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The Zhongsha Platform is the largest modern isolated carbonate platform of around
8600 km? in the South China Sea, providing a unique case study for sedimentary
processes in pure carbonate settings. High-resolution multibeam bathymetric data,
two-dimensional seismic profiles, and surface sediment cores are utilizes to reveal
the initiation and evolution of submarine canyons on the northeastern slope of the
Zhongsha Platform. Three submarine canyons are revealed within the survey area
that incise the slope at water depths between 600 and 4100 m. C1 presents a linear
pattern, whereas C2 and C3 exhibit dendritic morphologies. A large-scale scalloped
collapse has deeply excavated the platform margin and slope. Within this
catastrophic failure, C2 originated in a northeastward orientation and subsequently
converted to an eastward direction with a length of 54.8 km. It is distinguished by the
erosion of numerous tributaries in the upper course, the transition of flow direction
in the middle course, and the presence of retrogressive landslides in the lower
course. Slope landslides extend eastward from middle-lower slope towards the
oceanic basin at water depths ranging from 2300 to 4200 m. A series of scarps and
immature canyons have developed with escarpments showing pronounced relief at
the landslide heads. The triggering mechanisms of platform margin collapses and
slope landslides are attributed to sediment aggradation, slope oversteepening,
gravity flows, relative sea-level changes, surface monsoon currents, and deep
cyclonic circulation. The canyon evolution is explained through four stages:
Inception stage, sediment instability on platform margin and slope-toe; Expansion
stage, the presence of platform margin collapses and slope landslides; Development
stage, the initiation of submarine canyons eroded by gravity flows with downslope
and retrogressive erosion; Present stage, the upper slope canyon incised into the
landslide area and ultimately integrated with the lower slope canyon, creating an
elongated modern canyon. This work contributes to enhance our understanding of
the detailed morphology, transport processes, and triggering mechanisms of
submarine canyons in the pure carbonate systems.
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1 Introduction

Submarine canyons, with linear or meandering paths, are key
conduits that incise across continental/platform slopes extending
into deep-water environments (Shepard, 1972; Posamentier, 2003;
Mulder et al., 2012; Li et al., 2023). Recent research has highlighted
the crucial role of submarine canyons in delivering significant
quantities of sediments, pollutants, and nutrients from shallow to
deep-sea settings (Tubau et al, 2015; Zhong and Peng, 2021;
Heijnen et al., 2022), sculpting submarine geomorphology
(Almeida et al., 2015; Ribeiro et al., 2021; Sun et al., 2023),
preserving sedimentary and climatic records for reconstructing
paleoenvironment (Principaud et al, 2017; Wunsch et al., 2018;
Su et al., 2020), and being recognized as important hydrocarbon
reservoirs (Mayall et al., 2006; Janocko et al., 2013; Li et al., 2020).

In isolated carbonate platform systems, the absence of
terrigenous materials is the precondition for the development of
pure carbonate environments (Wu et al., 2014; Reijmer, 2021). The
uplifted platforms serve as catchment areas where carbonate
sediments are produced, accumulated, and preserved (Jorry et al.,
2016; Counts et al., 2018). Carbonate-producing organisms, such as
coral reefs, calcareous algae, and mollusks, are the primary source of
carbonate sediments growing on the platform top (Pomar and
Hallock, 2008; Betzler et al., 2021). The carbonate production is
strongly influenced by temperature, light, salinity, nutrients, sea-
level changes, and hydrodynamic conditions at a local scale (Lees,
1975; Pomar, 2001; Schlager, 2005). During sea-level highstands,
the increased water depth allows for higher carbonate production,
leading to the accumulation of substantial amounts of sediments on
the platform top (Wilson and Roberts, 1992; Schlager et al., 1994).
Subsequently, off-platform sediment transport can be initiated and
enhanced by waves, tidal currents, and surface ocean circulation
(Wilson and Roberts, 1995; Betzler et al., 2014). Transport processes
from platform-top to adjacent slopes can trigger large-scale
gravitational collapses along the platform margin, initiate
turbidity currents capable of incising submarine canyons, and
lead to slope instabilities that can activate submarine landslides
(Tournadour et al., 2017; Etienne et al., 2021; Chen et al., 2022;
Petrovic et al.,, 2023). These mass wasting processes exert pivotal
function in facilitating the export of platform-derived sediments
into deep-water environments and sculpting the morphology of
platform margin and slope.

