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Abstract The frontal edge of the Makran accretionary wedge is characterized by the development of multiple imbricate thrust
faults trending E-W and relatively parallel. However, the mechanisms underlying their formation and the factors controlling their de-
velopment remain subjects of debate. This paper, based on seismic profile analysis, employs physical simulation experiments to estab-
lish a ‘wedge’ type subduction model. The study explores the influence of the initial wedge angle, horizontal sand layer thickness, and
the presence or absence of a decollement layer on the structural styles of the thrust wedge. Experimental results indicate that as the
initial wedge angle decreases from 11° to 8°, the lateral growth of the thrust wedge increases, whereas vertical growth diminishes.
When the horizontal sand layer thickness is reduced from 4.5 cm to 3.0 cm, the spacing between the frontal thrusts decreases and the
number of thrust faults increases. Both lateral and vertical growth are relatively reduced, resulting in a smaller thrust wedge. When a
decollement layer is present, the structural style exhibits layered deformation. The decollement layer constrains the development of
back thrusts and promotes the localized formation of frontal thrusts. In conclusion, the imbricate thrust faults at the frontal edge of the
Makran accretionary wedge are primarily controlled by the characteristics of the wedge itself and the presence of the decollement
layer.
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tion features such as edge indentations, uplift, subsidence,
back thrusts, and strike-slip faults (Lallemand ez al., 1992;

1 Introduction Dominguez et al., 1998; Hampel et al., 2004). The spac-

The Makran accretionary wedge is a typical geological
structure formed by the subduction of the Arabian Plate
beneath the Eurasian Plate. This geological feature ex-
tends approximately 1000 km in an E-W direction along
its strike, with the deformation front located about 150 km
from the coastline. In this region, numerous imbricate
thrust faults, relatively parallel and evenly spaced, have
developed along an E-W orientation (Kopp et al., 2000;
Cromie et al., 2022). These faults are closely associated
with the formation of natural gas hydrate reservoirs and
are typically linked to the characteristics of the bottom
simulating reflector (BSR) observed in seismic sections
(von Rad et al., 2000; Ding et al., 2010; Smith et al.,
2014; Meng et al., 2019; Liao et al., 2022; Qian et al.,
2022). At active convergent plate boundaries, the crustal
lithosphere forms a structural wedge via thrusting. The
structural styles of such wedges have been investigated
through sandbox experiments, revealing typical deforma-
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ings and shapes of deep thrust faults in the Makran accre-
tionary wedge are constrained by the decollement layer.
Shallow normal faults are formed by the rapid upwelling
of mud diapirs or the rapid uplift of thrust fault-related
folds, resulting in tensile fractures in the upper strata or
even the collapse of these strata (Shao ef al., 2024). Gong
et al. (2016) claimed that the northward subduction at a
small angle resulted in the parallel arrangement of the E-
W oriented 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. The formation of diapirs associated
with wedge development was triggered by overpressure
generated by wedge-induced loads and the downward
subduction of the basement. The uplift rate of fault-propa-
gation folds at the frontal region of the Makran accre-
tionary wedge exceeds the sedimentation rate, indicating
active thrusting at the wedge front (Grando and McClay,
2007). However, the mechanisms governing the forma-
tion of thrust faults within the Makran accretionary wedge
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and the factors that control them remain inadequately un-
derstood. Critical wedge theory has been successfully em-
ployed to explain the mechanical characteristics of fold-
thrust belts, forearc wedges, and orogenic belts (Davis et
al., 1983; Platt, 1986; Willett, 1992). The spacing of
thrust faults at the wedge front increases in response to
the enhancement of basal friction (Wang, 1995); and ero-
sional processes limit the advancement and thickening of
the wedge, localizing deformation (Avouac and Burov,
1996; Hoth, 2005; Konstantinovskaia and Malavieille,
2005; Hoth et al., 2006). This study, based on seismic re-
flection data, investigates the effects of the initial wedge
angle, the thickness of horizontal sand layer, and the pres-
ence or absence of a decollement layer on the structural
style of thrust faults in the accretionary wedge using phys-
ical simulation experiments.

2 Geological Setting

The Makran accretionary wedge is located in the north-
ern Arabian Sea, at the junction of the Eurasian, Arabian,
and Indian Plates. To the west, it borders the Zagros colli-
sion zone, while to the east, it adjoins the Himalayan col-
lision zone (Burg, 2018). The Makran accretionary wedge
extends from approximately 57°30'E in southeastern Iran
to 66°30'E in southern Pakistan, spanning a total length of
about 1000 km. Its topographic range varies from 3000 m
below sea level to 1500 m above sea level. The North
Makran tectonic units are derived from the North Makran
Ocean and the Neo-Tethys through two distinct north-
ward dipping subduction events, without any intervening
microcontinent (Barbero et al., 2025). The subduction rate
is 3.65 cm/yr in the western section and 4.2 cm/yr in the
eastern section (as shown by the black arrows in Fig.1a;
DeMets et al., 1990). The region is characterized by ex-
tensive BSR, indicating a substantial potential for natural
gas hydrates (Gaedicke et al., 2002; Smith et al., 2012).
Well-developed tight anticlines and imbricate thrust faults
are aligned in an E-W direction. The accretionary wedge
spans approximately 500 km from north to south, with
some offshore areas exceeding 100 km in width. The
maximum sediment thickness exceeds 7000 m, especially
in the central and eastern parts (White and Klitgord, 1976;
Kopp et al., 2000; Kukowski et al., 2001; Gong et al.,
2016; Cromie et al., 2022). The collision between the
Arabian and Eurasian Plates began in the Cretaceous, and
the development of the accretionary wedge commenced in
the Oligocene (Platt et al., 1985; Fruehn et al., 1997; Liao
et al., 2019). This convergence is associated with the
northward subduction of the Neo-Tethys Ocean beneath
the Eurasia Plate margin (Platt et al., 1985; Burg, 2018;
Monsef et al., 2018; Saccani et al., 2018). The wedge is
bounded to the west by the Minab dextral strike-slip fault
system and to the east by the Ornach-Nal sinistral strike-
slip fault system, separating it from the active continental
collision zones of the Zagros and the Himalayas (Grando
and McClay, 2007). Since the Miocene, the tectonic evo-
lution of the Makran accretionary wedge has been marked
by the gradual uplift of the northern region, southward
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propagation of thrust faults, weakening of tectonic activi-
ty in the north, and the formation of new thrust faults in
the south (Arthurton et al., 1982; Harms et al., 1984; Platt
et al., 1985).

