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Abstract 24 

Based upon 2D seismic data, this study confirms the presence of a complex deep-water sedimentary system 25 

within the Plio-Quaternary strata on the northwestern lower slope of the Northwestern Sub-Basin, South China 26 

Sea. It consists of submarine canyons, mass-wasting deposits, contourite channels and sheeted drifts. 27 

Alongslope aligned erosive features are observed on the eastern upper gentle slopes (< 1.2°
 
above 1500 m), 28 

where a V-shaped downslope canyon presents an apparent ENE migration, indicating a related bottom current 29 

within the eastward South China Sea Intermediate Water Circulation. Contourite sheeted drifts are also 30 

generated on the eastern gentle slopes (~1.5° in average), below 2500 m water depth though, referring to a wide 31 

unfocused bottom current, which might be related to the South China Sea Deep Water Circulation. Mass 32 

wasting deposits (predominantly slides and slumps) and submarine canyons are developed on steeper slopes (> 33 

2°), where weaker alongslope currents are probably dominated by downslope depositional processes on these 34 

unstable slopes. The NNW-SSE oriented slope morphology changes from a three-stepped terraced outline 35 

(I-II-III) east of the investigated area, into a two-stepped terraced (I-II) outline in the middle, and into a unitary 36 

steep slope (III) in the west, which is consistent with the slope steepening towards the west. Such morphological 37 

changes may have possibly led to a westwards simplification of composite deep-water sedimentary systems, 38 

from a depositional complex of contourite erosive/depositional systems, mass-wasting deposits and canyons, on 39 

the one hand, to only sliding and canyon depositions on the other hand. 40 

 41 

Keywords deep-water sedimentation · bottom current · contourite · mass-wasting deposits · South China Sea 42 

 43 
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1. Introduction 47 

 48 

Deep-water sedimentary systems have been receiving intensive attention from the scientific community 49 

during the recent decades, due to their crucial importance for natural resources (e.g., deep-sea mineral deposits 50 

and hydrocarbon reservoirs) and for academic research (e.g., palaeoceanography and palaeoclimatology) 51 

(Mulder et al. 2011). The dynamic processes driven by downslope and alongslope currents play a significant 52 

role in the construction and shaping of continental margins (Stow et al. 2008; Mulder 2011). Through erosion, 53 

transport and deposition of sediments, these dynamic processes can generate a complex of deep-water 54 

sedimentary systems, including turbidite depositional systems, mass-wasting depositional systems and 55 

contourite depositional systems (Bouma 1964; Faugères and Mulder 2011; Hernández-Molina et al. 2011a). 56 

Under specific accumulation and preservation conditions, these deep-water sedimentary systems can record a 57 

wealth of information on palaeoceanographic changes, either in the sedimentary (small-scale) or geophysical 58 

(large-scale) record (Hernández-Molina et al. 2010; Frigola et al. 2008; Mulder et al. 2008). 59 

The northwestern lower slope of the Northwest Sub-Basin from the South China Sea (SCS) represents a 60 

critical location in the SCS deep-water sedimentary dynamics, due to the convergence of the Xi’sha Trough, the 61 

SCS northwestern continental-oceanic transition zone and the abyssal plain (Fig. 1A). Deep-water downslope 62 

sedimentary systems have been widely studied in the SCS northern marginal basins, for instance, the 63 

Qiongdongnan Basin and Pearl River Mouth Basin (Liu et al. 2009 and references therein), and alongslope 64 

sedimentary systems have been reported on the southern slopes of the Dongsha Uplifts and the Taiwan Island 65 

(Shao et al. 2007; Wang et al. 2010; Gong et al. 2012). However, deep-water sedimentary systems on the 66 

oceanic-continental transition zone, which connects the Northwest Sub-Basin to the Xi’sha Trough, have been 67 

only tentatively described and analyzed in previous studies (Zhu et al. 2010; Li et al. 2013; Zheng and Yan 68 

2012). 69 
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The main goal of this study is to unravel the margin architecture constructed by the different deep-water 70 

sedimentary dynamics in the northern SCS. This paper identifies and reports the Pliocene-Quaternary 71 

depositional characteristics and patterns of composite alongslope and downslope deep-water systems on the 72 

northwestern lower slope of the Northwest Sub-Basin of the SCS, located in water depths from ~1000 to ~3500 73 

m (Fig. 2). An accurate description will be presented on (a) their spatial distribution, (b) the associated 74 

morphological features and (c) the internal structures of erosional and depositional processes, in association 75 

with gravity flow and bottom current activities. These observations may provide new insights in the SCS 76 

deep-water sedimentary systems as well as in the present-day governing oceanography. 77 

 78 

2. Regional setting 79 

 80 

2.1. Geological background 81 

 82 

The SCS basin is a rhomb-shaped (southwest tapering) semi-closed basin and encompasses an area of 83 

about 3.5 × 10
6
 km², which consists of three sub-basins (Northwest, Central/East and Southwest, Fig. 1) (Sun et 84 

al. 2009; Wang and Li 2009a). The study area is located on the northwestern margin of the SCS Northwest 85 

Sub-Basin (113
°
15’ E to 114

°
30’ E, 18

° 
N to 19

° 
N), in water depths between ~1000 to ~3500 m (Fig. 2). 86 

Additionally, it belongs to the southern uplift zone on the southwestern margin of the Pearl River Mouth Basin, 87 

which is a Cenozoic rift basin occupying an area of about 17.5 × 10
4
 km

2
 (Li et al. 2009). The local bathymetric 88 

map of the study area (Fig. 2) shows the presence of an alongslope aligned seamount, seated in the south of the 89 

