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Abstract 13 

Submarine canyons are important conduits transferring large volumes of sediment, nutrients, 14 

and pollutants from the continental shelf to deep-water basins. However, the mechanisms 15 

initiating submarine canyons and the factors influencing their evolution are still poorly 16 

understood. Here, we use multibeam bathymetry and two-dimensional seismic reflection data 17 

to investigate the origin and development of a submarine canyon system on the northern South 18 

China Sea margin. Our results show a submarine canyon system lying at a water depth of 400-19 

1200 m on a relatively low-gradient (<0.5°), open continental slope. At the bottom of this 20 

canyon system, buried canyons undercut a mass-transport complex (MTC 1), whose top surface 21 

is early Pliocene in age. No other modern or buried canyons, channels and gullies are observed 22 

outside the area spanned by MTC 1. Such an observation demonstrates that pre-existing slide 23 
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scars can capture gravity flows by providing accommodation space for sediment transported 24 

onto the lower continental slope, thus facilitating the development of pre-existing channels 25 

above MTCs. Lateral accretion packages identified on the southwest walls of several submarine 26 

canyons suggest they migrated northeastward due to the influence of contour currents. In 27 

addition, the presence of several basal erosional surfaces and smaller-scale MTCs in the 28 

canyons confirms they have undergone multiple cut-and-fill cycles, which were likely 29 

controlled by relative sea-level changes. The relative high sea level recorded at present 30 

ultimately led to the preservation of the studied canyon system on the continental slope. The 31 

results not only demonstrate the crucial role of submarine landslides in the initiation of 32 

submarine canyons, but also highlight how relative changes in sea level influence the evolution 33 

of submarine canyons on low-gradient continental slopes. 34 

 35 
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 38 

1 Introduction 39 

Submarine canyons, as key elements in deep-water depositional systems, are common 40 

morphological features on continental margins (Shepard, 1972; Puig et al., 2014; Sweet and 41 

Blum, 2016; Fisher et al., 2021). By incising continental shelves and slopes, they act as major 42 

pathways for sediment, nutrients and pollutants transported into deep-marine environments 43 

(Santora et al., 2018; Kane et al., 2020; Pierdomenico et al., 2020; Serra et al., 2020; Bernhardt 44 
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and Schwanghart, 2021; Zhong and Peng, 2021). Submarine canyons can also record high 45 

levels of biodiversity, impact the spatial distribution of marine habitats, comprising at the same 46 

time a valuable resource for education and research (Santora et al., 2018; Pierdomenico et al., 47 

2019). Below the seafloor, submarine canyons are able to influence the trapping and release of 48 

gas hydrates by changing local geothermal conditions and sedimentary architecture (Davies et 49 

al., 2012; Benjamin et al., 2015; Crutchley et al., 2017). 50 

The initiation of submarine canyons and their subsequent development is controlled by 51 

factors such as sediment supply (Puig et al., 2017; Jipa and Panin et al., 2020; Li et al., 2021), 52 

tectonics (Le Dantec et al., 2010; Micallef et al., 2014; Naranjo-Vesga et al., 2022), sea-level 53 

change (Rasmussen et al., 1994; Zecchin et al., 2011; Allin et al., 2018), slope topography (Li 54 

et al., 2020), oceanographic currents (e.g. Shanmugam, 2003; Puig et al., 2004), and so on. 55 

Turbidity currents and mass-wasting events are considered to be the most common processes 56 

shaping submarine canyons (Harris and Whiteway, 2011). Based on the position of canyon 57 

heads on the shelf break, two main types of submarine canyon system have previously been 58 

recognised: a) shelf-incising, and b) slope-confined canyons (Jobe et al., 2011). Shelf-incising 59 

canyons are known to indent continental shelves and can be linked to major river systems. 60 

