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Abstract 
High-resolution multi-beam bathymetry, 3D and 2D seismic reflection profiles from the South China Sea are used to investigate the 
morphology, characteristics, origin and implications to petroleum systems of recurrent slope failure in the Qiongdongnan Basin, 
northern South China Sea. Seven Late Miocene-Holocene mass-transport deposits (MTDs) and numerous submarine canyons were 
identified on the continental slope and rise. Providing new insights on the evolution of an enigmatic region of the South China Sea, 
this paper defends that the interpreted MTDs were caused by a combination of high sedimentation rates and local tectonic uplift. By 
comparing the stratigraphy of the study area with local sea-level curves, we show that a significant portion of shelf-edge deposits 
effectively bypassed most of the continental slope during the Miocene-Quaternary to accumulate as large MTDs on its lower part (i.e. 
on the 'basin-floor'), independently of sea-level changes. Our work has implications to the current sequence stratigraphic models for 
continental margins, and sheds new light on the reservoir potential of Miocene units in the South China Sea. Hence, regions where 
base-of-slope fans are expected to occur are, in the study area, occupied by large-scale recurrent MTDs sourced from the shelf edge. 
Stratigraphically, recurrent slope instability resulted: a) in abrupt episodes of accommodation space creation on the shelf-edge, b) on 
a moderate reduction in accommodation space at the base of the continental slope, and c) in a complete separation between shelf and 
distal slope depositional systems, with most stratigraphic markers on 3D seismic data being diachronous across the continental 
margin. As MTDs also comprise the bulk of channel-fill deposits in large submarine canyons, we propose that the reservoir potential 
of channel-fill deposits in the South China Sea is closely dependent on the nature of the sediment (i.e. net-to-gross ratio) eroded and 
transported by these same MTDs. 
 
Keywords: Continental slope; submarine landslides; mass-transport deposits; South China Sea; sediment bypass; petroleum systems. 
 
1.Introduction 

Sequence stratigraphy comprises the study of facies relationships and stratal architectures within known 
chronological frameworks, which are normally delimited on seismic and borehole data by unconformities (and 
correlative surfaces) of regional expression (Catuneanu et al., 2009). However, sequence stratigraphic analyses on new 
exploration prospects are seldom undertaken using extensive datasets, relying instead on the interpretation of seismic 
data complemented (when possible) with wireline and lithological information. Seismic data also images stratal 
architectures that are vertically separated only within the resolution limits of the seismic data, and does not resolve 
subtle features such as condensed sequences and high-frequency units, particularly at greater depths of investigation 
(Catuneanu et al., 2009). 

Trying to address these caveats, multiple standardized schemes, or stratigraphic models, have been proposed in the 
literature, from which the most widely known are Galloway (1979), van Wagoner et al. (1990) and, more recently, 
Catuneanu et al. (2009). These sequence stratigraphic models assume the existence of four main genetic types of 
deposits: aggrading, normal regressive, forced regressive and transgressive (see also Hunt and Gawthorpe, 2000). These 
genetic types are mainly controlled by relative base-level changes, and do not necessarily take into account tectonic and 
morphological aspects of the continental margin where strata accumulates. This poses a second important limitation 
when interpreting continental margins around the world, particularly those on which slope instability events are 
common, and complex depositional systems establish the link between deposition in shelf-edge regions and the lower 
slope (e.g. ‘base-of-slope fans' according to van Wagoner et al., 1990). The complex way in which erosional and 
depositional processes interact in time and space on continental margins resulted in their classification as Exponential, 
Gaussian and Linear by Adams and Schlager (2000). However, most sequence stratigraphic models do not take into 
account the morphological variability proposed by Adams and Schlager (2000) which, as shown in this paper, can 
impose significant controls on the type of depositional facies expected in ‘base-of-slope’ deposits. 

The term mass-transport deposit (MTD) is used in this work to describe all kinds of gravity-induced deposits 
transported downslope including debris flows, debris avalanches, slumps and slides, with the exception of turbidity 
currents (Moscardelli and Wood, 2008). MTDs play an important role in reshaping the morphology of continental 
margins and controlling the sedimentary architectures of sedimentary basins (Posamentier and Kolla, 2003; Gee et al., 
2006; Moscardelli et al., 2006; Moscardelli and Wood, 2008). They reflect processes capable of transporting large 
amounts of sediment onto the deeper parts of continental margins (Weimer, 1989; Frey-Martínez et al., 2005; Gee et al., 
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2006; Masson et al., 2006; Lee et al., 2007; Moscardelli and Wood, 2008; Bull et al., 2009) and comprise heterogeneous 
volumes of failed sediment of distinct lithologies and degrees of internal disaggregation (Alves et al., 2014). 
Furthermore, MTDs comprise some of the most important near-seafloor geohazards, posing a direct threat to deep-water 
equipment and engineering infrastructure, such as pipelines and communication lines (Locat et al., 2002; Krastel et al., 
2006; Masson et al., 2006). 