Shenhu Area. Hence, it is proposed to name this the South Shenhu Seamount (SSS) after its locality. The study 90 

area is located northwest of the SSS. 91 

This region experienced the initial spreading process of the SCS (32 to 30 Ma), which locally ended at 23 92 
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Ma (Sun et al. 2006). With the transformation of the northern SCS from a neritic continental shelf to a 93 

continental slope at the end of Oligocene (23 Ma) (Chen et al. 1993; Li et al. 2009), the deep-water 94 

sedimentation in the Pearl River Mouth Basin started since the Early Miocene (Shao et al. 2004; Xie et al. 2011). 95 

The main rivers, transporting sediments to the abyssal part of the northern SCS, are the Red River (Vietnam), 96 

the Pearl River (South China), the Central Canyon (the Qiongdongnan Basin, see the submarine canyon with 97 

yellow star shown on Fig. 1A, which is connected with the Xi’sha Trough) as well as rivers in southern Taiwan 98 

and in Luzon/Philippines (Liu et al. 2009 and references therein). They control the sediment supply to the basins 99 

and as a consequence the load of turbidity flows in this region. 100 

The geophysical and borehole data related to ODP Sites 1146 and 1148 (Lüdmann et al. 2001; Wang et al. 101 

2000) (Fig. 1B) enable to recognize three major breakup unconformities with ages of 5.2 Ma, 11.5 Ma and 23 102 

Ma, named as T3, T4 and T6 respectively in the stratigraphic classification scheme proposed by Xie et al. 103 

(2011). Unconformity boundaries of T4 and T6 were recognized using seismic and well data from the industrial 104 

drilling of Well 1, which contains the available well data closest to the study area (see W1 on Fig. 1 for its 105 

location). 106 

 107 

2.2. Oceanographic framework 108 

 109 

ODP geophysical and borehole data show that the thermo-haline circulation within the SCS was relatively 110 

stable and sustainable from the Middle Miocene to Pliocene (Zhao 2005; Wang 2007). Li et al. (2008) 111 

investigated the deep water ventilation and stratification in the Neogene SCS, using combined data of physical 112 

properties, benthic foraminifera and stable isotopes from ODP Sites 1143, 1146 and 1148. They found that (1) 113 

the SCS deep water mass was freely connected to open ocean deep circulations before 10 Ma, but got gradually 114 

blocked due to the closure of the SCS basin from 10 Ma to 5 Ma, (2) from 5 Ma to 3 Ma the local SCS 115 
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deepwater became strongly stratified, possibly due to a strengthening of the Pacific Deep Water, together with a 116 

global cooling event and a sea basin subduction, (3) From 3 Ma onwards, the SCS deep water evolved into its 117 

modern phase, with the nowadays mode starting to form at ~1 Ma, accompanied with the rise of sills under the 118 

Bashi Strait and the mid-Pleistocene climate transformer event. 119 

The present-day SCS oceanic circulation is roughly divided into 3 vertical layers: the SCS surface water 120 

circulation (SSWC) (< 350 m), the SCS intermediate water circulation (SIWC) (~350 to at least 1350 m) and 121 

the SCS deep water circulation (SDWC) (> 1350 m) (Chen and Wang 1998; Zhu et al. 2010). The SSWC 122 

seasonally varies (cyclonic in winter and anti-cyclonic in summer) due to the bi-annual monsoon changes (Fang 123 

et al. 1998; Xue et al. 2004). Compared to the upper waters, the mid- and deep-water oceanography is much less 124 

studied (Wang and Li 2009b; Lüdmann et al. 2005; Tian and Qu 2012), whereas the occurring depths for the 125 

SIWC and SDWC are still in debate, e.g., newly published data indicate that the main scope of SIWC can easily 126 

access a water depth deeper than 1500 m (Wang et al. 2013; Xie et al. 2013). Published data show that SIWC is 127 

anti-cyclonic, and is commonly referred to as the Kuroshio Current and may locally contain the SCS warm 128 

current (Zhu et al. 2010; Yuan 2002; Chen 2005), while the SDWC is cyclonic (Wang et al. 2010; Shao et al. 129 

2007) (Fig. 1). The SDWC is influenced by the intrusion of the southward flowing Northern Pacific Deep Water 130 

crossing the Bashi Channel (the average current velocity over the Bashi Channel exceeds 0.15 m/s and the 131 

maximum velocity of 0.3 m/s is reached at water depths of 2500 to 2600 m) (Xie 2009; Qu et al. 2006; 132 

Lüdmann et al. 2005; Gong et al. 2012) (Fig. 1A). 133 

The SCS water circulation presents a vertical sandwich structure in the Luzon Strait, with surface (winter) 134 

and deeper waters flowing into the SCS from the Pacific and returning at upper (summer) and intermediate 135 

depths (Wang and Li 2009b; Yuan 2002; Qu and Lindstrom 2004). 136 

 137 

3. Material and methods 138 
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 139 

For the aims of this study, a data set of over 1500 km multichannel 2D airgun reflection seismic profiles 140 

covering an area of > 4200 km² was analysed, provided by the Nanhai West Oil Corporation, a division of 141 

China National Offshore Oil Corporation (CNOOC). The seismic profiles are oriented NNW-SSE and 142 

ENE-WSW, with spacing of about 3-6 km and 2-8 km in average, respectively. In order to quantify seabed 143 

morphologies, the vertical scale of these profiles was converted from two-way travel time to depth using a 144 

P-wave velocity of 1500 m/s for the water column. 145 

The seismic signals were obtained using a Bolt Longlife Airgun with a volume of 3850 cubic inches, 146 

generated by means of compressed air (2000 psi). The record length was set to 11996 ms TWT with a sampling 147 

rate of 2 ms. The acquired signals were recorded within 396 channels using a fold of 99, and lie in the frequency 148 

range of about 60 Hz, allowing a vertical resolution of up to 3 m. The data was processed by CNOOC, using 149 

