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The fold-and-thrust belts developed in the southern margin of the Junggar Basin in China can be divided into
different segments and oblique rows in the strike and dip direction respectively. The internal structural patterns
and linkage types of different sub-segments usually affect the oil and gas accumulation. In this work, we study on
the propagation and linkages of the structural patterns involved in the fold-and-thrust belts due to the differential
compression by the Discrete element method (DEM). Two simulations are configured to use four velocity
modules, which can move with different velocity at the same time: (i) the homogenous module filled with brittle
simulating sediment is used to investigate the structural response to a velocity difference and (ii) the module with
ductile detachment at the front of each module is used to test how the weak layer affects deformation. The results
are illustrated by topography of the simulations, such as cross sections perpendicular and parallel to the
shortening direction, forward and lateral displacements seen from the top view, and sections of the velocity field.
The results show that (i) resistance from adjacent modules promotes the development of back-thrusts in faster
modules, and drag from faster moving module hinders nucleation in slower modules, and (ii) two types of
transfer zones caused by shear stress appear in the piedmont region and in front of the fold belts. The detachment
simulation produces results are similar to the western segment of the southern margin of the Junggar Basin,
which can explain the several rows of anticlines that appear oblique in the plane. These results are useful to
analyze the formation process of the oil and gas trap developed in the similar compressional area.

1. Introduction developed from the northern margin of the Tianshan to the southern
margin of the Junggar Basin can be determined from the regional
geological map and satellite photos (Fig. 1A).

As shown by outcrops, borehole data and seismic interpretation, the

Collisional mountains have been important for hydrocarbon
geological research as a result of providing some information of the

reservoir evolution (Bose and Mukherjee, 2020; Razavi Pash et al., 2021;
Reber et al., 2021), and detail structural understanding of such area is
quite useful for oil and gas exploration. Strike-slip fault zones may occur
in these orogen systems, especially transfer faults, which cut off thrusts
(Benesh et al.,, 2014) and cause a variable amount of shortening
perpendicular to the wedge. Adjacent to different sediments, the dis-
tribution range or properties of the viscous materials, the geometry of
backstops, the surface topography, and the pre-existing impediments
can cause varying amounts of shortening in the lateral direction at the
front of the intenders, which produces transfer faults (Calassou et al.,
1993; Zweigel., 1998; Reiter et al., 2011; Sun et al., 2016; Borderie et al.,
2018). Several typical transfer faults cutting off the fold and thrust belts

stratigraphic succession in this area consists of, in ascending order, the
Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Paleogene,
Neogene and quaternary which is characterized by thickening to the
foredeep and development of syn-depositional deformation (Yu et al.,
2009) (Figs. 1C and 2). The mudstone and coal layers developed in the
Badaowan, Sangonghe and Xishanyao formations in the bottom of the
Jurassic system to act as detachment layers (Figs. 2 and 1C).
According to the differences of structural deformation, the northern
margin of the Tianshan can be divided into two segments by the transfer
fault (TF;) from east to west (Fig. 1B). Arcuate thrust-and-fold belts that
protrude to the north are developed in the eastern segment. Three
oblique rows of thrust-and-fold belts are in the western segment which is
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Fig. 1. A) Simplified location map of the southern margin of the Junggar Basin, China. B) Geological map of fold-and-thrust belts in the southern margin of Junggar
Basin (see location in Fig.1A). C) Interpreted structural cross sections cutting through the western segment in the southern margin of the Junggar Basin (see location

in Fig.1B) (modified from Yu et al., 2012).

divided into several sub-segments by transfer faults (TFz.¢). The first row
consisting of the Qigu and Tuositai anticlines was formed in the Pliocene
Epoch; the second row including Tugulu, Manasi, Huoerguosi anticlines,
was formed from the late Pliocene to the early Pleistocene; and the third
row including Hutubi, Anjihai, Dusbanzi anticlines, was formed from
early Pliocene to middle Pleistocene (Deng et al., 1999; Yu et al., 2012).

Thrust and fold structures of basement-involved styles are developed in
the first row, and detachment fold structures are formed from the second
row to the third row (Fig. 1C). The factors controlling the deformation of
structures have been simulated by sand-box experiment(Yu et al., 2009).
The physical simulation results indicate that the orthogonal compres-
sion coming from Bogeda Mountain and the oblique compression with
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Fig. 4. The geometry of the heap showed by angle-of-repose versus rolling
friction coefficient p,.

an angle of 75° between the stress and the boundary originating from the
North Tianshan in the Cenozoic Era were responsible for the deforma-
tion differences between the eastern and the western part (Fu et al.,
2003; Yu et al., 2009; Ma et al., 2019). However, due to the limitation of
analogue experiments, transport of material along the transfer faults
during the process of thrusting have not been well descripted in previous
studies. Because the physical simulation can only provide the final re-
sults to cut sections, we cannot get the instantaneous information of the
internal deformation during the modelling process, and do not know
how the transfer faults link the fold-and-thrust sub-segments in the back
piedmont and the deformation front..

