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Highlights:

e A downstream abyssal plain transition from deposition to channels is

documented

e This is a new example of turbidity current re-channelization

e The setting is a flat, open plain, upstream of an area of seamounts and ridges
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e Turbidity currents traversing this terrain transition from depositional to erosive
flows
e This confinement results in an increase in coarse sediment content in abyssal
plain around the seamount area/fossil spreading center.
Abstract
Turbidity currents can be characterized as net-erosive, net-depositional or net-

bypassing. Whether a flow is erosive, depositional or bypasses depends on the flow
velocity, concentration and size but these can also be impacted by external controls
such as the degree of confinement, slope gradient and substrate type and erodibility.
Our understanding of the relative importance of these controls comes from laboratory
experiments and numerical modelling, as well as from field data due to the proliferation
of high-resolution 3D seismic and bathymetric data, as well as the outcrop and rock
record. In this study, based on extensive multibeam and seismic reflection surveys in
combination with International Ocean Discovery Program cores from the South China
Sea, we document a new mechanism of turbidity current transformation from
depositional to erosive resulting in channel incision. We show how confinement by
seamounts and bedrock highs of previously unconfined turbidity currents has resulted
in the development of seafloor channels. These channels are inferred to be the result of
confinement of flows, which have traversed the abyssal plain, leading to flow

acceleration allowing them to erode the seafloor substrate. This interpretation is further
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supported by the coarsening of flow deposits within the area of the seamounts,
indicating that confinement has increased flow competency, allowing turbidity currents
to carry larger volumes of coarse sediment which has been deposited in this region.
This basin-scale depositional pattern suggests that pre-established basin topography can
have an important control on sedimentation which can impact characteristics such as

potential hydrocarbon storage.

Keywords: submarine channels; submarine lobes; turbidity currents; flow

transformation; abyssal plain; South China Sea

1. Introduction

Turbidity currents are particle-laden, seafloor-hugging gravity flows that move
downslope because of the density difference between the sediment-laden current and
the ambient water (Daly, 1936; Middleton and Hampton, 1973). These currents are
major transporters of sediment from the continental shelf to the deep ocean, where they
can run out for up to several thousand kilometers (Heezen and Ewing, 1952; Schwenk,
2004; Talling, 2014; Hunt, 2017; Heerema et al., 2020; Wells and Dorrell, 2021). The
deposits of these flows, called turbidites, are important as they are a potential sink for
organic carbon, microplastics and other pollutants (Galy et al., 2007; Azpiroz-Zabala
et al., 2017; Kane et al., 2019; Hage et al., 2020). These deposits can also host large
hydrocarbon reservoirs (Posamentier and Walker, 2006).

As turbidity currents flow over the seafloor they can be either net-erosive, net-

bypassing or net-depositional (see review in Pohl, 2019). The exact interaction with the
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seafloor is a result of changes to their internal flow characteristics, such as velocity,
concentration, and thickness. However, their interaction with the seafloor can also be
influenced by external controls such as the degree of confinement, slope gradient and
substrate type, over which the turbidity current flows (Stevenson et al., 2015). On
continental margins, turbidity currents are typically confined within submarine
channels or canyons (e.g., Heezen et al. 1964; Pratson et al., 1994; Posamentier and
Walker, 2006; Piper and Normark, 2009; Puig et al., 2014). This confinement acts to
focus the flow, allowing it to maintain its competency and thus erode and transport
sediment over long distances (Posamentier and Walker, 2006; Stevenson et al., 2015).
Upon exiting these channels, turbidity currents often lose their lateral confinement,
triggering flow relaxation (rapid flow transformation and a lowering of maximum
velocity), which enhances shearing at the base of the turbidity current and leads to
seafloor scouring (Mutti and Normark, 1987; Palanques et al., 1996; Wynn et al., 2002;
Brooks et al., 2018; Pohl et al., 2019; Tinterri et al., 2020). Following flow relaxation,
the turbidity current is also able to entrain larger volumes of ambient water as a
consequence of the un-confinement (Imran et al., 2004; Pohl et al., 2019). This dilutes
the flow and further reduces its velocity leading to reduced competency (Imran et al.,
2004; Pohl et al., 2019). The loss of competency of unconfined turbidity currents results
in deposition of their sediment load leading to the development of widespread sediment
lobes (Normark, 1970; Bouma et al., 1985; Parsons et al., 2002; Posamentier and
Walker, 2006; Bouma et al., 2012; Talling et al., 2015; Dennielou et al., 2017; Tinterri

et al., 2020; Wells and Dorrell, 2021). This model of transitioning turbidity current
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characteristics in the deep-sea from net-erosive/net-bypass to net-deposition is based in
part on numerous observations of channel-to-lobe transitions on the modern seafloor,
e.g., the Bengal Fan (Piper and Normark, 1983; Schwenk, 2004), Indus Fan (Wynn et
al., 2007; Kumar et al., 2019), Amazon Fan (Damuth and Kumar, 1975; Flood et al.,
1991; Pirmez and Imran, 2003), Congo Fan (Savoye et al., 2009; Dennielou et al., 2017,
Rabouille et al., 2017), and Mississippi Fan (Wynn et al., 2007), as well as in the rock
record, e.g., outcrops in the foreland basins of the South-Central Pyrenees, Spain (Mutti
and Normark, 1987), the Piedmont Basin, northwestern Italy (Mutti, 1992), the
Carboniferous Ross Sandstone of western Ireland (Posamentier and Walker, 2006), and
extensive outcrops in the Karoo Basin, South Africa (Brooks et al., 2018). This model
has also been supported by laboratory and numerical modelling experiments (e.g.,
Bowen et al., 1984; Waltham, 2004; de Leeuw et al., 2018).

Less common are examples were turbidity currents transition from being net-
depositional/net-bypassing to net-erosive. The transition from net-deposition to net-
erosion can result in re-channelization/re-confinement of the turbidity current and can
be a consequence of abrupt changes in seafloor bathymetry (Stevenson et al., 2015).
Previous studies have shown re-channelization of turbidity currents on delta slopes,
continental slopes and on continental rises. On the western Nigeria Delta, channel-to-
lobe-to-channel transitions have been observed associated with breaks in slope (Jobe et
al., 2015; 2017). Offshore Nigeria and in the Gulf of Mexico, re-channelization is
observed at the spill-point of mini-basins located on the continental slope (Prather et

al., 1998; Prather, 2003). Transitions from intra-slope lobes to channel-levee systems
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have also been identified in the rock record from the former stepped continental slope
of the Karoo Basin, South Africa (Brooks et al., 2018). More distally, offshore
northwest Africa, re-channelization has been observed on the Agadir continental rise
(Wynn et al., 2002; Stevenson et al., 2013). In all cases the re-channelization observed
was associated with an increase in slope gradient. However, channel incision has also
been identified to have been a consequence of processes such as salt-tectonism (Gee
and Gatwathorpe, 2006).