Turbidity currents entraining coarse-grained shelf sediment are considered to play a critical 61 

role in their development (Smith et al., 2018; Nanson et al., 2022). Conversely, slope-confined 62 

canyons with apexes situated below the shelf break are completely disconnected from onshore 63 

drainage systems (Jobe et al., 2011; Huang et al., 2014; Post et al., 2022). Their onset is related 64 

to slope failure, with mass wasting retrogressively eroding the continental slope and retreating 65 

landwards to form new canyon heads (Jobe et al., 2011; Mulder et al., 2012; Tubau et al., 2013). 66 
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Strikingly, submarine canyon systems consisting of shelf-incising and slope-confined canyons 67 

are always linked, to a certain degree, to point-sources of sediment via the development of 68 

prodeltas (e.g., Great Barrier Reef margin and Shenhu Canyon system), or because they 69 

develop on narrow continental shelves where sediment bypass predominates, as in the case of 70 

the western and central Mediterranean and the USA’s Atlantic margin (Puga-Bernabé et al., 71 

2013; Brothers et al., 2013; Li et al., 2015; Chiocci and Casalbore, 2017; Ercilla et al., 2022). 72 

Submarine canyons and MTCs have been widely documented in the Pearl River Mouth 73 

Basin of the northern South China Sea (e.g. Ding et al., 2013; He et al., 2014; Zhao et al., 2015; 74 

Sun et al., 2018; Hui et al., 2019; Tian et al., 2021). Previous studies have mostly focused on 75 

the morphology, internal architecture and evolution of submarine canyons of the Shenhu 76 

Canyon System (e.g. Zhu et al., 2010; Qiao et al., 2015; Yin et al., 2019; Su et al., 2020). The 77 

onset of these submarine canyons was considered to be related to the presence of bottom-78 

current sediment waves (Wang et al., 2023). Their evolution was proposed to be influenced by 79 

the interaction of turbidity currents and contour currents, resulting in their unidirectional 80 

migration with time (e.g. Zhu et al., 2010; Gong et al., 2013; Zhou et al., 2015; Gong et al., 81 

2018). In comparison, the Pearl River Canyon is the largest submarine canyon in the Pearl 82 

River Mouth Basin, acting as the major pathway for sediment transported from the continental 83 

shelf to the abyssal plain (e.g. Ding et al., 2013; Wang et al., 2014). Its initiation was influenced 84 

by the combined effect of eustasy, sediment supply and Cenozoic tectonics (Ding et al., 2013). 85 

In addition, multiple slope failures have occurred in the PRMB, resulting in the formation of 86 

numerous MTCs (e.g. Li et al., 2014; Wang et al., 2017; Sun et al., 2018). Previous work have 87 

focused on the formation mechanism and evolution of submarine canyons and MTCs separately, 88 
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but it is still unclear whether the initiation of submarine canyons relates to the occurrence of 89 

MTCs in the northern South China Sea. 90 

In this study, a submarine canyon system in the South China Sea is investigated using 91 

multibeam bathymetry data and two-dimensional seismic reflection profiles (Fig. 1). Located 92 

at a water depth of 400 m to 1200 m, the canyon system of interest comprises a total of six 93 

submarine canyons (Chen et al., 2017). In contrast to other systems addressed in the literature, 94 

the canyon system is located ~270 km to the south of the present-day shoreline (Fig. 1), putting 95 

in question if the factors controlling its initiation and evolution are similar to other canyon 96 

systems in the South China Sea. Therefore, a comprehensive analysis of this canyon system is 97 

presented in this work with the ultimate aim of: (a) investigating canyon morphology in great 98 

detail; (b) analysing the internal depositional architecture of discrete canyons; (c) discussing 99 

the causes that lead to the initiation of canyons; and (d) determining the factors affecting 100 

canyon evolution. 101 

2 Geological and oceanographic settings 102 

2.1 Geological setting 103 

The South China Sea, as one of the largest marginal seas in the world with an area of c. 104 

3.5×106 km2, is located at the junction of the Eurasian, Pacific and Australia-India plates 105 

(Taylor and Hayes, 1980). Here, continental rifting started at ~65 Ma and subsequent 106 

continental breakup propagated from northeast to southwest (Briais et al., 1993; Barckhausen 107 

et al., 2014). Diachronous seafloor spreading occurred from 33 Ma to 15 Ma in the northeast, 108 

and 23.6 Ma to 16 Ma in the southwest of the South China Sea (Li et al., 2015; Zhao et al., 109 
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2016). 110 

In the northern part of the South China Sea margin occur multiple Cenozoic basins; the 111 

Yinggehai and Qiongdongnan basins in the southwest, the Pearl River Mouth Basin in its 112 

central part, and the Taixinan Basin in the northeast (Xie et al., 2006). The Pearl River Mouth 113 

