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Carbonate slopes and their associated relocated deposits are of significant
interest due to their potential as hydrocarbon reservoir. This study investigates
the geomorphology and depositional processes of carbonate slopes in the semi-
enclosed Xuande Atoll, South China Sea, using high-resolution acoustic data,
seismic profiles, and topographic analysis. Our results reveal that the modern
morphology of the carbon slope is shaped by depositional and erosive processes
that differ markedly between the windward (northeastern) and leeward
(southwestern) slopes. The wind-related asymmetric facies distribution on the
platform top drives distinct slope geomorphologies. On the windward slope,
mass-transport complexes (MTCs) exhibit limited transport distances or remnant
deposits, likely due to the influence of coarse and heavy sediments sourced from
reef flats, transported as calcidebrites. Additionally, drift sedimentation on the
windward slope indicates the impact of contour currents. In contrast, the
leeward slope is characterized by gullies and channels, suggesting that fine and
light carbonate sediments from the interior platform were transported by wind-
driven currents as calciturbidites, cutting the slope. Most MTCs on the leeward
slope exhibit long-distance transportation, closely associated with the input of
fine and light carbonate sediments from the interior platform. We demonstrate
that wind-related asymmetric facies distribution and sediment export are key
factors contributing to the pronounced contrast in the windward and leeward
slope geomorphologies of Xuande Atoll. The combination of processes results in
spatially heterogeneous sedimentation on both the top and slope of the
platform, which has significant implications for understanding reservoir
heterogeneity and predicting hydrocarbon distribution in ancient
carbonate platforms.
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1 Introduction

Isolated carbonate platforms (ICPs) are commonly influenced
by prevailing winds, resulting in distinct facies distributions
between the windward and leeward sides, as extensively
documented in previous studies (Purdy and Gischler, 2005;
Reijmer et al., 2009; Jorry et al.,, 2016; Wu et al., 2020; Droxler
and Jorry, 2021; Fauquembergue et al., 2024). However, the
relationship between the facies distribution on the platform top
and slope deposition remains an enigma, warranting further
investigation. The significance of this knowledge gap cannot be
overstated, particularly because carbonate reservoirs play a pivotal
role in global oil reserves, accounting for approximately 60% of the
world’s total petroleum resources, making the understanding of
carbonate slope deposition absolutely essential. Coarse-grained
sediments exported from the platform top serve as a crucial
source for the deep-water environment and have the potential to
form hydrocarbon reservoirs, exemplified by the Tengiz Field in
Kazakhstan (Collins et al., 2014). Moreover, carbonate reservoirs
are attractive options for CO, sequestration, given that a significant
portion of the world’s oil reserves are held within carbonate rocks
(Matter and Kelemen, 2009; Siqueira et al., 2017; Sun et al., 2017;
Peter et al., 2022). Therefore, studying the youngest carbonate slope
sedimentation, influenced by known Pliocene-Quaternary
processes, provides valuable insights into the coeval platform top
and basinal settings, which is of great significance for carbonate
reservoir exploration, as highlighted in various works (Wunsch
et al., 2017; J. Liu et al., 2022; Petrovic et al., 2023).

Carbonate slope deposition is intrinsically linked to carbonate
production on the platform top, offering key information about the
associated carbonate factory and the factors controlling platform
evolution. For instance, Wolfgang Schlager (1994) proposed the
concept of “highstand shedding,” suggesting that carbonate
depositional systems shed most sediment into adjacent basins
during sea-level highstands, while no sediment is exported during
lowstands due to the cessation of platform growth. This concept is
particularly relevant to the Quaternary, where during the
Quaternary, with significant cyclic sea-level changes, the flooding
and exposure cycles of the shallow-water sedimentary environment
were clearly reflected in carbonate slope deposition, as
demonstrated by Alonso-Garcia et al. (2024).

