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Abstract The Makran accretionary wedge has the smallest subduction angle among any accretionary prism in the world. The factors
controlling the spacing and morphological development of its deep thrust faults, as well as the formation mechanism of shallow normal
faults, remain unclear. Meanwhile, the factors affecting the continuity of plane faults must be comprehensively discussed. Clarifying the
development characteristics and deformation mechanisms of the Makran accretionary wedge is crucial to effectively guide the explora-
tion of gas hydrate deposits in the area. This study aims to interpret seismic data to identify typical structures in the Makran accre-
tionary wedge, including deep imbricate thrust faults, shallow and small normal faults, wedge-shaped piggyback basins, mud diapirs
with fuzzy and disorderly characteristics of reflection, décollements with a northward tilt of 1°—2°, and large seamounts. Physical simu-
lation-based experiments are performed to comprehensively analyze the results of the plane, section, and slices of the wedge. Results
reveal that the distances between and shapes of thrust faults in the deep parts of the Makran accretionary wedge are controlled by the
bottom décollement. The uplift of the thrust fault-related folds and the upwelling of the mud diapirs primarily contribute to the formation
of small normal faults in the shallow part of the area. The mud diapirs originate from plastic material at the bottom, while those that

have developed in the area near the trench are larger. Seamounts and mud diapirs break the continuity of fault plane distribution.
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1 Introduction

The Makran accretionary wedge is the result of the sub-
duction of the Arabian Plate beneath the Eurasian Plate. This
geological feature spans approximately 1000km E—W along
its strike, with the deformation front located approximately
150km south of the coastline. A series of relatively paral-
lel imbricate thrust faults have developed in this region
(Kopp et al., 2000; Cromie et al., 2022). The structural
development of the accretionary wedge is complex and
features prominent bottom-simulating reflections (BSRs),
which are indicative of gas hydrate development. This re-
gion is potentially rich in gas hydrates, and their accumu-
lation is closely related to the structural development of
the accretionary wedge (Rad et al., 2000; Ding et al., 2010;
Smith ef al., 2014; Gong et al., 2016; Meng et al., 2019,
2020; Liao et al., 2022; Qian et al., 2022).

Researchers in the field have provided several opinions
on the causes of the structural deformation of the Makran
accretionary wedge. Regarding the causes of the arrange
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ment of plane faults and strike deflection, Gong et al. (2016)
claimed that the northward subduction at a small angle
formed the parallel arrangement of the E-W direction of
thrust faults in the Makran accretionary wedge. Smith et al.
(2012) stated that the collision of the Murray Ridge led to
a slight deflection of the eastern fault toward the northeast,
while Grando and McClay (2007) believed that the forma-
tion of diapirs with wedge development was triggered by
overpressure generated by the wedge-induced load and the
downward subduction of the basement. Research on the
deformation law of the thrust faults and their controlling
factors under the condition of a small subduction angle is
still relatively immature. Smith conducted a statistical com-
parison of relevant data and concluded that the maximum
sedimentary thickness is not the main factor controlling
the interval between thrust faults and tectonic deformation
(Smith et al., 2012). Thus, factors influencing the spacing
between the faults and the style of structural development
of the Makran accretionary wedge remain unclear. More-
over, several small normal faults are observed in the shal-
low part of the region, but the causes of their occurrence
are still vague. Thus, this study aims to identify the form of
structural development of the Makran accretionary wedge
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by interpreting seismic data, analyzing the characteristics
of the planar distribution of the faults, and exploring the
deformation law and evolution mechanism of related struc-
tures through physical simulation-based experiments.

2 Geological Setting

The Makran accretionary wedge is located in the north-
ern part of the Arabian Sea at the intersection of the Eura-
sian, Arabian, and Indian Plates. This area is adjacent to
the Zagros and Himalayan collision zones in the west and
east, respectively (Burg, 2018). The Makran accretionary
wedge results from the northward subduction of the entire
Cenozoic Arabian Plate beneath the Eurasian Plate (Fig.
1). This geological feature exhibits characteristics such as
large sedimentary thickness, low subduction angle (<5°),
and southward activation of faults (Byrne et al., 1992;
Gaedicke et al., 2002; Smith et al., 2012). The Makran
accretionary wedge is one of the most extensive subduc-
tion complexes on Earth. This wedge is partially exposed
in southeastern Iran, southwestern Pakistan, and the north-
ern Arabian Sea. Its dimensions span approximately 1000
km long from west to east and 500 km from north to south
(150 and 350km in the sea and on land, respectively),
with a sedimentary thickness exceeding 7000 m (White and
Klitgord, 1976; Kopp et al., 2000; Kukowski et al., 2001;
McCall, 2002; Gong et al., 2016; Pajang et al., 2021; Cro-
mie et al., 2022). The accretionary wedge and the active
continental collision zones (Zagros and Himalayan) are se-
parated by the dextral Minab strike-slip fault system in the
west and the sinistral Ornach-Nal strike-slip fault system
in the east (Grando and McClay, 2007). This separation phe-

nomenon provides an ideal example for studying processes
related to plate boundary subduction, such as front accre-
tion and underplating. The Arabian Plate subducts north-
ward beneath the Eurasian Plate at a rate of 30—50mmyr ',
with the western part subducting at a rate of 3.65mmyr ',
which is smaller than the eastern part subducting at a rate
of 42mmyr " (as shown by the black arrows in Fig.la;
DeMets et al., 1990). The subduction process began in the
early Cretaceous, and the formation of early wedges may
have started in the Paleogene. The late Miocene to the early
Pliocene is the main accretion period of the Makran ac-
cretionary wedge. Since the late Pliocene, the coast and
the middle slope of the Makran have experienced uplift
and extensional diapirism, while the front accretion of the
sea portion has continued to the present (Arthurton et al.,
1982; Harms et al., 1984; Platt et al., 1985; Fruehn et al.,
1997; Kopp et al., 2000; Liao et al., 2019).

