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Abstract: A pull-apart basin (PAB) is a releasing zone constrained by strike—slip faults. A PAB
partly appears as a unique basin type typically dominated by the basin sidewall and cross-basin
faults. However, the structural characteristics of different subsidiary faults derived from strike-slip
motions are currently poorly understood in PABs. Under the control of different bend strike—slip
faults, this study examines the formation and evolution of PABs reconstructed from wet clay with
high water content (68%) as the experimental material. It was reported that (1) a PAB shows the
single asymmetric half-graben architecture in the profile and rhombus in the plane, regardless of the
bend type of the strike-slip fault; (2) the subsidiary fault area density increases with increasing fault
displacement in PABs and might be impacted by the nature of the wet clay; (3) as the strikeslip fault
displacement increases, the subsidiary fault number initially increases and then begins to decrease
with large fault formation; and (4) T-faults are the most numerous faults in PABs, followed by Riedel
shear faults. R’- and P-shear faults account for a small proportion and are unstable. The proportion
of Riedel shear faults gradually decreases from the underlapping strike-slip faults to the overlapping
strike-slip faults, accompanied by an increase in the corresponding R’-shear faults. The primary
control factor affecting the proportion of subsidiary faults is the stress component. Re-recognition
of subsidiary faults in the PABs is significant for interpreting strike—slip faults and the study of
hydrocarbon migration.

Keywords: pull-apart basins; strike—slip fault; subsidiary fault; bend type; physical simulation

1. Introduction

As large strike-slip faults can easily cut the Earth’s crust, they can directly affect
the formation and evolution of plates [1-5]. Moreover, they also cause local or regional
contractions and extensions, forming unique basin-mountain assemblages. Therefore, large
strike—slip faults, such as the San Andreas and Philippine faults, are important seismic
zones related to tectonic plates. Basins associated with strike—slip faults, such as the Aerjin
and Tan-Lu faults, are of particular interest because they typically form unique ore-bearing
belts [6,7].

A pull-apart basin (PAB) is a releasing zone in the bend (jog) or stepover (offset) be-
tween two primary strike—slip faults or fault segments [8]. Typically, a PAB is constrained by
the strike-slip fault and its related subsidiary faults. Such a basin is called a special linking
damage that is oblique or transverse to the primary strike-slip fault or fault segment [9-12].
Depending on their offset angle, strike-slip fault connections can be categorized into three
types: underlapping, neutral, and overlapping [13]. These types restrain the boundary and
morphology of the PAB; consequently, PABs demonstrate rhomboid, lazy-Z, or spindle
shapes from the overlapping primary fault to the underlapping primary fault [13,14]. The
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profile morphology of a PAB differs from the flower structure in the primary strike-slip
fault (the principal displacement zone (PDZ)) because it is affected not only by the primary
strike-slip fault but also by the subsidiary “V” shape in the underlapping strike—slip fault
and the “U” and box types in the neutral and overlapping strike—slip faults [15]. Further-
more, the subsidence depths of PABs differ at the same displacement, being the largest
for a PAB of the overlapping strike-slip fault, followed by a neutral and an underlapping
strike—slip fault [16]. PABs of the underlapping and overlapping of the strike—slip faults
frequently exhibit two subsidence centers [17].

The composition and evolution of subsidiary faults in a PAB differ from those of faults
in other basins. The Riedel shear, R’-shear, P-shear, and T-faults in a PAB are derived
from stress fields generated by strike-slip motions [18], but they have different strikes
and formation times. A Riedel shear fault develops in the early evolution stage and then
transforms into a basin sidewall fault to control the PAB architecture. Usually, the Riedel
shear fault connects and merges with a P-shear fault in the late stage, thus forming the
PDZ [9,13]. When a Riedel shear fault couples with an R’-shear fault, the two faults move
in opposite directions; however, R'-shear faults are uncommon. In general, the strike of a
subsidiary fault strike with strike—slip composition is related to the internal friction angle
between the rock and the local stress field.