MTDs are ubiquitous in the northern South China Sea (Wu et al., 2011) and particular attention has recently been 
paid to understand the significance, distribution, and frequency of these deposits in the Qiongdongnan Basin, or the 
QDNB (Sun et al., 2011; Wang et al., 2013; Li et al., 2013). This renewed attention results from the discovery of 
hydrocarbon reservoirs, such as the Ya 13-1 gas field, in the northern part of the basin (Chen et al., 1993; He et al., 
2006). Acknowledging the importance of the QDNB as a hydrocarbon producing region, this paper uses high-resolution 
seismic reflection data and multi-beam bathymetry data to: (1) analyse the morphology of the central part of the QDNB; 
(2) document the stratigraphic distribution of recurrent MTDs accumulated from the Late Miocene on the continental 
rise; (3) discuss the factors controlling the deposition of these MTDs, and (4) propose a depositional model for the study 
area, discussing the implications of our new model to petroleum systems in the QDNB. This study will be of particular 
significance to future risk assessments in this area, and our model is useful to better understand the recurrence of slope 
failure on continental margins dominated by strike-slip tectonics such as the QDNB. In fact, previous studies on MTDs 
have demonstrated the significance of high-resolution multi-beam bathymetry and seismic reflection data, as those used 
in this paper, in improving our understanding of their internal structure and depositional evolution (Gee et al., 2006; 
Migeon et al., 2011; Völker et al., 2011; Krastel et al., 2012; Li et al., 2014). 
 
2. Data and methods 
 

Multi-beam bathymetry and high-resolution 2D and 3D seismic data were used to map Miocene-Quaternary 
submarine landslides and study the spatial distribution of MTDs in the QDNB (Fig. 1). The two interpreted 3D seismic 
volumes were acquired by China National Offshore Oil Corporation (CNOOC) in 2005 (Fig. 2). The seismic volumes 
were processed to a main frequency bandwidth of 30-45 Hz, and Common Mid Point spacing of 12.5 m. The vertical 
resolution of the seismic data is ~25 m. In addition to the two 3D seismic volumes, we interpreted 20,000 km2 of multi-
beam bathymetry data acquired in 2008 within water depths ranging from 200 m to 2600 m (Fig. 2). The horizontal and 
vertical resolutions of the multi-beam bathymetry data are ~100 m and ~1-3.3 m, respectively. The high-resolution of 
the multi-beam bathymetric data allowed us to identify and analyse any submarine landslides with seafloor expression. 

Based on stratigraphic and wireline log data of Well LS33-1 (Figs. 3 and 4), main seismic reflections were 
identified and mapped using standard industry interpretation software. The ages of seismic surfaces were based on 
stratigraphy from Well LS33-1 and on previous research results (Wu et al., 2014). Seven main regional stratigraphic 
horizons T70 (29.3 Ma), T60 (23.3 Ma), T50 (15.5 Ma), T40 (10.5 Ma), T30 (5.5 Ma), T20 (1.9 Ma), and the seafloor, 
were therefore identified and tied to Well LS33-1 (Figs. 3 and 4). Post-rift sequences in deep-water regions of the 
QDNB chiefly consist of fine-grained hemipelagic sediments. The drilling core and logging data from Well LS33-1 
reveal that silt, fine sandstones and mudstones predominated on the open slope of the QNDB since, at least, the Middle 
Miocene. 

 
3. Geological Setting 
 
a) The QDNB and the evolution of the Red River Fault 

 
The QDNB comprises a NE-trending Cenozoic Basin with an area of approximately 45,000 km2, located in the 

northern part of the South China Sea (Fig. 1). The QDNB is bounded by the Hainan Island to the northwest, by the 
Yinggehai Basin to the west, by the Pearl River Mouth Basin to the northeast, and by the Xisha Uplift to the southeast 
(Fig. 1). The study area is located in the central part of the QDNB, where the basin records two main tectonic events: a 
rifting stage spanning the Paleocene to early Oligocene, and a post-rift stage of Early Miocene to Quaternary age (Gong 
and Li, 1997). Offshore, seven stratigraphic sequences can be recognized and tied to well log sections over the acoustic 
basement of the QDNB (Figs. 3 and 4). These sequences comprise the Yacheng Formation, the Lingshui, Sanya, 
Meishan, Huangliu, Yinggehai and Ledong Formations, from bottom to top (Fig. 3). These sequences are bounded by 
main unconformities revealed on seismic data as regional surfaces of erosional truncation: T70, T60, T50, T40, T30 and 
T20 (Fig. 4; Wu et al., 2009). 