The formation of submarine canyons can be attributed to
various factors, such as downslope erosive gravity flows,
retrogressive slope landslides, earthquakes, and tectonic events
(Harris and Whiteway, 2011; Courgeon et al., 2016; Mountjoy
et al, 2018; Wu et al,, 2022). Tectonic uplift can lead to relative
sea-level changes and create pathways that facilitate the movement
of gravity-driven sediment flows (Serra et al.,, 2020; Wang et al,
2023). The development and evolution of submarine canyons are
subject to sediment supply, downslope erosional processes, ocean
currents, and the surrounding seafloor topography, which interact
together to shape the diversity of canyon morphology (Saller and
Dharmasamadhi, 2012; Liu et al., 2016; Yu et al., 2021; Warnke
et al., 2023). Most previous research on these triggering
mechanisms of canyons have focus on siliciclastic depositional
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systems, whereas relatively little work exists on the modern
submarine canyons in isolated carbonate platform settings
(McHargue et al,, 2011; Tournadour et al., 2017; Lemay et al,
20205 Pettinga and Jobe, 2020). Carbonate sediments are influenced
by carbonate production and reef development, and sea-level
highstands contribute to higher carbonate production and off-
platform transport (Wilson and Roberts, 1995; Schlager, 2005;
Jorry et al., 2016). In contrast, siliciclastic sediments are
controlled by terrestrial sources, and sea-level lowstands
contribute to seaward erosion and progradation (Haq et al., 1987;
Koss et al, 1994). Although recent studies have expanded into
modern carbonate factories around the world, such as the Bahama
Banks (southeast Florida), Lansdowne Bank (Southwest Pacific
Ocean), Maldives (Indian Ocean), and Great Barrier Reef
(northeast Australia), with an area of 18000, 4000, 298, and
348700 km?, respectively (Puga-Bernabeu et al., 2011, 2013;
Betzler et al.,, 2015; Mulder et al., 2017; Reolid et al., 2020;
Etienne et al,, 2021; Fauquembergue et al.,, 2023), the complexity
and multiplicity of canyon origins and mechanisms on the platform
slopes receive less documentation and need further exploration.
The Zhongsha Platform, acclaimed as one of the world’s largest
isolated carbonate platforms with an area of 8600 km?, offers a
unique case study in pure carbonate settings and significantly
enhances the global understanding of sedimentary processes
along carbonate slopes.

In this study, the geomorphology, formation, and evolution of
submarine canyons on the northeastern slope of the Zhongsha
Platform are investigated based on multibeam bathymetric, two-
dimensional seismic, and sediment grain size data. The specific
objectives are to 1) quantitatively analyze the key geomorphic
characteristics of submarine canyons and slope landslides, 2)
discuss the triggering mechanisms in initiating submarine
canyons, and 3) establish an evolution model of submarine
canyons in the pure carbonate systems.

2 Geological background

The South China Sea (SCS) is the largest marginal sea in the
northwestern Pacific Ocean (Figure 1). It originated from episodes
of continental rifting and subsequent seafloor spreading that
occurred from the Late Cretaceous to the Early Miocene, followed
by post-spreading thermal subsidence from the Middle Miocene to
the present (Taylor and Hayes, 1983; Franke et al., 2014; Li et al,,
2014). Large canyon systems developing along the northern margin
of the SCS include the Pearl River Canyon, Central Canyon, and
Taixinan Canyon, which extend from the continental shelf to the
abyssal plain (Figure 1; Su et al, 2020). Tropical carbonate
platforms have thrived on the uplifted basement and volcanic
structures since the Early Oligocene, with particular emphasis on
the Zhongsha, Dongsha, Xisha, and Nansha islands (Yao et al,
2012; Wu et al, 2016). The Zhongsha Platform, situated in the
transition zone between the northern continental slope and central
basin, is the largest modern isolated carbonate platform in the SCS
(Figure 1). It exhibits a NE-SW orientation with a water depth
ranging from 17 to 600 m. Numerous submarine canyons and
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FIGURE 1

Topographic map of the South China Sea showing the location of the study area. Purple arrows represent the main canyon systems (Su et al., 2020).
Pink and orange arrows represent the monsoon currents during winter and summer, respectively (Fang et al., 2012). White arrows indicate the deep
cyclonic circulation pattern in the oceanic basin (Wang et al., 2018). Yellow patches mark the modern reefs and islands (Wu et al., 2016). Black
dashed lines delineate the basin boundaries. QDNB, Qiongdongnan Basin; PRMB, Pearl River Mouth Basin; ESB, East Sub-basin; NWSB, Northwest

Sub-basin; SWSB, Southwest Sub-basin.

landslides are developed along the entire margin and slope of the
Zhongsha Platform (Chen et al., 2024).

The Luzon Strait, with a maximum sill depth of about 2,400 m,
is the only deep connection between the SCS and the Pacific Ocean
(Figure 1; Yang et al., 2002; Qu et al., 2006). The strong diapycnal
mixing in the deep SCS drives a persistent pressure gradient, which
in turn leads to deepwater overflow from the Pacific into the SCS
(Yang et al., 2016; Xu et al., 2023). The ocean circulation in the SCS
exhibits a vertically three-dimensional structure, comprising
surface, middle, and deep currents that follow cyclonic,
anticyclonic, and cyclonic patterns, respectively. This circulation
pattern is mainly affected by the Southeast Asian monsoon with
seasonal variations, the intrusion of the Kuroshio current, and the
overflow of deepwater through the Luzon Strait (Zhu et al., 2019;
Gan et al., 2022; Shen et al., 2022).

