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In order to identify the mud diapirs and mud volcanoes off SW Taiwan, we have examined �1500 km
long MCS profiles and related marine geophysical data. Our results show ten quasi-linear mud diapirs,
oriented NNE–SSW to N–S directions. Thirteen mud volcanoes are identified from the multibeam bathy-
metric data. These mud volcanoes generally occur on tops of the diapiric structures. Moreover, the active
mud flow tracks out of mud volcanoes MV1, MV3 and MV6 are observed through the high backscatter
intensity stripes on the sidescan sonar images. The heights of the cone-shaped mud volcanoes range from
65 m to 345 m, and the diameters at base from 680 m to 4100 m. These mud volcanoes have abrupt
slopes between 5.3� and 13.6�, implying the mudflow is active and highly viscous. In contrast, the flat
crests of mud volcanoes are due to relative lower-viscosity flows. The larger cone-shaped mud volcanoes
located at deeper water depths could be related to a longer eruption history. The formation of mud dia-
pirs and volcanoes in the study area are ascribed to the overpressure in sedimentary layers, compres-
sional tectonic forces and gas-bearing fluids. Especially, the gas-bearing fluid plays an important role
in enhancing the intrusion after the diapirism as a large amount of gas expulsions is observed. The mor-
phology of the upper Kaoping Slope is mainly controlled by mud diapiric intrusions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A mud diapir is an intrusive structure characterized by a slowly
upward migrating mass of clay-rich sediment and fluid discharge
(Kopf, 2002). A mud volcano usually occurs above the diapir, as a
result of fluid migration directly along the body of the mud diapir
or through faults (fractures) connected to the mud diapirs (Milkov,
2000; Kopf, 2002). Cone-shaped mud volcanoes with central vents
are common features (Brown, 1990; Kopf, 2002). Mud volcanoes
represent the last manifestation of diapirism (Brown and West-
brook, 1988; Pérez-Belzuz et al., 1997; Kopf, 2002). They are the
most important pathways for methane emission from deep marine
sediments into atmosphere (Dimitrov, 2002, 2003). They have been
studied intensively because they are closely related to the occur-
rence of hydrocarbons (e.g. gas hydrate) and fluid discharge
(mainly methane and CO2), an important component of global
carbon cycles (Milkov, 2000; Kopf, 2002).

Mud volcanism and diapirism are well-known geological phe-
nomena occurring in the areas of ongoing collisional tectonics or
extensional settings. The majority occur in accretionary wedges,
where the main tectonic forces are of compressional, such as in
the Mediterranean Ridge (Limonov et al., 1996; Camerlenghi
et al., 1995; Robertson et al., 1996; Kopf et al., 1998, 2000),
Barbados (Brown and Westbrook, 1988; Sumner and Westbrook,
2001), Gulf of Cádiz (León et al., 2007; Somoza et al., 2003) and
Nankai Trough (Kobayashi et al., 1992; Morita et al., 2004). Some
occurs in extensional provinces, such as in the Black Sea (Krastel
et al., 2003; Limonov et al., 1997) and Southeastern Tyrrhenian
Sea (Gamberi and Rovere, 2010). Some mud diapirs and mud
volcanoes have been linked to both extensive and compressive
contexts, such as in the Western Alboran Sea area (Pérez-Belzuz
et al., 1997; Sautkin et al., 2003; Talukder et al., 2003). In addition
to high overpressure in sedimentary layers due to rapid sedimen-
tation and gas generation (Dimitrov, 2002; Milkov, 2000; Talukder
et al., 2007; Brown, 1990; Hovland and Curzi, 1989; Hovland et al.,
1997), tectonic processes are considered to be the main driving
mechanism for the development of mud diapirism and volcanism
(Milkov, 2000; Talukder et al., 2007; Limonov et al., 1996).

