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ABSTRACT

Based on seismic reflection profiles and multi-beam bathymetric data, a large
submarine landslide named Fangliao Slide is mapped for the first time off SW Tai-
wan. The Fangliao Slide occurred on the continental slope to the west of the Fangliao
Canyon at water depths between 420 and 900 m. The seafloor of the Fangliao Slide
has a gentle slope angle (~1 - 2°). The landslide covers an area of ~15 km length and
~10 km width and a volume of ~26 km?®. The headwall of the landslide has ~30 m ver-
tical offset at the southern flank of mud diapir MD7-1, and the sidewalls are bounded
by fault A in the west and faults C and D in the east. The sliding area is composed
of five bathymetric terraces, indicating that the slope failures have occurred several
times. The Fangliao Slide can be divided into an upper domain and a lower domain,
separated at the water depth of ~600 m where the gas hydrate off SW Taiwan be-
comes dissociate. The initial slope failure of the Fangliao Slide was probably linked
to mud diapirism of MD7-1 and the slope failure in the lower domain was probably
augmented by the gas hydrate dissociation. The seafloor morphology in the lower

domain is therefore more corrugated than in the upper domain.

1. INTRODUCTION

Submarine landslides occur frequently in both pas-
sive continental margins and active margins (Hampton et al.
1996; Wynn et al. 2000; Mienert et al. 2002; Korup et al.
2007; Twichell et al. 2009; Cukur et al. 2016). Submarine
landslides have been studied extensively because they are
important geohazards and can jeopardize the submarine in-
frastructures, such as offshore drilling platforms or subma-
rine telecommunication cables, and can even trigger disas-
trous tsunamis (Bondevik et al. 2005; Hornbach et al. 2007,
2008; Hsu et al. 2008; Tappin et al. 2014; Li et al. 2015).
Thick sedimentary deposits and inclined seafloor are com-
monly geological conditions favorable for submarine land-
slides (Hampton et al. 1996). The preconditioning factors of
slope failure are associated with high environmental stresses
(e.g., earthquakes, folds and submarine canyon fan systems)
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(Hampton et al. 1996) and overpressure in sedimentary lay-
ers due to rapid sedimentation and gas generation (Micallef
et al. 2009; Urlaub et al. 2015; Cukur et al. 2016). Thus,
gas hydrate dissociation could play an important role on
generating slope failures (Mclver 1982; Mienert et al. 2002;
Horozal et al. 2017), as was hypothesized in the case of the
Storegga Slide off Norway (Bunz et al. 2003; Berndt et al.
2005; Mienert et al. 2005; Brown et al. 2006; Micallef et al.
2009), the Cape Fear Slide off SE U. S. (Popenoe et al. 1993;
Schmuck and Paull 1993), the Blake Ridge Collapse off SE
U. S. (Booth et al. 1994; Dillon et al. 1998), the Humboldt
Slide off California U. S. (Gardner et al. 1999; Yun et al.
1999), and the Gulf of Cadiz slides off SW Spain (Baraza et
al. 1999). In the Storegga Slide, the area of gas hydrate dis-
sociation is near the headwall of the slide and numerous fluid
escape features were observed in the vicinity of the northern
sidewall. It suggests that the Storegga Slide is closely related
to gas hydrate dissociation (Berndt et al. 2005; Mienert et al.
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2005). However, the morphology of Storegga Slide shows a
retrogressive slide mechanism (Kvalstad et al. 2005). Kval-
stad et al. (2005) pointed out the initial triggering of the
Storegga Slide was caused by the high excess pore pressure
due to rapid sedimentation and earthquakes; the retrogres-
sive upslope spreading of the slide was associated with the
strain softening of marine clay. In the Gulf of Cadiz slides
off SW Spain, gassy sediments and pockmarks covering
more than 240 km? were observed and frequent earthquake
activities have been recorded. The triggering of the Gulf of
Cadiz slides was due to the presence of steep slope (7°) in the
upper slope, earthquakes and the presence of gas within sedi-
ments (Baraza et al. 1999). Leynaud et al. (2017) indicated
the escarpment of 40 m high of the Gulf of Cadiz Slides was
triggered by high-amplitude earthquakes or by accumulated
displacement along a tectonic discontinuity. Overall, a slope
failure is generally not triggered by only one factor but by a
combination of several factors.