The number of subsidiary faults in a PAB is affected by multiple factors: the strike-slip
displacement, the movement velocity of the strike—slip fault, the rock mechanical property,
and the stepover or bend type of the strike—slip fault [8,19,20]. In experiments, the number
of subsidiary faults depends on the experimental material and is commonly smaller in
quartz sand than in wet clay. The stepover degree of a primary strike-slip fault is not
significantly correlated with the number of subsidiary faults in a PAB [21]. The subsidiary
fault number increases with an increase in displacement of the primary strike—slip fault,
regardless of the stepover or bend type of the primary strike—slip fault.

As reported previously, subsidiary faults (Riedel’, R’-P-shear, and T-faults) can appear
in a primary strike-slip zone [22]. Two questions arise: (1) how do different types of
subsidiary faults affect a PAB controlled by different bend types of strike—slip faults, and
(2) what type of strike—slip fault dominates the subsidiary fault number and density in a
PAB? Wet clay is selected as the experimental material because more multiple subsidiary
faults can be generated and evenly distributed in the wet clay model compared to the
sandstone model. Meanwhile, fault propagation is slower in the wet clay model; thus, the
fault can be easily recorded and observed. Based on a series of wet clay simulations, we
systematically clarify the features of multiple subsidiary faults in PABs controlled by strike—
slip faults with different bend types and demonstrate our results with an example. This
recognition will assist the study of PABs related to the subsidiary of the strike—slip faults.

2. Experimental Design and Statistics
2.1. Experimental Design

The experiment was designed similarly to that of Corti et al. in the movement mode
and the arrangement of the strike—slip faults [13,17] (Figure 1). Our experimental model was
composed of two strike—slip faults with sinistral motion and a left-stepping configuration,
where the separations between the strike-slip faults and the fault displacement in the three
group experiments were 3 and 2.6 cm, respectively, which are different from those in the
previous experiment. The northern base plate was set close to the southern base plate to
complete the pure strike—slip activity, and the southern base plate was fixed.
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Figure 1. Experimental model set-up with different bend types of the strike-slip fault. The basal
designs in (A—C) are similar to those of Dooley and McClay, Dooley and Schreurs, and Corti and
Dooley [14,17,19]; (A’~C’) are the corresponding profiles of (A-C), respectively.

Based on the previous scaling demonstration, the geometric and kinematic similarity
need to be satisfied in this study [13].

C*zp*-g*-L*

where C*, p*, g*, and L* represent the cohesive strength, density, gravity, and length between
the model and nature, respectively; g* = 1 at normal gravity, g* is 0.56 to 0.68 under the
condition of the upper crust average density 2.5 g/cm?, and the cohesion value of intact
sedimentary rock is ~20 MPa [14].

The dynamic similarity was achieved with geometrical similarity and similar boundary
conditions; thus, only the movement time or velocity was satisfied. In this study, the wet
mud density was 1.65 g/cm? when its water content was 68%. If a reasonable geometrical
ratio of 107° is selected, 1 cm in the model corresponds to 10 km in nature; the moving
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velocity of our model was 0.008 mm/s, i.e., it takes 40 Ma to form a fault that is 10 km long
or displacement in the Cenozoic clastic rocks.

2.2. Experimental Material

Physical experiments related to strike—slip motions provide insights into the character-
istics of PABs [9,18]. The experimental material is typically wet clay [8,23], sand [14,17], or
another suitable material [8,9,14]. The most commonly used materials (quartz sand and
wet clay) have different experimental mechanisms. In quartz sand models, the shape is
controlled by the friction between the quartz particles [24]. Moreover, the physicochemical
effects of water among the particles in wet clay directly affect the deformation process [23].
Because wet clay is highly malleable, it has been popular in studies of fault strikes, fault
numbers, fault density, and structural subsidence (Table 1). In contrast, wet clay with a
water content of 68% can form larger fault numbers under smaller structural subsidence
(Figure 2). In this study, the subsidence depth of wet mud was continuously measured
using a ruler during the experiment; however, it exhibits a clear disadvantage in that only
a fixed point depth can be measured.

