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A B S T R A C T

The Makran subduction zone is atypical due to the thick sediment input and shallow subduction angles, and thus
is highly susceptible to megathrust earthquakes. However, the thick sedimentary layers and their underlying
crustal structure of the Makran slab are still poorly understood. Here we present a high-resolution crustal velocity
model of the Makran subducting slab offshore Pakistan obtained from an active-source wide-angle ocean bottom
seismic experiment, revealing fine structure in density and porosity. The results reveal that the incoming sedi-
mentary layer is up to 8.5 km thick with an abrupt gradient change in porosity at 4–5 km depth, indicating a
critical depth of compaction and consolidation. The igneous crust is 6–12 km thick with an average subduction
dip angle of ~2◦. On either flank of the Little Murray Ridge, divergent crustal structures suggest the plausible
existence of distinct tectonic provenances or divergent tectonic evolutionary trajectories for the oceanic crust on
each side. The Little Murray Ridge may represent a remnant of the paleo-oceanic boundary, possibly associated
with the phenomenon of low-density underplating. The subducting consolidated sediments and uppermost crust
with high-water content could significantly influence earthquake rupture mechanisms at both the décollement
and igneous basement interfaces. These findings suggest that the décollement and igneous basement interface
both have the potential to trigger large earthquakes in the Makran subduction zone.

1. Introduction

Global seismic records of subduction zones indicate a higher likeli-
hood of large earthquakes occurring in subduction zones characterized
by low-angle and thick sedimentary coverage (Scholl et al., 2015; Ble-
tery et al., 2016). The Makran subduction zone (MSZ), located offshore
Iran and Pakistan in the northwest Indian Ocean and formed by the
subduction of the Arabian plate beneath the Eurasian plate (Fig. 1), is
considered a global end member subduction zone with shallow dipping
slab (2–4◦) and thick incoming sediments (>7 km) (Kopp et al., 2000;
Smith et al., 2012; Teknik et al., 2019; Motaghi et al., 2020; Priestley
et al., 2022). Although the MSZ is relatively seismically inactive
compared to other low-angle subduction zones, it has historically
generated several destructive earthquakes, primarily offshore Pakistan,

including the large earthquake of 1945 Mw 8.1 and subsequent tsunamis
which killed more than 4000 people (Byrne et al., 1992; Parvaiz et al.,
2022). Recent geodetic plate studies, including GPS (Frohling and Sze-
liga, 2016; Penney et al., 2017) and InSAR (Lin et al., 2015; Lv et al.,
2022), have indicated a strong coupling of the plates, with the potential
to generate earthquakes exceeding Mw 8.0. These findings align with
results from thermal modeling (Smith et al., 2013; Khaledzadeh and
Ghods, 2022) and mechanical modeling (Pajang et al., 2021), which
indicate that the Makran coast is one of the regions most severely
threatened by earthquakes and tsunamis in the northwestern Indian
Ocean.

The Makran Coast lacks sufficient seismic stations, resulting in
infrequent instrument-recorded earthquakes despite numerous active
faults. The absence of coastal seismic arrays poses a challenge for high-
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resolution natural seismic imaging of deep structures. Previous research,
utilizing land mobile stations, has predominantly focused on the coastal
area of Iran in the western Makran region (Fig. 1). Research findings
reveal that the sedimentary thickness along the Makran coast can reach
22–28 km (Priestley et al., 2022), and the maximum thickness of the
accretionary wedge in the Makran region may even reach 35 km
(Haberland et al., 2020), which eliminates the formation of a bathy-
metric trench. The geological structure offshore Pakistan is much more
complicated than that of Iran. Most of the modern seismicity and the
significant thrust events historically recorded are concentrated in the
areas offshore Pakistan (Fig. 2). Kukowski et al. (2000) revealed a
left-lateral strike-slip fault in these areas named Sonne fault (Fig. 1)
across the deformation front and the Little Murray Ridge (LMR). The
LMR is thought to be a linear basement uplift and is primarily buried

beneath sediments, subducting northeastward with the slab (Fig. 2). The
property, origin, and age of the presently subducting oceanic lithosphere
remain controversial (Edwards et al., 2000) due to the thick sedimentary
cover and the absence of identifiable seafloor magnetic anomalies
(Fig. 2).

Compared to passive source seismic imaging, active source seismic
surveys can usually obtain more detailed velocity structures (Kopp et al.,
2000; Haberland et al., 2020). Investigations employing multi-channel
seismic (MCS) and sonobuoy surveys in the offshore area of Makran
(Fig. 1) reveal the rough velocity structure of the sedimentary layer in
the shallow part of the accretion wedge, as well as the morphological
characteristics such as gene fold and imbricate thrust faults, contrib-
uting to the determination of the deformation front (model distance of
95 km) and the décollement interface locations (Minshull and White,