Numerous studies have explored various aspects of carbonate
slope depositional systems, including morphology, sedimentary
processes, dynamics, and internal stratigraphic architecture
(Betzler et al., 2014; Principaud et al., 2015; Chabaud et al., 2016;
Principaud et al.,, 2018; Wunsch et al., 2018; Mulder et al., 2019;
Peyrotty et al., 2020; Recouvreur et al., 2020; J. Liu et al., 2022; Wu,
2022; Yu et al., 2022; Petrovic et al., 2023). For example, Betzler et al.
(2014) documented the interplay between off-bank sediment
exports and ocean currents, resulting in peri-platform drift.
Principaud et al. (2018) showed how density cascading flows and
bottom currents shape the recent morphology and sedimentary
processes along the western slope of the Great Bahama Bank (GBB).
Principaud et al. (2015) illustrated the internal architecture and
dynamic evolution of four distinct carbonate mass transport
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complexes (MTCs) along the northwestern slope of the GBB.
While these studies collectively highlight the additional influence
of bottom and contour currents on slope stability and
sedimentation, the influence of monsoonal dynamics on sediment
transport and slope morphology remains poorly understood. Our
study addresses this gap by investigating the Xuande Atoll, a unique
setting in the SCS where monsoonal winds play a critical role in
shaping slope asymmetry and sedimentation patterns.

Although the mechanisms of carbonate production on the
platform and the characteristics such as morphology, sedimentary
processes, sedimentary dynamics, and internal stratigraphic
architecture around the carbonate platform are well understood,
questions remain regarding the transport and dispersion of
sediment from carbonate production areas to carbonate slopes.
To address these questions, in this study, we describe the various
types of slope deposition on windward and leeward slopes,
elucidating the connection between the shallow-water realm and
carbonate slope deposition. Secondly, with a focus on the
sedimentary inventory of the youngest sequence formed since 5.3
Ma, we explore its diversity and complexity to establish a link
between platform-top sedimentation and sedimentary processes on
different platform slopes. Finally, a sedimentary model is developed
to account for the complex sediment distribution and the presence
of distinct sedimentary structures and features on different platform
slopes. This study aims to clarify the role of platform top facies
distribution and sediment export in distinct slope depositions,
thereby providing new insights into carbonate platform slope
depositional systems in other regions, such as the Indo-
Pacific region.

2 Geologic and oceanographic setting
of the study area

Xuande Atoll was chosen for this study, primarily because of the
large amount of existing data and published results. This atoll, with
a semi-closed rim, is a typical ellipse-isolated carbonate platform
located on the northern continental slope of the South China Sea
(SCS) (Figure 1A) and serves as a typical sedimentary model for
semi-atolls (Wu et al., 2020; Chen et al., 2021; Wei et al., 2023). Two
distinct reef flats supporting several islands are well-developed on
the northeastern and southeastern platform margins, with water
depths ranging from 0 to 30 m. Only one small reef flat with a water
depth of 25-30 m grows on the southwestern margin of the atoll.
The atoll lagoon, with a maximum water depth of 60 m, is
dominated by coarse-grained sand and is partly surrounded by
the three reef flats (Wu et al., 2020). The lithology and stratigraphy
of this platform have also been studied using seismic profiles and
well XK-1 drilled in the Xuande Atoll (Wang et al., 2015; Shao et al.,
2017; Wu et al., 2019; Qin et al., 2022; Y. Liu et al., 2023). The Late-
Cenozoic platform strata in the Xuande Atoll, developed on
Precambrian or Mesozoic metamorphic rock and Mesozoic
volcanic rock basements (Zhao et al., 2011), are composed of the
unconformity-bounded Sanya (Lower Miocene), Meishan (Middle
Miocene), Huangliu (Upper Miocene), Yinggehai (Pliocene), and
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FIGURE 1

(a) Map of the Xuande Atoll. Yellow and purple arrows indicate the directions of winter and summer monsoon winds. Green arrows indicate the
direction of deep-water circulation based on the path of sediment drifts and southwestward transportation along the northern slope of the SCS
(Shao et al,, 2007). (b) Bathymetric map of Xuande platform. Black lines show the location of seismic lines in this study. The grey area represents the
islands on the reef flats bounded by pink lines. The white transparent area covering the upper slope of the platform is lacking in bathymetric data.
Here, the data were calculated by interpolation. Representative (c) terrain and (d) slope gradient profiles on windward and leeward sides of winter

wind of the platform slopes. See Figure 1B for the locations of the profiles.

Ledong (Quaternary) formations (Figure 2). Horizon T30
(approximately 5.3 Ma), which represents the top of the Huangliu
Formation, has been identified on the outcropping surface of
drowning carbonate terraces (Figure 2, Qin et al,, 2022), and can
be applied in the stratigraphic seismic interpretation of the
carbonate slope and adjacent basin.