3 Data and methods
3.1 Bathymetric data

The multibeam bathymetric data covered the northeastern
Zhongsha Platform, extending from platform top to oceanic
basin, with a spatial resolution of 100 m (Figure 2A). This data
was performed by KONGSBERG EM302 system, processed using
CARIS HIPS and SIPS software, and analyzed with Global Mapper
software. The high-resolution multibeam bathymetric data
provided ample details to detect and depict submarine canyons,
slope landslides and other sedimentary features around the
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Zhongsha Platform at water depths ranging from 100 to 4200 m.
The morphometric parameters of submarine canyons were
measured, including depth, length, width, slope gradient,
elevation difference, and sinuosity. Similarly, the morphometric
parameters were calculated for slope landslides, encompassing
depth, length, width, elevation difference, and area.

3.2 Seismic data

The two-dimensional multi-channel seismic data provided good
images across the northeastern Zhongsha Platform and were utilized
to identify the seismic reflection characteristics of various depositional
features (Figure 2A). The seismic source was GI gun with a total
volume of 540 in’, towed at a water depth of 5 m. The streamer was
500 m long with a trace spacing of 6.25 m. The sampling frequency
was 1.0 ms and the record length was 8 s. The seismic data were
processed using PARADIGM 2017 system and interpreted with
GeoEast software. The total length of seismic data used in this study
is about 172 km, with a resolution of 20 m. The seismic interpretation
(e.g., seismic facies analysis) is based on the seismic and
depositional features.

3.3 Sediment samples
Six sediment samples were collected from the seafloor surface

using box samplers with a length of 25 cm. Core BC1 was collected
from the platform top, BC2 from the middle course of C2, BC3 from
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FIGURE 2

(A) Multibeam bathymetric map showing detailed seafloor morphology in the northeast Zhongsha Platform. Black lines indicate the location of
seismic profiles. (B) Sketch map highlighting the submarine canyons (C1-C3) and landslides (L1-L5) in the study area. (C) Three-dimensional
topographic view emphasizing carbonate platform, canyons, and landslides. Purple circles indicate the positions of surface sediment cores

(BC1-BC6).

the sidewall of C2, BC4 from the L2, BC5 from the oceanic basin,
and BC6 from the L5 (Figure 2C). These surface samples are mainly
composed of silt and clay, without gravel content. Grain size
measurements were conducted using Beckman Coulter LS13 320
laser diffraction particle size analyzer, with a measuring range of
0.01-2000 pum and a repeatability error of 0.5%. Each sample was
tested three times, and the average value of the test results was
calculated. The Udden-Wentworth standard was employed for
grain size classification (Wentworth, 1922). The components of
clay, silt, and sand correspond to sediments with grain sizes of <4
um, 4-63 um, 63-2000 pm, respectively.
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4 Results

4.1 Morphology of submarine canyons

The margin of the Zhongsha Platform is demarcated by the 500-
600 m isobath (Figure 2A). The slope gradient spans from 4.6 to
48.6° in the north and ranges between 5.1 and 59.1° in the east, with
the steepest gradients occurring at the escarpments along the
platform margin (Figures 3B, D, F). Three submarine canyons,
identified as C1, C2, and C3 from east to west, are observed on the
northeastern slope of the Zhongsha Platform (Figures 2A, B). C1
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FIGURE 3

(A) Slope direction map (aspect map) highlighting the downslope trending linear and massive depressions in the study area. (B) Slope gradient map
emphasizing the gradient relief of seafloor topography. (C, D) Bathymetric and slope gradient profiles across the northern slope of the Zhongsha
Platform showing the geometry of submarine canyons. (E, F) Bathymetric and slope gradient profiles across the eastern slope of the Zhongsha

Platform displaying the geometry of slope landslides.

shows a linear morphology, while C2 and C3 exhibit dendritic
patterns. The morphometric values of canyons are provided in
Table 1. The continuous and linear depressions are identified along
the platform slope highlighting the paths of canyons (Figure 3A).
They extend from platform top to peripheral slopes and ultimately
reach the deep-sea regions. The canyons exhibit steep-sided V-
shaped profiles in the upper course and U-shaped profiles in the
lower course (Figures 3C, E). CI, the shortest canyon without
tributaries, reaches its terminus on the middle slope at a water
depth of 2602 m, with a length of 6.98 km and a sinuosity of 1.05
(Figure 2B). C2, the longest, widest, and deepest canyon with
numerous tributaries, spans water depths ranging from 651 to
4115 m, with a length of 54.8 km, an average thalweg gradient of
4.5° and a sinuosity of 1.24 (Figures 2B, C). C3, with a length of
21.25 km and a sinuosity of 1.13, initiates at a water depth of 577 m
with numerous tributaries and terminates at a water depth of
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4080 m (Figure 2B). C2 exhibits a significant elevation difference
and directly connects with the oceanic basin to the east, while C3
comes to an end at the abyssal plain to the north.