Table 1. Mechanical parameter statistics of wet clay as the experimental material.

Material Composition and Particle Density Coefficient of Cohesion Shear Strength
Size (mm) (g/cm®) Internal Friction (Pa) (MPa)
Powde.red kaol}n, 1.63 40
Wet clay [25] nepheline-syenite, (wet) — (average) —
and flint <0.1 &
Powdered kaolin,
Wet clay [26] nepheline-syenite, 1'?3\,;1')82 — 54-130 —
and flint <0.1
Kaolinite particles
Wet clay [27] (<0.005 mm) and water 1.55-1.60 0.6 50 —
(40% by weight)
Wet clay [28] — 1.6-1.65 — — —
Stiff clay [8] — 1.85 — — —
Soft water-based clay [8] — 1.6-1.65 — — —
Wet clay [29] K"E‘féizlgeya;‘ji;vhi;er 16 05 50 —
Powdered kaolin (<0.1 mm)
Wet clay [30] and water (40% by weight) 1.65 05 50 T
Kaolinite particles
Wet clay [31] (<0.005 mm) and water 1.55-1.60 0.6 50 —
(40% by weight)
Kaolinite particles
Wet clay [32] (<0.005 mm) and water 1.55-1.60 0.6 50 —
(40% by weight)
Quartz, kaolinite, small
Clay [33] amounts of smectite, illite, 1.6 — — 103
orthoclase, and talc
Wet clay [21] — 1.6-1.65 — — —
. — 1.85 — — —
Stiff clay [34]

— 1.6-1.65 — — —
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Figure 2. Influences of wet clay with different water content on the subsidence depth of a pull—apart
basin. The water contents in (A—C) with the same fault displacement are 68%, 69%, and 70%,
respectively; (D) plots the correspondence between subsidence depth and fault displacement.

2.3. Fault Area Density Statistics

The structural deformation during the present experiment was recorded by a camera
on top of the experimental model. The faults (including fractures) were interpreted by
unscrambling the camera pictures. After overlaying a 0.5 x 0.5 cm grid on the structural
model, 1416 grids were created in each experimental model. The fault area density was
obtained by adding the fault numbers in each grid.

The total number of faults in each grid is directly related to the fault area density;
however, the correlation between the number of faults and the total fault displacement is
not obvious. A fault with a large displacement often develops via the connection of nearby
smaller faults, thus resulting in an obviously low fault area density in the vicinity of the
large fault. In locations of high fault area density, the large number of faults may favor the
development of a large fault.

2.4. Division of Subsidiary Faults

In a strike-slip fault zone, the position of the subsidiary fault is relatively fixed, and
the Riedel, R’-, and P- shear faults are related to the internal friction angle of the experiment
materials and belong to the strike—slip fault category. In particular, the Riedel, R'-, and
P-shear faults are angled at ¢ /2, 45°,90° — ¢ /2, and 180° — ¢ /2 (where ¢ is the internal
friction angle) compared to the PDZ [22]. Therefore, the internal friction angle of the
experimental material directly affects the strike of these subsidiary faults. In the wet clay
model, a large number of oblique slip faults develop between the strike—slip faults and
normal faults in the PAB, which should be grouped into their adjacent subsidiary faults. In
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this experiment, the strike ranges of the Riedel shear fault, R’-shear fault, P-shear fault, and
T-fault were ¢ /2 + 15°,45° 4+ 15°,90° — ¢ /2 £ 15°, and 180° — ¢ /2 +£ 15°, respectively.
The fault number within the overlap range of these subsidiary faults was small and could
safely be ignored [14].