Fig. 1. Topography and tectonic framework of the MSZ. The right-lateral Minab fault is located to the northwest, while the sinistral Ornach Nal fault lies to the
northeast. To the south, the Dalrymple Trough and Owen Fracture Zone is the India-Arabia plate boundary (Edwards et al., 2000; Minshull et al., 2015). Thick black
lines denote plate boundaries and major faults. Blue lines delineate the trajectory of the deep structure survey line conducted using land mobile stations (Haberland
et al., 2020; Motaghi et al., 2020; Priestley et al., 2022), while gray lines depict profiles obtained through multi-channel seismic (MCS) surveys (White and Klitgord,
1976; Minshull and White, 1989; Pajang et al., 2021; Smith et al., 2012). Yellow dots denote the locations of sonobuoy stations (Fowler et al., 1985), and yellow lines
represent the profiles derived from ocean bottom hydrophone (OBH) surveys (Barton et al., 1990; Edwards et al., 2000; Kopp et al., 2000; Minshull et al., 2008;
Minshull et al., 2015). The red line represents the ocean bottom seismometer (OBS) profile presented in this paper, with the red rectangular box outlining the area
depicted in Fig. 2. AWB, Accretionary Wedge Boundary; DF, Deformation Front; DT, Dalrymple Trough; OP, Ormara Plate; LMR, Little Murray Ridge; MR, Murray
Ridge; SF, Sonne Fault.
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1989; Fowler et al., 1985; Smith et al., 2012). Due to the high acoustic
impedance of the thick sedimentary layer, it is difficult to reveal the
characteristics of the buried crust offshore Makran with MCS reflection
data and sonobuoy data. The only wide-angle reflection/refraction
seismic study using the ocean bottom hydrophones (OBHs) of the sub-
ducting plate near the deformation front (Fig. 1) shows that the igneous
oceanic crust is up to 9 km thick, covered by 3 km thrusting sediments
(Kopp et al., 2000). However, OBH investigations across the Murray
Ridge (Fig. 1) reveal characteristics indicative of a typical oceanic crust
for the subducting plate, featuring an approximate thickness of 6 km
adjacent to the north side of Dalrymple Trough (Edwards et al., 2000;
Minshull et al., 2015). The observed crustal thickness of the subducting
plate is comparable to that observed onshore in the Iranian region
(Fig. 1), as determined through receiver function and surface wave
analysis (Motaghi et al., 2020; Priestley et al., 2022). The limited
wide-angle reflection/refraction seismic investigation along the whole
subducting plate makes the characteristics of crustal structure and
properties of MSZ enigmatic.

It has been shown that the properties of incoming oceanic litho-
sphere, such as age, dip, structure, sedimentary thickness, and hydration
status, can control the tectonic geometry, plate coupling, and earth-
quake potential of subduction zones (e.g., Han et al., 2017; Frohling and
Szeliga, 2016; Olsen et al., 2020). The crustal structure of the subducting
oceanic lithosphere contains valuable information about its morphology
and tectonic evolution (Contreras-Reyes et al., 2008; Allen et al., 2022).
Accurate measurements of crustal velocity structure and interface in-
formation are the key to studying the modification of the oceanic plate
and the tectonic framework of subduction zones, and hence the plate
coupling and seismogenic structure of the MSZ (Khaledzadeh and
Ghods, 2022; Yang et al., 2022).

In this study, we present high-resolution crustal velocity structure
and interface geometry of subducting plate offshore Pakistan in the MSZ
by the recently acquired wide-angle OBS data and systematically assess
the crustal properties from the Dalrymple Trough to the north of the
deformation front. Furthermore, we discuss sediments consolidation,
tectonic framework, plate hydration, and seismicity, which may provide

valuable references for future assessments of seismogenic potential and
tsunami hazards in the MSZ.

2. Data processing and velocity modeling

2.1. Data acquisition

In February 2018, the R/V ShiYan 3 of the South China Sea Institute
of Oceanology conducted the first joint China-Pakistan Northern Indian
Ocean scientific cruise. During the cruise, a ~280 km long wide-angle
seismic profile was acquired (Fig. 1), coinciding with multibeam data
(Fig. S1), gravity, and a 24-channel seismic reflection profile (Fig. S2)
along the NW-SE profile. Twenty-one four-component OBSs were
deployed with a spacing of ~11 km, crossing the Dalrymple Trough,
LMR, and the deformation front from the Murray Ridge to the Makran
accretionary wedge, which is the latest active-source OBS seismic profile
spanning the Arabian Plate, the Eurasian Plate, and the northern side of
the Indian Plate. Twenty OBSs were successfully recovered, but two
could not provide valuable data. The seismic source was an array of four
BOLT airguns with a total volume of 6000 cubic inches. The shot interval
was set to 90 s to meet the working pressure of ~2000 psi (138 Bar),
leading to ~250 m shot spacing on average, and a total of 1096 shots
were fired from northwest to southeast. Each OBS was equipped with a
hydrophone and a three-component seismometer. The majority of OBS
instruments recorded data at a sampling rate of 100 Hz, with exceptions
noted for OBS10 (250 Hz), OBS16 (250 Hz), and OBS20 (50 Hz), as
delineated in Table S1. Generally, vertical seismometer records
demonstrated superior signal-to-noise ratios, although data from the
hydrophone were employed whenever practicable.

2.2. Data processing

The raw OBS data were converted and split into four single shot
records (three- geophones and one hydrophone) as the receiver gathers
SEG-Y format after correcting the clock-drift of shot records and relo-
cating the positions of instruments. The relocation of OBS on the seafloor

Fig. 2. Marine magnetic anomaly (Meyer et al., 2017) and earthquake distribution superimposed on the topographic grayscale map. Historical earthquake locations
are from the United States Geological Survey (USGS). The 1945 Mw 8.1 earthquake locations are from the Global Significant Earthquake Database of the National
Geophysical Data Center (NGDC) (red star) and the USGS (red solid circle), respectively. DT, Dalrymple Trough; LMR, Little Murray Ridge; MR, Murray Ridge.
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based on direct arriving water-wave data and precise shot locations
determined by GPS, aiming to correct for possible instrument drift
during deployment. Band-pass filter tests show that the seismic phases
with a high signal-to-noise ratio can be acquired in the 3–15 Hz range.
We manually picked 6232 refraction and 6968 reflection arrivals
(Table S2). Eight types of P-wave arrivals were identified (Fig. 3),
including three refraction phases within the sedimentary succession
(Ps), the crust (Pg), and the uppermost mantle (Pn), and five reflection
phases from the interface of the sedimentary unconformity (Ps1P, Ps2P),
the igneous basement (PbP), the mid-crustal (PcP), and the Moho
discontinuity (PmP). The traveltime picking errors were assigned as 30
ms in near offsets and 50–80 ms in far offset arrivals during model
inversion.