Here, we aim to document a new mechanism for the re-channelization of turbidity
currents on abyssal plains. Using multibeam bathymetric, multichannel seismic and
core data from the abyssal plain of the South China Sea, we aim to show: (1) that pre-
existing topographic highs (seamounts and bedrock ridges) can lead to the erosion of
submarine channels on an abyssal plain and; (2) this re-channelization can lead to the
coarsening of deposits. Understanding how channel systems can be formed in abyssal
plain settings is important for developing models that better explain basin-floor deposits,

sediment dispersal and potential hydrocarbon storage in deep-water settings.

2. Geological setting

The South China Sea is one of the largest marginal seas of the western Pacific
region. The basin formed as a result of crustal rifting and subsequent drifting during the
late Eocene or early Oligocene to middle Miocene (Taylor and Hayes, 1980; Li et al.,
2014). The study site (Figs 1 and 2) is located in the north (proximal) to center (distal)
of the abyssal plain, extending southward (downslope) from the base of the continental

slope to the northern edge of the fossil spreading center with an age of 15 Ma (Li et al.,
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2014). A number of named and unnamed submarine canyons incise the continental
margin, including, from west to east, the Central Canyon (Gong et al., 2011; Su et al.,
2014), Pearl River Mouth Canyon (Ding et al., 2013), Shenhu canyon group (Zhu et
al., 2010; Yin et al., 2019), Dongsha Canyon (Yin et al., 2015), Taiwan (Formosa)
Canyon (Ding et al., 2010), Penghu Canyon (Yu and Chang, 2002), and Gaoping
(Kaoping) Canyon (Liu et al., 1993) (Fig.1). These submarine canyons act as conduits
for the transport of large amounts of sediment from the shelf to the oceanic basin center
(Yinetal., 2020). As a consequence of this sediment delivery system, the South China
Sea abyssal plain is dominated by turbidite deposits interbedded with pelagic deposits,

500 to 1500 m thick (Expedition 349 Scientists, 2014; Yin et al., 2020).

3. Data and methods

Two multibeam bathymetric surveys and 12 multichannel seismic reflection
profiles are used in this study (Fig. 1). The two multibeam bathymetric surveys were
collected by the Second Institute of Oceanography, Ministry of Natural Resources of
China, onboard the Xiangyanghong 14. The first bathymetric survey, covering 97% of
the study area, was collected in 2005, using a RESON SeaBat 8150 multibeam system.
This multibeam system was operated at 12 kHz with a beam aperture of 150°, and a
vertical sounding accuracy of ~0.3% water depth. The second bathymetric survey,
covering 3% of the study area, was collected in 2014, using a Kongsberg EM122
multibeam system. This system was operated at 12 kHz, with a beam aperture of 150°,
and a vertical sounding accuracy of ~0.2% of water depth. The two sets of multibeam

soundings were processed using CARIS HIPS and SIPS software. Data were processed
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to correct for differences in sound velocity in the water column, tidal level, navigation
and ship’s motion. Combined Uncertainty and Bathymetry Estimator and “Surface
filter” were used to eliminate outliers in the raw sounding data (Calder and Mayer,
2003). The swath angle surface method in CARIS HIPS and SIPS software was used
to build a high-resolution seabed digital terrain model with a grid resolution of 100 m
and a total area of 64,500 km?2. The multibeam bathymetric data were firstly used to
show the general seafloor morphology of the South China Sea abyssal plain, including
seafloor slope gradients, significant seafloor features, as well as their size. Second,
detailed morphologic parameters of the submarine channel systems in the study area
were measured based on the multibeam bathymetric data, including orientation, length,
width, depth, width to depth ratio, sinuosity. Channel width and depth were measured
every 5 km along the channel thalweg. Third, longitudinal and transversal bathymetric
profiles of the submarine channels were plotted based on the high-resolution seabed
digital terrain model.

The 12 multichannel seismic reflection profiles were collected between 2004 and
2009, using a 480-channel seismic data acquisition system. The system has a 12.5 m
receiver interval, 50 m source interval, 125 m minimum offset, 2 ms sampling rate, and
60 folds of coverage. Seismic data were processed using a standard pre-stack time-
migration procedure. Major processing steps included noise reduction, deconvolution,
amplitude correction, trace selection, velocity analysis and model building, and time
migration. Seismic data have a domain frequency between 40 and 60 Hz, which gives

a vertical resolution (tuning thickness) of about 8 to 13 m (assuming an average interval
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velocity of about 2000 m/s), as estimated from International Ocean Discovery Program
(10DP) well-logging data (Expedition 349 Scientists, 2014). These seismic profiles,
2040 km long in total, were used to identify large subsurface features in the study area
through seismic stratigraphy analysis. The seismic stratigraphic analysis was performed
following the conventional method and basic criteria proposed by Mitchum et al. (1977)
and Catuneanu et al. (2009). This method uses reflection terminations to identify
discontinuities and internal reflection configurations, and unit shapes to characterize
seismic facies.

Three IODP sites of sediment cores are used in this study (Fig. 1), U1431, U1432,
U1499. The first two sites are associated with IODP Expedition 349 executed in 2014.
The third site is associated with IODP Expedition 367 executed in 2017. Age-depth
models of the sediment cores are used to estimate age of the seismic discontinuities
based on the published time-depth conversion (Yin et al., 2020). Lithology of the

sediment cores is used to calibrate seismic facies.