Ellouz-Zimmerman (2007) established the stratigraph-
ic framework of the Makran accretionary wedge in Pa-
kistan, dating back to the Oligocene. Overall, the Makran
accretionary wedge consists of a sedimentary sequence of
deep-sea turbidites, deep-water mudstones, and shallow
marine sandstone-mudstone facies, which are divided in-
to three major sequences (Fig.2). The upper part of Se-
quence I exhibits strong reflectors, whereas the lower part
shows weak reflectors. This corresponds to the Hoshab-
Panjgur formation, which primarily comprises mudstones
and turbidites, with mud diapir structures. Sequence II
represents piggyback basin deposits, mainly composed of
sandstones, corresponding to the late Miocene to early
Pliocene. In this sequence, the strata are nearly horizontal
in the shelf area and dip northward in the slope area, with
thrust faults developing synchronously during deposition.
Sequence III is wedge-shaped, and primarily consists of
mudstones, sandstones, and siltstones, corresponding to
the Hinglaj-Ormara formation. It is characterized by sub-
marine landslides and canyons, indicating an abundant
and unstable sediment supply. The formation of Se-
quences I to III reflects the evolution of the depositional
environment and the influence of thrust faults and mud dia-
pir structures on the sedimentary sequences, offering sig-
nificant geological evidence for understanding the thrust
faults in the Makran accretionary wedge.

3 Data and Methodology

This study primarily relies on 2D seismic reflection data
provided by the Government of Pakistan to assist in inter-
preting the development of the thrust wedge. The 2D seis-
mic reflection data encompasses approximately 54000
km? within the Makran accretionary wedge and includes a
total of 49 seismic lines (Fig.1). The spacing between the
N-S seismic lines ranges from 10 to 15 km, while that be-
tween the E-W seismic lines ranges from 10 to 25 km.
Four N-S seismic profiles, perpendicular to the strike of
the thrust faults, were selected to delineate the distribu-
tion and structural characteristics of these faults.

Based on the interpretation of the seismic profiles, this
study employed physical simulation experiments to estab-
lish a ‘wedge-type’ subduction model. Particle image ve-
locimetry (PIV) was employed to analyze the velocity
field during the planar evolution of the experiments. Four
sets of sandbox physical simulation experiments were de-
signed. Experiment 1 served as the compared group,
while Experiments 2, 3, and 4 investigated the effects of
the initial wedge angle, horizontal sand layer thickness,
and the presence or absence of a decollement layer on the
structural style of the thrust wedge. In Experiment 2, the
initial wedge angle was decreased from 11° to 8°; in Ex-
periment 3, the thickness of the horizontal sand layer was
reduced from 4.5 cm to 3 cm; and in Experiment 4, micro
glass beads were added to the horizontal sand layer to
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simulate a decollement layer. The simulation results were
then compared with actual seismic profiles to identify the
primary controlling factors influencing the formation of
imbricate thrust structures at the frontal edge of the Ma-
kran accretionary wedge.

3.1 Material Selection

The materials employed in this experiment include dry,
loose quartz sand and micro glass beads. Dry, loose white
and grey quartz sand is employed to simulate the brittle
Coulomb behavior of the crust, with colored quartz sand
serving as a marker layer. The quartz sand has a grain size
of 300—450 pum, a density of 1.35 g/cm3, and exhibits
nearly zero cohesion. Its deformation properties follow
the Coulomb criterion, with an internal friction angle of
approximately 31°, which is similar to the internal fric-
tion angle of upper crustal rocks (with a thickness of less
than 10 km). This makes it an ideal material for simulat-
ing brittle deformation in the upper crust (Koyi et al.,
1993; Yu et al., 2019). Additionally, micro glass beads
are employed to simulate the plastic layer in the lower
part of the study area. The micro glass beads have a grain
size of 100-200 um, exhibit excellent sorting and round-
ing, and have a density of 1.45 g/cm?, with cohesion be-
tween 46 and 51 Pa, which is almost negligible. Com-
pared to granular sand, micro glass beads have lower me-
chanical strength, making them suitable for simulating
weak layers found in nature (Cotton et al., 2000; Yu et al.,
2012; Yu et al., 2022).

3.2 Experimental Device and Methodology

The experimental device and materials was designed
based on a comprehensive analysis of natural conditions,
with full consideration given to the physical properties of
various rocks in the lithosphere. As shown in Fig.3, the
experimental device includes components such as a drive
motor, conveyor belt, lifting motor, backstop, transparent
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glass side wall, and wedge-shaped track. In Fig.3a, the
quartz sand used in the simulation experiment is evenly
distributed on the conveyor belt, with the wedge stopper
formed by piled quartz sand and the backstop remaining
in a fixed position. The conveyor belt moves from right to
left, driven by a drive motor, and the sand layer gradually
advances, forming a new thrust wedge. The conveyor belt
represents the oceanic plate, while the sand layer on the
belt simulates sediments deposited on the oceanic plate. In
Fig.3b, the sand layer is laid in two stages: the first stage
involves laying a horizontal sand layer without the wedge-
shaped track, while the second stage creates a wedge-
shaped sand layer after the wedge-shaped track is installed.

