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The Makran accretionary prism is located at the junction of the Eurasian Plate, Arabian Plate and Indian
Plate and is rich in natural gas hydrate (NGH) resources. It consists of a narrow continental shelf, a broad
continental slope, and a deformation front. The continental slope can be further divided into the upper
slope, middle slope, and lower slope. There are three types of diapir structure in the accretionary prism,
namely mud diapir, mud volcano, and gas chimney. (1) The mud diapirs can be grouped into two types,
namely the ones with low arching amplitude and weak-medium activity energy and the ones with high
arching amplitude and medium-strong activity energy. The mud diapirs increase from offshore areas
towards onshore areas in general, while the ones favorable for the formation of NGH are mainly
distributed on the middle slope in the central and western parts of the accretionary prism. (2) The mud
volcanoes are mainly concentrated along the anticline ridges in the southern part of the lower slope and the
deformation front. (3) The gas chimneys can be grouped into three types, which are located in piggyback
basins, active anticline ridges, and inactive anticline ridges, respectively. They are mainly distributed on
the middle slope in the central and western parts of the accretionary prism and most of them are
accompanied with thrust faults. The gas chimneys located at different tectonic locations started to be active
at different time and pierced different horizons. The mud diapirs, mud volcanoes, and gas chimneys and
thrust faults serve as the main pathways of gas migration, and thus are the important factors that control
the formation, accumulation, and distribution of NGH in the Makran accretionary prism. Mud diapir/gas
chimney type hydrate develop in the middle slope, mud volcano type hydrate develop in the southern
lower slope and the deformation front, and stepped accretionary prism type hydrate develop on the central
and northern lower slope. The middle slope, lower slope and deformation front in the central and western
parts of the Makran accretionary prism jointly constitute the NGH prospect area.

©2020 China Geology Editorial Office.

1. Introduction

out geological and geophysical survey and research related to
NGH in Makran (von Rad U et al., 2000; Kukowski N et al.,

The Makran accretionary prism located in the northern — 7001; Bohrmann G et al., 2008; Romer M et al., 2012),

part of the Arabian Sea is the largest accretionary prisms in discovering great numbers of diapir structure of various types
the world (Gutscher MA and Westbrook GK, 2009). It has from seismic profiles and multi-beam topographic maps.
attracted extensive attention with its unique tectonic location Diapir structure, as a special form of upward migration of
and rich NGH resources. Since the 1980s, scientific research fluid in deep sources (He JX et al., 2019), are present in the
institutions from many countries led by Germany have carried forms of mud diapirs, mud volcanoes, gas chimneys and
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seafloor pockmarks, which represent different evolutionary
stages of fluid and low-density rocks, namely plastic arching,
piercing, and collapse, respectively (He JX et al., 1994; Dong
WL and Huang BJ, 2000; Shi WZ et al., 2009). Therefore,
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these structures important window for the
understanding of the deep fluid activities.

The Makran accretionary prism, offshore Pakistan is a
natural laboratory for the study of mud diapirs, mud
volcanoes, and gas chimneys owing to its thick incoming
sediments (Kopp C et al., 2000; Grando G and McClay K
2007), inverted formation density, high deposition rate (Abid
H et al., 2015), and regional strike-slip fault system (Platt JP
et al., 1988; Grando G and McClay K, 2007). Minshull TA
and White R (1989) and Schliiter HU et al. (2002) discovered
mud volcanoes along the Makran coast and argued that they
were formed as the water filled with gas escaped to the earth
Grando G and McClay K (2007) found that
spectacular mud diapirs and mud volcanoes existed inside the
accretionary prism, with most mud volcanoes being
distributed along thrust anticlines and Bottom Simulating
Reflectors (BSRs) developing on the top of some mud diapirs.
As indicated by the study on four mud volcanoes along the
Makran coast in southeast Iran conducted by Babadi MF et al.
(2019), the mud volcano system makes an important
contribution to fluid migration. However, in-depth research is
yet to be conducted for the systematical understanding of the
mud diapirs, mud volcanoes, and gas chimneys in the Makran
accretionary prism. Meanwhile, the relationship between the
formation and accumulation of NGH and these diapir
structures is yet to be revealed. In this paper, the distribution,
development and evolution characteristics of the mud diapir,
mud volcano, and gas chimney in the Makran accretionary
prism were obtained based on comprehensive interpretation of