4. Results

4.1. General morphology of the study area

The study area (Fig. 2) extends about 410 km from the foot of the continental slope
(water depth 3800 m) to the fossil spreading center in the abyssal plain (water depth
4300 m) and covers an area of 58550 km?. The area between the continental slope to
the north boundary of sets of seamounts and ridges is defined as the proximal abyssal

plain (Fig. 2), and the area between the north boundary of sets of seamounts and ridges
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and the fossil spreading center is defined as distal abyssal plain. The average slope
gradient of the study area decreases downslope, from 0.10° to 0.03°. Several high-
elevation features (Fig. 2) are seen in the central and southern sectors of our study area.
These features have two predominant shapes: blocky (i.e., seamounts; Yang et al., 2015)
and linear (i.e., bedrock ridges; Sibuet et al., 2016). The seamounts have an area of 50
to 2000 km? each and heights of 800 to 3700 m. The bedrock ridges are 10 to 45 km
long and are 50 to 500 m high, with a southwest—northeast orientation. The spacing
between these ridges ranges from 0 to 50 km. Submarine channels meander around the

seamounts and bedrock ridges in the distal abyssal plain (Fig. 2).

4.2. Channel morphology

The abyssal plain of the South China Sea appears featureless except for the
observed bedrock highs and the observed channels (Figs 2 and 3). The channel system
C1 (Figs 2B and 3) extends 180 km downslope originating 200 km from the end of the
Pearl River Mouth Canyon between the seamounts and bedrock ridges to the fossil
seafloor-spreading ridge. The longitudinal profile of the channel C1 changes downslope
from linear to slightly concave in shape (Fig. 4A). This channel is 350 to 600 m wide
and up to 40 m deep. The width-to-depth ratio is 35 to 575. This channel has an average
sinuosity of 1.15.

Channel C1 has two separate reaches separated by an area (45 km wide) where no
channel can be resolved (Figs 2 and 3). The upper reach is 1200 to 6000 m wide and 5
to 30 m deep. It has a channel floor gradient of 0.06° (Fig. 4A). The width-to-depth

ratio of the upper reach is 110 to 575. In cross-section, the upper reach is U-shaped (Fig.
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4B). The point of origin for the upper reach is 17 km north of seamount S5. From there,
the channel meanders southward, closely skirting the base of seamount S3, then passing
between seamounts S4 and S5 over a total length of 63 km. The upper reach ends at the
same latitude of the southern edge of seamount S4 (Fig. 2). This reach has two courses:
a deeper and longer (66 km) western course that skirts the eastern edge of seamount S3
and a shallower and shorter (12 km) eastern course that lies between seamounts S3 and
S5 (Figs 2 and 3).

The lower reach of Channel C1 is 350 to 2700 m wide and 5 to 40 m deep, with a
channel floor gradient of 0° to 0.06°. The width-to-depth ratio of the lower reach is 35
to 500. This reach is narrower and deeper than the upper reach and the narrowest and
deepest position locates between the seamounts S8 and S9 (Figs 2, 3, 4A), the fossil
seafloor spreading center. The upstream of the upper reach is characterized by a U-
shaped cross-section (Fig. 4B). Downstream, the channel transitions from a wider to a
narrower U-shape and eventually becomes V-shaped. The lower reach starts 45 km
south of where the upper reach becomes unresolvable (Fig. 2), extending 123 km
between four seamounts, S6-S9, and more than a dozen linear bedrock ridges (Fig. 2).
The lower reach begins to develop 36 km south of the northern edge of seamount S7
and 16 km north of the seamount S6. From there, the channel meanders southward,
passing between seamounts S6 and S7 (approximately 21 km apart), then through the
field of bedrock ridges and finally the narrow 5 km gap between seamounts S8 and S9.
This lower reach ends in an open area between seamounts S8 and S9, which lie along

the fossil spreading ridge (Fig. 2). The lower reach has two courses with a length of 75
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km (western course) and 80 km (eastern course), respectively, which merge close to the
north of seamount S8.

On both sides of channel C1, several channel-like features have developed (Fig.
2). Because these features have low relief and no seismic line crosses them, more
seismic and higher-resolution bathymetric data are required to discern these features in

the future.

4.3. Channel-related seismic facies

A regional discontinuity, H1, was identified in the shallow strata of the study area
(Figs 5, 6 and 7). This discontinuity, which exhibits high-amplitude reflections,
separates overlying high-amplitude reflections (upper seismic unit) from underlying
low-amplitude reflections (lower seismic unit). The age of discontinuity H1 dates to the
beginning of the Pleistocene (~2.6 Ma) according to seismic—well correlations (IODP
Site U1431; Yin et al., 2020) and time-depth models from I0DP Site U1431 (Li et al.,
2015). The Quaternary sediment thickness changes downslope from 200 m at the IODP
site U1499 at the foot of the continental slope to 150 m in the middle of the proximal
abyssal plain, then to 142 m in the upper reach of channel C1, further to 112 m between
the upper and lower reaches of channel C1, finally to 190 m in the lower reach of
channel C1. Channel C1 is incised into the upper seismic unit and the lowest
stratigraphic depth of incision is H1.

Six significant channel-related seismic facies were identified within the upper
seismic unit (Fig. 8). Lenticular seismic facies (LF) are characterized by slightly

concave bottom and also by lenticular seismic configurations (Fig. 8). The reflections
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of this facies are of moderate to high amplitude and moderate continuity. The facies
themselves are lens-shaped, with onlaps and/or downlaps often seen along the facies
boundaries. The LF seismic facies spread over the open area of the distal abyssal plain
between the upper and lower reaches of channel C1 (Fig. 7A). Data from IODP Sites
U1432 and U1499 (Fig. 1) show that the lenticular seismic facies consist of greenish
gray clays (75% to 95%) interbedded with small amounts of clayey silt and sand, and
calcareous ooze and nannofossil (Fig. 9; Expedition 349 Scientists, 2014; Expedition
367 Scientists, 2018).

Channel-fill seismic facies (CF) are identified and are characterized by prominent
external boundaries identifiable by sudden lateral changes to seismic reflections (Fig.
8). These fill boundaries, which are defined by high-amplitude reflection interfaces, can
deeply incise underlying reflections, even down to discontinuity H1. Occurrences of
these seismic facies are narrow (no more than 1 km in width), with subparallel
reflections of moderate to high amplitude and high to low continuity. The seismic
profile (Fig. 6C) across the upper reach of channel C1 shows the seismic facies CF
include at least 11 significant cycles of incision surfaces and onlaps and draping. Theses
facies occur only among the seamounts and ridges in the distal abyssal plain. No IODP
data is available for sediments which are characterized by seismic facies CF.