A large-scale scalloped margin, with a perimeter measuring about
36 km, has developed on the northeast Zhongsha Platform,
representing the canyon head of C2 (Figures 2A, 4A). C2 is initially
oriented in a northeastward direction and subsequently undergoes a
directional transition towards the east at a water depth of
approximately 3050 m. In the upper course of C2, three main sub-
canyons (C2a, C2b, and C2c) converge into the C2 at water depths of
2450, 2650, and 2700 m, respectively (Figures 4A, B). Within the lower
course of C2, eight knickpoints (K1-K8) are discovered and present
significant changes in slope gradient, with an average slope of 6°
(Figures 4A, B). The lower knickpoints are more mature than the upper
knickpoints. The two tributaries at the end of C2 are separated by
remnant blocks (Figure 4A). C2 progressively widens as it descends
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TABLE 1 Summary of morphometric parameters of submarine canyons.

10.3389/fmars.2024.1448423

Submarine canyon Beptm ), el AN g:adient dEilf(fe;’f:r?cne Sinuosity
Min  Max (m) ) (m)
C1 741 | 2602 6.98 652 15.7 1861 1.05
c2 651 | 4115 54.80 3050 45 3464 1.24
C2a 623 | 2455 10.51 1906 119 1832 1.20
C2b 604 | 2652 8.31 1061 125 2048 L13
C2c 638 | 2697 8.88 1049 143 2059 110
c3 577 | 2970 21.25 1105 7.2 2391 113

downslope, with an average slope gradient of 5.08° in the upper course
and 2.45° in the lower course (Figures 4B, C). The cross-section profiles
of C2 feature roughly symmetrical canyon walls, presenting V-shaped
in the upper course and evolving to U-shaped in the lower course
(Figure 4C). C1 could erode downslope and then converge with C2,
serving as a tributary canyon.

4.2 Morphology of slope landslides

Five slope landslides, designated as L1 to L5 from north to south,
are observed on the northeast Zhongsha Platform adjacent to the
oceanic basin (Figures 2B, C). The morphometric parameters of
landslides are attached in Table 2. The continuous and massive

depressions are perceived along the platform slope revealing the
traces of landslides (Figure 3A). They prolong from middle-lower
slope towards oceanic basin trending in an eastward direction. The
landslides present elongated shape in the plane view and concave shape
in the cross-section profile, with notable slope gradients along their
headwalls and lateral margins (Figures 3, 5). L1, the longest landslide
with immature canyon morphology, is distributed from abyssal plain
to oceanic basin, with a water depth of 2810-4041 m, a length of
33.8 km, an average width of 44 km, and an area of 133.1 km?
(Figures 5A, D). The linear retrogressive erosion is observed on the
head of L1. L2, the shortest landslide with smallest elevation difference
of 928 m, is excavated in the north of the lower course of C2, with a
water depth of 3220-4148 m, a length of 15.6 km, an average width of
8.3 km, and an area of 133.1 km? (Figures 5A, D). L3 is distinguished as

P1
-1500
-2000
remnant
blocks
{2500 £
g
| &
B] C2a Canyon-dominated zone | Landslide-dominated zone 1 Ps 2
1000 C2b ! P6 430003
\ 3
E c2 h=2777m | !
£ 2000 d=35.8km | h=688 m |
[=% = ° I =
@ slope=5.1 d=19.0 km l |
S ' slope=2.5° : pP7 2300
§ 3000 :K1 | P8
K] R R R R R K2 k3 |
4000+ Lo : 1400
! |
1 n
0 10 ' i 358 4o 50 2 1 0 1 2 3 4

0 30
Distance (km)

FIGURE 4

(A) Bathymetry map showing the detailed seafloor morphology of canyon C2 with three main tributaries (C2a, C2b, and C2c). See locations in
Figure 2A. Black lines normal to the canyon thalweg correspond to the bathymetric cross-section profiles (P1-P8) in (C). Purple dots represent the
location of knickpoints (K1-K8). (B) Longitudinal profiles along thalwegs of canyon C2 and its tributaries. (C) Bathymetric cross-sections of canyon

C2. The vertical dashed black line marks the canyon thalweg.
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TABLE 2 Summary of morphometric parameters of submarine landslides.