S€rve as

surface.

multi-channel seismic data, sub-bottom profile data, and
multi-beam topography achieved by R/V “Hai Yang Di Zhi
Shi Hao” of Guangzhou Marine Geological Survey during the
China-Pakistan joint expedition as well as the seismic data
provided by Pakistan. Based on these achievements, the
effects of mud diapirs, mud volcanoes, and gas chimneys on
NGH were explored, and the mud diapir/gas chimney type
hydrate accumulation model and mud volcano type hydrate
accumulation model were primarily established. All these aim
to provide guidance and references for promoting the
exploration of NGH resources in the Makran accretionary
prism, offshore Pakistan.

2. Geological setting

The Makran accretionary prism in the North Arabian Sea
lies in the offshore area of Pakistan and Iran and is located at
the junction of the Eurasian Plate, Arabian Plate, and Indian
Plate (Fig. 1). It was formed due to the subduction of the
Arabian Plate northward beneath the Eurasian Plate at low
speed (about 4 cm/yr) and low angle (<3°) (Harms JC et al.,
1984; Demets C et al., 2010). Its offshore part is about 100 km
wide (Grando G and McClay K, 2007), with the maximum
water depth of about 3500 m. It is distributed in EW trending,
with the right-lateral strike-slip Minab fault system as its
western boundary and the left-lateral strike-slip Ornach Nal
fault system as its eastern boundary (Platt JP et al., 1988;
Kukowski N et al., 2001; Grando G and McClay K, 2007).
Meanwhile, its southern part is bounded by the extension of
the Murray Ridge and the Owen Fracture Zone (Kopp C et al.,
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Fig. 1. Tectonic map of the Makran accretionary prism (after Kukowski N et al., 2001).
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2000; Fig. 1).

The Makran accretionary prism consists of a narrow
continental shelf, a broad continental slope, and a deformation
front (Grando G and McClay K, 2007). The slope can be
further divided into the upper slope (dips at 7°, width 40 km,
water depth 100—1000 m), middle slope (dips at 1°, width
15-20 km, water depth 1000—1500 m), and lower slope (dips
at 1°-2°, width 50—60 km, water depth 2000—-3000 m) (Gong
IM et al., 2018b; Fig. 2a). The lower slope is dominated by
simple, imbricate thrust faults that which form seaward
verging (Fig. 2b), and the deformation front lies between the
lower slope and abyssal plain. The EW thrust faults trend to
be increasingly inactive from south to north (Smith G et al.,
2012), controlling the development of seven EW anticline
ridges, with piggyback basins existing between the ridges
(Ellouz N et al., 2007b; Figs. 2a, b).

According to the analysis of onshore stratigraphy and
offshore seismic data (Schliiter HU et al., 2002; Gaedicke C et
al., 2002; Ellouz N et al., 2007a), the Oligocene, Miocene,
Pliocene, and Quaternary strata had been deposited in the
offshore area of the Makran accretionary prism since
Cenozoic (Fig. 2b), with the thick incoming sediment section
of up to 7 km (Kopp C et al., 2000; Grando G and McClay K,
2007). The Oligocene-Middle Miocene strata deposited in
deep-water sedimentary environment, showing that the lower
part is mainly composed of argillaceous sediments and the
upper part consists of sandstones interbedded with mudstones.
The Upper Miocene strata share syndepositional development
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with thrust faults, showing that multiple piggyback
depressions are connected through deposition and silty
sediments have developed. The Pliocene-Quaternary strata
developed typical continental shelf-slope deposits, and are
characterized by the development of hemipelagic argillaceous
sediments and turbidite sediments (Liao J et al., 2019). The
strata in the Makran accretionary prism exhibit density
inversion in general, with the lower strata mainly consisting
of argillaceous sediments and the upper strata mainly
composed of sandy sediments. Meanwhile, the strata had been
deposited at a high rate of up to 400 m/Ma since Pliocene
(Abid H et al., 2015). These stratigraphic distribution feature
lay a good material base for the development of the mud
diapirs and mud volcanoes in the Makran accretionary prism.

