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Abstract

The Gaoping River-Gaoping Submarine Canyon (GPC) is one of the dispersal river systems in the world. Tens of tons of
terrestrial sediments discharge per year at the mouth of the river, where gravity-driven flow can damage the telecommunication
cable along the 260-km-long GPC; to the east of the GPC, the continental shelf has been eroded. To understand this geological
phenomenon, high-resolution sparker seismic data around the continental shelf as well as parallel and across the GPC were
collected. Deep-towed sub-bottom profiler (SBP) data and data from shipboard acoustic Doppler current profiler were also
collected. Three major system tracts off southwest Taiwan were identified, based on which the coastline of the last glacial
maximum was identified at approximately 138 m below the current sea level. Analysis of the deep-towed SBP profiles suggested
sandy sediment overflows through breakages on the east bank of the GPC. A convergence of bottom currents with a speed of up
to 1.5 m/s flowing southeastward has eroded the continental shelf intensively, forming the Xiaoliuchiu channel. Although a mud
diapir is active to the east of the GPC and forms the Xiaoliuchiu islet, it has been eroded at the Xiaoliuchiu channel. The average
erosion rate on the east bank of the GPC was estimated to be approximately 609 cm/ka in the past 8.2 ka; between the GPC and

the Xiaoliuchiu islet, the continental shelf is wasted due to severe seabed slumping.

Introduction

A submarine canyon is a sediment conduit or pathway that can
transport sediments from the continental shelf down to the
ocean basin. Based on their origin and nature of the connec-
tion to the river system, submarine canyons can be classified
into three types: type I—shelf incising, which are associated
with the river system; type II—shelf incising; and type III—
blind or headless (Harris and Whiteway 2011). Most of the
canyons worldwide belong to types II and III, accounting for
97.39% of the 5849 canyons. The type I canyon accounts for
only 2.62 %, most of which were developed at active margin
rather than at the passive margin. In addition, most type I
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canyons are separated from the river mouth by a section of
the continental shelf. The Gaoping Submarine Canyon (GPC)
is characterized as a type I canyon in the active continental
margin (Fig. 1a), and the canyon head almost reaches the
mouth of the Gaoping river (GPR) (i.e., only 1 km separating
them). It allows river plume induced gravity-driven flow, and
the corresponding suspension flow to be transported to the
GPC directly. A 260-km-long tectonically controlled GPC is
connected to the GPR, which can be divided into three sec-
tions: upper reach, middle reach, and lower reach (Yu et al.
2009; Chiang and Yu 2006, 2008, 2011; Fig. 1a). The upper
reach is affected by mud diapir activities (Chen et al. 2014;
Hsu et al. 2018), which shows meandering and forms U-
shaped canyons due to slope failures from lateral erosion.
The mud diapir-based Xiaoliuchiu islet (Sun and Liu 1993;
Liu etal. 1997; Lacombe et al. 2004; Hsu et al. 2018) is placed
at the junction of the canyon wall breakage and the river
meandering southwestward (Fig. 1b). The middle reach of
the GPC is dominated by thrusting fault deformation, reveal-
ing a linear and V-shaped down-cutting canyon. In the lower
reach, the river reverts to meandering, forming a U-shaped
canyon. According to statistics, up to 49 mega tons of
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Fig. 1 (a) Tectonic framework and 27-year (1992-2019) monthly aver-
age of geostrophic current field from AVISO* website (http:/www.aviso.
oceanobs.com/en/data/) imprinted on swath bathymetric data (Liu et al.
1998) in the southwestern offshore Taiwan. Bold blue lines mark segment
boundaries of the Gaoping Submarine Canyon (GPC); (b) Swath bathy-
metric map of the study area. Thin black line with arrow represents ADCP
horizontal composite current velocity field near the seafloor (50 mbsf)
during Fall of year 2017 (i.e., ORI-1179 cruise). Black bold lines repre-
sent sparker seismic profiles (Figs. 2, 3, and 6) and deep-towed sub-
bottom profiler profile sections (Figs. 4 and 5). Grey pattern and grey
slash pattern: mud diapirs distribution (Chen et al. 2014); GPR, Gaoping
River; GPC, Gaoping Canyon; GPC-UR, Gaoping Canyon upper reach;
GPC-MR, Gaoping Canyon middle reach; GPC-LR, Gaoping Canyon
lower reach; KC, Kuroshio Current looping; HR, Hengchun Ridge