10.3389/fmars.2024.1448423

. Depth (m . Elevation
Submarine il () Avg. width .
landslide ) difference
Min Max (m)

L1 2810 4041 33.8 4.4 1231 133.1

L2 3220 4148 15.6 8.3 928 1334

L3 2309 4160 217 3.4 1851 67.9

L4 2732 4185 21.1 6.9 1453 142.1

L5 2823 4192 23.6 9.4 1369 1927

the narrowest and smallest landslide with biggest elevation difference
of 1851 m, featuring an immature canyon morphology and covering
an area of 67.9 km® It is observed in the south of the lower course of
C2, with a water depth of 2309-4160 m, a length of 21.7 km, and an
average width of 3.4 km (Figures 5B, D). 14 is preserved on the
northeastern platform slope, characterized by a water depth between
2732 and 4185 m, a length of 21.1 km, an average width of 6.9 km, and
an area of 142.1 km? (Figures 5B, D). L5, the largest and widest
landslide with remarkable escarpments located on the eastern platform
slope, extends across a water depth from 2823 to 4192 m, with a length
of 23.6 km, an average width of 9.4 km, and an area of 192.7 km®
(Figures 5C, D). L1 and L3 present slightly concave shape along their
longitudinal bathymetry profile, whereas 12, L4, and L5 display highly
concave morphology (Figure 5D). A series of scarps and immature
canyons have developed within the landslides, and cyclic escarpments
exhibit pronounced relief at the head of landslides (Figures 2C, 5).

4.3 Seismic facies characteristics

Seismic facies characteristics are summarized in Table 3. The
uplifted carbonate platform, composed of authigenic carbonate rocks
(Jorry et al,, 2020), is characterized by discontinuous, high amplitude,
and internal chaotic reflection, with convex-up mound shape
(Figure 6A). The inner-platform lagoon deposits exhibit continuous
to simi-continuous, low to moderate amplitude seismic features with
vertical accretion (Figure 6A). A series of reefs have accumulated
vertically on the platform margin, characterized by a positive
topographic relief with a simi-continuous, high amplitude, and
internal chaotic reflection, contributing to the formation of a rimmed
platform margin (Figure 6A). Gravity flow deposits have extensively
propagated across the platform top, overlaying the inner-platform
deposits and tilting towards the canyons and escarpments. These
deposits are marked by horizontal, continuous, moderate to high
amplitude seismic reflections (Figure 6A). Mass transport deposits,
distinguished by headscarps, lateral margins, and inner scarps, are
widely distributed across the platform slopes and within the canyon
floors. They exhibit discontinuous, low to high amplitude, chaotic or
semi-transparent acoustic facies (Figures 6, 7). Large-scale slope
landslides have developed along the entire right side of C2, delivering
sediments from slope into canyon with a maximum transport distance
of 7.2 km (Figures 2A, 6B). Submarine canyons exhibit continuous and
high amplitude seismic reflections, confined within a V- or U-shaped
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erosional surface (Figures 6, 7). In the lower course of C2, the slope
deposits are characterized by cyclic steps, with simi-continuous and low
to high amplitude seismic reflections, which are most likely initiated by
overspilled turbidity currents (Figures 7B, D). Several significant
escarpments are discovered along the eastern platform slope at the
head regions of L3, L4, and L5 (Figures 6B, 7B). Canyon features, such
as immature canyon and canyon migration, are developed within the
slope landslides (Figure 6B). The pelagic deposits in the abyssal plain
are characterized by parallel, continues, and low to high amplitude
seismic reflections (Figures 6B, 7A).

4.4 Surface sediment features

Grain size analysis of surface sediments reveals a marked
dominance of sand in BCI, up to about 84%, and silt in BC2-
BC6, ranging from 56 to 65% (Figure 8, Table 4). Relatively
coarser grain sizes (>250 um, medium sand) are only found on
the platform top, whereas relatively finer grain sizes (<4 um, clay)
mostly occur io the lower platform slope and deep-sea basin. The
cumulative curve of BC1 presents highly convex with a steep
gradient, while those of BC2 to BC6 present a similar sinuous
trend with gentle gradients (Figure 8A). The frequency curves,
with the volume percentage less than 5%, exhibit a single peak in
BC1, three peaks in BC2, BC3, and BC4, and four peaks in both
BC5 and BC6 (Figure 8B). The main peak of BC1 is distributed in
middle sand with a sharp shape and a grain size of 340 pm
(Figure 8B). The primary peak of BC2 is associated with fine silt
with a grain size of 6 wm, while the second and third peaks are
distributed in coarse silt and fine clay with grain sizes of 6 and 0.8
um, respectively (Figure 8B). In BC3, the top peak corresponds to
fine silt with a grain size of 7.4 um, the secondary peak is
attributed to fine clay with a grain size of 0.9, and the third peak
is distributed in fine sand with a grain size of 92 um (Figure 8B).
The main peak of BC4 almost overlaps with that of BC3, and the
graine size of third peak in BC4 is consistent with that observed in
BC2. The second peak of BC4 is distributed in fine sand with a
grain size of 122 pm. BC5 and BC6 demonstrate analogous curves
with four distinct peaks corresponding to fine sand, coarse silt,
fine silt, and fine clay from high to low frequency (Figure 8B). In
general, the trends of grain size distribution from BC2 to BC6 is
relatively analogous, while BC1 demonstrates a completely
different pattern from them.
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FIGURE 5

(A—C) Bathymetry map showing the detailed seafloor morphology of slope landslides (L1 to L5). See locations in Figure 2A. Blue dashed lines indicate
the boundaries of slope landslides. Black dashed lines correspond to the bathymetry profiles in (D). (D) Bathymetry profiles showing the geometry of

slope landslides.

