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Abstract: The seafloor around carbonate platforms is largely shaped and modified by
downslope processes. However, the role of alongslope processes, including bottom currents,
on the morphological development of carbonate platforms remains poorly understood. Here,
we use high-resolution multibeam bathymetric data and two-dimensional seismic profiles to
investigate the detailed sea-floor morphology around the Zhongjianbei carbonate platform
(ZCP) in the northwest South China Sea. A series of depositional bodies and erosional
channels are identified to the south of the ZCP and are interpreted as contourite drifts and
channels resulted from the interaction between bottom currents and bathymetric features. In
addition, active fluid seepages have led to the formation of widespread pockmarks on the

seafloor. Importantly, the contourite channels and widespread pockmarks also show a close
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relationship in their distribution. We propose that the contourite channels around the ZCP are
evolved from the coalescence of pockmarks under the persistent erosion of bottom currents.
Based on the morphological analysis, we reconstruct the past bottom-current pathways
around the ZCP that are parallel to the platform slopes and heading to the south. This study
provides new insights into the formation of complex bathymetry and helps understanding
how bottom currents and active fluid seepages can influence the morphological development

around carbonate platforms.

Keywords: carbonate platform; seafloor morphology; contourite channels; bottom currents;

fluid seepages; South China Sea.

1. Introduction

Carbonate platforms are formed in the photic zone and occur widely on continental margins
and abyssal plains of tropical seas (Betzler et al., 1995; Wilson et al., 1998; Eberli et al.,
2010; Mulder et al., 2012; Lidmann et al., 2013; Shao et al., 2017; Betzler and Eberli, 2019).
They form important carbonate factories in source-to-sink systems, and thus feed abundant
sediments to surrounding sedimentary basins (Merino-Tomé et al., 2012; Counts et al., 2018;
Michel et al., 2019). In addition, the development of carbonate platforms significantly
changes the surrounding seafloor morphology, and thereby influences the regional
sedimentary and oceanographic dynamics (Mulder et al., 2017; Wunsch et al., 2017; Nolting

et al., 2018; Principaud et al., 2018).

Due to their importance in oceanography, sedimentology and submarine geohazards, the
morphological development of carbonate platforms has drawn increasing attention in recent

years (Menier et al., 2014; Purkis et al., 2014; Prat et al., 2016). Studies have shown that
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downslope and along-slope processes are two of the most important mechanisms shaping the
seafloor around carbonate platforms (Mulder et al., 2012; Principaud et al., 2017; Eberli et
al., 2019). Downslope processes include submarine mass wasting, slope failure and turbidity
currents, which form particular seafloor bedforms such as sediment waves, slide scars, creep,
submarine channels and gullies (Dowdeswell et al., 2006; Heinio and Davies, 2009; Li et al.,
2016, 2018). Bathymetric features formed by downslope processes have been investigated in
many regions such as the Mozambique Channel (Courgeon et al., 2016; Counts et al., 2018),
Australian North West Shelf (Rankey, 2017; Rinke-Hardekopf et al., 2018) and Little and
Great Bahama Bank (Mulder et al., 2017). Together with downslope processes, along-slope
bottom currents can also significantly shape and modify the seafloor morphology, producing
erosional and depositional bedforms (Garcia et al., 2009; Stow et al., 2009; Rebesco et al.,
2014; Miramontes et al., 2019a). In recent years, an increasing number of articles has
documented the importance of bottom currents on the flanks of carbonate platforms in the
Maldives (Lidmann et al., 2013), Bahamian archipelago (Mulder et al., 2019) and South
China Sea (Shao et al., 2017). They have proved that bottom currents redistribute sediments
shed by the carbonate platforms and erode their flanks to generate sediment drifts, moats,
contourite channels and furrows. However, compared to the downslope processes around
carbonate platforms, the importance of alongslope currents in such platforms is still poorly

understood.