terrestrial sediments per year (i.e., a quarter of the total sedi-
ment discharge in Taiwan) are discharged from the GPR,
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which is the second largest river drainage system in Taiwan
(Dadson et al. 2003). In the last decade, several studies have
been conducted, with focus on the morphological features of
the GPC and the surrounding area (Yu et al. 1993; Yu et al.
2009; Chiang and Yu 2006, 2008, 2011; Chiang et al. 2020),
sediment dynamics and physical properties of the water col-
umn along the canyon (Liu et al. 2016), and surface sediment
characteristics (Su et al. 2018). Some studies have focused on
sedimentary structures of the deep-sea fan (i.e., Gaoping fan;
Hsiung et al. 2018) and overbanking flow correlated with
climate variation over the last 20,000 years in the lower reach
ofthe canyon (Yu et al. 2017). However, the upper reach is the
source that can generate gravity driven sediment flow and
suspension flow, which has not been investigated and
discussed in relation to near-seafloor sedimentary structures
and dynamics (deposition or erosion) and its relationship with
bottom current. This paper is presented an intense seafloor
erosional structure produced by the bottom current that inter-
acts with the mud diapir in the upper reach of the GPC, de-
rived from sparker seismic and deep-towed sub-bottom pro-
filer (SBP) data. Integrated analysis with acoustic Doppler
current profiler (ADCP)—a dynamical sediment deposition
and erosion model—is employed to explain the relationship
between canyon overflow, erosion, and transportation in the
upper reach of the GPC.

Physical setting
Gaoping Submarine Canyon sediment dynamics

Due to rapid uplift, heavy rainfall induced by annual ty-
phoons, and the southwest monsoon in the study area, large
amounts of terrestrial sediments are eroded and flushed down
to the deep sea through the GPC (Dadson et al. 2003). In 2009,
the typhoon Marokot caused strong rainfall, which triggered
numerous landslides in southwest Taiwan. Sediments were
discharged through the GPR and formed a turbidity current
at the river mouth that flushed down the 260-km-long canyon
and broke the submarine telecommunication cable along the
pathway (Carter et al. 2012). In addition to river flooding,
earthquakes can be one of the factors that trigger slope fail-
ures, inducing the turbidity current that damages the subma-
rine cable (e.g., Pingtung earthquake in 2006; Hsu et al. 2008).
The speed of the turbidity current is estimated from the time of
cable break and can be up to approximately 20 m/s in the
upper slope; this can destroy constructions along and across
canyons, trigger slope failure along reworked sediment, and
amplify the magnitude of the turbidity current. According to
previous studies, the deeper portions of the GPC are dominat-
ed by the tidal current moving up the canyon during winter
(Liu et al. 2016). In contrast, river plume sediments induce
gravity-driven flow (e.g., hyperpycnal flow or gravity flow) at
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the mouth of the Gaoping river, which moves downward
along the canyon thalweg (Liu et al. 2016; Yu et al. 2017).
This can erode the seafloor continuously and may produce
overbanking sediments though canyon breakage, specifically
in the upper and lower reaches of the GPC (Yu et al. 2017).
The suspension plume and spread consist of relatively fine
grained sediments that are deposited on both banks of the
GPC (Liu et al. 2016). The piston/gravity sediment cores col-
lected between 2005 and 2015 by R/V Ocean Researcher sug-
gested that river plume suspension sediments were deposited
on both banks of the GPC (Su et al. 2018). The grain size is
coarser (.i.g. median sand) on the east bank with more turbid-
ity current deposits close to the seafloor (Su et al. 2018). This
probably indicates the existence of canyon overbanking flow
deposits on the east bank of the upper reach of the GPC.
However, due to the low resolution of stratigraphic mapping
near the seafloor, the sediment dynamics in the upper reach of
the GPC are yet to be determined.

Kuroshio Current looping

The Kuroshio Current (KC) originates from the north equato-
rial current and flows offshore of east Luzon, Taiwan, and the
Japanese islands. During summer, the main stream of the KC
flows northward along the east of the western Pacific island
chain.

