reflectors, which we interpret as a sequence of half-graben fills
with no or weak tectonic inversion. At the Tugulu anticline
(Figure 3B), the half-graben fills have north dipping reflectors
with less continuity, and the Middle-Upper Jurassic units dip to
south (Figure 3B). The Lower Jurassic units appear to thin
abruptly across the normal fault from the hanging wall to the
footwall. The base of the Lower Jurassic units is located much
deeper to the south of the HMT anticline belt than to the north. A
Lower Jurassic wedge-shaped half-graben is also present in the
core of the Qigu anticline belt. In the study area, two main
detachments in the Lower Jurassic and Paleogene control the
structural style. The Middle-Upper Jurassic and Cretaceous
structural wedges are developed at depths of 4-8 km, and the
HMT thrust exposed on the surface merges into the Paleogene
detachment at a depth of about 4 km below sea level (Figure 3B).

Structural Deformation of the Qigu Anticline
We can observe the clear angular unconformity between the
Cretaceous and Jurassic on the seismic profile across the Qigu
anticline (Figure 4A) as well as in the filed outcrops
(Figure 4B). On the seismic profiles, there exists the upper
erosion cutoff at the top of the Late Jurassic (yellow arrows,
Figure 4A) in the southern limb of the Qigu anticline, where
the southern limb is shallower and thicker than the northern
limb. The Cretaceous reflectors above the unconformity
surface are continuous, in contrast with the discontinuous
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FIGURE 5 | Structural interpretation of seismic reflection across the Tugulu anticline showing the structural wedge in depth (for location see Figure 1C).

reflectors below. The dip of reflectors also changes across the
unconformity, which itself has also been folded. Meanwhile,
there is no obvious onlap feature within the Cretaceous above
the unconformity.

All of this evidence suggests that, after the formation of the
unconformity at the end of the Jurassic, this region became stable
in the Cretaceous. Because the hanging wall above the north
dipping Qigu back thrust exhibits consistent deformation from
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FIGURE 6 | Close view of the structural wedge in the Tugulu anticline, which clearly shows unconformity between the Jurassic and Cretaceous.

deep to shallow events (Figure 4A), we believe that the Qigu
anticline formed as a result of two stages of compressional
deformation: Late Jurassic and Late Cenozoic.

Structural Deformation of the Tugulu
Anticline

Three-dimensional seismic data acquired in the Tugulu
anticline region (Figure 5) provide high-quality images,
which we can use to characterize the deep structures in
detail. A fault starting from the Lower Jurassic detachment
layer breaks to the shallower part as a back-thrust in the
Cretaceous, forming a wedge structure. Secondary faults exist
within the wedge, further compartmentalizing the core of the
anticline. Furthermore, there are also secondary branch faults
related to the back-thrust, further complicating the deep
structures. The back-thrust soles upward into the shallower
detachment in the Anjihaihe formation (E, ;a). Similar to the

Qigu anticline, we can also identify the unconformity feature
in the core of the Tugulu anticline (yellow arrows, Figure 6),
where the Cretaceous above the unconformity does not have
onlap. This demonstrates that, after the regional uplift
forming the unconformity, it changes into a stable
depositional environment. As the unconformity surface has
been further folded along with the shallower sediments, the
wedge part has at least gone through two stages of folding
deformation.

SANDBOX MODELING
Model Setup

Here, we conduct sandbox analogue experiments to test the
influence of two stages of compressional deformation to
compare model results with the working hypothesis derived
from field and geophysical data in the SJ-FTB.
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Modeling materials were well-sorted dry quartz and
corundum sand with well-rounded grain size of 200-400 pm
to simulate the brittle sedimentary rocks and viscous silicone
putty to simulate detachments. To a first approximation, dry sand
fails according to a linear Mohr envelope (Krantz, 1991). The
mechanical properties were measured with a modified Hubbert-
type shear apparatus (Koyi and Cotton, 2004; Koyi and Sans,
2006; Maillot and Koyi, 2006), which enables determination of
the ratio of normal-to-shear stress at failure. The test results
indicate that the quartz and corundum sand have a friction angle
of ~36° and 37", respectively, close to the values of 40° determined
experimentally for competent upper crustal rocks (Byerlee, 1978).
The silicone putty (effective viscosity is 5 x 10* Pas at room
temperature and density is 987 kg/m?) has a Newtonian behavior
at a low strain rate (107°-107>°71) (Koyi et al., 2008) and acts as a
natural detachment similar to salt or shale.