The seafloor slope is a crucial factor for submarine
landslides (Hampton et al. 1996). A steep slope facilitates
sediments to move downslope. However, submarine land-
slides may occur at a low slope angle (even less than 1°)
(Kvalstad et al. 2005; Urlaub et al. 2015), especially when
a landslide area is affected by gas hydrate dissociation and
earthquakes. For example, the Storegga Slide has an average
slope of less than 0.6° and most of the area the slopes are less
than 0.4° (Kvalstad et al. 2005). In the Gulf of Cadiz slides
the slope angles range from 0.5 - 1.5° (Baraza et al. 1999).

The active continental margin off SW Taiwan is char-
acterized by accretionary wedges, numerous submarine
canyons across the continental slope (Liu et al. 1997,2004),
a few kilometers thick sedimentary deposits (Lin et al.
2009; Hsu et al. 2013a), numerous active mud diapirs and
mud volcanoes, and gas seeps (Sun and Liu 1993; Liu et al.
1997; Chiu et al. 2006; Chen et al. 2010, 2014; Hsu et al.
2013b, 2018). A disastrous tsunami hitting the coastal area
of southwest Taiwan in 1781 was reported (Chen 1830; Hsu
1983). The origin of the 1781 tsunami was considered to be
a submarine landslide in the offshore area of southwest Tai-
wan (Li et al. 2015). In 2006, several submarine landslides
triggered by the Pingtung earthquake have induced turbid-
ity currents off southwest Taiwan and destroyed several
submarine telecommunication cables off SW Taiwan (Hsu
et al. 2008). Likewise, small-scale submarine landslides
were identified on the basis of bathymetric and geophysi-
cal data in the offshore area of southwest Taiwan (Liu et
al. 2004; Hsu et al. 2008; Wu 2008; Chen et al. 2012; Yeh
et al. 2015). However, due to a lack of detailed and high-
resolution marine geophysical data, a holistic understanding
of the slope failure mechanism of the submarine landslides
off SW Taiwan is still poor.

In this paper, we use new multi-beam bathymetry and
high-resolution multi-channel seismic reflection (MCS)
data to reveal a large-scale submarine landslide in the Ka-

oping slope area and to discuss the possible mechanisms of
the slope failures.

2. GEOLOGICAL BACKGROUND

The continental margin off SW Taiwan is situated in
the area where the plate convergence between the Eurasian
Plate and the Philippine Sea Plate changes from a subduction
to an incipient collision and uplift of the Taiwan mountain
belt (Ho 1986; Teng 1990; Reed et al. 1992; Liu et al. 1997,
2004; Ku and Hsu 2009) (Fig. 1). The deformation front (DF)
is the northward continuation of the Manila Trench and sep-
arates the fold-and-thrust structures of the active accretion-
ary wedge to the east from the horst-and-graben structures of
the passive South China Sea (SCS) continental margin to the
west (Fig. 1). The accretionary wedge off SW Taiwan can
be further divided into the upper and lower slope domains,
separated by a major thrust (MT) (Fig. 1) (Reed et al. 1992;
Liu et al. 1997, 2006; Lin et al. 2009). The lower slope do-
main is characterized by a series of anticlinal ridges due to
active thrusting and folding, and shows ridges and sedimen-
tary basins topography. In contrast, the upper slope domain
shows relatively smooth seafloor but is characterized by the
steeply dipping beds and chaotic seismic structures (Liu et
al. 2006; Lin et al. 2009). Thus, the tectonics of the lower
slope domain is more active, though gas venting, mud volca-
noes and diapiric structures exist in the upper slope domain
(Sun and Liu 1993; Chiu et al. 2006; Chen et al. 2010, 2014,
Hsu et al. 2013a, b).