3. Experimental Results
3.1. Evolution of a Strike=Slip Fault with Different Bends

In all modeling experiments, the strike-slip fault zone was characterized by a gradual
increase in fault number (including fracture number) as the mobile plate moved (Figure 3).
The fault with the maximum heave in the PAB, often called the basin sidewall fault, com-
monly appears on the side of the mobile plate [9,17]. In the present modeling experiments,
the fault with the maximum horizontal separation always occurred on the PDZ. Moreover,
the so-called cross-basin faults with the longest fault length (almost spanning the entire
PAB) were found.

d=1.00cm
PDZ

d=2. 00cm
PDZ

d=2. 60cm
PDZ

d=2.35¢cm d=2.60cm

PDZ PAB PDZ
R e I i

Figure 3. Cont.
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d=1.00cm

Figure 3. Structural evolutions of the different bend types of the strike-slip faults. In (A-C), evolution
was controlled by the overlapping, neutral, and underlapping strike-slip faults, respectively, where d
is the fault displacement. Panels (a—f), (g-1), and (m-r) show the progressive structural evolutions
with increasing fault displacement. The green arrow shows the movement direction of the mobile
plate. The rose diagrams with 5° increments show the fault numbers at the different stages of
structural evolution.

With the evolution processes with continuous strike-slipping, the subsidiary faults
(Riedel, R’-, P-shear, and T-faults) demonstrated obvious differences in their strikes and
time sequences [18]. The Riedel shear fault appeared first and in greater numbers than the
other fault types on the overall PDZ. The R'-shear fault with an approximate SN strike
rapidly increased in the middle-late evolution stage on the PAB, being controlled by the
overlapping strike-slip fault zone (Figures 3c—f and 4c—f); however, its number decreased
due to the bend of the strike-slip fault (Figure 3). Few R’-shear faults developed in the
PAB controlled by the underlapping strike—slip fault (Figure 3r). Furthermore, the P-shear
fault occurred in the middle-late evolution stage, which could develop a larger extended
rupture plane, becoming the main component of the PDZ (Figure 4).
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Figure 4. Fault interpretation and fault area density statistics of different bend types of the strike-slip
fault ((a—1), corresponding to Figure 3a-r), where (d) is the fault displacement. The different colored
lines represent strike-slip faults with different nature. The purple grid is the range of fault area
densities from low (light purple) to high (dark purple) where the Arabic numerals in the legend
represent the fault number.

3.2. Characteristics of Fault Area Density

The two strike-slip faults interact at their ends to form the so-called linking (ex-
tensional step) or underlapping damage zone [35], in which subordinate faults and/or
fractures are densely developed. Similarly, in the present experiment, the fault number
and fault area density were higher in the PAB (a type of damage zone) than in the PDZ
(Figures 4 and 5). The average fault area density in the PAB gradually increased with an
increase in the overlapping degree of two strike—slip faults (i.e., from the underlapping
strike—slip fault to the overlapping strike—slip fault (Figure 5B)).
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Figure 5. Statistical plots of fault area densities. The abscissa is the fault displacements given in
Figure 4. Plotted are the average fault area densities in (A) the strike—slip fault zone and (B) the PAB
as functions of fault displacement.

The fault area density gradually increased with an increase in fault displacement
(Figure 4a—c). Faults covered the whole PAB during the late stages of all experiments but
were concentrated at the edges of the PAB during the early-middle stage (Figure 4e,fk,l,q,1).
The same phenomenon was observed in previous sandbox experiments [8]. The fault
area density was maximized at the intersection of the PAB and PDZ. Moreover, the fault
area density migrated during the experiments, primarily during the early-middle stage.
Migration then stopped during the middle-late stage.

3.3. Characteristics of Subsidiary Faults
3.3.1. Number of Subsidiary Faults

The number of secondary faults was counted based on the property of the subsidiary
fault. For these three experiments (Figure 6), the total number of subsidiary faults increased
from the underlapping overlapping strike—slip faults. In the same experiments, the total
number of subsidiary faults mirrored the fault area density (Figure 5), being significantly
larger in the PAB than in the PDZ. The subsidiary faults with different properties presented
different counts in the PAB; T-faults outnumbered the other fault types by at least two
orders of magnitude. Furthermore, the number of the most unstable faults (the R’-shear
faults) decreased from the overlapping to the underlapping strike—slip faults; however,
Riedel shear faults were relatively stable in all PDZs.