The offshore area of SW Taiwan belongs to an accretionary
wedge setting that is caused by the southeastward subduction
of the Eurasian Plate beneath the Philippine Sea Plate. Many
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submarine mud volcanoes, gas seeps and mud diapirs have been
reported (Fig. 1) (Sun and Liu, 1993; Liu et al., 1997; Huang,
1995; Chang, 1993; Chuang, 2006; Tseng, 2006; Chiu et al., 2006;
Lin et al., 2009; Chen et al., 2010; Hsu et al., 2013a,b). Onland
mud volcanoes have also been documented in southern Taiwan
(Shih, 1967; Yang et al., 2004; Sun et al., 2010). The formation of
mud volcanoes onshore and offshore may be linked (Yeh, 2003;
Yang et al., 2004; Sun et al., 2010). Some submarine diapiric ridges
are also suggested to be structurally correlated with the similar
anticlinal structures in SW Taiwan (Hsieh, 1970; Sun and Liu,
1993; Huang, 1995; Liu et al., 1997; Chuang, 2006). However,
Fig. 1. Tectonic features and bathymetry off SW Taiwan. Inset shows the regional topog
China Sea (SCS) continental margin in the west and active accretionary wedge in the east.
wedge. The different distributions of the mud diapirs or diapiric ridges off SW Taiwan are
the bottom simulating reflector (BSR) (in 20 � 20 grids) is indicated by the color scale. m
due to lack of detailed marine geophysical data, the characteristics
of the submarine structural features, mud volcanoes and diapirs
are still poorly understood in the offshore area of SW Taiwan.

For the past six years, new marine geophysical data have been
collected in the offshore area of SW Taiwan, giving a good oppor-
tunity to better understand the accurate distribution and charac-
ters of the mud diapirs and mud volcanoes. In this paper, we use
the newly collected multibeam bathymetry, multichannel seismic
reflection (MCS) and deep-towed sidescan sonar data to map the
structures of the mud diapirs and mud volcanoes in the offshore
area of SW Taiwan.
raphy and tectonic features. The deformation front (DF) separates the passive South
The major thrust (MT) separates the lower slope and upper slope of the accretionary
plotted for comparison. The dashed box indicates our study area. The distribution of
bsf: meters below seafloor.



S.-C. Chen et al. / Journal of Asian Earth Sciences 92 (2014) 201–214 203
2. Geological background

Our study area is located in the offshore area of SW Taiwan,
where the passive Chinese continental margin in the west
encroaches on the western margin of the Taiwan mountain belt
in the east (Reed et al., 1992; Liu et al., 1997, 2004). In between,
the deformation front (DF) is the northward continuation of the
Manila Trench to Taiwan (Fig. 1). Distinctive fold-and-thrust ridges
occur to the east of the DF, while horst and graben structures occur
to the west of the DF. The accretionary wedge can be divided into
the upper and lower slope domains (Fig. 1) (Reed et al., 1992; Liu
et al., 1997; Lin et al., 2008, 2009). The lower slope domain is char-
acterized by a series of anticlinal ridges related to active thrusting
and folding (Liu et al., 2004; Lin et al., 2008). In contrast, the upper
slope domain is characterized by smooth seafloor topography and
chaotic seismic structures, probably due to deeply dipping beds
and intense deformation (Liu et al., 2006; Lin et al., 2008, 2009).
The lower slope domain is more active in terms of thrusting and
folding; in contrast, the upper slope domain is marked by gas vent-
ing, mud volcanoes and diapiric structures (Sun and Liu, 1993;
Chiu et al., 2006; Chuang, 2006; Chen et al., 2010).
3. Method and data

Multibeam bathymetric data were collected in 2010 by using
the multibeam echo sounder Altas MD50 system operated at a fre-
quency of 50 kHz onboard R/V OR2. The multibeam echo sounder
Kongsberg EM710 and EM302 systems, operated at frequency
ranges 76–100 kHz and 26–34 kHz, also surveyed the mud volcano
area onboard M/V POLARIS in 2011. All the data were post-
processed and displayed with the softwares of CARAIBES and
GMT, respectively.

In this study, we use 39 MCS profiles with a total length of
�1500 km. The MCS profiles were collected with a high-resolution
multichannel seismic data acquisition system during the cruises
MCS-793, MCS-928, MCS2-1616 and MGL-0908 (Fig. 2). Among
the profiles, MCS-793, MCS-928 and MCS2-1616 profiles have a to-
tal length of �1344 km and were collected by using 24, 12 and 12
channels with streamer length of 300 m, 75 m and 75 m were col-
lected onboard R/V OR1, OR1 and OR2 in 2006, 2007 and 2009,
respectively. The MGL-0908 profiles have a total length of
�156 km and were collected in 2009 by using 468 channels with
a streamer length of 6000 m onboard R/V Marcus G. Langseth. All
the MCS profiles were processed by using PROMAX interactive
seismic processing software.

