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Abstract
High-resolution bathymetry collected with an autonomous underwater vehicle (AUV) along the flanks of three ridges of the
accretionary prism offshore southwestern (SW) Taiwan revealed more than 650 elongated depressions in water depths ranging
from 1155 to 1420 m. The depressions are between 12 and 129 m long, 5 to 70 m wide, and up 9 m deep at their center and
shallowing downslope to about 1-m depth. Due to their shape in downslope cross section, they are termed comet-shaped
depressions (CSD). The CSD occur in patches of more than 100 with densities of 53 to 98 CSD/km2. In addition, seven
topographic mounds were mapped and interpreted as pingos, which remotely operate vehicle (ROV) observations and sampling
show to be covered with authigenic carbonate. These features overlie areas where multichannel seismic reflection (MCS) profiles
show bottom simulating reflectors (BSR) and dipping strata extending from below the BSR to near the seafloor. We consider
comet-shaped depression, a new type of pockmark, forms on a sloping seafloor where fluids expulsion occurred. We also suggest
that the two types of distinctive geomorphic features are attributed to fluid venting which occurs at different rates, with the
mounds developing slowly over time, but the CSD forming in discrete events perhaps associated with large earthquakes.

Introduction

Fluid expulsion at the seafloor could release large volumes of
methane, influence submarine slope stability, and even accel-
erate global warming (e.g., Berndt et al. 2014; Evans et al.
1996; Cochonat et al. 2002). Several distinctive types of sea-
floor morphological features are commonly associated with
fluid escape and are widely distributed along continental mar-
gins, such as pockmarks (Hovland 2002), mud volcanoes
(Dimitrov 2002), and submarine pingos (Paull et al. 2008).
The role fluid migration plays in generating these morpholog-
ical features is increasingly gaining attention, in part because
such morphologies are helpful for identifying and

understanding potential geohazard issues. The advent of near
seafloor survey tools, such as deep-towed cameras, autono-
mous underwater vehicles (AUV), and remotely operate vehi-
cles (ROV), enable the visualization of deep-sea micromor-
phology, provide new evidence of relatively small-scale fluid
seepage structures in modern marine sediments, and improve
the understanding of the underlying processes (e.g., Caress
et al. 2008; Paull et al. 2008, Paull et al. 2015; Wynn et al.
2014).

Evidence for fluid seepage exists offshore southwestern
(SW) Taiwan in the form of mud volcanoes, pockmarks,
authigenic carbonate build-ups, and chemosynthetic biologi-
cal communities containing bacteria mats and vesicomyid
clams (Chen et al. 2010; Huang et al. 2011). In addition, mul-
tichannel seismic reflection (MCS) profiles show strong and
widely distributed bottom simulating reflectors (BSR) (Chi
et al. 1998; Liu et al. 2006). The presence of BSR suggests
that free gas and gas hydrates exist in the subsurface. The
occurrence of elevated methane concentrations measured
within near seafloor sediments and in bottom waters is com-
monly reported offshore SW Taiwan (Chuang et al. 2006;
Yang et al. 2006), suggesting that methane is seeping out of
underlying methane-rich zones. However, some methane
anomalies in sediment and water column samples occur in
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locations where no distinctive seafloor features are observed
by ship-borne geophysical surveys (Liu et al. 2006; Chuang
et al. 2006, 2010). In addition, high-resolution surveys suit-
able for identifying small morphological features associated
with seepage at accretionary wedge are rare. Thus, the distri-
bution of seafloor seepage and their relation to fluid flow
pathways remain unclear along accretionary wedges offshore
of SW Taiwan.

In 2013 and 2017, AUV surveys (~ 1-m lateral resolution
seafloor data) were conducted over three ridges: Good
Weather Ridge (GWR), South Yung-An East Ridge (SYER),
and Four-Way Closure Ridge (FWCR) in the accretionary
prism offshore SW Taiwan (Figs. 1 and 2). Mini-ROV dives
were also conducted to provide ground truths visual images of
features identified in AUV surveys. MCS profile data are used
to outline the underlying structure in the study area. We aim to
(1) identify and delineate seepage-related seafloor features and
(2) discuss the formation of these seafloor seepage features. A
conceptual model is presented that attribute the comet-shaped
morphology to seafloor seepage which occurs on a sloping
seafloor.

Geological background

Taiwan is located at a convergent tectonic boundary between
the Eurasian Plate and the Philippine Sea Plate (Ho 1986;
Huang et al. 1997; Teng 1990). The area offshore SW
Taiwan is an incipient collision zone where the accretionary
wedge is encroaching on the passive China continental margin
(Fig. 1) (Liu et al. 1997; Liu et al. 2004). The accretionary
wedge is characterized by a series of ridges formed by folds
and thrusts (Liu et al. 1997; Liu et al. 2004; Lin et al. 2008).
The accretionary wedge is considered to be a fluid expulsion
prone region and is known to host pockmarks, mud volcanoes,
fluid seeps, and authigenic carbonates (Fig. 1) (Klaucke et al.
2016; Lin et al. 2006; Lin et al. 2009; Schnürle et al. 2011).
Evans and Fischer (2012) suggest that fluid may migrate
along dipping permeable strata within the fold-and-thrust
structures. In addition, the steepness of the slopes on the flanks
of these ridges (3° to 15°; Lin et al. 2008) and frequent pow-
erful earthquakes in the arc-continent collision belt (e.g., Lin
et al. 2015) make the flanks of these ridges susceptible to slope
failure.

The uplift associated with the actively forming fold and
thrust topography and erosion has enhanced the morphologic
relief in the region, between Penghu and Kaoping (aka
Gaoping) submarine canyons (Fig. 1). According to Yu and
Hong (2006), submarine canyons in this study area started
forming during the Pliocene. In addition, Penghu and
Kaoping Canyons are considered to be tectonically controlled
(Liu et al. 1993; Yu and Hong 2006; Chiang and Yu 2006).
While the canyons are major pathways for sediment transport

from the upper slope to the basin leaving sediment (Lin et al.
2008, Lin et al. 2014), the troughs between the accretionary
ridges (Fig. 1) are slowly accumulating sediment.

Methods and data

AUV surveys

A mapping AUV developed by the Monterey Bay
Aquarium Research Institute (MBARI) conducted four di-
ves of up to 16-h duration to survey three ridges within
the central part of the accretionary wedge in 2013 and
2017. The AUV carried a multibeam sonar (200 kHz in
2013 and 400 kHz in 2017), a chirp side-scan sonar with
110 kHz center frequency, and a 1–6-kHz chirp sub-
bottom profiler. The AUV was navigated using a
Doppler Velocity Logger and an inertial navigation sys-
tem (Caress et al. 2008). The AUV was programmed to
travel at 3 knots while maintaining an altitude of 50 m
above the seafloor and with ~ 150 m line spacing to pro-
vide overlapping multibeam swaths. Multibeam data and
side-scan sonar images were processed to 1-m grid reso-
lution bathymetry using MB-System (Caress and Chayes
1996; Caress et al. 2008). Chirp data with 10-cm vertical
resolution were interpreted using the IHS Kingdom
Software. Slope and aspect maps have been generated to
reveal the small-scale morphologic features and to help
quantify their shapes (Fig. 3a; Table 1). Two survey lines
in the GWR area, initially conducted in 2013, were re-
peated in 2017.

