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ABSTRACT
Submarine canyons are conduits for transferring land-derived materials from continents 

to the deep ocean. Regional and global studies show that canyon occurrence correlates posi-
tively with seafloor gradient and supply of coarse sediment, yet the processes governing their 
initiation remain elusive. Here, we investigated the northern South China Sea (SCS) where 
the spatial variations in fine-grained input from the Red River, delivered to the shelf and 
slope by buoyant sediment plumes, exert a critical control on canyon development. From SW 
to NE, the northern SCS transitions from an aggradational-progradational margin with a 
smooth seafloor devoid of canyons to a purely aggradational margin deeply incised by can-
yons, gullies, and landslide scars. Seismic and well data show mass-transport deposits are 
pervasive across the margin, even in the western sector where canyon headscarps are absent 
at the seafloor. We posit that where the accumulation rate of fine-grained sediment at the shelf 
edge exceeds tectonic subsidence, rapid mud deposition heals landslide scars and mantles the 
seafloor, thereby inhibiting canyon formation. By contrast, where sediment supply is lower 
and balances tectonic subsidence, steeper gradients favor erosion by gravity flows and canyon 
incision. These results highlight the need to consider sediment supply, caliber, and lateral ad-
vection by coastal currents together with slope gradient when predicting canyon distribution.

1. INTRODUCTION
Submarine canyons are deep, V- and box-

shaped incisions cut into bedrock and sediment 
across continental shelves and slopes that con-
nect continental landmasses to the abyssal ocean. 
Their origin and evolution remain debated, even 
as advances in deep-water remote sensing, bot-
tom and suspended sediment sampling, and 
numerical modeling continue to refine our under-
standing (Talling et al., 2015; Bernhardt and 
Schwanghart, 2025). Current models for canyon 
initiation emphasize fluvial incision during rela-
tive sea-level fall below the shelf edge or canyon-
head development via submarine landslides and 
retrogressive headscarp migration (Farre et al., 
1983; Posamentier et al., 1988; Green and Uken, 
2008), especially on steeper slopes (Bernhardt 
and Schwanghart, 2025). Sediment-gravity 
flows, including erosive turbidity currents, have 

likewise been invoked for channel inception 
and the establishment of long-lived conduits to 
deep water (Pratson and Coakley, 1996; Fildani 
et al., 2013; Covault et al., 2014). The highest 
likelihood of canyon occurrence has also been 
observed where rivers supply abundant coarse, 
indurated bedrock clasts capable of enhancing 
seabed erosion (Smith et al., 2017, 2018).

By contrast, the role of fine-grained sediments 
and oceanographic processes in canyon forma-
tion has so far been overlooked. This is notable 
because many mud-rich continental margins fed 
laterally by buoyant river plumes do not exhibit 
pervasive canyon incisions. This observation 
raises the question: In addition to seafloor gra-
dient, do caliber, flux, and routing of sediment 
influence whether submarine canyons can initi-
ate and persist? More specifically, does abundant 
fine-grained sediment delivered to the continental 
margin hamper submarine canyon formation?

Here, we investigated the northern South 
China Sea (SCS; Fig. 1), a subsiding margin 

characterized by substantial along-shelf sedi-
ment transport and spatially variable canyon 
development (Li et al., 2022). We show how 
rapid sediment accumulation in mud-rich slope 
clinoforms can blanket the seafloor and smooth 
antecedent relief, thereby inhibiting the trans-
formation of landslide headscarps or slope gul-
lies into deeply incised submarine canyons.

2. GEOLOGICAL SETTING
Rifting of the northern SCS began in the

late Paleogene (Nagel et al., 2015), with mar-
gin outbuilding developing since the early Mio-
cene (Xie et al., 2008). The basin experienced 
three phases of tectonic subsidence (Zhao et al., 
2018), the last of which started ca. 5.5 Ma with 
mean subsidence rate changing from 80–100 to 
<10 m/m.y. moving from SW to NE along the 
upper slope region (Section SI-1 in the Supple-
mental Material1).

The sedimentary succession consists of shelf-
margin clinothem sets, bounded by five region-
ally extensive seismic horizons, constrained and 
dated in previous studies (T40 at ca. 10.5 Ma, 
T30 at ca. 5.5 Ma, T29 at ca. 4.2 Ma, T27 at ca. 
2.7 Ma, and T20 at ca. 1.8 Ma; Supplemental 
Material Section SI-2; Xie et al., 2008; Zhao 
et al., 2019; Chen et al., 2020).