Analogue experiments must be scaled to achieve geometric,
kinematic, and dynamic similarities with the natural cases
they aim to represent (Hubbert, 1937; Ramberg, 1981). The
models described in this paper are scaled such that 1 cm in the
model simulates approximately 2km in nature (geometric
scale factor A = 5 x 107%); the density ratio (p) between the
granular materials and their prototype is p = 0.5, and both the
prototype and the model are subject to the same value of
gravitational acceleration, imposing a scale factor g = 1. The
stress scale factor o is given by

c=p-g-A=25x10"°

Running the experiment twice to ensure reproducibility, we
test the two stages of the shortening process and see how they
affect the final structure (Figure 7). The models contain
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alternating layers of sieved quartz and corundum sand with
densities of 1,297 kg/m® and 1700 kg/m?, respectively, to
obtain a clear CT image (Panien et al., 2005). In addition,
6 mm-thick rigid plastic sheets were placed at the bottom of
the models (Figure 8) to represent the Pre-Jurassic basement
footwall and hanging wall of the HMT anticline belt (Ma
etal, 2018, 2019). A 6 mm-thick layer of silicone was placed
on the bottom where there is no rigid plastic sheet, simulating
the Lower Jurassic detachment. The boundary of the rigid
plastic sheet simulated the normal fault-bounding graben
(Ma et al,, 2018, 2019). A 1.0 cm-thick layer of quartz and
corundum were placed on the whole model. A constant
deformation velocity of 1.0cm/h was used to reach a
shortening of 3 cm for the first stage. Then, the folds, both
near the pushing wall and above the boundary of the rigid

plastic sheet, were eroded. Another 0.5 cm-thick layer of
quartz and corundum were placed on the whole model. A
0.3 cm-thick layer of silicone simulating the Paleogene
detachment (E, ;a Formation) was placed in the model
with 1.0 cm-thick layers of quartz and corundum above.
During the second stage shortening, a constant
deformation velocity of 2.0 cm/h was used, and quartz and
corundum sand were sprinkled alternatively manually onto
the models, 0.2 cm thick every half hour, to mimic syn-
kinematic sedimentation or growth strata. The total
thickness of the syn-kinematic sediments was 1.4 cm.

Model Results
During our experiments, for every 1 cm of shortening, we run
an industrial CT scan of the model perpendicular to the
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N

moving wall (Figure 7). For the first stage of shortening when
the compressional rate is 1 cm/h by 1 cm of shortening, the
first fold belt formed near the moving wall, which further
increased its amplitude by 2 cm of shortening. At this stage,
the second fold belt was not formed yet. By 3 cm of shortening,
the first fold belt was still growing, and the second fold belt
started to show near the stable wall. Afterward, we eroded the
two fold belts before adding the shallower particles as detailed
in the previous section.

For the second stage of shortening, the compressional rate is
2 cm/h. By 4 cm of shortening, the first fold belt started to react
first, and the second fold belt did not reactivate until 5cm of
shortening. At this time, there formed nearly symmetrical fore-
thrust and back-thrust in the second fold belt. Afterward, for
every 1cm of shortening, we added 0.2cm of particles,
simulating growth strata. By 6 cm of shortening, both the

first and second folds were active, and the first fold belt
gradually stopped growing by 7 cm of shortening. By 8 cm of
shortening, back-thrust started to form in the folded sequences
above the upper silicone putty layer, leading to the different
structures above and below the detachment. Finally, by 11 cm of
shortening, the folding above the upper silicone putty layer as
well as the fore-thrust and back-thrust within the fold continued
to be active.

By analyzing the timing of the major faults in our models
as well as the uplift-shortening curve during these two stages
of shortening experiment (Figure 9), we can identify the
different structural zone deformation timing of the
structures above and below the detachment layer. Based on
the uplift-shortening curve (Figure 9) as well as the
amplitude of uplift for marker layers, we believe that the
first fold belt has an obvious increase in its uplift rate by 7 cm
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of shortening, and the second fold belt increases its uplift at
this time.

DISCUSSION

The local lows in terms of its resistivity in the Lower Jurassic
within the Tugulu anticline as well as the seismic reflector
characteristics represent the Early Jurassic extensional features
(Figure 3). These extensional features in previous data (Li et al.,
2011) were not as clear as recently collected and processed data. A
thrust ramp in the deeper level was initiated at the edge of the
fixed rigid plastic sheets, representing the half-graben boundary
(Ma et al., 2019).