ROV observations and sampling

Several dives of MBARI’s mini-ROV were conducted at sea-
floor sites in May 2017 to provide visual ground truth for the
AUV surveys and to collect samples using a manipulator arm
and push cores. In this study, we present results from mini-
ROV dive 97 at the SYER site. In total, 3-h of video observa-
tion of the seafloor, two partly lithified rock or crust samples,
one biological sample, and four push cores were collected on a
mound in 1240-m water depth. Subsamples of the lithified
rock or crust samples were analyzed by Accelerator Mass
Spectrometry for 14C content by Beta Analytic Radiocarbon
Dating Laboratory, Miami, Florida.

Multichannel seismic profiles

MCS profiles were collected by the R/V Ocean Researcher
I in 2017. All MCS data were recorded by a 108-channel,
1350-m long streamer. The seismic source used is a three-
airgun array with a total volume of 505 cubic inches, firing
at 25 m shot spacing. The seismic data processing flows
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include SEG-D data input, trace editing, defining geome-
try, bandpass filtering, amplitude compensation, normal
moveout correction, CMP stacking, and time migration.

All the data were processed using the ProMAX seismic
data processing software, and then input into the
Kingdom Software for interpretation.

Fig. 1 Regional bathymetric map
of offshore SW Taiwan with gray
hues compiled from surface ship
data (100-m grid). Contour
interval is 100 m. Boxes indicate
areas covered with AUV surveys
which are also shown with the
same color scales as in Fig. 2.
AUV surveys were conducted in
the northwestern corner of the
Good Weather Ridge (GWR),
northeastern of the South Yung-
An East Ridge (SYER), and the
whole area of the Four-Way
Closure Ridge (FWCR). Brown
dotted lines show centers of sedi-
ment filled troughs. An inset map
on the lower right corner shows
the locations of the study area, the
deformation front (DF), Kaoping
submarine canyon (KPC), and
Penghu submarine canyon (PHC)
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Fig. 2 AUV maps in the northwestern corner of the GWR (a), in
northeastern of the SYER (b) and in the FWCR (c). Widely distributed
small-scale depressions can be recognized on the flanks of these ridges.
Pink dotted lines show scarps in the terrace-like cliff. Red circle shows the
location of one patch of rounded shape depressions without a long tail.

The black line shows the locations of the sub-bottom profile in Fig. 6a.
Blue lines show the locations of MCS profiles shown in Figs. 6b and 7.
Boxes indicate area covered in more detail in Figs. 3 and 4. See the
location in Fig. 1
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Results

Regional bathymetry

Regional bathymetry (100-m grid modified from Liu et al.
2004) in this study area shows several distinctive elongate
ridges in 900 and 2000-m water depths trending NE-SW to
N-S between the Penghu and Kaoping Canyons (Fig. 1).
Between these ridges are five flat slope basins that deepen to
the SSE (Fig. 1). The flanks of these ridges are associated with
scarps that slope at up to 15° and frequently form arcuate
embayments that range from ~ 100m tomore than a kilometer
across (Fig. 2).

Comet-shaped depressions

The high-resolution bathymetry (1-m grid) covering portions
of the GWR, SYER, and FWCR (Fig. 1) shows numerous
depressions on their lower flanks in water depths from 1155
to 1420 m (Fig. 2). These depressions range in length from 30
to 70 m, are up to 9 m deep at their center, and become
progressively shallower downslope. In cross section, these
depressions have an asymmetric shape with a long tail
trending downslope, producing a morphology that resembles
a comet. We will use the descriptive name of comet-shaped
depressions (CSD) for the remainder of this text (Fig. 3a).

On the west flank of GWR (Fig. 2a), more than 150 CSD
occur on the otherwise smoothly sloping lower flanks in 1155-
to 1240-m water depths between the steep upper scarp and the
basin floor to the west. One patch of rounded depressions
without a long tail is observed on the comparatively flat sea-
floor in the northeastern side of this AUV map (Fig. 2a). On
both sides of SYER and FWCR (Fig. 2b, c), there are widely
distributed CSD in water depths of 1250 to 1320 m and 1350
to 1420 m, respectively.

The morphologies of the CSD are similar within each patch
and between the three ridges (Table 1). The CSD occur where
the surrounding seafloor slope is between 7° to 10° (Fig. 2).
CSD are not observed on the more-gentle slope on the flat top
ridges or within the sediment filled basins. The CSD are also
restricted to areas where there is some sediment drape
onlapping onto the flanks of the adjacent scarps.

The CSD occur as single entities, characteristically spaced
25 to 160 m apart from each other. Within the patches, their
frequency of occurrence ranges from 58/km2 in FWCR to 98/
km2 in SYER (Table 1). Some small groups of CSD that seem
to be aligned in rows occur where the truncated edges of
dipping bedding planes occur in the near subsurface (Fig.
3b, c).

The morphologic expression of all the CSD is consistent
within and between the three areas. No aureoles or rims are
observed that might suggest deposits of excavated material on
their flanks, but subtle tails extend directly down slope below

some CSD (Fig. 3b, c). In particular, side-scan sonar image
reveals similar backscatter intensity within the CSD patches
(Fig. 4b), suggesting that they are all at similar stages of mor-
phological development.

Circular topographic mounds

The high-resolution bathymetry covering portions of the
GWR, SYER, and FWCR ridges (Fig. 1) also show seven
circular topographic mounds with distinctive rough surface
textures (Fig. 4). On the west side of the GWR, a mound of
25 m in diameter and 14-m relief height is present in 1212-m
water depth near the CSD zone (Fig. 4a). Two mounds about
100 m in diameter in the SYER are not only revealed by high-
resolution seafloor morphology but also show high backscat-
ter intensity on side-scan sonar images (Fig. 4b–d). A large
mound which is 140 m in width, 350 m in length, and 10 m in
height in 1340-mwater depth is observed on top of the FWCR
(Fig. 4e). Side-scan sonar images show water column reflec-
tions above the rim of the largemound, indicative of rising gas
bubbles. Three similar mounds are identified on the north-
western side of the FWCR near where CSD are also observed
(Fig. 4f). Two of these mounds occur within or on the flanks of
CSD depressions (Fig. 4f).