3. Development and distribution characteristics of diapir
structure

Diapir structure are widely developed in the Makran
accretionary prism. They are mainly present in the forms of
mud diapirs, mud volcanoes, and gas chimneys, whose basic
characteristics are described as follows.

3.1. Development and distribution characteristics of mud
diapirs

According to the features such as the profile morphology,
arching height, and activity energy on the seismic profiles, the
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Fig. 2. Structure map (a) of the Makran accretionary prism (thrust fault after Smith G et al., 2012) and imbricate structure of the thrust faults in

the Makran accretionary prism (b).
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mud diapirs in the Makran accretionary prism can be divided
into two types: (1) The ones with low arching amplitude and
weak-medium activity energy and, (2) those with high arching
amplitude and medium-strong activity energy (Fig. 3).

(i) Mud diapirs with low arching amplitude and weak-
medium activity energy. As shown in Fig. 3a, a few of the
mud diapirs of this type are distributed in the study area and
their main characteristics are as follows. It has a profile
morphology featuring a wide lower part and a narrow upper
part —similar to a turtle-back anticline (Fig. 3ai). It shows
discontinuous chaotic reflection with weak amplitude (Fig.
3aii). It is characterized by low arching amplitude and weak

energy of internal activities. The lower part of the mud diapir
features a maximum width of 10 km according to seismic
profiles. However, it invade upwards at low arching
amplitude and only pierce the bottom boundary of Pliocene,
leading to the deformation of the overlying strata and the
small-scale upward pulling of the strata at both sides.
Moreover, there are few accompanied faults near the mud
diapirs since they are covered by overlying strata.

(i) Mud diapirs with high arching amplitude and medium-
strong activity energy. As shown in Figs. 2b, 3b, the mud
diapirs of this type are widely distributed in the study area.
They are mainly developed on middle and upper slopes. Their

TWT/s

Fig. 3. Seismic and instantaneous amplitude profiles of mud diapirs in the Makran accretionary prism.
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profiles take a vertically or irregularly columnar morphology
and they are in unconformable contact with the surrounding
rocks (Fig. 3bi). It shows discontinuous chaotic reflections
with weak amplitude inside (Fig. 3bii) and is characterized by
high arching amplitude and strong energy of internal
activities. It is about 4 km wide according to the seismic
profiles. However, it penetrates Middle Miocene —Pliocene
strata and pierces the bottom boundary of Quaternary, almost
reaching the seafloor. BSRs have developed near the top of
the mud diapir, with obvious strong amplitude seismic
reflection (Fig. 3bii). The strata on both sides are apparently
pulled upwards. Meanwhile, a series of tensional faults have
developed in some overlying strata subject to the arcing
tension. Pockmarks were observed on the seafloor
corresponding to some mud diapir developed areas, which are
sags on the seafloor surface caused by decompression during
the upward invasion of the mud diapirs.

According to the interpretation of multi-channel seismic
data covering more than 5000 km, the characteristics of the
mud diapirs in the Makran accretionary prism are
summarized. (1) They show different morphologies, vertically
columnar, coniform, or irregular. (2) They are distributed
increasingly from offshore areas toward onshore areas. They
are mainly distributed on the middle slope in the central and
western parts and are mainly distributed on the upper slope in
the eastern part. (3) They are distributed in different scales,
which are small in the western part and tend to increase
towards the eastern part. (4) They are distributed increasingly
from the west toward the east, which is related to multiple
factors such as the convergence rate of plates, the activities of
strike-slip faults, and deposition rate.

3.2. Development and distribution characteristics of mud
volcanoes

Some of the mud diapirs in the Makran accretionary prism
that are accompanied with the thrust faults feature extremely
strong energy of internal activities. They are characterized by
high arching amplitude and can penetrate the seafloor to form
mud volcanoes. As discovered by previous studies, the mud
volcanoes in Makran are mainly developed along the anticline
ridges of the middle and upper slopes affected by the
convergence rate, strike-slip faults, and the location of plate
subduction (Platt JP et al., 1985, 1988; Platt JP, 1986). Some
of the mud volcanoes are also developed on the lower slope
and the deformation front. Since the temperature and pressure
of the mud volcanoes on the middle and upper slopes are
unfavorable for the formation of NGH, this paper mainly
focused on the study of the mud volcanoes on the lower slope
and the deformation front.

