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(Beijing), Beijing, China, ?College of Geosciences, China University of Petroleum (Beijing), Beijing,
China

Introduction: Scaled analogue modelling had become a powerful tool used by
structural geologists to study the geometries and evolution of faults.

Methods: We had successfully simulated the geometry and progressive
evolution of conjugate strike-slip faults in three sets of symmetric models with
varying sandpack thicknesses and two sets of asymmetric models with different
angles using scaled sandbox model. Three representative phases from all the
models were described, and the structural characteristics of the different models
were analyzed comparatively.

Results: The results show that well-defined X-shaped conjugate strikeslip
faults developed in both the symmetric and asymmetric basement models,
they had the same acute angle, and the direction of these angle bisectors
was perpendicular to the extension direction. In addition, the development
of conjugate strike-slip faults in the asymmetric basement was regionalized
compared to the symmetric basement, where the two sets of faults less intersect
in the model, and the regionality and asymmetry became more apparent as the
degree of basement asymmetry increased.

Discussion: The Mohr space diagrams indicate that there are variations in
the characteristics of the faults due to changes in the stress state of the
model at different stages. In the asymmetric model, there are differences
in the number of two faults developed and the intersection relationship in
different regions due to the asymmetry in the distribution of the maximum
principal stresses. Furthermore, we proposed two synoptic models, namely, the
symmetric conjugate strike-slip fault system (SCSFS) model and the asymmetric
conjugate strike-slip fault system (ACSFS) model, for conjugate strike-slip
fault systems based on the results of the different models. The models and
experimental results were compared with natural examples of the two sets of
strike-slip fault systems in the Tabei uplift in China’s Tarim Basin, which exhibit
many strong similarities in their structural geometries. The two synoptic models
proposed based on the analogue models may provide useful templates for the
seismic interpretation and mechanism of different types of conjugate strike-
slip fault systems in nature and for inferring the orientation of the maximum
principal stress.
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1 Introduction

Conjugate strike-slip faults are one of three typical types of
faults in the Anderson fault model (Anderson, 1905; 1942) and
are given a special definition (Twiss and Moores, 1992; Fossen,
2016) that emphasizes the characteristics of two sets of strike-
slip faults with different directions and their interrelationship,
which are usually intersected in an X-shape (Figure1). The
mechanics of conjugate strike-slip faults can be explained by pure
shear models (sometimes called the Coulomb-Anderson model)
(Figure 1) (Aydin and Page, 1984; Sylvester, 1988). The acute angle
between the plane of the two faults in a conjugate strike-slip
fault is 20. 0 is the angle between the maximum compressive
stress (0;) direction and a plane of the fault, which is related
to the internal friction angle ¢ (typically 30°-40°) as follows:
0 = 45° - @/2. Thus, the conjugate shear angle is generally
50°-60° (Figure 1).

Ever since conjugate strike-slip faults were mentioned in
Daubrée’s experiments, they have gradually become well-known
members of fault systems (Daubrée, 1878; Schwarz and Kilfitt,
2008). The structural characteristics, kinematics, and mechanics
of conjugate strike-slip faults have been investigated theoretically
(e.g., Anderson, 1942; Aydin and Page, 1984; Sylvester, 1988;
Twiss and Moores, 1992; Fossen, 2016; Platt and Passchier, 2016).
Examples of conjugate strike-slip faults are found in different
tectonic regions on Earth, including collisional orogens (Sengor
and Kidd, 1979; Yin et al., 1999; Brookfield and Hashmat, 2001;
Morley, 2001; Morley et al., 2001; Cunningham, 2005; Guest et al.,
2006; Yin and Taylor, 2011), arc systems (Backé et al, 2006;
Escalona and Mann, 2006; Giaconia et al., 2012; Davidson et al.,
2020), and cratonic basins (Lin et al., 2015; Deng et al, 2019;
Wu et al,, 2020). The Tarim Basin is a typical cratonic basin
characterized by the development of conjugate strike-slip faults
(Figure 2) (Wu et al.,, 2018; Deng et al., 2019; Wu et al., 2020).
In the Tabei uplift in the Tarim Basin, NW China, in addition to
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the development of a typical X-shaped conjugate strike-slip fault
system composed of complementary NNE- and NNW-trending
strike-slip faults (the red area in Figure 3), a special strike-slip
fault system consisting of nearly NS- and NE-trending strike-
slip faults also developed (the yellow area in Figure 3). In this
fault system, the NE-trending strike-slip faults are more developed
than the nearly NS-trending strike-slip faults, and a few of the
faults in these two sets of faults intersect with each other. It
is worth noting that a NEE-trending reverse fault developed
in the northern part of this fault system, and the amount of
shortening on this fault varies from west to east (Lin et al., 2015;
Deng et al,, 2019; Wu et al., 2020).

Previous analogue studies of conjugate strike-slip faults have
used different materials and set-ups to understand conjugate strike-
slip faults. Most of the above-mentioned experiments used clay or
plasticine as a modelling material (Cloos, 1955; Hoeppener et al.,
1969; Freund, 1970; 1974; An and Sammis, 1996; Schwarz and
Kilfitt, 2008; Yin and Taylor, 2011) or designed pre-existing fabrics
in analogue models (Schwarz and Kilfitt, 2008; Yin and Taylor,
2011) to simulate the formation and evolution of conjugate strike-
slip faults. Recent modelling efforts have started to explore the
formation and evolution of X-shaped conjugate strike-slip faults.
Bahroudi et al. (2003) used sandbox models to investigate the effects
of frictional and ductile detachments on thin-skinned extension
and briefly discussed the features of conjugate faults. Zwaan et al.
(2019) discussed the development of conjugate strike-slip faults
in a systematic comparison of extensional tectonic deformation
characteristics under different basement models, involving a foam
base, a rubber base, rigid basal plates or a conveyor base
system.