Basin (PRMB) is the largest sedimentary basin of the four, with an area of ~175,000 km2 (Fig. 114 

1a). Three main tectonic episodes are revealed in seismic, borehole and biostratigraphic data: 115 

(1) the first episode (Paleocene to the Early Oligocene) recorded multiple pulses of continental 116 

rifting and fluvial-lacustrine sediments accumulated in relatively isolated basins (Zhu et al., 117 

2010); (2) from Late Oligocene to Early Miocene, a syn-breakup episode witnessed the abrupt 118 

subsidence of rift basins and deposition of coastal-littoral sediments (Xie et al., 2014; Zhao et 119 

al., 2016); (3) in the third episode, post-rift subsidence and a gradual rise in sea level led to the 120 

accumulation of marine deposits in the PRMB since the Middle Miocene (Gong et al., 1989; 121 

Wu et al. 2005) (Fig. 2). Importantly, from 23.8 Ma to 21.0 Ma, the shelf break migrated 122 

northwards to its present location, from a position ~100 km south of the modern shelf break. 123 

At present, the continental shelf has a depth of 20 m to 220 m, an average width of ~240 km, 124 

and a gradient of 0.05-0.06° (Huang et al., 1996). 125 

 126 

2.2 Oceanographic setting 127 

Water masses in the South China Sea comprise a seasonally influenced surface water and 128 

permanent intermediate and deep waters (Chen et al., 2014; Gan et al., 2016). Surface water 129 

occurs up to a depth of 350 m, and its flow is governed by the East Asia monsoon system 130 

(Lüdmann et al., 2005). Due to bi-annual monsoon changes, surface water masses flow 131 
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counterclockwise during winter, but clockwise in the summer (Zhu et al., 2010). The 132 

clockwise-flowing intermediate water masses - commonly named the ‘Kuroshio Current’ - 133 

were established in the Late Miocene and span a water depth from 350 m to 1500 m (Xie et al., 134 

2013; Wang et al., 2014) (Fig. 1a). In contrast, counterclockwise deep-water flows are 135 

promoted by the incursion of the south-flowing North Pacific Deep Water into the South China 136 

Sea via the Luzon Strait (Lüdmann et al., 2005) (Fig. 1a). The average velocity of deep-water 137 

masses exceeds 0.15 m/s, with a maximum velocity up to 0.3 m/s at water depths around 2500 138 

to 2600 m (Xie et al., 2009). 139 

 140 

3 Data and methods 141 

The bathymetric data used in this work were acquired by Guangzhou Marine Geological 142 

Survey at a water depth ranging from 400 m to 1200 m and positioned by a differential GPS. 143 

The data were processed with a horizontal resolution of ~100 m, and a vertical resolution 144 

between ~1 m and 3.3 m, using the software CARIS HIPS®. The bathymetric data were 145 

interpreted in ArcMap 10.8.1 and Global Mapper® V22. Canyon morphology, including mean 146 

width, incision depth and slope gradient, are extracted using Spatial Analysis and Hydrology 147 

tools in ArcMap 10.8.1. 148 

Regional 2D seismic data were acquired by the China National Offshore Oil Corporation 149 

using a 3000-m long streamer with 240 channels. The acquisition geometry produced seismic 150 

traces with a spacing of 12.5 m. The seismic signal was generated using a 3850 cubic-inch air 151 

gun, with a vertical resolution of 15-20 m. The acquired seismic data is zero-phased and 152 
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displayed with a Society of Exploration Geophysicists' normal polarity, suggesting red 153 

reflection on the seismic profiles represents the positive reflection event (Brown, 2011). The 154 

frequency bandwidth of the seismic data is 30-45 Hz and their interpretation was carried out 155 

on Geoframe® 4.5. 156 

Two regional stratigraphic horizons, named T1 (5.5 Ma) and T2 (10.5 Ma), are identified 157 

in the study area. The first horizon (T1) represents an important post-rift stratigraphic boundary 158 

generated after the end of seafloor spreading in the South China Sea. It marks the boundary 159 

between Upper Miocene and Pliocene strata. The older horizon (T2) separates Middle and 160 