Only a part of the water from the KC leaks through the
Bashi Strait between Taiwan and Luzon. However, during
winter, the KC can transgress westward to the northern
South China Sea area through the Luzon Strait and loop clock-
wise between the northern South China Sea passive margin
and southwestern offshore Taiwan. The looping KC may
merge back with the main stream offshore of southeastern
Taiwan through the Bashi Strait (Jan et al. 2002, 2010,
2019). Several studies that used the Atlas Buoy, ship board
conductivity, temperature, and density (CTD) meter, and nu-
merical modeling have suggested that the KC intrudes the
northern South China Sea in three different ways: looping,
leaking, and leaping (Nan et al. 2015; Yang et al. 2020).
Looping can occur in any season, but the period from fall to
winter has a higher probability of occurrence, exhibiting rela-
tively steady and strong NW-SE trending flow in the conti-
nental margin offshore southwestern Taiwan (Nan et al. 2015;
Yang et al. 2020). However, to date, there have been no re-
ports on or discussions regarding the interaction between the
looping KC and seafloor geological processes, such as sedi-
ment deposits (e.g., drift), erosion (e.g., furrow or channel),
and migration (source to sink), particularly in the shelf to slope
transition offshore of southwestern Taiwan. Figure 1a presents
the bathymetry and tectonic setting offshore of southwestern
Taiwan. The monthly averaged geostrophic current field be-
tween 1992 and 2018 obtained from the AVISO™ website at
http://www.aviso.oceanobs.com/en/data/ shows that the main

stream of the KC intrudes the northern South China Sea area
and rotates clockwise. The KC looping causes NW-SE
trending flows along the Gaoping continental slope.
Figure 1b shows a detailed swath bathymetric map of the
upper reach of the GPC area. The 50-m contour line is noted
to be the boundary separating the shelf and slope. The conti-
nental shelf is approximately 10-km wide on the west bank of
the GPC. Contrary to the west bank, the shelf shrinks 2-km
landward in the east bank, and there is a clear NW-SE
trending Xiaoliuchiu channel north of the Xiaoliuchiu islet.
In addition, the seafloor relief reveals an average drop of 20
m (maximum of 40 m) on the east bank of the canyon with
respect to the west bank. How can the Xiaoliuchiu channel
develop in the continental shelf-to-slope transition area? How
is a channel in the high sedimentation-rate area close to the
river mouth and the relationship between current field, geo-
logical process, and corresponding sediment dynamics in the
uppermost canyon area, maintained? This study aims to dem-
onstrate high-resolution seismic profile structures since the
last glacial maximum (LGM) and discusses the erosional pro-
cess in the uppermost part of the GPC from the bottom current
induced by the KC looping offshore of southwestern Taiwan.

Materials and methods

Although significant marine geophysical data have been col-
lected offshore of southwestern Taiwan in the past decade,
only data pertaining to conventional active deep penetration
and of lower resolution (i.e., higher than 40 m) are available
for the study area. This study aims to explore shallow high-
resolution seismic profile structures and related sediment dy-
namics. To accomplish this task, two types of high-resolution
marine geophysical exploration methods were applied in this
study: the marine sparker reflection seismic method and the
deep-towed sub-bottom profiler.

Sparker seismic data

The sparker uses electrode-electrode voltage to create spark
pulses for an extremely short period (i.e., a few milliseconds)
in seawater, capable of producing high-resolution wavelets of
30-800-Hz frequency range, which represents the seismic
source. The interval between shots was set to 10 s, which is
equivalent to approximately 20-m shot interval with respect to
the ground, for an average ship speed of four knots. In the
meantime, a 60-m-long fluid-type streamer with 48 hydro-
phones was deployed, composed of two active channels with
a 0.125-m.s. sampling rate. To better illustrate the structural
framework of the uppermost part of the GPC, 40 two-
dimensional (500 m) spacing profiles (ORI-1179 cruise)
across the GPC, from the GR mouth to Xiaoliuchiu islets,
were collected. Furthermore, eight sparker seismic profiles

@ Springer


http://www.aviso.oceanobs.com/en/data/

8  Page4of 11

Geo-Mar Lett (2021) 41:8

(ORI-1180 cruise) perpendicular to the topographic contour
were collected as cross check lines. Owing to the instabilities
of the sparker source, the source waveform is not in minima
phase. Therefore, before further data processing, the applica-
tion of a match filter is necessary to transform raw seismic
records to a minima phase waveform. The data processing
procedure is as follows. A 30-200-400-800-Hz zero-phase
bandpass filter, which is an F—K filter, was used to eliminate
random noise. For sound velocity in water of 1500 m/s, nor-
mal move-out correction and stack were applied followed by a
post-stack spiking/predictive deconvolution with a 12-m.s.
predictive length and 80-m.s. operator length. Finally, a 30-
60-300-600-Hz minima phase bandpass filter, spherical diver-
gence correction, and 100-m.s. window length automatic gain
control (AGC) were applied. The processed profiles were
plotted using free Seismic Unix 44R2 version software
(Stockwell and Cohen 2002). In this study, one sparker seis-
mic profile across the GPC was chosen to show differences in
near-seafloor sedimentary structure between the western and
eastern banks of the GPC (Fig. 1b). The other two profiles are
across the Gaoping Slope, which shows seismic
parasequences since the last glacial period (Fig. 1b).