ROV observations show that the mound in the SYER is
largely covered with authigenic carbonate which occurred as
large blocks (Fig. 5a, b). The carbonates appear to have orig-
inally formed as a pavement within the typically seafloor sed-
iment, which has now broken into the blocks. The carbonates
contained cemented clam shells which are inferred to be
vesicomyids (Fig. 5c). Pore water are extracted from push
cores contained elevated sulfide concentrations (S. Lin, per-
sonal communication). Some patches of tubeworms (inferred
to be paraescarpia) are also seen and sampled (Fig. 5d) (S. C.
Chen, personal communication). Both the clams and
tubeworms are characteristic for methane seeps (Kiel 2010).

Measurements of the 14C content in two samples of the
carbonate collected from the mound yielded concentrations
of 1.45 ± 0.04% modern carbon (pMC) and less than
0.44 pMC, which are close to or beyond the detection limit,
respectively. The δ13C values of the same samples are − 39.9
and − 44.3 per mil VPDB, respectively, showing substantial
proportions of methane-derived carbon.

Sub-bottom characteristics

Both the chirp profiles and MCS profiles show that the CSD
occur where the drape of sediments from the trough thin and
lap onto the flanks of the ridges (Fig. 6). The chirp profiles
show little or no sediment drape (< 30 cm) has accumulated
since the CSD formed (Fig. 6a). Moreover, the chirp profiles
do not reveal any older, now buried CSD in the shallow strata.
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Dipping parallel reflections are seen in MCS profiles that
project to near the seafloor where CSD occur (Fig. 6). The
reflections that extend across the BSR pass through zones with
high amplitude reflector packages (HARPs) and terminate
near the seafloor where these CSD occur (Figs. 6b). These
dipping reflections are truncated on both flanks of the anti-
cline. Some small subsurface fractures occur beneath the CSD
on the eastern flank of the SYER (Fig. 6b). In addition, the
MCS profiles show that a chimney structure is present beneath
the mound and extends upward from below the BSR (Fig. 6b).

Subtle differences in two generally similar MCS profiles
crossing the flank of the GWR (Fig. 7) help explain the dis-
tribution of CSD. Slightly dipping HARPs with reversed po-
larity extend to the seafloor where CSD occur (Fig. 7a).
However, the MCS reflection profile (Fig. 7b) shows that
dipping HARPs with reversed polarity do not extend to the
seafloor along the flank of the ridge, but instead to where
circular depressions were mapped on gently sloping seafloor
on the east side of the prominent ridge (Fig. 2a).

Discussion

The formation of seafloor seepage features

Circular topographic mounds

The seven mounds identified in the bathymetry are inferred to
be related to seepage. The large chimney structure (Fig. 6b)
suggests a sub-surface pathway for fluid movement. The ex-
istence of chemosynthetic megafauna from the one sampled

mound shows that seepage is on-going (Fig. 5). Flares have
been reported over other mounds which indicates active seep-
age (Klaucke et al. 2016). The low δ13C values and largely
depleted 14C content of the authigenic carbonate confirm the
presence ofmethane in the seeping fluid and suggest that it has
been occurring for some time.

The occurrence of the distinctly elevated topography asso-
ciated with these mounds needs to be explained. These fea-
tures do not show either the flow textures or presence of ex-
truded material characteristic of mud volcanoes visited on
other mini-ROV dives off Taiwan (Hsu et al. 2017).
Moreover, the pavements of authigenic carbonate indicate a
lateral continuity of the seafloor, which is inconsistent with
these features being erosional remnants or accreted
chemoherms (e.g., Teichert et al. 2005). However, these
mounds are geomorphically similar with mounds from meth-
ane seepage site elsewhere which have been interpreted to be
gas hydrate pingos (Hovland and Svensen 2006; Paull et al.
2008, 2015). Gas hydrate pingos are mostly reaching a height
from 10 to 40 m above the seafloor and 100 m or more in
width (e.g., Paull et al. 2007; Waage et al. 2019). The relief on
the mounds we observed are in water depths of 1212–1340 m
reaching a height of up to 10 m above the seafloor and are up
to 350 m wide. Thus, these mounds are interpreted to be as-
sociated with gas hydrate growth in the near subsurface which
has blistered the seafloor.

Comet-shaped depressions

Widely distributed CSD are recognized on the flanks of these
ridges from ultra-high-resolution bathymetry (Figs. 2 and 3).
To our knowledge, such features have not been reported pre-
viously in gas hydrate system, perhaps because they are too
small to be detected by conventional ship mounted geophys-
ical systems on such high slopes. However, several mecha-
nisms have been proposed for the formation of seafloor

�Fig. 3 a Cross-sections of a CSD. b Aligned CSD along several bedding
outcrops (red arrow). c Perspective view of CSD distribution zone along
several bedding outcrops (red arrow) with contour. Location areas are
indicated in Fig. 2

Table 1 The analysis on the size of CSD

West flank of the
GWR

West flank of the
SYER

East flank of the
SYER

West flank of the
FWCR

East flank of the
FWCR

Numbers of CSD > 151 > 100 > 109 > 169 > 122

Density (number/km2) 72 84.5 98 53 63

Length (m) Avg. 55.8 ± 21.7 47.8 ± 23.9 53.4 ± 22.6 51.6 ± 17.7 45.2 ± 15.2

Max. 115.4 121.6 128.5 115.8 88.7

Min. 12.9 12.1 14.8 23.3 11.9

Width (m) Avg. 25.8 ± 11.0 24.9 ± 11.0 26.6 ± 12.0 25.2 ± 9.6 19.6 ± 7.3

Max. 53.1 66 69.7 58.8 44.8

Min. 6.1 6.7 5.3 7.7 5.8

Depth (m) Avg. 4.7 ± 1.7 4.1 ± 2.0 5.1 ± 1.8 4.4 ± 1.5 3.2 ± 1.4

Max. 9.0 9.4 9.6 9.5 8.1

Min. 1.6 1.2 1.4 1.5 1.0
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Fig. 4 a Morphology and a cross-section of a rough mound on the west
flanks of the GWR show a dome-shaped seafloor feature near the CSD
zone. b AUV side-scan sonar image shows high backscatter intensity
features (blue arrows). c A perspective view of one rough mound in the

SYER. d The locations of mini-ROV survey and sampling sites (yellow
dots) on the mound in the SYER. e A perspective view of a large rough
mound in the FWCR. f A perspective view of three small rough mounds
near CSD zone in the FWCR. See the locations in Figs. 2 and 4b

Fig. 5 Images of the seafloor at the rough mound on SYER mini-ROV
diving site. a Number of broken authigenic carbonates scattered on the
seafloor. b Large blocks of authigenic carbonate on the seafloor. c The

photograph of sample collected from the area where large blocks of
authigenic carbonate are distributed. d Tube worms on the seafloor. See
the location site in Fig. 4d
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depressions including (1) erosion by bottom currents (e.g.,
Hillman et al. 2018; Klaucke et al. 2018; Loncke et al.
2016), (2) slope failures which leave arcuate landslide scars
(e.g., Baeten et al. 2013; Hampton et al. 1996), (3) spring
sapping which recharges the platform fluids by entraining
seawater (e.g., Paull et al. 1990, Paull et al. 1991), and (4)
fluid venting which typically leaves circular depressions com-
monly called pockmarks (e.g., Harrington 1985; Hovland
2002; Judd and Hovland 2007).