Omega V1.8.1 software and applying (1) a bandpass filter ranging from 6 Hz (low-cut frequency), 12 dB/s 150 

(low-cut slope) to 136 Hz (high-cut frequency), 276 dB/s (high-cut slope), (2) A de-noising and amplitude 151 

compensations and (3) a post-stack time migration (Kirchhoff). After being processed, the seismic data were 152 

loaded into a Kingdom Suite (V8.3, 32-bit) project (UTM projection, zone 49) for horizon picking and sediment 153 

dynamic interpretations. 154 

 155 

4. Results 156 

     157 

    On the topographic map of the investigated area (Fig. 2), the WSW-ENE oriented SSS in the northwest and 158 

the W-E oriented Xi’sha Trough in the southwest can be observed as remarkable morphologic features. Series of 159 

downslope submarine canyons are observed developing on slopes lower than 1500 m in the northwest of the 160 

study area. Slopes of the investigated margin decline to the southeast, where the SCS abyssal plain reaches more 161 
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than 3500 m in depth. In the NNE-SSW direction, the slope morphology in the eastern part of the study area 162 

presents a terraced outline (Figs. 3 and 4). Roughly, the upper (< 1500 m) and lower (> 2500 m) parts (I and III) 163 

are gentle slopes (< 1.5°) while the middle part (II) is steeper (> 2°). This terraced slope morphology is not 164 

apparent on Figs. 5 and 6, and gradually loses its expression westwards (Fig. 7). Erosive and depositional 165 

structures, related to both alongslope and downslope currents, are observed on these investigated slopes, which 166 

will be described in detail in following sections. 167 

The through-well (W1) seismic line (see its location on Fig. 1), which contains the 2D seismic profile of 168 

Fig. 3 as its southeastern section, helps establish the framework of closure seismo-stratigraphic interpretations 169 

covering the investigated area. Break-up unconformities of T4 (11.5 Ma) and T6 (23 Ma) can be recognized 170 

and traced over the study area, while the unconformity of T3 (5.2 Ma) is much less obvious (Figs. 3-8). 171 

Additional sedimentological data are required to exactly identify the unconformity T3, however, the 172 

depositional and erosive features that have been investigated in this study are surely constrained between T3 173 

and the seafloor, within the Pliocene-Quaternary strata.  174 

 175 

4.1. Submarine canyons and the Xi’sha Trough 176 

 177 

The bathymetric map and reflection seismic profiles reveal that submarine canyons are widespread on the 178 

northwestern margin of the Northwest Sub-Basin in the SCS (see the yellow dashed lines in Fig. 2). The seismic 179 

profiles discussed in this paper cover eight submarine canyons (C. 1 to C. 6, C’ and C’’), which are identified 180 

through a) their typical incision morphologies as well as b) the discontinuous-chaotic and high amplitude 181 

reflectors of sediments within the canyons (Figs. 3 to 8). The W-E oriented Xi’sha Trough runs along the 182 

southern margin of the study area and enters into the abyssal plain of the northern SCS (Figs. 1 and 2), which is 183 

covered by seismic profiles of Figs. 5, 6, 7 and 8B. Detailed information on these canyons and the Xi’sha 184 
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Trough (e.g., orientations, locations, dimensions and morphologies) is presented in table 1. 185 

C. 1 has a NNW-SSE orientation above 2000 m in water depth and changes to a WNW-ESE orientation, 186 

below 3500 m water depth cutting the lower slopes and entering into the abyssal plain (Figs. 2, 3, 4 and 8A). On 187 

the gentle mid-upper slope (~1350 m in water depth and ~1° slope) of the study area, the NNW-SSE oriented C. 188 

1 shows an asymmetric V-shaped morphology (slopes of 2.2° for its WNW flank and 3.9° for the ENE), with 189 

~140 m of incision and ~6.5 km in width (Figs. 2 and 8A). From the seismic profile of Fig. 8A, successive 190 

erosion bases within C. 1 can be identified (see dashed lines in yellow in Fig. 8A), which show continuous, high 191 

amplitude seismic reflections, incising into underlying layers. The stacking pattern of these successive incisions 192 

shows an obvious migration toward ENE. 193 

On the mid-slope of the study area, both C. 2 and C. 3 have the NNE-SSW orientations spanning from 194 

~1900 to proceeding 2500 m in water depths (Figs. 2, 5 and 6). C. 4 and C. 6 are recognized developing on the 195 

lower over steepened slopes with water depth > 2500 m and slope > 5° (Figs. 2 and 9), which show limited 196 

lengths on the plane (< 5 km) (Fig. 2) but deep incisions (exceeding 200 m) (Table 1; Fig. 8b).  197 

~15 km to the east of C. 2, C. 5 cut the mid-slope of the study area from ~1400 to ~2500 m in water depths 198 

(Figs. 2 and 7). On the seismic profile of Fig. 8C (~1790 m in water depth and ~2° of slope), it shows a 199 

U-shaped morphology with a flat bottom, with a slightly mounded levee-system developed on both flanks of the 200 

canyon. The levee-system shows high amplitude and fairly continuous seismic reflection, developing a more or 201 

less aggradational pattern (Fig. 8C). Note that the levee sediments on the ENE side of C. 5 show flat and 202 

parallel/sub-parallel reflectors, while on the WSW side continuous wave-shaped reflectors are presented. 203 

Additionally, two small scale canyons (C’ and C”) are recognized on the seismic profile of Fig. 7 (Table 1).  204 

 205 

4.2. Mass-wasting deposits 206 

 207 
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Mass-wasting deposits are widely developed on a high-gradient slopes (> 2°), covering an area of about 208 

600 km
2
 and presenting parallel to sub-parallel, moderate to high amplitude seismic reflections (Figs. 3 to 7). 209 