2.3. Velocity modeling

We used the joint seismic refraction and reflection traveltime
inversion method (Tomo2D) of Korenaga et al. (2000) to build the
P-wave velocity model and ray tracing. The Tomo2D code can solve the
forward problem based on the reference model and manually picked
arrivals, and invert for the velocity field and the interface depth of
reflection. We implemented a ‘top to bottom’ approach using a simple
layered initial model, in line with the methodologies outlined in Shulgin
et al. (2013). The tomography model is defined on a regular
two-dimensional grid with a constant spacing of 0.25 km in both the
vertical and horizontal dimensions. The starting model used for inver-
sion consists of 5 layers: seawater, sedimentary succession, upper crust,
lower crust, and uppermost mantle. Initial seafloor depth came from the
multibeam bathymetry data (Fig. S1). The initial basement was con-
strained by multi-channel seismic data (Fig. S2), PbP reflection arrivals,
and previous geophysical results (e.g., Kopp et al., 2000; Smith et al.,
2012). During inversion, we first verified consistency by inverting near
offset refracted phases, followed by fixing the upper model section and
iteratively inverting for subsequent layers’ velocity and reflector ge-
ometry, ultimately fixing the entire crustal structure before inverting for
upper mantle velocity (Shulgin et al., 2011; Planert et al., 2010). We
used the values of horizontal correlation lengths varying from 2 km at
the seafloor to 5 km at the bottom of the model, and vertical correlation
lengths increased from 1 km at the seafloor to 2 km at the bottom of the
model. The depth kernel weighting parameter was set to 1 to favor
equally weighted perturbations of velocity and interface depth
(Korenaga et al., 2000). The velocity and depth smoothing values were
set to 80 and 5, respectively. Each layer of the model underwent
approximately 5–7 iterations to achieve optimal fitting with seismic
phases.

The chi-square (χ2) value obtained for the best-fitting model (Fig. 4a)
is 1.07. The detailed root-mean-square (RMS) and χ2 values are shown in
Table S2. The fit between observed and calculated arrivals and the
corresponding ray path is shown in Fig. 3. The OBS data provides the
velocity model with excellent ray coverage. A measure of ray coverage
density of the best-fitting model was quantified by calculating the de-
rivative weight sum (DWS), as shown in Fig. 4b.

2.4. Resolution tests

We conducted tests to assess the resolution of our intermediate and
final models. Initially, we used a forward ray shooting method to
compute travel times for first arrival and reflected phases. Fig 3 illus-
trates the comparison between seismic sections and calculated travel
times at OBS10 and OBS18 stations, showing good agreement between
the predicted travel times and recorded seismic sections for refracted
and reflected phases. We also performed a series of checkerboard tests
on the best-fitting model results, including the scales of 15 km (hori-
zontal) × 5 km (vertical), 10 km× 4 km, 8 km× 4 km, and 6 km× 4 km
in both sediments and igneous crust, with a perturbation value of ±5%
(Fig. S3). Good recovery of velocity pattern was obtained at depths

shallower than 15 km, except for the northern region of the accretionary
prism (model distances of 20–60 km), where the recovery below 10 km
depth was poor (Fig. S3) due to limited ray coverage. Likewise, resolu-
tion testing confirms that the igneous crustal structure beneath the
sedimentary layer maintains the capacity to distinguish anomalous
bodies measuring 8 km × 4 km at a depth of 20 km (model distances of
60–250 km).

3. Results

3.1. Sedimentary layer

The tomographic velocity model and DWS (Fig. 4) reveal a relatively
high ray density coverage within the model distance of 30–240 km, with
the seismic waves sampling to a maximum depth of 23 km. Notably, the
characteristics of thicknesses, velocities, and structures on the north and
south sides of the LMR differ significantly. The sedimentary cover atop
the subducting plate gradually thickens from south to north, with
sedimentary layers reaching a maximum thickness exceeding 13 km. In
the south of the LMR, the subducting plate is covered by a thin sedi-
mentary layer (1.5–2.2 km) exhibiting seismic velocities ranging from
1.9 to 2.7 km/s. Moving northward from the LMR, the sedimentary
thickness exceeds 4.5 km, while near the deformation front of the sub-
duction plate, it measures approximately 8.5 km.

In regions characterized by thick sediments, two reflective interfaces
have been identified within the sedimentary layer. From the LMR to the
vicinity of the deformation front, an apparent sedimentary unconfor-
mity interface is identified in both the OBS velocity model (Fig. 4) and
the MCS data (Fig. S2), with a sedimentary thickness ranging from 0.9 to
1.8 km above the interface. Below this unconformity interface, another
distinct reflection interface is identified, roughly aligning with a velocity
contour line of 4.0 km/s, extending from a location 38 km south of the
deformation front to 73 km north of it (model distance of 22–132 km).
The sedimentary thickness above this interface ranges from 4 to 5 km,
with the velocity increasing rapidly from 2.0 km/s to 4.0 km/s from the
seafloor to this interface. The velocity gradient in the shallow part is as
high as 0.7 (km/s)/km, rapidly decreasing to 0.1 (km/s)/km at depths
below this interface, where the sediments velocity stabilizes at 4–4.5
km/s.

3.2. Igneous crust

In the surveyed area, no evidence of continental crustal structure was
discerned, nor were seismic reflections indicative of a décollement
observed along the OBS profile. However, the continuous presence of
basement and Moho interfaces of the subducting plate was readily
identifiable. The subduction angle, determined using the basement dip,
is approximately 2◦ in the region north of the LMR (model distance of
50–120 km), while the basement dip of the abyssal plain in the region
south of the LMR is approximately 1◦ (160–200 km). The section where
the profile traverses the linear LMR exhibits no exposed basement out-
crops, but has distinct features indicative of crustal thickening. Notably,
the basement dip in the northern vicinity of the LMR (120–160 km) is as
significant as 5–8◦