Upper Miocene strata. 161 

  162 

4 Results 163 

4.1 Modern canyon morphology 164 

The submarine canyon system of interest consists of six canyons (C1 to C6) occurring at 165 

a water depth from 400 m to 1200 m (Figs. 1b and 3a). Bathymetric maps show the seafloor 166 

around the submarine canyons as having a relatively gentle gradient of ~0.3°. The length of the 167 

canyons ranges from 7.2 km (C5) to 25 km (C2) (Fig. 4a and Table 1). Their width increases 168 

gradually downslope in canyons C2, C3 and C6, but remains constant in C1, C4 and C5 (Table 169 

1; Figs. 3 and 4b). The average incision depth of the submarine canyons varies from 53 m (C5) 170 

to 164 m (C3) (Table 1; Fig. 4b). Canyons C1 and C6 have a maximum slope gradient of ~1.5° 171 

along their thalwegs (Table 1). Canyons C2 and C3 have asymmetric walls in their upper and 172 

lower reaches, and their northeast walls are much steeper than their southwest counterparts 173 
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(Figs. 5b and c). However, wall gradients are similar in the lower reaches of C2 and C3 (Fig. 174 

5c). The canyon heads of C2 and C3 gradually migrate northeastward towards the upper 175 

continental slope, while C1, C4 to C6 are relatively straight (Figs. 3a and 5a). A tributary abuts 176 

the west side of canyon C3, which starts at a water depth of ~600 m and merges into the main 177 

thalweg at 700 m (Fig. 3a). 178 

At a water depth of 1200 m, other canyon systems are identified towards the lower 179 

continental slope such as the Yitong Canyon in the southeast and several unnamed canyons to 180 

the southwest (Fig. 1b). A large field of sediment waves is observed covering both canyons and 181 

interfluves in the lower part of this canyon system (Figs. 3a and b). 182 

 183 

4.2 Internal seismic architecture of submarine-canyon fills 184 

Zoomed-in seismic sections crossing canyons C2, C3 and C4 provide information on their 185 

internal architectures (Figs. 6-9). The canyons’ basal erosional surfaces are V- and U-shaped 186 

along continuous seismic reflections with a positive polarity and high- to medium amplitudes 187 

(Figs. 8a, c and e). The base of the three canyons cuts into, or is located immediately above, 188 

the top surface of MTC 1 (Figs. 6 and 7). Stacking patterns of seismic reflections in the canyons 189 

reveal lateral migration to the northeast (Figs. 8b, d and f). In parallel, canyon fills show two 190 

different types of seismic facies, as described below. 191 

The first type of seismic facies is characterised by a series of stacked, continuous inclined 192 

seismic reflectors that are generally parallel or sub-parallel to each other on the flanks of 193 

southwest canyons (Figs. 6 and 7). Together with these vertically stacked canyon walls, a series 194 

of lateral accretion packages (LAPs), 1- 4 km wide 120-300 m thick (0.6 s-1.0 s), can be 195 
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identified (Figs. 8a, c and e). 196 

Other seismic facies filling the canyons comprise chaotic and low- to medium-amplitude 197 

seismic reflectors with low continuity (Figs. 8a, c and e). There are no other modern or buried 198 

erosional features (e.g., smaller canyons, channels or gullies) around the canyons of interest to 199 

this work, as Pliocene to Quaternary strata show continuous and parallel seismic reflections 200 

(Figs. 10a, b and c). Although a deeply buried V-shaped canyon is identified to the northeast 201 

of the canyon system (corresponding to the location of C1), no other depressions are observed 202 

between C1 and C6 (Fig. 10). 203 

 204 

4.3 Buried mass-transport complexes 205 

Two buried MTCs are imaged below the canyon system of interest in Figs. 6, 7, 9 and 10. 206 

Based on the established regional seismic stratigraphy, MTC 1 and MTC 2 occur in Pliocene 207 

and Upper Miocene strata, respectively. The shallower and younger MTC 1 (Figs. 6 and 7), the 208 

focus of this study, underlies canyons C1 to C6 (Figs. 6 and 7). 209 

Interpreted on NE-SW seismic profiles, the basal shear zone of MTC 1 is generally parallel 210 

or sub-parallel to the seismic reflections below (Figs. 6 and 7). Zoomed-in seismic sections 211 

reveal remarkable basal ramps and blocks in MTC 1 (Figs. 6b and 7b). Its top surface is also 212 

rugged and several V- and U-shaped depressions are imaged in Figs. 6 and 7. Seismic profiles 213 

show that MTC 1 is almost entirely evacuated along its lateral scarp to the west (Figs. 6 and 7). 214 