Deep-towed sub-bottom profiler data

To better constrain near-seafloor fine sedimentary structures,
Edgetech 2000 CSS deep-towed SBP was employed to collect
data sub-parallel to high-resolution sparker seismic lines. To
better image sub-seafloor stratigraphy across the Gaoping
Canyon, towed fish height was set as 30-50 m depending on
the water depth in the west and east bank of the canyon.
Before any processing, the SBP data were laid back to its
original position based on the GPS position of the research
vessel and in situ bathymetry along the ship track. The raw
SBP data were converted to conventional seismic segy format
and then input to a commercial seismic data processing soft-
ware (Paradigm Echos™ version 17) for further random noise
attenuation and filtering; the data were then subject to time-
variant gain and AGC for balancing the amplitude and output
before plotting using Generic Mapping Tools version no.
5(GMT; Wessel et al. 2013). In this study, two SBP sections
were selected to demonstrate near-seafloor sedimentary struc-
tures (Fig. 1b).

Acoustic Doppler current profiler data

To constrain near-seafloor current field to the study area, data
from shipboard ADCP from two cruises (ORI-1179 cruise
between October 16 and October 22, 2017; ORIII-2019 cruise
between August 30 and September 1, 2017) were used along
the sparker seismic survey tracks. The CASCADE software
version 7.2 (Le Bot et al. 2011) developed by LOPS
(Laboratory for Ocean Physics and Satellite remote sensing)
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was used to process the ADCP data. The data processing
procedure included data import, bottom tracking, data
cleaning, tidal correction, filtering, and data output. The out-
put data in ASCII format is flagged from 1 to 8 based on data
quality. In this study, only flag #1 (i.e., suitable data) was used
for gridding and producing the current-field map.

Seismic interpretation

In this section, seismic interpretations of three sparker seismic
profiles and two deep-towed SBP profiles are presented (Figs.
2,3, 4,5, and 6). For convenience, two-way travel time is
converted to true depth by a sound velocity in water of 1500
m/s. Due to the lack of sediment corings for the study area,
seismic data interpretations in this study are based on the
principles of seismic stratigraphic analysis (Vail et al. 1977;
Mitchum et al. 1977) and seismic parasequences analysis of
the continental slope (Van Wagoner et al. 1988, 1990). Based
on seismic amplitude, continuation, and termination, three
major system tracts can be identified, from deep to shallow,
in the study area: lowstand system tract (LST), transgressive
system tract (TST), and highstand system tract (HST). In ad-
dition, to understand the interaction between the bottom cur-
rent and near-seafloor sedimentary structures, sparker seismic
data, deep-towed sub-bottom data, and data from shipboard
ADCP were integrated for interpretation.

Figure 2 illustrates a sparker seismic profile perpendicular
to the Gaoping Shelf on the west bank of the GPC. The depth
of water along this profile varies from 200 (southwest end) to
30 m (northeast end), which includes the entire continental
shelf domain and shelf break area. The seismic section shows
a relatively smooth seafloor in the northeast end close to the
Taiwan coast, becoming wavy with a clear gliding surface just
beneath the seafloor, which may be interpreted as creeping
sediment waves (i.e., Levchenko and Roslyakov 2010) (pro-
file distance between 0.8 and 2.2 km). Below the sediment
waves, seismic amplitude reveals irregular, disconnected, and
strong-reflection stratigraphy aggregates seaward along the
slope that may reflect suspension sediments from the GR
plume (i.e., position 1-2 km in Fig. 2). A continuous and
strong-amplitude dip interface delimitates the slope deposits.
Below the interface, seismic characteristics change to horizon-
tal and continuous reflection and onlap to slope, with strong
reflection at the shelf break (see Fig. 2 position 0-3 km).
Therefore, the dip interface can be identified as the
parasequence boundary, which is the maximum flooding sur-
face (MFY) that separates the HST above from the TST below.
At the bottom of the TST, the seismic characteristic changes to
a strong amplitude, continuous with the channel fills (see
strong U-shaped reflections approximately 200 m below the
sea surface (mbsf) in Fig. 2 closeup) that reflects a low sea
level period (i.e., transgressive surface; TS). Below the TS



Geo-Mar Lett (2021) 41:8 Page50f11 8

L Sea Level
B ——

or 18T HST
\S
(«Lem Age

present-day

=
11 Dist.(km)

suspension

SwW sediments NE
Gaoping Shelf /'