As identified from the multi-beam topographic map, ten
mud volcanoes have developed along the anticline ridges of
the lower slope (the ridges of Nos. 1-3) and the deformation
front (Fig. 2a). Their outer morphologies vary, with the tops
being coniform (Fig. 4a), flat (left of Fig. 4b), collapsed (right
of Fig. 4b), nearly hummocky (Figs. 4c, 5), or dome-shaped

(Fig. 6). The coniform mud volcanoes have steep wings,
while the mud volcanoes of other shapes have gentle wings.
All of the mud volcanoes are nearly symmetric despite their
various morphologies, with a diameter of 1—1.7 km and a
height of 20 —150 m above the seafloor. Ring-shaped
depressions surround the tops of the mud volcanoes, and
slump structures occur on seaward sides of some anticline
ridges where mud volcanoes located (Fig. 4).

Fig. 5 shows the sub-bottom profile of a mud volcano
along the second anticline ridge in the southern part of the
lower slope as well as the topographic features, the location of
the mud volcano is marked in Fig. 2a. The mud volcano has a
hummocky top, with a diameter of about 1.55 km and a height
of 80 m. Acoustic blank zone can be observed beneath the
mud volcano from the sub-bottom profile, denoting the
migration pathways of the materials inside the mud volcano.
As shown in the topographic map, ring-shaped depressions
surround the mud volcano and slump structures occur on the
southern side of the anticline ridge. Wiedicke M et al. (2001)
analyzed mud volcanoes on the deformation front based on
high-resolution seismic data, including the one as shown in
Fig. 6 (its location is marked in Fig. 2a). It is present as a
dome-shaped structure on the topographic map, with a
diameter of about 1.7 km and a height of about 50 m above
normal seafloor. It is present as a coniform structure bulging
from the seafloor on the seismic profile, with the reflection
blank zones denoting migration pathways, which gradually
narrow from bottom to top.

Mud volcanoes are developed along the anticline ridges in
the southern part of the lower slope and the deformation front
of the Makran accretionary prism for the following reasons.
There is provenance coming from the north, and the overlying
sediments on the top of the southern anticline ridges and the
deformation front are thin, thus causing low pressure.
Moreover, the southern thrust faults in the accretionary prism
are strongly active. All these are favorable for the high-
pressure fluids in deep sources to pierce the seafloor surface
to form mud volcanoes.

3.3. Development and distribution characteristics of gas
chimneys

The seismic features of the gas chimneys at different
tectonic locations in the Makran accretionary prism were
analyzed. As a result, three types of typical gas chimneys
were identified (Fig. 7), and they are described as follows.

(i) Gas chimneys in piggyback basins. The gas chimneys
of this type are located in the piggyback basins between the
ridges and are vertically columnar in shape (Fig. 7a).
According to the characteristics such as morphology and
spatial distribution, a gas chimney of this type can be divided
into three parts, namely the root zone, passing area, and apical
zone from bottom to top (Fig. 7ai). (1) The root zone serves as
the initial part for the development of the gas chimney. It is
located in the Middle Miocene and shows the reflection
features of weak-medium amplitude, low frequency, and poor
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Fig. 4. Topographic characteristics of mud volcanoes on the lower slope (location in Fig. 2a).
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Fig. 6. Characteristics of mud volcanoes on the deformation front
(seismic profile after Wiedicke M et al., 2001) (location in Fig. 2a).

continuity on the seismic profile. (2) The passing area is the
main part of the gas chimney. It shows the following
reflection characteristics on the seismic profile. The seismic
event in the lower part feature discontinuity and low
frequency, and the internal seismic event are pulled down,
attributed to the decrease in shear wave velocity in the strata

resulting from the presence of gas-bearing strata. While the
middle and upper parts show chaotic reflection. (3) The apical
zone extends upwards to the seafloor. It shows a weakened
internal amplitude, which is close to blank reflection (Fig.
7aii). BSRs, as well as high-impedance anomalous bodies
with locally increased internal amplitude and large wave
impedance difference, are developed between the apical zone
and the passing area. They are indicated as NGH enriched
areas. Furthermore, mound are formed on the seafloor, which
is possibly owing to the sediment expansion resulting from
NGH formation (Fig. 7ai). Plumes have been observed on the
seafloor areas corresponding to the gas chimneys of this type,
indicating that the gas migrated upwards, and there are
sufficient gas sources.