The refined seismic stratigraphy of the sequence and
the clear imaging of frontal deformation structures in the
profiles enables improved identification of the inter plate
thrust where it is propagating into the trench sediments.
The interpolated thrust is recognized as the major decolle-
ment, above which the accreted sequence is shortened by
distributed thrust faulting and folding, and below, unde-
formed sediments are subducted. Near the front of the
wedge, the stratigraphic position of the decollement is
tightly constrained within a couple of wavelets of the seis-
mic data, based on the down-dip extent of the accre-
tionary thrusts observed from inclined hanging wall re-
flections and footwall reflection cutoffs.

The thickness of the micro glass beads was determined
based on detailed studies of actual geological conditions
and the specific physical properties of these beads in ex-
perimental settings, including seismic profile analysis and
scientifically derived model scaling ratios. Specifically,
the selected thickness was guided by the depth ranges of
key reflective interfaces identified in seismic profiles and
adjusted according to the geometric scaling ratio of the
model, ultimately set at 1 cm. This configuration effec-
tively simulates the physical characteristics and sedimen-
tary thickness variations of the target strata.

Four sets of experiments were designed in this study,

(@

Wedge-shaped sand layers
Horizontal sand layers

Glass side wall

Conveyor belt

Conveyor belt

a D e—— -
12— Rigid base /

2

Fig.3 Schematic diagram of experimental device. (a), two-dimensional view of the experimental device; (b), three-dimen-

sional view of the experimental device.
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with each experimental area measuring 150 cmx70 cm.
The specific sand layer configurations for each experi-
ment are shown in Fig.4. The subduction angle for all four
experimental models was set at 3°, the subduction rate of

duction distance was 35 cm. Detailed parameters are list-
ed in Table 1. Throughout the experiment, high-defini-
tion cameras captured both plan and profile views of the
experimental model every 15 s, enabling observation and

the experimental setup was 0.3 cm/min, and the final sub-

recording of deformation characteristics.
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Fig.4 Layout of the experimental sand layers in Experiment 1 (a), Experiment 2 (b), Experiment 3 (c), and Experiment 4 (d).

Table 1 Experimental parameters

Experimental group Wedge angle Micro glass beads Total thickness of the ~ Shortening rate  Total shortening ~ Subduction angle
©) horizontal layer (cm/min) (cm) ©)
Experiment 1 11 No 4.5 0.3 35 3
Experiment 2 8 No 4.5 0.3 35 3
Experiment 3 11 No 3.0 0.3 35 3
Experiment 4 11 Yes 4.5 0.3 35 3
3.3 Experimental Principl _ttB
. perimental Principles a+pB= Tk )

The objective of this experiment is to investigate the
formation and evolution of the front edge of the wedge
structure in a subduction zone. This model is based on the
work of Davis et al. (1983) (Fig.5). Based on the critical
wedge mechanical equilibrium conditions and assuming
that wedge deformation adheres to the Coulomb failure
criterion, Davis et al. (1983) derived the critical wedge
theory formula (Eq. (1)), accounting for both terrestrial
and marine conditions. In the sandbox physical simula-
tion experiment employing dry quartz sand, the pore fluid
pressure ratio (A) within the wedge and the fluid pressure
ratio (A4) in the decollement layer are set to 0, thereby
simplifying Eq. (1) to Eq. (2). The characteristics of the
wedge are primarily controlled by the following factors:
1) surface slope a; 2) basement slope f; and 3) friction co-
efficient of the basal decollement .

(=) up+1—py/p)B
(1-pw/pwp)+(1-DK’

a+p=

(M

@ Springer

These formulas are referenced in order to apply the cri-

T Sea level

Py gdsin(atf)

Fig.5 Schematic diagram of a wedge subject to horizontal
compression following the Coulomb failure criterion. d,
water depth above the wedge; %, height of the wedge; g,
gravitational acceleration; p,, water density; 7, shear trac-
tion; o, normal traction across any plane perpendicular to
the x-axis; o1, 03, maximum and minimum effective com-
pressive stresses, respectively; y, angle between o and the
x-axis; a, surface slope of the wedge; f, dip angle of the
base of the wedge.
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terion for constructing wedge-shaped bodies during the
initial stages of each of the four experiments. This model
represents only the overall macroscopic mechanics, leav-
ing out the complex internal structures or specific defor-
mation phases of the wedge. In the experimental model,
1 cm represents 1 km in the real model, with specific
scale parameters listed in Table 2.

Table 2 Scale parameters of the model

Scaling parameter Model  Nature nax;):ili/tio
Length (m) 0.01 1000 1.0x10°3
Gravitational acceleration, g (m/s) 9.81 9.81 1
Density of sand (g/cm) 2.3 - -
Density micro glass bead (g/cm) 1.45 - -
Grain shape Well-rounded — -
Friction angle (°) 36 40 0.9