3 Data and Methodology
3.1 Data

This study primarily utilized two-dimensional (2D) seis-
mic reflection data collected by Dr. Gong’s team from the
Qingdao Institute of Marine Geology in 2018 to explain the
development characteristics of the Makran accretionary
wedge. The 2D survey of the wedge covered an area of
54000km” and comprised a total of 49 seismic lines (Fig.1).
The spacing between the N—S seismic lines ranged from
10km to 15km, while that between the E—W seismic lines
ranged from 10km to 25km. Six N—S seismic sections,
perpendicular to the strike of the thrust faults, were selected
to describe the geometric shape and structural characteris
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Fig.1 The regional tectonic setting of the Makran subduction zone (Grando and McClay, 2007). Fig.1b is the enlargement
of the black dotted box in Fig.1a; the fault distribution in the green dotted box is from Grando and McClay (2007); in the
orange dotted line frame is the seismic work area of this paper, the faults distribution reference Smith et al. (2012).
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Fig.2 The Makran accretionary wedge sequence. Division
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Fig.3 Plane fracture distribution map. (a), red faults are thrust faults of the Makran sands layer, slightly modified from Smith
et al. (2012). (b), distribution map of basement normal faults and seamounts.
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Table 1 Scaling parameters of the analogue models

Scaling parameter Model Nature Model/pature
ratio

Length (m) 0.01 1000 1.0x107°
Grav1tit10nal acceleration, 9.81 9.81 |
g(ms”~)
Density of sand (gcm ) 23 - -
Density of silicone (gem ™) 0.926 - -
Viscosity of silicone (Pas) 1.2 10* -
Grain shape Well-rounded - -
Friction angle (*) 36 40 0.9

4 Characteristics of Sequences of the
Makran Accretionary Wedge

The Makran accretionary wedge is divided into the fol-
lowing four sedimentary megasequences from deep to shal-
low: the Oceanic Crust Megasequence MI, Himalayan Tur-
bidites Megasequence MII, Makran Sands Megasequence
MIIL, and the Growth Megasequence MIV (Grando and
McClay, 2007). The Growth Megasequence MIV can be
further divided into three smaller sequences based on the
unconformity surfaces (Fig.2).

The Oceanic Crust Megasequence MI and the Himala-
yan Turbidites Megasequence MII are mainly characterized
by chaotic reflections with poor continuity in the seismic
section. The basement, which serves as the boundary be-
tween Megasequences MI and MII, is located at approxi-
mately 9s (TWT) in the seismic section. Megasequence
MI mainly corresponds to the initial subduction stage of
the Cretaceous Arabian Plate beneath the Eurasian Plate.
Megasequence MII corresponds to the formation stage of
the early wedge, spanning from the early Paleocene to the
late Miocene, and its lithology is characterized by mudstone
and turbidites. A décollement roughly parallel to the base-
ment has developed in this megasequence. The Makran
sands Megasequence MIII exhibits large amplitude and
excellent continuous reflectors that progressively tilt north-
ward. Megasequence MIII corresponds to the main accre-
tion stage of the wedge during the late Miocene to early
Pliocene and forms the main body of the Makran accre-
tionary wedge, with a lithology primarily comprising sand-
stone. The Growth Megasequence MIV exhibits better con-
tinuity and denser seismic reflectors than the Megasequence

MIII and corresponds to the late Pliocene to the Holocene.

The lithology of this megasequence comprises mudstone,
sandstone, and siltstone. Megasequences I and II contain
typical fan- or wedge-shaped deposits, while Megasequence
IIT contains relatively horizontal deposits that record the
evolution of syndepositional faults and folds.

5 Deformation Characteristics of the
Makran Accretionary Wedge

5.1 Structural Characteristics in Plane View

The offshore part of the Makran accretionary wedge is
150km wide and comprises a narrow continental shelf mea-
suring 10—15km in width, a slope with a downward tilt of
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1°—2°, and large thrust imbricate fans arranged in parallel
(Kukowski et al., 2001; Schliiter ef al., 2002). The thrust
faults on the plane are distributed from east to west, de-
monstrating relatively uniform spacing between them (Fig.
1). These thrust faults extend continuously along the front
edge, covering a length of approximately 250km (Smith
et al., 2012). The characteristics of the accretionary wedge
gradually change as it extends into the eastern part of the
subduction zone. This gradual change begins to deflect
slightly northward as it approaches the Murray Ridge and
the junction of the Eurasian, Arabian, and Indian Plates.

