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ABSTRACT

Submarine landslides are important hazards around carbonate platforms, posing a significant threat
to coastal communities by generating tsunamis, while potentially damaging vital submarine
infrastructure. Yet, the factors controlling slope instability near carbonate platforms remain poorly
understood. In this study, we use high-resolution multibeam bathymetric and seismic reflection data
to investigate submarine landslides on the flanks of carbonate platforms in the northwest South China
Sea. We identify plastered and mounded contourite drifts that host submarine landslides of multiple
sizes, with an area of 2.1 to 306 kmz2 and failed volumes of 0.03 to 11.8 km3. A global comparison of

failed contourite drifts reveals that slope angle around carbonate platforms is lower (~3.75°) than that
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on siliciclastic continental slopes (~8.93°). We attribute this difference to the lower shear strength of
the predominantly calcareous contourite drifts around carbonate platforms and atolls compared with
siliciclastic continental slopes. Our findings show that intrinsic sediment weakness is a critical control
on slope instability around carbonate platforms, highlighting it as an underestimated geohazard in
carbonate depositional environments. Our results provide crucial information to develop robust risk

assessment strategies and safer engineering practices around carbonate platforms and atolls.

Keywords: Submarine landslide; Carbonate platform; Contourite drift; Slope instability; South China

Sea

INTRODUCTION

Submarine landslides are geological features with an inherent potential to trigger large-scale
seafloor deformation and associated tsunamis (Harbitz et al., 2014; Vanneste et al., 2014; Clare et al.,
2023; Lenz et al., 2023). While being vastly documented on siliciclastic continental slopes, submarine
landslides around carbonate platforms and atolls have thus far received comparatively limited
attention in geohazard assessments. Yet, the proximity of inhabited islands to most carbonate
platforms suggests that submarine landslides in such regions can pose a risk to coastal populations
and to submarine infrastructure (Principaud et al., 2015; Tournadour et al., 2015; Mulder et al., 2019).
On a global scale, mass-wasting events on the flanks of carbonate platforms, including those in
northeast Australia (Puga-Bernabéu et al., 2017; Etienne et al., 2021), the Great Bahama Bank
(Principaud et al., 2015; Tournadour et al., 2015; Le Goff et al., 2020), and the Xisha Uplift (Bai et
al., 2022; Liu et al., 2023), also present a significant tsunamigenic risk. As an example, a 22 km?®
failure on the northern flank of the Puerto Rico carbonate platform, with an estimated sliding velocity
of 40 m/s, may have led to a maximum tsunami runup height of 15.7 m in the past (Ten Brink et al.,
2006).

The geological setting of carbonate platforms and atolls differs markedly from siliciclastic

continental slopes. The development of carbonate platforms and atolls are governed by carbonate
2
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precipitation and the in-situ deposition of bioclastic material, which are both primarily driven by
biological activity (Schlager et al., 1994; Wu et al., 2014; Wang et al., 2018). Hence, strata formed
by the accumulation (and later consolidation) of bioclastic grains exhibit distinct geotechnical
properties when compared to siliciclastic sediment, often recording a higher porosity and an
inherently lower shear strength (Tanaka and Locat, 1999; Gaudin and White, 2009; Nugraha et al.,
2022; Hussein et al., 2024). Furthermore, as evidenced by detailed outcrop studies, the mechanical
behavior of such carbonate successions is strongly influenced by early diagenetic processes and syn-
depositional deformation, which can fundamentally reorganise primary porosity and rock strength
(Ogata et al., 2014a, 2014b; Lucca et al., 2024). In parallel, contourite drifts accumulated by bottom
currents on many continental slopes, can also be present around carbonate platforms and atolls
(Betzler and Eberli, 2019; Eberli and Betzler, 2019; Ludmann et al., 2022; Bashah et al., 2024; Betzler
et al., 2024). This is an important aspect as the presence of such drifts has been considered to control
slope instability on siliciclastic continental slope (Weigelt and Uenzelmann-Neben, 2004;
Miramontes et al., 2016; Miramontes et al., 2018; Liu et al., 2019; Li et al., 2024). Notwithstanding
this fact, the factors preconditioning submarine landslides on contourite drifts accumulated around
carbonate platforms remain poorly understood (Principaud et al., 2015; Lidmann et al., 2022;
Teixeira et al., 2024).

To investigate the difference in slope instability styles and inherent potential of contourite drifts
deposited around carbonate platforms, we focus on the carbonate platforms and atolls dotting the
Xisha Uplift of the South China Sea (SCS) (Fig. 1). High-resolution multibeam bathymetric and
seismic data are used in this work to identify and characterize submarine landslides on the flanks of
such carbonate platforms and atolls. We document the geotechnical properties and the Factors of
Safety for contourite drifts accumulated on carbonate platforms to compare them with siliciclastic
continental slopes that were drilled by the Ocean Drilling Program (ODP). By integrating regional
and global data, this study aims to stress what are the factors preconditioning slope instability near

carbonate platforms and atolls.
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OCEANOGRAPHIC AND GEOLOGIC SETTINGS
Oceanographic Setting

Ocean currents have had a significant presence in the SCS throughout the Cenozoic (Su, 2004).
During the Miocene, water-mass circulation was strongly influenced by exchanges with the Pacific
Ocean through broad bathymetric lows (Qu et al., 2006; Tian et al., 2006; Yin et al., 2021; Wang et
al., 2022). From the early Pliocene onward, the northward migration of the Luzon arc, and the
subsequent (rapid) uplift of Taiwan, progressively restricted water-mass exchanges to establish the
present-day, semi-enclosed circulation system of the SCS (Wang and Li, 2009). Present-day water-
mass circulation involves a complex, multi-layered structure that is primarily driven by the inflow
and outflow of water through the Luzon Strait (Fig. 1b). These water flows are closely influenced by
regional monsoon patterns, with cyclonic (anticlockwise) surface waters being typically shallower
than 300 m. Anticyclonic (clockwise) North Pacific Intermediate Water occurs at water depth
between 300 and 1500 m, while the generally cyclonic deep waters occur below 1500 m (Su and
Weng, 1994; Chen and Huang, 1996; Qu et al., 2006; Tian et al., 2006; Wang and Li, 2009; Cai et
al., 2020).