The fault number development of the three bend types of strike—slip faults demon-
strated two distinct patterns. First, the number of neutral and underlapping strike-slip
faults gradually increased with fault displacement (Figure 6D-H). Second, the change in
fault number traced an arc-like shape (Figure 6A-C) with a maximum in the middle-late
stage of the experiments. Combining these results with the fault evolution, the number
of subsidiary faults decreased during the late evolution stage, primarily because small
faults coalesced into large faults. Therefore, the gradual increase in fault displacement
most possibly caused the merging of en echelon faults into a large fault. However, these
processes are not simultaneous and may proceed back and forth many times. That is, a fault
block between two en echelon faults may re-rupture into many small faults, temporarily
increasing the fault number (Figure 6B).
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Figure 6. Variational trends of subsidiary fault numbers with different bend types. The ordinate
represents the displacements in Figures 3 and 4. The criteria of the structural partitions (PDZ and PAB)
are consistent with Figure 3. (A-C), (D-F), and (G-I) correspond to Figures 3A and 4A, Figures 3B
and 4B, and Figures 3C and 4C, respectively.

3.3.2. Strike of Subsidiary Faults

In a strike-slip fault, subsidiary faults with different properties exhibit distinct
strikes [36]. Fault strike analysis is helpful for identifying the evolution characteristics of
these subsidiary faults.

The average strikes of the subsidiary faults in the three experiments were counted at
equal intervals along the strike—slip fault (Figure 7A-C). The average strike of the subsidiary
faults in the PDZ was almost independent of the bend type of the strike-slip faults and was
clearly separated from the average strike of subsidiary faults in the PAB. This change is
primarily related to the surging number of T- and R’-shear faults in the PAB (Figure 6B,E,H).



Sustainability 2023, 15, 14143

110f18

100-A 5 - +C S
PDZ PAB PDZ PDZ PAB PDZ PDZ PAB PDZ
A
N i A —a 1 p A 1 o A . 1
i A
A A A Y A A £
- A X A F' Y a -
x Y ] A A
L
% X 24 E %’ s i
> cw c
Wy P 4 ° Wy B ° d4ow
L] o
? °
P
2 1 p °-o L 1 1
° o * 0o
o i S o i O i N =
d o
P o L o o
( . L . | L L | | . . L L
0 6 12 18 0 6 2 18 0 6 12 18
Distance / cm Distance / cm Distance /cm
Increasing the overlap distance between the two main strike-slip faults
-

Overlapping strike-slip faults

Neutral strike-slip faults

Underlapping strike-slip faults

904 D 904 E 904 F
T - 1 4 = T }
- P ~ 7 3 3 L
= o+ 7 ¢ * - L
704 T -8 1 70 _ 704 [
AT - -
=7+ { a RS -
© T /1 % @ I T R @ T 3+
/ > - |- & —
2 - A =23 = A w2 x } 1 b4 L
= &7 - z | - o r” ol + 4 - & //z |
s AT @ ‘//T 2% S = T
= - & > < ¥ o b=t
3 AT 3 A I 3 - T A
w 2/~ w o L w ~ h & &
-~ = y=9.0403x+49.809 » 2 4+ -?- -
- 4 R'=0.897 I i -1 y=5.4802x+50.72
50 T  y=13.259x+38.999 504 aQe ¥75.6837x+51.803 50 T ! R'=0.9176
® / [ R'=0.94 R'=0.8948 - =~ y=4.0068x+48.439
&7 i 8 o= y=5.9844x+44.892 R'=0.8222
i R'=0.8408
4 e 7 Principal displacement zone(right)
Principal displacement zone(left)
0 Pull-apart basin
A Entire displacement zone
30 L 1 1 1 1 ) 30 L 1 1 1 1 J 30- L L L L L )
0 1.0 20 3.0 0 1.0 20 3.0 0 1.0 20 3.0