The discrete-element method (DEM) is advantageous for the recon-
struction of small-scale structures in the upper crust (Gray et al., 2014;
Zhou et al.,, 2019).The formation process of accretionary wedges,
including material stacking and rotation, are investigated in

two-dimensional (2D) numerical simulations (Dean et al., 2013; Wenk
and Huhn, 2013; Wang et al., 2019). Three-dimensional (3D) numerical
models have rarely been used to study the structural evolution and
material transport under the differential shortening conditions (Furuichi
et al., 2018). Thus, we designed two 3D discrete-element simulations in
order to investigate the evolution of the internal structure and material
transport among the four velocity modules. In the end, we compared the
simulation results with the fold and thrust belts developed in the
northern margin of the Tianshan mountains. The study results can be
used to analyze the development of the petroleum traps in the similar
areas with compressional deformation..

2. Simulation method

Comparing to physical analogue experiment, DEM numerical simu-
lation can save the results of each step during deformation, and the
simulation can be sliced cross every direction for detailed deformation
process. Furthermore, particles in each saved simulating results can
display various properties, such as position, displacement and instan-
taneous velocity in three-dimensional space. With such information
from DEM simulations, we can get access to the kinematic mechanism of
tectonic deformation more effectively. The DEM is widely used in geo-
technics simulations (Ai et al., 2011), and the results are similar to
those of sandbox experiments and to those observed in nature (Abe
et al., 2011). The DEM can handle more detailed structural deformation
than a finite-element simulation (Zhang et al., 2013). A DEM simulation
is about the movement and interaction of particles that obey Newtonian
dynamics (Cundall and Strack, 1983). Balls, walls and the contact model
are the required components of particle flow. Once the initial conditions
are set, the granular behavior evolves according to the physics coded
into the simulation (Saltzer and Pollard, 1992; Hazzard and Mair, 2003;
Potyondy and Cundall, 2004; Abe et al., 2011). To achieve the more
similar macroscopic deformations, the properties of granular materials
and the contact model must be carefully selected; in this work, we use
the linear rolling resistance model, which is based on the linear model
(Iwashita and Oda, 1998; Ai et al., 2011). This contact model not only
uses spring and damper interaction between particles but also takes the
rotation of the particles into consideration (Iwashita and Oda, 1998; Ai
et al.,, 2011; Zhou et al., 2013; Jiang et al., 2015). In this study, the

Table 1
Macroscopic properties of DEM particles in simulations.
Granular Size (cm) Density (kg/m>) Porosity Emod (Pa) Internal friction Rolling resistance Bond gap (cm)
Frictional material 3.5+ 0.875 2600 0.37 2 x 108 0.6 0.1 -
Ductile material 3.5 +£0.875 2600 0.37 0.3x 10® 0.5 0.01 5x 1073
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Fig. 5. Schematic drawings of the two simulations and their simulating stratum setting. Simulation 1 is a differential contraction DEM simulation with homogenous
frictional material. Simulation 2 is a differential contraction DEM simulation with ductile substrate in front of the contraction range.

simulation experiments are computed by the software called 3D Particle
Flow Code (PFC3D).

The contact force (Fc) between two balls, or between a ball and a
wall combines linear force (F1), a dashpot force (Fd) and rolling friction
torque (Mr) (Ai et al., 2011), and no tension exists in the contact (Fig. 3).
When the gap between two objects is less than or equal to zero, the
contact model is activated. This model includes an elastic rotational
spring, a dash pot, a non-tension joint and a slider (Fig. 3), and the
relative rotation between particles strongly affects the shear bond (Ai
et al., 2011).

The key parameters for the rolling-resistance contact model are as
follows: (1) linear force can be divided into normal and shear compo-
nents, Fl n and Fl s, which are produced by the constant normal and
shear stiffness kl n and kl s. The slip is accompanied by a shear force that
is related to the internal friction coefficient p. (2) The dashpot force also
has normal and shear components, Fd n Fd s, and normal and shear
critical-damping, fd n and pd s, control the associated forces. (3)
Rolling-friction torque depends on the rolling stiffness k, and is limited
by the rolling resistance coefficient p.