Surface circulation in Xuande Atoll is affected by the East Asian
monsoon (EAM), where southwesterly winds prevail in the summer
and northeasterly winds prevail in the winter (Hu et al.,, 2000; Wang
etal, 2011; Shu et al., 2014). Intense EAM controls surface currents
and the distribution of nutrients in the northern SCS, which has
been documented (Wang et al., 1999; Cheng et al., 2005).
Furthermore, many geological proxies have illustrated a trend of a
gradual increase in the East Asian winter monsoon (EAWM) in the
SCS during the Pleistocene (Liu et al., 1999; Zhisheng et al., 2001;
Wan et al,, 2007). The East Asian summer monsoon (EASM),
reflected by the magnetic susceptibility index, became more variable
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and, at times, weaker during the Pleistocene (Guo et al., 2002; Jiang
et al., 2019). Deep oceanic circulation, characterized by a cyclonic
circulation pattern in the SCS, originates from North Pacific Deep
Water and is strongly influenced by the geomorphology of the semi-
enclosed basin (Fang et al., 2009; Wang et al,, 2011; Qiang et al.,
2013; Shu et al., 2014; Chen et al., 2015).

3 Data and methods

Multichannel seismic reflection data were collected in August
and September 2017. This represents the first seismic experiment
carried out across Xuande Atoll in the South China Sea (SCS). The
seismic data were acquired using the SeaMUX' ™ NTRS2 QAI'™
Recording System, a high-resolution digital seismic acquisition
system, ensuring precise and detailed data collection. The seismic
source, an airgun array, was employed as the energy source, and it
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FIGURE 2

Stratigraphic column reconstructed from well XK-1 on the Xuande Atoll, northern SCS. Well XK-1 is located on the largest island of the Xuande Atoll
(see Figure 1B). The lithology and facies were modified from Shao et al. (2017). The seismic stratigraphic interpretation was from Qin et al. (2022).

The depths of the backstepping surfaces were correlated with the corresponding depths in Well XK-1 dated as 6-4 Ma (300-375 m), demonstrating
that the backstepping surfaces were formed at 5.3 Ma (Qin et al.,, 2022). The global sea-level curves (Grey and blue line) were from Haq et al. (1987)

and Miller et al. (2020).

was configured with a minimum-phase wavelet, optimizing the
temporal resolution and enhancing the interpretation of subsurface
features. The source distance was set at 12.5 m, and the seismic
system had a migration distance of 90 m. The streamer, with a
length of 600 m, had a channel separation of 6.25 m. The data were
processed using the Omega processing platform, and the original
seismic data were interpreted with Geoeast Software. For all the
seismic profiles presented in this study, the vertical scales are based
on two-way travel times. The horizon T30 (approximately 5.3 Ma)
was interpreted by correlating with the seismic stratigraphy
documented by Qin et al. (2022) through interconnected seismic
profiles (Figure 1B). While the seismic data provide valuable
insights into the subsurface features, partial data gaps in certain
areas may influence the interpretation of specific features. These
gaps were carefully considered during the analysis, and
interpretations were cross-validated with multibeam bathymetric
data to ensure consistency.
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The morphology of Xuande Atoll was recently examined
through multibeam bathymetry measurements, which were
conducted using a hull-mounted Kongsberg EM122 multibeam
echosounder. The EM122 is a high-resolution bathymetry
mapping system that operates in the 12-kHz range, with 864
simultaneous beams per ping and a swath width capable of
covering up to four times the water depth. Before the multibeam
bathymetry measurements, the roll, pitch, and yaw values were
calibrated. The acquired data were post-processed using Caris
software (Kongsberg Maritime). Sound velocity profile (SVP) was
collected using a CTD profiler and applied to correct for variations
in sound speed through the water column, ensuring accurate depth
measurements. The SVP covered a depth range of 0 to 1387meters,
with sound speeds ranging from 1484 m/s at the surface to 1509 m/s
at the seabed. The processed bathymetry data achieved a spatial
resolution of 100 x 100 meters, providing detailed and reliable
mapping of the seafloor. The data were not adjusted for tides, which
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have a range of 0.5 - 1 m, and thus has a negligible impact on the
overall trends observed in the data. Challenges encountered during
post-processing, such as data artifacts in areas of steep slopes, were
addressed by applying smoothing algorithms and cross-referencing
with seismic data. The bathymetric map in Figure 1B was generated
by integrating the multibeam depth soundings with the bathymetry
predicted from satellite data. However, there were partial data gaps
in the multibeam bathymetric data on the upper slope of Xuande
Atoll. The geomorphologic parameters of MTC-1 - MTC-7 on the
present seafloor, including area, headscarp water depth, headscarp
height, headscarp slope, scar slope, local unfailed slope, and
transport distance, were measured using Global Mapper software.
The volume (V) of the MTC was calculated using the approximate
wedge-shaped geometric model proposed by McAdoo et al. (2000).
Specifically, the volume is determined by multiplying the area of the
MTC by the headscarp height and then dividing the result by
two (Table 1).