Displacement/cm Displacement/cm Displacement/cm

Figure 7. Strike statistics of subsidiary faults along the overall strike-slip fault zone in the three bend
types of strike-slip faults. (A—C) are the average fault strikes counted at 5 mm intervals along the
strikes of the overlapping, neutral, and underlapping strike-slip faults during the late evolutionary
stage (corresponding to Figure 3f1,1, respectively). The right coordinate (green line) records the
number of faults at that point. (D-F) plot the average fault strikes in different structural partitions
(PDZ and PAB) as the displacement increases, where the abscissa represents the displacements in
Figures 3A and 4A, Figures 3B and 4B, and Figures 3C and 4C, respectively.

The average strike of the subsidiary faults was counted in different structural units.
Along the strike—slip faults of all three bend types, the average fault strike in different
structural units and the total average fault strike gradually increased with increasing fault
displacement (Figure 7D-F). During the same experimental process, the average strikes in
the left and right PDZs were inconsistent, and their gap enlarged as the fault displacement
grew. This phenomenon might be primarily explained by differences in basal plate activity.
Comparing the average strikes of the subsidiary faults in the three PABs, one observes
that the slope of the average strike increased from the overlapping strike-slip fault to the
underlapping strike-slip fault.

4. Discussion
This study discussed the effects of strike—slip faults with different bend types on a PAB,

including the morphology of the PAB, the subsidiary fault density, and the fault number
and proportion. The subsidiary fault features are deduced through an example.

4.1. Morphological Characteristics of the PAB

In the planar view, a PAB associated with strike—slip faults exhibits spindle, rhomboid,
or lazy-Z shape morphologies related to subsidiary faults in the PAB [19]. In the present
experiments on wet clay material, rhomboids were observed in the PABs with three bend
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types of strike—slip faults. Obviously, the bend type of the strikeslip faults did not
directly affect the shape of the PABs. The present and previous experiments differed in
the mechanical properties of their experimental materials [9]. Previous experiments have
confirmed that the water content directly affects the mechanical properties of clay [26]. The
water content of our clay was obviously higher than in previous experiments.

Typically, flower structures are observed in PDZ profiles, and double fault depressions
or half-grabens can be observed in PABs [37,38]. The double fault depression architecture is
affected by the thickness of the experimental material and/or the amount of fault displace-
ment [14,19]; similar flower structures often fail to form in the deep layer (Figure 8H,I).
A half-graben commonly develops in PABs [17,39] and appears either as a radiating half-
graben with two subsidence centers (Figure 8L,M) or as a single asymmetric half-graben
(Figure 8B,E). In this study, a single asymmetry controlled by the basin sidewall fault
with a large heave was observed in all three experiments (Figure 3). Basin sidewall faults
appeared on the side of the mobile plate. Comparing the results of clays with different
water contents, a single asymmetry architecture was most possibly reported in wet clays
(Figure 2), although the formed architecture slightly depended on the bend type.
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Figure 8. Characteristics of strike—slip fault assemblages in the profiles. (A-F) Strike-slip fault
assemblage patterns derived from an overlapping strike-slip fault at the profile positions shown
in Figure 2A, (D,E) are interpretations of (A,B), where (E) is a single asymmetric half-graben and
(F) is a stereogram of (A-C). (G-J) strike—slip fault assemblages controlled by the underlapping
strike—slip fault [13], where (H,I) are double-fault depressions. (K-N) fault assemblages controlled
by the underlapping strike-slip fault [9], where (L,M) are half-grabens with radiation asymmetry.
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4.2. Density and Number of Subsidiary Faults

Regardless of the bend type of the strike—slip faults, the fault number and fault area
density were obviously larger in the PAB than in the PDZ. Although all morphological
architectures of the PABs controlled by the three bend types were single asymmetric
half-grabens, their fault area densities were notably different. (1) In the early-middle
evolutionary stage, the fault-area density was zero in the central part of the PABs (Figure 4).
(2) The fault area density was maximized at the intersection of the fixed plate and mobile
plate in the PAB, i.e., at the acute angle of the diamond (Figure 4f 1,r). The same phenomenon
was reported in previous simulations. (3) In the half-graben, the fault area density was
smaller in the steep-slope zone than in the gentle-slope zone (Figure 8B).