The Late Jurassic shortening could be caused by the formation
of the Qiangtang block when smaller blocks collided (Hendrix
et al, 1992; Zhang et al.,, 1999; Chen et al., 2002), or it could be
caused by the Mesozoic sinistral rotation of the Junggar Basin (Yu
et al., 2016). The extent of this Late Jurassic shortening in the
Junggar basin still needs to be studied as we do not know if there is
any further shortening toward the north outside the Tugulu
anticline.

These sandbox modeling experiments helps us better
understand the evolution history of the SJ-FTB since the
Early Jurassic. Though we did not simulate formation of
the half-grabens before the superimposed shortening, the
boundary of the rigid plastic sheet can act as velocity
discontinuity simulating the half-graben that generated in
the Early Jurassic. Some limitations of our experiments
include not considering the effect of pore fluid pressure
and the absence of thermal gradients with depth. Pore fluid
pressure, in particular, may exert an important control on
brittle fault reactivation (Sibson, 1985; Etheridge, 1986).

Mode and intensity of inversion are related to a number of
factors, including the strike and dip of the preexisting normal
faults, angle of shortening relative to the trend of the preexisting
faults, stratigraphic properties, spacing of the normal faults, time
lapse since extension, and the amount of contraction relative to
extension (Bonini et al, 2012). Thrust ramp localization over
preexisting normal faults is formerly recognized in other
inversion tectonics (Butler, 1989; Hayward and Graham, 1989;
Tavarnelli, 1996; Pace and Calamita., 2014, 2015; Calamita et al.,
2018; Shi et al., 2019). And model results in this study show that
the Lower Jurassic extensional structures in the Junggar Basin act
as nucleation for the thrusts formed during the Late Jurassic and
Cenozoic compression.

During our experiment, the first 3cm of shortening
represents the Late Jurassic deformation of the Southern
Junggar Basin. The deformed model then got eroded and
covered by the shallower sediments, representing the
formation of the unconformity surface between Jurassic
and Cretaceous. The shortening phase of 3-11cm
corresponds to the Late Cenozoic deformation in our study
area in which we also included the syn-depositional sediments
in our sandbox experiment. Our final model result resembles
what we observe from the seismic profile, validating our
proposal of two stages of deformation in the region.

Southern Junggar Fold-and-Thrust Belt

Based on the interpretations of the seismic profiles and
field outcrops as well as our sandbox modeling result, we
establish the structural evolution of the Southern Junggar
Basin since the Early Jurassic (Figure 10). During the Early
Jurassic, multiple extensional grabens existed in the region,
leading to the wedge shape of the Lower Jurassic sediments. By
the Late Jurassic, regional compression led to the uplift of the
Qigu anticline belt, and those Lower Jurassic syn-tectonic
sediments serve as a detachment layer, transferring the
deformation into the interior of the basin. The HMT
region, which has some weak zones due to the presence of
the older normal fault, deformed into the HMT anticline belt.
During the Cretaceous and Paleogene, this region was mostly
stable and received sediments of similar thickness. By the
Neogene, the Southern Junggar Basin reactivated, further
uplifting the Qigu anticline belt, and displacement got
transferred to the HMT anticline belt along the Lower
Jurassic detachment, forming the wedge structures. The
intense shortening during the Quaternary uplifted again
the Qigu anticline, and extra displacement fed into the
HMT anticline belt along the shallower Anjihaihe
Formation (E,3;a) detachment, forming the shallower
thrust faults, which superimposed over the initial HMT
anticlines.

CONCLUSION

We draw the following conclusions from our study:

1) We identified the deep buried extensional grabens in the
Southern Junggar fold-and-thrust belt and the well-
preserved angular unconformity between the Jurassic and
Cretaceous in the Qigu and Tugulu anticlines.

Our sandbox modeling using two stages of shortening reveals
a similar result to the current Southern Junggar Basin, which
further demonstrates that the SJ-FTB formed as a result of the
two stages of compressional deformation.

During the Late Jurassic, the Southern Junggar Basin margin
started to experience compressional deformation, leading to
the formation of the Qigu and Tugulu anticlines. During the
Cenozoic, the SJ-FTB reactivated intensively, further uplifting
the Qigu antinline and forming the deeper wedge structures as
well as the shallower thrust in the Tugulu anticline.

2)

3)
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