4 Analytical Results

4.1 Structural Pattern of Thrust Faults
4.1.1 Distribution of thrust faults

The north-south seismic profile A—A’, located in the
central-western offshore Makran accretionary wedge,
spans approximately 120 km and crosses the major geo-
morphic structures of the wedge (Fig.6). Based on the
A—A’ seismic profile, the N-S Makran accretionary wedge
can be divided into three distinct zones: 1) The lower
slope zone, 50-60 km wide, with an overall surface slope
of 1° to 2°. Thrust faults are primarily concentrated near
the abyssal plain, exhibiting fault propagation folds and
imbricate fan structures; 2) The middle slope zone, span-
ning 15-20 km, features flat topography with a surface
slope not exceeding 1°. However, the flanks of the mid-
slope ridge, particularly near the lower slope, display
steeper dips. Thrust faults are relatively sparse, but these
faults are often associated with diapiric structures, form-
ing a distinct middle slope ridge; 3) The upper slope zone
extends 40 km towards the shelf, with a surface slope of
approximately 7°. The topography is rough and uneven,
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with significant sediment accumulation. Near the shelf
edge, normal faulting is also observed and manifests as ei-
ther small-offset normal faults or large listric normal
faults, that is deeply rooted growth faults resulting from
gravity sliding over detachments, which are likely associa-
ted with local overpressure conditions at depth. These
normal faults have been documented in both the Iran and
Pakistan sectors of the Makran (Ellouz-Zimmerman et al.,
2007; Grando and Mclay, 2007). Interpretation of the re-
latively shorter north-south seismic profile in the eastern
region (approximately 70 km long, Fig.7) reveals that the
number of thrust faults gradually decreases from west to
east (Fig.7).

In plan view, the thrust faults are generally oriented in
an E-W direction, aligning parallel to the primary direc-
tion of tectonic movement. Owing to the higher conver-
gence rate in the eastern region, the density and activity of
thrust faults are significantly higher compared to the west-
ern region (Fig.1b). Additionally, the distribution of thrust
faults is influenced by strike-slip faults, particularly near
the Ornach-Nal sinistral strike-slip fault zone in the east,
where normal faults have developed (Platt et al., 1985).
The formation of these normal faults is primarily attribut-
ed to flexural processes and is independent of the thrust
faults (Fig.7d).

4.1.2 Thrust fault systems and deformation patterns

The thrust faults in the Makran accretionary wedge ex-
hibit diverse geometries and structural characteristics, in-
dicating the complex tectonic processes shaping the
wedge. In the imbricate fan structure of the lower slope
zone, thrust faults develop into a series of fault propaga-
tion folds. These thrust faults do not typically breach the
seafloor but rather terminate in asymmetrical fault propa-
gation folds, which commonly verge southward, with a
steeper rear limb and a gentler forelimb. The formation of
these folds is closely associated with the rotation of the
thrust faults. Deep thrust faults are connected to shallow
extensional faults through soft linkages (Fig.7), forming a
‘relay’ transport pathway (Gong et al., 2018b; Meng et
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Fig.6 (a), A—A’ seismic section in the western segment of the Makran accretionary wedge. (b), interpretation of the seis-
mic profile in (a). Fig.1 shows the location of the A—A' seismic section, with reference to Grando and McClay (2007).
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Fig.7 S-N seismic composite sections of the Makran accretionary wedge (modified from Shao et al., 2024). (a), line 106
seismic interpretation section; (b), line 120 seismic interpretation section; (c), line 130 seismic interpretation section; (d),
line 160 seismic interpretation section. Fig.1 shows the locations of seismic lines 106, 120,130 and 160.

al.,2019).

Piggyback synclinal basins, formed between thrust
faults, are typically filled with relatively recent sediments
and exhibit distinct growth strata sequences. This sug-
gests that the formation of these basins is synchronous
with thrust fault activity. The thickness and sedimenta-
tion rate of these basins are controlled by the intensity of
thrust fault activity. In the upper slope region, near the
edge of the shelf, listric normal faults have developed
(Fig.6), with fault planes intersecting the Himalayan tur-
bidite sequence at depth. As subduction progresses, these
listric normal faults undergo slight tectonic inversion, re-
sulting in partial compression of the overlying strata along
the fault planes. This inversion phenomenon demon-
strates the alternation of extensional and compressional
forces acting within the Makran accretionary wedge dur-
ing plate subduction. As new thrust faults form at the
wedge front, the rear thrust faults typically rotate back-
ward, steepening the fault planes and reducing the spac-

@ Springer

ing between faults.

The thrust faults in the Makran accretionary wedge are
widespread and exhibit intricate structural characteristics.
Layered deformation features are observed above and be-
low the detachment layer, with thrust faults converging
downward into the lower detachment layer. Beneath the
detachment layer, a few small-scale thrust faults are de-
veloped (Fig.7). Their formation is closely associated with
plate convergence, sedimentation rates, diapirism, and
other factors, all playing a key role in the structural evolu-
tion of the wedge. The partial inversion of listric normal
faults, alongside the development of normal faults at the
top, further reveals how changes in the tectonic stress
field influence the structural style of the wedge in a com-
plex subduction environment.

4.2 Physical Simulation Experiments

The four sandbox experiments described in this paper
experienced deformation under various subduction modes
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(Figs.8—11). During the evolutionary process, initial de-
formation was triggered at the frontal base of the wedge
(hinge region) in all cases (McClay and Whitehouse,
2004). The initial deformation in Experiments 1, 2, and 3
was characterized by pop-up structures, which expanded
and became asymmetric during subduction, accompanied
by the development of back thrust faults. Eventually, this

£ e
Subduction 28 cm ¥ i

iy ]
fy f,

led to the formation of a thrust wedge composed of multi-
ple imbricate thrust belts. In Experiment 4, the initial de-
formation was characterized by a ramp-flat thrust fault.
As the subduction continued, a layered deformation pat-
tern emerged, with the upper section exhibiting a leading
imbricate fan, while the lower section developed four
thrust faults.
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Fig.8 Plan view evolution and section slicing results of Experiment 1. On the left, (a)—(e) show the plan view evolution
process during the experiment. On the right, (a")—(e’) show the plan PIV analysis results of the experiment. At the bottom,
(f) shows the section slicing results of the experiment, with the section position indicated in (e). The faults marked in the
profile correspond to those visible in the plan view, whereas the unmarked faults in the profile either did not form fully or

were not distinctly visible in the plan view.