No evidence exists for the existence of strong bottom
currents in the areas directly overlying the CSD.
Moreover, bottom current at these water depths would
flow along the contours. However, the elongation of the
CSD consistently trends downslope (Fig. 2b, c), which

is perpendicular to any inferred contour currents flows.
Thus, bottom current is unlikely to be a major factor in
the formation of the CSD.

Another possible mechanism to cause similar seafloor de-
pressions is landslide (Hampton et al. 1996). Several large
scarps occur on the flanks of three ridges (Fig. 2) which have
been interpreted by Klaucke et al. (2016) to be landslide scars,
but the size of the CSD is too small to be identified in his data.
The CSD could be smaller-scale landslides (Baeten et al.
2013). However, why the CDS occur in fields, why they occur
as single entities which are characteristically spaced 25 to
160 m within the fields, why they are so similar to each other,
and where the material went are unclear and not explained by
there being simply small landslides.

Fig. 6 a An AUV chirp sub-bottom profiler crosses the CSD zone in the
SYER. bAMCS profile crosses the CSD zone in the SYER. Locations of
the profiles are shown in Fig. 2b. Red line marks the CSD distributed
zone. Dipping reflections in the chirp profile are indicated by black

arrows. Gray lines indicate some fractures, and black circles show high
amplitude reflector packages (HARPs) above BSR on MCS profile. A
vented blanking zone run across the BSR beneath the rough mound
shows the chimney structure
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Spring sapping also could provide comet-like features.
However, the Florida Escarpment (e.g., Paull et al. 1991, Paull
et al. 2002) which is erosion by spring sapping is limited as the
primary mechanisms by chemical dissolution. Besides, spring
sapping is effective on limestone; it would be ineffective within
the hemipelagic and clastic sediments in the study area.

The potential role of fluid venting on the formation of CSD
should be considered. Fields of pockmarks (e.g., Harrington
1985; Hovland 2002; Paull et al. 2002; Judd and Hovland
2007) characteristically occur in areas where the seafloor slope
is relatively low (e.g., < 1°), and there is a thick Holocene

sediment drape. The main morphological difference between
pockmarks and CSD is the long tail of CSD which are oriented
directly downslope. If material was excavated to form these de-
pressions by fluid venting, it presumably drained down slope as a
suspended sediment cloud, leaving no significant trail of intact
debris. The areas where fields of CSD occur are coincident with
the occurrence of dipping strata form fluid flow conduits
connecting into the subsurface and relatively steep slopes (7° to
10°; Fig. 2). We infer that the CSD is a new type of pockmark
that forms on a sloping seafloor (Fig. 8) instead of the more
common rounded shape pockmarks.

Fig. 7 Two MCS reflection profiles on the west flank of the GWR. The
profile locations are shown in Fig. 2a. High amplitude reflector packages
on the profile are indicated by HARPs label. The location of smooth

sloping seafloor in Fig. 7b is indicated by SSS label. Gray lines indicate
some fractures on the profile

Fig. 8 A conceptual sketch of
pockmarks and comet-shaped de-
pressions (CSD), outlining the
suspected fluid pathways. Fluid
accumulation beneath the seafloor
and blowout vertically from zones
of weakness to form the pock-
mark in the flat region. Instead,
rising fluids along higher perme-
ability layers which are dipping
strata on the flanks of the ridge
and vent on a slope to form the
CSD
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Fig. 9 A conceptual sketch of small-scale seep evolution in anticline and
monocline. a Initial, structural uplift, and landslides occur. b Before CSD
formed, some dipping high-permeability layers exposed near a slope sea-
floor and thin sediment draped. c CSD formed, rising fluids vent on a
slope seafloor to form the CSD during the variation of hydrostatic

pressure event. Dark gray layers indicate the low-permeability layer,
and light gray layers indicate the high-permeability layer. Cyan arrows
show the pathway of fluid along a dipping high-permeability layer. Cyan
area on the top of the ridge indicates the fluid accumulation
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What are the main factors to form CSD in accretionary
ridges?

The fluids seeping onto the seafloor in accretionary wedges
commonly migrate upwards along permeable conduits like
thrust faults (e.g., Evans and Fischer 2012; Judd and
Hovland 2007; Barnes et al. 2010; Klaucke et al. 2016). The
dipping HARPs extend to near the seafloor where CSD field
occur (Figs. 6b and 7a) and are likely associated with high
permeability strata, containing gaseous methane, and serve as
conduits (e.g., Benjamin and Huuse 2017; Wenau and Spiess
2018) which would direct fluids to the areas where CSD
occur.

We infer that the existence of the underlying dipping and
high permeability layers which provide a fluid pathway is an
important factor in the formation of the CSD (e.g., León et al.
2014). This interpretation explains why CSD are not observed
on the ridge tops and one of the northwest-dipping smooth
slopes in GWR, as high permeability layers do not extend
close to the seafloor there (Figs. 2 and 7). That also explains
why some CSD appear to be aligned along the truncated edge
of shallowly buried bedding planes (Fig. 3b, c). However, the
chirp profiles within the CSD fields do not show acoustic
blanking, a common feature of active seepage zones (e.g.,
Papatheodorou et al. 1993; Zitter et al. 2008). Thus, there is
no evidence that gaseous methane is present within the sedi-
ment drape at this time.

When did the gas hydrate pingos and CSD form?

While the available data do not define the formation time
accurately, we suggest that the inferred gas hydrate cored
pingos are still actively growing. The observation of active
chemosynthetic communities and rising gas bubbles in the
large mound of the FWCR indicates that methane-bearing
fluids are still seeping to the seafloor. The growth of up to
14-m high pingos mounds and the occurrence of large blocks
of slowly forming 14C-depleted authigenic carbonate contain-
ing fossilized clams suggest that sustained venting has oc-
curred at these sites (Aloisi et al. 2004; Luff et al. 2005)
(Figs. 4 and 5). Therefore, the pingo mounds may require
thousands if not tens of thousands of years for their formation.

In contrast, we infer that these CSD could be intermittently
active, which appear to have formed sometime in the
Holocene. Firstly, these CSD do not appear to be active be-
cause no flare signals have been detected above them and
there is no acoustic blanking within the adjacent sediment
drapes. In addition, even though there are twelve earthquakes
between magnitude 2.9 and 4.5 occurred between 2013 and
2017, no differences were noted in the bathymetry in the small
area of overlap during the 5-year interval. Secondly, the rather
consistent 4-m depth of the CSD (Table 1) and absence of a
significant sediment drape cover provides some constraint on

their age. Using the lowest sedimentation rate estimate for this
area (0.7 m/kyr; Lin et al. 2014), the maximum age of these
sediment into which the CSD cut is ~ 5.7 kyr. However, the
lack of significant sediment fill suggests a considerably youn-
ger age.