0 Gaoping Slope

=150

— 100w
150 ¢
1200 £
250 §

possible
mud diapir

4300 &

350

Fig.2 Sparker seismic profile across the Gaoping Shelf on the west bank of
Gaoping Canyon. Upper panel shows raw seismic profile. Lower panel
shows raw seismic profile with interpretations. Black box is a close up
showing seismic characteristics of each system tract near the shelf break

interface, a westward convex sequence, with 250-m lateral
interval, overlaps and propagates from a position of 3 km
toward the west end of the profile. The clinoforms toplap
horizontally onto the TS interface, and the entire clinoform
is thinner landward and pinches out at a position of 5.2 km.
This is a typical feature of the sea level during the lowstand
period of deposits. Therefore, the LST is bounded by the
paleo-seafloor (SB in Fig. 2) and TS (Fig. 2). Below the SB,
this portion belongs to the paleo-seafloor and related sedimen-
tary sequence. The sedimentary process evolution in the study
area is shown in Fig. 2. In summary, the sea level started to
fall, causing seafloor erosion and development of a sequence
boundary (SB in Fig. 2 closeup). The sea level continued to
fall, allowing terrestrial sediments to be transported to the
paleo-shelf break (positions 5.2 km and 170 mbsf) and form
numerous clinoforms, such as the LST. After the last glacial
maximum (LGM), the sea level started to rise and formed the
TST with horizontal and continuous strong amplitude se-
quence. The sea level then rose continuously and developed
a MFS and corresponding HST stratigraphy. In summary,

11 Dist.(km)

and corresponding sea level status since last glacial period: system tract
boundary. HST, Highstand System Tract; TST, Transgressive System
Tract; LST, Lowstand System Tract; MFS, Maximum Flooding Surface;
SB, sequence boundary (paleo seafloor); TS, Transgressive Surface

TST thickness varies from 10 m at the current shelf break to
75 m at the paleo-shelf break (at approximately 5-km posi-
tion). The HST thickness is nearly 25-30 m, which is thinner
than the TST.

Figure 3 and Fig. 4 illustrate a sparker seismic section and
corresponding deep-tow SBP section across the GPC in the
vicinity of the Xiaoliuchiu islet. On the west bank of the can-
yon, the paleo-seafloor (SB in Fig. 3) is identified at approx-
imately 137.5 mbsf. The overlying TST and HST have the
same thickness (i.e., 50 m) on the western bank of the GPC,
and the near-seafloor stratigraphy is relatively horizontal and
smooth, without erosional features. The sediment column was
cut by approximately 8° with a southeast dip along the west
wall of the GPC. The thalweg of the GPC is located at a
position of 4.4 km and 425 mbsf, which shows a continuous
and relatively flat surface with a strong amplitude. Below the
seafloor, three major depositional cycles (i.e., position 4-6 km
in Fig. 3) can be identified that exhibit similar seismic se-
quence characteristics, where seismic amplitude varies from
high near the bottom of the sequence to low at the top. In

@ Springer
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Fig. 3 Sparker seismic profile across GPC north of Xiaoliuchiu islet and
its interpretations. The black square represents corresponding deep-towed
sub-bottom profiler profile section. The dashed polygon indicates

addition, these events are confined to a narrow 2-km-wide
region that indicates only slight migration in the thalweg of
this portion of the GPC. On the east bank of the canyon, a
listric, strong amplitude seismic reflector with continuous in-
terface cuts from the east bank of the seafloor (position 9 km
in Fig. 2) and diminishes at the east canyon wall (position
5.8 km in Fig. 2). The stratigraphy above the listric surface
shows block rotation that is stepped down northwest toward
the canyon, which is a typical feature of slope failure. In the
east vicinity of the slope failure, an asymmetrically tilted stra-
tigraphy bounded by a cone shape structure with chaotic to
blank reflection intrudes and disturbs near-seafloor stratigra-
phy (approximately 125 mbsf). This probably indicates mud
diapir uplift and corresponding slope failure, which was also
reported in the Gaoping Slope area (Chen et al. 2018). East of

possible eroded area by bottom current erosion. HST, Highstand
System Tract; TST, Transgressive System Tract; MFS, Maximum
Flooding Surface; SB, Sequence Boundary (paleo seafloor)

the mud diapir, all sequences are tilted toward the top of the
mud diapir, the HST sequences are fully whiped out, and only
the TST is outcropped (position 9-11.8 km). Most erosion
occurred between positions 8.6 and 10.5 km, both TST and
HST were peeled off, and stratigraphy prior to the LGM is
exposed on the seafloor. Since asymmetrical uplift in position
9-13 km in Fig. 3, this uplift could be interpreted as interac-
tion between thrusting fault and mud diapirism (position 11—
13 km in Fig. 3). At the east of position 11.8 km, the HST has
a wedge shape and the thickness increases up to 25 m, which
is only half of the HST thickness on the west bank of the GPC.
This indicates that the east bank of the GPC belongs to an
erosional environment. In addition, an SBP section (Fig. 4)
shows numerous truncated high-amplitude eastward propaga-
tion sequences down-lapping on a relatively flat interface,