The deep-towed sidescan sonar data were collected onboard
R/V OR1 in 2009. Profiles SBP-Line 1 and Line 8, having a total
length of �22 km, are used in the study (Fig. 3). The towing speed
during the survey was between 2.0–3.0 knots and the tow-fish was
kept at 30–50 m above the seafloor. The sidescan sonar is dual fre-
quency at 120 kHz and 410 kHz. The 120 kHz and 410 kHz modes
provide across-track resolutions of 6.25 cm and 1.9 cm, respec-
tively. The chirp sub-bottom profiler operates at 1–6 kHz, giving
a vertical resolution of 15–25 cm. The position of the tow-fish
was calculated by a layback using the ship’s GPS position, the
bathymetric profile recorded beneath the ship and the bathymetric
profile recorded beneath the tow-fish.
4. Results

Based on the multichannel seismic reflection (MCS) profiles and
multibeam bathymetric data, we have identified ten mud diapir
structures (MD1 to MD10) and thirteen mud volcanoes (MV1 to
MV13) in the study area (Figs. 2 and 3). In general, the mud volca-
noes are distributed on tops of the mud diapirs, implying that the
formation of the mud volcanoes is directly associated with the
mud diapirism.

A bottom simulating reflector (BSR) identified from a seismic
reflection profile is attributed to the presence of gas hydrate above
the BSR in the sedimentary strata or ample free gas accumulated
beneath the BSR (Holbrook et al., 1996; Hyndman and Dallimore,
2001; Liu et al., 2006; Bangs et al., 2005). In our study area, the
BSRs have been identified on MCS profiles MGL-0908-0 and
0908-1A (Figs. 4 and 5). The strong acoustic contrast of the reflec-
tions at the BSR and high-amplitude reflections beneath the BSR
are clearly observed in MCS profile MGL-0908-0 (Fig. 4). It suggests
the presence of gas hydrate above the BSR and/or a free gas accu-
mulation beneath the gas hydrate-bearing sedimentary layer. In
any case, the ample free gas can provide a strong source for the for-
mation of mud diapirs and mud volcanoes off SW Taiwan.

4.1. Mud diapirs

Mud diapirs can be recognized on seismic profile in terms of
acoustically amorphous piercement structures (Sun and Liu,
1993; Liu et al., 1997). The sedimentary strata on both sides of a
mud diapir exhibit onlapping structures due to the uplifting of
the diapir.

We have identified ten mud diapiric structures, MD1 to MD10,
distributed in the near shore area of SW Taiwan (Fig. 2). The distri-
bution of the mud diapirs is somewhat different from the mud dia-
pirs documented in previous studies (Fig. 1). For instance, MD1
extends more northward and reaches the near-shore area; MD2
extends southwestward and does not shift to the south direction;
MD3 consists of two branches of diapiric intrusions; MD4 is
defined for the first time; MD5, MD6 and MD7 are longer.

Our new identified mud diapirs are in NNE–SSW to N–S orien-
tation (Fig. 2). The lengths of the mud diapiric ridges are from 3.9
to 56.5 km and the widths are from 1.6 to 8.3 km. The maximum
length of the mud diapiric ridges are longer than the ones in the
Barbados accretionary complex (Brown and Westbrook, 1988)
and in the Western Alboran Sea (Pérez-Belzuz et al., 1997). Most
of the diapiric structures are covered by a layer of young sedi-
ments, but some have pierced through sediments and are exposed
at the seafloor, such as the Shell-Tomb Ridge and south pinnacle of
diapir MD5, Fangliao Ridge (diapir MD8) and Xiaoliuchiu islet
(diapir MD2) (Figs. 2 and 4–7).

Mud diapir MD1 is located along the eastern flank of the Kaop-
ing (also named Gaoping) Canyon to the south of N22�180 and
along the western flank in the north of N22�180 (Fig. 2). It can be
clearly recognized on the MCS profiles (Figs. 6 and 7). Based on
MCS profile MCS2-1616-1b (Fig. 7), mud diapir MD2 is located at
the eastern flank of the Kaoping Canyon (Figs. 2 and 7). The canyon
course developed along the flank of a diapir or between two
diapirs, indicating that the canyon course is controlled by mud
diapiric intrusions (Chiang and Yu, 2006; Yu et al., 2009). Mud dia-
pirs MD1 and MD2 extend northward to the near shore and could
be structurally correlated with the Fangshan and Pingtung anti-
clines in SW Taiwan, respectively (Fig. 2; Hsieh, 1970; Huang,
1995; Chuang, 2006). The Xiaoliuchiu islet is situated on diapir
MD2 and has been uplifted above the sea level (Sun and Liu,
1993; Liu et al., 1997; Lacombe et al., 2004). The exposed diapiric
mudstone in Xiaoliuchiu islet named as Xiaoliuchiu mudstone is
the upper part of the diapiric formation in late Pliocene (Sun and
Liu, 1993; Chi, 1981). The major uplifting of Xiaoliuchiu islet may
have happened in Plio-Pleistocene due to compressional tectonic
forces (Lacombe et al., 2004).