4.2.1 Experiment 1

The plan view evolution of Experiment 1 is shown in
Fig.8, with faults f; to fi4 developing sequentially. During
the subduction of 0—5 cm, back thrust faults f; and f, first
developed on the surface of the sand layer at the wedge’s
front, followed by the sequential formation of forward
thrust f3 and back thrust f; (Fig.8a). During the subduc-
tion from 5 to 10 cm, the displacement of f; increased,
and reverse faults fs5 and fg formed sequentially (Fig.8b).
During the subduction of 10-20 cm, the displacement of
f; continued to increase, and reverse faults f; and fg
formed in succession. Additionally, a new forward thrust
fault fy developed at the wedge front (Fig.8c). During the
subduction of 20-28 cm, back thrust faults fj, and fj;

formed, along with forward thrusts f}, and f;. Subsequent-
ly, forward thrust f; developed at the wedge front, and re-
verse fault f;, formed between f; and fy (Fig.8d). During
the subduction of 28-35 cm, the displacement of f}; in-
creased, and faults f}; and f,4 extended along strike, while
fo and f}, gradually approached f; (Fig.8¢). The results in-
dicate that the wedge front primarily developed forward
thrust faults, while the rear part only developed reverse
faults. The span of deformation involving back thrust
faults was 18.2 cm, with an average spacing of 1.7 cm be-
tween the faults. PIV analysis revealed that the sand lay-
ers continuously moved leftward during subduction, with
velocity gradually decreasing from the wedge front to the
rear. When new faults formed at the front, pre-existing
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Fig.9 Plan view evolution and section slicing results of Experiment 2. The detailed description is the same as in Fig.8.

faults were reactivated.

The section slicing result of the experiment is shown in
Fig.8f, showing that the thrust wedge is composed of
three imbricate thrust-fold belts, forming a deformation
zone measuring 56.3 cm in length. The widths of struc-
tural units Uy, U, and Uz are 12.2 ¢cm, 7.7 cm, and 10.7 cm,
respectively, with an average width of 10.2 cm. Combin-
ing the plan evolution of the experiment with the section
slicing results, it can be concluded that after the experi-
ment began, pop-up structure U; formed first. During the
following subduction after the formation of fault f;, the
pop-up structure could only absorb a limited amount of
strain. Consequently, a portion of the strain was absorbed
by fault f3, leading to an increase in its scale. Some strain
was also absorbed by back thrust faults at the rear of the
wedge, resulting in the formation of multiple back thrust
faults that evolved into imbricate thrust belts and fault-re-
lated folds. Structural units U, and U; generally followed
the deformation pattern of U;. As the forward thrust faults
increased, multiple back thrust faults originating from the
hanging wall formed imbricate thrust belts. The back
thrust fault of structural unit U, propagated to the surface
of the sand layers, while the back thrust faults of units U,
and Us mainly developed within the wedge and did not
propagate to the surface. For structural unit Us, due to

@ Springer

limited subduction, it remained in the pop-up structure
stage and had not yet entered the fault-related folding de-
formation stage. Throughout the subduction process, Uy,
U,, and Uz remained in an active state.

4.2.2 Experiment 2

The plan view evolution of Experiment 2 is shown in
Fig.9, with faults f; to fjs developing sequentially. The re-
sults indicate that some forward thrust faults develop at
the wedge front, while back thrust faults develop at the
wedge rear. The span of deformation involved in the back
thrust faults was 24.5 cm, with an average spacing of
2.3 cm between the faults, which is similar to Experiment 1.
However, compared to Experiment 1, the reverse faults at
the rear of the wedge in Experiment 2 exhibit larger de-
formation and wider spacing. PIV analysis revealed that
the sand layers continuously moved leftward during sub-
duction, with velocity gradually decreasing from the we
dge front to the rear. When new faults form at the front,
pre-existing faults are reactivated, similar to the observa-
tions in Experiment 1.

The section slicing results of the experiment are shown
in Fig.9f, where the thrust wedge is composed of three
imbricate thrust-fold belts, forming a deformation zone
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Fig.10 Plan view evolution and section slicing results of Experiment 3. The detailed description is the same as in Fig.8.

measuring 62.2 cm in length. The width of structural units
U, Uy, and Us are 15.9 cm, 14.7 cm, and 14.8 cm, respec-
tively, with an average width of 15.1 cm. The deforma-
tion pattern in Experiment 2 is consistent with that of Ex-
periment 1, exhibiting similar deformation styles. The
wedge is composed of imbricate thrust belts, sequentially
forming U;, U,, and Us. The main difference is that the
triangular structural zone in Experiment 2 is wider than
that in Experiment 1.

4.2.3 Experiment 3

The plan view evolution of Experiment 3 is shown in
Fig.10, with faults f; to f;; developing sequentially. The
results indicate that some forward thrust faults develop at
the wedge front, while back thrust faults develop at the
wedge rear. The span of deformation involved in the back
thrust faults is 10.3 cm, with an average spacing of 1.2 cm
between the faults, which is similar to Experiment 1.
However, in Experiment 3, four through-going forward
thrust faults developed at the wedge front, whereas only
three developed in Experiment 1. In Experiment 3, the re-
verse faults at the rear exhibited a smaller span of defor-
mation, tighter spacing, and straighter patterns compared
to those interconnecting overall arc-like faults with larger
deformation span and wider spacing in Experiment 1. PIV

analysis revealed that the sand layers continuously moved
leftward during subduction, with velocity gradually de-
creasing from the wedge front to the rear. When new
faults form at the front, pre-existing faults are reactivated,
similar to the observations in Experiment 1.