On a regional scale, the evolution of the QDNB is closely associated with strike-slip tectonic movements along the 
Red River Fault (Zhu et al., 2009). This same fault experienced sinistral strike-slip movement from Eocene to Miocene, 
changing to a predominant dextral regime at ~5 Ma (Allen et al., 1984; Leloup et al., 1995; Morley, 2002; Fyhn et al., 
2009). In the QDNB, tectonic movements ceased at the end of Miocene, precluding a post-rift subsidence stage (Zhou et 
al. 1995; Sun et al. 2003). Such a change led to a significant increase in local deposition rates, which reached up to 0.7 
mm/y in the Quaternary (Sun et al., 2009). An associated shelf-slope system, originated in the middle Miocene (Chen et 
al., 1993; Xie et al., 2006), was further developed during the post-rift stage, as recorded by the alternated deposition of 
thick MTDs and incision of vast systems of submarine canyons (Xie et al., 2006; Yuan et al., 2009). 
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b) Margin physiography 
 

The western border of the QDNB is coincident with the Red River Fault, a NW-SE-trending strike-slip fault active 
at present (Zhu et al., 2009) (Fig. 1). The study area is characterised by a relatively broad, southeast-dipping continental 
shelf, 200-280 km wide (Fig. 2). Major rivers comprise the main source of sediment onto the shelf, with large quantities 
of sediment trapped on the shelf-break (Xie et al., 2006). During sea-level lowstands, sediment by-passed the shallower 
zones of the margin, resulting in reduced contribution of terrigenous sediment to the outer shelf region (Xie et al., 
2008).  

The continental slope in the QDNB is steep (~4.5°) and incised by multiple submarine canyons and smaller 
submarine gullies (Figs. 5a and b). The mid- and lower slope areas are marked by the deposition of a thick wedge of the 
Cenozoic sediments (Figs. 1 and 4). Steeper gradients (>10°) are recorded in this region in association with widespread 
seafloor instability (Fig. 5b). As a result, four slide scars and thirty-two submarine canyons are presently observed in the 
study area (Figs. 5a and b). 
 

4. Results 
 
4.1 Multi-beam bathymetry 
 

Multi-beam bathymetry provided detailed seafloor morphological data in the QDNB (Fig. 5a). Within the study 
area, four Holocene submarine landslides and numerous submarine canyons are identified. A detailed description of 
these submarine features is provided in the following paragraphs. 

 
4.1.1 Submarine canyons 
 

The QDNB comprises a SE-facing continental slope with a shelf break located at ~160 m water depth (Fig. 2). The 
shelf-break area shows several submarine canyons and slide scarps that generally strike in a NW-SE direction (Fig. 6). 
These canyons are essentially linear, and strike perpendicular to the slope (Fig. 5a). The heads and flanks of the canyons 
are carved by numerous gullies, which are relatively abundant towards the upper part of the slope, but generally absent 
at its base (Figs. 6a, b and d). Gullies provide direct evidence for intense erosion within the modern submarine canyons. 
The canyons are ~10 km to 20 km long and characterized by well-developed semicircular heads and incised 
amphitheatre rims (Fig. 6b). In general, the submarine canyons in the northeast part of the continental margin have more 
gullies than those to the southwest (Fig. 5a), which may indicate more pronounced erosion in the former region. 

 
4.1.2 Morphology of submarine landslides 
 

Evidence for important mass-wasting processes is observed at several locations in the QDNB (Fig. 5a). For 
instance, multi-beam bathymetry reveals the presence of four MTDs (A-D) on the modern seafloor (Table 1; Figs. 6a, b 
and c). These MTDs, and associated scars, appear to be relatively recent, as the depressions are not completely draped 
by hemipelagic sediment. They are all characterized by having a smooth depression upslope and a rough topographic 
rise downslope (Figs. 6a and c). The smooth seafloor morphology is clearly visible on the present-day seafloor, 
corresponding to evacuated landslide scars. In contrast, areas of rugged seafloor correspond to the depositional zones 
were the MTDs accumulated. The slope gradient within the evacuated scars is similar to the surrounding area (Fig. 5b).  

The four Holocene MTDs are associated with U-shape headwall escarpments, which are generally 30-50 m high. 
Headwall escarpments of MTDs A, B and C lie at depths of 400 m to 600 m, directly connecting with canyon systems 
upslope (Figs. 2 and 6). MTD D has its escarpment at water depths of 1200 m to 1400 m. Evacuation zones are 
surrounded by escarpments, below which the accumulation zones of MTDs are clearly observed (Figs. 6a and c). Run-
out distances of MTDs A to D are 34 km, 26 km, 27 km and 24 km, respectively (Table 1). In addition, MTD C has a 
~50 m high escarpment, but it was not possible to identify the deposits of this slide which may probably dispersed under 
a thin layer of hemipelagic sediments further downslope (Fig. 6c). Estimates of the geometry and distribution of these 
MTDs, based on the multi-beam bathymetry data, are presented in Table 1. 