3. Model setting
3.1. Simulation material

Dry quartz sand is a conventional Mohr—Coulomb material that is
widely used to simulate the deformation of the upper crust (McClay,
1990; Dooley et al., 1999; Gray et al., 2014). Mesoscopic particles are
closely associated with macroscopic structural deformation in nature
(Groshong Jr, 1994; Potyondy and Cundall, 2004; Abe et al., 2011). The
friction angle ¢ of dry quartz sand is approximately 30° (van Gent et al.,
2010), so the p = tan ¢ gives p = 0.577. However, this result holds only
for natural particles and not for numerically simulated particles. Since
the development of the contact model, the parameters in 2D simulations
can be mirrored to 3D (Furuichi et al., 2018). Angle-of-repose tests show
that, given internal friction coefficients of 0.2, 0.1, and 0.05, the angles
of repose of the bulk material are 30°, 20°, and 10°, respectively (Hardy
etal., 2009). When p = 0.3, more accretionary wedge-deformation DEM
simulation results are closer to physical analog models (Li, 2019) in
no-rolling-resistance situations. The bulk material properties are veri-
fied through the use of three-dimensional angle-of-repose experiments.
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Fig. 6. Topography of Homogenous Simulation showing the fault propagation as shortening. Shortening of V4 module is given in the top right-hand corner of the
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Fig. 7. Structural interpretation of the fault patterns in the Homogenous Simulation from a series of top views, and vertical cross-sections parallel to the shortening
direction (with subscript). a) 16.67% shortening in V4 module; b) 25.0% shortening in V4 module; ¢) 33.33% shortening in V4 module. The ball group is distin-
guished by different colors and the black lines in map view are the reference lines, which facilitate fault identification. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

On the location of the balls that are recognized on the free surface of the
heap. The dip angle of the cone surface is practically the repose angle.
This procedure was repeated 32 times with varying values of p, from 0.1
to 0.8 in an increment of 0.1 and p from 0.3 to 0.6 in an increment of 0.1.
Therefore, we built the relationship between the i, and the repose angle.
Under the rolling resistance contact model, the repose angle corresponds
to the crustal sediments (30°) when the p is 0.6, p, is 0.5 (Fig. 4).

The macroscopic material parameters used herein in DEM simula-
tions are based on repeated angle-of-repose experiments using the roll-
ing resistance contact model (see Table 1). The brittle simulating
stratum (the density is 2600 kg/m?; granular size is 3.5 + 0.875 cm;
Young’s modulus is 2 x 108 Pa; coefficient of internal friction is 0.6; pris
0.5, and both normal and shear damping coefficients are 0.2) simulates
clastic rocks in nature and corresponds to dry quartz sand in sandbox
experiments. These particles consist of brittle simulating stratum that
adheres to the Mohr-Coulomb failure criterion. To simulate the rocks
under high confining stress, the ductile materials have lower friction (p
is 0.1) and lower stiffness (Young’s modulus is 0.3 x 108 Pa), which
increases deformability (Kh et al., 2011). In addition, the bond gap is
defined between the particles of ductile materials to simulate viscous
behavior.

3.2. Model setup and kinematics

Despite the computational cost, a 3D simulation can provide more
comprehensive results than sectional deformation in 2D models (Ruh
et al., 2014). The evolution of the structural style from the top view is
necessary in this research in order to observe the deformation of transfer
zones. Therefore, two 3D DEM simulations follow the same movement
process but comprise different simulating stratums, they were con-
ducted to study the structural evolution under differential compression

and to analyze the effect of ductile basements on deformation patterns.
The two simulations are 12.0 m wide in the x direction, 15.0 m long in
the y direction, and 3.0 m tall in the z direction, and the particles are
generated within this domain (Fig. 5).

The four modules are divided evenly in the x direction, and each
consists of a mobile backstop wall, a moving bottom wall, and a fixed
bottom wall. Each module is 3.0 m wide and 15.0 m long. All mobile
backstop walls move parallel to the y direction but at different constant
velocities: 0.01 m/s for module V1, 0.015 m/s for module V2, 0.02 m/s
for module V3, and 0.025 m/s for module V4. The compressional ve-
locity has little influence on the development of structural patterns (Ruh
et al., 2014). We applied the same convergence velocity of each mobile
backstop to the moving bottom walls, and the fixed bottom walls are
stationary.

Due to the different velocity, the lengths of the moving bottom walls
differ in the four modules (4.0, 6.0, 8.0, and 10.0 m, respectively). The
lengths of the fixed walls are 11.0, 9.0, 7.0, and 5.0 m, respectively. To
minimize the boundary effect, the side walls should be as smooth as
possible, which corresponds to smooth glass in sandbox experiments
(Hazzard and Mair, 2003; Bonnet et al., 2007; Taniyama, 2011; Jiang
et al., 2015; Chemenda et al., 2016; Sun et al., 2016) (the internal
friction coefficient is 0.01). The bottom walls require greater friction
(the internal friction coefficient is 0.6) to drive the upper simulating
stratum.