5 Discussion

5.1 Platform margin collapses initiating
submarine canyons

Large-scale scalloped collapse is characterized by highly steep
escarpments and spatially excavated by a serious of erosional
morphologies such as canyons and channels, which has been
revealed both in ancient and modern settings on the northeastern
margin of the Zhongsha Platform (Figures 2, 4, 6, 7). This irregular
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Distance(km)

convex-bankward embayment typically result from the destabilization
of carbonate platform margins, which are associated with various
factors. Key among these include rapid sedimentation rates,
gravitational forces, oceanographic processes, tectonic activity, sea-
level changes, tsunamis, storms, and earthquakes (Cook et al., 1972;
Mullins et al., 1986; Mullins and Hine, 1989; George et al., 1995;
Janson et al., 2010; Jo et al., 2015). For instance, catastrophic collapse
has been revealed on the West Florida carbonate platform margin in
the middle Miocene during a relative sea-level highstand. This event
was attributed to rapid sediment accumulation, which led to
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TABLE 3 Seismic facies description and interpretation.

10.3389/fmars.2024.1448423

Seismic facies Description Interpretation
1 Discontinuous, high amplitude, internal chaotic reflection, positive Carbonate platform
topographic relief, mound shape (Huang et al., 2020)
) Simi-continuous, high amplitude, internal chaotic reflection, convex-up, Reef
vertical accretion (Huang et al., 2020)
3 Continuous, high amplitude, V- or U-shaped Submarine canyon
uous, ude, V- -
s P P (Wu et al., 2022)
Gravity fl
4 Horizontal, continuous, moderate to high amplitude ravity flows
(Su et al., 2020)
Mass transport
5 Discontinuous, low to high amplitude, chaotic or semi-transparent reflection deposits
(Qin et al., 2017)
6 Simi-continuous, low to high amplitude, wave shape Cyelic steps
? P ? P (Wu et al,, 2024)
Pelagic deposit
7 Parallel, continuous, low to high amplitude (C;;geltc alipzo(:i 7S)
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Two-dimensional seismic profiles crossing the northeast slope of the Zhongsha Platform. See locations in Figure 2A. (A) NW-SE oriented profile
imaging the carbonate platform and upper slope. (B) NW-SE oriented profile imaging the middle to lower slope. MTDs: mass transport deposits.

gravitational instability and subsequent failure of the platform margin
(Mullins et al., 1986). Similarly, George et al. (1995) documented a
significant platform margin collapse during the Famennian in the
Canning Basin, which was driven by rapid progradation and
oversteepening of the reef margin. Additionally, sea-level
fluctuations significantly influenced the platform margin collapses
(George et al, 1995). Sea-level highstands contributed to higher
carbonate production and efficient off-platform sediment transport,
resulting in rapid sediment accumulation and highstand shedding
along the platform margin (Grammer and Ginsburg, 1992; Schlager
et al, 1994; Wilson and Roberts, 1995). Conversely, sea-level
lowstands led to platform exposure, weathering, and karstification,
further destabilizing the structural integrity (Bosellini et al., 1993;
Spence and Tucker, 1997; Etienne et al., 2021). Numerical simulations
of platform margin collapses demonstrated that sea-level changes
alone were insufficient to induce collapses but can act as a
predisposing factor, however, the synergistic effects of seismic
shocks and active faulting played a significant role in triggering
platform margin instability, which indicates that platform margin
collapses are the result of the interaction of multiple factors
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(Rusciadelli et al., 2003). Furthermore, the Lansdowne Bank is
bordered by extensive margin collapses showing numerous slope
bypass features (e.g. gullies, canyons, and channels). These
catastrophic margin failures emphasize the significant impact of
relative sea-level changes, retrogressive headward erosion, and
tsunami waves (Etienne et al., 2021).

The Zhongsha Platform, affected by seasonally reversing
monsoon, has gone through periods of sea-level highstands and
lowstands, giving rise to the steep reef rims (Huang et al., 2020). The
sediment grain size is relatively coarser on the platform top and
progressively becomes finer downslope through mass movement
and canyon processes (Figure 8). In this case study, the scalloped
margin collapses of the Zhongsha Platform are attributed to reef
aggradation/progradation and slope oversteepening resulting in
gravitational instability, surface currents (e.g. tides, waves, and
monsoon currents) leading to increased shear stress on the
platform margin, and relative sea-level changes contributing to
platform building outwards and density cascading. The mass
wasting processes triggered by catastrophic failures result in
extensive collapse and retreat of the outer platform margin, and
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inner seismic reflection structures.

subsequently cause a cascade of gravity flows that strongly incise
and dissect the carbonate slopes capable of initiating submarine
canyons. These canyons with headward erosion in turn to
exacerbate the platform margin collapses. Tsunamis, tides, and
waves occur frequently in the Zhongsha Platform, which is
encircled by a deep oceanic basin (Figure 1). However, the
specific effects of these external triggers remain unclear.