Several NE—SW-trending extensional faults had deve-
loped in the eastern part of the study area before subduc-
tion (Fig.3). Large-scale grabens were formed between
extensional faults F, and F; and between F, and Fs, while
horsts were formed between faults F; and Fg and between
Fy and F,. These grabens and horsts are distributed alter-
nately. Subsequently, the Cenozoic Arabian Plate subduct-
ed northward beneath the Eurasian Plate, resulting in a
shift in the main direction of stress in the study area from
NW-SE extension to nearly S—N compression, which led
to the formation of numerous E—W thrust faults. With con-
tinuing subduction, the residual seamounts on the early
oceanic crust, including seamounts 1-5 (Fig.3), were brought
under the accretionary wedge.

5.2 Structural Characteristics of the Section

The interpretation of the S—N seismic section, which
spans approximately 120km in the central and western part
of the Makran accretionary wedge, shows its division into
five parts (Fig.4). From high to low, these parts are the
shelf, upper slope, mid-slope ridge, imbricate zone, and
deformation front. Large décollement faults have develop-
ed in the shelf zone and extended to the deformation front.
A large-scale mud diapir structure has formed between the
mid-slope ridge and the upper slope. The interpretation of
the S—N seismic composite section (Fig.5), covering ap-
proximately 70km in the eastern part of the study area,
indicates that the ridges formed in the front and rear of the
Makran accretionary wedge are folds due to fault propa-
gation within the imbricate structure area. The anticline
ridges formed by these folds are narrow, with a width of 2
—5km. The section is asymmetrical and tilts southward,
displaying a thrust imbricate structure. The rear wing of the
anticline is nearly parallel to the deep thrust fault. These
large imbricate thrust faults have inclination angles rang-
ing from 20° to 30°, mostly striking E—W. Most of these
faults do not extend to the seabed but are positioned be-
neath the BSR, parallel to the reflection interface of the
seabed. The spacing between faults ranges from 4km to
12km, with an average spacing of approximately 6 km. The
deep thrust and small normal faults that have developed
in the shallow part form channels of relay migration in
the longitudinal direction (Gong et al., 2018a; Meng et al.,
2019). Owing to the continuous accretion of the deforma-
tion front and the backward rotation of the rear wedge,
the thrust faults that had formed earlier have steepened in
the direction toward the land. Small sedimentary basins,
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which are typical piggyback basins, have developed above  the thrust sheet.

(@)

Mid-slope ridge

Imbricate zone

[ Himalayan turbidites 3 Makran sands 3 Growth I 3 Growth 1T [ Growth 11T CIMud diapirs

Fig.4 (a), A—A' seismic section in the western segment of the Makran accretionary wedge. (b), interpretation of seismic line
in (a). Fig.1 shows the location of the A—A' seismic section, with reference to Grando and McClay (2007). The section
crosses the shelf area, the slope basins, and the outermost part of the accretionary wedge.
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Fig.5 S—N seismic composite sections of the Makran accretionary wedge. (a), line 106 seismic interpretation section. (b),
line 110 seismic interpretation section. (c), line 120 seismic interpretation section. Fig.1 shows the locations of seismic lines
106, 110 and 120.
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The characteristics of the BSR are prominent, occur-
ring at a depth of 500—800m below the surface and run-
ning parallel to the seafloor. The BSR is well developed
in the south and north of the Makran accretionary wedge
(Minshull and White 1989; Grevemeyer et al., 2000), but its
amplitude and continuity in the south are better than those
in the north (Figs.5—6). The décollement does not exhibit
a prominent reflection, but its location is derived by com-
bining the geometric characteristics of the thrust faults,
their downward projection, and the sedimentary thickness
of the hanging wall. The décollement has formed on the
upper surface of the subducted basement sediment and is
tilted 1°—2° northward, running parallel to the basement.
Many diapir structures exist in the mid-slope zone and are
primarily associated with the development of southward
thrust faults, demonstrating a gradually decreasing frequency
of occurrence southward. Mud diapirs are a common phe-
nomenon in rapidly deposited, weakly cemented, and over-
pressured shales under the influence of subduction-related
thrusting, faulting, folding, and uplifting (Grando and Mc-
Clay, 2007; Gong et al., 2018b).

The structural characteristics of the seismic sections
shown in Fig.5 are similar and relatively simple. However,
the structural morphology of the S—N seismic section (Fig.
6) near the easternmost part has undergone significant

changes. First, the number of thrust faults has significantly
decreased, from approximately 10 to only approximately
6. Second, the development scale of mud diapirs has signi-
ficantly increased, and the basement in the southern part
of the section exhibited a prominent uplift.

The interpretation of the approximately 400-km-long E
—W seismic section (Fig.7) reveals that the western struc-
ture has developed relatively simply and is primarily cha-
racterized by thrust faults. The tectonic movements of this
section mainly contribute to subduction-induced extrusion.
The BSRs in the western and central parts of the accretion-
ary wedge exhibit good continuity and large amplitude,
while those in the eastern part have poor continuity and
small amplitude. Meanwhile, BSRs are generally absent in
the easternmost seismic section. The eastern structure is
remarkably complex, with prominent uplift and extension
characteristics that have led to the development of several
normal faults. Five seamounts (Figs.7a and 7b) were iden-
tified in the middle of the seismic section. Seamounts 1, 2,
and 3 are conical, while seamounts 4 and 5 are mound-
shaped. The topography of the overlying seabed of sea-
mount 2 tends to be horizontal without significant defor-
mation. Compared with seamount 2, the overlying strata
of seamount 5 exhibit a prominent wedge structure with a
significant uplift in the seabed topography.
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6 Deformation Simulations of the Makran
Accretionary Wedge