During later movement, the gap between the backstops increases, so
walls are grown along the compression direction to ensure the closure of
the model. In both simulations, the initial area filled with particles is
12.0 m x 15.0 m x 3.0 m. Simulation 1 (homogeneous simulation) fills
the area with homogenous brittle sediment, and simulation 2 (detach-
ment simulation) places a ductile detachment above the same area of
fixed walls. The thickness is 0.3 m with 0.1 m brittle material below and



Z. Shen et al.

Marine and Petroleum Geology 145 (2022) 105849

UOIJBAJ[O —90EJINS

AN

fore-thrusts

LY

back-thrusts

/

transfer
faults

3.0m

Fig. 8. Topography of Ductile Detachment Simulation showing the fault propagation as shortening. Shortening of V4 module is given in the top right-hand corner of

the pictures. All thrusts are numbered, t represents frontal thrust and b represents back-thrust.



Z. Shen et al. Marine and Petroleum Geology 145 (2022) 105849

layer 01
layer 02
layer 03
layer 04
layer 05
layer 06
layer 07
layer 08
layer 09
layer 10

Ball Group

el

:"« I reline
ie
3 + e
o 3.0m

fore-thrusts

Fig. 9. Structural interpretation of the fault patterns in the Ductile Detachment Simulation from a series of top views, and vertical cross-sections parallel to the
shortening direction (with subscript). a) 16.67% shortening in V4 module; b) 25.0% shortening in V4 module; ¢) 33.33% shortening in V4 module. The ball group is
distinguished by different colors and the black lines in map view are the reference lines, which facilitate fault identification. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

35 35
a) b)
Step Growth -
va T

3.0 : 3.0
E Step Growth E = E
~ . ~
= H =
2.5 4 S2.5
= 1 -*-HS-V1 =
g S HS-V2 g i
(5] ) -A-DS-V2
E HS-V3 E
: ~HV | g ps-v3

ep Grow: - -

22.0 Q2.0 va
P 4
- i
= =
7] 7]

1.5 ) 1.5

Step Growth —»i
V1
1.04 1.0
0.00 0.50 1.00 1.50 2.00 250 3.00 3.50 4.00 450 5.00 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Shortening of V4 module / m Shortening of V4 module / m
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0.6 m brittle material above (Fig. 5). Ten sub-layers whose thickness is
0.1 m are chopped up and shown in different colors to facilitate viewing
of the deformation. Only specific walls move at constant velocity; all
particles are initially at rest.
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4. Results

4.1. Differential compression DEM simulation with homogenous brittle
sediments

The decrease in velocity creates different compressional bulks for
each velocity module at the same time. As a sequence, structural pat-
terns in each velocity module can interact with neighboring ones, which
can be interpreted and illustrated by the plan (Fig. 6) and the cross-
sections (Fig. 7) of the simulations. In the homogenous simulation, the
deformation of each velocity module takes the form of a basic wedge
that develops with zero basal decollement (dip ). This simulation is
designed to investigate the deformation of homogenous frictional sedi-
ments. The thrusts first appear in module V4, and back-thrust occurs at
8.33% shortening, they form the pop-up structure together. Relatively
low compression only produces thrusts that die out in the neighboring
velocity modules (Figs. 6a, 7a and 7b and 7¢).

A flat-topped, symmetrical anticline forms in the V4 module when
the shortening reaches 2.5m (Fig. 7b). As the shortening accumulates,
the thrusts nucleate in front of the backstop of module V4, and the
frontal anticline becomes asymmetric with stronger back-thrusts than

10

fore-thrusts. Back-thrusts are well developed in the other three slower
modules. Three rows of anticlines appear in module V3; they develop
from a large ramp-flat thrust (ts, t1o, t14) and a secondary back-thrust
(bs, by, bg). In addition, clockwise rotation is the main reason that lis-
tric faults develop into the ramp-flat fault (Fig. 7c3). Out-of-sequence
trust tyo results in imbrication with ts and ty4(Fig. 7bs to 7c3), which
convert shortening to displacement along the new thrust.