11 
 

5 Discussion 215 

5.1 Initiation of submarine canyons over buried MTCs 216 

The initiation of submarine canyons has been attributed to multiple causes (Harris and 217 

Whiteway, 2011; Hui et al., 2019). Oversteepening of the continental slope caused by sea-level 218 

change, faulting and tectonic uplift, can trigger long-term slope-grading processes (erosional 219 

mass wasting and depositional processes) to generate new submarine canyons (Ross et al., 220 

1994). Though several faults can be identified in the study area, the slope gradient of the palaeo-221 

seafloor is quite similar to the modern seabed (Fig. 9). This suggests that oversteepening may 222 

not be the main mechanism explaining the generation of submarine canyons in the study area. 223 

Dense water cascading (DWC) developing as near-bottom gravity currents play a significant 224 

role in forming and shaping submarine canyons (Canal et al., 2006; Allen et al., 2009; Puig et 225 

al., 2014). Mauffrey et al. (2017) also emphasised the role of sea-level changes and fluvial 226 

connection on submarine-canyon initiation. However, the submarine canyon system in this 227 

work has been far away (i.e. isolated) from the South China coast since the latest Miocene (5.5 228 

Ma), excluding the DWC as responsible for its onset. A recent study has proposed that the 229 

troughs between bottom-current sediment waves can capture sediment gravity flows, resulting 230 

in the initiation of submarine canyons (Wang et al., 2023). Due to the absence of bottom-current 231 

sediment waves (their crests should be parallel with the canyons), we do not consider this 232 

mechanism as a plausible in the study area. 233 

The canyon system interpreted in this work is different from the slope-confined submarine 234 

canyon systems previously documented in the PRMB by Zhou et al. (2015), Li et al. (2016) 235 
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and Yin et al. (2019). It also differs from canyon systems offshore the Little Bahama Bank 236 

(Mulder et al., 2012; Tournadour et al., 2017), SE Brazil (Qin et al., 2017) and northeast 237 

Australian margin (Puga-Bernabéu et al., 2013). In the study area, the average seafloor gradient 238 

of the modern continental slope is low (<0.5°) when compared to the slope-confined canyon 239 

systems of the Bahamas and northeast Australia (2°-10°). The absence of canyon heads on the 240 

shelf edge - at a water depth from 380-650 m to 200-300 m and 30 to 55 km distant from the 241 

shelf break - excludes shelf-incising processes as responsible for the development of canyons 242 

C1 to C6. The lower reaches of submarine canyons are also not directly connected to the basin 243 

floor or abyssal plain; they rather disappear gradually downslope at a water depth of 800-1400 244 

m (Figs. 1b and 3a). Except for buried canyons to the northeast of canyon C2 and C6 (Figs. 7c 245 

and 10d), no other submarine canyons, channels or even erosional gullies are identified near 246 

the studied canyon system (Fig. 1b). This suggests that the canyons of interest are confined and 247 

isolated, giving rise to three important questions on their origin and evolution: (1) how and 248 

when were these submarine canyons initiated? (2) how did they evolve since their formation? 249 

(3) which controlling factors influenced their evolution? 250 

The rugged top surface of MTC 1 shows multiple V- and U-shaped depressions; the 251 

occurrence of frequent gravity flows and subsequent incision of MTC 1 after its emplacement 252 

may be responsible for the formation of these depressions as no linear undercut features are 253 

observed along its basal glide zone (Figs. 6 and 7). The overlapping and undercutting of 254 

canyons C2, C3 and C4 on MTC 1 demonstrates that V- and U-shaped depressions constitute 255 

an early form of submarine canyons (Figs. 6b and 7b). Although the seismic profiles show that 256 

MTC 2 has occurred before the early Tortonian (10.5 Ma), the sea-level curve indicates a 257 
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relative highstand after its formation (Fig. 2). This suggests that the relative location of MTC 258 