Morphological features identified within those slope failure deposits include the headwall scarp, successive 210 

overlapped slumps, failure surfaces, slide scars and detached slumps. 211 

The headwall scarp is termed as the upper part of where failure took place and downslope movement 212 

originated, vacated by the displaced mass (Varnes 1978; Hampton and Lee 1996). A headwall scarp with height 213 

of ~50 m is identified, as the head part of the mass-wasting area, at water depth of ~1500 m with slope > 2.35° 214 

on the seismic profile of Fig. 6. 215 

The successive overlapped slumps, introduced by (Mulder and Cochonat 1996), are recognized in the 216 

upper section of mass-wasting area on > 2° slopes between ~1300 and ~1700 m in depths. They are 217 

characterized by that one slump body is merged with the failure surfaces of the following slumps, which are 218 

continuous from one edge of the slump to the other (Figs. 3, 4, 5 and 7).  219 

Detached slumps are shown as step-forming detached sediment masses, giving a general staircase-like 220 

pattern (Laberg and Vorren 2000; Lastras et al. 2006). Their slightly curved steps are oriented perpendicular to 221 

the direction of mass-wasting motion, and are separated from each other by small slide scars (Figs. 3, 4 and 6). 222 

Major detached slumps are observed locating at the lower slopes in vicinity of successive overlapped slumps 223 

(water depth > 1500 m and slope > 2.35°), and compared with the later slumps they are more discontinuous and 224 

degraded. On the seismic profile of Fig. 6, detached slumps are also developed at water depths from ~1900 to 225 

~2200 m, as the upper head section of the slide scar area with over steepened slopes (> 4.5°).  226 

In the eastern part of the study area, mass-wasting deposits are restricted between ~1500 and ~2000 m water 227 

depth, with contourite erosive features developed on the upper continental slopes in the north, and sheeted drift 228 

deposits on the lower slops in the south (Figs. 3 to 5). From east to west the spatial distribution of mass-wasting 229 

deposits is expanding, and in the western part they cover the depth range from ~1450 to ~2100 m on Fig. 6 and 230 
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from ~1250 to ~2250 m on Fig. 7.  231 

 232 

4.3. Wavy sediments 233 

 234 

Wavy sediments are not widely developed through the study area, only showing up within the 235 

mass-wasting area (Figs. 5, 7 and 8). More precisely, they are developed on slopes with water depths between 236 

~1800 to ~2000 m and ~1.3° to ~2° of slope, where canyons of C. 2, C. 5, C’ and C’’ are appeared in 237 

neighbourhood. These wavy sediments show fairly continuous and parallel, moderate to high amplitude seismic 238 

reflections, with the structure of internal reflectors similar from one wave to the next. The apparent boundaries 239 

between waves are typically linear or convex upwards and the sediment beds appear more continuous than other 240 

displaced mass deposits nearby. Waves presented on both seismic profiles of Figs. 5 and 7 show upslope 241 

migrations: 1) within the wavy sediments on the SSE side of C. 2, the waves have their downslope (SSE) flanks 242 

eroding sediments while the upslope (NNW) flanks accumulating, with ~2.25 km of wave length and ~55 m of 243 

wave height in average (Fig. 5); 2) the overall wave field (~0.75 km of wave length and ~10 m of wave height 244 

in average) between the upslope (NNW side) C’ and the downslope (SSE side) C’’ has a concave-upward 245 

surface, while close to C’’ it seems developing a failure surface (Fig. 7); 3) waves on the upslope of C’ have an 246 

average wave length of ~1.5 km and wave height of ~30 m (Fig. 7). Waves observed on the seismic profile of 247 

Fig. 8 are developed within the levee system of C. 5 on its WSW flank, with ~1.9 km of wave length and ~20 m 248 

of wave height in average and following an aggradational pattern.  249 

 250 

4.4. Contourite drifts, channels and moats 251 

 252 

The contouritic sheeted drifts are spread out across continental margins where a gentle gradient and 253 
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smooth topography favour a wide non-focused bottom current (Faugères et al. 1999; Faugères and Stow 2008). 254 

Sheeted drift deposits can be recognized draping relatively deep (> 2500 m) and gentle (~1.5°) slopes in the 255 

southeastern part of the study area, with an average thickness over 70 ms TWT (Figs. 3 to 5, 8b). On the seismic 256 

profiles, these deposits show fairly continuous, parallel to sub-parallel reflectors of moderate amplitudes. Their 257 

morphologies are mostly flat and smooth, except when (1) they become deformed in association with marginal 258 

faults (Figs. 3, 4, 5 and 9), and when (2) they are affected by submarine canyons (Figs. 3 to 5). From east to 259 

west, the development of sheeted drifts gradually reduces, which might be associated to the disappearance of 260 

the lower gentle shapes (Figs. 6 and 7). 261 

Contourite channels are erosive features with a margin-parallel trend that are formed mainly by the erosive 262 

action of bottom currents, and furrows are termed for depressions with incisions < 10 m (Faugères et al. 1999; 263 

Hernández-Molina et al. 2006). Small scale alongslope aligned channels (~0.5 to ~2 km wide and ~10 to ~20 m 264 

deep) and furrows are present on the northeastern slopes (at water depths of ~1500 m and above where the slope 265 

is < 1.14°), on the NNE-SSW oriented 2D seismic profiles of Figs, 3 to 6. Some of these channels are developed 266 

within recent strata (Figs. 3, 5 and 6), while some of them show consistent signs of erosions (more or less 267 

aggradational) underlying, which can be tracked back to the early Late Miocene (after 11.5 Ma) (Fig. 4). Latest 268 

depositions can be observed infilling within these contourite channels, while the rest slopes nearby show 269 

non-deposition features (Figs. 3 to 6). Approximately 20 km west of Fig. 4, the SSS appears (Fig. 2). When 270 

following the contour line of ~1500 m to the west, we see that those erosion and non-deposition features 271 

gradually lose their expressions, where mass-wasting deposits are developed instead, on the slopes south of the 272 