(i1) Gas chimneys along active anticline ridges. The gas
chimneys of this type are located along active anticline ridges.
They are accompanied with thrust faults, develop on the
hanging wall, and take the shape of nearly vertical column
(Figs. 2b, 7b). According to the characteristics such as
morphology and spatial distribution, a gas chimney of this
type can also be divided into three parts, namely the root
zone, passing area, and apical zone from bottom to top (Fig.
7bi). (1) The root zone is located in the Middle Miocene and
shows the reflection features of weak amplitude, low
frequency, and poor continuity on the seismic profile. (2) The
seismic reflection of the passing area is mainly characterized
by chaotic reflection, with the enhanced amplitude occurring
in local areas of its wings (Fig. 7bii). Furthermore, it is
accompanied by bright spots, indicating the migration of gas-
bearing fluids. The seismic event in the lower part of the
passing area are apparently pulled down, denoting that gas
invasion occurred. (3) The apical zone extends upwards to the
seafloor. It shows chaotic reflection in general, with some
areas exhibiting bright spots with enhanced amplitude,
reversed polarity, and decreased frequency (Fig. 7bi),
indicating the migration of gas-bearing fluids. In addition,
slump structures occurred on the seafloor, pockmarks formed
on the top of the anticline ridges, and blank reflection
presented beneath the pockmarks (Fig. 7bi). All these indicate
that there are NGH in the sedimentary strata and gas leakage
may have occurred.

(iii) Gas chimneys along inactive anticline ridges. The gas
chimneys of this type are located along the inactive anticline
ridges and developed on the hanging wall of the buried
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inactive faults (Fig. 7c). The anticline ridges were formed
early, the faults are not active any longer and covered by
overlying strata. With irregular lower part and large top, the
gas chimney of this type take the shape of mushroom (Fig.
7ci). (1) The root zone is developed in the top of the Lower
Miocene, showing the reflection features of weak-medium

TWT/s
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amplitude, medium frequency, and poor continuity. (2) The
passing area shows chaotic seismic reflection, with bright
spots with enhanced amplitude, reversed polarity, and
decreased frequency occurring in the upper part (Fig. 7ci),
indicating the presence of gas-bearing strata. Furthermore, the
seismic event in the lower part of the passing area are pulled

TWT/s
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Fig. 7. Seismic and instantaneous amplitude profiles of gas chimneys in the Makran accretionary prism.
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down at smaller amplitude compared to the gas chimneys of
the two types mentioned above, which is possibly caused by
low gas content in the gas chimneys or gas leakage. (3) The
apical zone ends in the Holocene. Its top interface are larger
and shows strong amplitude reflection (Fig. 7cii), which is
possible caused by gas enrichment in the top and diffuses
towards both sides. Pipe-like structures for gas effusion are
developed between the top of the gas chimneys and the
seafloor (Fig. 7ci), which can serve as the pathways for gas to
vertically migrate to the seafloor. Meanwhile, pockmarks are
visible on the seafloor corresponding to the gas chimneys,
indicating that gas leakage may have occurred.

In summary, the gas chimneys in the Makran accretionary
prism mainly have the following characteristics. (1) Their
external reflection morphologies are vertically columnar or
irregular or coniform. (2) They are mainly distributed on the
middle slope in the western and central parts of the
accretionary prism and are sparsely distributed in the eastern
part, with different scales. (3) Most of them are located along
the anticline ridges and are accompanied with thrust faults.
(4) They had been active since the Early Miocene, and the gas
chimneys at different tectonic locations started to be active at
different time and penetrated different horizons. (5) Bright
spots shown in the passing areas and the apical zones of the
gas chimneys indicate gas in deep sources migrated upwards
and gas leakage is still currently active.