3. DATASET AND METHODS
Multibeam bathymetric data, with a lat-

eral and vertical resolution of ∼100 m and 
1–6 m, respectively, cover an area of 11,120 
km2 (see additional information in Supplemen-
tal Material S2). 2-D seismic reflection pro-
files, zero-phase and displayed with Society 
of Exploration Geophysicists normal polarity, 
were poststack time migrated with a dominant 
frequency of ∼40–45 Hz, which resulted in a 
vertical resolution of ∼10 m given an average 
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velocity of 1800 m/s. Lithology and logs from 
well W05 are from Kuang et al. (2023).

4. RESULTS
4.1. Seafloor Morphology

We divided a 350-km-long stretch of the 
northern SCS slope into four zones based on 
morphological characteristics (Fig. 1).

Zone 1 (southwesternmost area; Fig. 1) is 
characterized by a <3° slope at its upper, most 
inclined sector (Fig. 1B), where the seafloor 
lacks obvious canyon incisions or slide scars 
(Fig. 1C). Overall, the slope morphology is 
smooth (Figs. 1C and 2A), showing only sub-
tle relief that may correspond to buried mass-
transport deposits (MTDs) and to shallow gullies 

or weakly channelized sediments. Toward the 
northeast, the shelf edge reaches slopes of up 
to ∼5°–8°. We identified two smooth escarp-
ments, up to 8 km wide, on the southwestern 
side (Figs. 1C and 2A). Their gentle morpholo-
gies suggest they may represent buried slide 
headscarps, as also indicated by the blocky 
features observed basinward.

D

B

C

A

Figure 1.  (A) Map of northern South China Sea (SCS) with direction of surface transport (orange arrows). Green and yellow areas are loca-
tions of maps in C and D, respectively. I.—Island. (B) Bathymetric profiles located in map C (colored lines 1–4). (C) Seafloor bathymetry with 
main depositional/erosional features noted. Red square shows location of well W05; black lines are seismic profiles in Figure 3; dashed yellow 
squares are maps reported in Figure 2 (maps A to D, from left to right); short gray lines indicate direction of data noise or artifacts in multi-
beam bathymetric data. MTD—mass-transport deposit. (D) Isochrone map between seafloor and horizon T20 (1.8 Ma); red and cyan dashed 
lines indicate positions of modern and T20 shelf-edge shorelines, respectively.
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In zone 2, the upper slope shows 2–4-km-
wide and 10–15-km-long incisions, with relief 
ranging from 40 to 120 m, and small-scale gul-
lies running roughly perpendicular to the shelf 
break (Figs. 1C and 2B). Downslope, lobate and 
blocky deposits, with signs of channel rework-
ing, are present, implying that the shelf-edge 
incisions started with landslide headscarps that 
were later modified by turbidity currents.

In zones 3 and 4, the shelf edge is cut by 
several well-defined canyons, 15–30 km long 
and 5–10 km wide, with ∼8°–15° canyon wall 
gradients (Figs. 1B, 1C, 2C, and 2D). In zone 3, 
the depth of incision is between 100 and 250 m, 
and the canyon heads lack or show poorly devel-
oped gullies (Fig. 2C). In zone 4, the incisions 
are more pronounced, reaching depths up to 
450 m, the amphitheater rims are reworked by 
well-developed gullies, and the interchannel 
areas also show signs of failures by lateral ero-
sion (Fig. 2D). Basinward, remnants of buried 
MTDs appear as blocky features.

4.2. Stratigraphy
Post-Miocene sediments along the slope 

form a wedge that is thickest in zone 1 and thins 
northeastward toward zone 4 (Fig. 1D; Supple-
mental Material Section SI-3), consistent with 
an along-strike decrease in sediment accumula-
tion from ∼691 to ∼216 m/m.y. over the past 
∼1.8 m.y. (Xie et al., 2008).

Seismic line X across zone 1 (Fig. 3) exhib-
its strongly aggradational-progradational clino-
forms formed since the mid-Miocene (T40), 
characterized by low-amplitude sigmoidal 
units consisting mainly of green mudstones 
with <10% sand (Supplemental Material Sec-
tion SI-3; Chen et al., 2020). Along the slope, 
reflection packages show mid- to low-amplitude 
facies interbedded with more chaotic reflections, 
likely representing alternating turbidites, hemi-
pelagites, and MTDs, with the latter dominating.

Frequent shelf-edge collapse is evidenced by 
erosional truncations and MTDs, best imaged in 
the youngest slope margin clinoforms (Fig. 3). 
Over the past 1.8 m.y. (T20), the shelf has aggraded 
by >2000 ms and prograded >50 km (Fig. 1D).