SSS
 
(slope of 2.07°) (Fig. 7).  273 

Contourite moats differ from contourite channels in their genetic relation with mounded and elongated 274 

separated drifts (Faugères et al. 1999; Hernández-Molina et al. 2006). The typical nature of moats is missing on 275 

the investigated seismic profiles, but the bathymetric map shows a remarkable moat flanking the northern SSS 276 



13 

 

(Figs. 2). Depositional features and processes of bottom currents on the slopes north of the SSS are beyond the 277 

scope of this study, but will be introduced and discussed in (Chen et al. submitted). 278 

With the slope morphology steepening from east (< 1.5°) to west (> 2°), the development of sheeted drifts 279 

stops when the gentle lower terrain (~1.5° of slope and > 2500 m in water depth) disappears, while contourite 280 

erosions and non-deposition features disappear near the SSS (Figs. 6 and 7). Meanwhile, the terraced slope 281 

outline, with three steps (I-II-III) in the eastern study area (Figs. 3 to 5), changes into a two-stepped morphology 282 

(I-II) in the middle (Fig. 6), and finally into an unitary steep slope (III) in the west (Fig. 7). 283 

 284 

5. Discussion 285 

Closure seismo-stratigraphic interpretations of 2D seismic lines enable us 1) to analyze the deep-water 286 

complex dynamics controlling the formation of the deep-water sedimentary systems described above, and 2) to 287 

investigate the spatial distribution of the deep-water sedimentary systems on the northwestern marginal slopes 288 

of the SCS Northwest Sub-Basin. 289 

 290 

5.1. Driving forces controlling the formation of the SCS deep-water sedimentary systems 291 

 292 

5.1.1. Bottom current activities and the SCS circulation evolution 293 

On the gentle upper slopes in the eastern study area, where contourite channels, furrows and 294 

non-deposition features are observed, downslope C. 1 at a water depth of ~1350 m shows an eastward migration 295 

(Fig. 8A). Similar cases of oriented migrations within downslope canyons/channels have been reported around 296 

the world (e.g., on the upper slope of the SE Brazilian margin, at the continental rise of Southeast Greenland, on 297 

the margin in the Qiongdongnan Basin and Pearl River Mouth Basin in the northern SCS), and their formations 298 

are considered due to the gravity and bottom current interacting processes (Viana et al. 1999; Rasmussen et al. 299 
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2003; Zhu et al. 2010; He et al. 2013; Li et al, 2013). The eastward oriented migration within C. 1 is explained 300 

to be caused by the process that, the eastward flowing SIWC (roughly between 350 to 1350 m in water depths) 301 

push/force the downslope canyons migrating eastwards (Zhu et al. 2010; He et al. 2013; Li et al. 2013). 302 

Developments of the eastward canyon migrations and bottom current erosive features of contourite channels 303 

and furrows reflect relatively intense alongslope current dynamics (Hernández-Molina et al. 2008a; Stow et al. 304 

2008). Such energetic hydrodynamics might either be caused by high velocities of the SIWC by itself, or by 305 

intensified bottom currents, constrained by an obstacle, e.g., the appearance of the SSS (Chen et al. submitted). 306 

The development of sheeted drifts on the lower slopes below 2500 m in the eastern study area possibly 307 

indicates a wide non-focused current (Faugères and Stow 2008). Unfortunately, up till now, no detailed 308 

oceanographic information is available that may give more information on the bottom current velocities and 309 

directions in this area. Similar sheeted drifts have recently been reported in an adjacent area northeast of this 310 

study area, at water depths of ~3300 m, by Li et al. (2013). It is consider that these sheeted drifts were deposited 311 

by the westward SDWC, which is known to have the average current velocity of 0.15 m/s across the Luzon 312 

straight (Xie 2009). 313 

The northern SCS entered deep-water settings from the early Miocene (Shao et al. 2004; Xie et al. 2011), 314 

which allows complex hydrodynamics generating various deep-water sedimentations on the marginal slopes. 315 

The seismo-stratigraphic interpretation reveals that initial contourite erosions and steady ENE migrations of C. 316 

1 occurred after T4 (Figs. 4 and 8A), indicating sustained bottom current activities in this area from the early 317 

Late Miocene (11.5 Ma) onwards. It is consistent with idea that the SCS thermo-haline circulation was stable 318 

from the Middle Miocene to Pliocene (Zhao 2005; Wang 2007).  319 

Several contourite channels and the main body of sheeted drifts are recognized developing within the most 320 

recent strata (Figs. 3, 5 and 8B), where the sheeted drift deposits can be easily distinguished from underlying 321 

sediments through seismic expressions with highest amplitude and continuity, indicating widely intensified 322 
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bottom current activities in the SCS during this period. Closure interpretations of 2D seismic lines help restrain 323 

these contourite deposits within the Pliocene-Quaternary strata. Within the recent 5 Ma, the SCS deep-water 324 

circulation behaviours were controlled or strongly affected by : 1) the uplifting process of Bashi Channel from 325 

~5 Ma onwards, which blocked the SCS freely connecting to open oceans of the West Philippine Sea/the West 326 

Pacific Ocean on the eastern side (Li et al. 2007; Li et al. 2009), 2) the formation of Arctic ice caps from ~2.4 to 327 

1.8 Ma, followed with the worldwide strengthening of deep ocean circulation and the modern phase 328 

initialization of the SCS deep water circulation (Li et al. 2009 and references therein), 3) the final formation of 329 