Wedge-to-mound-shaped seismic facies (WSF) are identified and are
characterized by flat or slightly convex bottom and also by convergent seismic
configurations that thin away from the channel-fill seismic facies (Fig. 8). These facies

exhibit reflections of moderate amplitude and moderate to high continuity. Onlaps and
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downlaps both occur within the facies, which are always located adjacent to the
channel-fill facies. The facies could appear in seafloor depressions (Fig. 6B) bounded
by the channel-fill seismic facies and seafloor bulges. IODP Site U1431 shows that the
WSF facies consist of dark greenish gray clay and clayey silt interbedded with sand and
nannofossil (Fig. 9; Expedition 349 Scientists, 2014).

The wavy seismic facies (WF) are characterized by a continuous wavy seismic
configuration (Fig. 8). The facies exhibit reflections of moderate amplitude and high
continuity. The waves of the facies are asymmetrical, with upstream flanks being
steeper and shorter than downstream flanks. These waves show evidence of upslope
(local seafloor, i.e. northeast) progradation. Their wave heights generally decrease
downslope (southwest) and away from the channel-fill facies, and change from small
to large to middle through time (Fig. 6A, B). The wavy seismic facies are typically
separated from the channel-fill facies by the wedge-to-mound shaped facies. The wavy
seismic facies lie on a slight bulge in the west of seamount S3 (Fig. 6A). The lower
boundary of the wavy seismic facies is discontinuity H1. No drilling data is on the
sediments of the seismic facies WF.

Transparent to chaotic seismic facies (TF) are characterized by transparent and/or
chaotic seismic reflections of low amplitude and low continuity (Fig. 8). The facies,
which exhibits an irregular shape in cross-section, are found scattered within the
widespread lenticular seismic facies. IODP Site U1432 shows that the seismic facies
TF consist of clay layers interbedded with very thinly bedded (centimeter scale) or

laminated silty layers (Expedition 349 Scientists, 2014; Yin et al., 2020).
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The parallel to sub-parallel seismic facies (PF) are characterized by a parallel to
subparallel seismic configuration and reflections of moderate to high amplitude and
high continuity (Figs 5 and 8). Sometimes the reflection amplitude of the facies is a bit
higher at the northern flank of a seamount than in more distal areas (Fig. 10).
Occurrences of the parallel to subparallel seismic facies exhibit a sheeted shape and are
found widespread in the proximal abyssal plain between the continental slope and the
seamounts and ridges, but far from the channel-fill seismic facies (Fig. 6A). IODP site
U1431 shows that the seismic facies PF are composed mainly of clays interbedded with

thin silts or carbonates (Expedition 349 Scientists, 2014; Yin et al., 2020).

5. Discussion

5.1. Interpretation of seismic facies

The lenticular facies (LF) are interpreted as representative of lobes formed by
deposition from unconfined concentrated turbidity currents. This interpretation is based
in large part on where the facies are found, i.e. at the upper reach exit of submarine
channel C1 on the abyssal plain of the South China Sea (see Fig. 1 for channel locations).
This interpretation is supported by similar observations from other abyssal plain
settings, e.g., Gulf of Mexico (Dixon and Weimer, 1998; Prather et al., 1998), offshore
Indonesia (Saller et al., 2004), the Philippine Sea (Pickering et al., 2013), and western
equatorial Atlantic abyssal plain (offshore Brazil, Rimington et al., 2000; Wynn et al.,

2007). The moderate to high amplitude reflections of this facies are believed to
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represent interbedded coarser (sand and silt) and finer (clay) sediments (Fig. 9;
Expedition 349 Scientists, 2014; Li et al., 2015).

The channel-fill facies (CF) occurs beneath the modern submarine channels (Fig.
6) that are visible in the multibeam bathymetric data. We therefore suggest that the
facies represent deposition within the channel system during the Pleistocene after the
formation of the H1 unconformity. Some CF overlie on magmatic activity zones (Fig.
7C, D) and the corresponding modern channel C1 extends nearby the magmatic ridges
(Fig. 3B), indicating that the channels may tend to choose their courses affected by the
underlying magmatic activity due to more erosive seabed. The channel-fill seismic
facies are believed to represent coarse sediments deposited by turbidity currents
confined within the channels. Similar coarse deposits from turbidity currents within
channels have been observed in other deep-water settings using drill-well data, e.g.,
Gulf of Mexico (Dixon and Weimer, 1998; Prather et al., 1998), and Congo basin
(Wang et al., 2016).

The wedge-to-mound-shaped facies (WSF) occur along the flanks of submarine
channel C1. The facies thin with distance away from the channel (Figs 6 and 8). This
is consistent with interpretations of similar features in other deep-water settings, e.g.,
Gulf of Mexico (Hackbarth and Shew, 1994; Prather et al., 1998; Beaubouef and
Friedmann, 2000), the WSF are therefore interpreted as muddy overbank deposits (i.e.,
levees, Fig. 9) formed by upper dilute turbidity currents that rode higher than the
channel walls and spilled out of the channel (Prather et al., 1998; Posamentier and

Walker, 2006). In addition, the WSF may occur in the seafloor depressions bounded by
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slight bulges (Fig. 6A). The bulges-depressions were probably formed by seafloor
deformation due to local base uplift. The mild relief of the paleo-seafloor bulge-
depressions near the channel (Fig. 6A) also might promote the development of the WSF
by capturing more turbidity currents and sediments in the depressions. It indicates that
seafloor deformation could contribute to the development of the channel system.

The wavy facies (WF) could be interpreted to be seafloor deformation, i.e.
sediment creeps, or to be indicative of flow interaction with the sedimentary bed. If the
former mechanism was responsible, the older facies would exhibit larger wave heights
due to being subjected to a longer period of deformation. The general transition of wave
height from small to large to medium sizes through time indicates that the deformation
is unlikely to be the dominant mechanism for the formation of the observed wavy facies.
The facies show a series of parallel reflectors which appear to prograde upslope (Fig.
5B). Similar facies have been interpreted as representative of sediment waves which
have resulted from the repeated passage of supercritical flows (e.g., Normark et al.,
1980; Flood, 1988; Migeon et al., 2000; Wynn and Stow, 2002; Cartigny et al., 2011,
McCave, 2017). The NW-SE orientation and NE migration of the sediment waves (Figs
3A and 6B) suggest that unconfined turbidity currents responsible for the sediment
wave formation should come from north and/or northeast, the direction of the northern
SCS continental margin with large canyons (Fig. 1). The higher average slope gradient
of the sediment wave field (Fig. 6A, B) may allow turbidity currents to accelerate and

thus erode seafloor substrate. This increase in velocity and sediment entrainment is
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likely to be conducive to the formation of the supercritical flow bedforms (Cartigny et
al., 2011, Symons et al., 2016; Slootman and Cartigny, 2020).