Two types of transfer zones develop in the differential compression
simulation at domains adjacent to the faster backstops and between the
deformation front. Riedel shear is generated on the slower side of two
adjacent modules, and the thrusts confined to each module terminate at
the Riedel shear. The difference in topography between Riedel shears is
also a magnified sign of fracture (Fig. 6f). The other type of transfer
faults links the thrusts between two neighboring modules at the defor-
mation front and are generally oblique relative to the shortening di-
rection. Through this oblique structure, curved fold-and-thrust belts
thrive in the simulation and also appear in adjacent rheological sedi-
ment, basement setting, substantial topographic relief and the geometry
of backstops.

As the shortening increases, the thrusts of the fast module produce
greater displacement in the direction of compression than those in
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the transfer faults are illustrated by the cross sections perpendicular to the shortening direction. Section locations are shown in the upper pictures.

adjacent slower modules, which leads to the separation of heretofore
connected faults ts and tg (Fig. 6d). A new link connects to the thrust (or
back-thrust by) further ahead (Fig. 6f). Dip changing along the fault
strike is one evident feature of strike-slip faults; the forward-vergent
thrust ts in module V4 (Fig. 6f) links with the rearward-vergent back-
thrust by in module V3 (Fig. 6f) via a strike-slip fault (in pink), which
belongs to the frontal transfer zone.

4.2. Differential compression DEM simulation with ductile detachment

The ductile layers in the four modules are set according to the
shortening of each module. The V1 module compress faster and farther.
Thus, the ductile detachment is set close to the end wall. On the con-
trary, the ductile detachment of the slower modules is set close to the
moving backstop. Deformation prefers the incompetent layers (Reiter
et al., 2011; Ruh et al., 2013, 2014; Wu et al., 2014; Borderie et al.,
2018), so thrusts occur simultaneously near the backstops and above the
detachment, except in module V4 for which the backstop is well

11

separated from the detachment distributed range under insufficient
shortening (Fig. 8a).

In-sequence imbricate thrusts near the backstops are inconspicuous,
which is characteristic of nucleates, unlike the situation for the ho-
mogenous simulation. In contrast, the pop-up structure generated by
ramp-flat thrusts below and back-thrusts appears above the thick ductile
layer border (Fig. 9). As two rows of anticline develop, a relatively low
border and flat sag develop between them without faults (Fig. 9bs and
9b4) is narrowing along with the compression. Out-of-sequence
thrusting in ductile detachment simulation (Fig. 9bs to 9c3) is signifi-
cantly influenced by ramp-flat thrust developing above the detachment
layer. T8 occurs after thrust t7 but after t10, can be seen as in-sequence
thrusting in piedmont thrust belt and out-of-sequence thrusting in the
whole study area.

Riedel shears form relatively poorly at the foot of moving backstops,
so only incomplete fractures rooted at the growing walls on the slower
side appear after the compression (Fig. 8). Conversely, strike-slip faults
belonging to the frontal transfer zone represent stronger activity with a
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Fig.13. Overview of material transportation evolution in shortening direction and lateral migration of Homogenous Simulation. The

interpretation of R shears is

based on the offset in movement direction and transfer faults in front of the wedge are recognized by the offset in lateral direction.
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Fig. 14. Overview of material transportation evolution in shortening direction and lateral migration of Detachment Simulation. The interpretation of R shears is
based on the offset in movement direction and transfer faults in front of the wedge are recognized by the offset in lateral direction.

higher degree of transfer obliquely to the thrusts and a greater scale of
linkage between the two compressional faults of the two velocity mod-
ules. The thrusting structures into the two velocity modules do not
separate during compression because the convergence is accommodated
by two structural belts rather being concentrated in one fold-and-thrust
belt. Compression at the ductile detachment border is reflected in the
propagation of the back-thrusts (Fig. 9c2) and the developing stack of
pop-up structures (Fig. 9c and 9c4).

12

4.3. Evolution of orogenic wedges in each velocity module of differential
compression simulation

Based on the critical taper theory, under-plating and subsequent
uplifting are the mechanisms that cause the wedges to grow (Willett,
1992; Cotton and Koyi, 2000; Bonnet et al., 2007; Graveleau et al., 2012;
Wenk and Huhn, 2013). In this work, we used displacement measure-
ments to quantify the granules’ trajectory by investigating the
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Fig. 15. Schematic diagrams illustrating the location of tear fault zone, (a) one model modified from Fossen (2016) and (b) the model based on the results of

this research.
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Fig. 16. Temporal velocity filed of particles in Detachment Simulation during the simulation. a: 16.67% shortening in V4 module; b: 25.0% shortening in V4 module;
c: 33.33% shortening in V4 module. The section locations are the same as that in Fig. 8

propagation of wedges in each velocity module under the influence of
drag from the adjacent module in differential compression simulations.