The crustal thickness of the subduction plate varies from 6 to 12 km,
with the area north of the LMR exhibiting greater thickness compared to
the relatively thinner southern region. The velocity values for the up-
permost and lower portions of the igneous crust are in the range of
4.2–4.8 km/s and 7.5–7.8 km/s, respectively. While the velocity model
provides limited insight into mantle structure, data pertaining to the
uppermost mantle suggests velocities ranging from 7.8 to 8.3 km/s. In
the area north of the LMR, the crustal thickness measures 8–9 km,
featuring a distinct upper-lower crustal interface. The upper crust is
approximately 5 km thick, while the lower crust is 3 to 4 km thick.
Notably, the velocity gradient in the upper crust is higher than that in
the lower crust. Conversely, in the area south of the LMR, the crust
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Fig. 3. Examples of vertical component data from the seismic record of OBS10 and OBS18. (a), (d) Seismograms with reduction velocity of 8.0 km/s; (b), (e)
Comparison of picked (with error bars) and calculated arrivals. Picked arrival times for refraction phases (orange) and reflection phases (orange) are plotted with
calculated arrival times based on the final velocity model for refraction phases (cyan) and reflection phases (Ps1P: green; Ps2P: red; PbP: brown; PcP: blue; PmP:
purple). Ps: refraction in the sedimentary succession; Pg: crust refraction; Pn: uppermost mantle refraction; Ps1P: first intra-sediment reflection; Ps2P: second intra-
sediment reflection; PbP: basement reflection; PcP: mid-crustal reflection; PmP: Moho reflection. (c), (f) Corresponding ray path is plotted and superimposed on the
final velocity model. The seismic data are bandpass filtered to 3–15 Hz.
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gradually thins to 6 km, with few continuous intra-crustal reflections
observed (Figs. 3 and 4). An uplifted high-velocity zone is identified in
the region north of Dalrymple Trough, outcropping to the seafloor be-
tween OBS19 and OBS20 stations. The crustal thickness of the LMR is up
to 12 km, characterized by crustal thickening, with an uplifted high-
velocity zone present in the upper crust. Additionally, a relatively low-
velocity anomaly zone is observed at the bottom of the lower crust
above the Moho interface with a seismic velocity of approximately 7.5
km/s.

4. Discussion

4.1. Décollement and consolidated sediments

Our velocity model highlights that the thickness of the incoming
sediments within the MSZ extends to 8.5 km, slightly higher than the 7.5
km identified by the MCS data (Smith et al., 2012). Within our OBS
model, the sedimentary unconformity, delineated by the first shallow
reflection interface within the sedimentary layers, partitions the
incoming sediments near the deformation front into two distinct se-
quences: an upper sequence measuring ~2.7 km thick, consisting of
slop-shelf sands and hemipelagic sediments, and a lower sequence with
a thickness of ~5.8 km, comprising Himalayan turbidites. These find-
ings align with the results reported by previous MCS data (Smith et al.,
2012). Minshull andWhite (1989) proposed that variations in sediments
sources and mechanical properties in the accretion wedge could develop
the unconformity into a décollement interface. However, the
décollement inferred from the geometry of thrust faults and the unde-
formed subducting sediments lie below the unconformity, approxi-
mately 5 km below the seafloor (Smith et al., 2012). Grando and McClay
(2007) further suggested that the décollement may reside within an
overpressured shale layer in the lower Himalayan turbidites sequence.
The accretion or detachment of sedimentary layers and the seismogenic
properties are closely related to the consolidation status of sediments
within the accretion wedge and incoming sediments (Smith et al., 2014;
Han et al., 2017). To assess the difference of compaction levels in our
model, we categorize the sediments velocity data constrained by good
ray coverage (model distance of 20–220 km) into three categories
(Fig. 5): the accretion wedge (20–95 km), thick incoming sediments
(TIS) (95–140 km), and abyssal plain (140–220 km). Thus, representing
accreted sediments influenced by lateral underthrust and vertical

loading forces, normally compacted thick sediments unaffected by
subduction or accretion, and pelagic sediments with minimal thickness,
respectively.

Compared to other subduction zones with thick sedimentary cover
(Fig. 5a), the sediments velocity structure within the upper 4.5 km of our
model resembles that of Cascadia and Alaska, slightly lower than that of
Sumatra. However, our model reveals a notable change in velocity
gradient beneath the second shallow reflection interface within the
sedimentary layers, occurring at ~4.5 km depth, which differs from
patterns observed in other thick-sediments-covered subduction zones.
Above this interface, velocity experiences a rapid increase with depth,
exhibiting minimal change thereafter. This trend is in agreement with
laboratory measurements demonstrating velocity variations with effec-
tive stress in both dry and saturated rocks (Khaksar and Griffiths, 2000).
We interpret this phenomenon as the gradual compaction, dehydration,
and consolidation of shallow sediments with high porosity as burial
depth increases. At ~4.5 km depth, sedimentary rock reaches a critical
threshold, resulting in a qualitative change in rock rigidity. The reflec-
tion interface could potentially signify the boundary of this compacted
consolidation. Consequently, the sedimentary rock below this interface
exhibits increased stress-bearing capacity, leading to a reduction in ve-
locity variation with depth.

To examine the porosity structure, we utilized global empirical re-
lationships to convert the seismic velocity into porosity (see Text S1).
Both velocity-depth and porosity-depth data reveal a consistent pattern
between the accretion wedge and TIS, particularly in the comparable
gradient change occurring at a depth of ~4.5 km (Fig. 5). This suggests
that, in the Makran region, the predominant influence on profound
sediments dehydration and porosity reduction stems from the loading
force exerted by thick sediments, rather than thrust stress. Referring to
the décollement location revealed by Smith et al. (2012), it is located
below the sediments consolidation interface. This suggests that
incoming sediments undergo significant dewatering and consolidation
under compaction at a depth of ~4.5 km prior to subduction. Conse-
quently, the velocity (4–5 km/s) and porosity (below 10%) of sediments
below 4.5 km remain stable within a particular range and change
minimally with the depth during subduction. This is supported by
thermal modeling results (Smith et al., 2013) andMCS data (Smith et al.,
2014), which suggest that fluid expulsion primarily occurs in the upper 4
km, while deeper sediments consolidate within accretion wedge of
Makran. Velde (1996) also found that the sediments porosity decreased

Fig. 4. (a) Final velocity model with all reflective interfaces indicated by dotted lines. Interfaces are highlighted in thick black solid lines where constrained by
reflective phases. (b) The corresponding DWS. The purple dashed lines separate the crustal segments with good ray coverage in Fig. 6. DF, Deformation Front; DT,
Dalrymple Trough; LMR, Little Murray Ridge; MR, Murray Ridge.
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rapidly from 40% to 10% in the depth range of 0.5–4 km through sta-
tistical analysis of porosity data from boreholes and deep wells. If this is
the case, the unreflective décollement may be interpreted as
low-porosity subducted sediments consolidating into rocks prior to
subduction, resulting in little velocity contrast with the overlying
consolidated sediments. Therefore, no apparent high amplitude or
negative polarity reflectors are evident in MCS data (Smith et al., 2012)
and our OBS velocity model.