However, the clay or plasticine material used in earlier models
(Cloos, 1955; Hoeppener et al., 1969; Freund, 1970; 1974; An and
Sammis, 1996; Schwarz and Kilfitt, 2008; Yin and Taylor, 2011)
cannot be used as precise-scale analogues of brittle deformation
in the upper crust (Horsfield, 1977; Naylor et al., 1986; McClay

A

FIGURE 1

(A) Plan view of mechanisms of pure shear models [after Aydin and Page (1984); Sylvester (1988)]; (B) Three-dimensional stress state of conjugate
strike-slip faults in pure shear models. The double parallel line represents the orientation of the extension (T) fractures; and the wavy line represents the
orientation of the fold axes. ¢ is the internal friction angle; oy is the maximum principal stress; o, is the middle principal stress; and o3 is the minimum
principal stress. The black arrows denote the shortening axis; and the open arrows denote the axis of the lengthening.
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FIGURE 2

Distribution map of the major tectonic units in the Tarim Basin [modified from Deng et al. (2019)]. The red rectangular area is the location of Figure 3.

and White, 1995; McClay and Bonora, 2001; Dooley and Schreurs,
2012). In addition, based on the definition of conjugate strike-slip
faults (Twiss and Moores, 1992; Fossen, 2016), models with pre-
existing structures in the basement (Schwarz and Kilfitt, 2008;
Yin and Taylor, 2011) are unconformable with the mechanism
of conjugate strike-slip faults, and their experimental results are
only slightly similar in geometry to those of conjugate strike-
slip faults. Recent modelling has investigated the effects of
different basements (Bahroudi et al., 2003; Zwaan et al, 2019;
Liu et al, 2024) and different mechanical layers (Liu et al,
2024) on fault development. However, there is rarely any
discussion of the formation and evolution of different types
of conjugate strike-slip fault systems, particularly the atypical
conjugate strike-slip fault systems mentioned above. In addition,
these studies do not compare the experimental results with
natural examples of different types of conjugate strike-slip
fault systems.

In summary, a comprehensive study of the geometries
and progressive evolution of two sets of strike-slip faults in
different types of conjugate strike-slip fault systems is still lacking
(excluding short notes in several previous studies (Anderson,
1942; Aydin and Page, 1984; Sylvester, 1988; Bahroudi et al,
2003; Platt and Passchier, 2016; Zwaan et al., 2019; Liu et al.,
2024). In particular, there was a need to compare the results
of different types of conjugate strike-slip fault models with
natural examples.
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Here, we present a systematic series of analogue models
consisting of symmetric models with varying sandpack thicknesses
and asymmetric models with different angles designed to examine
the geometries and progressive evolution of different types of
conjugate strike-slip faults. Subsequently, we also analyzed the stress
state of the experimental model using the Mohr space diagram to
discuss the mechanism of different types of conjugate strike-slip fault
systems. Furthermore, two synoptic models for conjugate strike-slip
fault systems are developed, and the models and results of these
analogue models are compared with natural examples of conjugate
strike-slip faults.

2 Materials and methods

Scaled analogue modelling has become a powerful tool used
by structural geologists to study the geometries and evolution
of faults (Hubbert, 1937; Koyi and Petersen, 1993; McClay and
White, 1995; Dooley and McClay, 1997; McClay and Bonora, 2001;
Wu et al, 2009; Dooley and Schreurs, 2012; Graveleau et al.,
2012; Schellart and Strak, 2016; Zwaan et al., 2019; Zwaan and
Schreurs, 2022). In this study, we investigated the geometries and
progressive evolution of conjugate strike-slip faults using scaled
sandbox modelling, which mainly depended on the materials and
experimental setups (McClay and White, 1995; Dooley and McClay,
1997; McClay and Bonora, 2001; Wu et al., 2009; Dooley and
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FIGURE 3

Distribution of the strike-slip faults (the red lines) in the Tabei uplift. The map also shows the basement faults documented by Lin et al. (2015) and
Deng et al. (2019). Both the strike-slip faults are projected onto surface T,* (top of Middle Ordovician). The background colours indicate the different
fault systems: the southern and northern areas are shown in the red and yellow, respectively. Thick red lines and thin red lines represent primary and
secondary strike-slip faults, respectively. The location of Figure 3 is shown in Figure 2. 3D: three-dimensional.

Schreurs, 2012; Schellart and Strak, 2016; Zwaan et al.,, 2019;
Zwaan and Schreurs, 2022).