The persistent ocean currents can generate multiple depositional and erosional features on nearby
slopes. Relatively fast currents commonly form discrete mounded drifts adjacent to erosional moats,
whereas slower currents favor the accumulation of plastered (sheeted) drifts that conform to the slope
gradient (Faugéres and Stow, 2008; Hernandez-Molina et al., 2022) (Fig. 2). In the SCS, mounded
and plastered drifts occur broadly on both the northern continental slope of the SCS and the flanks of
carbonate platforms and atolls (Shao et al., 2007; Chen et al., 2016; Sun etal., 2017; Chen et al., 2022;
Yu et al., 2022). The fine-grained nature and potentially lower shear strength of contourite deposits
in the SCS have been related to multiple slope instability processes, from local submarine creep (Li
et al., 2016; Gao et al., 2025) to large-scale submarine landslides (Li et al., 2014; Sun et al., 2018; Li

et al., 2020).
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Geologic Setting

The SCS has experienced an early syn-rifting stage before mid-Eocene (~45 Ma), a main syn-
rifting stage until early-Miocene (~23 Ma), and a post-rifting stage to present (Fig. 3) (Dong et al.,
2008; Ding et al., 2016; Cheng et al., 2021) (Fig. 3). Changes in tectonic subsidence and uplift
following these tectonic stages, i.e., during the post-rift stage, resulted in further variations in sea-
level throughout the northern SCS; in particular, a gradual sea level rise is recorded before Late
Miocene (~11.6 Ma) and this was followed by a faster sea level rise afterward (Wu et al., 2014; Shao
etal., 2017; Cheng et al., 2021).

Favored by the constant but progressive sea-level rise that accompanied continental breakup in
the SCS, large carbonate platforms were first formed over the Xisha Uplift during the gradual sea
level rise at the beginning of post-rifting stage (~23 Ma) (Ma et al., 2011; Wu et al., 2014; Qin et al.,
2022). However, the acceleration in sea level rise recorded since Late Miocene (~11.6 Ma) (Shao et
al., 2017), combined with a relative increase in siliciclastic input from the Indo-China Peninsula since
the Pliocene (~5.5 Ma), have resulted in the progressive drowning and isolation of carbonate
platforms on the Xisha Uplift (Wu et al., 2014; Qin et al., 2022). As a result, only those platforms in
the central part of Xisha Uplift, where local structural highs are located, have remained emerged as
atolls (Ma et al., 2011; Kuang et al., 2014; Wu et al., 2014) (Figs. 1b and 1c).

At least 11 drowned carbonate platforms and atolls are recognized on the Xisha Uplift at present
(Fig. 1c). Drowned carbonate platforms include the Ganquan (GQCP), Zhongjianbei (ZJBCP),
Zhongjian (ZJCP), and Zhaoshu (ZSCP) platforms. Evolving atolls, i.e., carbonate platforms not
completely submerged, include the Beijiao (BJA), Huangguang (HGA), Langhua (LHA), Yuzhuo
(YZA), Dongdao (DDA), Yongle (YLA), and Xuande (XDA) atolls (Ma et al., 2021; Bai et al., 2022)
(Fig. 1c). Drowned carbonate platforms and still-emergent atolls are 10 km to 60 km apart, for an
average distance of 36 km (Figs. 1b and 1c). The tops of drowned isolated carbonate platforms are

relatively flat, occurring at water depths of 300 to 600 meters (Ma et al., 2021; Bai et al., 2022). In
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contrast, atolls contain local carbonate reefs that are exposed above sea level (Ma et al., 2011; Kuang
etal., 2014; Wu et al., 2014) (Fig. 1c).

Seismic profiles acquired over the Xisha Uplift further reveal a distinct ‘layer-cake’ structure
consisting of three main units: (1) a magmatic basement imaged as a chaotic, high-amplitude interval
near the base of seismic profiles (Cheng et al., 2021); (2) drowned carbonate platforms and overlying
atolls that grew on local basement highs and show continuous and parallel seismic reflections (Betzler
etal., 2019; Qin et al., 2022; Chen et al., 2023); and (3) contourite drifts surrounding and draping the
drowned carbonate platforms. These same drifts show sub-parallel and wavy reflections, onlapping
the flanks of carbonate platforms (Fyhn et al., 2013; Betzler et al., 2019; Ma et al., 2021; Qin et al.,

2022; Yu et al., 2022; Chen et al., 2023) (Fig. 4).

DATA AND METHODS
Seismic Reflection Data

Two-dimensional (2D) multi-channel seismic reflection data imaging the Xisha Uplift were
acquired and processed by the China National Petroleum Corporation (CNPC). Assuming an average
P-wave velocity of ~1500-2000 m/s in the shallow subsurface, the seismic data have a dominant
frequency of approximately 30-60 Hz and yield an estimated vertical resolution of 6-16 m. The dataset
has a trace spacing of 6.25 m and seismic interpretation was carried out using Kingdom® and Petrel®
software packages. The vertical scales of the seismic profiles are presented in two-way travel time
(TWT) in this work.