Line Y shows mainly aggrading clinoforms 
in the region dominated by slope canyons at the 
modern seafloor, with <2 km progradation after 
T20. Muddy MTDs are widespread across the 
margin and form much of the deep-water stra-
tigraphy above T30 (Cheng et al., 2025), espe-
cially after T20. Well W05, cored at 1785 m 
water depth in zone 3, contains stacked, muddy 
MTDs interbedded with hemipelagites and a few 
sandy turbidite beds (Fig. 3; Kuang et al., 2023).

5. DISCUSSION
5.1. Lateral Advection of Fine-Grained 
Sediments in Canyon Formation

Over the past 1.8 m.y., Red River sedi-
ment supply (Ss) in the northwestern SCS 

(zone 1) outpaced tectonic subsidence (Ts) of 
80–100 m/m.y., forming sigmoidal clinothem 
sets with strong aggradation, progradation, and 
shelf-edge migration of up to 250–300 m/10 k.y. 
Conversely, in zone 4, sediment input only bal-
anced subsidence rates of <10 m/m.y., yielding 
mainly aggradational clinoforms. Seismic and 
well data reveal that the post-T20 slope suc-
cession (Fig. 3), and likely older intervals, is 
pervasively composed of muddy MTDs (Cheng 
et al., 2025). These MTDs extend beneath zone 
1, where the seafloor is nearly featureless at 
∼100 m multibeam resolution, northeastward 
to zone 4, where lower sediment supply coin-
cides with a shelf edge incised by gullies, can-
yons, and landslide scours. These observations 
indicate that where fine-grained sediment accu-
mulation in slope-margin clinoforms outpaces 
subsidence, evacuation zones at landslide head
scarps are rapidly infilled, preventing upslope 
retreat and limiting incision, thereby promot-
ing rapid autogenic healing of the margin. 
Conversely, where sediment supply is reduced, 
underfilled landslide escarpments can funnel and 
accelerate sediment-laden flows across the shelf 
break, enhancing erosion and gully development 
(Kneller, 2003; Lai et al., 2016) and seeding 
canyon-head initiation.

As discussed in Zhao et al. (2019), sediments 
in the northern SCS are mainly supplied by the 
(paleo-) Red River and dispersed to the NE by 

buoyant plumes advected by coastal currents, 
with only minor contributions from Hainan 
Island and Vietnamese rivers (see Supplemental 
Material Section SI-4). Over multiple sea-level 
cycles, these mud-rich sediments accumulate in 
kilometer-high clinoforms that develop asym-
metrically from SW to NE in response to shifts 
in sediment-dispersal pathways and depocen-
ters (Zhao et al., 2019). This interpretation is 
consistent with: (1) modern sediment budgets 
from the Gulf of Tonkin, indicating that ∼30% 
of the total Red River sediment load (110–130 
Mt/yr, of which ∼90 Mt/yr is transported as 
suspended load; Milliman and Meade, 1983; 
Dang et al., 2010) is transferred to the deep sea 
(Anh and Van Quan, 2020); and (2) the thickness 
and provenance of slope deposits (Supplemental 
Material Section SI-3; Wang et al., 2014; Wan 
et al., 2015).

At the global scale, Bernhardt and Schwang-
hart (2025) identified slope gradient as a first-
order control on canyon density. The northern 
SCS generally supports this model, with higher 
canyon densities where slopes are steeper. Our 
results, however, underscore the importance 
of sediment grain size, sediment supply, and 
along-strike routing, factors not explicitly rep-
resented in their predictor set. Where Ss/Ts >1, 
low-gradient slopes develop as a result of sedi-
ment dynamics and composition, with muddy 
systems yielding gentler slopes than coarse-

A
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B

Figure 2.  Close-up views of seafloor in zones 1–4 (maps A to D, respectively). Locations are 
shown in Figure 1C. Decreasing opacity of transparent red color indicates increasing seafloor 
slope and water depth.
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grained ones (Pirmez et al., 1998; Kostic et al., 
2002). Conversely, tectonic tilting generates 
steeper gradients. This relationship is evident 
in the northern SCS: Zone 1 (Ss/Ts ≫1) has an 
∼1° clinoform slope (between 250 and 1250 m 
water depth) and predominantly depositional 
flows, whereas zone 4, where sediment supply is 
lower and tectonic subsidence dominates despite 
being weaker than in zone 1, has a steeper ∼5.2° 
slope and predominantly erosional flows.