The sporadically occurring transparent to chaotic facies (TF) have been commonly
interpreted elsewhere in deep-water settings as fluid migration pathways (Judd and
Hovland, 2007; Sun et al., 2012; Yin et al., 2020), submarine channel fills (Posamentier
and Walker, 2006; Bellwald et al., 2020) or mass transport deposits (Hackbarth and
Shew, 1994; Prather et al., 1998; Posamentier and Walker, 2006; Moscardelli and
Wood, 2008; Alfaro and Holz, 2014). In our study area, there is no significant indication
of fluid migration (i.e., no fluid migration pathway connecting these overlying seismic
facies to a deeper fluid source). The scale of the seismic facies is similar to the identified
submarine channels. However, the seismic profile 40 km north of seismic facies TF
shows no significant evidence of submarine channels being present (Fig. 5A).
Therefore, it is unlikely that palaeo-submarine channels are responsible for the
observed facies. Furthermore, there is no resolvable evidence of channel-overbank
deposition (e.g., WSF) beside seismic facies TF, that would be present if submarine
channels were responsible (Fig. 5C, D). We therefore believe that it is unlikely that
submarine channels are responsible for the formation of these seismic facies. A number
of studies have identified the occurrence of mass transport events around the margins
of the South China Sea (Wang et al., 2013; Sun et al., 2017). These observations have
therefore led us to interpret the transparent to chaotic facies as mass transport deposits

which probably come from nearby seamounts and ridges.
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Within the parallel to subparallel (PF) seismic facies, the configuration of
reflections (parallel to subparallel) indicates a spatially uniform sedimentation rate
(Sangree and Widmier, 1977; Hackbarth and Shew, 1994). As calibrated by drilling
data from IODP Site U1431, the seismic facies are composed mainly of clays
interbedded with thin silts or carbonates (Fig. 6. Expedition 349 scientists, 2014; Li et
al., 2015; Yin et al., 2020). In deep marine environments, fine clays are probably the
result of pelagic deposition or very dilute unconfined turbidity currents (e.g., Prather et
al., 1998; Rothwell et al., 1998; Higuchi et al., 2007; Gennaro et al., 2013; Pickering et
al., 2013). The thin silts and carbonates were likely deposited by less dilute unconfined
turbidity currents (e.g., Prather et al., 1998; Rothwell et al., 1998; Higuchi et al., 2007;
Gennaro et al., 2013; Pickering et al., 2013). Thus, the parallel to subparallel seismic
facies are interpreted as pelagic sediments interlayered with a variable content of thin

turbidites.

5.2. Abyssal plain depositional system

The observed morphology and seismic facies suggest a depositional system that
extends from the base of the continental slope and across parts of the abyssal plain to
the fossil spreading center, encompassing a typical (proximal) pelagic deposits mixed
with very dilute unconfined turbidity current deposits and an unusual (distal)
channelized system (Fig. 11). Here we consider two processes that could have
contributed to the formation of this distal channelized system.

First, the observed depositional system could consist of the remains of a paleo-

channel system. In this model, the channels on the modern seafloor are the remnants of
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old channels that have not yet been completely filled/buried by subsequent deposition.
However, seismic profiles across the area upslope of the exposed channels, in the
proximal abyssal plain, show no filled large Quaternary channels that would have fed
the observed channels in the south of the study area. The occurrence of the widespread
seismic facies PF and sporadic TF in the proximal abyssal plain indicates that pelagic-
dilute turbidity current mixed deposition dominates this area, accompanied by local
mass transport deposits (Fig. 5; Yin et al., 2020). The generally similar sediment
thickness in the upper stream of the channel C1 and its upper reach also indicates that
there would be no lobes with a much higher sediment rate in the upper stream of the
channel C1. A significant gap therefore exists between the source of paleo-flows (the
continental slope canyons) and the distal abyssal plain channels through which they
would have flowed. Therefore, unless significant bypass occurred (Stevenson et al.,
2015), this paleo-channel model is not consistent with observations from the study area.
Moreover, the Quaternary sediment thickness changes downslope from 200 m at IODP
site U1499 at the foot of the continental slope to 150 m (assuming an average interval
velocity of about 2000 m/s) in the middle of the proximal abyssal plain then to 142 m
in the upper reach of the channel C1 (Figs 5-7, 9). The thick Quaternary deposition
also indicates an absence of significant bypass in the northern (proximal) abyssal plain.

Second, the depositional (mixed pelagite-turbidite deposition) and erosional
(channel) system was formed by turbidity currents sourced from the confining
submarine canyons of the continental margin. In this model, the turbidity currents

become unconfined and dilute when they emerge from the canyons to flow across the
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nearly featureless proximal abyssal plain. These flows are then subsequently re-
confined resulting in incising into the seafloor and formation of the observed abyssal
plain channels. If this interpretation is correct, the turbidite system in the study area
differs significantly from the classical turbidite depositional model, which describes a
downslope transition from confined to unconfined turbidity current deposition, without
subsequent re-confinement (Richards et al., 1998; Bouma, 2000; Posamentier and
Walker, 2006; Pohl et al., 2019). It would also be evidence of an additional mechanism
by which re-channelization can occur in addition to those observed in other settings
(e.g. Prather, 2003; Jobe et al., 2017; Brooks et al., 2018).

5.2.1. Channel incision mechanisms

Two possible causes are considered for the development of the observed channels
by turbidity currents in the area seaward of unconfined flow. First, channel incision
may be related to abrupt increases in slope gradient, which would result in acceleration
of turbidity currents, thus allowing for erosion and incision of the submarine channels
(Bagnold, 1954; Komar, 1973; Posamentier and Walker, 2006; Gamberi and Rovere,
2011; Heerema et al., 2020). However, in our study area, the abyssal plain slope
gradient decreases (0.10° to 0.03°). Moreover, the slope gradient decreases from 0.08°
to0 0.06° at the head of channel C1 (Fig. 4A). Although the slope gradient increases from
0.04° to 0.06° at the head of the lower reach of channel C1 (Fig. 4A), the deepest
channel with largest width to depth ratio appears near the end of the channel course
where the slope gradient is almost 0° (Fig. 4A). It means that slope gradient is not the

dominant factor that controls channel incision in this study area. We therefore suggest



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

that abrupt increases in slope gradient are not responsible for the observed turbidity
current transition from depositional to erosive.