A sequence-stratigraphic framework was established for the study area by integrating seismic
facies with lithological information and wireline data from exploration well LS22-1-1 (Fig. 3). The
ages of seismic reflectors such as T20 (1.8 Ma), T30 (5.5 Ma), T40 (11.6 Ma), T50 (16 Ma), T60 (23
Ma), T70 (28.4 Ma) and Tg (45 Ma), were constrained by biostratigraphic data from well LS22-1-1

and then mapped in our seismic data (Sun et al., 2015; Cheng et al., 2021) (Figs. 3 and 4).
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Geomorphic Data and Analysis

Multibeam bathymetric data covering the region around the Xisha Uplift were acquired using a
hull-mounted SeaBeam 2112 multibeam echosounder system. Bathymetric data covers a water depth
ranging from 34 m to 4471 m (Fig. 1b). The raw data were processed using CARIS HIPS® software,
with the final bathymetric grid having a horizontal cell size of 100 m and a vertical resolution of 3 m
(or 3%o of the water depth). A processed digital elevation model (DEM) resulting from this
bathymetric grid was imported into Global Mapper® software for visualization, geomorphic analyses,
and mapping of submarine landslides and related features (e.g., contourite drifts and moats) (Fig. 5).

Several parameters were measured from the bathymetric data and seismic profiles to
quantitatively characterize contourite drifts and their adjacent slopes. Slope Angle (o) was defined as
the average gradient of the carbonate platforms’ flanks or continental slope immediately adjacent to
the contourite drift or landslide scar. It was measured perpendicularly to bathymetric contours (Figs.
2a and 2b). Mounded Drift Angle (B) is a property of detached, mounded drifts, where this angle is
specifically measured on the steeper, landward-facing flank between the base of a drift (often a moat
trough) and its crest (Fig. 2). Such a measurement is often considered in slope stability analyses.
Plastered Drift Angle (y) is measured on contourite drifts that are attached to a nearby slope and
distributed along it. Measured either on bathymetric data or seismic reflection profiles, a moat trough
is considered as the deepest point between a slope and the drift crest (Fig. 2b). Moat depth is further
calculated by measuring the vertical distance from the moat trough to the drift crest (Fig. 2b). In
parallel, moat width is measured as the horizontal distance from the crest of drift to the nearby slope
(Fig. 2b).

In summary, geomorphic data from the Xisha Uplift were derived from the bathymetric and
seismic data previously described. Comparative angle data for other carbonate platforms (e.g.,
Maldives, Bahamas, NE Australia) and continental slopes (e.g., NE SCS, NW Svalbard, NW

Norwegian Sea, N Tyrrhenian Sea) were compiled from published seismic profiles and bathymetric
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data (see Supplementary Tables 01 and 02) and extracted from the PANGAEA data repository

(Wilckens et al., 2023b).

Submarine Landslide Characterization

Submarine landslides can evacuate large volumes of sediments that are later emplaced as mass-
transport deposits (MTDs). Distinct kinematic indicators can be preserved during the downslope
movement of failed sediment, e.g., headwall and sidewall scarps as the upper and lateral boundary of
a landslide scar, frontal ramps as the lower boundary of a landslide scar, and the glide plane between
MTDs and underlying (intact) slope strata as basal detachment zones (Bull et al., 2009; Alves and
Lourengo, 2010; Clare et al., 2018; Gamboa et al., 2021; Alves et al., 2022; Nugraha et al., 2022;
Roger et al., 2024) (Figs. 6 and 7). The downslope transport of failed strata is accompanied by
deformation, fragmentation and partial liquefaction, and, as a result, MTDs can exhibit chaotic to
transparent and discontinuous seismic facies, in contrast to the parallel to sub-parallel, laterally
continuous seismic facies that are characteristic of intact strata below and above (Sawyer et al., 2009;
Camerlenghi et al., 2010; Etienne et al., 2021; Roger et al., 2024). Failed sediment can also contain
blocky strata in which sub-parallel and continuous seismic reflectors are preserved inside, with
chaotic seismic facies between blocks (Micallef et al., 2007; Alves, 2015; Alves et al., 2022).

In this work, the area of submarine landslides, the height of their headwall scarps and their local
slope gradients are measured in 19 submarine landslides formed around the Xisha Uplift (see Table
1 for sources). The evacuated volume of failed material is estimated in this work using the model

proposed by McAdoo et al. (2000) and Equation 1:

1
V= EAShcosa

Equation 1
where A; is the failed area, h is the headscarp height, a is slope angle taken from adjacent intact slope

strata.
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Morphometric parameters of other regions affected by submarine landslides, such as the Great
Barrier Reef in northeast Australia, the west and east Atlantic continental margins, the Mediterranean
Sea, the Antarctic and Arctic continental margins, are derived from Puga-Bernabéu et al. (2022) and

Moscardelli and Wood (2015).

Calculation of a Factor of Safety (FOS)

To quantitatively assess and compare the static slope stability of contourite drifts, a Factor of
Safety (FOS) was calculated assuming infinite slope conditions. An FOS value below 1.0 suggests
that gravitational shear stress exceeds the shear strength of seafloor sediment, pointing out to potential
slope instability under the conditions assumed in the calculations (Li et al., 2014; Steiner et al., 2015;
Strupler et al., 2017; Miramontes et al., 2018). The FOS is thus calculated as the ratio of resisting

shear strength to driving shear stress:

S, (z
FOS — u.( )
o, (z)sinacosa

Equation 2
where S, is the undrained shear strength of strata, a,, is the vertical effective stress, and a represents
the slope angle.

Vertical effective stress (a,) is calculated via Equation 3:

z
o= [ (b - pu@)g) dz
0
Equation 3
where p is the bulk density of sediments, p,, is the density of water, which is 1 g/cm?, and g is
gravitational acceleration (9.8 m/s?).
Depth profiles for Bulk Density (p) and Undrained Shear Strength (Su) - required for the above

equations - were taken from publicly available data archives from the Ocean Drilling Program (ODP).

9
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Data were compiled from nine (9) specific sites located on contourite drifts (Fig. la and
Supplementary Table 03). Three of these locations are on contourite drifts around carbonate platforms
(ODP Legs 133, 166 and 182), while six other locations are on contourite drifts accumulated on

siliciclastic continental slopes (ODP Legs 105, 151, 157, 162, 178 and 188) (Fig. 1a).