Due to the favorable latitude, oceanographic and tectonic setting of the northwest South
China Sea, a large number of carbonate platforms have developed in this region since the
early Miocene (Wu et al., 2014, 2016; Gao et al., 2019). The bathymetry of the northwest
South China Sea has largely influenced the oceanographic setting in this region, especially
the pathways of bottom currents (Chen et al., 2016; Yin et al., 2021). This study focuses on

investigating the role of bottom currents on the morphological development around an
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isolated, drowned carbonate platform, the Zhongjianbei carbonate platform (ZCP). High-
resolution multibeam bathymetric data and two-dimensional (2D) seismic lines are used to: 1)
characterize the bathymetry around the ZCP and evidence for the presence of bottom-current
activity; 2) reconstruct past bottom-current pathways around the ZCP; and 3) propose a
representative model explaining the complex seafloor bedforms observed around the ZCP

and other carbonate platforms.

2. Regional Setting

2.1 Geological Background

The South China Sea is the largest (3.5%x106 km2) and deepest (> 5000 m) marginal sea in the
western Pacific Ocean (Wang and Wang, 1990). The northwest South China Sea was formed
after the late Cretaceous by distinct tectonic activities: continental rifting, continental
breakup, and post-rift tectonism (Zhou et al., 1995; Li et al., 2015a; Lei et al., 2020; Zhang et
al., 2021). It comprises several Cenozoic rift basins such as the Pearl River Mouth,
Qiongdongnan, Yinggehai and Zhongjiannan Basins (Zhao et al., 2020). In the Paleocene,
hyperextension led to the formation of a regional basement high in the northwest South China
Sea, later developing as a shallow platform on which the Xisha Islands developed
(Tapponnier et al., 1990; Li et al., 2015a). The northwest South China Sea entered a phase of
thermal subsidence in the early Miocene (Wu et al., 2009), with post-rift tectonics promoting

the growth of carbonate platforms (Wu et al., 2014; Zhu et al., 2017).

Carbonate platforms in the northwest South China Sea mainly occur above the Xisha and
Guangle highs, and are separated into two distinct groups by the Zhongjian canyon (Lu et al.,

2018; Gao et al., 2019). The Zhongjianbei carbonate platform (ZCP), the focus of this study,

4
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is an isolated and drowned carbonate platform located to the north-east of the Guangle high
and southwest of the Zhongjian canyon, at a water depth between 350 and 1200 m (Figs.1, 2
and 3). The Neogene and Quaternary stratigraphy in the surrounding region of the ZCP is
divided into five formations: the Ledong, Yinggehai, Huangliu, Meishan, and Sanya
formations (Gao et al., 2019). Based on regional correlations with adjacent basins (Li et al.,
2015b; Lu et al., 2018; Gao et al., 2019), four seismic horizons, T30, T40, T50 and T60, have
been identified in the seismic profiles, corresponding to the bottom interfaces of Pliocene,

late Miocene, middle Miocene and early Miocene strata, respectively (Figs.1C, 4 — 6).

2.2 Oceanography

The South China Sea is a semi-enclosed marginal sea connected to the Pacific Ocean via the
Luzon Strait (Liu et al., 2008). Four major water masses are identified: surface, intermediate,
deep and bottom water (Tian et al., 2006; Quan et al., 2016; Yin et al., 2021). Surface water
moves cyclonically between 0 and 750 m at a speed of up to 100 cm s—1, whereas the South
China Sea intermediate water circulates anticyclonically between 750 and 1500 m water
depth at a speed of 5— 15 cm s—1 (Quan et al., 2016). Deep water flows at a depth of 1500 to
2200 m, while bottom water occurs below 2200 m. Both deep and bottom waters have an

average speed lower than 5 cm s—1 (Zeng et al., 2016; Zhu et al., 2019).