Second, channel development may have resulted from the interaction of turbidity
currents with pre-existing topography. At the northern end of the study area, where
widespread deposition is observed and channels are absent, the proximal abyssal plain
is open and largely featureless (Fig. 2). To the south, however, a number of seamounts
are found which are >5 Ma in age (Wang and Wu, 1984; Yan et al., 2008; Xia et al.,
2018; Jiang et al., 2019 Yin et al., 2020). The deepest base of the channel system
(discontinuity H1; Figs 4 and 5) dates to the beginning of the Pleistocene (~2.6 Ma)
(Fig. 9; Li et al., 2015; Yin et al., 2020). These dates indicate that the topographic
features existed prior to the development of the channel system. It is therefore likely
that this pre-existing topography has played a role in the development of the abyssal
plain sedimentary system. We now consider two possible types of current-topography
interaction that could have contributed to that role: current acceleration and reflection.

5.2.2 Turbidity current acceleration

Southward flow of previously unconfined dilute turbidity currents entering the
region characterized by scattered seamounts and bedrock ridges, is likely to refocus the
flow. According to the flux conservation principle (Komar, 1969, 1973), the
confinement would lead to increases in flow density and velocity between topographic
highs. This acceleration enhances the ability of the turbidity currents to erode and
entrain sediment (Bagnold, 1954; Komar, 1973). The resulting enhanced erosion could

therefore lead to the incision of the observed channels. Support for this envisaged
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process is found in the fact that channels are deepest (30 — 40 m, compared with 10 —
20 m elsewhere) where they flow through the narrowest gaps between the seamounts
(S3 and S5, 10 km apart; S8 and S9, 5 km apart) (Figs 2, 3, 4A). These differences
suggest that the greater the lateral confinement the more erosive turbidity currents in
those areas become (Komar, 1973).

The discontinuity of channel C1 also suggests the importance of confinement to
turbidity current characteristics. Channel C1 is no longer resolvable after it exists the
gap between seamounts S4 and S5 (Fig. 2). Here, the turbidity current becomes less
confined (seamounts S4 and S6 are separated by ~63 km). Reduced confinement is
suggested to result in a reduction in the ability of turbidity currents to erode the seafloor
as they entrain more ambient water and therefore dilute (Komar, 1969, 1973). As a
consequence of the observed loss of confinement, after passing S4 and S5, if a channel
has been incised it is insufficiently deep to be resolved on our bathymetry. However, it
is more likely that sediment has been deposited between the upper and lower reaches
of channel C1 (Figs 2 and 7A). Re-confinement of the turbidity current between
seamounts S6 and S7 results in the flow accelerating again and it is therefore able to
erode the seafloor and initiate the lower reach of channel C1. The continuity of the
observed channels therefore appears to be dependent on the degree of continued
confinement afforded by topographic highs.

5.2.3 Reflection

In addition to confining turbidity currents, the pre-existing topographic highs also

have the potential to result in turbidity current reflection (Hiscott and Pickering, 1984;



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

Alexander and Morris, 1994; Edwards et al., 1994). Three main types of resulting flow
behavior could significantly influence local sedimentation: the formation of standing
billows, the generation of standing waves, and flow deceleration.

A reflected turbidity current could interact with the original current to form
standing billows (mixing vortices), thus generating rapid local and uneven deposition
nearby the upslope side of topographic highs (Alexander and Morris, 1994). In the
vicinity of seamounts S5, S6, S8 and S9, where seismic lines cross from north to south,
sediment thickness doesn’t rapidly decrease northward as away from the northern
(upstream) foot of this seamount (e.g., Fig. 10) except for seamount S9 (Fig. 7C).
Sediment is thicker at the northern foot of seamount S9 than the area surrounding site
U1431. The thicker sediment could be deposited by the unconfined turbidity currents
and their reflections, which spilled over the nearby channel C1. The reason why
seamount S9 shows the effect of reflected turbidity current might be that there are
turbidity currents with larger volume and/or higher concentration near the northern foot
of this seamount. These observations suggest that standing billows generated by
reflected turbidity currents may have contributed to deposition on the upslope side of
the seamounts in the study area when the turbidity current volume and concentration is
sufficient.

A reflected turbidity current could also form internal waves on the upstream sides
of seafloor highs (Edwards et al., 1994) resulting in the deposition of sediment waves
(Karl et al., 1986; Reeder et al., 2011; Droghei et al., 2016; Ribo et al., 2016). On the

northern (upstream) sides of the seamounts and bedrock ridges of this study, the seismic
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profiles show no such wavy bedforms (sediment waves), except the sediment waves
near the northern foot of seamount S4 (Figs 2A and 6A). The northwest-southeast
orientation and the decrease of wave heights and wavelengths toward southwest (Figs
2A and 6A) indicate that the current that generates these sediment waves should come
from northeast. The orientation of these waves relative to the direction from which
turbidity currents are expected to originate and the obtuse angle of which these would
be reflected suggests that these bedforms are unlikely to be a consequence of
propagating and waning internal waves.