2.1 Material properties and scaling

Qualified materials and model scaling procedures serve
to ensure that the experiment properly represents the natural
prototype. Dry quartz sand deforms according to Navier-Coulomb
failure (Hubbert, 1937; Horsfield, 1977; McClay and White, 1995;
McClay and Bonora, 2001; Dooley and Schreurs, 2012), making
it an ideal material for simulating the brittle deformation of
sediments in the upper crust. It has been widely used in analogue
modelling (Horsfield, 1977; Schreurs, 1994; McClay and White,
1995; Dooley and McClay, 1997; McClay and Bonora, 2001; Dooley
and Schreurs, 2012; Tong et al, 2014; Reber et al., 2020). In
this study, within the deformation rig, a homogeneous sandpack
was constructed by mechanically sieving horizontal layers of
white, dry quartz sand with a 180-250 um grain size. Dry quartz
sand has a time-independent rheology, so the main concern for
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scaling purposes is the internal friction angle of the sand (~40°),
which is similar to other models and most intact rocks in the
upper crust (35°-40°) (Table 1) (Byerlee, 1978; Jaeger et al., 2009;
Dooley and Schreurs, 2012). The cohesion of natural materials
in the upper crust is 1.2 x 107 Pa, and that of the sand used in
the modelling is 10-100 Pa (Handin, 1969; Twiss and Moores,
1992; Jaeger et al., 2009; Klinkmiiller et al., 2016; Zwaan et al.,
2019). To ensure dynamic similarity between brittle natural and
experimental materials, we calculate the stress ratio Rs, which
is a function of gravitational stress and cohesive strength (C)
(Hubbert, 1937; Zwaan et al, 2019): Rs = (p-g-h)/C, where p,
g and h represent the density, gravitational acceleration and
thickness respectively. When an intermediate cohesion of ~8 MPa
is applied to upper crustal rocks, we obtain a Rs value of ~68
for both nature and our experiments, we therefore consider this
material in the model to be acceptable. Further details of the
modelling materials are presented in Table 1. The thickness of the
sandpack in our models varied from 20 to 40 mm. The models
described in this article were scaled such that they simulate brittle
deformation of a 2-8 km thick sedimentary sequence (Table 1)
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TABLE 1 Analogue modelling material properties and scaling.
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(McClay, 1990; McClay and White, 1995; Bahroudi et al., 2003;
Dooley and Schreurs, 2012).

2.2 Set-up

The experimental apparatus used in this study was similar
to the experimental setup used by McClay and White (1995),
Model 9 constructed by Bahroudi et al. (2003), and experiment R1
(Zwaan et al,, 2019). We present the results of 5 models from two
experimental series (Table 2). The width of the two longitudinal
walls in the experimental machine was 400 mm; the length between
the two longitudinal walls was up to 1,200 mm; and the depth
was 200 mm (Figures 4A, B). The initial size of the deformation rig
was designed to be 400 x 300 mm. A thin rubber sheet (3 mm) of
corresponding size was laid on the baseplate of the model, which
was fixed between two sidewalls (Figure 4A) and was designed
to represent symmetric and asymmetric basements. The angle, a,
between the sides of the rubber base and the extension direction
was controlled by the orientation of the rubber base of the model
(Figure 4A). The angle was varied systematically in 5° increments,
i.e., a =0° (symmetric basement), a = 5° (asymmetric basement), a
= 10° (asymmetric basement) (Figures 4C, D) (Table 2). The rubber
was a typical material that transmitted stress to the sandpack
through frictional contact with the experimental material (McClay
and White, 1995; Bahroudi et al., 2003; Schwarz and Kilfitt, 2008;
Zwaan et al., 2019; Zwaan and Schreurs, 2022), and it was pre-
stretched to 330 mm to ensure that the rubber was tightly stretched.
Thus, the final size of the model was 400 x 330 mm (Figure 4A).
Deformation was achieved by moving the mobile sidewall with two
motor-driven worm screws (Figure 4B) at a constant displacement
rate of 0.17 mm/s. An extension velocity of 0.17 mm/s in our
models converts to a velocity of 7.3 cm/y in nature, which was
similar to typical natural extension velocities (Liu et al., 2024).
All the experiments involved a total extension displacement of
70 mm. The upper surface of each experiment was recorded using
time-lapse photography every 1.7 mm (10 s) of displacement. All
the images were lightened using the Adobe Photoshop CC 2019
software to make the phenomena in the experimental images
more visible. Each model experiment was repeated twice, and
good reproducibility was achieved, indicating that our modelling
method is robust.

3 Experimental results

We present the results of the analogue model analysis in a series
of overview figures (Figures 5-9). These figures present photographs
of the top-surface and the interpreted plan views of the key
representative deformation phases (d=30 mm, 50 mm, and 70 mm).
The scanned plan views of the model surface for both the d=50 mm
and 70 mm deformation phases are also presented. First, we discuss
the symmetric base models from Series S, and then we discuss the
asymmetric base models from Series A. Finally, we compare and
analyze the different experiments based on the principle of a single
variable. In addition, to better describe the occurrence element of
the fault, one direction was designated as the north direction in the
plan view (Figures 5-9).
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TABLE 2 General parameters of experiments.

Model Model Model Angle: a
series name thickness
S2 20 mm 0°
Series S:
symmetric S3 30 mm 0°
base models
S4 40 mm 0°
Series A: A5 30 mm 5°
asymmetric
base models Al10 30 mm 10°

3.1 Series S: symmetric base models

The thickness of the sandpack for our Series S models varied
systematically from 20 mm to 40 mm (Table 2). Here, to illustrate
and compare the geometries and progressive evolution of the
conjugate strike-slip faults, we selected representatives of the same
phases of the typical areas unaffected by the boundary effect, and the
photographs of the representative three selected phases were traced
and redrawn (Figures 5-7). In addition, the size and location of the
areas selected from Series S are essentially the same.