6.1 Theoretical Principles and Material Selection

Physical simulation experiments must follow the simi-
larity theory. The similarities between actual geological
conditions and experimental models should be considered
in terms of six aspects: material, time, combination form,
boundary condition, force mode, and geometric size (Jia
et al., 2013). In the experiment of this paper, dry and loose
white and gray quartz sands are employed to simulate the
crust, and colored quartz sand serves as a marker layer. The
internal friction angle of the quartz sand is approximately
31°, which closely matches that of the upper crustal rock
(with a thickness of less than 10km) (Koyi et al., 1993;
Yu et al., 2019). The deformation characteristics of quartz
sand, a preferred material for simulating the brittle defor-
mation of the upper crust, follow the Coulomb criterion
(Koyi et al., 1993; Yu et al., 2019). In addition, colorless
transparent silicone is used to simulate the plastic layer at
the bottom of the study area. Silicone has a viscosity of
1.2x10%Pas and a density of 0.926 g cm, exhibiting
Newtonian fluid characteristics at low strain rates. Thus,
silicone is a suitable material for simulating soft rock for-
mations in nature (Weijermars et al., 1993; Cotton et al.,
2000; Yu et al., 2012, 2021).

6.2 Experimental Device and Parameter Settings

The experiments were conducted at the State Key Labo-
ratory of Petroleum Resources and Processing at the China
University of Petroleum in Beijing. Fig.8 shows the ex-
perimental device, which comprises a drive motor, a few
rollers, a transfer seat, a lifting motor, a fixed baffle, two
transparent glass plates, and a slot for the collision angle
position. Three sets of experiments were established, as de-
scribed below.

The first set of experiments employed a model with di-
mensions measuring 120 cm x 70 cm % 30 cm. The model
initially contained 1.5cm of gray sand, followed by three
layers of white quartz sand, each with a thickness of 0.5
and 1cm of gray quartz sand. The top surfaces of the five
sand layers were covered, from bottom to top, with layers
of black, red, blue, pink, and yellow quartz sand markers.

The second set of experiments also utilized a model mea-
suring 120 cm x 70 cm x 30 cm. The model initially con-
tained 1cm of silicone, followed by 1 cm of gray quartz
sand and two layers of white quartz sand, each with a
thickness of 1cm thick. The top surfaces of the three lay-
ers of sand were covered with layers of yellow, blue, and
red quartz sand markers arranged from bottom to top. The
silicone layer at the bottom was used to simulate a plastic
décollement, with dimensions of 80 cmx 70 cm x 10 cm.
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The third set of experiments used a model of the same
dimensions as the first two experiments. The setup in-
cluded a silicone block measuring 20cm x 20 cm % 20 cm
in the eastern part of the model to simulate a preexisting
diapir structure. A 10cmx70cmx 1 cm silicone block was
positioned on the right side of the preexisting diapir to
simulate a partial plastic layer. The model also included
five layers of quartz sand containing 2cm of gray sand,
and two layers each of white and gray sand, each with a
thickness of 0.5 cm, were subsequently added. The top
surfaces of the sand layers were covered with layers of
red, purple, green, pink, and blue quartz sand markers ar-
ranged from bottom to top.

The subduction angle for all three experimental models
was set at 3°, and the collision angle was 90°. The sub-
duction rate in the experimental device was 0.5cmmin ',
and the final displacement of the transfer seat was 30cm,
resulting in a total subduction volume of 30cm. Table 2
shows the detailed parameters. The planes and sections of
the experimental models were photographed every minute

during the experiments, and the deformation characteris-
tics were observed and recorded.

a) g0
(1; 2

(b) ; 2.5m

Transfer seat

=

0.7m

zoneg
~1

Rear edge stationary

L90°

Fig.8 The experimental device. (a), the side view of the ex-
perimental device. (b), top view of the experimental device.
The numbered components of the experimental equipment
are as follows: 1, drive motor; 2, rollers; 3, subduction
zone; 4, transfer seat; 5, lifting motor to control the sub-
duction angle; 6, fixed baffle; 7, transparent glass plates
on both sides; 8, collision angle position slot.

Table 2 Experimental parameters

Stage of subduction

Experimental Layer sequence and thickness Mark layer  Supduction Subduction Subduc- Collision  Total
group color amount rate tion angle  angle  thickness
(m) (mmin) () ) (cm)
. Black, red,
Experiment | 1.5 cm gray sand, three layers of 0.5 cm white blue, pink, 30 05 3 90 40
sand, and 1 cm gray sand
and yellow
Experiment 2 lcm s@cone, 1 cm gray sand, and two layers of 1  Yellow, blue, 30 0.5 3 90 40
cm white sand and red
Part of the area laid with 2 cm and 1 cm of silicone, Red, purple,
Experiment 3 followed by 2 cm of gray sand, two layers of 0.5  green, pink, 30 0.5 3 90 4.0