 
4.2 Seismic data 
 
4.2.1 Recurrent MTDs in the study area 
 

The interpretation of recurrent MTDs followed previously-established criteria published in Frey-Martínez et al. 
(2005) and Bull et al. (2009), i.e. it was based on the recognition of sedimentary bodies characterized by chaotic and 
transparent facies bounded above, below and laterally by continuous strata (Figs. 7 and 8). The interpreted seismic data 
reveal several large-scale MTDs in the mid- to lower-slope regions of the QDNB (Figs. 7 and 8). These MTDs are 
interbedded within high-amplitude, continuous seismic reflections that likely comprise hemipelagite and turbidite 
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successions similar to those documented in Gamboa et al. (2010). At their base, these MTDs are bound by basal shear 
surfaces marked as continuous negative reflections, generally concordant with the underlying strata (Fig. 7).  

To the southwest of the study area, seven distinct Miocene to Quaternary MTDs are identified (Figs. 7 and 8). The 
seven MTDs were transported in a SE direction. Fig. 7 shows the stratigraphic positions of these MTDs. The spatial 
distribution and cross-cutting relationship were used to determine the relative timing of the MTDs. MTD 7 is the oldest 
in the study area (Fig. 7), and is located above the Central Canyon. Its toe region rests on the southeastern side of the 
Central Canyon (Fig. 7). MTDs 2 and 6 have an average thickness of ~100 m. Their upper and lower boundaries 
coincide with continuous, high-amplitude reflections that extend towards the southeast, beyond the limits of the seismic 
data set. Compared with MTD 2 and MTD 6, other MTDs have shorter run-out distances and rest on the continental 
slope, pinching-out towards the southeast (Figs. 7 and 8). 

In the northeastern part of the QDNB, MTDs can be identified from the base of the Central Canyon to the seafloor 
(Fig. 9). At two-way time (TWT) depths of ~3 s, the basal shear plane of MTD 8 steeps-up dramatically to form a fontal 
ramp, i.e. forming a frontally confined MTD (Fig. 9). The distal limit is typically demarcated by an abrupt frontal ramp 
sensu Frey-Martínez et al. (2006). Highly deformed and discontinuous seismic reflections form in this same MTD 8 an 
imbricated series of thrusts in its toe region. The thrusts are formed due to local compression and comprise key 
kinematic indicators that constrain the movement of the MTD to a NW-SE direction. 

 
4.2.2 Morphology and internal structure of interpreted MTDs 
 

The detailed interpretation of 2D and 3D seismic data in the QDNB allowed the recognition of two types of MTDs 
based on their relative locations: a) canyon-fill MTDs, and b) open-slope MTDs (Figs. 8, 10, 11 and 12).  

Several late Miocene-Quaternary submarine canyons are observed on seismic data (Fig. 10a). These canyons are 
filled by sediments that are characterized by chaotic to discontinuous seismic reflections of low amplitude (Fig. 10b and 
c). These strata are interpreted in this paper as comprising MTDs sourced from the margins of the channels and upper 
slope landslides. In fact, slope gradients along the submarine canyons are extremely high (Fig. 5b). Local sediment 
failure in canyon heads and walls are interpreted to have generated MTDs above basal channel-lag deposits, which are 
marked by continuous, high-amplitude reflections (Fig. 10b and c).  

Open-slope MTDs are mainly observed in mid-slope regions at younger stratigraphy levels to the channels. Open-
slope MTDs are characterized by presenting chaotic to discontinuous seismic reflections bounded by parallel seismic 
reflections above and below (Figs. 7, 8 and 9). Open-slope MTDs can comprise confined and frontally emergent MTDs 
sensu Frey-Martínez et al. (2006) (Fig. 8). 

 
5. Evidence of associated slope failure and channel incision in the QNDB 

 
Multiple geological processes have been proposed to explain the recurrence of slope instability along continental 

margins. Main processes include gas hydrate dissociation, tectonic oversteepening, high sedimentation rates, 
fluctuations in sea-level, volcanic episodes and earthquakes (Canals et al., 2004; Sultan et al., 2004a; Sultan et al., 
2004b; Bryn et al., 2005; Berndt et al., 2012; Zhao et al., 2015). In this section we investigate four possible factors 
triggering recurrent slope failure in the QDNB: a) high sedimentation rates, b) oversteepening of the continental slope, 
c) tectonic reactivation and seismic activity, and d) fluctuations in sea-level. As there is no evidence of fluid flow 
phenomena in our study area, including the presence of free gas, pockmarks, mud diapirs and gas hydrates, we consider 
these latter factors as secondary triggers to slope instability in the QDNB. Such a character contrasts with areas of the 
South China Sea (e.g. Wang et al., 2011; Wang et al., 2014), including around the Dongsha Uplift, in which gas hydrates 
were systematically observed in near-seafloor sediment (Li et al., 2013; Wu et al., 2005). 