RESULTS
Contourite Drifts on the Xisha Uplift

Within the Xisha Uplift, mounded and plastered drifts are widely distributed on the flanks of
downed, isolated carbonate platforms and atolls. Plastered drifts are identified by their geometry -
which follows the existing slope gradient - while mounded drifts are detached from nearby slopes by

moats on upper slope (Fig. 2).

Plastered Drifts

In the Xisha Uplift, plastered drifts are mainly developed on the northwest flank of carbonate
platforms and atolls, at a water depth between 600 and 1500 m, showing a wedge-shaped geometry
that can be either convex or concave (Figs. 4b, 5a, 6a and 8b). Internally, they present onlapping,
continuous, semi-transparent seismic reflections with a low to moderate amplitude and aggradational
stacking patterns (Figs. 6d and 8c). Their thickness ranges from ~1000 ms TWT in the lower portion
(at a water depth of 1500 m) to virtually zero in their shallow parts (Figs. 6a and 8b). Due to their
close association with the carbonate platform/atoll flanks, the angle of these plastered drifts typically
decreases to ~1° in their lower parts, reaching a maximum at their top where they inherit the
underlying morphology of the carbonate platforms/atolls (Figs. 4 and 8b; see also Supplementary
Table 01). The base of these drifts correlates with the T40 unconformity (~11.6 Ma, base Tortonian),
which marks the cessation of carbonate platform growth due to the onset of fast sea level rise (Ma et

al., 2011; Wu et al., 2014).
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Mounded Drifts
Mounded drifts are mainly observed on the southeast flanks of carbonate platforms and atolls,
such as the GQCP, XDA and ZJCP (Figs. 4b, 7, and 8e). Occurring at a water depth of 900 m to 1100

m, mounded drifts form convex depositional bodies with continuous, subparallel, and moderate-

amplitude internal reflections (Figs. 4b, 7 and 8e). The average angle of these mounded drifts is ~ 4°,

with the angle of nearby slopes approaching 13° (Supplementary Table 02). Mounded drift thickness

varies from 300 ms TWT on the northeast flank of the XDA to c. 600 ms TWT on the southeast flank
of the ZJCP (Figs. 7d and 8f). Plastered drifts are also identified at the base of the mounded drifts by
the absence of a moat in their shallower portions (Fig. 8f). The base of these plastered drifts is also
correlated with the T40 unconformity (~11.6 Ma, base Tortonian), indicating a Late Miocene age for
their onset (Figs. 4b and 8f).

Erosional moats, representing areas of erosion or reduced deposition, show an average width of
~3.4 km and an average depth of 67 m (Supplementary Table 02). Erosional moats along the ZJCP
reveal U-shaped and flat bases, which are up to 4.4 km wide and 157 m deep (Fig. 8f). Conversely,
the moats that are closer to the XDA and the GQCP are V-shaped, 3 km to 4 km wide, and

approximately 65 m deep (Figs. 4b and 7d).

Morphology of Contourite Drifts and Adjacent Slopes

A generally positive linear relationship is recorded between the slope angles of carbonate
platforms/atolls and contourite drifts (Figs. 9a and 9b). The angle of mounded drifts ranges from 0°
to 9°, with most being between 0° to 6° (Fig. 9a). In comparison, slope angle varies between 0° and
40°, with most values being between 0° to 15° (Figs. 9a). Plastered drifts show a more uniform
geometry, with an angle ranging from 0° to 10°, while nearby platform and atoll slope angles vary

from 0° to ~ 35° (Fig. 9b). Quantitative analyses show that the angles of the carbonate platform slopes

11
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are approximately three times greater than the angles of plastered drifts (Fig. 9b), and about six times

greater than the angles of mounded drifts (Fig. 9a).

Submarine Landslides on the Xisha Uplift

Both recent and buried submarine landslides are observed on the Xisha Uplift. Recent landslides
are identified by their distinct headwall and sidewall scarps and evacuated depressions on the seafloor,
whereas buried landslides can be recognized as MTDs with their characteristic chaotic to transparent

seismic facies.

Modern Submarine Landslides on Plastered Drifts

In this study, at least 18 modern submarine landslides are identified on plastered drifts formed
adjacently to the GQCP, XDA, BJA, and HGA (Fig. 1c). Failed sediment ranges from 2.065 km?
(Slide 13) to 306 km? (Slide 4), for an average area of 46 km? (Table 1). The volume of evacuated
sediment estimated from Equation 1 varies from 0.028 km3 (Slide 13) to 11.8 km3 (Slide 4), for an
average value of 1.2 km? (Table 1; Fig. 10). The three largest slides are located on the northwest flank
of the XDA (Fig. 1c). Their headwall scarps are typically developed on the upper sections of plastered
drifts at water depths of 600 to 800 m (Fig. 5). Submarine landslides, such as Slides 7 and 8 around
the XDA, and Slides 11 and 12 around the BJA, were triggered at the middle of the plastered drifts
(Figs. 5b and 5c). The angles of headwall and sidewall scarps vary from 5° for slides near the HGA,

to 15° around the XDA, BJA, and GQCP (Fig. 5).

Modern Submarine Landslides on Mounded Drifts

While most observed landslides originate on plastered drifts, one particular submarine landslide
(Slide 3) is recognized on the northeast flank of XDA over a mounded drift (Figs. 5b and 7).
Compared to the landslides of plastered drifts, Slide 3 has a much longer headwall scarp (~20 km)

and a smaller length/width ratio of 2.3, a value that contrast with an L/W ratio of 5.3 for typical

12
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plastered drift slides. In addition, Slide 3 has an area that approaches 70 km? and an estimated
evacuated volume of 2.2 km3, making it significantly larger than most landslides identified on

plastered drifts.