5.2 Slope landslides transforming to
submarine canyons

Slope landslides are widely distributed and still exposed at the
slope-toe adjacent to oceanic basin on the northeast Zhongsha
Platform (Figures 2, 3). They are characterized by immature canyon
morphologies with retrogressive headward erosion, notably L1, L3, and
L4 (Figure 5). These slope landslides have the potential to evolve into
mature canyons, backstepping from lower to upper slope and
eventually connecting with platform margin. Such processes are
indeed commonly implicated in the origin and evolution of slope
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canyons in both carbonate and siliciclastic settings (Pratson and
Coakley, 1996; Harris and Whiteway, 2011; Puga-Bernabéu et al,
2011; Mulder et al., 2012; Tournadour et al, 2017). In continental
slopes, Wu et al. (2022) proposed an updated pattern for the formation
and evolution of submarine canyons emphasizing the retrogressive
failure mechanisms of mass transport deposits. This model involves
three distinct phases, including initial failures with updip headscarps,
retrogressively failed mass transport deposits, and the capture and
convergence of canyons by pre-existing headscarps. In carbonate
slopes, the canyon evolution models established on the northern
slope of Little Bahama Bank and the Great Barrier Reef comprise
three principal stages dominated by retrogressive erosion (Puga-
Bernabéu et al.,, 2011; Tournadour et al., 2017): 1) slope
destabilization initiating intra-slope failures, which can be trigger by
sediment overpressure, fluid escapes, tectonics, earthquakes, and
bottom currents (Principaud et al., 2015; Lidmann et al,, 2022); 2)
successive retrogressive erosion resulting in the formation of canyon; 3)
canyon headward erosion with headscarp failures reaching the upper
slope and platform margin. The configuration of slope landslides
observed in this study could be consistent with such pattern. L1, L3,
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Cumulative (A) and frequency (B) curves showing the grain size distribution in surface sediments of the study area.

L4 and L5 are associated with the second stage, while L2 is more
indicative of the first stage (Figure 5). The transition point from
landslide to canyon in C2 is estimated to occur at a water depth of
approximately 3420 m (Figures 4A, B). A series of knickpoints indicate
retrogressive slope failures in the lower course of C2 (Figure 4A). The
canyon-dominated zone extends for 35.8 km in length, whereas
landslide-dominated zone spans a distance of 19 km (Figure 4B).
Despite debris and blocks are not broadly present on the modern

TABLE 4 Summary of the percentage content of grain size components
in surface sediments.

Core Sand (%) Silt (%) Clay (%)
BC1 83.65 13.39 2.96
BC2 071 6539 33.90
BC3 8.70 57.42 33.88
BC4 13.53 56.44 30.03
BCS 14.63 57.74 27.64
BC6 9.87 57.39 3274
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seafloor, buried mass transport deposits are widely developed along the
platform slopes (Figures 6, 7), indicating that landslides occurred prior
to the erosional pathways. The deep cyclonic circulation that runs
along the eastern slope of the Zhongsha Platform is highly susceptible
to provoking slope destabilization and capable of carrying away
landslide deposits and blocks.

5.3 Evolution model of submarine canyons

The morphology of C2 is distinguished by the erosion of
numerous tributaries in the upper course, the transition of flow
direction in the middle course, and the retrogressive slope
landslides in the lower course (Figure 4). In light of the previous
discussion, a four-stage conceptual model is proposed to elucidate
the initiation of platform margin collapses and slope landslides, the
inception of submarine canyons, and the interrelated evolution of
these three elements in carbonate platform settings (Figure 9).

During inception stage (Figure 9A), off-platform sediment
transport and associated processes delivered vast amounts of
carbonate sediment from the inner platform to the outer platform
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stages, respectively.

margin. Reef aggradation and sediment progradation lead to slope
oversteepening, which in turn disrupts the stability of the original
strata. During expansion stage (Figure 9B), oversteepened slope and
gravitational instability resulted in sudden margin failures, forming
large-scale scalloped collapses (Figures 2C, 4A). In addition, slope
landslides were provoked by the disturbance of density cascading
and deep currents in the lower slope (Figures 2C, 5).
During development stage (Figure 9C), platform margin collapses
and slope landslides have persistently developed in both horizontal
and vertical scales, instigating sustained sediment gravity flows with
the capacity to incise and shape submarine canyons. These mass
wasting processes were exacerbated by tides, waves, density
cascading, surface monsoon currents, and deep cyclonic
circulation. The upper slope was characterized by downslope
mass movement with dendritic canyon, while the lower slope was
dominated by retrogressive erosion with headward escarpments
and immature canyons (Figures 4, 5). At present stage (Figure 9D),
sediment gravity flows progressed from the upper slope to the lower
slope, veering northeastward into the structurally weak zone of the
slope landslide area. The upper slope canyon scoured through slope
landslide and eventually integrated with the lower slope canyon as it
descended downslope, forming an elongated modern canyon that
initially originated with a northeast direction and then transitioned
to eastward orientation (Figure 4A).
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5.4 Comparisons with other submarine
canyons of carbonate platform