Bashi Channel reaching its nowadays depth of ~2400 m and the mid-Pleistocene climate transformer event at 330 

~1 Ma, which are decisive factors for developing the final circulation pattern of the modern SCS (Li et al. 2007; 331 

Li et al. 2009; Wang and Li, 2009b; Zhao et al. 2009). Considering the highly consistent seismic reflection 332 

within the sheeted drift deposits (Figs. 3, 4, 5 and 8B), we tentatively assume that the bottom current 333 

intensifying involved might occur from the Late Pliocene onwards, in response to the start of modern phase of 334 

the SCS deep-water circulation. For further confirmations, however, more sedimentological data are required.  335 

 336 

5.1.2. Triggering and development of slope failures  337 

Generally, mass-transport processes of slides/slumps are prone to initiate on margins with maximum slopes 338 

(Mulder and Cochonat 1996; Lastras et al. 2006). In this study, mass-wasting deposits are distributed on slopes 339 

steeper than 2°, where is capable for causing instability and generating slope failures (Mulder 2011). The show 340 

up of reduced thickness of sediments after T4 and non-deposition features on slopes above the mass-wasting 341 

area (Figs. 3 to 6) indicates relatively low sedimentation rates. Considering the relatively low sedimentation 342 

rates, the seismic shown low seismicity and no signs for natural shallow gas or gas hydrates in this region, we 343 

suggest the steep slope be the decisive factor for triggering those mass-wasting processes (Laberg and Vorren 344 

2000; Imbo and De Batist 2003).  345 
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The headwall scarp, which is developed in the upper part of the failure surface (where failure took place), 346 

indicates the initial vacating by displaced sediments (Hampton and Lee 1996). When 1) slides lead to instability 347 

of the upper back part of the failure surface and cause following slumps and 2) the failure surfaces of the main 348 

displaced mass is merged with that of the following slumps, successive overlapped slumps are formed (Mulder 349 

and Cochonat 1996) (Figs. 3, 4 5 and 7). Thus the headwall scarp observed on the seismic profile of Fig. 4 may 350 

indicate a latest collapse event following the lower successive overlapping slumps. Initial movement of the 351 

detached slumps could occur by back-tilting or deformation in the basal part of the slumps (Laberg and Vorren 352 

2000). The staircase-like slumps observed in the study area are detached by a series of back-tilting failure 353 

surfaces, with small slide scars left behind (Figs. 3, 4 and 6). It hints a listric sliding of disintegrated 354 

homogeneous sediments and a retrogressive slumping pattern with the principal movement towards the SSE. 355 

 356 

5.1.3. Factors promoting wavy sediments 357 

Considering the developments of 1) continuous reflectors, 2) complete wave forms, 3) similar internal 358 

reflectors from one wave to the next, and 4) the upslope (NNW) migrations, we believe the wavy sediments 359 

observed in this study to be sediment waves, instead of soft sediment deformation features (e.g., creeping folds) 360 

(Wynn and Stow 2002). A sediment wave is defined as a large-scale (generally tens of metres to a few 361 

kilometres wavelength and several metres high) undulating, depositional bedforms generated beneath a current 362 

flowing at (or close to) the seafloor (Wynn et al. 2000). Commonly in deep-water environments, turbidity 363 

currents and bottom currents are referred as the main mechanisms responsible for generating sediment waves 364 

(Wynn and Stow 2002; Wynn and Masson, 2008).  365 

In the study area, sediment waves are developed on the mid-part of the northwestern marginal slope of the 366 

Northwest Sub-Basin (~1300 to ~2000 m in water depth, ~1.3° to ~2° of slope), where submarine canyons are 367 

widely developed but bottom current depositions, e.g., sediment drifts, are missing. Specifically, sediment 368 
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waves shown on seismic profiles of Fig. 8A are developed within the levee system of C. 5. Consulting with the 369 

summary of characteristics for different types of sediment waves by Wynn and Stow (2002), the depositional 370 

environment and medium wave dimensions (wave length < 2 km and wave height < 60 m) of the studied 371 

sediment waves, more likely, indicate a dominate wave-forming process of turbidity current. In adjacent areas, 372 

Jiang et al (2010) reported characteristics of sediment waves developed on slopes between the central canyon 373 

and the Shenhu uplift, and discussed the dominated mechanism for their origin to be overflows of turbidity 374 

currents flowing along the central canyon. Here we suppose the downslope turbidity current activities to take 375 

the main response for the generation of sediment waves reported in this paper. 376 

 377 

5.2. Spatial distribution of deep-water sedimentary systems 378 

 379 

Deep-water dynamic processes of downslope and alongslope current activities can shape and build 380 

continental margins, while the distribution of their sedimentary systems will in turn be influenced by various 381 

margin types (Hernández-Molina et al. 2008a, b; Stow et al. 2008; Mulder 2011 and references therein). The 382 

distribution pattern of deep-water sedimentary systems that was developed within the Pliocene-Quaternary 383 

deposits within the study area could be reconstructed (Fig. 9). This block diagram points out that, on the 384 

northwestern lower slope of the northern SCS, the composite of deep-water sedimentary systems is gradually 385 

modified from a complex of contourite erosive/depositional features, canyon and sliding deposits in the east, 386 

towards only a canyon and mass-wasting deposits in the west. This is further illustrated in Fig. 10, summarizing 387 

two deep-water sedimentary patterns based on different slope morphologies, representative for the eastern (Fig. 388 

10 a) and western (Fig. 10b) parts of the study area.  389 

The first pattern is based on a terraced slope in three steps (I-II-III), with the upper and lower parts of 390 

gentle slopes < 1.5° in average while the intermediate part is significantly steeper (> 2°) (Fig. 10a). Alongslope 391 
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depositional processes seem to be favoured on gentle slopes where the depositional environment is stable 392 