Surface elevation can reflect the under-plating movement of particles
during the shortening (Willett, 1992; Graveleau et al., 2012; Wenk and
Huhn, 2013). Deformation propagates farther above the incompetent
ductile detachments, which are set at the frontal, longer shortening
range in ductile detachment simulation absorbs the same shortening
bulk than the homogenous simulation. Therefore, shorter wedges in
each module appear in the detachment simulation (Fig. 10b). The “step”
growth tendency during the orogen wedge propagation signals the
change of the uplift and compression due to the wedge locomotion,
which is related to the development of new thrusts. This characteristic is
more evident in module V1 of the homogenous simulation (Figs. 10a and
7) due to the more active inception of new foreland-vergent thrusts.

In this work, the location of the deformation front is recorded from
the backstop wall, and the two stages in these two simulation results are

13

(i) the process of wedge formation, nucleating in priority, and (ii) the
compression of the wedge in priority. Before point P2 (Fig. 11a),
imbricate fans of in-sequence thrusts are well developed, with each
rapid propagation corresponding to a new thrust. As shortening, new
thrust t;3 (Fig. 7bs) occurs at the same time as the wedge enveloped
within thrust t;; is compressed, which happens between points P2 and
P1. Continuous nucleation of the wedge of module V4 continues to the
point P4, where a new fore-land thrust forms. Other modules have a
similar growth pattern, which indicates the similarity of the evolution of
the fold-and-thrust belts under the different compression velocities.
Deformation in module V3 is affected by both fast and slow modules
because of frictional resistance behavior particles (Aridhi et al., 2014).
Inconspicuous nucleating features are caused by the foregoing thrust in
module V4, and the effects of drag from the slower adjacent module lead
to the unusual development of back-thrusts.

A more complicated growth process occurs in the detachment
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Fig. 17. Comparison between the a) simulation result from the top view and b) topographic map of the western segment in the Southern Margin of the Junggar Basin

(adapted from Shengli Oilfield) which is characterized by oblique anticlines.

simulation due to the existence of the deformation preference detach-
ment layer, which would destroy the integrated formation of the wedge;
in other words, no nucleating is apparent. Before points P9, P8, and P5,
thrusts develop only at the toe of the backstops in each module, and
beyond these points are formed low-angle ramp-flat thrusts reaching the
ductile detachments. Compression of the simulated sediment occurs in
the undeformed range from the box-fold (Fig. 9b) to the front of the
detachment until point P6, and then the accumulation of shortening is
accommodated through the development of back-thrusts. And then, the
deformation front increases slowly in this place.

14

5. Discussion
5.1. Strike-slip systems in differential-shortening simulations

Faults patterns and their evolution of two types of transfer zones
have been described in plan view (Figs.12 and 13). In addition, the
sections that cut across the shear faults differ significantly from each
other. Riedel shears in front of the backstops are characterized by steep
faults, which are more active and display a “flower” structure in the
slower module (Fig. 12a-1). However, in the faster module the thrusts
faults show as low angle reverse faults (Fig. 12b-2). Curved strike-slips
faults, which serve as links between the thrusts in two adjacent mod-
ules, show a low angle thrust rooting down to the bottom of the faster
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Fig. 18. Comparison between the simulation section and the interpreted seismic profile. a) Cross-section across to the middle of the fastest velocity module and b)
Cross section (see location in Fig.16a) showing Huoerguosi and Anjihai anticlines (from Yu et al., 2012).

module (Calassou et al., 1993; Ruh et al., 2013). Especially in the ductile
detachment simulation, folds in the hangingwall are uplifted by the
smooth trajectory thrust that slides along the detachment of slower
module and the branch back-thrusts, and particles in the footwall are
more static (Fig. 12b-2 and 12b-4). These results are similar to those
cases found by physical analog models (Calassou et al., 1993) and finite
difference method (Ruh et al., 2014) (see Fig. 13).

In this work, we use material transportation to illustrate the evolu-
tion of the two types of transfer zones and the curved fold-and-thrust
belts (Figs. 13 and 14), which are achieved by tracing particle
displacement in both the shortening and lateral directions. Strike-slip
faults to the foreland suggest that the lateral material transportation is
affected by the high shortening rate of the faster module (Reiter et al.,
2011). Two transfer-fault-breaking processes are recognized in the
course of the differential compression simulation: (1) Thrusts in the
faster module grow quicker than those in the slower module before
nucleation finishes (see by and bj in Fig. 8b and d). (2) After the first
nucleation of the wedge, it uplifts vertically as a whole, creating new
thrusts that form the deformation front. Nevertheless, particles in the
slower module still move with significant shortening displacement, and
the thrusts in the slower module can connect through the transfer fault
with new frontal thrusts in the neighboring module (see t5 and t;4 in
Fig. 6b and f). The accumulation of differential strain leads to transfer
faults at the deformation front.