Carbonate platforms are dynamic marine environments
characterized by the dominance of carbonate sediments derived
from biological sources (Fauquembergue et al., 2023). Submarine
canyons around carbonate platforms receive sediment inputs from
both internal sources (carbonate debris, skeletal fragments) and
external sources (terrestrial sediments, ocean currents) (Counts
et al, 2018; Jorry et al, 2020). The Zhongsha Platform, situated
in the central of SCS and distant from continental margin, has
developed within a pure carbonate environment that is mainly
composed of internal sources (Figure 1). In this study, submarine
canyons in the northeast slope of the Zhongsha Platform are
characterized by shelf-incised canyons exhibiting dendritic shape
with numerous tributaries. They are triggered by platform margin
collapses and incised by erosive gravity flows from upper slope to
lower slope, which present different evolution processes compared
to other submarine canyons in carbonate settings (Figure 9).

In the northern Little Bahama Bank, 18 slope-confined canyons are
developed and strongly excavated along the carbonate slope. They are
divided into upper linear part, middle widened part and lower mouth
part, with water depths between 450 and 1000 m, an average length of
17 km, widths ranging from 5.5 to 20.4 km and a sinuosity of 1.03-1.21
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(Mulder et al.,, 2012; Tournadour et al., 2017). In the western Great
Bahama Bank, a series of regularly-spaced gullies incised the upper
slope with water depths ranging from 250 to 600 m, an average length
of 4 km and an average width of 750 m, resulting from density
cascading processes (Principaud et al, 2015; Wunsch et al, 2017).
Additionally, in the northern Great Barrier Reef, 19 submarine canyons
are distinguished along the mixed carbonate-siliciclastic system
including both shelf-incised and slope-confined canyons, with water
depths between 30 and 2236 m, lengths ranging from 3.2 to 30.1 km
and a sinuosity of 1-1.29. that include shelf-incised canyons and slope-
confined canyons (Puga-Bernabéu et al., 2011). In these settings, the
initiation and evolution of submarine canyons are resulted from slope
destabilization and failure with retrogressive headward erosion from
lower slope to upper slope (Puga-Bernabéu et al., 2011; Tournadour
et al,, 2017). However, spectacular large-scale margin collapses and
slope failures have been identified along the entire outer reef rim in the
Lansdowne Bank, which can generate submarine debris flows capable
of souring erosive morphologies (Etienne et al, 2021). Submarine
canyons around carbonate platforms present different geological
processes, which can be attributed to sediment supply and
oceanographic dynamics. Abundant sediment sources and high-
energy hydrodynamic conditions contribute to slope oversteepening
and lead to platform margin collapses.

6 Conclusion

1. Three submarine canyons are identified on the northeastern
slope of the Zhongsha Platform. They are characterized by steep-
sided V-shaped profiles in the upper course and U-shaped profiles
in the lower course. C1 exhibit linear morphology terminating on
the middle slope, while C2 and C3 present dendritic configuration
extending towards the abyssal plain and oceanic basin.

2. A large-scale scalloped collapse has extensively eroded the
northeastern margin and slope of the Zhongsha Platform. C2
originates from this margin failure in a northeastward orientation
and subsequently converts to the eastward direction, with a water
depth spanning from 651 to 4115 m, a length of 54.8 km and a
sinuosity of 1.24. It is distinguished by numerous tributaries in the
upper course and retrogressive slope landslides in the lower course.

3. Slope landslides extend from middle-lower slope towards
oceanic basin trending in an eastward direction with a water depth
ranging from 2300 to 4200 m and an area of 68-193 km>. These
landslides present an elongated shape in space and a concave profile
in cross-section, characterized by numerous headscarps, lateral
margins, inner scarps and immature canyons. A train of
escarpments exhibit significant elevation relief at the landslide
heads with retrogressive erosion.

4. Scalloped margin collapses are resulted from reef aggradation/
progradation, slope oversteepening, surface monsoon currents, and
relative sea-level changes. Slope landslides are triggered by the effects of
slope destabilization, density cascading and deep cyclonic currents.
These mass wasting processes can give rise to successive gravity flows
capable of incising submarine canyons.

5. A four-stage conceptual model is proposed to illustrate the
genesis and evolution of C2: Inception stage, sediment instability

Frontiers in Marine Science

14

10.3389/fmars.2024.1448423

on platform margin and slope-toe; Expansion stage, the
occurrence of platform margin collapses and slope landslides;
Development stage, the exacerbation of failures and the inception
of submarine canyons; Present stage, the configuration of modern
canyon system.

6. Submarine canyons around carbonate platforms present
distinct features that deserve attention due to their different
triggering mechanisms and evolution processes. Platform
margin collapses and slope landslides provide novel
insights on sedimentary processes in isolated carbonate
platform settings.
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