Evolution of CSD

Based on all the observations and data analyses, we propose a
simplified conceptual model to explain the CSD formation on
the sloping flanks of accretionary ridges. Structural deforma-
tion and uplift within the accretionary wedge produce anticli-
nal and monoclinal ridges (Figs. 6b and 7a). The steepening
flanks of these ridges become susceptible for failure. Periodic
large landslides formed the arcuate scarps on the steep sides of
the developing anticlines and monoclines and exposed the
underlying dipping and high permeability layers (Fig. 9a).
With time, hemipelagic sediment gradually accumulates on
the slide scars covering the exposed high permeability con-
duits with a drape lapping onto the lower flank of these ridges
and progressively thin upslope (Fig. 9b). The CSD are simply
pockmarks which developed within the sediment drape on
these steep slopes when fluids vented as a suspended sediment
cloud through the permeable conduits.

The similarity of morphology between CSD within and
between the CSD fields on the three ridges, the limited sedi-
ment fill, and absence of older or buried CSD suggest that they
were all formed within a narrow range in time, indistinguish-
able from being associated with one discrete region-wide
event. However, we cannot eliminate the CSD being a com-
posite of processes which occurred over a century or so. We
cannot rule out that the CSD can be recurrent or are still de-
veloping. In other words, no evidence of earlier cycles sug-
gests an explanation of what those cycles would be.
Therefore, given the limited sediment cover, this would sug-
gest that the latest event occurred sometime in the late
Holocene.

The event presumably involved enhanced flow, perhaps
even vigorous flow, through the underlying permeable con-
duits to excavate the depressions. Such an event would be
driven by region-wide pore pressure variations as it influenced
all three ridges in a similar fashion. Strong compressive stress,
which occurs during large earthquakes (e.g., Lin et al. 2015),
is a mechanism that might produce significant pressure tran-
sients which could cause significant flow through the dipping
horizons (Fig. 9c). Such a flow is inferred to disturb the poorly
consolidated near seafloor sediments which draped over the
truncated edges of these dipping permeable horizons.

Despite Taiwanese historical records that document earth-
quakes less than 200 years, if an extreme shock event is a
trigger, some historical tsunamis induced by earthquakes
could be considered, such as the disastrous tsunami that oc-
curred in Kaohsiung and Pingtung in southern Taiwan at 1781
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AD (Lau et al. 2010). Nevertheless, hitherto, no direct evi-
dence of dating data collecting in the CSD. Therefore, we
expect more observation and dating data for further analyses
to understand what those cycles of intermittently active events
would be.

Conclusions

High-resolution surveys reveal two distinctive types of geo-
morphic features on the flanks of three ridges in the accretion-
ary wedge offshore SW Taiwan. Both are attributed to fluid
venting. One type consists of seven authigenic carbonate cov-
ered mounds interpreted to be gas hydrate cored pingos, fea-
tures observed previously in other methane venting environ-
ments. The other type is represented by more than 650 comet-
shaped depressions (CSD) that exist in water depths ranging
from 1155 to 1420 m and with 50-m average lengths, 24-m
average width, and 4-m average relief. They occur on steeply
sloping ridge flanks with sediment drapes. We infer that CSD
are a type of non-conventional pockmark which could be a
widespread phenomenon in other accretionary ridges where
abundant gases or gas hydrate presents with some high per-
meability layers and dipping fluid pathways exist beneath.
Our data also imply that fields of CSD formed sometime in
the Holocene, potentially in a single event.We suggest that the
fields of CSD may be formed on a sloping seafloor by
dewatering events which occur during powerful earthquakes.

Acknowledgments We would like to thank the crew of the R/V Ocean
Research 1 and the operation teams of theMBARI mapping AUVand the
operation teams of the mini-ROV for their considerable efforts. We thank
IHS Global Inc. Educational/Academic Grant Program for the use of the
Kingdom Software.

Funding information This work was supported by the National Energy
Program’s gas hydrate master project awarded byMinistry of Science and
Technology (MOST 107-3113-M-002-004) and the David and Lucile
Packard Foundation and the Graduate Students Study Abroad Program
(MOST 107-2917-I-002-009). In this study, the foundational research
database from the past 12 years was supported byGas hydrate exploration
program conducted by the Central Geological Survey (CGS).

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Aloisi G,WallmannK, Haese RR, Saliege JF (2004) Chemical, biological
and hydrological controls on the 14C content of cold seep carbonate
crusts: numerical modeling and implications for convection at cold

seeps. Chemical Geology 213:359–383. https://doi.org/10.1016/j.
chemgeo.2004.07.008

Baeten NJ, Laberg JS, Forwick M, Vorren TO, Vanneste M, Forsberg CF,
Kvalstad TJ, Ivanov M (2013) Morphology and origin of smaller-
scale mass movements on the continental slope off northern
Norway. Geomorphology 187:122–134. https://doi.org/10.1016/j.
geomorph.2013.01.008

Barnes PM, Lamarche G, Bialas J, Henrys S, Pecher I, Netzeband GL,
Greinert J, Mountjoy JJ, Pedley K, Crutchley G (2010) Tectonic and
geological framework for gas hydrates and cold seeps on the
Hikurangi subduction margin, New Zealand. Marine Geology 272:
26–48. https://doi.org/10.1016/j.margeo.2009.03.012

Benjamin UK, Huuse M (2017) Seafloor and buried mounds on the
western slope of the Niger Delta. Marine and Petroleum Geology
83:158–173. https://doi.org/10.1016/j.marpetgeo.2017.02.023

Berndt C, Feseker T, Treude T, Krastel S, Liebetrau V, Niemann H,
Bertics VJ, Dumke I, Dünnbier K, Ferré B (2014) Temporal con-
straints on hydrate-controlled methane seepage off Svalbard. Sci.
343:284–287. https://doi.org/10.1126/science.1246298

Caress DW, Chayes DN (1996) Improved processing of Hydrosweep DS
multibeam data on the R/V Maurice Ewing. Marine Geophysical
Researches 18:631–650. https://doi.org/10.1007/BF00313878

Caress DW, Thomas H, Kirkwood WJ, McEwen R, Henthorn R, Clague
DA, Paull CK, Paduan J, Maier KL (2008) High-resolution
multibeam, sidescan, and subbottom surveys using the MBARI
AUV D. Allan B. In: Marine habitat mapping technology for
Alaska, pp 47–69. https://doi.org/10.4027/mhmta.2008.04