Our model offers a significantly larger dataset, encompassing more
tectonic units and greater depths than previous studies employing so-
nobuoy, MCS, and OBH data in the Makran region (Fowler et al., 1985;
Minshull and White, (1989); Kopp et al., 2000). Their velocity-depth
distribution from Fowler et al. (1985) and Minshull and White (1989)
aligns with our results in the TIS area, yet exhibiting slightly higher
values within the upper 3 km of the accretion wedge (Fig. 5). They
interpreted the velocity-depth discrepancy between the accretion wedge

and TIS as indicative of lateral forces within the accretion wedge,
resulting in greater sediments consolidation compared to the TIS area.
Similar distinctions are observed between the accretion wedge and the
abyssal plain in our model. The sediments in the abyssal plain exhibits
slightly steeper porosity-depth gradients compared to the accreted
sediments, suggesting that the latter, subject to horizontal thrust
compression, may undergo slightly more effectively dewatering than the
abyssal plain sediments. Furthermore, variations in sediments sources
between the shallow accretion wedge (comprising hemipelagic sedi-
ments and slop-shelf sands) and abyssal plain (comprising pelagic sed-
iments and Himalayan turbidites) also affect sediments compaction
characteristics. By fitting porosity-depth data of sediments with Athy’s
relationship, we derived the compaction constants for the accretion
wedge and abyssal plain, depicted in Fig. 5b, revealing that the accreted
sediments are more prone to compaction compared to those in the
abyssal plain. Specifically, the compaction constant for the accretion

Fig. 5. (a) Velocity-depth data of sediments below the seafloor. Colored curves are sediments velocity profiles from Cascadia, Sumatra, and Alaska (Han et al., 2017).
The gray shaded area is the velocity-depth data envelope of the accretion wedge in Makran based on the MCS results of Minshull and White (1989), and the pink
shaded area is the corresponding envelope of the TIS area (classified as abyssal plain in their categories); (b) Porosity-depth data converted from the velocity model
(see Text S1). Data point colors are the same as for (a) classification. The black curve is Athy’s relationship curve fitted to the area of the accretion wedge and TIS.
Due to compaction diagenesis, the porosity-depth gradient changes significantly in the shallow part and varies little within the deep region. Only the data above 8 km
depth were fitted to obtain the compaction parameters of thick sediments. The red curve is Athy’s relationship curve fitted to the abyssal plain. Athy’s relationship: φ
= φ0 ∗ e− λ∗z, where φ is the porosity, φ0 is the porosity of material at the surface, λ is the compaction constant, and z is the burial depth; (c) Porosity distribution of
sediments and oceanic crust along the profile. AW, accretion wedge; TIS, thick incoming sediments; AP, the abyssal plain.
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wedge (0.451) in Makran aligns closely with the value reported for
Cascadia (0.4601) (Han et al., 2017) but notably smaller than that ob-
tained by Minshull and White (1989) in Makran (0.7692).

4.2. The role of LMR in controlling crustal structure

The LMR roughly separates the crustal structure and properties of the
subducting plate. In the northern region, characterized by thick sedi-
mentation, a relatively steep dip of the basement, and a thick crust, our
observations align with those of Kopp et al. (2000). Conversely, the
southern region exhibits thinner sedimentation, a shallower dip angle of
the basement, and a thinner crust, consistent with the findings of
Edwards et al. (2008) and Minshull et al. (2015). The velocity charac-
teristics are delineated into three segments (Fig. 4): the subducting

oceanic crust to the north (model distance of 40–140 km), the LMR
(140–200 km), and the oceanic crust to the south (200–230 km). One
dimensional (1D) analysis of the velocity structure reveals significant
differences in velocity gradient between the northern and southern sides
of the LMR (Fig. 6). The velocity gradient value in the crust north of the
LMR is smaller than that in the crust south of the LMR. The velocity
structure of the LMR (Fig. 6) is similar to that of the northern subducting
oceanic crust but exhibits thicker crust and lower velocity values,
obviously different from the southern oceanic crust. In the region north
of the LMR, a continuous intra-crustal reflector is observed, a feature
also noted in the eastern Indian Ocean by Altenbernd et al. (2020; 2022),
who suggested it may represent a unique characteristic of the Indian
Ocean crust. The 1D velocity analysis further highlights significant dif-
ferences in crustal structure between the Makran region and the Pacific

Fig. 6. Compilation of crustal velocity profiles of Makran. (a-d) The gray, red, and blue curves represent velocity-depth structures from the top of the crust in three
segments covering model distance of 40–140 km (subducting oceanic crust), 140–200 km (LMR), and 200–230 km (oceanic crust) of the MSZ, extracted at 2 km
intervals along the section. These 1D velocity-depth curves are superimposed on the color envelopes depicting (a) typical velocities for the Atlantic oceanic crust
(0–170 Ma) (White et al., 1992), (b) typical velocities for the Pacific oceanic crust (0.2–140 Ma) (White et al., 1992; Grevemeyer et al., 2018), (c) velocities for the
Indian oceanic crust (Grevemeyer et al., 2001; Zhao et al., 2013; Niu et al., 2015; Altenbernd et al. 2020; 2022; Contreras-Reyes et al., 2023), and (d) the extended
continental crust (Christensen and Mooney, 1995). (e-h) The gray, orange and cyan envelopes represent velocity ranges for model distances 40–140 km (subducting
oceanic crust), 140–200 km (LMR) and 200–230 km (oceanic crust), respectively. These envelopes are superimposed by the color curves indicating (e) velocities for
the north of LMR (Kopp et al., 2000), (f) velocities for the south of LMR and Murray Ridge (Edwards et al., 2008; Minshull et al., 2015), (g) velocities for the Laxmi
Ridge (Minshull et al., 2008), Nazca Ridge (Contreras-Reyes et al., 2022), Louisville Ridge (Contreras-Reyes et al., 2010), Ninetyeast ridge (Grevemeyer et al., 2001),
Cocos Nazca Spreading center (CNSC) (Van Avendonk et al., 2011), and Emperor seamount chain (ESC) (Watts et al., 2021), and (h) velocities for East Sunda (Planert
et al., 2010), North Cascadia (Canales et al., 2017), Middle America (Ivandic et al., 2008), South Chile (Contreras-Reyes et al., 2008), and South Mariana (He et al.,
2023), respectively.
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Ocean or Atlantic Ocean (Fig. 6a-c). In the area south of the LMR, no
clear intra-crustal reflection phase is evident, a finding somewhat
divergent from Edwards et al. (2008), who reported a distinct
intra-crustal interface on the northern side of Dalrymple Trough.