A reflected turbidity current could also be expected to slow down the original
(incident) current. The seismic profile across seamount S6 does show higher-amplitude
seismic reflections locally at the northern base of the seamount, with amplitudes
decreasing away from the seamount (Fig. 10). High seismic reflection amplitudes in
deep sea sediments commonly indicate a higher content of relatively coarse sediment
(e.g., Prather et al., 1998; Saller et al., 2004; Posamentier and Walker, 2006; Pickering
e al., 2013). This may therefore suggest that relatively coarse-grained turbidites among
the seamounts have been preferentially deposited locally on the north side of seamount
S6. This interpretation would be consistent with the scenario of a turbidity current
reflecting off the northern seamount wall, resulting in a reversal of flow direction or a
decrease of flow velocity, and the settling of relatively coarse-grained sediments onto

the seabed.
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5.3. Implications for flow re-channelization

Turbidity current re-channelization systems are increasingly being documented in
disparate settings around the world by multibeam bathymetric and seismic data (Prather
etal., 1998, 2012; Gee and Gatwathorpe, 2006; Stevenson et al., 2013) and also in rock
outcrop studies (Mutti and Normark, 1987; Mutti, 1992; Posamentier and Walker,
2006; Brooks et al., 2018; Tinterri et al., 2020). First, depositional-to-erosional
transitions have been recognized as a consequence of salt-tectonism resulting in
confinement/un-confinement of channels and abrupt changes to slope gradient (e.g.
Gee and Gatwathorpe, 2006). Second, they have been recognized as a consequence of
an increase in slope gradient associated with turbidity currents spilling out of
sedimentary basins (e.g. Prather et al., 1998; Hunt et al., 2011; Stevenson et al., 2013).
Where pre-existing channel features are present these are maintained or consolidated
by continued turbidity current activity (Stevenson et al. 2013). Where no channel exists,
they can be incised by turbidity currents. Third, depositional-to-erosional transitions
have been shown to develop where there are significant changes to continental slope
gradients; lower gradients resulting in turbidity current transport capacity being
reduced and therefore deposition before subsequent gradient increases result in
turbidity current acceleration and channel incision (Prather et al., 2012; Brooks et al.,
2018; Jobe et al., 2017). Here, we identify an additional turbidity current re-
channelization mechanism.

Our data show that pre-existing topography, such as seamounts, located on abyssal

plain floors are capable of causing sufficient re-focusing of turbidity currents to enable
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erosion and re-channelization to occur (Fig. 11). It also shows that this can occur
unaccompanied by increases in seafloor gradient which have been commonly been
identified elsewhere (Prather, 2003; Gee and Gatwathorpe, 2006; Prather et al., 2012;
Stevenson et al., 2013; Brooks et al., 2018). Most published deep-sea examples of
turbidity current re-channelization occur in small-scale submarine aprons or intra-slope
mini-basins of the continental slope (Gee and Gatwathorpe, 2006; Prather, 2003;
Prather et al., 2012; Brooks et al., 2018), which are very different from our study of an
open abyssal plain. One comparable system is the Agadir turbidite system on the
continental rise of the North-West African margin where re-channelization occurs.
Here, the continental shelf is <35 km wide (Wynn et al., 2002; Stevenson et al., 2013)
and seamounts (<500 m high, <50 km? in area) can be seen sporadically. The Agadir
system is fed by the Sous River which has a drainage area of 16,000 km?. Sediment is
delivered by the Agadir Submarine Canyon which emerges onto the Agadir Basin.
Seaward of the Agadir Basin, the Madeira Channels act as conduits for sediment (mud
and fine sand) to the deep-sea (Wynn et al., 2002; Stevenson et al., 2013). The heads
of the Madeira Channels are ~300 km away from the Agadir Canyon mouth. They are
<20 m deep and <5 km wide (Stevenson et al., 2013). Turbidity currents which are re-
channelized within the Madeira Channels are estimated to transport >100 km? with a
frequency of 12 ka to 60 ka (Wynn et al., 2002). All these large turbidity currents
occurred at oxygen isotope stage boundaries (Wynne et al., 2002). In the case of the
South China Sea, sediment is supplied by the Pearl River Mouth Canyon and Shenhu

Canyon Group. At the mouth of these canyons, the abyssal plain of the South China
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Sea opens out before the observed seamounts (<3500 m high, <2000 km? area) and
ridges (<500 m high, <45 km long, <50 km spacing) constrict the abyssal plain and lead
to the formation of the observed channels. In the distal abyssal plain with the observed
channel, sediment out of the channel consists of pelagic clay and turbidite silt and sand
(Fig. 9). Turbidites deposited at the mouth of the Pearl River Mouth Canyon show about
a frequency of 17.9 ka during the past 1 million years (Su and Zhong, 2020).
Comparison of these two systems does suggest that a large river-canyon system is
probably necessary to provide sufficient coarser sediment (sand and silt) for large
volume turbidity currents for re-channelization after long run out, although our study
area lacks of numerous sediment cores to estimate individual turbidity current volume.
The large volume turbidity currents are infrequent and the frequency of them is between
ten to tens of thousands of years. The large volume turbidity currents for re-
channelization may occur at periods between glacial and interglacial conditions, when
eustatic sea level was either rising or falling rapidly (Wynn et al., 2002). It does also
suggest that the re-channelized channels are shallow (dozens of meters) and narrow
(several kilometers). The different dominant re-channelization mechanisms in two
cases include emergence of sets of large-scale seamounts and ridges in the very gentle
abyssal plain in our study, and slope gradient increase (at least 0.04°, Stevenson et al.,
2013) in the smooth and open continental rise in the Agadir system.

The channel C1 appears to be a persistent feature during the Pleistocene (Figs 6
and 7). The CF seismic facies within channel C1 show at least 11 cycles of re-

channelization (Fig. 6C), characterized by incision surfaces, and infill characterized by
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onlaps and draping geometry of the reflections. Cycles of channelization may be related
to changes in turbidity current magnitude-frequency. Large volume turbidity currents
may be able to transport sediment for longer distances. The larger events are likely to
be able to incise into the seafloor and thus erode the observed channels. However, when
turbidity current volumes are smaller or these flows are less frequent, sediment may be
deposited in these channels leading to the observed infill. Pelagic and hemipelagic
sedimentation will further contribute to the infill. The observed channelization/infill

cycles may therefore be reflective of long-term changes to sediment supply to the basin.

5.4. Implications for global distributions of coarse-grained sediment

This study has significant implications for understanding sedimentary deposits in
abyssal plain settings. Data from IODP Sites U1431, U1432 and U1499 show that over
the past 0.9 Ma, deposits have coarsened significantly between the proximal abyssal
plain and the distal abyssal plain associated with the observed channels. In the proximal
abyssal plain (U1432, U1499), the sand, silt and carbonate content is between 5 to 25%.
Near the identified channel (U1431), this content increases to 64%. This data therefore
suggests that turbidity currents have been able to transport larger grain sizes within the
regions of bedrock highs, seamounts and greater confinement, even in oceanic abyssal
plains. This data further supports our contention that confinement has led to increased
erosive capacity of turbidity currents in this area (Bagnold, 1954). These observations
therefore show the importance of recognizing pre-existing topography at the time of

deposition for anticipating deposit characteristics in deep-water settings.
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These new observations also have important implications for hydrocarbon
exploration. These new South China Sea data show that the distal abyssal plain can (a)
have more sand-rich sediments than the proximal abyssal plain and (b) be a potential
exploration target in areas where a series of funneling topographic highs (e.g.,
seamounts and bedrock ridges) is present. Understanding the sediment dispersal
patterns of this basin-scale turbidity current re-channelization system is also useful for

developing a better understanding of source-to-sink processes.