4. Effects of diapir structure on gas hydrate accumulation

The Oligocene—Middle Miocene hugely-thick under-
compacted argillaceous sediments in deep water serve as the
mud sources for the formation of mud diapirs and mud
volcanoes. Furthermore, they have hydrocarbon-generating
potential, thus assuring that there are sufficient gas sources for
the formation of NGH in the Makran accretionary prism.
BSRs in the accretionary prism mainly developed in the
Pliocene strata and lower part of the Quaternary. The mass-
transport deposits and coarse clastic alluvial fans in the strata
are favorable for the storage and enrichment of NGH.

As can be seen from the seismic data (Figs. 2b, 3, 7) and
planar distribution map (Fig. 8) of the mud diapirs, gas
chimneys, bright spots and BSRs spatially agree well with the
mud diapirs, gas chimneys and bright spots. In terms of planar
distribution, most mud diapirs and gas chimneys have
developed in the areas where BSRs distributed, especially in
the central and western parts. Vertically, BSRs can be clearly
identified on the tops and the peripheries of the mud diapirs
(Figs. 2b, 3) as well as in the upper part of gas chimneys and
its surrounding areas (Fig. 7) in general. The bright spots with
strong amplitude presented on the top of the mud diapirs and
gas chimneys, serve as the evidence that there may exist a
small amount of residual free gas. All these fully indicate that
the formation, distribution, and enrichment of NHGs are
caused by and corresponding to the structures such as the mud
diapir, mud volcano and gas chimney. As can also be
observed from the seismic profile, BSRs are not interrupted

when go through the thrust faults and show good continuity
(Fig. 2b). Meanwhile, a number of bright spots are shown in
the lower slope of the central and western parts of the Makran
accretionary prism, indicating the thrust faults also provide
good pathways for gas migration. The gas will accumulate in
a suitable environment after migrating to shallow strata. In
this way, NGH are formed.

Despite featuring few accompanied faults, the mud diapirs
with low arching amplitude and weak-medium activity energy
still have some micro-fissures and fractures, which serve as
the pathways for gas to migrate upwards. The mud diapirs
with high arching amplitude and medium-strong activity
energy are very favorable for the formation of NGH, since
their arching process will usually cause faults and fractures to
be formed in the overlying strata and surrounding rocks. The
mud diapirs along with the accompanied faults and fractures
constitute favorable pathways through which the gas in deep
sources migrate upwards to the Gas Hydrate Stability Zone
(GHSZ). Meanwhile, the arching process of the mud diapirs
will lead to the deformation of the overlying strata, thus
changing the local hydrodynamic conditions and creating a
suitable environment for fluid drainage (Lee MW et al., 1994;
Sha ZB et al., 2005). Furthermore, local thermal effects
inducing from the development of mud diapirs provides a
good condition for the production of biogenic gas, which
serves as a significant gas source for the formation of NGH
(Rice DD and Claypool GE, 1981; Luan XW, 2009). The
NGH reservoirs in the Makran accretionary prism have
mainly developed in Pliocene and Quaternary, which are
bathyal-abyssal argillaceous sediments and turbidites
sediments. The reservoirs consisting of argillaceous sediments
feature poor physical properties. However, the faults and
cracks formed inside the mud diapirs and their surrounding
rocks during the development of the mud diapirs can
effectively improve the porosity and permeability of the
strata, thus providing accumulation space for hydrate. In this
way, the fracture filling type hydrate can be formed.

As indicated by the hydrate accumulation models and
relevant drilling data all through the world (Ginsburg GD et
al., 1999; Milkov AV, 2000; Milkov AV and Sassen R, 2002),
hydrate tends to form around mud volcanoes owing to rapid
cooling of gas during the migration of gas from deep sources
towards shallow strata. Therefore, the hydrate in the mud
volcanoes are mostly distributed in ring shapes around the
mud volcanoes. Wiedicke M et al. (2001) found that the
methane concentrations in the sediments from the mud
volcanoes and their vicinity on the deformation front are up to
40000 ng/g, indicating sufficient gas sources in the Makran
accretionary prism. Plumes were observed in five out of ten
mud volcanoes found in the study area. This indicates that the
heat flow anomalies resulting from the migration and eruption
of the materials inside the mud volcanoes destroyed the
GHSZ and led to NGH dissociation. As a result, the methane
was released into waters and thus plumes were formed. After
the eruption, the thermal effect caused by mud volcanoes
disappeared gradually and the temperature and pressure field
were restored to the normal levels. Then the methane migrates
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to the GHSZ once again through the pathways inside the mud
volcanoes and then accumulates around mud volcanoes. The
periodic activities consisting of eruption and dormancy of the
mud volcanoes cause the hydrate formed to be in a dynamic
equilibrium state composed of generation-dissociation-
regeneration. The slump structures occur on seaward sides of
some anticline ridges where mud volcanoes located can serve
as suitable sites for hydrate accumulation, while they may
also be formed from the dissociation of gas hydrate (Zhang
GX et al., 2006; Kong L et al., 2018; Shi YH et al., 2019).
Further research is required to determine the effects of slump
structures in various parts of the Makran accretionary prism
on hydrate.