Buried MTDs in Contourite Drifts

Five distinct MTDs (MTDs 1-5) are identified in the interior of plastered drifts accumulated on
the northwest flank of the GQCP (Figs. 6 and 8c). Occurring between Horizons T30 and T40 (Late
Miocene), these MTDs reflect large-scale submarine instability near the GQCP. MTDs 1 and 2 have
a similar thickness (~70 ms TWT) and appear to share a common basal glide plane (Figs. 6d and 8c).
In contrast, MTD 3 is stratigraphically above MTDs 1 and 2, with its top reflection at Horizon T20,
suggesting its occurrence at around 1.8 Ma (Fig. 6a).

MTDs 4 and 5 are found in the lower and upper parts of drift, respectively, within the Plio-
Pleistocene strata that post-dates Horizon T20 (Figs. 6b and 6¢). MTD 4 is c. 20 km long with a
maximum thickness of 150 ms TWT (~120-150 m). Its headwall is not fully imaged in our seismic
data, but its frontal ramp morphology, combined with chaotic seismic facies on its lower portion, are
characteristic of frontally emerged MTDs (Fig. 6¢). Slide blocks are observed in MTD 4 as relatively
continuous strata in between chaotic intervals (Fig. 6¢). MTD 5 is distinguished from MTD 4 by its
chaotic and transparent seismic facies, reaching a maximum thickness of c. 50 ms TWT (~40-50 m)

(Fig. 6b).

DISCUSSION
Relationship between Drifts Geometry and Slope Angle around Carbonate Platforms and
Atolls

The morphology of drifts and associated erosional and depositional features are governed by the
complex interplay between bottom current dynamics (velocity, interaction with topography),

sediment supply and accommaodation space (Wilckens et al., 2023a; 2023c). Our analysis confirms a
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positive correlation between the angles of contourite drifts and that of carbonate platforms and atoll
flanks (Figs. 9a and 9b). However, when comparing our measurements with global data compilations,
the relationship between contourite drifts and platform/atoll slope angles exhibits a less variability to
siliciclastic continental slopes (Figs. 9a and 9b).

High sediment supply with low currents’ energy may promote sediment aggradation, leading to
a decrease in the number (and size) of erosional moats, the subsequent upslope migration of drift
bodies, and relatively lower drift angles, as suggested by the contourite drifts imaged on the base of
the slope near the GQCP and ZJCP (Figs. 4b and 8f). Such a relationship is also recorded in settings
such as the Great Barrier Reef and Vietnam continental margin (Fyhn et al., 2013; Principaud et al.,
2018; Betzler and Eberli, 2019). In contrast, low depositional rates, or stronger bottom currents, favor
erosion to result in: @) more prominent moats, b) potentially steeper or more confined sediment drifts,
as also documented in the Gulf of Cadiz (Hernandez-Molina et al., 2008; Hernandez-Molina et al.,
2016; Wilckens et al., 2023a) and on the northeast flank of the XDA (Fig. 7b). The erosional moats
and sediment drift on the northeast flank of XDA thus indicate the existence of intense bottom
currents in the study area.

Our global compilation reveals that submarine landslides on plastered drifts around carbonate
platforms and atolls typically fail at angles ranging from 0° to 10°, with the highest instability
clustering at a dominant angle of c. 3.75° (Fig. 9c and Supplementary Table 4). In contrast, sediment
failure on plastered drifts of siliciclastic continental slopes occurs at considerably steeper angles,
usually between 5° and 15°, with a dominant angle of 8.93° (Fig. 9c). In parallel, while the volume
of landslides on the Xisha Uplift is generally smaller than those occurred on siliciclastic continental
slopes (Fig. 10), their broader distribution does not diminish their hazard potential. The slope failures
in the study area represent significant mass-wasting events (up to 11.8 km?* in volume), and their
proximity to nearby islands and infrastructure (Figs. 5c and 5d) means that even moderate-sized

failures may isolate these islands by severing underwater cables, potentially generating local tsunamis.
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The combination of a lower failure angle threshold and the proximity to nearby, low-lying atolls

highlights how underestimated these landslides are as geohazards.

Factors Controlling Slope Instability around Carbonate Platforms and Atolls

The greater potential instability of contourite drifts around the Xisha Uplift indicates other
factors, in addition to inclination, that control slope instability at the same time. In this work, the
strength of contourite drifts on both carbonate platforms/atolls and siliciclastic continental slopes
were acquired from ODP databases and compared. While bulk densities of contourites are broadly
similar between carbonate platforms/atolls (ODP legs 133, 166 and 182) and siliciclastic continental
slopes (ODP legs 105, 151, 157, 162, 178 and 188), the undrained shear strength of carbonate
sediment is consistently and significantly lower (Fig. 11b). This inherent weakness results in differing
Factors of Safety (FOS), which are higher for drifts on siliciclastic continental slopes than around
carbonate platforms and atolls (Fig. 11c).

The fundamental reason for this pronounced difference in shear strength should relate to specific
lithology of the studied drifts (Brackenridge et al., 2018; Betzler and Eberli, 2019; Mulder et al., 2019;
Bankole et al., 2020). Sediment drifts near carbonate platforms are predominantly composed of
bioclastic and in-situ (precipitated) carbonate material derived from enhanced biological processes.
In contrast, sediment drifts on siliciclastic continental slopes are typically dominated by siliciclastic
material derived from terrestrial sources. For instance, in contourite drifts from the Blake-Bahama
Outer Ridge, sediments transported from the Bahamas carbonate platforms contain more than 75%
of carbonate bioclastic components, while those derived from the North American continental margin
typically have less than 25% carbonate grains (Brandes, 2011). It is well-established that carbonate
sediment, particularly fine-grained or poorly cemented sediment, has a lower shear strength, a higher
initial porosity, a higher water content, greater compressibility, and potentially higher sensitivity,
when compared to typical siliciclastic sediments (Tanaka and Locat, 1999; Gaudin and White, 2009;