3.1.1 Plan view evolution: Model S2

In the early phases of deformation (e < 9%, d < 30 mm) in
Model S2 (not shown), fault development was not well characterized.
Subsequently (e = 9%, d = 30 mm) (Figure 5Aa), the top-view
image illustrates the development of conjugate strike-slip faults.
They were almost straight in the strike direction, were almost
synchronous, were small in scale, and exhibited negligible strike-slip
displacement. In this stage (Figure 5Aa), the dextral strike-slip faults
(NW-trending faults) were more developed than the sinistral strike-
slip faults (NE-trending faults). The X-shaped conjugate strike-slip
faults, which consisted of the two sets of intersecting faults, were
discernible in the middle of the image, and the acute angle of the
conjugate strike-slip faults (20) was approximately 49° (Figure 5Aa).
With extension of up to e = 15% (d = 50 mm) (Figure 5B-b’), the
conjugate strike-slip faults were well-defined, and the two sets of
strike-slip faults continued to develop, with a significant increase in
the number of sinistral strike-slip faults. The traces of some faults
significantly increased in length as a result of the coalescence of
individual fault segments and the continued propagation of the
faults. In this stage (Figure 5B-b"), the two sets of strike-slip faults
were widely developed and generally equal in number at the top of
the model, and the fundamental architecture of the conjugate fault
system was established (Figure 5B-b’). In the final stage (e = 21%,
d =70 mm) (Figure 5C-c’), the early strike-slip faults continued to
propagate and lengthen, and several new small faults simultaneously
developed.

3.1.2 Plan view evolution: Model S3

Model S3 (30 mm thick sandpack), displayed a similar evolution
to the 20 mm model S2 previously described. The development of
conjugate strike-slip faults was not well-defined during the initial
phases (e < 9%, d < 30 mm). As the extension increased (e = 9%,
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d =30 mm) (Figure 6Aa), two sets of strike-slip faults with different
orientations formed almost distributively and simultaneously in the
top-view image. Together, they formed typical X-shaped conjugate
strike-slip faults with an acute angle of approximately 49° in some
areas of the image (Figure 6Aa). In the late phases of deformation (e
=15%, d = 50 mm, e = 21%, d = 70 mm) (Figures 6B-b, C-¢’), the
number and length of the faults increased obviously, yet the sinistral
strike-slip faults (NE-trending faults) were more developed than the
dextral strike-slip faults (NW-trending faults).

3.1.3 Plan view evolution: Model S4

The developmental characteristics of the conjugate strike-slip
faults in Model S4, illustrated in the final overhead view, are
somewhat similar to those in Models S2 and S3. We observed that
two sets of strike-slip faults with different orientations developed
almost synchronously in the model after ~30 mm of extension (e=
9%, d = 30 mm) (Figure 7Aa), which together formed X-shaped
conjugate strike-slip faults with an acute angle of approximately
49° in some areas of the image. With continued deformation (e =
15%, d = 50 mm) (Figure 7Bb’), the numbers and lengths of the
two sets of strike-slip faults gradually increased. In the late phases
(e = 21%, d = 70 mm) (Figure 7Cc’), the early strike-slip faults
continued to develop, and several new small faults with the same
strike were simultaneously developed in the vicinity of the larger
strike-slip faults.

3.2 Series A: asymmetric base models

The Series A models had asymmetric bases with angles of 5° and
10° (Table 2). Here, we analyzed the results for series A with the same
regions and phases that were not disturbed by boundary effects,
and we further traced and redrew the top-surface photographs
(Figures 8, 9).

3.2.1 Plan view evolution: Model A5

In the early phases of deformation (e = 9%, d = 30 mm)
(Figure 8Aa), the top view image contained two sets of strike-slip
faults with different strikes; they had almost straight strikes, were
almost synchronized, and had a negligible strike-slip displacement.
In this stage (Figure 8Aa), the two sets of strike-slip faults rarely
intersected with each other to form an X-shaped conjugate strike-
slip fault, and the acute angle bisectors of these faults were N-S.
With further deformation (e = 15%, d = 50 mm) (Figure 8Bb),
the two sets of strike-slip faults continued to develop, significantly
increasing in number and length, and some well-defined conjugate
strike-slip faults appeared. The trace lengths of some faults increased
significantly owing to the coalescence of individual fault segments
and the continued propagation of the faults. In addition, an
interesting phenomenon during this stage was that the development
of the two sets of strike-slip faults was mutually constrained,
so one set of faults terminated in the other. In addition, the
development of the two sets of strike-slip faults was divided into
areas where one set of faults was significantly developed and the
other set of faults was less developed. In the final stage (e = 21%,
d = 70 mm) (Figure 8Cc’), the early strike-slip faults continued to
propagate and lengthen, and some new small faults simultaneously
developed.
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FIGURE 4
Set-up of the analogue experiments. (A) 3D diagram of the experimental apparatus depicting its various components; (B) diagram of the side view of
the deformation rig showing the initial model layering, (C) diagram of the plan view of the deformation rig showing pre-deformation of the symmetric
models, and (D) diagram of the plan view of the deformation rig showing pre-deformation of the asymmetric models.

3.2.2 Plan view evolution: Model A10

Model A10, which had a two-sided 10° asymmetric base,
exhibited an evolution similar to that of Model A5 (described
previously). As the extension increased to e = 9% (d = 30 mm)
(Figure 9Aa), two sets of well-defined strike-slip faults with different
orientations were formed almost distributively and simultaneously
in the top-view image. However, these two sets of faults did not
form a typical X-shaped conjugate strike-slip fault. In the late phases
of deformation (e = 15%, d = 50 mm, e = 21%, d = 70 mm)
(Figures 9Bb, Cc’), the number and length of the faults increased
notably, several well-defined conjugate strike-slip faults appeared,
and the acute angle bisector of the conjugate strike-slip faults was
NS. In these stages (Figures 9Bb, Cc’), mutual limitation of the
development between the two sets of faults occurred, making it
possible for the development of one set of faults to terminate the
other set of faults. In addition, the development of the two sets of
strike-slip faults was distinctly regional, i.e., it occurred in areas
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where one set of faults was notably developed, and the other set was
barely developed.

3.3 Comprehensive analysis of experiments

To further investigate the characteristics of the different models,
50 mm) of each

we selected the same phase (e = 15%, d
model (Figures 5-9), which was used to represent the fundamental
architecture of the conjugate fault system.