cm white sand, and two layers of 0.5 cm gray sand and blue

6.3 Experimental Results

6.3.1 Experiment 1—Simulation in the
absence of silicone

Fig.9 shows the evolution of the plane during Experi-
ment 1. When the subduction volume was 1 cm, thrust fault
f; and back-thrust fault f, successively appeared on the sur-
face of the sand layer (Fig.9a). When the subduction vo-
lume was 5cm, a new thrust fault, f;, appeared and was
distributed in a segmented manner on the surface of the
sand layer (Fig.9b). The fracture degree of the rear edge of
the thrust increased. When the subduction volume reached
5.5cm, a new fault, f;, appeared on the surface of the sand
layer, and the sand between faults f; and f, underwent ra-
pid uplift. Thrust fault f; gradually connected to form a con-
tinuous line when the subduction volume was 7.5 cm (Fig.
9c), while a new thrust fault, {5, appeared on the surface
of the sand layer when the subduction volume reached 8.5
cm. When the subduction volume was 12.5 cm, thrust fault
f5 gradually connected to form a continuous line (Fig.9d).
Thrust fault fs appeared on the surface of the sand layer
when the subduction volume reached 13 cm. The fracture
degree of the rear edge of the thrust fault, as well as the
uplift height, continued to increase. When the subduction
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volume reached 16 cm, thrust fault fs gradually connected
into a continuous line (Fig.9¢), and a new thrust fault f;
was distributed in a segmented manner on the surface of
the sand layer when the subduction volume reached 21
cm (Fig.9f). When the subduction was 23.5 cm, a new
segmented thrust fault fy appeared on the surface of the
sand layer and then gradually connected to form a conti-
nuous line (Fig.9g). When the subduction volume was 26.5
cm, a new thrust fault, fy, appeared on the surface of the
sand layer, and thrust fault f, and back-thrust fault fj,
appeared successively at a certain distance from thrust fault
fo (Fig.9h). When the subduction volume reached 30cm,
thrust fault f}; gradually connected into a continuous line,
and thrust faults fy and f}y extended along the strike (Fig.
9i). The uplift height of sand between f| and f, stabilized
during subduction after the emergence of faults f; and fj;.
The planes of the thrust faults were parallel to one another,
and all faults, except for fjy and f};, were close together, de-
monstrating a uniform spacing between them.

At the end of the experiment, a 6-cm-thick layer of white
quartz sand was applied to the model and was then cover-
ed with a wet towel to soak. The experimental model was
sliced after 12h. The results of the slices showed that the
structural deformation characteristics of sections a—a' to e
—e' were roughly the same (Fig.10). The thrust faults fj,
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Fig.9 Experiment 1 plane simulation evolution. Subduction amount is shown at approximately 4 cm intervals for explanation.
The red dotted lines represent the faults on the surface of the sand layer, which are numbered in order of occurrence. The pink
arrows indicate the direction of subduction. The black horizontal lines indicate the slicing positions.

Fig.10 The section slicing results of Experiment 1. The slicing positions are shown in Fig.9i. Slice sections are placed every 10
cm. The red dotted lines represent the developed faults. Except for faults f,—f}4, the numbers of other faults correspond to
those of the plane faults in Fig.9.
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f;—f;, and fjo, as well as large back-thrust fault f, and
small back-thrust faults f}, and fi3, had developed in these
sections. Thrust fault fy developed in sections a—a', c—c',
and d—d', while back-thrust fault f;; developed only in
section a—a' and back-thrust fault f}, developed in sections
a—a' and b—b'. Except for faults f},—f},, the number of
other faults corresponded to the number of plane faults
shown in Fig.9. Faults f},—f4 are not marked in Fig.9 be-
cause their development on the plane was not prominent.
These thrust faults developed after fault fy and before fault
f1o. Thrust fault f}, and back-thrust fault f}; successively de-
veloped following the appearance of fj4. The distance be-
tween faults fy and fj, was significantly greater than that
between the other faults. The deformation area converged
around the subduction slot, and the thrust faults developed
in a forward-spreading manner, demonstrating the typical

N~

(g) (h)

Subduction 24.5cm

Subduction 17.5cm

Subduction 28cm

thrust imbricate structures in sections a—a' to e—e'. Except
for fault f}y, the spacing between all other adjacent thrust
faults was relatively uniform.

6.3.2 Experiment 2—Simulation of décollement by
using silicone

Fig.11 shows the evolution of the plane during the se-
cond experiment. When the subduction volume reached
3.5cm, thrust faults f;, f,, and f; appeared successively on
the surface of the sand layer (Fig.11a). Faults f, and f; were
back-thrust faults, while faults f; and f; were segmented
faults. When the subduction volume reached 7 cm, f; and
f; became continuous, and a new back-thrust fault, f;, ap-
peared on the surface of the sand layer (Fig.11b). New thrust
faults f5 and f; appeared at the thrust front when subduc-
tion reached 10.5cm, and the surface of the sand layer at

Subduction 10.5¢cm

Subdﬁction 2lem

Subduction 30em

Fig.11 Experiment 2 plane simulation evolution. Subduction amount is shown at approximately 4 cm intervals for explanation.
The blue dotted lines represent the faults on the surface of the sand layer, which are numbered in order of occurrence. The pink
arrows indicate the direction of subduction. The green horizontal lines indicate the slicing positions.