(Hernández-Molina et al. 2008b), generating erosive features on the upper parts and sheeted drifts at lower 393 

water depths. Downslope slides/slumps and canyons are focused on the intermediate steep slope as the 394 

representative products on unstable continental slopes, whereas alongslope depositional records are commonly 395 

missing due to 1) the failure of intermediate bottom currents to erode/deposit sediments, and/or 2) the fact that 396 

alongslope depositional records are strongly affected by frequent downslope processes (Mulder et al. 2008; 397 

Stow et al. 2008). Within the second pattern (Fig. 10b), the slope outline is changed into a two-stepped terrace 398 

(I-II) outline in the east, and further into a uniform steep morphology (III) (> 2° of slope) in the west. Finally 399 

the slopes are dominated by downslope gravity flow processes of slope failures and submarine canyons, where 400 

alongslope depositional records are absent. This westward simplifying tendency of composite deep-water 401 

sedimentary systems fact is consistent with the gradually steepening slope morphology from east (< 1.5°) to 402 

west (> 2°), indicating the possible impact of slope morphology changes on deep-water depositional processes 403 

in this area. Comparable situation occurs on the Argentine Margin, where downslope depositional processes 404 

dominate the steep slopes in the north, while the Argentine Contourite System is located on the southern-most 405 

gentle sector of the Argentine continental margin (Hernández-Molina et al. 2009, 2010).  406 

Contourite erosive features, e.g., contourite channels and furrows, indicate a bottom current with relatively 407 

high energy that enables erosions, while sheeted drifts are commonly referred to a current in lower energy that 408 

allows depositions (Hernández-Molina et al. 2008a; Faugères and Stow 2008). As discussed in 5.1.1, the 409 

contourite channels, furrows and non-deposition features appearing on the upper gentle slopes are products 410 

generated by the SIWC bottom current activities, while the sheeted drifts on the lower gentle slopes are in 411 

association with the SDWC. Thus, it hints the velocity differential between the SIWC to the SDWC, and 412 

reflects that various dynamic conditions of bottom current activities at different depths may justify specific 413 

contourite depositional products within their respective fields. Contourite depositional systems developed with 414 
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multiple oceanographic conditions have been widely reported around the world, e.g., the Argentine Contourite 415 

System (circulations of the Antarctic Bottom Deep Water, North Atlantic Deep Water and Antarctic Bottom 416 

Water), the Gulf of Cadiz Contourite Depositional System (the North Atlantic Deep Water, Atlantic Inflow 417 

Water and Mediterranean Outflow Water), contourite depositional systems around the Iberian margin (the 418 

Western Mediterranean Deep Water, Levantine Intermediate Water, Mediterranean Outflow Water and Lower 419 

Deep Water in the Atlantic) (Hernández-Molina et al. 2003, 2008a, 2010, 2011b). 420 

Moreover, it has to be noted that the apparent east-west morphological changes discussed in former texts, 421 

on the northwestern lower slopes off the Northwest Sub-Basin of the SCS, could be closely associated with the 422 

existence of the W-E oriented Xi’sha Trough on the lower part (in the south), and the appearance of the SSS on 423 

the upper part (in the east). One possibility might be that the Xi’sha Trough cuts off the lower slopes in the west 424 

and generates over steepened canyon flanks (> 4.5° in Fig. 6 and > 6.74° in Fig. 7) instead of gentle terraces 425 

(1.5° in average, Figs. 3 to 5), eliminating the required depositional environment for bottom currents. More 426 

sedimentological data are required to further address this issue, however, it is strongly hinted that the Xi’sha 427 

Trough should play a significant role in the SCS deep-water processes. 428 

 429 

6. Conclusions 430 

 431 

This study uses 2D multichannel reflection seismic data, combined with sedimentological data from 432 

published literatures, to investigate the depositional characteristics of a complex deep-water sedimentary system 433 

within the Pliocene and Quaternary strata on the northwestern lower slope of the Northwestern Sub-Basin, 434 

South China Sea. The main conclusions of this study are: 435 

1. During the Pliocene-Quaternary, a complex and composite deep-water sedimentary system has been 436 

developed on the northwestern middle-lower slope (~1000 to ~3500 m in water depth) of the Northwestern 437 
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Sub-Basin of the SCS. 438 

2. Alongslope depositional systems developed on gentle slopes (< 1.5° in average) in the eastern part, with 439 

alongslope aligned erosive features (contourite channels, furrows and non-deposition features) at water 440 

depth < 1500 m possibly generated by the eastwards SIWC, and sheeted drifts at water depth > 2500 m 441 

possibly generated by the westwards SIWC.  442 

3. Downslope gravity flow activities dominate the depositional processes on steep slopes (> 2°), generating 443 

submarine canyons and mass-wasting deposits of headwall scarp, successive overlapped slumps and failure 444 

surfaces, slide scars and detached slumps, at water depths ranging from ~1500 to ~2000 m in the east and 445 

~1250 to ~2250 m in the west. Turbidity current activities are suggested to take the main response for the 446 

generation of sediment waves (wave lengths < 2 km and wave heights < 60 m), which are developed on 447 

slopes (1.3° to 2°) ranging from ~1800 to ~2000 m in water depths and show continuous reflectors, 448 

complete wave forms and upslope (NNW) migrations. 449 

4. The composite of deep-water system is modified from east to west, from a complex of contourite 450 

erosive/depositional features, slope failures and canyons in the east, towards only mass-wasting and canyon 451 

depositions in the west, which is in close association with the steepening of slope morphologies from east 452 

to west in the study area. 453 
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Figure captions 636 