3.3.1 Analysis of Models S2-S4

All three models produced well-developed two sets of strike-
slip faults, as well as well-defined X-shaped conjugate slip
faults (Figure 10). The acute angle of the interpreted plan views
conjugate strike-slip faults (20) was approximately 40°, and
the interpreted plan views direction of the angular bisector of
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interpreted plan views of (A—C), respectively. (b")-(c’) present the scanned

direction of shortening.

Plan view evolution of Model S2 (D = 20 mm, a = 0°): (A) d = 30 mm, e = 9%; (B) d = 50 mm, e = 15%; (C) d = 70 mm, e = 21%. (a)—(c) present the

the site of Figure 18C. d - total displacement, e - extension ratio. The black arrows denote the extension direction; and the red arrows denote the

plan views of (B, C) surfaces, respectively. The boxed areas [(B), b, and b'] are

these acute angles was NS, indicating the contraction direction
(Figure 10).

In addition to the above-mentioned common features, there
were differences in the characteristics of the strike-slip faults formed
in Models S2-S4. We compared the fault characteristics in the
middle stage in the three models (Figure 10). Here, to further
investigate the differential characteristics of the fault from Models S2
to S4, we chose the fault line density (p; : the number of faults per unit
length (number/mm)) and surface density (pg: the fault length per
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unit area (mm/mm?)) for analysis. For the line density, we selected
the top, middle, and bottom three measurement lines of each model
at the same position; then, we statistically analyzed the fault line
density of each line (Figures 10, 11A). For the surface density, we
measured the lengths of all the strike-slip faults in the models.
The statistical analysis revealed that a conjugate set of sinistral and
dextral strike-slip faults was developed in all the models, and the
line density and surface density of the strike-slip faults in Model
S2 were larger than those in the other two models (Figure 11A).
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Plan view evolution of Model S3 (D = 30mm, a = 0°): (A) d = 30 mm, e = 9%; (B) d = 50 mm, e = 15%; (C) d = 70 mm, e = 21%. (A-C) present the
interpreted plan views of (A—C), respectively. (b')—(c’) present the scanned plan views of (B, C) surfaces, respectively. d - total displacement, e -
extension ratio. The black arrows denote the extension direction; and the red arrows denote the direction of shortening.

Model S4 had the lowest fault density (Figures 11A, B). In addition,
the line density of the sinistral and dextral strike-slip faults varied
significantly among the different models and in different areas in the
same model (Figure 11A).

3.3.2 Analysis of Models S3, A5, and A10

Here, we selected the same areas in Models S3, A5, and
A10. Model S3 contained well-developed X-shaped conjugate
strike-slip faults (Figure 12), whereas Models A5 and A10 only
contained a few sets of faults that intersected each other to
form X-shaped conjugate strike-slip faults (Figures 12B, C).
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The acute angle of the conjugate fault was about 49° in
all the models, and the direction of the angular bisector
of the acute angle was NS, indicating the same contraction
direction (Figure 12).

Compared with the symmetric base Model S3, the two sets
of faults developed in the asymmetric base model were distinctly
regionalized; that is, within the region where one set of faults
was developed, the other set was barely developed (Figure 12). In
addition, the regionalized development of the two sets of strike-
slip faults became more distinct as the angle of the base asymmetry
increased (Figure 12).
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°): (A)d = 30 mm, e = 9%; (B) d = 50 mm, e = 15%; (C) d = 70 mm, e = 21%. (A-C) present the
interpreted plan views of (A—C), respectively. (b)-(c’) present the scanned plan views of (B, C) surfaces, respectively. d - total displacement, e -
extension ratio. The black arrows denote the extension direction; and the red arrows denote the direction of shortening.

4 Discussion
4.1 Mechanics of experimental models

The reason for the development of the conjugate strike-slip faults
in all the experiments described in the previous sections was the
contraction of the rubber perpendicular to the extension direction
(the Poisson effect) (Figure 13) (Smith and Durney, 1992; Venkat-
Ramani and Tikoff, 2002; Zwaan et al., 2019). The deformation
of the rubber base was similar to the pure shear mode (Aydin
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and Page, 1984; Sylvester, 1988), resulting in the development of
conjugate strike-slip faults.

Furthermore, we analyzed the relationship between the
extension and contraction perpendicular to the direction of
extension during the stretching of the rubber. Here, we chose the
central axis line of the rubber for the contraction analysis because
the contraction of the different positions on both sides of the
rubber was not equal, but both sides had the same deformation
tendency (Figure 13A). The relationship between the total extension
displacement and total contraction displacement revealed that the
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direction of shortening.

Plan view evolution of Model A5 (D = 30mm, a = 5°): (A) d = 30 mm, e = 9%; (B) d = 50 mm, e = 15%; (C) d = 70 mm, e = 21%. (A-C) present the
interpreted plan views of (A—C), respectively. (b")-(c’) present the scanned plan views of (B, C) surfaces, respectively. The boxed areas [(B), b, and b'] are
the site of Figure 19C. d - total displacement, e - extension ratio. The black arrows denote the extension direction; and the red arrows denote the

rate of increase of the contraction displacement decreased as the
stretching displacement increased (Figures 13A-C, 14). Thus, we
infer that no visible contraction occurred perpendicular to the
extension direction in the later stages of extension, which explains
the significant dip-slip displacement of some conjugate strike-slip
faults in the later stages.

Next, we used the Mohr space diagram (Tong and
Yin, 2011; Tong et al., 2014) to analyze the stress states of our models
in the different phases. First, for simplification purposes, we used
the three maximum principal stresses to represent the stress state of
the model, i.e., the vertical stress (o), the horizontal stress in the
contraction direction (o), and the horizontal stress in the extension
direction (o,).