Fig. 5
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Fig.4 Deep towed sub-bottom profiler image across GPC north of Xiaoliuchiu islet. Noted that high reflective amplitude strata down-lap and propagates
from GPC to Xiaoliuchiu platform. There is clear seismic truncation on the seafloor
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series of erosional gullies and channels in the Xiaoliuchiu channel

which suggests sediments of turbidity origin transported from
the GPC toward the Xiaoliuchiu platform (Fig. 3a).
Furthermore, the profiles collected from the ship board
ADCP in October, 2017 and July, 2018 (Figs. 1b, S1, S2,
and S3) suggest strong bottom current (up to 1.5 m/s) surges
down to the seafloor, which can explain the erosional mecha-
nism on the east bank of the GPC. Combined with results from

contrast, existence of down-cutting gullies and truncated strata
suggests tremendous seafloor erosion in the Xiaoliuchiu chan-
nel. Based on seismic stratigraphic analysis of the sparker
seismic section (Fig. 6), it is observed that HST sediments
were eroded fully with thin transgressive system tract sedi-
ments (approximately 10-m thick), which indicates that ero-
sion has been occurring for a long period since the LGM

SBP sections, sparker seismic sections, and data from the ship ~ period.

board ADCP, it is inferred that the mud diapir adjacent to the

east wall of the GPC uplifts and induces slope failure; the

bottom current induced by the NW-SE trending KC looping Discussion

eroded both TST and HST sequences on top of the mud diapir.

Figure 5 and Fig. 6 demonstrate the deep-towed SBP and
the corresponding sparker seismic profile sections on the east
bank of the GPC. In Fig. 5, a SBP section close to the east wall
of the GPC shows a relatively high reflective amplitude strata
near the seafloor, adjacent to the Xiaoliuchiu channel, which
probably indicates overbank flow deposits. The north of the
Xiaoliuchiu channel exhibits low reflective amplitude near the
seafloor strata, which suggests finer grain deposits. In

Fig. 6 Sparker seismic profile
perpendicular to Gaoping slope

Xiaoliuchiu channel: relict channel or in situ erosional
channel?

The Xiaoliuchiu channel is located in the northernmost area of
the GPC with a water depth of less than 100 m (see Fig. 1). In
addition, Lambeck et al. (2014) suggest that the sea level was
120 m below the present-day sea surface during the LGM
period, exposing the Gaoping shelf area. This could probably

strike and its interpretations for
the east bank of the GPC. (a) Raw
sparker seismic profile; (b)
Sparker seismic profile with in-
terpretations. A considerably thin
TST and an absent HST are ob-
served in the V-shaped topo-
graphic depression that suggests
existence of a strong and long-
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have led to the development of channels or tributaries of the
GPC. However, the uppermost part of the GPC is close to the
GPR, which can transport tens of tons of terrestrial sediments
down to the deep sea. The average depositional rate can be up
to 1 cm per year (Su et al. 2018). The sparker seismic and SBP
sections both show sharp and evident seismic truncational
structures at the seafloor, across or along the Xiaoliuchiu
channel (Figs. 3, 4, 5, and 6), which indicate active seafloor
erosion. In addition, a sub-bottom profile (Fig. 4) suggests a
NW-SE-trending down-lap feature sub-merging to a flat sur-
face. This indicates that the present-day flow direction is from
the GPC to the Xiaoliuchiu platform, which is consistent with
the bottom current direction indicated by the ADCP current
field (Figs. 1 and 3). Furthermore, a sparker seismic profile
shows only less than 1 km northwestward shift of the GPC
thalweg, which suggests that the GPC is relatively stable and
migrates only slightly (Fig. 3). The sparker seismic and sub-
bottom profiles both show active erosional channels gathered
in the mouth of the GPR and adjacent to the Xiaoliuchiu islet.
There are no clues about the existence of a paleo GPC or its
tributaries. Thus, it is suggested that the Xiaoliuchiu channel is
probably an active erosional channel in the uppermost GPC
area.