In comparison with the existing velocity structures of the Makran
region, the velocity values for the area north of the LMR (gray envelope
in Fig. 7e) are slightly higher overall than those reported by Kopp et al.
(2000) for the region north of the deformation front, yet both models
exhibit similar crustal thickness. Conversely, for the area south of the
LMR (cyan envelope in Fig. 7e), the velocity is slightly higher than the
results of Minshull et al. (2015) but lower than those reported by
Edwards et al. (2008), while the crustal thickness resembles the findings
of Edwards et al. (2008). Comparatively, the crustal velocity of the LMR,
especially in the lower crust (Fig. 7d and 7f), demonstrates significantly
higher values than that of the Murray Ridge, located north of the LMR
and considered a thinned continental crust (Minshull et al., 2015;
Edwards et al., 2008). Meanwhile, the 1D velocity structure of the LMR
resembles the Laxmi Ridge (Fig. 7g), which coincides with a gravity low
and thick crust covered by up to 4 km of sediments in the western margin
of India (Fig. 1) and is deemed to have local magma underplating
(Minshull et al., 2008). Moreover, the crustal structure and thickness
characteristics of the LMR also resemble those of ridge or hotspot track
formations related to magmatic intrusions near the other subduction
zones, such as the Nazca Ridge in the Peru-Chile subduction zone,
Louisville ridge in the Tonga-Kermadec subduction zone, Cocos Nazca
Spreading center in the Middle America subduction zone, Ninety East
Ridge, and Emperor seamount chain (Fig. 7g). Van Avendonk et al.
(2011) suggested that this unusual crustal structure might be related to
the early igneous processes. However, similar low velocity and large
crustal thickness characteristics can also result from serpentinization
associated with subduction plate bending faults, as observed in the
eastern part of Sunda and southern Mariana (Fig. 7h). Nonetheless,
given the presence of thick low-permeability sediments, significant
crustal thickening, and the linear arrangement feature of the LMR, we
suggest that the crustal structural characteristics of the LMR are more
likely attributable to deep magmatic activity. Seismic velocity is con-
verted to saturated bulk density using empirical relationships (see Text
S2) with the constraint of gravity data collected during the cruise, as

shown in Fig. 8. The analysis reveals the necessity for a low-density
block to adequately fit the measured gravity data well below the LMR.
Similar to ridge structures with magmatic intrusions, as shown in
Fig. 7g, we speculate that low-density underplating may also exist in the
deeper part of the LMR.

There are two main hypotheses regarding the evolution of the sub-
ducting oceanic crust in Makran. The first hypothesis suggests that the
plate boundary has been located along the Owen Fracture Zone since the
northward movement of India at 90 Ma, and the subducting oceanic
crust in Makran is the remnant of the Neo-Tethys and formed during the
Late Jurassic-Early Cretaceous period (Whitmarsh, 1979). The second
hypothesis suggests that the plate boundary was initially located along
the Oman continental margin and subsequently shifted to the
present-day Owen Fracture Zone, resulting in the subducting oceanic
crust in Makran, a collage of Neo-Tethys and East Somali Basin, which
formed during the period of Paleocene-Eocene or Late Cretaceous
(Rodriguez et al., 2020). Seismic profile across the southeast Oman
continental margin have indicated the presence of strike-slip motion
along the margin (Barton et al., 1990), which lends support to the sec-
ond hypothesis. Additionally, the absence of an oceanic magnetic stripe,
typically formed during the magnetostatic period, along with cooling
models constrained by heat-flow data, suggests a Late Cretaceous age for
the subducting oceanic crust (Hutchison et al., 1981; Edwards et al.,
2000). Our findings suggest that the subduction plates of Makran may
comprise oceanic crust with varying characteristics. Whitmarsh (1979)
proposed that the LMR may be connected to the Masirah ridge in the
Owen Basin (Fig. 1), which are typical of large volcanic seamounts
(Barton et al., 1990). Linear arrangement of these volcanic reliefs in the
Indian Ocean often indicates the presence of fossil ocean-ocean transi-
tions (Rodriguez et al., 2020). If the linearly arranged LMR represents
the boundary between different tectonic domains, it likely denotes the
paleo-ocean boundary between the Neo-Tethys and East Somali Basin.
However, it is also possible that linear ridges in the North Indian Ocean,
including the LMR, may be related to multiple magmatic events asso-
ciated with the Deccan Traps considering the similarity in velocity
structure between the LMR and the ridges affected by hotspots (Fig. 7g).
Crustal thickness differences between the south and north of the LMR
may also result from magmatic activity in the south, potentially induced

Fig. 7. (a) Dotted and solid black lines represent the free air gravity anomaly extracted from the global satellite gravity model (Sandwell et al., 2014) and collected
during this cruise, respectively. The red curve (synthetic 1) depicts the synthetic gravity anomaly calculated from the velocity-derived density model. The dashed
blue curve (synthetic 2) depicts the best-fitting synthetic gravity anomaly calculated from the adjusted and preferred density model. (b) The density-depth model
derived from our velocity structure and interface geometry. The black numbers are the average density values of each block, corresponding to the gravity anomaly of
synthetic 1. According to the position of the intra-crustal interface in the velocity model and the shape of the deep structure, we effectively fit the observed gravity
anomaly data by reducing the density value below the LMR. The dashed blue curve envelopes the area where the density value is adjusted. The blue numbers denote
the adjusted density value corresponding to the gravity anomaly of synthetic 2.
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by strike-slip extension between the Arabian and Indian plates near the
Dalrymple Trough. Further analysis is necessary to determine the exact
nature of these differences and their implications on the north and south
areas of the LMR.