Strike-slip faults that connect two parallel trusts faults are also found
in the Alpujarras transfer zone (Martinez-Martinez et al., 2006). How-
ever, a major problem with this type of fault is whether contraction can
propagate within the entire area from the moving backstop to the most
frontal reverse fault. If there is no difference in material setting (Adam
etal., 2005; Borderie et al., 2018) or pre-existing structures (Macedo and
Marshak, 1999; Sun et al., 2016), the results of 3D physical sandbox
experiments indicate that the deformation fronts appear nearly at the
same distance from the backstops. In contrast, there is a doubt whether
strike-slip faults would develop, and connect two parallel reverse faults
under the same shortening (Fig. 15a). In recent years, an increasing
amount of literatures discuss the lateral displacement accommodation
that occurs in front of deformation front in slower intenders (Reiter
et al., 2011) with velocity differential, same as produced by our models
(Fig. 15b).
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5.2. The role of thick viscous detachment

As the incompetent sediment material, the ductile detachment first
deforms when the walls begin moving. Therefore, pop-up structures
develop above ramp-flat thrusts that form in the decollement layer at the
same time as do thrust belts near the backstops. A less active wide
syncline sandwiched by two rows of thrust belts and structural patterns
depends on the distance between the initial backstop position and the
corresponding detachment border in the same module. The syncline
appears gentler in module V4 than in the slower neighboring module.
Shortening disperses in the entire deformation zone (Fig. 16), so a longer
deformation range usually corresponds to lower uplifting and more
lateral material transportation.

Cross sections of the temporal velocity field of the detachment
simulation reveal the formation process of the structural pattern. The
uplifting is related to the displacement increasing at a greater rate at the
foot of the backstop, which reveals the under-plating mechanism of
wedge growth (Fig. 16as and 16a4). The wedge is then characterized by
the “triangular” shear zone closing to the backstop with a clockwise
rotation, producing the hangingwall of the main thrust te, and relatively
inactive particles in the footwall moving by a trapezoid. As shortening in
faster module increases towards fixed walls from 25.0% to 33.33%, the
displacement along the ramp-flat thrust tg produces another row of
anticline forward (Fig. 16c4). Ambiguous Riedel shears appear in
detachment simulations and now thrusts occur in the two adjacent
modules during the entire compression, which causes less difference in
displacement. The different shortening distances concentrated near the
backstops create Riedel shear (Naylor et al., 1986), following which the
thrusts formed in front soon accommodate the compressive stress. This
explains why the shear is limited to the toes of the backstops. Transfer
faults that are oblique in front of the wedges transport material laterally.
The uplifting of the hangingwall in the detachment simulation is char-
acteristic of the ramp-flat fold sliding above the ductile detachment in
the slower module. Material transportation in the shortening and lateral
directions are the major kinematic mechanisms creating transfer faults
in differential compression simulations.

5.3. Comparison with the southern margin of the Junggar Basin

The ductile detachment simulation results in plan view can compare
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with segmented structure in the western segment of the fold-and-thrust
belts in the southern of the Junggar Basin. In the geological map, the
fold-and-thrust belts can be divided into four segments (Fig. 2B),
comparing to the four velocity modules in two numerical simulations.
There are three rows of en echelon anticlines in the study area, and the
strike of the deformation belts is northwest. Each fold-and-thrust belt
comprises one anticline, and broad syncline develop between the rows
of anticlines. The first row of fold and thrust which is piedmont thrust
belt is controlled by large thrusts. Three rows of the fold and trusts in our
simulation arrange oblique from the fast velocity module to lower one.
The ductile layer isn’t set at the backstop area, so the second row of fold
and thrust appear next to the piedmont thrust belt without a syncline
belt as a transition (Fig. 17). Another similarity between the simulation
results and the nature case is the development of transfer faults. From
the top view of the simulation, the Riedel shears under sinistral strike-
slip movement are obvious (Fig. 17b). Four sub-segment regions are
divided by sinistral strike-slip faults in the study area (Fig. 1B). Back-
thrusts affected by dragging from the slower adjacent module in the
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both simulations are similar to the seismic interpretation in the southern
margin of the Junggar Basin ((Figs. 18 and 1c).