The section slicing results of the experiment are shown
in Fig.10f, where the thrust wedge is composed of four
imbricate thrust-fold belts, forming a deformation zone
with a length of 43.2 cm. The width of structural units Uy,
U,, Us, and Uy are 13.4 cm, 4.6 cm, 5.2 cm, and 9.4 cm,
respectively, with an average width of 8.2 cm. The defor-
mation pattern in Experiment 3 is consistent with that of
Experiment 1, exhibiting similar deformation styles. The
wedge is composed of imbricate thrust-fold belts, sequen-
tially forming U, U,, Us, and U,. The main difference is
that the wedge in Experiment 3 is composed of four im-
bricate thrust-fold belts with a smaller triangular struc-
tural zone, in contrast to Experiment 1, which is com-
posed of three imbricate thrust-fold belts with a larger tri-
angular structural zone.

4.2.4 Experiment 4

The plan view evolution of Experiment 4 is shown in
Fig.11, with faults f; to f}; developing sequentially. Dur-
ing the subduction of 0-10 cm, the wedge front sequen-
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Fig.11 Plan view evolution and section slicing results of Experiment 4. The detailed description is the same as in Fig.8.

tially developed faults fj, f;, and f; (Fig.11a). During the
subduction of 10-15 cm, the displacement of faults f;
continued to increase, and f; gradually approached fi,
eventually merging into a single fault. Then, forward
thrust faults f; and f5 were formed sequentially (Fig.11b).
During the subduction of 15-25 cm, f5s moved closer to f],
and forward thrust faults fs, f;7, fs, and fo developed se-
quentially, with f; intersecting f¢ (Fig.11c). During the
subduction of 25-30 cm, f5 moved further towards fi, and
fy and fy extended along strike, with the formation of fj,
intersecting fy (Fig.11d). During the subduction of 30-35
cm, fs5 eventually merged with f; into a single fault, fol-
lowed by the formation of forward thrust fault fi;
(Fig.11e). The results indicate that deformation in Experi-
ment 4 was mainly concentrated at the wedge front, pri-
marily characterized by forward thrust faults with occa-
sional back thrust faults. In contrast, in Experiment 1, de-
formation was distributed across both the front and rear of
the wedge, with highly developed forward thrust faults at
the front and back thrust faults at the rear. PIV analysis
revealed that the sand layers continuously moved left-
ward during subduction, with velocity gradually decreas-
ing from the wedge front to the rear. When new faults
form at the front, pre-existing faults are reactivated, simi-
lar to the observations in Experiment 1.
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The section slicing results of the experiment shown in
Fig.11f reveal a thrust wedge with a deformation zone
measuring 62.7 cm in length, exhibiting a layered defor-
mation pattern. In the upper section above the decolle-
ment layer, forward thrust imbricate faults (f;, fs, fs, f5)
and fault propagation folds developed, with the bases of
the imbricate thrust faults converging toward the decolle-
ment layer. In the lower section below the decollement
layer, four small-displacement thrust faults (T, T,, T3, T4)
developed. At the wedge front, large ramp-flat thrust fault
fy, large thrust nappe fault f, and reverse fault fy were ob-
served.

5 Discussion

5.1 Structural Styles of Thrust Wedge

The results of Experiments 1, 2, 3, and 4 reveal that the
deformation patterns observed in Experiments 2 and 3 are
similar to those in Experiment 1, whereas Experiment 4
exhibits significant differences. In all experiments, the
sand layers consistently moved leftward during the sub-
duction process, with velocity decreasing gradually from
the frontal edge to the rear of the wedge. As new faults
formed at the wedge’s front, previously developed faults
remained active, reflecting a distributed deformation pat-
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tern that collectively accommodated the subduction dis-
placement (Figs.8—11). In Experiments 1, 2, and 3, for-
ward-propagating faults developed at the wedge front,
while back thrust faults formed at the rear. Cross-section-
al slices revealed that the structural styles were characte-
rized by imbricate thrust-fold belts and fault propagation
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folds. Initial deformation was activated at the wedge front
and evolved into imbricate thrusts and related folds. The
frontal thrust faults were most active during their early
stages, but their activity gradually diminished as subduc-
tion progressed and new thrust faults developed at the
wedge front (Fig.12).

Fault throw (mm

(a) 60 (b) 60 —— =
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Fig.12 Relationship between the amount of subduction and the uplift height of the pop-up structure. (a), Experiment 1; (b),

Experiment 2; (c), Experiment 3.

In comparison to Experiment 1, the initial angle of the
wedge was decreased in Experiment 2. Table 3 shows that
in Experiment 2, the width of each pop-up structure (U,
U,, U;) significantly increased, with an average width ris-
ing from 10.2 cm to 15.1 cm, while the uplift height de-
creased, with an average height falling from 3.3 cm to 2.6
cm. The deformation range and spacing of the reverse
faults at the rear of the wedge increased, with the defor-
mation range expanding from 18.2 cm to 24.5 cm and the
spacing widening from 1.7 cm to 2.3 cm. Additionally,
both the deformation zone and the overall length of the
wedge increased, with the former extending from 56.3 cm
to 62.2 cm and the latter from 76.5 cm to 86.4 cm.
In summary, the reduction in the initial angle of the
wedge led to an increase in the width of the pop-up struc-
tures and a decrease in their uplift height, while the defor-
mation range of the reverse faults at the rear expanded
and their spacing increased. This facilitated lateral growth
of the thrust wedge while restricting vertical growth.