The South China Sea was isolated from the North Pacific subtropical gyre in the late Miocene
due to the formation of the Luzon Strait (Tian et al., 2006). This event resulted in a major
palaeo-oceanographic shift, which promoted the anti-clockwise flow of surface water masses
in the Northwest South China Sea (Yin et al., 2021). Present day surface water circulation is
dominated by a Western Boundary Current flowing southward (Fig.1B). Flowing through the

study area all year, this current can reach a depth of about 600 m, a maximum instantaneous
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velocity of more than 1 cm s—1 and play a key role in the distribution of mass, energy and
heat in the South China Sea (Quan et al., 2016). High-resolution ocean circulation models for
the western Pacific and northern Indian Oceans record a predominant anti-clockwise

circulation for intermediate water masses of the South China Sea (Liang et al., 2019).

3. Data and Methods

This study is based on the interpretation of high-resolution multibeam bathymetric data and
two-dimensional (2D) multi-channel seismic reflection profiles. The multibeam bathymetric
data were acquired by a SeaBeam 2112 system in 2008. The horizontal and vertical
resolution of the bathymetric data are 100 m (cell size) and 3 m (3%o of the water depth). The
bathymetric data were imported and analyzed in Global Mapper® to investigate the

bathymetry around the ZCP in detail.

The two-dimensional (2D) seismic reflection data were acquired by the China National
Petroleum Company (CNPC) in 2005 and processed by using the software package Pro-Max
from Landmark®. Seismic data were migrated with a common midpoint (CMP) spacing of
12.5 m, and a main frequency bandwidth of 30 Hz to 45 Hz, for a main frequency of 35 Hz.
Vertical resolution for these seismic data approaches 25 m. The 2D seismic reflection data

were interpreted by using Landmark®.

The multibeam bathymetric data in this study covers more than 3000 km2 (Figs.1, 2 and 3).
We have specifically investigated the dimension, incision depth, and scale of seafloor
features formed around the ZCP. Moreover, based on the 2D seismic profiles crossing
erosional features in the study area, we were able to investigate subsurface structures and

their relationship with seafloor features (Figs.3 — 5). Changes in seismic attributes (e.g.,



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

amplitude, polarity, uniformity and continuity) were used to interpret faults, palaeo-

pockmark, palaeo-channel and fluid-escape structures.

4. Results

Based on the analysis of multibeam bathymetric data and two-dimensional seismic profiles,

we have identified several seafloor morphological features and subsurface structures.

4.1 Seafloor morphology

The ZCP has a flat top and three flanking slopes facing the northeast, southeast and southwest
(Fig.1B). On its southern flanks, the seafloor predominantly comprises alongslope
morphological features such as channels and elongated depressions (Figs.2 and 3).
Alongslope morphological features are absent on the northeast flank of the ZCP; they are

replaced by base-of-slope sediments (Fig.1B).

4.1.1 Seafloor erosional features

Erosional features are the most remarkable and dominant alongslope morphological features
on the southern flanks of the ZCP (Figs.2 and 3). They are parallel and oriented in a similar
direction to the slopes bordering the ZCP. They show a relatively constant spacing of about
1.5 km and occur in combination with elongated and mounded depositional bodies (Figs.2
and 3). Topographic profiles crossing these erosional features show a similar ‘U-shaped’
geometry (Figs.2D, 2E, 3C and 3D). Their width ranges from 0.5 to 2 km, and their
maximum depth of incision is 160 m. The length of these erosional features decreases to the

south, with maximum and minimum lengths of 20 km and 7 km, respectively. Two channel-
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like erosional features occur on the bottom of southwest and south-east slopes of the ZCP,
presenting smoother thalwegs and shallower incision depths than other channel-like erosional

features in the study area (Figs.2 and 3).

4.1.2 Seafloor depressions

A large number of depressions are identified on the southern flanks of the ZCP, close to the
previous erosional features (Figs.2 and 3). These depressions are crescent, elongated and
circular in plan-view. They are 50- to 100-m deep with a diameter ranging from hundreds of
meters to more than 1 km. Some of these isolated depressions are observed at the ends of
channel-like erosional features (e.g., C1 and C2; Fig.2C). In addition, several elongated
depressions forming distinct trails are also extended in the direction of channel-like erosional
features (e.g., C3 and C7; Figs.2C and 3B). The elongated depressions, when distributed in
trails, have a similar morphology to the channel-like erosional features, especially when their
width and incision depth are considered (Figs.2 and 3). Furthermore, the relics of elongated

depressions exist at the bases of channel-like erosional features (e.g., C6 and C7; Fig.3B).