The first row of fold-and-thrust belt of study area is characteristic as
thick-skinned structures generated by basement-involved imbricate
thrusts. This thick-skinned structure usually develops in the regions
without the detachment layers such as mudstone and coal beds in the
sediments. The homogenous simulation setting is similar to the rock
sequence in the piedmont thrust belt, therefore, the simulation results
show the basement-involved structures. Thin-skinned structures often
develop under compression with detachment layers at the bottom. The
deformation beds move above the Jurassic detachment layers to produce
fault propagation folds in the hangingwall in the second and third row of
fold and trusts in the southern of the Junggar Basin (Fig. 18b). The
ductile layers at the wedge front absorbs the shortening bulk to cause a
tight pop-up structure above the ramp-flat thrust that forms the thin-
skinned structures. The ductile detachment simulation reproduced the
process of this structure patterns in the front of the fold belts (Fig. 18a).

Our simulation results and previous analog models (Yu et al., 2009,
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2012) in which there are two decollements and the shortening rate is
33%, they are fit well with the structural pattern developing in the
western segment of the southern margin of the Junggar Basin. The re-
sults of the ductile detachment simulation suggest that two factors
control the evolution in the western segment of the southern margin of
the Junggar Basin: (i) the existence of the ductile detachment and (ii) the
differential compression mechanism. There are several decollement
beds with different thickness in the southern margin of Junggar Basin.
We only set one thick weak layer similar to the total thickness of
mudstone and coal beds from the Badaowan to the Xishanyao forma-
tions in the Jurassic system (Fig. 2) in the ductile detachment model to
discuss its control action in order to increase the universality of the
structural problems. In the future, these simulations would also extend
to other study areas.

5.4. Insights into the oil and gas exploration

The southern margin of the Junggar Basin is very promising oil and
gas exploration region with great potential (Sun et al., 2004; Guo et al.,
2011; Chen et al., 2019). This simulation results are very useful to
explain the factors that control the oil and gas distribution in the western
segment of the northern margin in the Junggar Basin. There are mainly
two patterns of traps bearing oil and gas that distribute along the fold
and thrust belts in the western segment (Fig. 19a). The traps of fault
anticline developed in the first row of the fold and thrust belts were
controlled by the basement-involved structures. This kind of traps was
first formed in the early shortening stage and became the higher
topography in the piedmont thrust belt with the more compression
amount (Fig. 19a). When the traps involved in the higher elevation level
thrust to the surface, the reservoir will be eroded and cannot keep
holding the oil and gas. Except the well drilled in the Qigu anticline trap
with the oil flow, other wells did not succeed in the exploration.
Therefore, we think that the first row of structural belts in the piedmont
of the northern margins of the Tianshan Mountains are not prospecting
areas. Other traps of anticlines developed in the second and the third
row of the fold and thrust belts in the western segment were determined
by the detachment fold structures above the viscous layers in Jurassic
strata. This kind of traps developed in the Cretaceous sandstone layers
and was sealed by Eocene mudstone. The oil and gas can migrate from
the Jurassic source to the traps along the forward and backward thrust
faults and accumulate into commercial oil field. Several wells drilled
through this kind of traps in the Hutubi, Tugulu, Huoerguosi and
Dushanzi anticlines all met oil flows (Fig. 1c). Therefore, the second and
third rows of structural belts in the western segment should be regard as
more favorable exploration regions. The transfer zones also play
important role to the migration of the liquid fluid among pore with high
pressure. When the transfer fault cut through the sealed rocks, the liquid
fluid will migrate to the surface to form seepage and mud volcanoes, for
example, the Dushanzi and Baiyanggou mud volcanoes in the western
sub-segment of the southern margins of the Junggar Basin (Fig. 19b and
c). In these kind regions, the lower traps in the Jurassic reservoirs sealed
by the Lower Cretaceous are favorable for forming large-scale oil-gas
field and should be paid more attention to exploration in the future (Guo
et al., 2011).

6. Conclusion

Two differential compression simulations were conducted in this
work to investigate the structural styles and kinematic evolution of the
differential shortening fold-and-thrust belts, which raises the following
major points:

(1) Resistance from the slower adjacent module can lead to back-
thrusts prevailing in the faster module. Conversely, weak nucle-
ation in the slower module is influenced by drag from the other
side. The development of the piedmont thrust belt, gentle
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syncline, and pop-up structure are characteristic of the simulated
ductile detachment.

Two strike-slip fault systems are recognized in the differential
compression simulation, Riedel shears at the foot of the backstop
have a “flower structure,” which is composed of steep faults in the
cross section, and the transfer faults in front appear flat thrusts
with back-thrusts on the hangingwall.

The results of these simulations identify two factors that control
the structural patterns of the south margin of the Junggar Basin.
Oblique and curved fold-and-thrust belts are generated from the
differential compression, and multiple rows of anticline, such as
the Huoerguosi and the Anjihai anticlines, are related to the
ductile detachment.
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