Compared to the other diapiric structures, the development of
diapir MD3 is more complex. MD3 consists of two branches of the
diapiric structure: MD3-1 and MD3-2 (Figs. 2 and 3). The struc-
ture of MD3-1 is separated from MD3 near mud volcano MV6



Fig. 2. Multibeam bathymetry and related structures of the study area. Ten mud diapirs (gray polygons) and thirteen mud volcanoes (yellow triangles and stars) are
recognized on the basis of the MCS profiles and multibeam bathymetry. Five large mud volcanoes are indicated by yellow stars (diameters of 2800–4100 m). The solid black,
blue, red and green lines are different MCS lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3). The separation of MD3 and MD3-1 is shown in MCS-793-
2 and MCS-793-1 (Fig. 8). In total, 8 mud volcanoes (MV3 to
MV10) have developed on top of mud diapir MD3 (Figs. 2 and
3), demonstrating that MD3 has experienced vigorous fluid flow.
In addition, sedimentary strata on both sides of diapir MD3 are
disturbed and the diapir is almost exposed at the seafloor (cov-
ered only by thin sediments) (Figs. 4 and 5), indicating that
MD3 is still growing.
MD4 is comparatively small. It appears within of the slope basin
(SB2) between MD3 and MD5 (Figs. 2 and 4). It could be a young
intrusion that occurred after the diapirism of MD3 and MD5.
Despite the small area of MD4, it is clearly recognized in the MCS
profile MGL-0908-0 (Fig. 4). The bottom simulating reflector
(BSR) is well developed above MD4 and high-amplitude reflections
are observed beneath the BSR (Fig. 4). It suggests the presence of
gas hydrate above the BSR and free gas accumulation beneath



Fig. 3. The distribution of mud volcanoes and diapirs (see the location in Fig. 2). These mud volcanoes are situated on tops of the mud diapirs. Insets A to J are the detailed
topography of the mud volcanoes. Mud volcanoes MV8, MV11 and MV12 show flat edifice on their crests, while the other mud volcanoes have steep cone-shaped craters. The
location of mud volcanoes MV12 (I) and MV13 (J) are shown in Fig. 2.
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the BSR. The fluid conduit is observed above the diapiric structure
where a BSR is absent (Fig. 4), indicating that the gas comes from
the diapiric structure and migrates upwards to a gas-hydrate–
bearing sedimentary layer.

MD5 is located in the middle of the study area (Fig. 2). MV1,
MV2, MV11 and the Shell-Tomb Ridge have developed from this
diapiric structure (Fig. 3). Several gas seeps and one pockmark
were reported in the northern end of MD5 and MD3 (Fig. 3) (Chen
et al., 2010), also suggesting that the fluid of gas seeps comes from
the diapiric structure. The Shell-Tomb Ridge is one of the diapiric
structures and is exposed at the seafloor as shown in the
MCS-793-2 (Fig. 6). The Shell-Tomb Ridge is characterized by
widely distributed shell fragments and carbonated crust on the
seafloor (Chen et al., 2012). The south pinnacle of MD5 is exposed
at the seafloor (Fig. 4), indicating that the diapir is still active.

MD6 is located between MD5 and MD8 (Fig. 2). Mud volcano
MV13 has developed in the southern part of MD6. MD7 and MD9
are located at the both sides of the Fangliao Canyon head (Fig. 2),
indicating that the development of the canyon course is con-
strained by the diapirs. The morphology of MD8 (Fangliao Ridge)
shows a very steep slope and is one of the diapiric structures
exposed at the seafloor (Fig. 2). The disturbance of sedimentary
strata on the both sides of MD8 (Figs. 4–7) indicates that MD8 is
also active. Mud diapir MD10 is located in the west of the Kaoping



Fig. 4. (A) MCS profile and (B) the interpreted seismic profile of MGL-0908-0. Five mud diapirs are present in this profile. The mud diapirs MD8 (Fangliao Ridge) and MD5
have pierced through thick sediments and are exposed at the seafloor. Diapir MD4 has developed between diapirs MD3 and MD5. BSRs and high amplitude reflections
beneath BSR are clearly observed in this profile. The slope basin SB2 is formed between the structural highs. See the profile location in Fig. 2.
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Canyon (Fig. 2) and extends northward to the near shore. MD10 is
probably inactive because its top is covered by a sedimentary layer
(Fig. 7).