Wet clay forms multiple faults more easily than sandstone [21]. In the experimental
results of Mitra and Paul [8], the fault evolution and fault area density controlled by the
offset type of neutral strike—slip faults were similar to those controlled by the bend type of
neutral strike—slip faults in this study. Therefore, the subsidiary faults in the PAB are not
predominantly affected by the connection mode (bend or offset) between the primary strike—
slip faults. Moreover, whether the bend types were controlled by neutral or underlapping
strike—slip faults, a region of zero fault area density formed in the early-middle stage, as
observed in previous experiments [37,40,41]. However, this region was filled during the
late stage of the present experiment. In addition to the impact of fault displacement, the
nature of wet clay should not be ignored. As the slope angle of the half-graben increases,
very wet clay can develop faults under the action of its own gravity, thus leading to a full
distribution of faults in the PAB. This feature most commonly appears in the slope zone
of a half-graben in the extensional regime. In PABs, the points of high-fault area density
are relatively fixed. The stress concentration at the acute angles of rhomboid PABs is an
important factor.

The subsidiary fault number in a strike—slip fault is closely related to the fault evolu-
tion. In the usual scenario, the fault number gradually increases in the early and middle
stages and gradually decreases in the late evolutionary stage. This behavior is primarily
attributable to early en echelon faults, which gradually interconnect into a larger fault, thus
decreasing the total fault number in the late stage (Figure 4) [42—44]. Such behavior usually
occurs in the main fault that controls the half-graben. The positions of the highest fault
area density are the only structural parts that favor lateral fault connections. In cases of
similar displacement, the overlapping strike-slip fault is the earliest mature connection
mode among the three bend types of strike—slip faults (Figure 6).

4.3. Proportion of Different Subsidiary Faults

In a PAB with pure strike-slip motions, the proportion of different subsidiary faults
varies similarly to the subsidiary fault area density and fault number. Regardless of
the experimental material and connection type of strike—slip faults, T-faults were most
commonly found, followed by Riedel shear faults; R’- and P-shear faults accounted for a
small proportion of all faults and were unstable (Figure 9). In three out of the four groups,
the proportion of Riedel shear faults gradually decreased from the underlapping strike—
slip faults to the overlapping strike-slip faults (Figure 9A). The corresponding R’-shear
fault was almost zero in the underlapping strike-slip faults (Figures 6H and 9A). The
separations between two strike—slip faults and the internal friction angles differed among
the experiments (Figure 9B-D); therefore, these factors do not dominantly control the
abovementioned phenomenon. Finite-element elastic models demonstrate that the mean
normal stress is the primary tensile component in PABs [45]; the strike-slip component
minimally aligns with the PDZ and gradually decreases from the underlapping strike—slip
fault to the overlapping strike—slip fault. The seesaw changes observed in the Riedel and
R’-shear faults are not understood at this time.
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Figure 9. Comparison of key structural elements in the PABs. (A) Proportion of secondary faults in
PABs controlled by overlapping, neutral, and underlapping strike—slip faults, where R’, P, T, and R
denote R'-, P-, T- and Riedel shear faults, respectively; in particular, the Riedel shear fault percent in
the three bend types of strike—slip fault from different experiments is calculated; (B) Ratio comparison
of fault displacements to separations in different simulation experiments, where results a, b, ¢, and d
are from Corti et al. [13], this study, Mitra et al. [8], and Corti et al. [17], respectively; (C) Comparison
of displacements and separations in different simulation experiments; (D) Comparison of internal
friction angles in different simulation experiments.