4 Results and interpretation
4.1 Platform top and terraces

In plan view, Xuande Atoll exhibit an oval shape, with its longer
axis oriented north-south and its shorter axis extending east-west
(Figure 1B). The atoll features two prominent reef passes: a 60-m-
deep, 5.6-km-wide reef pass on the east side and a 52-m-deep, 7.6-
km-wide reef pass on the south side (Figures 3A, B). The western
part lacks a continuous reef rim and is open to the ocean. The
northeastern and southeastern slopes are relatively steep (20-30°),
with sediment-starved flanks on the windward side (Figures 1C, D).
In contrast, the southwestern slope (10°-25°) is less steep, with
leeward deposition (Figures 1C, D). A significant feature is the
carbonate terrace on the eastern slope, characterized by a 30°
margin declivity and a water depth of 360 m at its edge, located
approximately 8 km from the modern platform edge. Platform
backstepping also occurs on the western platform, with its
carbonate terrace almost covered by sediment (Figure 4). The
outcropping surface of the carbonate terrace, corresponding to
the 5.3 Ma platform backstepping, provides critical insights into

TABLE 1 Statistics of morphological parameters of MTCs.

10.3389/fmars.2025.1563511

stratigraphic interpretation and can be traced into the deep-water
environment (Qin et al., 2022).

4.2 Gullies, channel, and canyon

Gullies were prominent features on the slope, connecting to the
top of the platform via a pass (Figures 3A, B). The gullies were 170-
600 m wide, with a depth of 3-30 m. Although bathymetric data were
lacking for the western upper slope, seismic profiles reveal that the
gully flanks exhibit discontinuous reflections of high amplitudes in the
upper part and subparallel reflections of low to medium amplitude in
the lower part (Figure 4). The gully axes cut into the underlying
stratigraphic level, being visible in the seismic data as ‘cut and fill
structures (Figure 4). Gullies with minor migrations formed after 5.3
Ma. The western slope was intersected by a straight channel that was
sufficiently long for detection by bathymetric data (Figure 3B). The
channel width ranged from 800 to 1300 m, with a depth of up to 80 m.
Multibeam data revealed sediment waves at the termini of the channel
(Figure 3B). The channel undercut into slope deposition post-5.3 Ma
(Figure 4). Active processes within a large submarine canyon on the
southeastern slope enabled the evacuation of the sediments from the
MTCs on the carbonate slope. Seismic reflectors predating 5.3 Ma
downlapped the canyon seafloor, indicating that the canyon was both
filled with sediments deposited prior to 5.3 Ma and had already
formed by that time. Long-lived canyons significantly influenced the
morphology of long-lived carbonate platforms due to their high
potential for gravity-driven processes.

4.3 Drift sedimentation and pelagic
deposition

Drift depositions characterized by highly continuous, well-
stratified, medium- to low-amplitude reflections were present
along the flanks of the eastern drowned carbonate terrace
(Figures 5, 6, 7A). The lower part of the drift, referred to as the
elongated mounded drift, and showed a more mounded
morphology composed of distinct downlapping and overlapping
reflections that steepened as the drift prograded upslope (Figure 5).
These deposits formed a typical mounded-confined drift that
thinned eastward toward the paleo-moat borders (Figure 5). The