4.2. Mud volcanoes

On the basis of the multibeam bathymetry, 13 mud volcanoes
(MV1 to MV13) are recognized in the study area (Figs. 2 and 3).
These mud volcanoes are situated on tops of mud diapiric struc-
tures. The fluid source for the mud volcanoes probably comes from
the associated diapiric structure and the fluid migrates upward
along fractures to the seafloor.

The mud volcanoes are typically cone-shaped, except that MV6
is more elongated (Fig. 3). The heights of the mud volcanoes range
from 65 m to 345 m and the diameters at base range from 680 m to
4100 m (Fig. 3; Table 1). These mud volcano sizes are quite similar
to other mud volcanoes around the world, such as in the Barbados
Ridge (Brown and Westbrook, 1988), in the Western Alboran Sea
(Pérez-Belzuz et al., 1997), in the Black Sea (Krastel et al., 2003)
and in the Eastern Nankai Trough (Morita et al., 2004). Addition-
ally, the slopes of the mud volcanoes off SW Taiwan range from
5.3� to 13.6�, which are also consistent with the slopes of the
mud volcanoes in the Black Sea (Krastel et al., 2003), in the Wes-
tern Alboran Sea (Pérez-Belzuz et al., 1997) and in the Gulf of Cádiz
(eastern Central Atlantic) (Somoza et al., 2003; León et al., 2007).

Two deep-towed sidescan sonar and sub-bottom profiler
images (SBP-Line 1 and 8), and seismic profiles MCS-928-5 and
MCS-928-8 (Figs. 3, 9 and 10) are used to better understand the
characteristics of the seafloor and sub-seafloor at the area of mud
volcanoes MV1 to MV6. Several gas seeps are identified based on
the sub-bottom profiler images of SBP-Line 1 and Line 8 (Figs. 9
and 10). The stripes of radial high backscatter intensity (light
tones) on the flanks of mud volcanoes MV1, MV3 and MV6 can
be interpreted as mud flows (Figs. 9 and 10). The mud flow indi-
cates active eruptions. In mud volcano MV1, the radial mud flows
edifice is clearly observed on the mosaic image of sidescan sonar
data and by ROV observations (Fig. 11). High backscatter intensity
is also observed on the flank of mud volcano MV2 (Fig. 9), which
could be caused by rough relief of the mud flows. Additionally,
the very high backscatter intensity spot in the center of MV1,
MV2 and MV3 (Figs. 9 and 10) could be interpreted as the area
of fluid and mud emission at the seafloor (Gamberi and Rovere,
2010). Alternatively, the high backscatter intensity in the center
of a mud volcano could be due to a very irregular relief of the crater
and cone (Limonov et al., 1997).

In a cold seep site, the authigenic carbonates, chemosynthetic
communities or gas hydrate may cause rough seafloor. As well,
the high acoustic impedance contrast may increase acoustic back-
scatter intensity of the sidescan sonar image (Orange et al., 2002;
Johnson et al., 2003; Holland et al., 2006; Talukder et al., 2007;
Naudts et al., 2008). Thus, we suggest that the high backscatter
intensity in the south area of MV2 is due to the existence of chemo-
synthetic communities or authigenic carbonates on the seafloor
(Fig. 9).
5. Discussion

5.1. Mud diapirism

We suggest three major mechanisms that generated the diapir-
ism in our study area. Firstly, the overpressure in sedimentary lay-
ers is caused by a rapid sedimentation rate. Secondly, the mud
diapirism is caused by the compressional tectonic forces. Thirdly,
an ample discharge of gas-bearing fluids can increase the mud
buoyancy to facilitate diapiric intrusion.

Mud diapirs are driven by buoyancy forces due to the bulk
density contrast between an overpressured muddy mass and an