Affected by two stages of compression and nappe in
Paleocene and Middle Miocene —Pliocene (Platt JP et al.,
1988), the fault structures inside the Makran accretionary
prism were active. These destroyed the sealing pressure inside
the Oligocene—Middle Miocene mudstones and prompted the
gas in deep sources to migrate upwards along the faults or the
weak tectonic zones subject to super pressure. As a result, the
gas chimneys were formed. The root zones of the gas
chimneys serve as the initial parts for pressure release of
superpressured gas in deep sources. Then the gas migrates
upwards along the pathways inside the gas chimneys, during
which both pressure and temperature gradually decline and
the gas accumulates in the upper parts of the gas chimneys.
When the gas saturation reaches a certain level, the bright
spots denoting strong amplitude occur on the seismic profile.
Normal faults had developed in shallow strata since Late
Pliocene (Grando G and McClay K, 2007), and the gas
migrates into the GHSZ such as the flanks of gas chimneys or
overlying favorable reservoirs in shallow strata through the
fault system or by means of seepage. In this way, the hydrate
are formed and accumulate, and may lead to the development
of mounds on the seafloor (Liu B et al., 2020).

The direct function of the mud diapirs and mud volcanoes
as migration pathways is to have provided high-flux methane
(Liu J et al., 2015). Plumes are visible on the multiple seafloor
areas corresponding to the mud diapirs, mud volcanoes and
gas chimneys in the Makran accretionary prism. This
indicates that the methane content is very high in these areas
and a certain scale of gas effusion has occurred on the
seafloor. Fischer D et al. (2013) calculated the depth of SMT
(sulphate/methane transition) at two stations near the mud
volcanoes on the deformation front, which is 1.3 m and 4.7 m,
respectively. The shallow SMT also indicates high methane
flux and sufficient gas sources in the Makran accretionary
prism. According to comprehensive analysis, the Makran
accretionary prism enjoys considerable NGH resources
potential. Meanwhile, the surrounding areas of the tops of
mud diapirs and mud volcanoes, as well as the upper part of
gas chimneys and its surrounding areas, are potential hydrate
enrichment areas.

5. Discussion on hydrate accumulation model

A series of imbricate thrust faults, mud diapirs, mud
volcanoes, and gas chimneys that are widely developed in the

Makran accretionary prism constitute the main pathways for
gas migration. They control the formation, accumulation, and
distribution of NGH. In the accretionary prism, the mud
diapirs are increasingly distributed from offshore areas toward
onshore areas. They are mainly distributed on the middle
slope in the central and western parts and on the upper slope
in the eastern part. The mud diapirs distributed on the middle
slope in the central and western parts agree well with BSRs.
The mud volcanoes are mainly concentrated along the
southern anticline ridges of the lower slope and the
deformation front. The gas chimneys are mainly distributed
on the middle slope in the central and western parts. Most of
them are accompanied with thrust faults or developed in the
weak tectonic zones induced by faults, thus providing a good
discharge system for the gas in deep parts to migrate upwards.

Based on the aforementioned analysis, the mud diapirs
and gas chimneys on the middle slope have significant effects
on the formation and accumulation of hydrate, and develop
mud diapir/gas chimney type hydrate. Meanwhile, mud
volcano type hydrate develop on the south lower slope and the
deformation front. Gong JM et al. (2018a) analyzed and
concluded that the stepped accretionary prism type hydrate
developed in the central and northern parts of the lower slope.