Headscarp Local unfailed Headscarp
slope (°) slope (°) height (m)
1 1455 550 19.6 10 5 6 100 72
2 57.94 836 46 125 3 4 33 095
3 293 436 316 221 25 3 80 117
4 164.6 535 289 12 2 25 53 435
5 38.7 500 10.7 9 3 37 54 1.04
6 45.1 780 13.4 5 15 1 26 0.59
7 26.9 802 15.9 10.5 12 0.9 41 055
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moat is interpreted as a result of bottom-current scouring,
supported by seismic data showing erosional truncation
(Figure 5). One major shift in the drift packages occurred at 5.3
Ma that transformed the elongated mounded drift deposition to
more widespread sheeted drifts in upper part of the drift (Figure 5).
Laterally, sheeted drifts can transition into other drift types, such as
elongated mounds in the MTCs zone (Figure 7A). The pelagic
sediment layer intervals with turbidite deposition were caused by
platform-top sediment input on the western slope (Figure 7B).
Sheet deposits and drifts are identified based on their seismic facies
and association with current activity. Changes between pelagic and
turbiditic deposition were linked to sea-level fluctuaions (Alonso-
Garcia et al,, 2024). The stratal thickness after 5.3 Ma was relatively
greater on the western slope than on the eastern slope (Figure 7).

4.4 Mass-transport complexes

The MTCs described here are closely associated with the windward
and leeward slopes, reflecting the influence of monsoonal dynamics on
sediment transport. MTCs and remnant deposits are distinguished by
their chaotic seismic facies and association with slope instability. At
least seven discrete failure scarps related to MTCs were present on the

10.3389/fmars.2025.1563511

present-day seafloor around the Xuande Platform perimeter
(Figures 1B, 3). The headwalls of these MTCs lie at the water depth
between 436 and 836 m (Table 1). On the windward slope, the failure
scarps of MTC-1 were most visible on the present-day seafloor due to
the large height of the headwall scarp and the complete evacuation of
internal sediments (Figures 6, 7A). The toe zone of MTC-1 is
connected directly to a submarine canyon, as documented by G. Liu
et al. (2023). A paleo-scarp was found in the MTC-1 toe near the
canyon, indicating that the initial collapse occurred due to the
submarine canyon downcutting or incision steepening of the canyon
walls. The sediments of the MTC-1 toe generally evolved into turbidity
currents or slipped into submarine canyons. Remnant MTC deposits,
consisting of a unit of well-stratified medium- to low-amplitude layered
reflectors, were observed within the slide scar (Figure 6). MTC-2,
located on the northeastern slope, was smaller than MTC-1. With no
channel or canyon connected to the toe zone, most of the sediments
were preserved within MTC-2, and deformation structures, including
compressive folds and thrusts, were generated (Figures 1B, 8). In
particular, the long axis of MTC-2 was perpendicular to the direction
of the gravity flow, and gravity deposits had a weak ability to move
forward in the basin (with a transport distance of 4.6 km). MTC-2
deformed along a prominent high-gradient depositional slope apron

Elevation (m)

Elevation (my

FIGURE 3

cdiment waves

1 1.5
Distance(km)

Three-dimensional view of the Xuande Atoll. (a) Southeastern and northeastern slopes are steep and characterized by evident carbonate terraces
and slope failures. (b) Western slope is less steep and dominated by slope failures. The arrows indicate the pass of sediments on the platform top.
The sediment wave is interpreted as a result of bottom-current activity, supported by seismic profiles showing internal stratification.
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Crossing seismic profile that runs perpendicular to the gully and channel axis, and corresponding stratigraphic interpretation showing the seismic
reflection characteristics of gullies and a channel. Gullies are small, linear features with steep sides, while channels are larger and more sinuous,
often associated with significant sediment transport. See Figure 1B for the location of the seismic line. In the latter, tics indicate the key stratal

terminations: red is truncation and blue is onlap.

that steepened after 5.3 Ma, demonstrating that MTCs on this slope
primarily occurred post-5.3 Ma (Figure 8).

On the leeward slope, MTC-3 was the largest and was present
along the high-gradient depositional slope apron on the
northwestern slope (Figures 1B, 3). The northwestern slope was
directly connected to the deep basin, which was beneficial for
evacuating the distal part of MTC-3. MTC-4, with an evident
failure scarp, was observed on the northwestern slope and its toe
was also connected to the deep basin. MTC-5, 6, and 7 were present
on the western slope, which was far from the northern reef flat.
MTC-7, located at the furthest distance from the northern reef flat,
was the smallest. Most sediments of these MTCs on the leeward
slope were evacuated, except for those of MTC-7 (Figure 9).