4.2 Subsurface Structures

Mounded depositional bodies, palaeo-depressions, palaeo-erosional features, pipe and
chimney structures, mainly occur in strata younger than Horizon T50 (15.5 Myr). They

mainly occur to the south of the ZCP (Figs.4 — 6).

4.2.1 Mounded depositional bodies
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Mounded depositional bodies are observed above Horizon T30 (5.5 Myr) on the southern
flanks of the ZCP (Figs.4 and 5). The width of these depositional bodies ranges from 2 to 3
km and their thickness reaches more than 300 m (Figs.4 and 5). They are characterised by
continuous, parallel and convex internal seismic reflections with low to medium amplitude.
The mounds are truncated by erosional features and pinch out towards the ZCP (Figs.4A, 4B,

5A and 5D).

4.2.2 Palaeo-depressions and paleo-erosional features

Multiple palaeo-depressions and palaeo-erosional features have been identified in strata
above Horizon T40 (10.5 Myr) (Figs.4 — 6). The lower boundaries of them are continuous
and concave seismic reflections with high amplitude, and some of them coincide with
Horizon T30 (5.5 Myr) (Figs.5B and 5C). Palaeo-depressions are filled with parallel,

continuous strata. Chaotic strata occur at their bases (Figs.5A and 5B).

Similar to the palaeo-depressions described above, other palaeo-erosional features are imaged
as concave seismic reflections with medium to high amplitude that truncate the surrounding
strata (Figs.4 — 6). Palaeo-erosional features usually show a ‘U-shaped’ geometry in cross-
section and correlate well with other channel-like erosional features on the seafloor (Figs.5D
and 5E). Palaeo-erosional features clearly migrate laterally, as shown by the vertical

superposition of multiple palaeo-erosional features (Figs.5C, 5D and 5E).

4.2.3 Fluid pipes and chimneys

Fluid pipe and chimney structures are observed on the south flanks of the ZCP, but are rarely

identified on the north flank of the ZCP (Figs.4 — 6). They form cones or pipes in seismic



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

images, and their internal seismic reflections are chaotic with low to medium amplitude
(Figs.4C, 4D, 5B, 5C and 5E). These structures, rooted in strata below Horizons T30 or T40,
develop vertically into younger strata (Figs.4 and 5). Some end at the bases of the palaeo-
depressions or palaeo-erosional features, while other are linked with surface depressions

(Figs.4B and 5A).

5. Discussion

5.1 Evidence for the occurrence of bottom currents

A series of channel-like erosional features and elongated depositional bodies are identified on
the southern flanks of the ZCP. Generally, these erosional features and depositional bodies

are distributed in an alongslope direction, indicating a common formation mechanism.

Channel-like erosional features to the south of the ZCP have the following morphological
characteristics (Figs.2 and 3): 1) they are parallel to the regional contours and the strikes of
platform slopes; 2) they present ‘U-shaped’ geometries in cross-section, with the average
width of 1.5 km and the incision depth of 120 m; 3) they reveal a constant spacing of 1.2 km.
Based on these observations, downslope processes (e.g., mass wasting or turbidity currents)
can be excluded as the origin for these channels. We propose that these channel-like erosional
features comprise contourite channels, similar to the features documented in the western
Mediterranean (de Weger et al., 2020), Gulf of Cadiz (Garcia et al., 2009) and western South

China Sea (Yin et al., 2021).