Brandes, 2011; Rashid et al., 2017; 2019; Gatter et al., 2021; Hussein et al., 2024).
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Differences such as these can also be related to the distinct microstructure and composition of
carbonate drifts. Clay and silt grains in siliciclastic deposits undergo mechanical compaction with
burial, a character better expressed by their gradual decrease in porosity, and increase in shear strength,
with depth (Bartetzko and Kopf, 2007, Hussein et al., 2024). Although the shear strength of carbonate
sediment can also be influenced by both mechanic and diagenetic processes (Croize et al., 2010;
Lebrec et al., 2024), the bioclastic particles in their interior limit early compaction via their internal
clast-supported microstructure, resulting in a less pronounced increase in shear strength with depth
and early compaction (Bartetzko and Kopf, 2007, Hussein et al., 2024). Our data suggest that even
when considering diagenetic processes during burial, the inherent mechanical weakness of carbonate
components in calcareous contourite drifts results in persistently low shear strength profiles (Fig. 11b).
Therefore, the greater slope instability of sediment around carbonate platforms and atolls can be
attributed to the mechanically weaker nature of their carbonate sediment (Figs. 11b and 12). This
interpretation is further supported by a sensitivity analysis comparing the FOS of carbonate and
siliciclastic plastered drifts across a realistic range of slope angles (Fig. S1). The analysis shows that,
under identical contourite facies conditions, carbonate drifts are systematically less stable than their
siliciclastic counterparts. This negative control demonstrates that the observed differences in slope
stability are not a case-dependent artefact of a specific contourite facies, but are instead driven
primarily by lithology. Although the FOS estimates rely on a simplified infinite-slope approach and
the global compilation carries inherent comparability biases, the consistent relative offset between
carbonate and siliciclastic drifts across angle ranges supports the robustness of the lithological
interpretation.

High sedimentation rates contribute to slope instability by generating excess pore pressure and
reducing effective stress in near-seafloor strata (Kvalstad et al., 2005; Laberg and Camerlenghi, 2008).
However, long-term depositional rates for contourite drifts deposited near carbonate platforms and
atolls are generally lower on the Xisha Uplift, Great Bahama Bank, and Maldives; such depositional

rates vary from 2 to 13 cm/kyr (Betzler et al., 2016; Mulder et al., 2019; Qin et al., 2022; Betzler et

16



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

al., 2024). On siliciclastic continental slopes such as those of the Norwegian and Tyrrhenian Seas,
depositional rates vary from ~38 to 190 cm/kyr (Rasmussen et al., 1996; Mulder et al., 2003; Laberg
and Vorren, 2004; Hernandez-Molina et al., 2012; Martorelli et al., 2016). The excess pore pressure
induced by rapid sediment loading can thus be excluded as a controlling factor for the enhanced

instability of contourite drifts on carbonate platforms and atolls.

Styles of Contourite Drift Instability

The findings in this work reveal distinct slope instability styles that are dependent on drift type
(mounded vs. plastered) and their inherent depositional settings (carbonate platform/atolls vs.
siliciclastic continental slopes) (Fig. 12). Around carbonate platforms and atolls, there are two main
instability styles: Type 1 involves failure originating from mounded drifts (Fig. 12a). Examples
include submarine landslide S3 observed on the flank of the XDA (Fig. 7) and landslides documented
in the Maldives (Ludmann et al., 2022). Type 2 involves failures originating from plastered drifts
(Fig. 12b). This appears to be the more prevalent failure style in carbonate depositional systems,
representing most of the landslides documented around the Xisha Uplift (Fig. 5) and also on other
major carbonate platforms and highs such as the Bahamas, Maldives, and Northeast Australia
(Tournadour et al., 2015; Mulder et al., 2019; Lidmann et al., 2022; Bashah et al., 2024).

On siliciclastic continental slopes, Type 3 reflects slope failure on large-scale mounded drifts
(Fig. 12c). However, examples of major landslides that are specifically confined within large,
mounded drifts on continental slopes seem relatively uncommon compared to a fourth type of slope
instability, Type 4, which affects plastered drifts (Fig. 12d). Numerous examples of Type 4 are
documented worldwide including the northeast continental margin of the SCS, sectors of the North
Atlantic continental margin, and parts of the Mediterranean Sea (Miramontes et al., 2018; Miramontes
et al., 2019; Osti et al., 2019; Gatter et al., 2020; Song et al., 2020; Chen et al., 2022; Wang et al.,

2022).
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Implications for Future Geohazard Assessments

This study highlights the significant, and perhaps previously underappreciated geohazard
potential of submarine landslides originating from contourite drifts and atolls on the flanks of
carbonate platforms. Relative to siliciclastic slopes bordering continental margins, drift-related
landslides on carbonate platforms/atolls reveal a lower shear strength, a distinct lithology and stacking
patterns. Our findings not only emphasize the importance of understanding sub-seafloor lithology in
slope stability assessments, but also prove that relying solely on slope angle as a proxy of slope
instability is a non-conservative approach in case contourite drifts are present.

The recognition of multiple submarine landslides on the Xisha Uplift, around the drowned
carbonate platforms and still-emerged atolls, reveals how important it is to assess landslide risk
around the latter. This is particularly the case when trying to assess potential landslide runout

distances, and also their associated secondary hazards such as localized tsunamis.

CONCLUSIONS

Based on the analysis of multibeam bathymetry and seismic reflection data acquired around the
Xisha Uplift, complemented by a comparative assessment of geotechnical properties from carbonate
platforms, atolls, and siliciclastic continental slopes across the world, this work reveals that
significantly gentler slope angles are sufficient to destabilize contourite drifts on carbonate platforms
and atolls when compared to siliciclastic continental slopes. This research identifies the inherently
weaker nature of carbonate sediment as the key factor controlling slope stability around carbonate
platforms and atolls. The main conclusions of this work can thus be summarized as follows:

(1) Plastered and mounded contourite drifts developed around and over the Xisha Uplift
constitute the primary location for submarine landslides.