the uplift of the subduction slot exhibited a slight tensile
fracture (the subduction slot was located between f; and f3)
(Fig.11c). When the subduction volume was 14 cm, thrust
faults f, fs, and fy appeared on the surface of the sand layer.
fg and fy were back-thrust faults, and the tensile fracture at
the uplift of the subduction slot became prominent during
this time (Fig.11d). When the subduction volume was 17.5
cm, new thrust faults f;, and f}; appeared at the thrust front,
and f; connected with f; (Fig.11le). New thrust faults fi,
and f}; appeared at the thrust front at a subduction volume
of 21 cm, and the tensile fracture at the uplift of the sub-
duction slot continued to increase in size (Fig.11f). When
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the subduction volume reached 28 cm, no new thrust fault
occurred at the front or rear of the thrust (Fig.11h). A sig-
nificant slump was observed at the uplift of the subduction
slot at a subduction volume of 30cm, especially at the rear
slope (Fig.11i). The experiment results on the evolution of
the plane showed that thrust faults had mainly developed
in the direction opposite to that of subduction and were
parallel to one another with a wide spacing between them.

A 6-cm-thick layer of white quartz sand was applied to
the model at the end of the experiment and was covered
with a wet towel to soak. The model was then sliced after
12h. The results showed that the thrust faults (f;, f, fs, fio,
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fi1, and f}3) and back-thrust faults (f3, fo, fi5, fis, fi, and
fi7) were generally well-developed (Fig.12). The top part
of the subduction slot exhibited a prominent collapse that
led to the development of several small normal faults (fjs,
fi0, T20, 21, £22, and f53) that formed combinations of horsts
and grabens. The typical thrust imbricate structures are
shown in sections a—a' to e—¢'.

Thrust fault f; and back-thrust fault f; initially developed
in the early stage of subduction. Additional thrust faults,
including faults fs, fg, f};, and f};, developed in a forward-
spreading manner under continuous compression. The faults

[N B o

I'u{' ',\fz*\\ff 5,‘{11
g

R
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combination becomes complicated. Prominent pop-up struc-
tures were observed between fj, and f;; and between fis
and f); in sections c—c' and e—e', respectively. Thrust
faults 13 and f}; had opposite inclinations in section d—d'
and formed a ramp structure. The upper walls of thrust
faults f}; and f;; developed snakehead anticline structures
from sections a—a' to e—e¢'. Thrust faults fj, fs, f;, f};, and
f13 combined to form a typical thrust imbricate structure. The
plastic layer at the bottom of the subduction slot signifi-
cantly intruded into the overlying strata in the five sec-
tions to form diapir structures.

Scm

Scm

Sem

Fig.12 The section slicing results of Experiment 2. The slicing positions are shown in Fig.11i. Slice sections are placed every
10cm. The red dotted lines represent the developed faults. Except for faults fig—f,;, the numbers of other faults correspond to

those of the plane faults in Fig.11.

6.3.3 Experiment 3—Simulation of preexisting
diapir structure

Fig.13 shows the evolution of the plane in Experiment
3. When the subduction volume reached 2 cm, the surface
of the sand layer was slightly uplifted. Thrust faults f; and
f, appeared successively when the subduction volume rea-
ched 3 cm, where f, was a back-thrust fault (Fig.13a). When
the subduction volume was 4.5cm, a new segmented thrust
fault f; appeared on the surface of the sand layer (Fig.
13b). Thrust fault f; gradually connected to form a conti-
nuous line at a subduction of 7.5 cm, and the body of sand
between f; and f, was rapidly uplifted (Fig.13c). When

the subduction volume reached 10 cm, new thrust faults f,
and fs5 appeared successively on the surface of the sand
layer (Fig.13d). Thrust fault f; was observed on the sur-
face of the sand layer when the subduction was 11.5¢cm,
and the lengths of faults f; and f5 increased significantly
(Fig.13e). When the subduction volume was 14.5cm, the
length of fault fg significantly increased (Fig.13f), and the
area of the preexisting diapir was slightly uplifted at a sub-
duction of 16.5cm. When the subduction volume reached
17.5cm, a small thrust fault f; appeared on the surface of
the sand layer in the area of the preexisting diapir, a small
back-thrust fault fy appeared at the rear edge, and the body
of sand between f; and f, continued to be uplifted (Fig.
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13g). Once the subduction volume reached 17.5cm, the
fracture degrees of faults on the surface of the sand layer
continued to increase with subduction, and no new fault
was formed for a long time. When the subduction volume
was 24 cm, a small back-thrust fault fy was formed on the
surface of the sand layer in the area of the preexisting dia-
pir (Fig.13h). The length of fault f;, as well as the fracture
degrees of the other faults, increased slowly under subse-
quent subduction, but no new fault appeared on the surface
of the sand layer until the subduction volume had reached
30cm (Fig.131).