In the early stages of deformation, the stress state (o, = 0, > 0, =
0, > 0, = 03) of all the models was the strike-slip tectonic regime of
Anderson (Figure 15A). As the extension continued, the contraction
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rate of the rubber base gradually decreased (Figure 14), o gradually
decreased to less than o, and the stress state transformed to the
extension stress state (o, = 0; > 0. = 0, > 0, =03), which caused
the early strike-slip faults to reactivate and hence develop dip-slip
displacements (Figure 15B). As we have known that the vertical
stress (0, = 0,) of the sand body gradually increases as the thickness
of the sand layer increases in models. Therefore, we infer that the
closer the intermediate principal stress (o,) is to the maximum
principal stress (o,), the larger the size and density of the fault
decreases under the condition that the model is a strike-slip stress
state. Additionally, we canned predict that as the thickness of the
sandpack increases, the vertical stress (o, = 0;) will become larger
than the stress in any horizontal direction in the initial phase of the
models (McClay and White, 1995; McClay et al., 2002), and that the
stress state would change to a state of extensional stress that would
begin to show normal faults in the model.
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Plan view evolution of Model A10 (D = 30mm, a = 10°): (A) d = 30 mm, e = 9%; (B) d = 50 mm, e = 15%; (C) d = 70 mm, e = 21%. (A-C) present the
interpreted plan views of (A-C), respectively. (b)—(c’) present the scanned plan views of (B, C) surfaces, respectively. d - total displacement, e -
extension ratio. The black arrows denote the extension direction; and the red arrows denote the direction of shortening.

However, compared with the symmetric base model, there was
an angle between the boundary of the base of the asymmetric
model and the extension direction, which caused the two sides
of the rubber basement to contract asymmetrically. During
deformation, the contraction rate gradually increased from west
to east on the north side of the rubber base, and the opposite
process occurred on the south side; therefore, the contraction
deformations on both sides were asymmetric (Figures 13D-F).
According to the relationship between the extension and
shortening of the rubber base (Figure 14), o. was related to the
contraction rate, which resulted in an asymmetric distribution
of the maximum principal stress (o.) in the model, which was
probably the reason the number of faults developed and the
intersection relationship between the two sets of faults in the
asymmetric model was significantly different, and the regionality
and asymmetry became clearer as the magnitude of the asymmetry
increased.
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4.2 Structural features of conjugate
strike-slip faults

Based on the analysis of the symmetric and asymmetric base
models, we propose two possible synoptic models to summarize
the structural features of the conjugate strike-slip faults observed
in the analogue models (Figures 16, 17): a symmetric conjugate
strike-slip fault system (SCSFS) and an asymmetric conjugate strike-
slip fault system (ACSEFS). The SCSEFS is defined as a system in
which two sets of faults in the conjugate strike-slip fault are well-
developed and intersect each other in the strike-slip stress regime
(Figure 16). The ACSFS is defined as a system in which one set
of faults in the conjugate strike-slip faults is well-developed, the
other set of faults is poorly developed, and the two sets of faults less
intersect each other within the system (Figure 17). Below, we discuss
the representative features of the formation and evolution of these
two different conjugate strike-slip fault systems. During the initial
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formation of conjugate strike-slip faults, there is no measurable dip-
slip displacement on the faults (Twiss and Moores, 1992; Fossen,
2016), so it is difficult to observe the profile characteristics of
the faults using experimental cross-sections. In addition, we do
not have the experimental equipment necessary for 3-D scanning.
We refer to Zwaan et al. (2019) for a 3-D analysis of computed
tomography (CT) scans of experiments R1 and R5, in which the
conjugate strike-slip faults are shown to be sub-vertical and extend
to the basement in the profile.

4.2.1 Geometries of the SCSFS

The synoptic model of the SCSES is based on the range of the
conjugate strike-slip faults observed in the symmetric base models
(Figures 5-7), which exhibits crucial features of the formation
and evolution of the SCSFS. (1) In the initial phases of fault
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development, two well-defined sets of strike-slip faults formed
almost synchronously. They had a nearly straight strike, small
scale, and no significant amount of strike-slip displacement. In
some areas, X-shaped conjugate strike-slip faults were formed via
the intersection of the two sets of faults (Figure 16A). (2) In the
intermediate phases, the traces of some faults significantly increased
in length as a result of the coalescence of individual fault segments
and the continued growth of the faults (Figure 16B). The X-shaped
conjugate strike-slip faults were well-defined, and the fundamental
architecture of the SCSFS was established. (3) In the later phases, the
early strike-slip faults continued to develop, and several new small-
scale faults with the same strike simultaneously developed in the
vicinity of the larger strike-slip faults (Figure 16C).

In the SCSEFS, we can directly determine the orientation of the
maximum principal stress (Og;) from the acute angle bisector of
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(A, D) Rubber sheet pattern in the pre-deformation; (B, E) rubber sheet pattern in the early stage of deformation; and (C, F) rubber sheet pattern in the
later stage of deformation. The black arrows denote the extension direction; and the red arrows denote the direction of shortening.

two intersecting conjugate strike-slip faults, which is parallel to the
orientation of the maximum principal stress (Figure 16D).