Depositional bodies along the flanks of the ZCP are characterised by their variable mounded

geometries, especially their distinctly elongated and mounded shape (Figs.2 and 3). Their
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internal seismic reflections are smooth, parallel and continuous, often interbedded with
transparent zones (Figs.4 and 5). Internal seismic reflections thin out towards the platform
flanks and are truncated by erosional channels away from the ZCP. They are also separated

from the platform by an alongslope erosional channel (Figs.4 and 5).

Our interpretation provides the robust evidence for discrete contourite drifts along the flanks
of the ZCP, which were accumulated by the persistent action of bottom currents. The two
channels that are closest to the southern flanks of the ZCP, separate the contourite drifts from
the carbonate platform, and are therefore considered as erosional moats (Figs.2 — 5). Similar
contourite drifts, combined with erosional moats formed by alongslope processes, are
documented in regions such as the Danish Basin (Surlyk and Lykke-Andersen, 2007),
Western Mediterranean Sea (Miramontes et al., 2019a), Bahamian Archipelago (Mulder et
al., 2019), SE Brazil (Alves, 2010) and Great Australian Bight (Jackson et al., 2019).
Furthermore, palaeo-depressions and associated palaeo-erosional features identified in the
seismic profiles may be the residue of palaeo-pockmarks and palaeo-channels, suggesting the

important activity of bottom currents in the past (Yin et al., 2021).

5.2 Reconstructing the pathways of bottom currents around the ZCP

Previous studies have used multiple methods to reconstruct the pathways of bottom-currents,
including: a) numerical simulations (Chen et al., 2016; Miramontes et al., 2019a), b) palaeo-
bathymetric analyses (de Weger et al., 2020) and, c¢) in situ current measurements via
moorings and landers (Miramontes et al., 2019b). In addition, the concept of space-for-time
substitution — referring to the understanding of long-term landform development by
comparing similar landforms of different ages or at different stages of evolution — has been

previously used to reconstruct the evolution of submarine channels (Micallef et al., 2014). In
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particular, the direction and relative velocity of bottom currents can be inferred from the

trend, depth and asymmetry of contourite channels (Garcia et al., 2009; Stow et al., 2009).

Here, we utilize the concept of space-for-time substitution to investigate the development of
contourite channels around the ZCP, and thereby reconstruct the pathways of palaeo-bottom
currents. Seafloor pockmarks occur in trails that co-exist with the contourite channels
observed around the ZCP (Figs.2 and 3). Kilhams et al. (2011) have demonstrated that trails
of pockmarks can coalesce to form furrows, or immature channels under the continuous
erosion of bottom currents. We therefore propose that the contourite channels around the ZCP
are also developed from pockmark trails (Figs.2 and 3); they are interpreted as leading to the
inception of contourite channels. Under the erosion of bottom currents, some of the
pockmarks coalesced to form immature channels, which are characterized by rugged
thalwegs (e.g., channels C3, C6 and C7; Figs.2 and 3). Immature channels subsequently
evolved into mature channels under the further erosion of bottom currents. We also propose
that the direction of a contourite channel indicates both the original strike of pockmarks in a
trail and the flow direction of bottom currents. This is the reason why the contourite channels
along the flanks of the ZCP developed towards the southeast and southwest, respectively
(Fig.7). Bottom-current should flow to the direction which these contourite channels
developed towards, from north of the ZCP to the south (Fig.7). Seafloor bathymetry also
greatly impact the hydrodynamics of bottom currents (Hernandez-Molina et al., 2006; de
Castro et al., 2020): The ZCP splits the bottom currents into two branches and intensified the
erosion to the slop close to the base, generating contourite channels along the southeast and

southwest flanks of the ZCP (Fig.7).