4.4. Strike—Slip Mode Analyzed by Subsidiary Faults

The Pearl River Mouth Basin in the northern South China Sea is cut by NW strike-slip
faults that divide the basin groups into independent internal tectonic units, each composed
of multiple bend types of strike—slip faults (Figure 10A). The Paleogene strata comprise the
Shenhu, Wenchang, Enping, and Zhuhai formations from the bottom to the top [46,47]. Its
porosity is between 15 and 35%, its permeability is 500-1500 md, and its burial depth is
3000-4500 m, in general.

The NW strike-slip fault located between Lufeng Sag and Huizhou Sag in the northern
Pearl River Mouth Basin [39] was developed as the NW accommodation zone from the late
Mesozoic. This fault comprises LUHUI southern and northern branches (Figure 10A-C) and
is considered an overlapping strikeslip fault based on the current fault assemblage [48,49],
with displacement close to 10 km over 40 Ma in the Paleogene. As per the size ratios
of the Riedel shear faults, R’-shear faults, and T-faults in the classification statistics of
the abovementioned experiments (Figures 6B,E,H and 9A), the two primary strike—slip
faults exhibit bend angles of no more than 90° in two periods, and their possible bend
types are underlapping in the Wenchang formation and neutral in the Enping formation
(Figure 10E). Exploration confirms that Riedel shear faults in the Wenchang formation
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exert a considerable blocking effect on hydrocarbon migration, whereas T-faults migrate
hydrocarbons [50].
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Figure 10. Structural analysis of strike-slip faults in the northern Pearl River Mouth Basin, South
China Sea. (A) Location of the strike—slip faults in the northern Pearl River Mouth Basin; (B,C) Di-
vision of secondary faults in the Enping and Wenchang formations; (D) distribution statistics of
secondary faults in the Enping and Wenchang formations; (E) Evolution modes of the strike—slip
faults from the Enping period to the Wenchang period. Notably, the above classification of secondary
faults is based on Dooley et al. (2012) [14], where the P-shear fault is basically parallel to the principal
displacement zone.

5. Conclusions

The water content of wet clay directly affects the morphological characteristics of
a PAB. The PAB developed in very wet clay (water content 68%) presented a rhomboid
shape and a single asymmetric half-graben in planar and profile views, respectively. The
morphological characteristics of the PAB were almost independent of the bend type of the
strike—slip faults.

In the PAB, the overall fault area density was accompanied by an increase in fault
displacement. The fault area density in the central part of the PAB was zero during the
early-middle evolutionary stages but was filled in the later stage. The subsidiary fault area
density was dominantly affected not by the connection mode (bend or offset) between the
main strike-slip faults but by the nature of the wet clay, which induced higher fault area
density in the gentle-slope zone than in the steep-slope zone of the half-graben. The fault
area density was maximized at the stress-concentration points at the acute angles of the
rhomboid PAB. However, the fault number initially increased with increasing strike-slip
fault displacement and then began decreasing as the small faults coalesced into a large
fault. Regardless of the experimental material and the strike-slip fault connection type,
T-faults were the most numerous fault types in the PABs, followed by Riedel shear faults.
R’- and P-shear faults accounted for a small proportion of all faults and were unstable. The
proportion of Riedel shear faults gradually decreased from the underlapping strike—slip
faults to the overlapping strike—slip faults, while the proportion of corresponding R’-shear
faults increased. The proportion of subsidiary faults was primarily influenced by the stress
component. The tensile component was preponderant in the PABs, and the strike—slip
component gradually decreased from the underlapping strike-slip fault to the overlapping
strike—slip fault.

The abovementioned experimental characteristics were reflected in the proportions of
different subsidiary faults in the PAB controlled by strike—slip faults across the Pearl River
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Mouth Basin. Furthermore, T-faults predominated, and the proportions of R and R’ faults
alternately changed. The primary controlling factor is the bend type of the strike—slip faults,
which differs in different strata. This understanding assists the interpretation of strike—slip
faults and the study of hydrocarbon migration.
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