A 6-cm-thick layer of white quartz sand was applied to
the model at the end of the experiment and was covered
with a wet towel and left to soak. The model was then
sliced after 12h, and the results are shown in Fig.14. No

: dinpir (58

Subduction 3em

Subduction 17.5¢m

X
Subduction 4.5¢cm

part of the preexisting diapir was observed in section a—a/,
which contained thrust faults fi, f3, f;, fs5, and f5 as well as
back-thrust faults £, f},, and fj3. The deformation arca was
concentrated around the subduction slot, and its structure
was relatively simple. The structure of section b—b', with
the preexisting diapir, was more complex than that of sec-
tion a—a' and contained thrust faults f}, f3, fi, f5, f, and f;
as well as back-thrust faults f,, f;, fo, fjo, and f};. Promi-
nent pop-up structures were noted between faults f; and £
and between faults fg and fjy, while a significant ramp
thrust structure was formed between faults fy and f;. The
deformation area was large, and the preexisting diapir was
squeezed into the overlying sand layer. The preexisting dia-
pir poured into the overlying sand layer to form an exten-
sive pop-up structure in section c—c'.

' 1 E.(::)

Subduction 7.5ecm

2 (b)

5
|
Wl
Subduction 14.5¢cm

Subduction 30em

Fig.13 Experiment 3 plane simulation evolution. The red dotted lines represent the faults on the surface of sand layer, which
are numbered in order of occurrence. The yellow dotted rectangular area represents the preexisting diapir. The pink arrow in-
dicates the direction of subduction. The yellow horizontal and vertical lines indicate the positions of the slices.

7 Discussion

7.1 Origin of Deformation of the Makran
Accretionary Wedge

Smith calculated the maximum sedimentary thickness,
average slope, average dip angle of the basement, and ave-
rage spacing of thrust faults in the Makran accretionary
wedge (Table 3) and compared them with corresponding
data from wedges in other subduction areas to identify the
factors controlling its deformation. The results showed that
the maximum sedimentary thickness was not the main fac-
tor controlling the spacing between the faults and their de-
velopment (Smith ef al., 2012). Large-scale mud diapirs
were observed in the Makran accretionary wedge. Grando
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and McClay (2017) claimed that these mud diapirs origi-
nated from the overlying sediments due to the overpressure
caused by the wedge-induced load and the downward sub-
duction of the basement.

The experiments reported in this study provide insights
into the factors controlling the morphological development
and the spacing between thrust faults. The interpretation
results of the slices in Experiments 1 and 2 (Figs.10 and
12, respectively) were significantly different. The spacing
between faults was small in Experiment 1, mostly around
3—4cm, but was larger in Experiment 2, mostly around 5
—7cm. Moreover, the shape of the faults observed in Expe-
riment 1 was relatively straight, while the faults observed
in Experiment 2 were listric. The plastic layer had a signi-
ficant influence on the development of accretionary wedges
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Fig.14 The section slicing results of Experiment 3. The slicing positions are shown in Fig.13i. Representative slice sections at
three different locations are selected for comparison. Except for faults fy—fis, the numbers of other faults correspond to those

of the plane faults in Fig.13.

Table 3 Comparison of the structural parameters of the Makran accretionary wedge with those of other subduction zones

Max accreted sediment

Taper values (°) Average fault

Location . .
thickness at trench (km) gyace slope (o) Basement dip (8) Taper (a+pg)  SPacing (km)

Markan 6 2 (avg.) 1.5-2.5(avg.) 3.5-45 6
Southern-central Lesser Antilles (13.5°N) 5 2 1 3 8

Hikurangi (south-central) 2-4 1 3 4 5-6

North Cascadia (Washington) 2 2 1.8 3.8 6

Hikurangi (north) 0-1 3 8 11 3 (frontal 3 thrust)
Nankai (Muroto) 0.7 1.5 1.6 3.1 4

Note: This table references Smith ef al. (2012).

and faults. The simulation results of Experiment 2 were
generally the most similar to the interpretation results of the
actual seismic section. The latter are presented as follows:

1) The interpretation of the actual N—S seismic section
showed that the intervals between adjacent thrust faults
that had developed in the imbricate fan zone of the Makran
accretionary wedge mostly spanned 5—8km, and the single
thrust faults were listric (Fig.15a). The results of slices of
the experimental section also reflected a typical thrust im-
bricate structure (Fig.15b). The distance between thrust
faults fg and f}; was 4.7cm in the experimental model, which
is equivalent to the 4.7km in the field, and that between
thrust faults f}; and f}; was 6.4 cm, which is equivalent to
6.4km. Therefore, the intervals between adjacent thrust
faults in the experimental section were close to those in
the actual accretionary wedge, and thrust faults fi, fs, fe,
f11, and f3 were listric.

2) The bottoms of the thrust faults in the actual N—S
seismic section extended to the uniform décollement (Fig.
15a). The slicing results in the experiment showed that
thrust faults fi, fs, fj;, and fi3 also extended to the décol-
lement at the bottom (Fig.15b).

3) The actual N—S seismic section had a prominent back-
thrust fault in the front (Fig.15a). A significant back-
thrust fault, f};, was also obtained in the thrust front in the
section slices in Experiment 2 (Fig.15b).

4) The interpretation of the actual N—S seismic section

showed prominent divisions in the Makran accretionary
wedge. The uplift heights of the mid-slope and upper-slope
zones were significantly greater than that of the imbricate
fan zone, and the uplift of the deformation front was the
shortest (Fig.15a). The results of slices of the experimen-
tal section also revealed that the uplift height near the rear
edge of the thrust was significantly greater than that in the
thrust imbricate structure zone, which was higher than the
front (Fig.15b).