6. Conclusions

Based on multibeam bathymetric and seismic reflection data tied to three IODP
well controls from the abyssal South China Sea, we document a new mechanism of
turbidity current re-channelization. Our data show turbidity currents, sourced from
continental slope canyons, which have travelled at least 200 km unconfined across an
abyssal basin plain, can erode seafloor channels as a consequence of topographic high
(seamounts and bedrock ridges) induced confinement. Importantly, this data shows that
confinement is sufficient to induce seabed erosion and does not require increases in
slope gradient. The contrasting flow regimes associated with confinement and un-
confinement lead to distinct regions of erosion, i.e. the development of channels, and
deposition of sediment. Moreover, we show that channel depth is dependent on the
degree of confinement, i.e. greater confinement leads to deeper channels.

The impacts on the ability of turbidity currents to erode and transport sediment
across the South China Sea abyssal plain of pre-existing topography are also reflected

by recovered sediment deposits. In comparison with the proximal abyssal plain, the
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sedimentary deposits in the distal abyssal plain within the area of the seamounts and
the turbidity current channels are between three and 13 times richer in coarser
sediments. This supports the hypothesis that confinement has increased the flow
competency allowing turbidity currents to carry larger volumes of coarse sediment to
be deposited in this region. Recognition of the possible contrasts in deposits associated
with pre-existing topography in abyssal plain settings has further implications for the
preferential deposition and burial of organic carbon (Hage et al., 2020) and pollutants,
such as microplastics (Pohl et al., 2020), which can be heavily influenced by grain size.

Our study also indicates that distal abyssal plain of the appropriate layout (i.e., a
series of confining topographic highs downslope from an area of turbidity current

generation) could be potential hydrocarbon exploration targets.
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Figure captions

Fig. 1. Study area with data used in this study, including multibeam bathymetric (red
lines), seismic (white lines), and IODP sites (black dots). CC = Central Canyon, PRMC

= Pearl River Mouth Canyon, SCG = Shenhu canyon group, DC = Dongsha Canyon,

TC = Taiwan Canyon, PC = Penghu Canyon, KC = Kaoping Canyon.
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Fig. 2. Multibeam bathymetric map (A) and interpreted morphosedimentary map (B)
of the study area, including channels and distributaries. Black dots mark the 10DP
drilling sites. On panel (A), red dotted line marks the location of the longitudinal profile
shown in Fig. 4A, yellow lines mark the locations of cross sections (labeled CS) shown
in Fig. 4B, and white lines mark the seismic profiles shown in Figs 5, 6, 7 and 10. On
panel (B), the numbers in parentheses give the ages of the seamounts (labeled S) in
millions of years. These ages are taken mainly from Wang and Wu (1984), Yan et al.

(2008), Xia et al. (2018), and Jiang et al. (2019).
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691  Fig. 3. Close up of the multibeam bathymetry in the upper (A) and lower (B) reaches
692  of the channel C1. While lines mark the locations of seismic profiles in Fig. 6A and 7C.
693  The black dot marks the location of IODP site U1431. Map locations are shown in Fig.

694 2A.
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697  Fig. 4. Channel C1 longitudinal (A) and cross (B) sections. Channel width, depth,
698  width-depth ratio, slope gradient along the channel axis are also shown in (A). The
699 longitudinal profile was the smoothed trend of the raw data in order to avoid noise
700 interference. Cross sections CS1 and CS2 are located in the upper channel reach, and

701  cross sections CS3 through CS6 are in the lower reach. Locations are shown in Fig. 2A.
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Fig. 5. Seismic profiles and interpretations in the upstream (north) of the channel C1
showing parallel to subparallel seismic facies (A) and (B) dominated the open abyssal
plain. Transparent to chaotic facies (C) and (D) are scattered in this area. PF = parallel
to subparallel facies. S = seamount. TWT = two-way time. Same as below. Profile

locations are shown in Fig. 2A.
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Fig. 6. Seismic profiles and interpretations across the upper reach of the channel C1
showing the channel at the entrance to the seamount area (A) and (B). Closeup of the
channel is shown in (C). WSF = wedge-to-mound shaped facies, WF = wavy facies, PF

= parallel to subparallel facies. C1 = channel C1, S = seamount. Profile locations are

shown in Fig. 2A.
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Fig. 7. Seismic profiles and interpretations between the upper and lower reaches of the
channel C1 (A) and (B) showing the lobes on the plain, and across the lower reach of
the channel C1 (C) and (D). LF = lenticular facies, PF = parallel to subparallel facies,
WSF = wedge-to-mound shaped facies. C1 = channel C1, S = seamount. The vertical
black line in (D) marks the location of the IODP Site U1431. Profile locations are

shown in Fig. 2A.
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Fig. 8. The six seismic facies identified in the seismic reflection profiles, including

seismic examples, seismic character, and interpretation.
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730  Fig. 9. Lithology of the study area depositional system, as seen at IODP Sites U1432,
731 U1499 and U1431. WSF = wedge-to-mound shaped seismic facies. PF = parallel to
732 sub-parallel seismic facies. LF = lenticular seismic facies. mbsf = meters below

733 seafloor. Locations of the IODP sites and the seismic line can be seen in Fig. 2A.
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736  Fig. 10. Seismic profile across seamount S6. The dashed lines outline an area of
737  relatively high-amplitude seismic reflections on the north side of the seamount. PF =
738  parallel to subparallel seismic facies. Location of the seismic profile is shown in Fig.

739  2A.
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742  Fig. 11. Three-dimensional sketch of the depositional system of the northern South
743  China Sea abyssal plain. As turbidity currents flow across the flat open plain at the foot
744 of the continental margin and then into the rough terrain of seamounts and bedrock
745  ridges, the flow transitions from unconfined (depositional) to largely confined

746  (erosional). PRMC = Pearl River Mouth Canyon, FSR = fossil spreading ridge.
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