Shallow sediment in the northwestern slope was chiefly sourced from the Red River into the South China Sea 
(Wang et al., 2013). These same authors suggest that, during the late Miocene, sediment from the Red River reached the 
QNDB only after the filling of the Yinggehai Basin. Resulting high sedimentation rates could have a direct impact on 
the building up of excess pore pressure in fine-grained sediments, which is considered as one of the principal 
preconditioning factors for slope failure along continental margins (Imbo et al., 2003; Sultan et al., 2004a). Recent 
studies yield that the central part of the QDNB experienced accelerated post-rift subsidence since the Late Miocene 
(10.5-0 Ma) and that sedimentation rates increased dramatically from 400 m/Myr to 800 m/Myr during this period (Zhu 
et al., 2011; Zhao et al., 2013). As a consequence of rapid sediment loading, recurrent slope failure events were 
triggered along the QDNB, as observed on the interpreted seismic data (Fig. 7b). As a result, we suggest the high 
sedimentation rates recorded after the Late Miocene in the study area as an important preconditioning factor for the 
development of the recurrent MTDs documented in this paper. 

The distribution of the recurrent MTDs appears, in the QDNB, to be closely controlled by the development of an 
increasingly steep continental slope with time (Figs. 11 and 12). We interpret in this paper that shelf-slope systems in 
the QDNB formed initially during the Middle Miocene and were controlled by the reactivation of pre-existing slope-
parallel faults (Figs. 1 and 11; Chen et al., 1993; Xie et al., 2008). Such an interpretation is corroborated by the seismic 
profiles in Figs. 11 and 12. A key observation on these seismic profiles is that the shelf margin is oversteepened and 
sediment mostly bypassed the shelf onto the lower slope in the form of MTDs and turbidite systems (Fig. 11). High 
slope gradients were later maintained by high rates of sediment supply during the Late Miocene, resulting in failure of 
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the upper slope, which in turn generated large-scale mass movements further downslope (Fig. 12). At the same time, the 
continental slope was undercut by numerous gullies and canyons in response to widespread slope instability. Local 
slope undercutting by newly-formed channels and gullies created steep slopes that may later trigger further slope 
instability events. This widespread erosion and sediment bypass is interpreted in this paper to have resulted in the 
development of a highly unstable slope, generating not only large-scale MTDs but also the topographically confined 
MTDs that fill the larger canyons in the QDNB (Figs. 10, 11 and 12). An example of widespread sediment bypass and 
erosion is shown in Fig. 12, in which the slope was steepened and numerous recurrent MTDs are interpreted on the 
lower continental slope. 

A secondary preconditioning factor in the study area is earthquake activity. Tectonic uplift in the QDNB largely 
ceased in the post-rift stage (15.5 Ma; Zhou et al. 1995; Xie et al. 2006), with the study area experiencing rapid 
subsidence events at 5.3 Ma in the west and at 10.5 Ma in the mid-east of the QDNB, respectively (Yuan et al., 2008). 
Nevertheless, tectonic reactivation is recorded on the continental slope throughout the study area - likely in association 
with movement on the Red River Fault, which changed from a sinistral strike-slip regime to dextral movement at about 
5.5 Ma (Leloup et al., 1995; Zhu et al., 2009) (Fig. 1). The fault also reactivated the western part of the QDNB during 
the Quaternary (Schimanski and Stattegger, 2005).  

High-frequency seismicity resulting from local inversion and reactivation of the Red River Fault has been recorded 
in the QDNB (Wei and Chung, 1995; Zhu et al., 2009; Zhu et al., 2011). In the study area, tectonic reactivation and 
associated earthquakes would have increased pore pressure of sediments and resulted in widespread slope instability. 
Moreover, along-slope faults in the northwest of the QDNB recorded a change to a dextral strike-slip regime in the Red 
River Fault and may have slip up to 5 km with a rate of 1-5 mm/yr since Pliocene (5.5 Ma) (Zhu et al., 2011). The 
reactivation of along-slope faults and related seismicity were likely responsible for the triggering of large-scale slope 
failures by seismic shaking and loading. 

Relative sea level fluctuations in the QDNB were frequent from the late Miocene to present (Fig. 4) (Wei et al., 
2001). An obvious relative sea-level drop of 100 m can be identified in the late Miocene (8.2-5.5 Ma) in the QDNB 
(Fig. 4). Moreover, cyclic sediment deposition associated with three cycles of main relative sea level fluctuation since 
2.9 Ma was documented on the southern slope of the QDNB (Sun et al., 2011). In the QDNB, the lack of accurate age 
determination hampers a calibration of the emplacement of the different MTDs with relative sea level cycles. Although 
MTDs are considered to occur preferably during relative sea level lowstands, according to the classical sequence-
stratigraphy models, recent studies carried out on passive and active continental margins have shown that, theoretically, 
relative sea-level fluctuations do not have an influence on slope stability and MTDs can be recognized during different 
(relative) sea level conditions (Laberg et al., 2002; Maslin et al., 2004; Haflidason et al., 2005; Locat et al., 2009; 
Twichell et al., 2009; Urlaub et al., 2013). Therefore, we conclude that the recurrence of mass-wasting in the study area 
was controlled by the combining action of high sedimentation rates on the shelf edge, seismic activity and 
oversteepening of the continental slope rather than by variations in relative sea level alone. 