Chen SC, Hsu SK, Tsai CH, Ku CY, Yeh YC, Wang Y (2010) Gas
seepage, pockmarks and mud volcanoes in the near shore of SW
Taiwan. Marine Geophysical Researches 31:133–147. https://doi.
org/10.1007/s11001-010-9097-6

Chi WC, Reed DL, Liu CS, Lundberg N (1998) Distribution of the
bottom-simulating reflector in the offshore Taiwan collision zone.
Terrestrial, Atmospheric and Oceanic Sciences 9:779–794. https://
doi.org/10.3319/TAO.1998.9.4.779(TAICRUST

Chiang CS, Yu HS (2006) Morphotectonics and incision of the Kaoping
submarine canyon, SW Taiwan orogenic wedge. Geomo. 80:199–
213. https://doi.org/10.1016/j.geomorph.2006.02.008

Chuang PC, Yang TF, Lin S, Lee H, Lan TF, Hong W, Liu C, Chen J,
Wang Y (2006) Extremely high methane concentration in bottom
water and cored sediments from offshore southwestern Taiwan.
Terrestrial, Atmospheric and Oceanic Sciences 17:903–920.
https://doi.org/10.3319/TAO.2006.17.4.903(GH

Chuang PC, Yang TF, Hong WL, Lin S, Sun CH, Lin ATS, Chen JC,
Wang Y, Chung SH (2010) Estimation of methane flux offshore SW
Taiwan and the influence of tectonics on gas hydrate accumulation.
Geofluids. 10:497–510. https://doi.org/10.1111/j.1468-8123.2010.
00313.x

Cochonat P, Cadet JP, Lallemant SJ, Mazzotti S, Nouze H, Fouchet C,
Foucher JP (2002) Slope instabilities and gravity processes in fluid
migration and tectonically active environment in the eastern Nankai
accretionary wedge (KAIKO-Tokai'96 cruise). Marine Geology
187:193–202. https://doi.org/10.1016/S0025-3227(02)00266-9

Dimitrov LI (2002) Mud volcanoes - the most important pathway for
degassing deeply buried sediments. Earth Science Reviews 59:49–
76. https://doi.org/10.1016/S0012-8252(02)00069-7

Evans D, King EL, Kenyon NH, Brett C, Wallis D (1996) Evidence for
long-term instability in the Storegga Slide region off western
Norway. Marine Geology 130:281–292. https://doi.org/10.1016/
0025-3227(95)00135-2

Evans MA, Fischer MP (2012) On the distribution of fluids in folds: a
review of controlling factors and processes. Journal of Structural
Geology 44:2–24. https://doi.org/10.1016/j.jsg.2012.08.003

Hampton MA, Lee HJ, Locat J (1996) Submarine landslides. Reviews of
Geophysics 34:33–59. https://doi.org/10.1029/95RG03287

Geo-Mar Lett

https://doi.org/10.1016/j.chemgeo.2004.07.008
https://doi.org/10.1016/j.chemgeo.2004.07.008
https://doi.org/10.1016/j.geomorph.2013.01.008
https://doi.org/10.1016/j.geomorph.2013.01.008
https://doi.org/10.1016/j.margeo.2009.03.012
https://doi.org/10.1016/j.marpetgeo.2017.02.023
https://doi.org/10.1126/science.1246298
https://doi.org/10.1007/BF00313878
https://doi.org/10.4027/mhmta.2008.04
https://doi.org/10.1007/s11001-010-9097-6
https://doi.org/10.1007/s11001-010-9097-6
https://doi.org/10.3319/TAO.1998.9.4.779(TAICRUST
https://doi.org/10.3319/TAO.1998.9.4.779(TAICRUST
https://doi.org/10.1016/j.geomorph.2006.02.008
https://doi.org/10.3319/TAO.2006.17.4.903(GH
https://doi.org/10.1111/j.1468-8123.2010.00313.x
https://doi.org/10.1111/j.1468-8123.2010.00313.x
https://doi.org/10.1016/S0025-3227(02)00266-9
https://doi.org/10.1016/S0012-8252(02)00069-7
https://doi.org/10.1016/0025-3227(95)00135-2
https://doi.org/10.1016/0025-3227(95)00135-2
https://doi.org/10.1016/j.jsg.2012.08.003
https://doi.org/10.1029/95RG03287


Harrington P (1985) Formation of pockmarks by pore-water escape. Geo-
Marine Letters 5:193–197. https://doi.org/10.1007/BF02281638

Hillman JIT, Klaucke I, Pecher IA, Gorman AR, Schneider von Deimling
J, Bialas J (2018) The influence of submarine currents associated
with the subtropical front upon seafloor depressionmorphologies on
the eastern passive margin of South Island, New Zealand. New Zeal
J Geol Geop 61:112–125. https://doi.org/10.1080/00288306.2018.
1434801

Ho C (1986) A synthesis of the geologic evolution of Taiwan.
Tectonophysics 125:1–16. https://doi.org/10.1016/0040-1951(86)
90004-1

Hovland M (2002) On the self-sealing nature of marine seeps.
Continental Shelf Research 22:2387–2394. https://doi.org/10.1016/
S0278-4343(02)00063-8

Hovland M, Svensen H (2006) Submarine pingoes: indicators of shallow
gas hydrates in a pockmark at Nyegga, Norwegian Sea. Marine
Geology 228:15–23. https://doi.org/10.1016/j.margeo.2005.12.005

Hsu, H.H., Chen, T.T., Liu, C.S., Su, C.C., Paull, C.K., Caress, D.W.,
Gwiazda, R., Chen, Y.H. (2017) High-resolution seafloor observa-
tions of an active mud volcano offshore SW Taiwan-results of a
repeated survey after four years, AGUFM. doi: https://doi.org/10.
30069/MM.201209.0007

Huang CY, Wu WY, Chang CP, Tsao S, Yuan PB, Lin CW, Xia KY
(1997) Tectonic evolution of accretionary prism in the arc-
continent collision terrane of Taiwan. Tectp. 281:31–51. https://
doi.org/10.1016/S0040-1951(97)00157-1

Huang, K.M., S., L., Lim, Y.C. (2011) Application of towed camera
system (TowCam) in deep ocean exploration Taiwan. Proceedings
of the 33rd Ocean Engineering Conference, Taiwan. doi: https://doi.
org/10.1117/12.7971336, 1966

Judd AG, Hovland M (2007) The contexts of seabed fluid flow. In:
Seabed fluid flow: the impact on geology, biology, and the marine
environment. Cambridge University Press, New York, pp 98–106

Kiel S (2010) The vent and seep biota: aspects from microbes to ecosys-
tems. Springer, Heidelberg. https://doi.org/10.1007/978-90-481-
9572-5