Fig. 5. (A) MCS profile and (B) the interpreted seismic profile of MGL-0908-1A. Four mud diapirs are present in this profile. Mud diapir MD8 (Fangliao Ridge) is exposed at the
seafloor. BSRs are clearly observed in this profile. The slope basins SB2 and SB3 are formed between the structural highs. See the profile location in Fig. 2.
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overburden of greater density (Brown, 1990). A rapid sedimenta-
tion rate is believed to be the main reason for overpressure in sed-
imentary layers (Milkov, 2000; Talukder et al., 2007). A rapid
sedimentation rate results from a large amount of sediments from
land, specifically from SW Taiwan which contributes �49 Mt/yr
suspended sediments (Dadson et al., 2003). The large amount of
sediments is attributed to high erosion rates of 3–6 mm/yr, mainly
due to heavy rainfall during frequent typhoons in Taiwan (Dadson
et al., 2003), with an average of four typhoons per year. A large ty-
phoon event can deposit a flood layer of �3–10 cm off SW Taiwan
(Hale et al., 2012), indicating that storms provide a first-order con-
trol on the erosion rate in Taiwan (Dadson et al., 2003). In SW Tai-
wan, the Kaoping River connected to Kaoping submarine canyon is
a main sediment dispersal system, and most of sediments trans-
ported by Kaoping River through Kaoping Canyon are dispersed
to the offshore area of SW Taiwan (Yu et al., 2009; Huh et al.,
2009). In fact, rapid sedimentation rates from 0.7 to 4.5 mm/yr
were estimated on the basis of 14C dating data of foraminifera from
a giant piston core (�35.14 m long) in the accretionary wedge off
SW Taiwan (Lin et al., 2013).

The distribution of these mud diapirs trends NNE–SSW to N–S,
the same orientation as the structural features trends onland Tai-
wan that are formed by the Penglai orogeny in the Pliocene (Bowin
et al., 1978; Ho, 1986; Teng, 1990). We suggest that the mud dia-
pirism is caused by the compressional tectonic forces of the Penglai
orogeny due to the similar orientations of structures onland and
mud diapirs in the offshore.

Gas-charged sediments are regarded as an important factor in the
diapir formation (Hovland and Curzi, 1989). The common presence
of methane in mud volcanoes provides a driving force for hydrogeo-
logic and intrusive systems because of voluminous quantities of
fluid, decreasing mud densities and increasing buoyancy forces in
diapirs (Brown, 1990). Methane is considered to play an important
role in the mechanism of mud diapirism and volcanism (Brown,
1990; Hovland and Curzi, 1989). High methane concentrations have
been observed in the water column above the mud volcanoes



Fig. 6. (A) MCS profile and (B) the interpreted seismic profile of MCS-793-2. Five mud diapirs are present in this profile. Mud diapir MD8 (Fangliao Ridge) and Shell-Tomb
Ridge have pierced through thick sediments and are exposed at the seafloor. The slope basins SB1 and SB3 are formed between the structural highs. See the profile location in
Fig. 2.

Fig. 7. (A) MCS profile and (B) the interpreted seismic profile of MCS2-1616-1b. Eight mud diapirs are present in this profile. The mud diapir MD8 (Fangliao Ridge) has pierced
through thick sediments and is exposed at the seafloor. See the profile location in Fig. 2.
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Fig. 8. The development of the mud diapirs MD3 and MD3-1 in MCS profiles of MCS-793-2 and 793-1. Mud diapirs MD3 and MD3-1 can be identified in MCS-793-2 profile
and developed as isolated diapiric structures northward to MCS-793-1 profile. See the profiles location in Fig. 3.

Table 1
Locations and characteristics of the mud volcanoes in the near shore of SW Taiwan.

Mud volcano Coordinates Water depth Edifice slope Size

Latitude (N) Longitude (E)

MV1 N: 22� 9.49390 E: 120� 23.26670 365 m 9� About 95 m high and 1250 m diameter at base
MV2 N: 22� 9.54330 E: 120� 22.34670 425 m 12� About 600 m wide, 1200 m long and 85 m high
MV3 N: 22� 9.54330 E: 120� 20.28670 465 m 8� About 145 m high and 2000 m diameter
MV4 N: 22� 8.60170 E: 120� 19.40 465 m 10� About 140 m high and 1900 m diameter at base
MV5 N: 22� 8.2470 E: 120� 18.60 430 m 8.6� About 175 m high and 2200 m diameter at base
MV6 N: 22� 7.33960 E: 120� 17.38670 515 m 7.4� About 135 m high, 2900 m long and 1300 m wide
MV7 N: 22� 10.72480 E: 120� 18.93340 540 m 7.2� About 65 m high and 1100 m diameter at base
MV8 N: 22� 9.75940 E: 120� 17.95340 610 m 12.7� About 75 m high and 680 m diameter at base
MV9 N: 22� 4.8890 E: 120� 14.42710 610 m 9.5� About 240 m high and 2800 m diameter at base
MV10 N: 22� 3.5370 E: 120� 15.380 505 m 13.6� About 345 m high and 3300 m diameter at base.
MV11 N: 21� 59.89510 E: 120� 20.420 760 m 10� About 240 m high and 3000 m diameter at base
MV12 N: 21� 49.65270 E: 120� 33.37290 370 m 9.6� About 280 m high and 4100 m diameter at base
MV13 N: 21� 46.9070 E: 120� 24.33560 635 m 5.3� About 115 m high, 4000 m long and 2500 m wide
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(Yang et al., 2011; Hsu et al., 2013b). The gas seeps, gas plumes,
pockmarks and active mud volcanoes have been found, indicating
that gas-bearing fluids are discharged in the study area (Chen
et al., 2010, 2012; Hsu et al., 2013b). The discharge of the gas-bearing
fluids is actively modulated by ocean tides (Hsu et al., 2013b).
Therefore, we propose the gas-charged sediments play an important
role in supporting the diapirism in the study area.