Palaeo-erosional features indicate that palaeo-channels were formed in upper Miocene strata
(Figs.4 — 6). However, on the northeast flank of the ZCP, the palaeo-bottom currents
gradually diminished in strength after the Late Miocene and left no erosional features on the
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modern sea-floor (Fig.6). The identification of palaeo-pockmarks and palaeo-channels on the
seismic profiles indicates that bot tom currents were already active in the late Miocene (5.5
Myr), reshaping pre-existing pockmarks and contributing to the formation of palaeco-channels
(Figs.4 and 5). Unfortunately, due to the lack of three-dimensional seismic data, it is
impossible to characterise the overall morphology of palaeo-pockmarks and paleo-channels,
particularly when the time-dependent morphological evolution of palaeo-pockmarks towards
contourite channels is considered. Based on the interpretated seismic data, we propose that
the change from pockmarks to contourite channels occurred after the late Miocene (5.5 Myr),
as pockmarks and contourite channels on the modern seafloor reveal such change — from

pockmarks to channels — is ongoing (Figs.2, 3 and 7).

5.3 Interaction between bottom currents and fluid seepages

The morphology around carbonate platforms can be significantly shaped and modified by
alongslope processes (bottom currents) via the formation of moats, contourite channels and
drifts (Lidmann et al., 2013; Betzler and Eberli, 2019; Eberli et al., 2019; Mulder et al.,
2019). However, the complex morphology around the ZCP is marked by large numbers of
parallel contourite channels, which occur in combination with widespread pockmarks (Figs.2

and 3), a pattern rarely observed in other parts of the world.

Based on the interpretation of high-resolution seismic reflection data, Gao et al. (2019)
demonstrated that late Cenozoic magmatism led to the formation of hydrothermal systems
and the build-up of local overpressures, both responsible for active fluid seepages around the
Xisha Islands. Fluid escape structures are widely identified on the seismic profiles on the
flanks of the ZCP (Figs.4 and 5). Around the ZCP, fluid escape structures rooted in middle to

upper Miocene strata have been identified beneath the interpreted channels and pockmarks
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(Figs.4 and 5). These structures, imaged in seismic data as columnar features with dimmed
internal reflections due to local amplitude and velocity anomalies, mark the pathways for
focused fluid venting that generated seafloor pockmarks (Pilcher and Argent, 2007; Ledn et
al., 2010; Cartwright and Santamarina, 2015; Bertoni et al., 2017; Velayatham et al., 2018).
The local seafloor relief produced by the pockmarks led to the enhancement of bottom-
current erosion in their leeward and/or windward side and, as a result, pockmarks become
elongated along the flowing direction of bottom currents (Andresen et al., 2008; Kilhams et

al., 2011).

The initiation of fluid seepages and bottom currents, generating fluid escape structures and
palaeo-channels respectively, are documented by the seismic profiles acquired around the
ZCP (Figs.4 — 6). Fluid seepages mainly occurred on the southeast and southwest flanks of
the ZCP at different times. On the southwest flank, fluid escape structures are rooted in strata
older than horizon T30, hence indicating a maximum age of 5.5 Myr (Fig.4). However, on the
southeast flank the fluid escape structures occur below horizon T30 — though lining to the
palaeo-channels and pockmarks buried by the sedimentary stratum younger than T30. This
reveals an onset for pockmarks before 5.5 Myr (Fig.5). In general, present or palaeo
morphologies, including pockmarks and channels, show a close relationship with fluid escape
structures formed by the active fluid seepages. Therefore, the active fluid seepages generated
pockmarks around the ZCP, and the interaction between bottom currents and fluid seepages

led to the maintenance and channelization of these same pockmarks.

In summary, we propose that the special and complex morphology around the ZCP results
from the interaction between bottom currents and fluid seepages on the seafloor (Fig.8). The
erosional force of bottom currents was enhanced by active fluid seepages when the bottom

currents flowed across pre-existing or developing pockmarks.
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6. Conclusions

This study shows that the seafloor morphology around the ZCP was reshaped by the
interaction between bottom currents and active fluid seepages. Based on the analysis of high-
resolution bathymetric data and two-dimensional (2D) seismic-reflection data, in this work

we reached the following conclusions:

1) A series of alongslope morphological features, such as moats, contourite channels and
drift, have been identified on the seafloor and in some older strata around the ZCP. These
features corroborate the importance of bottom current activities around the ZCP. Moreover, a
large number of pockmarks are identified in the study area, and show a close relationship

with overlying contourite channels.