Klaucke I, Berndt C, Crutchley G, Chi W-C, Lin S, Muff S (2016) Fluid
venting and seepage at accretionary ridges: the four way closure
ridge offshore SW Taiwan. Geo-Marine Letters 36:165–174.
https://doi.org/10.1007/s00367-015-0431-5

Klaucke I, Sarkar S, Bialas J, Berndt C, Dannowski A, Dumke I, Hillman
J, Koch S, Nodder SD, Papenberg C, Schneider von Deimling J
(2018) Giant depressions on the Chatham Rise offshore New
Zealand – morphology, structure and possible relation to fluid ex-
pulsion and bottom currents. Marine Geology 399:158–169. https://
doi.org/10.1016/j.margeo.2018.02.011

Lau AYA, Switzer AD, DomineyHowes D, Aitchison J, Zong Y (2010)
Written records of historical tsunamis in the northeastern South
China Sea-challenges associated with developing a new integrated
database. Nat Hazard Earth Syst Sci 10:1793–1806. https://doi.org/
10.5194/nhess-10-1793-2010

León R, Somoza L, Medialdea T, González FJ, Gimenez-Moreno CJ,
Pérez-López R (2014) Pockmarks on either side of the Strait of
Gibraltar: formation from overpressured shallow contourite gas res-
ervoirs and internal wave action during the last glacial sea-level
lowstand? GML 34:131–151

Lin AT, Liu CS, Lin CC, Schnurle P, Chen GY, Liao WZ, Teng LS,
Chuang HJ, Wu MS (2008) Tectonic features associated with the
overriding of an accretionary wedge on top of a rifted continental
margin: an example from Taiwan. Marine Geology 255:186–203.
https://doi.org/10.1016/j.margeo.2008.10.002

Lin CC, Lin ATS, Liu CS, Chen GY, Liao WZ, Schnurle P (2009)
Geological controls on BSR occurrences in the incipient arc-
continent collision zone off Southwest Taiwan. Mar Petrol Geol
26:1118–1131. https://doi.org/10.1016/j.marpetgeo.2008.11.002

Lin CC, Lin ATS, Liu CS, Horng CS, Chen GY,Wang Y (2014) Canyon-
infilling and gas hydrate occurrences in the frontal fold of the off-
shore accretionary wedge off southern Taiwan. Marine Geophysical
Researches 35:21–35. https://doi.org/10.1007/s11001-013-9203-7

Lin J, WuW, Lo C (2015) Megathrust earthquake potential of the Manila
subduction system: revealed by the seismic moment tensor element
Mrr. Terrestrial, Atmospheric and Oceanic Sciences 26(6):619–630.
https://doi.org/10.3319/TAO.2013.04.29.01(TC

Lin S, Hsieh W, Lim YC, Yang TF, Liu C, Wang Y (2006) Methane
migration and its influence on sulfate reduction in the Good
Weather Ridge region, South China Sea continental margin sedi-
ments. Terrestrial, Atmospheric and Oceanic Sciences 17:883–902.
https://doi.org/10.3319/TAO.2006.17.4.883(GH

Liu CS, Lundberg N, Reed DL, Huang YL (1993) Morphological and
seismic characteristics of the Kaoping Submarine Canyon. Marine
Geology 111:93–108

Liu CS, Huang IL, Teng LS (1997) Structural features off southwestern
Taiwan. Marine Geology 137:305–319. https://doi.org/10.1016/
S0025-3227(96)00093-X

Liu CS, Deffontaines B, Lu CY, Lallemand S (2004) Deformation pat-
terns of an accretionary wedge in the transition zone from subduc-
tion to collision offshore southwestern Taiwan. Marine Geophysical
Researches 25:123–137. https://doi.org/10.1007/s11001-005-0738-
0

Liu CS, Schnürle P, Wang YS, Chung SH, Chen SC, Hsiuan TH (2006)
Distribution and characters of gas hydrate offshore of southwestern
Taiwan. Terrestrial, Atmospheric and Oceanic Sciences 17:615–
644. https://doi.org/10.3319/TAO.2006.17.4.615(GH

Loncke L, Maillard A, Basile C, Roest W, Bayon G, Gaullier V, Pattier F,
de Lépinay MM, Grall C, Droz L, Marsset P, Giresse JC, Caprais C,
Cathalot D, Graindorge A, Heuret JF, Lebrun S, Bermell B,
Marcaillou C, Sotin B, Hebert M, Patriat MA, Bassetti C, Tallobre
R, Buscail X, de Madron D, Bourrin F (2016) Structure of the
demerara passive-transformmargin and associated sedimentary pro-
cesses. In: Initial results from the IGUANES cruise, vol 431.
Geological Society, London, pp 179–197. https://doi.org/10.1144/
SP431.7

Luff R, Greinert J, Wallmann K, Klaucke I, Suess E (2005) Simulation of
long-term feedbacks from authigenic carbonate crust formation at
cold vent sites. Chemical Geology 216:157–174. https://doi.org/10.
1016/j.chemgeo.2004.11.002

Papatheodorou G, Hasiotis T, Ferentinos G (1993) Gas-charged sedi-
ments in the Aegean and Ionian Seas, Greece. Marine Geology
112:171–184. https://doi.org/10.1016/0025-3227(93)90167-T

Paull CK, Spiess FN, Curray JR, Twichell DC (1990) Origin of Florida
Canyon and the role of spring sapping on the formation of subma-
rine box canyons. Geological Society of America Bulletin 102:502–
515. https://doi.org/10.1130/0016-7606(1990)102%3C0502:
OOFCAT%3E2.3.CO;2

Paull C, Chanton J, Martens C, Fullagar P, Neumann A, Coston J (1991)
Seawater circulation through the flank of the Florida platform: evi-
dence and implications. Marine Geology 102:265–279. https://doi.
org/10.1016/0025-3227(91)90011-R

Paull CK, UsslerW, Dallimore SR, Blasco SM, Lorenson TD,Melling H,
Medioli BE, Nixon FM, McLaughlin FA (2007) Origin of pingo-
like features on the Beaufort Sea shelf and their possible relationship
to decomposing methane gas hydrates. Geophysical Research
Letters 34:L01603. https://doi.org/10.1029/2006GL027977

Paull CK, Normark WR, Ussler W, Caress DW, Keaten R (2008)
Association among active seafloor deformation, mound formation,
and gas hydrate growth and accumulation within the seafloor of the
SantaMonica Basin, offshore California. Marine Geology 250:258–
275. https://doi.org/10.1016/j.margeo.2008.01.011

Paull CK, Caress DW, Thomas H, Lundsten E, Anderson K, Gwiazda R,
Riedel M, McGann M, Herguera JC (2015) Seafloor geomorphic
manifestations of gas venting and shallow subbottom gas hydrate