 
6. Discussion 
 
6.1 Testing the published sequence stratigraphic models 
 

Based on the morphology, stratigraphic distribution and different types of MTDs interpreted, we constructed a 
depositional model for the QDNB with the purpose of testing if the 'classical' sequence-stratigraphic models of van 
Wagoner et al. (1990) and Catuneanu et al. (2009) are applicable to the study area (Fig. 13). Our model provides a 
major tool to understand the stratigraphic importance of mass movements in steepened, bypass continental margins. 

The development of recurrent MTDs in the QDNB can be synthesized in three main stages (Fig. 13). The Red 
River was, as it is at present, the main source of sediment to the QDNB. During the middle Miocene, the shelf-slope 
system in the QDNB began to develop and mass-wasting was primarily controlled by the reactivation of pre-existing 
along-slope faults (Fig. 13a). During the late Miocene (10.5-5.5 Ma), the QDNB entered into its subsidence stage, and 
sedimentation rates in the QDNB became anomalously high, reaching 550 m/Myr. This increase in sediment influx was 
followed by a prominent sea-level drop of ~100 m in the late Miocene, a setting that resulted in the evolution of a 
progradational slope (Figs. 4, 13b). This progradation is well documented by the trajectory of the shelf edge on seismic 
data (Fig. 11). Submarine canyons also began to develop at this time, i.e., synchronously with the triggering of small-
scale MTDs. After 5.5 Ma, sedimentation rates dropped in combination with the development of a wide shelf (200-280 
km) (Fig. 13c). Relatively fewer sediment was deposited on the northwestern slope of the QDNB. The sediments were 
mainly deposited on the outer shelf, and then progressively aggraded onto the continental margin.  

During these events, slope gradients episodically (but frequently) exceeded their equilibrium gradient, triggering 
large gravity-controlled mass movements. The high frequency of these events resulted in the creation of a vast region of 
sediment by-pass on the shelf-break and upper-slope regions - a setting that contrasts with the 'classical' sequence-
stratigraphic models published in van Wagoner et al. (1990) and Catuneanu et al. (2009), to cite two examples. Two 
features are proof of this distinct setting: a) abrupt episodes of accommodation-space generation are recorded in the 
shelf-edge area in association to the major episodes of instability on the continental slope (Fig. 13c); b) the filling of 
buried channels by MTDs implies significant erosion on the shelf edge (Figs. 10a, b and c), a setting that hints for a 
complete detachment between shelf and distal slope depositional systems. This setting is revealed by the diachroneity of 
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most stratigraphic markers across the continental margin, with no shelf-margin progradation (nor aggradation) of 
sediments occurring in a uniform way along the upper slope and shelf-break regions. As a result, we propose that the 
reservoir potential of the QDNB, and chiefly of channel-fill deposits in the South China Sea, is closely controlled by the 
erosional history of the continental slope, and depends closely on the nature of the sediment (i.e. net-to-gross ratio) 
eroded and transported as the MTDs that fill these same channels. 

Examples of regions of important continental slope bypass are known from West Iberia (Alves et al., 2003), 
Rockall Trough margin (Weering et al., 2003) and the Bay of Biscay (Gonthier et al., 2006). In these areas, depositional 
settings varied in time and space in relation to tectonic and eustatic episodes. In particular, uplifted topography in the 
form of seamounts are important barriers to slope-derived sediment (Alves et al., 2003), limiting sediment supply into 
deeper abyssal areas by forming localised sub-basins and constituting topographic barriers to slope-derived sediment. 
Importantly, erosional processes on the continental slope are triggered by fault-controlled subsidence of the continental 
rise, generating abundant turbidites, debris flows and slump deposits drilled at DSDP site 398 (Réhault and Mauffret, 
1979). 

Mass-wasting processes are therefore interpreted to predominate in these bypass margins, as a response to local 
subsidence and tectonic activity, leading to the accumulation of coarse grained debris flows, transported by submarine 
canyons, onto the abyssal plain. 

 
6.2 Implications for the petroleum potential of the NE China Sea 
 

Two significant effects on the petroleum potential of the South China Sea result from the identification of recurrent 
MTDs in the QDNB. The QDNB is a petroliferous basin, and many large hydrocarbon fields have been discovered in 
the study area (Wu et al., 2009). At least four large-scale MTDs are recognized on the modern seafloor with run-out 
distances of more than 20 km, denoting a significant threat to subsea installations located in the distal parts of deep-
water basin is similar mass-wasting events are triggered in the future. On the other hand, the abundance of recurrent 
mass-wasting events in submarine canyons and open slope areas increases the risk of future hydrocarbon exploration in 
the study area. Net-to-gross ratios in these MTDs are closely dependent on the nature of sediment that they eroded in 
shelf-edge and upper-slope regions. High net-to-gross ratios have positive implications in terms of reservoir potential, 
but will decrease the competence of seal units eroded in shallower parts of Miocene-Quaternary slope systems to 
provide the strata remobilised by the recurrent MTDs. Conversely, MTDs are capable of enhancing source potential in 
lower slope areas by increasing burial depths for older (early Cenozoic) source intervals, a phenomenon recorded east 
of the QDNB in the Pearl River Mouth Basin (Zhao et al., 2015). 