2 was too far away from sediment sources on the continental shelf to trigger frequent gravity 259 

flows. Moreover, contour currents can act as an important sediment redistributor on the seafloor 260 

(Bernhardt et al., 2015). The strata above MTC 2 show continuous and sub-parallel seismic 261 

reflections, indicating that sediment deposition in this area was dominantly governed by 262 

contour currents. The long distance from the sediment sources, combined with the influence of 263 

contour currents, resulted in the absence of submarine canyons after the emplacement of MTC 264 

2. 265 

Chen et al. (2017) first documented the presence of the submarine canyon system of 266 

interest to this study. They proposed a close relationship between submarine canyons and the 267 

underlying submarine landslide. However, it is still unclear why these submarine canyons only 268 

developed in the study area with no other canyons, channels or gullies identified in their vicinity. 269 

Recent data from the western Somali Basin off Tanzania indicates that large-scale submarine 270 

landslides were a primary control on the evolution of sediment transfer zones along continental 271 

margins (Stagna et al., 2023). Evacuation zones associated with submarine landslides generate 272 

‘conveyor belts’ where increasing seafloor gradients can trap land-derived materials, focusing 273 

sediment point sources. Similar examples are documented in the Baiyun Slide Complex (Li et 274 

al., 2020, in SE Brazil (Qin et al., 2017), and on the SE Australian continental margin (Wu et 275 

al., 2022), areas where submarine landslides produced an erosional morphology capable of 276 

capture gravity flows that further erode the seafloor. Several submarine channels in the 277 

headwall area of the Baiyun Slide Complex were formed after its last phase of instability (Li 278 

et al., 2020). The initiation of channels was associated with the evacuation of the Baiyun Slide 279 
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scar, where a large volume of seafloor sediment was removed and subsequent turbidity currents 280 

and mass-wasting flows could be accommodated within the landslide scar. Along SE Brazil 281 

and the southeast Australian continental margins, slide scars generated by retrogressive slope 282 

failure were able to capture gravity flows sourced from the continental shelf and upper 283 

continental slope, thus developing areas of flow convergence that helped widening and 284 

deepening the canyons (Qin et al., 2017; Wu et al., 2022). Thus, this paper supports the 285 

hypothesis that an evacuated landslide scar accommodated gravity flows from the upper 286 

continental slope, promoting the development of canyons C1-C6. 287 

The present-day sea level is relatively high when compared to when the submarine 288 

canyons were first incised in the study area, and so is the distance between the canyons and 289 

the shoreline. The shelf break thus appears to have retreated significantly on a low-gradient 290 

continental margin after 5.5. Ma, making the submarine canyons appear isolated on the broad, 291 

open continental slope of the northern South China Sea. 292 

 293 

5.2 Factors controlling the evolution of submarine canyons 294 

High-resolution seismic profiles reveal lateral accretion packages (LAPs) in C2, C3 and 295 

C4 that are typical of a northeast migration of canyons during their development (Fig. 8). 296 

Canyon migration is mainly controlled by external factors such as the Coriolis force and/or 297 

interactions between turbidity and contour currents. The Coriolis force can change the direction 298 

of gravity flows to the right in the Northern Hemisphere and to the left in the Southern 299 

Hemisphere. Thus, more erosion would be expected on the western walls of submarine canyons 300 

in the South China Sea, while enhanced deposition should occur on their eastern walls. Yet, the 301 



15 
 

Coriolis force can be excluded as a main factor controlling canyon migration in the study area 302 

due to the greater incision depths of their northeast sides (Figs. 5b and 5c). Similar 303 

unidirectionally migrating canyons have been documented in other regions of the northern 304 

South China Sea margin such as the Shenhu Canyon System and northeast Qiongdongnan 305 

margin, where the development of LAPs on their western walls are considered a result of 306 

interacting turbidity and contour currents (He et al., 2013; Gong et al., 2013; Zhou et al., 2015; 307 

Su et al., 2020). In addition, Rodrigues et al. (2020) proposed that submarine canyons 308 

developing within a mixed (turbidite-contourite) system, with strong and persistent bottom 309 

currents, migrate with the contour current direction. Our study area is affected by Intermediate 310 

Water circulation since the middle Miocene (Zhu et al., 2010; Chen et al., 2014), which may 311 

be responsible for the long-term northeastward migration of canyons C1 to C6. 312 