As a result, we suggest that the mechanisms contributing to the
formation of the mud diapirs and mud volcanoes are not only due
to the existence of overpressure layers and tectonic compressional
forces but also due to the gas-bearing fluids in the offshore SW Tai-
wan. The presence of gas-bearing fluids is also indicated in lower
slope domain by the high methane concentrations in both cored
sediments (Chuang et al., 2006, 2010, 2013; Lim et al., 2011) and
water column samples (Yang et al., 2006). However, the lower
slope is characterized by a series of thrusts and folds (Liu et al.,
2004; Lin et al., 2008) in contrast to the mud diapirism and mud
volcanism in the upper slope domain. Widely distributed BSRs
have been observed in the offshore area of SW Taiwan (Liu et al.,
2006), indicating the presence of gas hydrate in sedimentary lay-
ers. In general, the BSRs are distributed at water depths greater
than �600 m, including lower slope and part of upper slope areas
(Fig. 1). In the upper slope domain, the shallow water depth is
unfavorable for the gas hydrate formation. The gas-bearing fluids
migrates upwards to support the mud diapirism and volcanism.
In contrast, in the lower slope domain where gas hydrate stability
conditions are satisfied, the gas-bearing fluids forms gas hydrate in
sediment.
In our study area, the gas source is characterized by a mixture of
thermogenic and biogenic gases (Yang et al., 2012), found in the
Fangliao Ridge (MD8) and in the north end of MD5 areas, implying
the mud diapir is an efficient pathway for the vertical migration of
thermogenic gas fluid from the deeper part of the sedimentary
layers.

5.2. Mud volcano characters

In the study area, the mud volcanoes located on tops of the mud
diapirs. The morphology of mud volcanoes could reflect the evolu-
tion history (Limonov et al., 1997; Krastel et al., 2003). The key fac-
tors are the viscosity of flows and the permeability of feeder
(Krastel et al., 2003). The shape of a mud volcano is closely related
to the viscosity of the flows. The high viscosity of flows causes a
dome-like cone with a steep slope (Shih, 1967; León et al., 2007).
Our results show that the slopes of the mud volcanoes are very
steep (from 5.3� to 13.6�). We suggest that the mud volcanoes
are fed by high-viscosity flows. The 10 mud volcanoes (except
the mud volcanoes MV8, MV11 and MV12) with steep cone-shaped
craters could be produced by higher viscous flows (Fig. 3) (León
et al., 2007). However, 3 mud volcanoes (MV8, MV11 and MV12)
could be fed by relative lower-viscosity flows, resulting in the flat
volcanic edifice on the crest (Fig. 3).

In terms of size, the mud volcanoes MV9–MV13 (diameters of
2800–4100 m) located at deeper water depths are rather large than
the other MV1–MV8 (diameters of 680–2200 m) located at shal-
lower water depths. In general, the fluid migrates gradually from



Fig. 9. (A) Sub-bottom profiler image and (B) sidescan sonar image of SBP-line 1, (C) corresponding seismic reflection profile and (D) the interpreted seismic profile of MCS-
928-8. See the profiles location in Fig. 3. The radial high backscatter intensity stripes (light tones) are observed on the flank of the mud volcano MV1. The high backscatter
intensity is also observed on the flank of mud volcano MV2, south area of mud volcano MV2 and in the center of the volcanoes MV1 and MV2.
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deep to shallow water depths, the mud volcanoes located at deeper
water depths may have formed earlier than the mud volcanoes at
shallower water depths. In this study, we suggest that the large
mud volcanoes could be associated with the longer eruption his-
tory. The large cone-shaped mud volcano is probably related to
high permeability conduits that allow more effusive eruptions
(Krastel et al., 2003). The long eruption history could also be
as one of the reasons to large mud volcano. However, the high
permeability conduit still cannot be excluded as the reason to form
a large mud volcano in the study area.