The Kaoping Canyon (KC) and Fangliao Canyon (FC)
are two major submarine canyons in the upper slope domain
off SW Taiwan (Fig. 1). The Fangliao Canyon cuts the shelf
edge and its channel is constrained by mud diapirs (Fig. 1)
(Hsu et al. 2013a; Chen et al. 2014; Doo et al. 2015). Con-
necting to the Kaoping River in SW Taiwan (Fig. 1), the Ka-
oping submarine canyon is a main sediment dispersal sys-
tem; lots of sediments have been transported to the offshore
area of SW Taiwan (Huh et al. 2009; Yu et al. 2009). Based
on MCS (multi-channel seismic reflection) profiles, there is
a wide distribution of BSR (Bottom Simulating Reflector
due to the reverse acoustic impedance) in the offshore area
of SW Taiwan, suggesting enormous gas hydrate deposits
may exist beneath the seabed off SW Taiwan (Fig. 1) (Liu
et al. 2006; Chen et al. 2014).

3.DATASETS AND METHODS

Multi-beam bathymetric data were collected onboard
R/V OR2 in 2010 by using the Atlas MDS50 echo sounder op-
erated at a frequency of 50 kHz. The Kongsberg EM710 and
EM302 multi-beam echo sounders onboard M/V POLARIS,
operated at frequencies of 76 - 100 kHz and 26 - 34 kHz,
were also used for the surveys in 2011. All the data were
processed and compiled with the softwares CARAIBES and
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GMT, respectively. The grid resolution of multi-beam ba-
thymetric data is 20 m.

In this study, we use ten MCS profiles with a total
length of ~200 km for the structural interpretation (Fig. 2).
The MCS profiles were collected with a high-resolution
multi-channel seismic system in 2009, 2012, and 2013.
Among all the profiles, MCS1009, MCS1030, and MCS2-
1616 have a total length of ~175 km and were collected by
using 48, 24, and 12 channels with streamer lengths of 600,
150, and 75 m, respectively. The MGL0908 profile used in
this study has a length of ~25 km and was collected by using
468 channels with a streamer length of 6000 m onboard R/V
Marcus G. Langseth. All the MCS profiles were processed
with a PROMAX interactive seismic processing software.
Data processing included trace editing, geometry setup,
band-pass filtering, amplitude compensation, predictive de-
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convolution, spiking noise removal, velocity analysis, nor-
mal move-out correction (NMO), stacking, water velocity
F-K time migration and water column mute. Seismic data
acquisition specifications at different cruises are shown in
Table 1. Here we only display the seismic profiles shown
in Fig. 3.

4. RESULTS

Based on the MCS profiles and multi-beam bathymetric
data, we have identified a large submarine landslide named
“Fangliao Slide” together with five main normal faults A
to E, surrounding the sliding area (Figs. 3 and 4). So far,
the Fangliao Slide is the largest submarine landslide ever
found off SW Taiwan. The Fanglaio Slide is bounded by
the Fangliao Canyon in the west and is distributed at water
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Fig. 1. Tectonic feature, bathymetry and related structures off SW Taiwan. Upper panel shows the regional topography and tectonic features. The
deformation front (DF) separates the passive continental margin in the west and active accretionary wedge in the east. The major thrust (MT) sepa-
rates the lower slope and upper slope of the accretionary wedge. The solid boxes indicate our study area. The distribution of the bottom simulating
reflector (BSR) of Liu et al. (2006) is shown by the color scale. MBSF: meters below seafloor.
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Table 1. The seismic data acquisition specifications of the different seismic survey systems used

in this study.
MCS cruise MGL0908 MCS1009 MCS1030 MCS2-1616
Acquisition vessel R/V Marcus G. Langseth ~ R/V OR1 R/V OR1 R/V OR2
Source 40 air guns array 2 air guns 1 GI-gun 1 GI-gun
Source volumes (cu. in.) 6000 550 420 90
Shot interval (m) 50 25 25 25
Streamer length (m) 6000 600 150 75
No. channels 468 48 24 12
Channel interval (m) 12.5 12.5 6.25 6.25
Main frequency (Hz) 40 (4 - 128) 100 (8 - 200) 125 (16 - 400) 125 (16 - 400)
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depths from 420 - 900 m (Figs. 3 and 4). With the exception
of fault E that is related to the slumping along the western
flank of the Fangliao Canyon, that faults (A to D) act as the
boundaries of the Fangliao Slide.