Seismic sections reveal the presence of multiple basal erosional surfaces interbedded with 313 

LAPs (Fig. 8). Such a character suggests the importance of multiple cut-and-fill episodes 314 

during the development of the LAPs. Rasmussen (1994) investigated the seismic facies during 315 

cut-and-fill cycles on the continental slope of the coast of south Gabon. Sediment deposition 316 

caused by lateral accretion within the South Gabon canyons was considered to only occur 317 

during relative sea-level lowstands. The northern South China Sea has undergone multiple 318 

cycles of relative sea-level rise and fall since the Pliocene (Fig. 2). Sediment is more easily 319 

delivered to deep-water basins through erosional canyons during sea-level lowstands as the 320 

shelf break is closer to the canyon heads. In such lowstand periods, LAPs and erosion were 321 

coeval under the combined influence of contour and turbidity currents. During sea-level 322 

highstands, hemipelagic deposition predominated in the canyons, enabling the filling 323 
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characterised by a horizontal, sub-parallel facies within the submarine canyons of our interest 324 

(Fig. 8). Therefore, we suggest that the development of isolated canyon systems on the low-325 

gradient, open continental slope of northern South China Sea was controlled by relative sea 326 

level and the effect of contour currents. 327 

Here, we propose a schematic model comprising four main stages to summarise how the 328 

isolated canyon system in our study area has evolved since the early Pliocene (Fig. 11). 329 

(a) Stage I: A submarine landslide was triggered in the early Pliocene, formed a broad slide 330 

scar, followed by the deposition of MTC 1 within this same scar. 331 

(b) Stage II: After the emplacement of MTC 1, gravity flows were captured by its scar and 332 

led to the formation of erosive channels on the top surface of MTC 1. 333 

(c) Under the continuous erosion of gravity flows, some of the pre-existing channels were 334 

widened and deepened, generating early-stage submarine canyons. Together with northeast-335 

flowing contour currents, relative sea-level change resulted in multiple cut-and-fill cycles 336 

within the canyons and contributed to the unidirectional migration of LAPs. 337 

(d) Later, some of the canyons were made inactive and buried, while canyons C2 to C4 are 338 

still active at present. The modern sea level is higher than the period after the initiation of 339 

submarine canyons and this caused the shelf break to retreat for tens of kilometers on a low-340 

gradient (<0.5°) continental slope. Isolated submarine canyon systems were thus preserved on 341 

an open continental slope. 342 

 343 
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6 Conclusions 344 

This work investigates a submarine canyon system on the northern South China Sea 345 

margin in terms of its origin and development processes using multibeam bathymetric data and 346 

2D seismic profiles. Its main conclusions are as follows. 347 

(1) The submarine canyons in this study are isolated on a low-gradient, open continental 348 

slope with no other modern submarine canyons, channels or even erosional gullies in their 349 

vicinity. 350 

(2) A submarine landslide (MTC 1) occurred before the onset of the submarine canyons. 351 

The resulting slide scar captured and confined the gravity flows sourced from the upper 352 

continental slope, leading to the first incision of submarine canyons. 353 

(3) The canyons underwent multiple cut-and-fill cycles due to changes in relative sea level 354 

since the early Pliocene. 355 

(4) Northeast-flowing bottom currents interacting with downslope turbidity currents are 356 

responsible for the unidirectional migration of the submarine canyons in this study. 357 

Our analysis offers new insights into the origin and evolution of an isolated submarine 358 

canyon system on low-gradient continental slopes. We use this case-study to illustrate the 359 

significant role of slope instability in the initiation of submarine canyons, providing 360 

information applicable to other landslide-prone continental margins. 361 
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Figures 598 

 599 

Figure 1 (a) General bathymetric map highlighting the location of the study area. The white 600 

dotted line marks the boundary of the Pearl River Mouth Basin. (b) Bathymetric map plotted 601 

with 250 m contour lines revealing the isolated submarine canyon system of interest to this 602 

work. The black solid lines mark the location of the 2D seismic profiles acquired in the study 603 

area. Blue and yellow solid lines represent the location of seismic profiles in Figs. 6, 7, 9 and 604 