(2) The influence of slope angle on the dip angle of contourite drifts appears less pronounced

around carbonate platforms and atolls than on siliciclastic continental slopes.
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(3) Contourite drifts surrounding carbonate platforms fail at significantly gentler slope angle
(~3.75°) compared to their counterparts on siliciclastic continental slopes (with a predominant failure
angle of ~8.93°).

(4) The predominantly carbonate nature of contourite drifts near carbonate platforms and atolls
implies that sediment has a lower undrained shear strength compared to the typically stronger,
siliciclastic-rich drifts found on siliciclastic continental slopes. This inherent weakness of carbonate
slopes and drifts, primarily driven by lithology, is the critical factor controlling slope stability on these
latter bathymetric features.

In summary, this study shows that understanding submarine geohazards on carbonate slopes
implies a detailed acknowledgment of the critical role of low-strength carbonate-prone contourites,
rather relying solely on slope angles. This is a critical insight for accurate geohazard assessments near
oceanic islands, and for ensuring the safety of marine infrastructure and engineering work in these

environments.
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Figure 1 (a) Global distribution of contourite drifts in the world’s oceans. Contourite drifts were
classified into two types based on their location: (1) contourite drifts on siliciclastic continental slopes
(in light blue) and (2) contourite drifts accumulated around carbonate platforms and atolls (in dark
green). Figure is modified from Rebesco et al. (2014). Key areas mentioned in this work include the
GBB (Great Bahama Bank), the MAL (Maldives) and the QMP (Queensland and the Marion
Plateaus). Red lines and arrows show the direction of surface water flow, while the dark blue lines

and arrows indicate deep-water flow direction. The locations of failed plastered drifts included in Fig.
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9b are respectively marked in light green squares near siliciclastic continental slopes and as pink
squares near carbonate platforms and atolls. ODP sites are marked by white circles and labelled in
the figure. (b) Bathymetric map of the northern South China Sea and its oceanographic context.
Intermediate (IWC) and Deep Water Currents (DWC) are highlighted on the map. The red box shows
the location of the study area. (c) Zoomed-in bathymetric map of the study area, modified from Bai
et al. (2022), showing the location of the seismic profiles used in this study. The red rectangles
represent the extent of high-resolution multibeam bathymetric maps of the carbonate platforms and
atolls depicted in Figures 7a, 8a, and 8d. The “camera” symbols near the yellow dotted lines point
out to the 3D visualization of carbonate platforms/atolls in Figures 5a-d and 7c. Landslide scarps
identified in this study are shown as grey polygons. Red dot marks the location of well LS22-1-1.
GQCP: Ganquan carbonate platform; ZJBCP: Zhongjianbei carbonate platform; ZJCP: Zhongjian
carbonate platform; ZSCP: Zhaoshu carbonate platform; BJA: Beijiao Atoll; HGA: Huangguang
Atoll; LHA: Langhua Atoll; YZA: Yuzhuo Atoll; DDA: Dongdao Atoll; YLA: Yongle Atoll; XDA:

Xuande Atoll.
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Figure 2 3D diagrams summarizing how the calculations for (a) angles of the plastered drifts and the
relevant slope angles, and (b) angles of the mounded drifts and the relevant slope angles, were
developed in this work. Two distinct styles of contourite drifts, distinguished by their geometry (in
blue), are shown. Type 1 represents plastered drifts, while Type 2 denotes mounded drifts. Figure is

modified from Hernandez-Molina et al. (2008).
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Figure 3 Stratigraphic column of the Qiongdongnan Basin documenting the lithology, sequence
stratigraphic framework, and well log data for well LS22-1-1 as taken from Cheng et al. (2021).
Global sea level curve is derived from Miller et al. (2020). Sea level curve for the Qiongdongnan
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Figure 4 (a) Uninterpreted and (b) interpreted NW-SE 2D seismic profile across the continental slope
to the northwest and the Ganquan carbonate platform (GQCP) on the Xisha Uplift. The location of
this seismic profile is shown in Figure 1c. Eight seismic reflectors (TO to Tg) are labelled in the
interpreted seismic profile. Contourite drifts reveal sub-parallel and continuous seismic facies and are
mainly located around the Ganquan carbonate platform (GQCP). Plastered and mounded drifts are
distributed on the carbonate platform’s western and eastern flanks, respectively. TWT: two-way

travel time; GQCP: Ganquan carbonate platform.
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Figure 5 Three-dimensional views of the (a) Gangquan carbonate platform (GQCP), (b) Xuande Atoll
(XDA), (c) Beijiao Atoll (BJA), and (d) Huaguang Atoll (HGA). The multibeam bathymetry maps
reveal the occurrence of multiple submarine landslides around these carbonate platforms and atolls
(shown in Figure 1c). The geomorphological characteristics of the identified submarine landslides,
such as their area and volume, are listed in Table 1. HW: headwall; SW: sidewall; S: slide. The white
dotted line shows the boundary between headscarp and sidewall. Dark blue dash-dotted line indicates
the depositional boundary of plastered drifts. Yellow solid line illustrates the direction of bottom

current.
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Figure 6 (a) Seismic profile crossing the northwest flank of the Ganquan carbonate platform (GQCP),
revealing a widespread deposition of plastered drifts and mass-transport deposits (MTDSs) in this area.
Location of the seismic profile is shown in Fig. 4b. Figs. 6b, 6¢ and 6d are zoomed-in seismic profiles
that highlight the internal seismic architecture of MTDs. MTDs: mass transport deposits. TWT: two-

way travel time.
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Figure 7 (a) Multibeam bathymetric map revealing the main morphological features surrounding a
carbonate platform or atoll. (b) 2D seismic profile revealing the seismic facies of contourite drifts on
the northeast flank of the Xuande Atoll (XDA). (c) 3D view of slope failure on mounded drifts. (d)