5) The actual N—S seismic section contained prominent
mud diapir structures in the mid-slope and upper-slope zones
far from the thrust front (Fig.15a). The results of the slices
in Experiment 2 showed that the upwelling of the plastic
material was violent and formed a significant diapir struc-
ture at the position of the subduction slot far from the
thrust front (Fig.15b).

6) The actual N-S seismic section featured prominent
stratigraphic subsidence and small normal faults in the
upper part of the mud diapir at the mid-slope ridge. The
subsidence of the sand layer in the upper part of the diapir
structure, as well as some small normal faults, were also
observed in Experiment 2.

Thus, the results of Experiment 2 were highly similar
to those of the interpretation of the actual seismic section,
indicating that the prominent imbricate fans of the Makran
accretionary wedge had been generated by the subduction
of the oceanic crust. A décollement was observed at the
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Fig.15 Comparison between actual seismic section interpretation and experimental section interpretation. (a), the N—S A—A'
seismic section interpretation of the Makran accretionary wedge, with reference to Grando and McClay (2007). (b), experiment 2
section interpretation. The actual section location is shown in Fig.1, and the experimental section location is shown in Fig.111.

bottom, which influenced the spacing between and the
structural morphology of the thrust faults. The shallow,
small normal faults might have been formed by the rapid
upwelling of the mud diapirs or the rapid uplift of thrust
fault-related folds, resulting in the collapse of the upper
strata. The mud diapir generated in the mid-slope and up-
per-slope zones originated from the upwelling of the plas-
tic material at the bottom, and the deep thrust faults became
upwelling channels.

7.2 Continuity of Plane Faults

This section primarily discusses the distribution of faults
on the eastern plane of the study area due to the limited
seismic data obtained in the current study. Few researchers
have focused on the continuity of plane faults, but many
experimental results have shown that this phenomenon is
crucial in the development of structures (Cotton et al.,
2000; Yu et al., 2019, 2021). Significant differences were
noted in the continuity of faults in the accretionary wedge
plane. The continuous length of individual faults reached
approximately 250km (Smith et al., 2012), but some faults
were only approximately 15km long. Special structures were
also observed in areas where the continuity of the faults
worsened or the segmentation phenomenon occurred, such
as in the case of the seamounts and mud diapirs. Fig.3 shows
that thrust faults F3, F4, and Fs exhibited good continuity,
extending continuously for approximately 240 km. Preex-
isting extensional faults had no effect on the continuity of
the subsequently formed thrust faults. However, the thrust
faults exhibited significant segmentation around eastern
seamount 5, interrupting the continuity of Fy, Fy,, Fi¢, and
Fy7. The subduction of the seamount led to the segmenta-
tion of the thrust faults. However, the factor contributing
to the good continuity of the thrust faults at seamount 4
remains unknown. The E — W seismic sections (Figs.7a and
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7b) indicate different subduction depths for seamounts 2,
4, and 5, suggesting various stages of subduction. Seamount
2 had the shallowest subduction (early stage), followed by
seamount 5 (middle stage), while seamount 4 exhibited the
deepest subduction (late stage). Therefore, the subduction
of seamounts in the early and middle stages is believed to
have affected the development of thrust faults and resul-
ted in the segmentation of plane faults. The results of sub-
duction experiments involving seamounts by Li ef al. (2012,
2016) intuitively show that this phenomenon has a major
destructive effect on fault continuity.

In addition, the seismic sections at lines 130 (Fig.6a)
and 148 (Fig.6b) showed that large mud diapir structures
had developed in both sections. The development of the
thrust fault ceased at the location of the diapir structure in
the seismic section at line 148. The presence of the diapir
structure in the seismic section at line 130 significantly
increased the interval between adjacent thrust faults. The
plane also highlights the poor continuity of thrust faults at
the mud diapirs at lines 130 and 148. The evolution of the
plane in Experiment 3 (Fig.13) showed that the thrust
faults regularly developed in the early stage but preferen-
tially deformed after spreading to the preexisting diapirs,
with no observable deformation outside this area. There-
fore, preexisting diapirs affected the normal development
of the thrust faults and led to poor continuity in their dis-
tribution on the plane.

8 Conclusions

1) The structural development characteristics of the wes-
tern part of the Makran accretionary wedge were rela-
tively simple compared to those of its eastern part. The
western part mainly featured the development of thrust
faults at uniform intervals, whereas the eastern part had



SHAO et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2024 23: 157-172 171

significantly fewer thrust faults. The scale and number of
mud diapirs significantly increased, and the basement
underwent a prominent tectonic uplift.

2) The spacings between and shapes of deep thrust faults
in the Makran accretionary wedge were constrained by dé-
collement. Shallow normal faults were formed by the rapid
upwelling of mud diapirs or the rapid uplift of thrust
fault-related folds, resulting in tensile fractures in the up-
per part or even the collapse of the upper strata. The thrust
faults provided good channels for the migration of up-
welling plastic material at the bottom, which moved along
the thrust faults and gathered in the hanging walls to form
diapir structures. A sharp upwelling was observed in the
plastic material at the bottom of the area near the trench,
resulting in the formation of large-scale diapir structures
in the mid- and upper slopes of the accretionary wedge.

3) The preexisting diapir structures and the subduction
of the seamounts affected the development of the thrust
faults, resulting in poor continuity and fault segmentation
distributed on the plane.
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