5 Discussion

5.1 Influences on sediment export along
atoll slope

Our study shows that sediment exported from the platform
plays a significant role in peri-platform deposition. Therefore, it is

Frontiers in Marine Science 07

necessary to discuss the parameters controlling sediment export
along the atoll slope. The strong export of sediments is highly
controlled by monsoon wind-induced surface currents that act
along the top of the platform and are responsible for the
distribution of sediments and the prevailing off-platform
transport to the western slope (Figure 3). Previous studies on
platform top sedimentology have been conducted to fully
understand how sediment transportation is affected by monsoon-
driven currents (Wu et al., 2020; Qin et al., 2022). The difference
between the wind strengths of the winter and summer monsoons
plays a crucial role in shaping and impacting the Xuande Atoll (Wu
et al, 2020; Qin et al,, 2022). During the early stages of platform
flooding, stronger winter monsoons lead to more significant
sediment transport from the windward side to the leeward side;
thus, the western leeward slope of Xuande Atoll deposited a thicker
slope than the eastern slope (Figure 7). This dominant wind
direction causing increased sediment supply and sedimentation
on the leeward slope has been commonly found in other
carbonate platforms (Wunsch et al., 2017; Counts et al., 2018).
The morphological features along the platform margin also
influence the rate and sediment type of off-platform transport to the
surrounding slope. These reef rims and islands were interpreted as
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obstacles that prevented the off-bank transport of sediments from
the platform interior to its slope (Figures 1B, 3). Reef rims and
islands are also regarded as obstacles that prevent aragonitic mud-
sized particles from being steadily exported by daily tides and
episodic cascading density flows in the GBB (Principaud et al,
2018). Without a continuous reef rim on the western margin, huge
amounts of sediment in the platform interior were transported
toward the western slope (Figure 3). Sediments from the platform
interior were exported and transported through the gullies until
they reached the lower slope (Figures 3, 4). With a continuous reef
rim on the northeastern and southeastern margins, most of the
sediments transported to the northeastern and southeastern slopes
were dominated by coarse and heavy materials generated from reef
flats. The difference in sediment export between platform margins
with and without a barrier was marked by the presence or absence
of gullies on the slope. The gullies could only be found on the
platform slope that connected to the platform margin without a reef
rim (Figures 1B, 3, 4), indicating that sediment export was
influenced by morphology along the platform margin.

Short-term sea level fluctuations are important factors controlling
platform-derived sedimentation on slopes (Reolid et al., 2016;
Wunsch et al., 2018; Sultan et al.,, 2023; Alonso-Garcia et al., 2024).
The alternation of the cutting and filling of the gullies mostly
occurred after 5.3 Ma (Figure 4), indicating that the Pliocene-
Pleistocene high-amplitude sea-level changes played a significant
role in sediment export along the atoll slope. During sea level rise
and highstand, the sediments exported from the platform were
funneled by these gullies. These gullies were subsequently filled and
became inactive during sea-level lowstands. Similar sedimentary

Frontiers in Marine Science

08

processes in gullies controlled by sea level changes have also been
found on the leeward slope of the GBB (Wunsch et al., 2017).

5.2 Controls on slope deposition and
geomorphology

The parameters controlling sediment export along the atoll
slope also influenced slope depositional architecture. The direction
and intensity of dominant monsoon winds have long been known
to affect facies distribution and sediment transportation on
carbonate platforms (Betzler and Eberli, 2019; Wu et al.,, 2020;
Clift et al., 2022; Alonso-Garcia et al., 2024). In the Xuande Atoll,
the top of the platform showed some degree of wind-related
asymmetry that extends to the slope. The wind-related
asymmetry of slope deposition caused by off-platform sediment
transport has also been documented by Counts et al. (2018).
Leeward platform margins with no barriers between the platform
top and slope break promote continuous deposition and sediment
transfer, generating a gentle slope that is generally dissected by
gullies. A windward platform margin with a mostly continuous
fringing reef prevents the continual transfer of large amounts of
sediment from the inner platform to the slope, leading to an
oversteepened and sediment-starved windward slope that usually
lacks a gully system. Only coarse and heavy materials are
intermittently transported to the windward slope.