 637 

Fig. 1 (A) Overview map of the mid-northern part of the South China Sea (SCS), with the locations of the 638 

sedimentary basins, as well as the main local structures (Sun et al. 2009; Yuan 2009; Zhu et al. 2010; Wang 639 

2007). The four dots in yellow represent the drilling locations of 1) ODP sites 1144, 1146 and 1148 (Lüdmann 640 

et al. 2001; Wang et al. 2000) and 2) an industrial well W1. The two dotted lines in yellow represent the 641 

locations of through-well seismic lines: 1) the eastern seismic line connects ODP sites 1146 and 1146, and it is 642 

illustrated in Fig. 1B; 2) the western seismic line ties the industrial well W1 to the study area (red square), 643 

which contains the seismic profile of Fig. 3 as its southeastern section. The study area (red square) is located on 644 

the northwestern margin of the Northwest Sub-Basin (Fig2). The red arrows are the pathways for the intrusion 645 

of the Northern Pacific Deep Water into SCS via the Bashi Channel and the Luzon Strait (modified from Gong 646 

et al. 2012; Lüdmann et al. 2005); The pink arrows are possible deep current circulation pathways in the 647 

mid-northern SCS (Shao et al. 2007; Wang et al. 2010; Zheng and Yan 2012). The yellow star on the submarine 648 

canyon that connects with the Xi’sha Trough indicates the location of the Central Canyon in the Qiongdongnan 649 

Basin. The inset (middle left) is the regional setting of the SCS (modified from Sun et al. 2009). (B) 650 

Interpretation of the seismic profile connecting ODP sites 1146 and 1148 (modified from Lüdmann et al. 2001; 651 

Wang et al. 2000; Li et al. 2013); Q = Quaternary; P = Pliocene; M = Miocene; O = Oligocene 652 

 653 

Fig. 2 Bathymetry of the study area showing the locations of the 2D seismic profiles covered in the study area; 654 

the thick solid lines in white show the locations of profiles in Figs. 3 to 8; the dashed lines in yellow show the 655 

locations of submarine canyons (C. 1 to C. 6) covering in this paper; SSS = the South Shenhu Seamount 656 

 657 

Fig. 3 NNW-SSE oriented profile showing contourite channels and non-deposition features, sheeted drift, 658 
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mass-wasting deposits (successive overlapped slumps, failure surfaces, slide scar and detached slumps), and 659 

submarine canyon C. 1, on the terraced slopes with three steps of I (slope < 1.13°), II (slope > 3.3°) and III 660 

(slope of ~0.61° to ~2.45°) in the eastern study area 661 

 662 

Fig. 4 NNW-SSE oriented profile showing contourite channels and non-deposition features, sheeted drift, 663 

mass-wasting deposits (headwall scarp, successive overlapped slumps, failure surfaces, slide scar and detached 664 

slumps), and submarine canyon C. 1, on the terraced slopes with three steps of I (slope < 1.14°), II (slope of 665 

~2.35° to ~3.94°) and III (slope < 1.54°) in the eastern study area 666 

 667 

Fig. 5 NNW-SSE oriented profile showing contourite channels and non-deposition features, mass-wasting 668 

deposits (successive overlapped slumps and failure surfaces), wavy sediments, contourite sheeted drifts, and 669 

submarine canyon C. 2, C. 3 and C. 4, on the terraced slopes with three steps of I (slope < 0.875°), II (slope of 670 

~1.32° to ~2.84°) and III (slope < 1°) in the eastern study area 671 

 672 

Fig. 6 NNW-SSE oriented profile showing contourite furrow and non-deposition features, mass-wasting 673 

deposits (successive overlapped slumps, failure surfaces, slide scar and detached slumps), on the terraced slopes 674 

with two steps of I (slope < 1.05°), II (slope of ~1.1° to ~2.57°) in the western study area; the submarine canyon 675 

C. 2 is shown on the over steepened slopes (slope > 4.5°), where is a slide scar on the upper flank of the Xi’sha 676 

Trough 677 

 678 

Fig. 7 NNW-SSE oriented profile showing mass-wasting deposits (successive overlapped slumps and failure 679 

surfaces), wavy sediments, and submarine canyons C’, C’’ and C. 5 on the slopes with a uniform steep 680 

morphology II (slope > 2.07°) in the western study area; the over steepened slopes (slope > 6.74°) belong to the 681 
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upper flank of the Xi’sha Trough 682 

 683 

Fig. 8 A WSW-ENE oriented profile showing the downslope submarine canyon C. 1 on the eastern upper slopes 684 

of the study area, with a water depth of ~1350 m and slope < 1.14°; the solid arrow in black represents an 685 

obvious ENE migration of C. 1. B WSW-ENE oriented profile showing sheeted drift and submarine canyons of 686 

C. 4 and C. 6 in the eastern lower slopes, with water depths of ~2600 to ~3000 m and slopes of < 1 ° for sheeted 687 

drift and > 5.0° for canyons. C WSW-ENE oriented profile showing wavy sediments, and the downslope 688 

submarine canyon of C. 5 with its levee system, on the western intermediate slopes with a water depth of ~1800 689 

m and slope ~2.07° 690 

 691 

Fig. 9 Block diagram showing the distribution pattern of deep-water sedimentary systems that was developed 692 

over the Pliocene Quaternary in the study area; C. 1 to C. 6 = Canyon 1 to Canyon 6; SSS = the South Shenhu 693 

Seamount; the solid arrow in green represents the possible eastwards South China Sea (SCS) Intermediate 694 

Water Circulation (SIWC); the solid arrows in blue represent the possible westwards SCS Deep Water 695 

Circulation (SDWC); the dashed line in black represent the marginal fault 696 

 697 

Fig. 10 Deep-water sedimentary patterns based on the two slope morphologies representative for the eastern (A) 698 

and western (B) parts of the study area 699 

 700 
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