4.2.2 Geometries of the ACSFS
Figure 17 presents a synoptic model of the ACSFS architecture
based on the results of the asymmetric base models (Figures 8,
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9). This synoptic model has the following key deformations and
evolutionary features: (1) During the initial phases of the formation
of the ACSFS, well-defined two sets of strike-slip faults with different
orientations were formed almost distributivity and simultaneously.
Rarely did the two sets of strike-slip faults intersect with each other
to form an X-shaped conjugate strike-slip fault (Figure 17A). (2)
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Mohr space diagram showing the stress states at different stages of the analogue model. (A) the stress states in the early stages of deformation; and (B)
the stress states in the later stages of deformation. o, is the vertical stress, o, is the horizontal stress in the contraction direction, and o, is the horizontal
stress in the extension direction. o, is the normal stress, and 1,, is the shear stress.

Later stages of deformation

In the intermediate phases, the number, and length of the well-
defined conjugate strike-slip faults increased obviously (Figure 17B).
An interesting phenomenon during this stage was the mutual
limitation of the development of the two sets of faults, which made
it possible for the development of one set of faults to terminate
the other set of faults. In addition, the development of the two
sets of strike-slip faults was distinctly regional (Figure 17B). (3) In
the later phases of the ACSFS formation, the early strike-slip faults
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continued to propagate and lengthen, and a number of new small
faults simultaneously appeared (Figure 17C).

In the ACSFS model, the acute angle bisector of the conjugate
strike-slip faults indicates the orientation of the maximum principal
stress (O, ). In addition, based on the characteristics of the ACSFS
model, the orientation of the maximum principal stress can be
inferred from the orientations of the sinistral strike-slip faults
(O,) and dextral strike-slip faults (O4) (Figure 17E), the internal
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Synoptic model: (A—C) the geometry and progressive evolution of an idealized SCSFS based on the results of the analogue modelling program. (A) the
initial phases of the formation; (B) the intermediate phases and (C) the later phases. The schematic diagram in (D) infers the orientation of the maximum
principal stress. o, is the maximum principal stress, Oy is the orientation of the dextral strike-slip faults, Oy is the orientation of the sinistral strike-slip
faults, and the red arrows indicate the orientation of the maximum principal compressive stress. SCSFS - symmetric conjugate strike-slip fault system.

friction angle (¢) of the rock, and the sense of the shear and the
orientation of a set of faults (Figures 17F, G), as well as being based
on the acute angle bisector of two intersecting conjugate strike-
slip faults (Figure 17D).

The two models can be used as good references for determining
the mechanics and the direction of the maximum principal stress of
a strike-slip fault system. It should be noted that the key difference
between the two fault patterns is the relative numbers of the two
sets of strike-slip faults in a strike-slip fault system, but no rigorous
distinction has been made between the two patterns in terms of
the numerical ratio of the two sets of faults (more than twice the
number of faults in one set compared to the other set?). Moreover,
it should be noted that the development pattern of faults in nature
is very complex, so the conjugate strike-slip fault system is also
more variable. The two models proposed in this article are only a
reference for the orientation of the maximum principal stress, and
more detailed research needs to be conducted in the future.
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4.3 Comparison with natural example

The comparison of the experimental results with natural
examples is usually based on the geometric similarity, focusing on
factors such as the type of example and the symmetry (Schwarz
and Kilfitt, 2008). In the following sections, the geometries of the
conjugate strike-slip faults in the models are compared with the
geometries of natural examples, and strong similarities are apparent.
Thus, we can obtain a better understanding of the geometric and
kinematic evolution of conjugate strike-slip systems and infer their
mechanics.

A natural example of conjugate strike-slip faults is the Tabei
uplift in the Tarim Basin, NW China (Wu et al., 2018; Deng et al.,
2019; Wu et al., 2020). For the purposes of simplicity, the study area
in the Tabei uplift can be divided into a southern area (red area in
Figure 3) and a northern area (yellow area in Figure 3) based on the
structural characteristics of the primary basement faults (Figure 3).
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An X-shaped conjugate strike-slip fault system composed of
complementary NNE- and NNW-trending strike-slip faults has
been identified between the bottom of the Cambrian (surface
To%) and the top of the Lower Ordovician (surface T,°) in the
southern area of the Tabei uplift (the red area in Figures 3, 18A)
(Lin et al,, 2015; Deng et al., 2019).

Two sets of strike-slip faults in the study area are widely
developed and are approximately equal in number (Figure 18).
Multiple sets of well-defined X-shaped conjugate strike-slip faults
have formed via intersection of the two sets of strike-slip faults
(Figure 18). In general, the structure of this X-shaped conjugate
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strike-slip fault system is strikingly similar to the SCSFS model
and the fault systems developed in Model S2 (Figures 16, 18). We
inferred that the mechanics of the fracture system developed in the
southern area of the Tabei uplift was similar to the stress state in the
symmetric basement model (Model S2), and that the reason for the
slight differences in the density of faults in different regions was the
effect of thickness variations.

The orientation of the NNE-trending strike-slip faults is
approximately 17°, and that of the NNW-trending strike-slip faults is
approximately 337° (Figure 18B). Based on symmetric base models
and the SCSFS model, the acute angle between the two sets of
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FIGURE 18

(A) Uninterpreted coherence slices of different seismic reflection surfaces (bottom plot: T° (bottom of Cambrian), middle plot: Tg? (bottom of
Ordovician), and top plot: T76 (top of Lower Ordovician)). (B) interpreted coherence slice (T,° (top of Lower Ordovician)) covering the same area
(Figure 3). (C) the interpreted plan views of Model S2 (D = 20mm, a = 0°) atd = 50 mm (e = 15%). In (B, C), the NNE-trending faults, NNW-trending
faults, and nearly EW-trending faults are shown in blue, yellow, and black, respectively. o is the maximum principal stress, and the red arrows indicate
the direction of the maximum principal compressive stress. The location of Figure 18C is shown in Figure 5Bb".

faults is approximately 40°, so the maximum principal stress (o,)
orientation can be determined to be approximately 3° (Figure 18B).
In addition, the structural features of the strike-slip fault system in
the Halahatang area, Tarim Basin, are similar to those of the SCSES
model (Wu et al., 2018; Wu et al., 2020).