Margin evolution and canyon initiation may 
differ between systems in which feeder riv-
ers are dominated by suspended load, so that 
sediment delivered to the margin is mainly fine 
grained and readily redistributed by coastal 
currents, and systems in which bed load is 
higher or where canyons incise the shelf to 
the river mouth, allowing canyon activity to 
persist through sea-level highstands and low-
stands. The Congo River to canyon system is 
often cited as an example of the latter situa-
tion, where efficient river mouth–canyon head 
coupling promotes direct sediment capture and 
sustained canyon-fan growth; early work fur-
ther inferred that a large fraction of the river’s 
total sediment load was transported as bed load 

(∼70%–80% of 160–180 Mt/yr; Peters, 1978). 
In contrast, although the Red River delivered a 
comparable total sediment flux prior to major 
damming (Milliman and Meade, 1983; Dang 
et al., 2010), it represents a fundamentally differ-
ent sediment-routing system in which the load is 
dominated by fine-grained suspended sediment 
redistributed across the shelf and upper slope 
by coastal currents (van Maren and Hoekstra, 
2005). A direct link between abundant, coarse, 
river-fed sediments and a high likelihood of 
canyon occurrence and development has also 
been identified along the western North Ameri-
can margin (Smith et al., 2017, 2018), further 
highlighting the importance of sediment supply 
and grain size. Together, these examples sug-
gest that sediment can either promote canyon 
incision, especially if coarse, or inhibit it by 
blanketing the seabed and smoothing relief, 
especially if fine grained. This dual role seems 
to align with fluvial bedrock-incision models 
involving saltating bed load, which show that 
incision is controlled by both sediment supply 
relative to transport capacity and grain size, 
reflecting the trade-off between the availability 
of abrasive particles and bed cover by excess 

sediment (Sklar and Dietrich, 2004). Although 
developed for subaerial bedrock incision, simi-
lar approaches with the necessary adjustments 
may help geoscientists understand how grain 
size and sediment supply influence submarine 
canyon initiation.

5.2. Application to Other Margins
Similar conditions to those in the north-

western SCS occur in other modern and ancient 
basins. Along the eastern Mediterranean mar-
gin, down current of the Nile Delta (see Sup-
plemental Material Section SI-5), slope failures 
are widespread in the mud-dominated sector 
offshore Israel, which is influenced by along-
strike dispersal of fine-grained sediment from 
the Nile plume (Stanley, 1989), whereas canyons 
become progressively more common offshore 
Lebanon, as the influence of Nile-derived mud 
diminishes. Even though local controls, such 
as strike-slip deformation, may also contribute 
to such along-margin variability, the first-order 
similarity with the northern SCS is notable. 
An ancient analogue is provided by Eocene 
clinothem complexes in the Central Basin of 
Spitsbergen (Plink-Björklund and Steel, 2005), 

Figure 3.  (Left) Seismic profiles with dated horizons crossing aggradational to progradational (A + P) clinoforms in zone 1 (line X) and aggra-
dational (A) clinoforms of zone 4 (line Y). Line Z crosses well W05 with interpreted mass-transport deposits (MTDs) in blue. TWT—two-way 
traveltime. (Right) Stratigraphy of well W05 with density and gamma gay (GR) profiles and dip/azimuth data. Blue areas mark MTDs; mbsf—
meters below seafloor; TVDss—true vertical depth subsea.
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where outcrop-scale shelf-margin transects 
show enhanced mud-prone deposition at the 
shelf edge damping upper slope incision, limit-
ing channel formation, and trapping sediment 
at the shelf margin, thereby suppressing sand 
export to basin-floor fans, as observed in the 
post-Miocene northern SCS.

6. CONCLUSIONS
This study shows that high rates of mud 

accumulation at the shelf edge, supplied from 
rivers and transported by coastal currents, can 
promote repeated slope failure while rapidly 
infilling incipient failure scars, thereby inhibit-
ing canyon initiation. As a result, slope stratigra-
phy becomes dominated by muddy MTDs over-
lain by rapidly deposited fine-grained sediment 
that mantles the seabed. Classic models of can-
yon formation typically view the system in two 
dimensions along a river-to-canyon transect and 
are commonly derived from coarse-grained set-
tings. We expand this view by showing that con-
tinental margin evolution and canyon incision 
are inherently three dimensional and strongly 
influenced by the volume and caliber of river-
fed sediments, as well as by coastal dynamics 
and basin processes.
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