Zoomed-in seismic profile highlighting the internal structure of MTDs, mounded drifts and sheeted

drifts.
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Figure 8 (a) and (d) Multibeam bathymetric maps of the Ganquan (GQCP) and Zhongjian (ZJCP)
carbonate platforms, showing the location of (b) and (e) as well as the directions of bottom currents.
(b) and (e) 2D seismic profiles imaging plastered and mounded drifts around the two carbonate
platforms. (c) and (f) Zoomed-in seismic profiles illustrating the internal architecture of these drifts.
Plastered and mounded drifts are highlighted in pink color. BC: bottom current; GQCP: Ganquan

carbonate platform; ZJCP: Zhongjian carbonate platform; TWT: two-way travel time.
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Figure 9 (a) Scatter diagrams and corresponding linear regressions highlighting the relationship
between slope angle and mounded drift angle on siliciclastic continental slopes across the world and
around carbonate platforms/atolls. Green square dots represent the angles of siliciclastic continental
slopes, the pink triangle dots represent the angles around the Xisha carbonate platforms/atolls (study
area), and the dark blue dots indicate the angles from other carbonate platforms, e.g. Bahamas,
Maldives and northeast Australia (see Supplementary Table 02). (b) Scatter diagrams showing the
relationship between slope angle and plastered drift angle (see Supplementary Table 01). The stars in
dark green, pink and light blue respectively point out to the instability of plastered drifts on
siliciclastic continental slopes, on the Xisha Uplift, and near other carbonate platforms/atolls (see Fig.
1a for location and Supplementary Table 04). (c) Bar chart showing the distribution of dip angle of
failed plastered drifts on siliciclastic continental slopes across the world and around carbonate
platforms/atolls. The methods for measuring these angles are illustrated in Figs 2a and 2b. The green

and pink bars show the probability of finding unstable plastered drifts as a function of slope angle.
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Figure 10 Scatter diagrams highlighting the relationship between the volume and area distribution of
213 MTDs on siliciclastic continental slopes and surrounding carbonate platforms/atolls. The pink
triangles represent MTDs on the Xisha Uplift (see Table 1 for area and volume of slides in this study).
The black dots represent MTDs around the Great Barrier Reef of northeast of Australia. The grey
squares represent the MTDs on siliciclastic continental slopes across the world. (*) from Moscardelli

and Wood. (2015) and (**) from Puga-Bernabéu et al. (2022).
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Figure 11 Scatter diagrams for: (a) Bulk density, (b) Undrained shear strength and (c) Factors of

Safety (FOS) with depth, for different deep-sea depositional environments where contourite drifts

develop. These environments include open siliciclastic continental slopes (indicated by warm-colored

dots; ODP Legs 105, 151, 157, 162, 178 and 188), and carbonate platforms/atolls (indicated by cold-

colored dots; ODP Legs 133, 166 and 182). Data are extracted from the Ocean Drilling Program data

archives (Please see Figure 1a for locations and Supplementary Table 03).
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Figure 12 3D models depicting the instability of contourite drifts in two different deep-water
environments. (a) and (b) represent the instability of mounded and plastered drifts surrounding
carbonate platforms/atolls. (c) and (d) show the instability of mounded and plastered drifts with higher

drift angles along siliciclastic continental slopes.
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918
t‘:gga:; Latitude and lengitude Frontal confinement Depth bEl(UmW} seafleor iiag;h?el_r;m(?;; h:i;:ESHC:Efn} Scar width, Ws (km}) Slope gradient, 5 (%) th:}:-?::dirc:aadrls,msgff} Volume (km) Area (k)

1* 110.808, 16.757 frontally emergent 1328 8.08 55.069 292 9.05 12,56 0.700 30.600
2t 110.807, 16.657 frontally emergent 1293 7.375 39.072 2124 7.97 11.29 0.300 28.400
3 112.385, 17.020 frontally emergent 953 21609 46.016 18129 172 28 2232 124.000
4 112.165, 16.993 frontally emergent 1055 248 89.215 12.807 313 15.51 11.800 306.600
5t 112,149, 16.927 frontally emergent 243 30.284 56.979 5284 312 436 4.300 192,500
&t 112.158, 16.856 frontally emergent 637 9.839 48547 4772 3.58 10.28 0.400 26,500
7 112.081, 16.822 frontally emergent 240 10,184 23.587 2577 n.98 5.37 0.600 43.600
ar 112107, 16.774 frontally emergent 855 18.347 64523 2602 0.69 842 0.200 15.900
ot 111.415,17.123 frontally emergent 903 28778 83.653 2.006 5.22 16.13 0.700 27500
10* 111.385, 17.103 frontally emergent 957 12.457 63.095 3.433 776 12.87 0.300 19.400
11 111.222, 17.074 frontally emergent 953 8.935 50.587 1.564 10.69 13.31 0.900 53700
12t 111.307, 17.057 frontally emergent 993 7477 51.657 1.168 10.21 10.86 1.000 40.000
13 111.6855, 16.303 frontally emergent 693 4,866 27.475 0.856 275 211 0.028 2.065
14 111.643, 16.290 frontally emergent 705 8.351 30.931 1.525 33 869 0.020 4879
15 111,628, 16.276 frontally emergent 730 11115 26.236 2.087 4.69 565 0.170 10.540
16 111.608, 16.265 frontally emergent 558 10,824 30.288 1.582 5.28 10.88 0.233 13.307
17 111.601, 16.252 frontally emergent 570 7.972 20,709 0.618 4.08 6.41 0.032 4.069
18 111.585, 16.251 frontally emergent 582 7802 17.738 0.738 4.39 823 0.021 5.068

919 19 111.521, 16.238 frontally emergent 788 14,958 17.638 1.178 3.04 4.41 0.088 9.839

920  Table 1 The geographic characters of submarine landslides on the Xisha Uplift. Asterisk (*) highlights the submarine landslides from which volume and

921  area measurements are derived from Bai et al. (2022).