4.1 Fangliao Slide

The Fangliao Slide generally shows a listric bottom
with a sliding trend toward south. The headwall of the slide
has about 30 m vertical offset and is located at the southern
flank of mud diapir MD7-1 (Fig. 3). The sidewalls coin-
cide with fault A in the west and faults C and D in the east,
respectively (Fig. 4). The sliding has created five seafloor
terraces (I - V) (Figs. 3 - 5). The boundaries between of
the terraces are roughly along the bathymetric contours of
500, 600, 670, and 800 m, respectively (Fig. 4). Based on
the seafloor roughness, the Fangliao Slide can be divided
into an upper domain and a lower domain, separated by the
water depth of ~600 m (Figs. 3 - 5).

The upper domain contains terraces I and II and has a
relatively smooth bathymetry with a gentle slope of ~1°, a
length of ~6 km and a width of ~6 km (Figs. 3 and 5). Based
on MCS profile MCS1009-7, the vertical transect of the up-
per domain is characterized by a wedge shape, bounded by
fault A in the west and fault C in the east (Figs. 3 and 6).
The upper domain covers an area of ~37 km? and comprises
a slide volume of ~7 km?. The lower domain consists of
terraces 111, IV, and V and has a corrugated seafloor with a
steeper slope of ~2°, a length of ~9 km and a width of 6.3 -
10 km (Figs. 3 and 5). The results indicate that the creeping
of slope failure in the lower domain is more active than the
upper domain. The lower domain covers an area of ~79 km?
and a slide volume of ~19 km®. The difference between the
upper and lower domains suggests that the Fangliao Slide
had several events of sliding. In total, the sliding area is es-
timated to be ~15 km long and 6 - 10 km wide (area of
~116 km?) and the slide volume is about 26 km?®.

4.2 Boundary Faults

As mentioned previously, five main normal faults
(faults A, B, C, D, and E) are identified around the Fan-
gliao Slide. Faults A to D bound the Fangliao Slide
(Figs. 3, 4, 6 - 10). Fault A has a length of ~19 km
and is located along the east side of mud diapir MDS5
(Figs. 3, 6 - 10). The occurrence of fault A was probably
due to the MDS5 diapirism. The ~5.3 km long fault B cor-
responds to the headwall of the slide and is located at the
southern flank of mud diapir MD7-1 (Figs. 3, 4, 10). The
arc-shaped fault C has a total length of ~11.5 km. North
of ~22°6.12°’N, fault C coincides with the eastern bound-
ary of the Fangliao Slide (Figs. 3, 4, and 6), while south
of ~22°6.12°N fault C is located inside of the sliding area
(Figs. 3, 4, and 8). Fault D has a length of ~8 km and is

located at the western flank of Fangliao Canyon. Fault
D is distributed to the south of 22°6.12°N and coincides
with the eastern boundary of the lower domain of the slide
(Figs. 3,4, and 8). Fault E is outside the Fangliao Slide area
and is associated with the lateral slumping of the western
flank of the Fangliao Canyon (Figs. 3, 6, and 8).

Fault A and fault C have obviously morphological
features (Fig. 4). The bathymetric lineaments are continu-
ous at seafloor even in the rapid sedimentation rates of
0.7-4.5mm yr' (Lin et al. 2014) environment off southwest
Taiwan. It indicates that the faults are active in an active
mud diapirism area. Based on seismic profile MCS1009-7,
active fault C is dipping westward and a clear scarp exists
at seafloor (Fig. 6).