Erosion rate estimation in the Xiaoliuchiu channel

The Xiaoliuchiu channel is located north of the Xiaoliuchiu
islet (Fig. 1b); it is a NW—-SE trending depression which is, on
an average, 40 m lower than the west bank of the GPC. The
seismic data interpretations from this study suggest that an
intense seafloor erosion digs down the TST sequence, expos-
ing it on the seafloor. Before estimating the erosion rate, the
seismic sequence identification and corresponding age control
need to be examined. In the absence of sediment core data,
global sea-level variations are used in order to provide age
constraints for the interpreted seismic sequences. Lambeck
et al. (2014) collected relative sea level data from globally
available sediment samples and atolls along the Pacific and
Indian Ocean coasts. They further performed an inversion to
estimate global sea level variations in the past 35 ka by con-
sidering the average ice volume melting that causes a litho-
spheric response (i.e., isostatic approach). Their results show
that the LGM period started 30 ka before present, when the sea
level dropped to 121 m below the present-day sea surface.
Between 29 and 21 ka, the sea level gradually fell to from
134 m, attaining the maximum sea level drop, to rising again
to 120 m at 16.5 ka. The deglacial period is between 16.5 and
8.2 ka. In Fig. 2, the SB interface is the sequence boundary
indicating the last sea-level drop, which is 137.5 m in the
Xiaoliuchiu channel (i.e., position 12—13 km in Fig. 3) below
the present-day sea level, indicated by the average paleo-
seafloor depth, and is very close to that mentioned in
Lambeck et al. (2014). This indicates that our seismic
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sequence identification is reliable. The 137.5-m depth is
slightly lower than 134.5 m, which is probably due to discrep-
ancies in the application of water P wave velocity to estimate
true sequence depth. Furthermore, our study area is located in
a region of active collision, where tectonic uplift and erosion
rate can also affect paleo-seafloor depth estimation. Thus, the
age model of Lambeck et al. (2014) could be adopted to cor-
relate the results to seismic para-sequence interpretations in
first order, which are LST between 30 and 16.5 ka; TST be-
tween 16.5 and 8.2 ka; and HST deposited after 8.2 ka. At
seismic section position 11.7 km of Fig. 3, the top of the TST
(i.e., MFS) merges with the seafloor, which indicates that the
overriding HST no longer exists. In addition, concerning out-
side of Xiaoliuchiu channel (i.e. relative non erosional area),
HST thickness in east bank of the GPC (i.e. position 5-9 km in
Fig. 6) is about 50 meters thick which is similar with west
bank of the GPC (i.e., position 0-2 km in Fig. 3). Besides,
previous studies also pointed out most of turbidity sediments
induced at GR mouth moves along the GPC directly and sed-
iments from suspension flow sprayed out at river mouth then
deposited on both banks of the GPC (Liu et al. 2016; Su et al.
2018). This leads to a relative stable depositional environment
on both banks of the uppermost GPC. Therefore, assuming
that the HST thickness was more or less the same on both
banks of the GPC before seafloor erosion, minimum 50-m
thick HST disappeared on the middle of Xiaoliuchiu channel,
east bank of the GPC. Thus, the average erosion rate can be
estimated as 609 cm/ka in the middle of the Xiaoliuchiu chan-
nel, east bank of the GPC. Furthermore, if whole sequences
from the paleo-seafloor (interface SB in Fig. 3) to the present-
day seafloor are considered, sediments of approximately 87-m
thickness were lost since 35 ka, and the average erosion rate is
248.6 cm/ka. The erosion rate in between 8.2 ka (i.e., HST)
and present-day is almost twice that of 35 ka and present-day.
According to Lambeck et al. (2014), the sea level was 20 m
below the present-day sea surface at 8.2 ka. If the seismic
sequence prior to erosion is traced back, the sea level above
the mud diapir is approximately 22 m (dashed line in Fig. 3);
therefore, it is reasonable to infer that mud diapir activity
caused seafloor erosion in the past 8.2-ka period.