In this paper, the mud diapir/gas chimney type hydrate
accumulation model and the mud volcano type hydrate
accumulation model in Makran accretionary prism were
primarily established. (1) The mud diapir/gas chimney type
hydrate accumulation model on the middle slope (Fig. 9a).
The mud diapir and gas chimney structures developing along
the anticline ridges and the piggyback basins, as well as the
faults or tectonic fissures in shallow strata, jointly constitute a
good discharge system, which helps gas to migrate from deep
sources to the GHSZ, and then NGH are formed. BSRs
feature good continuity in the upper parts of the structures and
their surrounding areas. Furthermore, in corresponding
seafloor areas, pockmark/slump structures may be formed
owing to gas leakage or mound may develop due to the
sediment expansion resulting from NGH formation. (2) The
mud volcano type hydrate accumulation model on the south
lower slope and the deformation front (Fig. 9b). As for the
mud volcanoes accompanied with active thrust faults along
the anticline ridges and the mud volcanoes developing in the
comparatively flat deformation front, their internal materials
constitute the pathways for the gas to migrate, which is
favorable for the gas in deep sources to migrate upwards to
shallow strata. Since high-heat flow inside the mud volcanoes
has adverse effects on the accumulation of hydrate to some
extent, BSRs in the upper parts of the mud volcanoes are
“interrupted” by the migration pathways. Therefore, hydrate
are mainly distributed around the mud volcanoes. The gas
migrates to the seafloor through faults or fissures in shallow
strata, and plumes are formed.

As can be seen from the distribution map of mud diapirs,
gas chimneys, bright spots, and BSRs in the Makran
accretionary prism in Fig. 8, BSRs are widely distributed on
the middle slope and lower slope in the central and western
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parts. Meanwhile on the middle slope, BSRs comfortably
correspond to the mud diapirs, gas chimneys and bright spots.
In the central and northern parts of the lower slope, imbricate
thrust faults provide favorable tectonic discharge conditions
for the formation and accumulation of hydrate. And in the
southern part of the lower slope and the deformation front,
mud volcanoes have positive effects on the formation and
accumulation of hydrate. According to the comprehensive
analysis of development and distribution characteristics of the
mud diapirs, mud volcanoes, gas chimneys, bright spots, and
thrust faults, as well as the distribution of BSRs and plumes
[based on internal expedition data and survey data from a
German expedition (Bohrmann G et al., 2008)], the middle
slope, lower slope, and deformation front in the central and
western parts of the Makran accretionary prism are considered
to be the prospect area of NGH.

6. Conclusions

(i) Two types of mud diapirs have developed in the

Makran accretionary prism, namely the ones with low arching
amplitude and weak-medium activity energy and the ones
with high arching amplitude and medium-strong activity
energy. The mud diapirs increase from offshore areas toward
onshore areas, while the ones favorable for the formation of
NGH are mainly distributed on the middle slope in the central
and western parts of the accretionary prism.

(i) Ten mud volcanoes that are favorable for the
formation of hydrate in the Makran accretionary prism are
mainly concentrated along the anticline ridges in the southern
part of the lower slope (the ridges of Nos. 1-3) and the
deformation front.

(iii) Three types of gas chimneys have developed in the
Makran accretionary prism, which are located in piggyback
basins, active anticlines, and inactive anticlines, respectively.
They are mainly distributed on the middle slope in the central
and western parts of the accretionary prism and are mostly
accompanied with thrust faults. The gas chimneys located at
different tectonic locations have different development
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characteristics and started to be active at different time and
pierced different horizons.

(iv) The mud diapirs, mud volcanoes, and gas chimneys
and their accompanied thrust faults serve as the main
migration pathways of gas, and thus are the important
controlling factors for the formation, accumulation, and
distribution of NGH in the Makran accretionary prism. The
tops and the peripheries of mud diapirs and mud volcanoes, as
well as the upper parts of gas chimneys and the areas near the
upper parts, are potential hydrate enrichment areas.

(v) The mud diapirs/gas chimneys type hydrate develop
on the middle slope, the mud volcanoes type hydrate develop
in the southern part of the lower slope and the deformation
front, and the stepped accretionary prism type hydrate develop
in the central and northern parts of the lower slope. Therefore,
the middle slope, lower slope and deformation front in the
central and western parts of the Makran accretionary prism
jointly constitute the NGH prospect area.
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