4.3. Upper crust hydration

The upper crustal velocities of the subducted slab in the MSZ exhibit
lower values compared to typical oceanic crust in the Pacific and
Atlantic oceans, but they are similar to or slightly lower than those
observed in other Indian Ocean regions (Fig. 7a-c). Conversely, the
lower crustal velocity structure resembles that of oceanic crust and is
significantly higher than the continental crust (Fig. 7d). This atypical
velocity reduction in the upper crust is interpreted as indicative of a
substantial water content. Many studies on the water content of sub-
ducted plates (e.g., Contreras-Reyes et al., 2011; Grevemeyer et al.,
2007; Ivandic et al., 2008) have demonstrated the development of
bending-related faults at the outer rise, providing pathways for water
infiltration into the crust. This infiltration gradually reduces the crustal
velocity of subducting plates from outer rise to the trench. This phe-
nomenon is also observed in typical low-angle subduction zone areas,
such as the Sunda and Chile subduction zone (Shulgin et al., 2011;
Grevemeyer et al., 2018). However, in the MSZ, the crustal velocity does
not exhibit a gradual decrease towards the deformation front, as
observed in most subduction zones. We propose that this is due to the
presence of thick impermeable sedimentary cover in the MSZ, which
blocks direct contact between the fault activated in the outer rise region
and the water. Consequently, fluid circulation within the subduction
plate is shut off, resulting in no velocity reduction from the outer rise to
the deformation front. Conversely, with the rapid thickening of accre-
tionary wedge deposits, preexisting bending-related faults of subducted
plates may be partially healed under considerable load and high tem-
perature conditions. Laboratory measurements indicate that crusstal
velocity increases by 0.37–0.40 km/s due to the closure of microcracks
under the pressure of approximately 4 km thick sediments, which is
consistent with the statistical results of the global oceanic crust that
thick sediments may increase the underlying crust velocity by collapsing
lava tubes and fractures (Christeson et al., 2019).

In addition, compared to subducting oceanic crust affected by hy-
dration, the crustal velocities in Makran (gray envelope in Fig. 7h) are
slightly higher than those of high-angle subduction zones such as South
Mariana and slightly lower than those of low-angle subduction zones

such as Sunda, Cascadia, Middle America and Chile, indicating a mod-
erate water content in the upper crust of Makran. Crustal porosity dis-
tribution characteristics are determined through empirical relationships
of crustal Vp-porosity (see Text S1), and the free water content of the
crust is estimated (Fig. 8, Text S3). The results reveal that crustal
porosity can exceed 10%, with corresponding water content exceeding
4.0 wt% in the shallow 1–2 km depth of the upper crust. This content is
slightly higher than in other subduction zones such as the Middle
America (Ivandic et al., 2008), Cascadia (Canales et al., 2017), Alaska
and Sumatra (Acquisto et al., 2022). However, the unusually high-water
content in the upper crust of Makran differs from that in other subduc-
tion zones, where water enters the crust through bending-related faults
in the outer rise region. It may originate from water stored in the
pre-existing oceanic fabric during crust formation or subsequent tec-
tonic events, becoming trapped in the crust under rapid burial by
low-permeability sediments. Controlled source electromagnetic studies
have indicated that the porosity of the shallow part of the upper crust in
the Middle America subduction plate can reach 2.7–12% before bending
(Naif et al., 2015), suggesting that the crust may contain considerable
water before hydration in the outer rise region. Increased temperatures
and high pressures resulting from thick sedimentary cover may prevent
the expansion of crustal fluid, leading to overpressure fluids at the
interface between the igneous crust and sediments. The widespread
presence of mud volcanoes in the accretion wedge of Makran also in-
dicates deep high-pressure fluids. The water content of the subducted
upper crust surpasses that of the subducted sediments, as illustrated in
Fig. 8. Consequently, the Vp-derived free water content suggests that the
input water of the incoming plate in MSZ is predominantly stored in the
upper crust, while the subducted sediments and lower crust remain
comparatively dry.

4.4. Seismotectonic implications

In the vicinity of the survey profile in the Makran region, few seismic
events of magnitude less than Mw 4.0 have been recorded due to the
scarcity of a comprehensive local seismological network. The mechan-
ical strength and megathrust slip behavior in subduction zones, partic-
ularly those covered by thick sediments, are significantly influenced by
the consolidation state of subducted sediments, which can contribute to
the development of large earthquake ruptures (Han et al., 2017). The
sediments in the MSZ have been significantly strengthened through
mechanical compaction and diagenesis prior to subduction, akin to