Compared to Experiment 1, the thickness of the hori-
zontal sand layer was reduced in Experiment 3. Table 3
shows that the number of pop-up structures increased in
Experiment 3, but their sizes decreased, with the average
width reducing from 10.7 cm to 8.2 cm and the average
height decreasing from 3.3 cm to 1.8 cm. The deforma-
tion range and spacing of the reverse faults at the wedge
rear decreased, with the deformation range shrinking from
18.2 cm to 10.3 cm and the spacing narrowing from 1.7 cm

to 1.2 cm. At the same time, the overall size of the thrust
wedge decreased, with the deformation zone and overall
length of the wedge reducing from 56.3 cm to 43.2 cm
and from 76.5 cm to 68.7 cm, respectively. In summary,
the reduction in the thickness of the horizontal sand layer
reduced the size of the pop-up structures but increased
their number, while the deformation range of the reverse
faults at the rear diminished and their spacing tightened,
thus restricting both the lateral and vertical growth of the
thrust wedge. These experimental results are consistent
with the findings of Mandal et al. (1997), which indicate
that a reduction in layer thickness decreases the spacing of
thrust faults.

In Experiment 4, a 1 cm-thick micro glass bead layer
was added within the horizontal sand layer, maintaining
the same total sand thickness as in Experiment 1. The re-
sults show that the structural style of the wedge in Experi-
ment 4 exhibits a layered deformation pattern. The upper
section above the decollement layer develops a forward-
propagating imbricate thrust system, with the faults con-
verging at the decollement layer, while the lower part de-
velops small-displacement thrust faults. Table 3 shows
that, compared to Experiment 1, the deformation zone
length of the wedge in Experiment 4 increased from 56.3
cm to 62.7 cm, but the overall length shortened from 76.5
cm to 72.1 cm. In summary, the decollement layer inhibit-
ed the development of reverse faults, enhanced the local-
ized formation of forward thrust faults, limited the lateral

Table 3 Parameter values from the experimental results

Width of the pop-up Elevation height of the Back thrust at the rear
structure (cm) pop-up structure (cm) edge of the wedge
Experimental Deformation zone Total length of the
group - Average length (cm) wedge (cm)
Ui U, Us; U Average U; U, U; Us Average DrZIflor;rEe;ﬁlo)n spacing
¢ (cm)
Experiment 1 12.2 7.7 10.7 — 102 54 27 19 - 33 18.2 1.7 56.3 76.5
Experiment 2 15.9 14.7 14.8 — 15.1 39 2.1 1.7 - 2.6 24.5 2.3 62.2 86.4
Experiment 3 13.4 4.6 52 94 82 34 1.8 1.2 1.1 1.8 10.3 1.2 432 68.7
Experiment4 — - -  — - - - = = - - — 62.7 72.1
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accretion of the wedge, and increased the length of the de-
formation zone.

Overall, the results of Experiment 4 closely resemble
the interpretation of the actual seismic profile (Fig.13) in
several aspects:

1) The actual north-south seismic profile reveals multi-
ple parallel or sub-parallel forward thrust faults in the im-
bricate fan region of the Makran accretionary wedge with
occasional back thrust faults. The section slicing results of
Experiment 4 shows that the imbricate thrust faults (f;, fs,
fs, fs) include only one back thrust fault (fg).

2) In the actual north-south seismic profile, the spacing
between adjacent thrust faults in the imbricate fan region
typically ranges from 5 to 8 km, with individual thrust
faults exhibiting a listric shape. The section slicing re-
sults of Experiment 4 similarly show typical imbricate
thrust faults (3, f5, fs, fs) with spacings of 6.7 cm, 5.1 cm,
and 5.8 cm, corresponding to actual distances of 6.7 km,
5.1 km, and 5.8 km, respectively. The average spacing of
5.9 km is closest to the real situation, and the individual
faults also exhibit a listric shape.

3) In the actual north-south seismic profile, layered de-
formation characteristics are observed, with thrust faults
converging downward into the decollement layer. More-
over, a few small-scale thrust faults are developed be-
neath the detachment layer. Similarly, in Experiment 4,

the thrust faults (f3, f5, fs, fg) also converge into the
decollement layer, beneath which four small-scale thrust
faults (T, Ta, T3, T4) are developed.

4) The accretion at the front of the Makran accre-
tionary wedge causes previous developed faults to rotate
backward and become reactivated, showing stronger ac-
tivity in the south and weaker activity in the north. The
PIV analysis of Experiment 4 shows that the wedge front
moves fastest, with velocity gradually decreasing from the
front to the rear of the wedge. When new faults form at
the front, pre-existing faults are reactivated; however,
their activity diminishes over time.

5.2 Comparison of Experimental Models

The results of Experiment 4 indicate that the forward-
propagating imbricate thrust structure of the Makran ac-
cretionary wedge develops during oceanic plate subduc-
tion, with a decollement layer present at the base. The
spacing and arcuate shapes of the thrust faults may be in-
fluenced by this decollement layer. The mud diapir struc-
ture in the middle slope area may be caused by the load of
the rear wedge exerting significant pressure on the lower
decollement layer. This pressure, combined with the sub-
duction process, promotes the upward migration of plas-
tic material into low-pressure areas, with the deep thrust
faults providing pathways for this movement.

01y
1.
2_»,.

BSR

Line 103 Line 107 Line 111

Fig.13 Comparison between actual seismic section interpretation and experimental section interpretation. (a), interpreta-
tion of the S-N line 120 seismic section from the Makran accretionary wedge (modified from Shao et al., 2024). The sec-
tion location is shown in Fig.1. (b), interpretation of the section from Experiment 4. (c¢), interpretation of the section from