5. DISCUSSION
5.1 Slope Failure Due To Mud Diapirism

As mentioned previously, the headwall of the Fangliao
Slide is located at the southern flank of mud diapir MD7-1
where the sedimentary strata dip downslope (Figs. 3 and 10).
The headwall marked by fault B connects the basal sliding
surface of the Fangliao Slide (Fig. 10). Based on the seismic
structures, fault B was probably induced by the uplift of mud
diapir MD7-1 (Fig. 10). The western boundary of the Fan-
gliao Slide is along fault A and is also along the eastern flank
of MDS5 (Figs. 3,6 - 9). We suggest that fault A was induced
by the mud diapirism of MDS5. The uplift of MDS5 caused
the onlap stratigraphy and normal fault A along the eastern
flank of the diapir. Normal faults associated with diapiric
structures are quite common (Tvedt et al. 2016). Therefore,
the sliding of the Fangliao Slide is likely to have been initi-
ated by the activity of mud diapirism.

5.2 Slope Failure Due To Dissociation of Gas Hydrate

The dissociation of gas hydrate releases 150 - 180 times
its volume in natural gas and 0.8 times its volume in water
(Kvenvolden 1998), which leads to high excess pore pressure
(overpressure) in sedimentary layer and can lower sediment
shear strength. The dissociated gases thus can induce slope
failures in continental slopes (Mclver 1982). In addition, the
landward migration of the free gas beneath the base of gas
hydrate stability zone (BGHS) may reduce the stability of
the overlying sediment mass due to excess pore pressure (Li
et al. 2016). Thus, either the dissociation of gas hydrate or
the upward migration of the free gas beneath the BGHS can
weaken sediment strength and increase slope instability.

In the west of the Fangliao Slide lower domain, BSRs
are distributed beneath the western side of mud diapiric
ridge MD5 (Figs. 8 and 10). Several high amplitude reflec-
tions beneath the slope failure plane in the lower domain are
observed (Fig. 9). The high amplitude reflections display
an acoustically reversed polarity relative to the seafloor,
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suggesting that the onlap structures have trapped free gas
(Audemard and Serrano 2001; Liu et al. 2006). The gas
hydrate equilibrium curve in the offshore area of SW Tai-
wan indicates that the water depth of ~600 m could be a
minimum pressure to enable the gas hydrate formation (Hsu
et al. 2018). Because the water depth ~600 m is also the
boundary between the upper and lower domains of the Fan-
gliao Slide (Figs. 3 - 5), the lower domain may be further
affected by the gas hydrate dissociation. As mentioned pre-
viously, the seafloor morphology of the lower domain of
the Fangliao Slide is different from the upper domain. Thus,
the dissociated or free gas could be involved in the slump-
ing or slope failure in the lower domain and caused a more
rugged seafloor morphology and steeper slope than in the
upper domain.

The continental slope off SW Taiwan can be divided
into upper Kaoping slope and the lower Kaoping slope,
separated by the Kaoping Canyon (Fig. 1). In the upper
Kaoping slope, the gases emitting out of seabed are char-
acterized by a mixture of thermogenic and biogenic gases
(Yang et al. 2012). The high-temperature thermogenic flu-
ids at depth can migrate upward to shallow strata through
mud diapirs (Chen et al. 2014). Three sites of high heat flow
up to 86 - 106 mW m? were found on tops and flanks of the
mud diapirs near our study area (Shyu et al. 2006) (Fig. 1).
These values are much higher than the average heat flow
~64 mW m? off southwest Taiwan (Shyu et al. 2006), which
implies that the high-temperature fluids have migrated up-
wards due to mud diapirism. In the lower domain, the mud
diapirism of MD5 and MD6 could deliver hot fluids from

depth, thus enhancing the dissociation of gas hydrate, which
in turn would generate excess pore pressure, facilitating a
slope failure. Because the Fangliao Slide has a very low gra-
dient (< 2°), we suggest that the slope failure was related
to excess pore pressure (Kvalstad et al. 2005; Urlaub et al.
2015; Cukur et al. 2016) due to the dissociated or free gas
from the base of BGHS.

However, the high overpressure in sedimentary layers
can be caused not only by dissociated gas and free gas be-
neath BGHS but also by high sedimentation rate (Brown
1990; Hovland et al. 1997; Milkov 2000; Talukder et al.
2007). In the offshore area of SW Taiwan, high sedimenta-
tion rates from 0.7 - 4.5 mm yr' were derived (Lin et al.
2014), which favors the development of mud diapirs (Sun
and Liu 1993; Liu et al. 1997; Chen et al. 2014). We sup-
pose that a high sedimentation rate has also contributed to
the Fangliao Slide.