Furthermore, nearly NS- and NE-trending strike-slip faults are
developed in the top of the Middle Ordovician (surface Ty’) in
the northern area of the Tabei uplift (the yellow area in Figures 3,
19) (Lin et al,, 2015; Deng et al., 2019), where NE-trending strike-
slip faults are widely developed and north-south trending faults are
poorly developed. However, a few sets of well-defined X-shaped
conjugate strike-slip faults are also visible in the system due to the
intersection of the two sets of faults (Figure 19). The growth of
some nearly NS-trending faults is constrained by the NE-trending
faults, causing these faults to terminate at the NE-trending faults
(Figure 19). The development of faults is regional in this strike-slip
fault system. The structure of the conjugate strike-slip fault system
in the northern area is similar to the ACSFS model and the fault
pattern developed in Model A5 (Figures 17, 19). We infer that the
mechanics of the fault system in the northern area of the Tabei
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uplift is similar to the stress state in the asymmetric basement model
(Model A5), and that the development of asymmetrical conjugate
strike-slip fault systems in the region is due to the development of
boundary faults that result in an asymmetrical distribution of the
maximum principal stress (o,), which results in the development of
an asymmetric conjugate strike-slip fault system.

The nearly NS-trending strike-slip faults are oriented at
approximately 3°, and the NE-trending strike-slip faults are oriented
at approximately 43°. The acute angle between the two sets of faults
is approximately 40°. Based on asymmetric base models and the
ACSFS model, we computationally determined that the direction of
the maximum principal stress is 23° (Figure 19).

In general, the analogue modelling conducted in this study
successfully reproduced the formation and evolution of conjugate
strike-slip faults in symmetric and asymmetric base models, which
provides an example reference for further studies of conjugate
strike-slip faults. However, the complexity of the geological features
of the natural examples, i.e., the various pre-existing fabrics and
multiple phases of structural evolution, makes the simulation results
somewhat different compared to the natural examples. In addition,
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FIGURE 19

(A) Uninterpreted coherence slices and (B) interpreted coherence slices of seismic reflection surfaces (Tg® (bottom of Ordovician)) covering the same
area (Figure 3). (C) the interpreted plan views of Model A5 (D = 30mm, a = 5°) atd = 50 mm (e = 15%). In (B, C), the NS-trending faults, NE-trending
faults, and thrust faults are shown in blue, yellow, and green, respectively. o is the maximum principal stress, and the red arrows indicate the direction
of the maximum principal compressive stress. The location of Figure 19C is shown in Figure 8Bb".

owing to the limitations of the experimental system, many of
the experimental phenomena were not described well, such as
the topography in the fault intersection area, the vector fields
of the horizontal displacements of the faults, and the internal
structures of the faults. In the future, the geometries and evolution
of conjugate strike-slip faults can be investigated using different
experimental materials, different base materials and shapes, and
more sophisticated monitoring devices or stress sensors to identify
the distribution of stresses in the asymmetric substrate model and
achieve a more systematic study.

5 Conclusion

In this study, we conducted an analogue modelling study of the
formation and evolution of conjugate strike-slip faults for symmetric
and asymmetric basement conditions. By examining our model
results and their mechanics, we reached the following conclusions.

In all of our models, the two sets of strike-slip faults were
better developed, and they intersected with each other to form
well-defined X-shape conjugate strike-slip faults. The acute angles
of the X-shaped conjugate strike-slip faults developed in the
symmetric basement model and the asymmetric basement model
were the same, and the direction of the bisector of these angles
is perpendicular to the direction of extension. The increase in the
length of the fault traces is not only related to the growth of the faults
but may also be due to the coalescence of individual fault segments.

Frontiers in Earth Science

The development of the two sets of strike-slip faults in the
asymmetric basement models was distinctly regionalized compared to
that in the symmetric basement models. This was observed within the
region, where one set of faults was widely developed, another set was
barely developed, and the other two sets of faults seldom intersected
each other. There was mutual constraint of the development of the two
sets of faults, with some faults being constrained by one another so
that one set of faults terminated in the other. In addition, the regional
and asymmetric development of the strike-slip faults became more
apparent as the degree of basement asymmetry increased.

The Mohr space diagrams reveal that our models were in the strike-
slip tectonic regime in the initial stage of the conjugate strike-slip fault
development. As the extension continued, the stress state transformed
into the extension stress state. Changes in the relative magnitudes of
intermediate principal stress (0,) and maximum principal stress (o;)
due to variations in thickness in the symmetric base models are the
main factors controlling the length and density of the fault.

In the asymmetric base models, the rate of contraction
perpendicular to the extension direction was asymmetrical, so we
infer that the differences in the number of two faults developed
and the intersection relationship between them in different regions
in the model are affected by asymmetric distribution of maximum
principal stresses. Furthermore, we propose two synoptic models,
namely, the symmetric conjugate strike-slip fault system (SCSES)
model and the asymmetric conjugate strike-slip fault system
(ACSFS) model.
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Natural examples of the strike-slip fault systems in the southern
and northern areas of the Tabei uplift in the Tarim Basin exhibit
structures comparable to those in our models. The two synoptic
models developed based on the analogue models may serve as useful
templates for identifying the mechanisms of different types of strike-
slip fault systems in nature and for determining the orientation of the
maximum principal stress.
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