Geo-Mar Lett

https://doi.org/10.1007/BF02281638
https://doi.org/10.1080/00288306.2018.1434801
https://doi.org/10.1080/00288306.2018.1434801
https://doi.org/10.1016/0040-1951(86)90004-1
https://doi.org/10.1016/0040-1951(86)90004-1
https://doi.org/10.1016/S0278-4343(02)00063-8
https://doi.org/10.1016/S0278-4343(02)00063-8
https://doi.org/10.1016/j.margeo.2005.12.005
https://doi.org/10.30069/MM.201209.0007
https://doi.org/10.30069/MM.201209.0007
https://doi.org/10.1016/S0040-1951(97)00157-1
https://doi.org/10.1016/S0040-1951(97)00157-1
https://doi.org/10.1117/12.7971336
https://doi.org/10.1117/12.7971336
https://doi.org/10.1007/978-90-481-9572-5
https://doi.org/10.1007/978-90-481-9572-5
https://doi.org/10.1007/s00367-015-0431-5
https://doi.org/10.1016/j.margeo.2018.02.011
https://doi.org/10.1016/j.margeo.2018.02.011
https://doi.org/10.5194/nhess-10-1793-2010
https://doi.org/10.5194/nhess-10-1793-2010
https://doi.org/10.1016/j.margeo.2008.10.002
https://doi.org/10.1016/j.marpetgeo.2008.11.002
https://doi.org/10.1007/s11001-013-9203-7
https://doi.org/10.3319/TAO.2013.04.29.01(TC
https://doi.org/10.3319/TAO.2006.17.4.883(GH
https://doi.org/10.1016/S0025-3227(96)00093-X
https://doi.org/10.1016/S0025-3227(96)00093-X
https://doi.org/10.1007/s11001-005-0738-0
https://doi.org/10.1007/s11001-005-0738-0
https://doi.org/10.3319/TAO.2006.17.4.615(GH
https://doi.org/10.1144/SP431.7
https://doi.org/10.1144/SP431.7
https://doi.org/10.1016/j.chemgeo.2004.11.002
https://doi.org/10.1016/j.chemgeo.2004.11.002
https://doi.org/10.1016/0025-3227(93)90167-T
https://doi.org/10.1130/0016-7606(1990)102%3C0502:OOFCAT%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(1990)102%3C0502:OOFCAT%3E2.3.CO;2
https://doi.org/10.1016/0025-3227(91)90011-R
https://doi.org/10.1016/0025-3227(91)90011-R
https://doi.org/10.1029/2006GL027977
https://doi.org/10.1016/j.margeo.2008.01.011


occurrences. Geosphere 11:491–513. https://doi.org/10.1130/
GES01012.1

Schnürle P, Liu CS, Lin AT, Lin S (2011) Structural controls on the
formation of BSR over a diapiric anticline from a denseMCS survey
offshore southwestern Taiwan. Mar Petrol Geol 28:1932–1942.
https://doi.org/10.1016/j.marpetgeo.2010.12.004

Teng LS (1990) Geotectonic evolution of late Cenozoic arc-continent
collision in Taiwan. Tectonophysics 183:57–76. https://doi.org/10.
1016/0040-1951(90)90188-E

Teichert BMA, Bohrmann G, Suess E (2005) Chemoherms on hydrate
ridge – unique microbially-mediated carbonate build-ups growing
into the water column. Palaeogeogr Palaeocl 227:67–85. https://doi.
org/10.1016/j.palaeo.2005.04.029

Waage M, Por tnov A, Se rov P, Bünz S , Waghorn KA,
Vadakkepuliyambatta S, Mienert J, Andreassen K (2019)
Geological controls on fluid flow and gas hydrate pingo develop-
ment on the Barents Sea margin. Geochem Geophy Geosy 20:630–
650. https://doi.org/10.1029/2018GC007930

Wenau S, Spiess V (2018) Active seafloor seepage along hydraulic frac-
tures connected to lateral stress from salt-related rafting: Regab
pockmark, Congo fan. J Geophys Res-Sol EA 123:3301–3319.
https://doi.org/10.1002/2017JB015006

Wynn RB, Huvenne VA, Le Bas TP, Murton BJ, Connelly DP, Bett BJ,
Ruhl HA, Morris KJ, Peakall J, Parsons DR (2014) Autonomous

underwater vehicles (AUVs): their past, present and future contribu-
tions to the advancement of marine geoscience. Marine Geology
352:451–468. https://doi.org/10.1016/j.margeo.2014.03.012

Yang TF, Chuang P, Lin S, Chen J, Wang Y, Chung S (2006) Methane
venting in gas hydrate potential area offshore of SW Taiwan: evi-
dence of gas analysis of water column samples. Terr Atmos Ocean
Sci 17:933. https://doi.org/10.3319/TAO.2006.17.4.933(GH

YuHS, Hong E (2006) Shifting submarine canyons and development of a
foreland basin in SW Taiwan: controls of foreland sedimentation
and longitudinal sediment transport. JAESc 27:922–932. https://
doi.org/10.1016/j.jseaes.2005.09.007

Zitter T, Henry P, Aloisi G, Delaygue G, ÇagatayM, De Lepinay BM, Al-
Samir M, Fornacciari F, Tesmer M, Pekdeger A (2008) Cold seeps
along the main Marmara Fault in the Sea of Marmara (Turkey).
Deep Sea Res I: Oceanogr Res Pap 55:552–570. https://doi.org/10.
1016/j.dsr.2008.01.002

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Geo-Mar Lett

https://doi.org/10.1130/GES01012.1
https://doi.org/10.1130/GES01012.1
https://doi.org/10.1016/j.marpetgeo.2010.12.004
https://doi.org/10.1016/0040-1951(90)90188-E
https://doi.org/10.1016/0040-1951(90)90188-E
https://doi.org/10.1016/j.palaeo.2005.04.029
https://doi.org/10.1016/j.palaeo.2005.04.029
https://doi.org/10.1029/2018GC007930
https://doi.org/10.1002/2017JB015006
https://doi.org/10.1016/j.margeo.2014.03.012
https://doi.org/10.3319/TAO.2006.17.4.933(GH
https://doi.org/10.1016/j.jseaes.2005.09.007
https://doi.org/10.1016/j.jseaes.2005.09.007
https://doi.org/10.1016/j.dsr.2008.01.002
https://doi.org/10.1016/j.dsr.2008.01.002

	Discovery of numerous pingos and comet-shaped depressions offshore southwestern Taiwan
	Abstract
	Introduction
	Geological background
	Methods and data
	AUV surveys
	ROV observations and sampling
	Multichannel seismic profiles

	Results
	Regional bathymetry
	Comet-shaped depressions
	Circular topographic mounds
	Sub-bottom characteristics

	Discussion
	The formation of seafloor seepage features
	Circular topographic mounds
	Comet-shaped depressions

	What are the main factors to form CSD in accretionary ridges?
	When did the gas hydrate pingos and CSD form?
	Evolution of CSD

	Conclusions
	References