Experiment 1.
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Previous studies have investigated the structural style
of the Makran accretionary wedge through a ‘subduction
slot’ style sandbox experiment (Fig.14a), pointing out that
its thrust faults are controlled by a decollement layer
(Shao et al., 2024). When comparing the results of the
‘subduction slot’ style model with those of Experiment 1
in this paper (Figs.14d and 8f), it is important to note that
both experiments used the same dry quartz sand without a
decollement layer. In the ‘subduction slot” model, faults f;
to fi3 form sequentially, creating a ‘double wedge’ struc-
ture. Within this structure, the sand bodies thin out and
are eliminated in two opposite directions, forming a for-
ward wedge and a reverse wedge. The forward wedge
refers to the wedge-shaped body whose direction of elimi-
nation is opposite to the subduction direction, character-
ized by more obvious lateral growth. Conversely, the re-
verse wedge is the wedge-shaped body whose direction of
elimination is the same as the subduction direction. At a
subduction amount of 30 cm, the forward-propagating im-
bricate thrust belt (U,) is controlled by fault f,, while the
triangular structural zone (U,), controlled by fault fj,, be-
gins to form at 26.5 cm. The uplift heights of U; and U,

are 4.5 cm and 0.75 cm, respectively. In comparison, Ex-
periment 1 in this paper formed three imbricate thrust
belts (U;, Us,, Us) at a subduction amount of 35 cm, with
uplift heights of 5.4 cm, 2.7 cm, and 1.9 cm, respectively.
From this point, it can be concluded that the ‘wedge’ style
model exhibits a more similar deformation pattern to that
observed in the actual seismic interpretation (Fig.13).

In the ‘subduction slot’ style model, deformation is
concentrated around the subduction slot, and a few of the
back thrusts develop to form retro-wedge structure (Mc-
Clay et al., 2004). In contrast, in the ‘wedge’ style model,
deformation propagates forward from the wedge front,
and the back thrusts within the imbricate thrust-fold belt
are inclined opposite to the subduction direction. A com-
prehensive comparison reveals that the thrust faults (f3, fo,
fi3) in the ‘wedge’ style model are more similar to the
thrust faults observed in the downslope region of the actu-
al seismic profile (Figs.13 and 14). It can be inferred that
the formation of thrust faults at the front of the Makran
accretionary wedge is controlled by a bounding wedge.
The triangular structural zone that forms later in the ‘sub-
duction slot’ style model is similar to the early structural

v Fixed baffle

Sand layers

—

(2)

L Wommed®
Transfer seat Lifting motor .

Fig.14 Experimental device and experimental result interpretation in a ‘subduction slot’ model (Shao et al., 2024). (a), ex-
perimental device; (b) and (c), experimental interpretation in plan view, with black horizontal lines indicating the section
locations and red arrows indicating the subduction direction; (d), interpretation of the section from the ‘subduction slot’
model experiment without a detachment layer at the base; (e), interpretation of the section from the ‘subduction slot’ mod-

el experiment with a detachment layer at the base.

@ Springer



1610

style observed in Experiment 1 of this paper. This sug-
gests that, in the absence of a decollement layer, the ‘sub-
duction slot’ style model first forms a large-scale imbri-
cate thrust-fold belt as a bounding wedge, and subse-
quently, the structural style at the front of the forward
wedge gradually becomes consistent with that observed in
Experiment 1 of this paper.

5.3 Significance of Thrust Imbricate Faults in the
Makran Accretionary Wedge for Gas Hydrates

The imbricate thrust faults within the Makran accre-
tionary wedge play a crucial role in the structural control
of gas hydrate reservoirs. Firstly, these thrust faults pro-
vide vertical migration pathways for deep-seated fluids,
allowing gas to ascend through the thrust faults and accu-
mulate at structural highs. The effectiveness of these flu-
id migration pathways determines the degree of gas hy-
drate enrichment within specific structural units (Gong et
al., 2018b; Liao ef al., 2022). Secondly, the thrust faults
create compressive anticlines and associated structural
traps in the hanging wall, offering favorable conditions
for the stable presence of gas hydrates. In the context of
low-angle subduction, the thrust faults, together with shal-
low normal faults, form a multi-tiered fluid migration sys-
tem, which controls the distribution and accumulation of
gas within the sedimentary layers (Smith, 2012; Gong et
al., 2018a; Meng et al., 2019), giving rise to a predic-
table hydrate reservoir pattern.

In summary, the thrust imbricate structures in the
Makran accretionary wedge are not only key components
of tectonic deformation in subduction zones but also play
a significant role in the formation and accumulation of gas
hydrates. A deeper understanding of these thrust imbri-
cate faults can help to improve reservoir prediction accu-
racy and, thereby, enhance economic benefits.

6 Conclusions

1) In the absence of a decollement layer, decreasing the
initial wedge angle and thinning the horizontal sand layer
has little impact on the wedge’s structural style. However,
when a decollement layer is present within the horizontal
sand layer, the wedge’s structural style exhibits layered
deformation. The upper section develops a forward-propa-
gating imbricate thrust structure, with thrust faults con-
verging at the decollement layer, while the lower part de-
velops smaller thrust faults.

2) When the initial wedge angle is reduced from 11° to
8°, the width of the pop-up structures increases, while
their uplift height decreases, leading to greater lateral
growth of the thrust wedge and less vertical growth. Addi-
tionally, the reduction in the initial wedge angle results in
larger deformation scales and wider spacing of the back
thrust faults at the wedge rear.

3) When the thickness of the horizontal sand layer is re-
duced from 4.5 cm to 3 cm, both the width and uplift
height of the pop-up structures decrease. The spacing of
the forward thrust faults decreases, while their number in-
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creases. Both lateral and vertical growth relatively de-
crease, resulting in a smaller thrust wedge. Simultaneous-
ly, the reduction in horizontal sand layer thickness de-
creases the deformation scale of the back thrust faults at
the wedge rear, with the fault spacing becoming closer.

4) The decollement layer suppresses the development
of back thrust faults and enhances the localized formation
of forward thrust faults at the wedge front. It also limits
the lateral accretion of the overall wedge length while in-
creasing the length of the wedge deformation zone.

5) Comprehensive comparisons show that the thrust im-
bricate faults at the front of the Makran accretionary
wedge are primarily controlled by the occurrence of the
wedge and the decollement layer within the sediments of
the oceanic crust.
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