5.3. Mud diapir controls morphological evolution

The morphology of the upper Kaoping Slope is mainly con-
trolled by the development of mud diapirs. The mud diapiric intru-
sions resulting in a series of structural highs (Figs. 4–7) and three



Fig. 10. (A) Sub-bottom profiler image and (B) sidescan sonar image of SBP-line 8, (C) corresponding seismic reflection profile and (D) the interpreted seismic profile of MCS-
928-5. See the profiles location in Fig. 3. Note the fluid conduits are observed in the MCS profile and the gas seeps also exist in the sub-bottom profiler. The radial high
backscatter intensity stripes (light tones) are observed on the flank of mud volcanoes MV3 and MV6. The high backscatter intensity spot is also observed in the center of mud
volcano MV3.
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slope basins (SB1–SB3; Figs. 2 and 4–6) are formed between the
structural highs. The basins developed are mainly affected by the
competition between uplifting of mud diapirs and sedimentary
processes (Hsu et al., 2013a). The courses of Kaoping Canyon and
Fangliao Canyon are controlled by mud diapiric intrusions. Due
to the uplifting of diapirs the canyon courses are constrained to
develop along the flanks of structural highs. The Kaoping Canyon
located between the mud diapirs MD1 and MD2 in the north of
N22�180, in the west of MD1 between the N22�180 and N22�040,
and in the south ends of MD1, MD3 and MD6 to the south of



Fig. 11. The mud flows out of the mud volcano MV1. (A) The photo of mud flows on the flank of mud volcano MV1 taken by ROV (Chen et al., 2012). (B) Mosaic image of the
deep-towed sidescan sonar data in the mud volcano MV1 area where mud flows edifice is observed.
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N22�040 (Fig. 2). The Fangliao Canyon is an incised valley within
slope basin (SB3) (Fig. 5; Hsu et al., 2013a), indicating that it is
formed after mud diapiric intrusions. The head of Fangliao Canyon
located between the mud diapirs MD7 and MD9 in the north of
MD8 (�N22�090) and the canyon course is shifted to the west of
MD8 to the south of N22�090 due to the obstruction of structural
high MD8 on the course way (Fig. 2). We suggest that the courses
and morphologies of the Kaoping Canyon and Fangliao Canyon are
strongly dominated by mud diapiric intrusions.

6. Conclusions

(1) We have examined �1500 km long MCS profiles off SW Tai-
wan and identified the distribution of the ten mud diapirs
oriented NNE–SSW to N–S.

(2) Most of the diapiric structures are covered by young sedi-
ments, but some have pierced through thick sediments and
are exposed at the seafloor. Examples include the Shell-
Tomb Ridge, the south pinnacle of MD5, the Fangliao Ridge
(MD8) and Xiaoliuchiu islet (MD2). The disturbance of sedi-
mentary strata on both sides and top of the diapiric struc-
tures suggests the diapirism is active. However, MD10 is
probably inactive because the sedimentary strata deposited
above the diapir are undisturbed.

(3) For the first time, 13 mud volcanoes are clearly identified on
the basis of the multibeam bathymetric data in the near
shore area of SW Taiwan. The distribution of the mud volca-
noes is closely associated with the mud diapirs, as they are
located on tops of the diapiric structures. The cone-shaped
mud volcanoes with steep slopes of 5.3–13.6� indicate a vig-
orous upward flux of free gas.

(4) The large cone-shaped mud volcanoes located at deeper
water depths could be related to the longer eruption history.

(5) Except for mud volcanoes MV8, MV11, MV12, most mud vol-
canoes show steep cone-shaped craters that are attributed to
higher viscous flows. Mud volcanoes MV8, MV11, MV12
could be fed by relatively low viscosity flows because of
the flat edifice on the crest. The mud flows on the flank of
mud volcanoes MV1, MV3 and MV6 are characterized by
radial high backscatter intensity on the sidescan sonar
images.

(6) The formation of mud diapirs and mud volcanoes off SW Tai-
wan can be controlled by three factors: (i) the overpressure
in sedimentary layers, caused by rapid sedimentation rates;
(ii) the mud diapirism, triggered by the convergent stress
between the Philippine Sea Plate and the Eurasian Plate;
and (iii) the upward migration of the gas-bearing fluids with
decreasing mud densities and increasing buoyancy forces.

(7) The morphology of the upper Kaoping Slope is mainly con-
trolled by mud diapiric intrusions. The slope basins are
formed between structural highs (mud diapirs). The courses
of Kaoping Canyon and Fangliao Canyon have developed
along the flanks of a diapir or between diapirs.
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