The emplacement of the MTCs is closely related to the type of
sediment transported from the top of the platform. Reijmer et al.
(2015) reported that two types of gravity deposits, calciturbidites
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Seismic profile across the southeastern slope failure and the canyon and corresponding stratigraphic interpretation showing that the remnant MTC
deposits were preserved within the scarp of MTCs. The canyon was filled with sediments depositing before 5.3 Ma, indicating that the canyon is
formed before 5.3 Ma. In the latter, green tics indicate the downlap stratal terminations.

and calcidebrites, were found around the Bahama carbonate
platform. In their study, calcidebrites, composed of coarse and
heavy materials, originated from the platform edge, whereas
calciturbidites, composed of fine and light materials, originated
from the platform interior. In our study, MTC-1 and MTC-2 on the
windward slope were characterized by remnant deposits and a
limited transport distance, respectively, demonstrating that these
MTCs were likely influenced by calcidebrites originating from the
platform edge and deposited in a more proximal position. Drilling
cores around modern and ancient ICPs show that calcidebrites
occur at the proximal slope (Reijmer et al.,, 2015; Counts et al,
2021), which agrees with our view that calcidebrites play a
significant role in windward slope geomorphology. Instead, the
frequent occurrence of gullies and channels on the leeward slope
suggests that calciturbidites were dominant in sculpturing the slope
morphology. The upslope-facing sediment waves at the termini of
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the channel were also evidence that the leeward slope
geomorphology was closely linked to calciturbidites. The MTCs
were mostly related to calciturbidites that resulted from frequent
headscraps. Furthermore, most MTCs had a long transport distance
and a strong ability to move forward in the basin, suggesting that
the MTCs on the leeward slope were composed of fine and light
material from the platform interior.

In addition to the control of platform-top sediment export, the
eastern toes of slopes of the Xuande Atoll were affected by strong
currents in that a number of contourite drifts and moats occurred
on the present-day seafloor (Figures 5, 6, 7A). The external shape of
the drift sedimentation changed from mounded to sheeted
geometry upward at 5.3 Ma, demonstrating a gradual decrease in
energy in the bottom currents. A previous study has shown that
dominated bottom currents in the SCS shifted from the monsoonal
wind-driven currents and North Pacific waters to the modern
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Seismic profile comparison of carbonate slope deposition: (a) across the eastern slope; (b) across the western slope. See Figure 1B for the location

of the seismic line.

circulation system at 6.5-5.3 Ma (S. Liu et al., 2022). The results of
this study support the view that the shift in the dominant bottom
currents causing decreasing energy led to a change in the drift
sedimentation style. The transformation of sheeted drifts into other
drift types within the MTCs was driven by changes in the bottom
current energy. Geomorphology is also considered the main driving
force of the current regime and drift-style formation in the Maldives
(Lidmann et al., 2022).

In summary, the distinct variations in geomorphology and
deposition between the leeward and windward carbonate
platform slopes are thought to be controlled by sediment export
from the platform top and currents. A summary study of modern
Bahamian carbonate slopes also proposed that the characteristics of
Bahamian slope deposition were controlled by facies on adjacent
shallow-water platforms and shallow- and deep-water currents
(Fauquembergue et al., 2024). Our study provides a classic
example in which the wind-related asymmetric facies distribution
on a platform plays a significant role in shaping the windward and
leeward slope geomorphology.

5.3 Summary and facies model

A previous study showed that the platform top of the Xuande
Atoll is characterized by a wind-related asymmetric facies
distribution (Wu et al., 2020). Our study proposes that
heterogeneities in carbonate slope sedimentation depend on the
input of various sediment types caused by the asymmetric facies
distribution on the platform top. The windward slope is
characterized by short-distance transported MTCs and lacks
gullies or channels. A reasonable explanation is that the
windward slope is mostly connected to the platform margin with
elevated reef flats, and the slope deposits are mainly composed of
coarse and heavy materials with a poor ability to move forward in
the basin. Instead, the leeward slope received mostly fine and light
carbonate sediments transported by wind-driven currents from the
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interior platform through the platform margin without fringing reef
flats. Therefore, the MTCs present on the modern seafloor stretch
toward the direction of sediment transportation and the headscraps
of MTCs seem easier to evacuate on the leeward slope, supporting
the view that fine and light sediments are transported to the leeward
slope from the interior platform. The formation of channels and
gullies on the leeward slope also suggests that the gravity deposits
are dominated by calciturbidites.