Seafloor obstacle and bottom current erosion

Previous studies show that variations in wind or physical
properties of water column could induce bottom currents
and can cause seafloor erosion (Stow et al. 2018). By defini-
tion, the bottom current typically flows along a high topo-
graphic gradient (e.g., continental slope and deep-sea basin
transition) and develops the supposed contour current. The
magnitude of the contour current may increase up to tens of
centimeters per second (Hernandez-Molina et al. 2008). Thus,
the contour current may sculpt the seafloor and form erosional
features, such as furrow or moat (Chen et al. 2019). In
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addition, seafloor obstacles, such as the seamount or ridge,
could block the bottom current and create a circular erosional
feature. Nevertheless, once the bottom current intrudes a nar-
row topographic area (i.e., channel), it accelerates the current
along the depth (topographic narrowing effect; Jan et al. 2002)
and enhances seafloor erosion (Gasser et al. 2017). When the
current speed exceeds 80 cm/s, carrying with it coarse seafloor
sediments (i.e., silt or sand), the bottom current is capable of
eroding the seafloor (Hjulstrom 1935). The concept of bottom
current can also be applied to shallow water areas (Hernandez-
Molina et al. 2008). For example, the Brazilian current accel-
erates bottom current up to 1.2 m/s and erodes the shelf break
area, forming shelf-edge escarpment, erosional terraces, and
furrows (Viana et al. 1998a, b, 2002a, b; Viana 2001). Gasser
et al. (2017) indicated that the Mediterranean outflow water
interacts with the seafloor and causes plenty of erosive
channels and furrows when traversing the narrow Strait of
Gilbraltar. Jan et al. (2002) suggested that the Kuroshio
branch current flows through the topographic narrow zone,
Penghu channel, and amplifies the bottom current speed, caus-
ing corresponding seafloor erosion. The current keeps heading
north and is blocked by the Chang-Yu basement high and
erodes the seafloor. In our study area, the Xiaoliuchiu islet sits
close to the Gaoping shelf break (Fig. 1b), which may block
NW-SE trending near-bottom flow induced by the Kuroshio
loop current. The bottom current along the Gaoping slope (>
50 m water depth) can split into two branches. The north
branch of the bottom current flows clockwise surrounding
the islet and then converges with the bottom current in the
shelf, amplifying the current (up to 1.5 m/s) and eroding the
seafloor. The eroded sediments were probably transported and
deposited along the Gaoping slope on the east bank of the
GPC (Fig. 7). The southern branch can also erode the seafloor;
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«— Shelf
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Fig. 7 Sediment transportation model in the uppermost GPC adjacent to
Xiaoliuchiu channel. Noted that Xiaoliuchiu islet is suffered by bottom
current erosion and mud diapir induced seafloor failure

the bottom current induced by the KC looping also interacted
with the mud diapir uplift in the past 8.2 ka, causing slope
failure and intense erosion surrounding the Xiaoliuchiu islets.
The sediments generated by the slope failure and part of the
eroded sediments were transported along the GPC. This prob-
ably caused turbidity currents down to the deep sea, and it is
possible that one of the turbidity currents is responsible for
breaking the telecommunication cable (e.g., Carter et al. 2012;
Hsu et al. 2008). Another part of the eroded sediments prob-
ably moved across the Gaoping slope on the east bank of the
GPC. Notably, continuous and intense bottom current erosion
that occurs around the Xiaoliuchiu channel reshaped the
Gaoping shelf/slope topography and probably shranks
Xiauliuchiu islet.

Conclusion

The Gaoping Submarine Canyon (GPC) transports a quarter of
the terrestrial sediments eroded per year in Taiwan down to the
northern South China Sea. Seismic sedimentary structures near
the seafloor have been less discussed in the upper reach of the
GPC. In this study, a high-resolution marine sparker seismic
method was applied to map fine scale sedimentary parasequence
structures since the last glacial period. Three major seismic
parasequences, namely the lowstand system tract (LST), trans-
gressive system tract (TST), and highstand system tract (HST),
were first identified on both banks of the upper reach of the GPC.
In contrast to the western bank, only thin TST remained in the
north of the Xiaoliuchiu islet, which is probably due to intense
seafloor erosion. The integrated data from a deep-towed SBP and
ship board ADCP were analyzed; the results suggest that the
suspended sediments in the GPR overflowed the GPC at the
breakage in the north of Xiaoliuchiu islets. The bottom current
induced by the clockwise looping of the annual Kuroshio
Current flows along the Gaoping shelf/slope transition and hits
the Xiaoliuchiu islet, splitting into two branches. The northern
branch amplifies the magnitude of the NW-SE trending bottom
current and cuts off the uplifting mud diapir, causing a loss of
TST and HST sediments of up to 78-m thickness. The interaction
between the bottom current and the mud diapir results in slope
failure and a high erosion rate of 609 cm/ka from 8.2 ka, on the
east bank of the GPC. The slope failure may be one of the causes
for the turbidity current in the upper reach of the GPC. It is
probable that the eroded sediments in the Xiaoliuchiu channel
moved across the Gaoping Slope on the east bank of the GPC.
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