5.3 Sliding Scenario of the Fangliao Slide

As indicated by the BSR distribution (Fig. 1), the lower
domain of the Fangliao Slide could partly cover a poten-
tial gas hydrate zone, but the upper domain of the Fangliao
Slide does not. The seafloor morphologies, creeping activi-
ties and slope angles of the two domains are different. This
difference indicates that the sliding mechanisms in the two
domains are different. We suggest that mud diapirism and
gas hydrate dissociation are two main factors for the sliding
of the Fangliao Slide (Fig. 11). The mud diapirism of MD7-
1 has probably initiated a major sliding from the headwall.
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The upward migration of the free gas along the sliding sur-
face leads to excess pore pressure may aggravate the slid-
ing. The free gases may come from mud diapirs, dissociated
gas or the free gas beneath the BGHS (Fig. 11). Because
gas hydrate becomes dissociated in the shallow part of the
lower domain, the upward migration of the dissociated gas
and the free gas near water depth of 600 m could cause a
second slope failure in the frontal part of the lower domain
and created the corrugated seafloor morphology. Gas seeps
and gas plumes are widely distributed on tops of the mud
diapirs off SW Taiwan (Fig. 3) (Hsu et al. 2018). Some gas
seeps and gas plumes do exist near the headwall of the Fan-
gliao Slide and in the terrace III (Fig. 3). However, because
earthquakes are quite frequent off SW Taiwan, earthquakes
may also play an important role in triggering the sliding of
the Fangliao Slide.

When was the initial sliding of the Fangliao Slide? Be-
cause the slope failure of the Fangliao Slide could be related
to mud diapirism, the history of the mud diapirism off SW
Taiwan may reveal the timing of the initial sliding. Several
studies indicated that the mud diapirism was caused by the
tectonic compression off SW Taiwan in Pliocene (Sun and
Liu 1993; Liu et al. 1997; Chen et al. 2014). The Xiaoliuchiu
islet located to the north of the Fangliao Slide is a diapiric
structure and has been uplifted above the sea level (Fig. 1)
(Sun and Liu 1993; Liu et al. 1997; Lacombe et al. 2004,
Chen et al. 2014). The Xiaoliuchiu mudstone is the upper
part of the diapiric formation in late Pliocene (Chi 1981)
and major uplifting of the Xiaoliuchiu islet may occurred in
Plio-Pleistocene (Lacombe et al. 2004). Therefore, we sup-
pose that the initial sliding of the Fangliao Slide probably
occurred in Plio-Pleistocene or later.

6. CONCLUSIONS

Based on the MCS profiles and multi-beam bathymet-
ric data, we have identified the Fangliao Slide and five main
normal faults to the west of the Fangliao Canyon. The Fan-
gliao Slide is bounded by faults A, B, C, and D. As fault C is
a continuous and pronounced structure in a high sedimenta-
tion rate setting, fault C and the Fangliao Slide are still ac-
tive. Overall, located at water depths from ~420 - 900 m the
slope of the Fangliao Slide is gentle with an average angle
between ~1° and ~2°. The headwall has ~30 m vertical off-
set and the slide has a total affected area of ~116 km? and
a volume of ~26 km®. The Fangliao Slide has created five
bathymetric terraces and can be divided into two domains,
separated at the water depth of ~600 m. The upper domain
shows relatively smooth seafloor with a gentle slope of ~1°,
while the lower domain is characterized by more corrugated
seafloor morphology with a steeper slope of ~2°. Mud dia-
pirism and gas hydrate dissociation are two main factors for
slope failure of the Fangliao Slide. A mud diapirism could
initiate the landslide and caused the main sliding surface.

The gas hydrate dissociation and the upward migrating free
gases have probably augmented the slope failure in the lower
domain, creating more corrugated bathymetry.
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