10. 605 
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 606 

Figure 2 Main stratigraphic units of the Pearl River Mouth Basin and corresponding basin 607 

evolution. The sea-level curves plotted in the figure indicate the global and PRMB eustatic 608 

variations following Haq et al. (1987), Xie et al. (2014) and Chen et al. (2018). Black and red 609 

solid curves respectively show 2nd and 3rd-order sea-level changes. 610 
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 611 

Figure 3 (a) Zoomed-in bathymetric map with 100 m contours showing submarine canyons C1 612 

to C6 on the continental slope of the northern South China Sea. A field of sediment waves is 613 

identified in the lower reaches of these six submarine canyons. Black solid lines show the 614 

distribution of seismic lines in this area. (b) Slope gradient map of the isolated submarine 615 

canyon system and surrounding area. 616 

 617 

Figure 4 (a) Thalweg depth for canyons C1 to C6 from their head to their mouths as extracted 618 

from Arcmap 10.8.1. (b) Scatter plots showing the canyons’ mean width against mean incision 619 

depth. Standard deviation in the measured values is also shown. 620 
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 621 

Figure 5 (a) Zoomed-in bathymetric map with 100 m contour lines highlighting the lateral 622 

migration of C2 and C3 towards the northeast near the canyon heads. (b) and (c) SW-NE cross-623 

sections respectively showing the upper and lower reaches of both canyons. Slope gradients 624 

are gentler on the southwest walls when compared to the northeast walls of canyons C2 and 625 

C3. 626 

 627 
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Figure 6 (a) Uninterpreted seismic profiles across canyons C3, C4 and C5. (b) Seismic profiles 628 

highlighting two regional seismic-stratigraphic markers (5.5 Ma and 10.5 Ma) and the internal 629 

architecture in and around the submarine canyons. Purple and red solid lines mark the top and 630 

base of MTC 1. The three evolution stages described in this work are marked on the profile, 631 

with the blue line revealing the boundary between Stages 2 and 3. (c) and (d) Zoomed-in 632 

seismic profiles showing erosive channels on top of MTC 1. 633 

 634 

Figure 7 (a) Uninterpreted seismic profiles across C2, C3 and C4. (b) Seismic profiles 635 

highlighting two regional stratigraphic markers (5.5 Ma and 10.5 Ma) and the internal 636 

architecture in and around the submarine canyons. The purple and red solid lines mark the top 637 

and basal surface of MTC 1. (c) and (d) Zoomed-in seismic profiles showing small-scale 638 

erosive channels and putative slide blocks.639 
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 640 

Figure 8 (a), (c) and (e) Zoomed-in seismic profiles showing the internal architecture of 641 

canyons C2, C3 and C4, plus several other buried canyons. (b), (d) and (f) Sketched 642 

interpretations of buried submarine canyons. Red solid lines mark the erosional base of 643 

migrating submarine canyons. 644 
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 645 

Figure 9 (a) Interpreted 2D multi-channel seismic profiles highlighting two stratigraphic 646 

markers near canyon C3 (5.5 Ma and 10.5 Ma), the presence of sediment waves and the location 647 

of MTC 1 and MTC 2. (b) Interpreted 2D multi-channel seismic profiles across canyon C2 648 

showing sediment waves, MTC1 and MTC 2. Red solid lines on both seismic profiles mark the 649 

presence of normal faults at depth. 650 
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 651 

Figure 10 (a)-(c) Interpreted seismic profiles to the north, northwest and east of the isolated 652 

submarine canyon system stressing the presence and relative depth of MTC 2. The strata above 653 

MTC 2 are continuous and parallel. (d) Interpreted seismic profile in the southern part of the 654 

canyon system showing the lower reach of C6 and a buried canyon to its northeast. 655 
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 656 

Figure 11 Schematic representation of how isolated submarine canyons evolved in the study 657 

are, northwest South China Sea. (a) A submarine landslide occurred on the continental slope 658 



38 
 

and resulted in the deposition of MTC 1. (b) Gravity flows were captured by the slide scar and 659 

led to the formation of erosive channels at the top surface of MTC 1. (c) Pre-existing erosive 660 

channels are widened and deepened and the early forms of submarine canyons are formed 661 

under continuous erosion by gravity flows. (d) Several canyons are buried, while others are 662 

preserved on the continental slope. 663 
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