The sedimentary model shows a composite sketch that
combines many of the geomorphological and depositional
features observed across the platforms (Figure 10). Past models
mostly stress the heterogeneities in the geometry of slope deposition
(Schlager and Ginsburg, 1981; Schlager and Camber, 1986; Playton
et al,, 2010), having generally not focused on the difference and
comparison between windward and leeward slope deposition.
However, wind-related asymmetric facies distributions on
carbonate platforms commonly extend to carbonate slopes. The
established facies model revealed that distinct geomorphologies,
depositional elements, and sedimentary processes occurred on the
windward and leeward slopes (Figure 10). Our model integrates the
different sedimentary processes that lead to the described bedforms
and structures on both slopes. By focusing on both sides, this study
highlights the contrasting mechanisms of sediment accumulation
and erosion, offering new insights into the spatial variability of
carbonate platform development.

5.4 Implications

This study stresses the role of the platform top facies
distribution and sediment export in platform slope deposition.
These results suggest that heterogeneities in slope sedimentation
are mainly related to wind-driven asymmetric deposition on the
platform top and the input of various sediment types from the
platform top, improving our understanding of carbonate slope
sedimentation. Although the carbonate slope deposition in this
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Seismic section across the MTCs on the northeastern slope and corresponding stratigraphic interpretation showing that MTCs mostly occurred after
5.3 Ma. In the latter, tics indicate the key stratal terminations: red indicates truncation, green indicates downlap, and blue indicates onlap.

study is relatively recent in origin, its distribution and
characteristics may be used as an analog for periplatform
sedimentation elsewhere. The relationship of wind-related
asymmetric deposition between the platform top and slope can be
applied not only to Cenozoic platforms, but also to Mesozoic and
Paleozoic carbonate platforms, where information about
paleoclimate and paleoceanography is usually lacking. Our study
proposes that slope deposition adjacent to the windward platform
edge probably includes coarse sediments with more potential as
conventional hydrocarbon reservoirs than peri-platform muds.
Therefore, our findings on Xuande Atoll provide a framework for
understanding carbonate slope deposition in other monsoonal
settings, such as the Indo-Pacific. The observed asymmetry in
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slope morphology and sedimentation patterns has important
implications for predicting reservoir properties and hydrocarbon
distribution in analogous ancient carbonate platforms.

6 Conclusions

This study provides a comprehensive analysis of the
heterogeneities in carbonate slope sedimentation along a modern
isolated carbonate platform, influenced by sediment export from
the platform top and prevailing currents. Our research introduces a
novel sedimentary model that delineates the distinct depositional
processes and facies distributions on both the leeward and
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windward slopes of the platform. A key innovation of this study lies
in demonstrating how wind-related asymmetric facies distribution
at the top of the platform extends to the carbonate slope. On the
windward slope, we identified that MTCs exhibits limited transport
distances, with numerous remnant blocks preserved, a feature
directly linked to the input of coarse-grained and heavy
sediments from reef flats. Furthermore, our findings reveal that
carbonate sediments are ultimately deposited on the lower slope or
proximal basin in the form of calcidebrites interbedded with
hemipelagic foraminiferal muds, highlighting the interplay
between gravity flows and contour currents in shaping mass
transport deposits and drift sedimentation. On the leeward slope,
we discovered that fine and light carbonate sediments from the
interior platform were transported by wind-driven currents, leading
to the formation of calciturbidites, gullies, channels, and MTCs with
long-distance transportation. This process underscores the role of
wind-driven currents in undercutting the slope and generating
complex geomorphic features. Our study thus advances the
understanding of carbonate slope deposition by elucidating the
combined effects of multiple sedimentation processes and
depositional elements, resulting in spatially heterogeneous
sedimentation patterns on both the platform top and slope. These
findings provide critical insights into variability of properties in
ancient carbonate platforms, offering a refined framework for
interpreting their depositional histories. The innovative sedimentary
model presented here not only enhances the current knowledge of
carbonate platform dynamics but also serves as a valuable tool for
future research and exploration in analogous settings.
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