2) Based on the concept of space-for-time substitution, we suggest that the contourite
channels around the ZCP are formed through the coalescence of isolated pockmarks under
the action of bottom currents. The evolution of contourite channels around the ZCP includes
three distinct stages: mature channels (C1, C2, C4 and C5), immature channels (C3, C6 and

C7) and pockmark trails.

3) Based on the evolution stages of the contourite channels and their spatial relationship with
seafloor pockmarks, the channels are inferred to develop from north to south. Hence, the
bottom currents around the ZCP are speculated to flow from the north of the ZCP to the

south.

4) Active fluid seepages led to the widespread distribution of pockmarks around the ZCP, and
these pre-existed (or developing) pockmarks have significantly contributed to the formation
of contourite channels. The complex bathymetry around ZCP is, therefore, a result of the

interaction between bottom currents and seafloor fluid seepages.
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Fig.8 Three-dimensional conceptual model revealing that bottom current erosion is not the
unique factor leading to the complex seafloor bedforms around the ZCP. Active fluid
seepages induced by post-rift magmatism led to the widespread fluid escape structures and
pockmarks in the surroundings of ZCP (Gao et al., 2019). The pre-existence of the
pockmarks around ZCP are indispensable requirements for the formation of contourite
channels under the erosion of bottom currents. Therefore, the interaction between bottom
currents and active fluid seepages generated the complex bathymetry in the study area, which
comprises moats, contourite channels, contourite drift and pockmarks. The yellow arrows are
proposed pathways for bottom currents in the surroundings of ZCP, and blue arrows indicate
the gravity flows in the Zhongjian canyon. The multibeam bathymetric data are from Lu et al.

(2018).
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Fig.1 A) Regional geological setting of the study area. Modified from Gao et al. (2019).
Black dashed lines indicate the boundaries of sedimentary basins in the Northwest South
China Sea. The dark blue curve arrow indicates the Western Boundary Currents (WBC) of
South China Sea, and the yellow belt shows the layout of Zhongjian canyon (ZC). The red
box indicates the location of study area shown as Fig.1B. B) Multibeam bathymetric map of
the study area (modified after Lu et al. (2018)). The Zhongjianbei carbonate platform (ZCP)
is located at the very center of the study area, next to the Zhongjian canyon (ZC) in the
northeast. Red solid lines indicate the locations of two-dimensional seismic profiles
acquired in the vicinity of the ZCP, and the ‘eye’ symbols combined with yellow and white
dashed lines indicate the viewpoints of Fig.2A and Fig.3A respectively. C) Stratigraphic
column of the study area based on Lu et al. (2018) and Gao et al. (2019). Key: YGH,
Yinggehai Basin; QDNB, Qiongdongnan Basin; PRMB, Pearl River Mouth Basin; XI,
Xisha Islands; ZI, Zhongsha Islands; GH, Guangle high; SCS, South China Sea.
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Fig.2 A) Three-dimensional slope gradient map depicting a southwest view of the ZCP with
the viewpoint shown in Fig.1B. Blue solid arrow indicates the direction of gravity flows in
the ZC. Orange dashed lines highlight the features associated with alongslope currents. Red
solid lines indicate the locations of bathymetric profiles (shown in Figs.2D and 2E) across the
platform slope and associated channel-like erosional features. The multibeam bathymetric
data for morphological description is from Lu et al. (2018). B) Moat along the flanks of the
ZCP. C) Details of three channels (C1, C2 and C3) formed in the southwest flanks of ZCP,
which are sub-parallel to the moat. Numerous pockmarks are observed around these channels.
D) and E) Bathymetric profiles revealing the cross-section geometries (width and depth of

incision) of the moat and channels.
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621  Fig.3 A) Slope gradient map revealing the three-dimensional morphology of the southeast
622  flank of the ZCP. The features associated with alongslope processes are indicated by orange
623  dashed lines. In the ZC, gravity flows to the southeast direction are indicated by the blue