The second implication recognised in this paper relates to how mass-wasting processes influence the evolution of 
the QDNB, and of continental margins around the world. The Late Cenozoic morphology of the QDNB was strongly 
influenced by the emplacement of the repeated MTDs, creating an exponential profile typical of highly-eroding margins 
(Adams and Schlager, 2000). The occurrence of MTDs is therefore associated with important events of erosion on such 
exponential margins, with retrogressive failure and sediment evacuation during mass-wasting events obliterating most 
of the stratigraphic record on the shelf-edge and upper slope. As a result of this setting: a) strata accumulated in distal, 
'base-of-slope' regions, are prone in MTDs (and relatively depleted of turbidites) on exponential margins (cf. Adams and 
Schlager, 2000) such as the QDNB’s; b) channel-fill deposits, potentially with the higher reservoir potential, are filled 
with MTDs of distinct lithologies and internal organisations. In such a setting, net-to-gross ratios of failed MTDs and, 
particularly, the presence of megabreccias sourced from steeper proximal parts of the slope are the facies that present 
the most favourable potential reservoir in the QDNB, and in similar settings in the South China Sea. 

In the QDNB, a case-study with implications for the entire South China Sea, relatively strike-slip tectonics was 
responsible for: (1) the reactivation of along-slope faults, with subsequent episodes of seafloor instability leading to the 
deposition of MTDs, (2) forced folding of Mesozoic-Cenozoic units, particularly along restraining bends and local pop-
ups; (3) several types of fault-related traps (see Fig. 9 for an image of an uplifted horst where fault-related and 
stratigraphic traps are observed). This latter case is particularly important where erosion and filling of erosional 
paleochannels occurred, generating renewed reservoir packages at relatively shallow depths (Figs. 8 and 9). A few of 
the structural traps observed in the QDNB might not be related uniquely to strike-slip tectonics, a character broadening 
the range of potential structural traps in the study area. Particular care should also be given to differential compaction as 
a process capable of generating low-angle, broad folding in strata deposited below the imaged MTDs (see Alves and 
Cartwright, 2010). Considering the existence of a fairly homogeneous set of MTDs in the study area, to recognize the 
existence of structural traps in Cenozoic successions is a critical test to the existence of hydrocarbon accumulations of 
economic importance within continental slope basins of the South China Sea. 
 
6.Conclusions 
 

We have provided a detailed analysis of seafloor morphology and identified several recent submarine landslides, 
and shelf-incised canyons, in the central part of the QDNB, northern South China Sea. The main conclusions of this 
study are: 

 
a) A significant portion of shelf-edge deposits bypassed most of the continental slope to accumulate as large MTDs 
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on its lower part (i.e. in the 'basin-floor'), independently of any sea-level variations recorded during the Late Miocene-
Quaternary. 

 
b) This interpretation has implications for current sequence stratigraphic models, and sheds new light on the 

reservoir potential of Miocene units in the South China Sea. 
 
c)  Stratigraphically, recurrent slope instability resulted in abrupt episodes of accommodation space creation in 

shelf-edge regions. 
 
d) The setting observed in the QDNB records a complete detachment between shelf and distal slope depositional 

systems, with most stratigraphic markers on 3D seismic data being markedly diachronous across the continental margin. 
 
e) As MTDs also comprise the bulk of channel-fill deposits in large submarine canyons. Reservoir potential in the 

South China Sea is closely dependent on the nature (i.e. net-to-gross ratios) of sediment eroded and transported by 
discrete MTDs. 
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Figure Captions 
 
Fig. 1 Combined bathymetric and topographic map showing the locations of sedimentary basins in the northern part of 
the South China Sea. The study area (black box) is located in the central part of the QDNB. The location of major 
structures and geological features (e.g. Red River Fault, Central Canyon and slope-parallel faults) are taken from Xie et 
al. (2008) and Gong et al. (2011). 
 
Fig. 2 Depth contour map showing the submarine channels, the Changchang depression and the Xisha Horst (see Fig. 1 

for location). The blue box represents the location of Fig. 5. The red boxes show the location of the two 3D seismic 

volumes interpreted in this paper. White solid lines highlight the location of 2D seismic profiles shown in this paper. 

The red dot shows the location of Well LS33-1. 
 