Fig. 8. A schematic model illustrating the structure, seismicity, and water content of MSZ based on the velocity model. Black lines denote the interfaces of the
oceanic subducting slab, including the sedimentary unconformity, basement, upper-lower crustal interface, and Moho discontinuity. The yellow dashed line and the
sloping black dotted line above it represent the décollement and imbricate thrust faults, respectively, based on the results of Kopp et al. (2000) and Smith et al.
(2012). The orange dashed curve corresponds to the low-density underplating zone below the LMR in Fig. 8. Blue circles and blue-white focal solution depict
historical seismic events immediately adjacent to the section from the USGS and the Global Centroid Moment Tensor (GCMT), respectively. Gray circles (USGS) and
gray-white focal solutions (GCMT) represent historical seismic activities at the same latitude within 100 km near the profile. The four translucent green stars
represent the possible focal locations of the 1945 earthquake: 1 (NGDC), 2 (Heidarzadeh et al., 2008; Smith et al., 2012), 3 (USGS), 4 (Byrne et al., 1992; Para-
ras-Carayannis et al., 2006).
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observations in other subduction zones such as Cascadia (Han et al.,
2017) and Sumatra (Dean et al.,2010; Hüpers et al., 2017), where sub-
ducted consolidated sediments are thought to develop large earthquake
ruptures. Smith et al. (2012) propose that the consolidation state of
high-Vp sediments at décollement depth in Makran is sufficient to sup-
port earthquake rupture. Several seismic events with a magnitude
greater than Mw 4.0 have been observed near the depth of the
décollement, as depicted in Fig. 8. The mean shear stress and effective
friction coefficient results of the megathrust, calculated by Penney et al.
(2017), indicate that the MSZ is similar to non-sediments subduction
zones. Consolidated sediments possess sufficient mechanical strength to
support considerable strain accumulation and efficient elastic stress
transfer during earthquake rupture (Hüpers et al., 2017; Han et al.,
2017). Moreover, increased temperatures induced by the thick sedi-
mentary coverage in Makran, with décollement temperatures near the
deformation front corresponding to the 150 ◦C isotherm (Smith et al.,
2013; Khaledzadeh and Ghods, 2022), extend the seismogenic zone to
shallow depths and promotes long-distance megathrust rupture (Han
et al., 2017). As a result, the décollement in the MSZ may potentially
develop large thrust earthquakes. The scarcity of recorded seismic
events may be attributed to limited local station records and long
seismic intervals characteristic of this subduction zone.

While seismicity in Makran may not be extensively documented,
Fig. 8 illustrates its occurrence along all structural interfaces of the
subducting plate. In particular, the high-water content in the shallow
crust and the low permeability compacted sedimentary cover lead to
overpressured pore water at the basement interface. This overpressured
fluid can significantly affect earthquake rupture mechanism through
modulation of seismic coupling and regulation of effective stress, as
reported by Frohling and Szeliga (2016) and Acquisto et al. (2022).
Canales et al. (2017) propose that the accumulation of overpressured
fluid in the upper crust of the subducting plate in Cascadia can facilitate
episodic tremor and slip events, as well as low-frequency earthquakes. In
the MSZ, several medium-magnitude earthquakes have occurred in the
vicinity of the uppermost crust, where there is a slight concentration of
water near the basement interface (Fig. 8). According to the NGDC
earthquake catalog, the 1945 earthquake was estimated to have
occurred near the model distance of 45 km, with a source depth of 15 km
(Fig. 8). However, Heidarzadeh et al. (2008) and Smith et al. (2012)
suggested a focal depth range of 25–30 km for the earthquake.
Conversely, based on the USGS earthquake catalog, the earthquakes
occurred near the same latitude as the model distance of 0 km, with a
focal depth of 15 km. Byrne et al. (1992) and Pararas-Carayannis et al.
(2006) provided earthquake location information indicating a focal
depth range of 25–27 km.

Our model indicates that the shallow subduction angle (~2◦) results
in little depth change of the plate interface landward and minimal var-
iations in deep structure along the direction parallel to the deformation
front, as reported by Kopp et al. (2000). The focal depth of the 1945
earthquake, whether occurred near the deformation front (according to
the NGDC catalog) or at the latitude of themodel distance of 0 km (as the
USGS catalog), suggests that a depth of 25 km (e.g., Byrne et al., 1992)
would likely place the earthquake origin at the Moho discontinuity or
the upper mantle top region, based on our velocity model. Conversely, a
focal depth of 15 km indicates a slip earthquake of the basement inter-
face rather than the décollement inside the accretion wedge. Yang et al.
(2022) proposed that the 2017 Pasni earthquake (Mw 6.3) was the
largest offshore event after the 1945 earthquake, with a focal depth of
13–14 km, near the basement rather than the décollement or the deeper
interface (e.g., 29 km given by USGS). Our modeling results and the
previously reported focal depths indicate that the 1945 earthquake was
likely a slip earthquake that occurred near the basement or the Moho
interface rather than the décollement in the accretion wedge. The
high-water content of the uppermost crust near the basement may
change the coupling state between the igneous crust and the consoli-
dated subducting sediments with increasing subduction plate

temperature, thus promoting slip fracture on the interface. We suggest
that the basement is more likely to experience slip fracture than the
Moho interface. As multiple interfaces may slip off in the MSZ during
plate subduction, further investigations are required to assess their
possible location and seismogenic mechanisms.

5. Conclusions

This study presents a high-resolution velocity model of the Makran
Subduction Zone obtained through a wide-angle ocean bottom seis-
mometer experiment from Dalrymple Trough to the coastal area of
Pakistan. We identify a well-constrained crust with a thickness ranging
from 6 to 12 km and a plate subduction dip of ~2◦ The observed atypical
crustal structure may be related to magmatic activity and the hydration
process of subducted plates.

Our findings reveal that the accretion wedge thickness exceeds 13
km, and the incoming sediments reaching up to 8.5 km in thickness.
Significantly, we observe an abrupt change in porosity gradient at a
depth of ~4.5 km, suggesting significant dewatering and compaction of
the incoming sediments prior to subduction. Below this interface depth,
the sediments have minor variations in mechanical properties during
subduction.

Moreover, our model highlights significant differences in crustal
structure between the north and south sides of the LMR, potentially
indicating different tectonic sources or processes. The LMR may repre-
sent a paleo-ocean boundary, with the possibility of low-density
underplating beneath it.

Our findings also suggest that the input free water of the incoming
plate in MSZ is mainly stored in the uppermost crust, resulting in the
presence of overpressured fluid at the basement interface that could
significantly influence earthquake rupture mechanisms. Seismic activity
occurs along all structural interfaces, including the décollement, base-
ment, upper-lower crustal interface, and Moho discontinuity, indicating
the potential for multiple interfaces to experience slip during subduc-
tion. Both the décollement and basement interface are identified as
potential triggers for large earthquakes in the MSZ.
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