624  arrow. Red solid lines show the distribution of the bathymetric profiles crossing the platform
625  flanks, moat and channels. The viewpoint of Fig.3A is shown in Fig.1B. B) Four channels
626 (C4, C5, C6 and C7) are identified in the southeast flank of the ZCP. They are sub-parallel to
627  the observed moat and surrounded by pockmarks. C) and D) Bathymetric profiles (a —a’ and
628 b -—1b’in Fig.3A) showing the U-shaped cross-sections, width and incision depth of moat and

629  channels. The bathymetry is after Lu et al. (2018).
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Fig.4 A) and B) Seismic profiles imaging the sub-seafloor strata in the southwest flank of the
ZCP and associated erosional and depositional features. Stratigraphic horizons T60, T50, T40
and T30 and sub-surface structures are also illustrated. The locations of the seismic profiles
are shown in Fig.1B. The seismic data is after Wang et al. (2013) and Wu et al. (2014). C)
and D) Zoomed-in seismic profile showing the fluid escape structures (depicted by red
dashed lines) cross Horizon T30 (shown as purple solid line) and their link with the
depressions on the seafloor. E) Zoomed-in seismic section revealing the presence of palaeo-
channels (shown as blue dashed lines), which truncate or underlie the Horizon T30 (purple

solid lines).
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Fig.5 A) Seismic profile highlighting the multiple seafloor features and structures in the
southeast flank of the ZCP (see location in Fig.1B). Moats, channels, pockmarks and
contourite drifts are identified on the seafloor. Palaeo-channel, palaeo- pockmarks and fluid
escape structures are observed in older strata. B) Zoomed-in seismic profile showing the

relationship between fluid escape structures (outlined by red dashed lines) and palaeo-
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pockmarks. Purple and green solid lines represent seismic reflection T30 and T40,
respectively. C) Zoomed-in seismic profile revealing that the migration of palaeo-channels
(shown as blue dashed lines) and palaeo-pockmarks is associated with fluid escape features
(depicted as red dashed lines). D) Seismic profile showing subsurface structures and the
seafloor bathymetry, including moat and channels (C4, C5, C6 and C7) on the southeast flank
of the ZCP. E) Zoomed-in seismic profile revealing the spatial relationship between modern
channels, palaeo-channels (shown as blue dashed lines), fluid escape features (outlined by red
dashed lines) and Horizon T40 (shown as green solid lines). The original seismic profiles are
from Wang et al. (2013) and Wu et al. (2014).
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Fig.6 A) and B) Seismic profiles imaging the northeast flank of the ZCP. The blue dashed
line indicates a buried channel close to the seafloor. The locations of seismic profiles are
shown in Fig.1B. C) and D) Zoomed-in seismic profiles showing the palaeo-channels (shown
as blue dashed lines) in strata beneath Horizon T30. Purple and green solid lines indicate
Horizons T30 and T40, respectively. The interpretation is based on the original seismic data
after Wang et al. (2013) and Wu et al. (2014).
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Fig.7 Sketch summarizing the pathways of bottom currents around the ZCP and how
seafloor morphology influences the dynamics of bottom currents. In the study area, the
bottom currents are proposed to flow from the north and to the south, and split by the obstacle
of ZCP. The existence of obstacle has led to the enhancement of bottom current erosion on
the south flanks of platform, especially close to the slope bottom of ZCP. Therefore, on the
flanks of ZCP, the erosional moats were formed at the bottom of slopes and pockmark trails
are involved into contourite channels under the bottom current erosion. Furthermore, due to
the long-distance (tens of kilometres) upslope transportation (from north to south), the
sediment transport capacity of bottom currents has significantly decreased. The suspending
sediments carried by bottom currents hence deposited at the south region of ZCP, which is
covered by a large area of smooth seafloor with rare erosional features.
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