Fig. 3 Lithological column highlighting main sequences and relative sea-level variations in the QDNB during the 

Paleogene-Quaternary (modified after Wu et al., 2009). Sea level curves for the QDNB were adopted from Wei et al. 

(2001). The eustatic sea-level curve is taken from Haq et al. (1987). 
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Fig. 4 (a) 2D seismic profile across the Central Canyon (see Fig. 2 for location). (b) Corresponding interpretation 

showing seven seismic sequences. The ages of seismic surfaces are based on stratigraphic data from Well LS33-1 and 

on data from Wu et al. (2014). 
 
Fig. 5 (a) Bathymetric map highlighting the presence of thirty-two (32) submarine channels and four (4) MTDs in the 

QDNB. Blue rectangles show the locations of Figures 6a-6d. (b) Seabed slope angle map highlighting the high slope 

angles observed in submarine channels and slide scarps. 
 
Fig. 6 Seafloor morphology of four distinct areas of the QDNB, showing four MTDs with evacuated headwall scars and 

accumulated sediments in the toe regions of the slope. Incised submarine channels in the northeast of the continental 

margin (Fig. 6d) show more slope gullies than those in the southwest (Fig. 6b) (see Fig. 5a for location). 
 
Fig. 7 (a) 2D dip-oriented seismic section from the western part of the study area (see Fig. 2 for location). (b) 

Interpreted seismic section, showing the stratigraphic context of the seven MTDs interpreted in this paper. The MTDs 

are characterized by chaotic amplitude reflections, in contrast to adjacent strata separating them. The seven MTDs are 

younger than 5.5 Ma (T30). 
 
Fig. 8 (a) Along-strike oriented seismic section highlighting the recurrent MTDs interpreted in the study area (see Fig. 2 

for location). (b) Interpreted seismic section showing stratigraphic context of the recurrent MTDs. MTD 2 and MTD 6 

are also recognized in Figure 7. 

 

Fig. 9 (a) Seismic section across the Central Canyon. (b) Interpreted seismic section showing recurrent MTDs 

developed within and above the Central Canyon. Note the presence of an uplifted horst leading to forced-folding of 

strata to the SE of the interpreted profile. The seismic section also reveals a frontal ramp and several well-developed 

thrusts in MTD 8. 

 

Fig. 10 (a) 2D seismic section extracted from the interpreted 3D seismic volume (see Fig. 2 for location) showing the 

seismic expression of recurrent MTDs accumulated within Late Pliocene-Quaternary submarine canyons. (b) Vertically-

stacked submarine canyons were mostly filled by MTDs, some of which can be sandy in nature. (c) Within the most 

recent canyons, there is evidence of small-scale MTDs transported from the flank of the canyons. 

 

Fig. 11 2D seismic profile through the shelf-slope of the QDNB (see Fig. 2 for location). Slope-parallel faults related to 

tectonic uplift penetrated the younger strata, at places reaching the seafloor. Chaotic facies reflecting the presence of 

MTDs are distributed within the canyons and open slope area. A steepening shelf-margin after 5.5 Ma (T30) suggests 

decreased sediment supply and increased mass movements in the Late Cenozoic-Quaternary. 

 

Fig. 12 2D seismic line (see location in Fig. 2) across the shelf-slope of the QDNB showing a oversteepened slope, 

canyon-filled MTDs and open-slope MTDs that were accumulated in lower-slope areas. 

 

Fig. 13 Depositional model for the development of recurrent MTDs in the QDNB and on by-pass margins such as those 

referred to in the discussion. (a) Initiation of the shelf-slope system in the QDNB during the Middle Miocene. Canyon-

fill MTDs developed accompanied the formation of submarine canyons. (b) During the Late Miocene, open-slope 

MTDs began to develop due to the increasingly high sedimentation rates and reactivation of pre-existing slope-parallel 

faults. (c) After 5.5 Ma (T30), sedimentation rates decreased and the continental shelf became wider, leading to 

oversteepening of the shelf margin. Most of the sediments were deposited on the outer shelf. The shelf margin shows a 

nearly vertical stacking pattern. Modern MTDs observed on the seafloor indicate the continental margin in the QDNB to 

be still dominated by MTDs. 
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Table 1 Estimated length, width, average thickness, volume and maximum run-out distance of MTD A to D (see Fig. 6 

for location). 
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MTD Length  

(km) 

Width  

(km) 

Average 

thickness (m) 

Volume 

(km3) 

Max run-out 

(km) 

MTD A 21 3.8 20 1.596 36 

MTD B 14 6.5 20 1.82 26 

MTD C 19 7 20 2.66 27 

MTD D 20 3.6 20 1.44 24 
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- Strike-slip tectonics resulted in the deposition of seven large MTDs in the South China Sea 
  
- Reservoir potential in submarine channels depends on the nature of MTDs filling them 
  
- Sequence-stratigraphic models are distinct in by-pass margins from published models 
  
- ‘Base-of-slope’ fans are replaced by widespread MTDs on by-pass margins 


