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Abstract
A study utilizing a dense grid of seismic and piston-core data revealed that four different types of sediment wave fields have
formed on the northern slope of the strongly enclosed and low-latitude marginal South China Sea (SCS). Their origins include
turbidite flow, bottom current, gravity-induced deformation, and multi-origin. Three sediment wave fields formed by turbidite
flow are neighboring to the channel or canyon, have the up-current migration and decreased size from a shallow depth to deeper
water, have greater content of sand and decrease of grain size from upslope to downslope, and a lower content of CaCO3. Bottom
current’s sediment wave fields are parallel to the slope, with small-size erosive troughs, scours or furrows, and convex deposi-
tional system on the downslope of the erosive field, and with a lower content of sand, a finer grain size, and a greater content of
CaCO3. Gravity deformation’s sediment wave fields are adjacent to the canyon, and develop several sliding surfaces correspond-
ing to wave troughs, wave variation of no regularity. One sediment wave field was more symmetrical, displayed a smooth and
rounded morphology, and has not evident migration direction, which is the result of the interaction of turbidite flows and bottom
currents. Every sediment wave field involves a complex interaction between geomorphology, tectonic setting of neighboring
area, and oceanography of the SCS. This study assists us to understand deeply the sedimentation processes and correspondingly
depositional system in the deep-water with strongly enclosed and low-latitude characteristics and analyze the context and
propagation direction of the arc-continent between the Eurasian Continent and the Luzon Arc.
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Introduction

Deep-water sediment waves are common in the seafloor
bedform, and have been reported by many scholars from nu-
merous marine settings, especially on slopes and rises
(Damuth 1979; Faugéres and Stow 1993; Wynn et al. 2000;
Cattaneo et al. 2004; Jallet and Giresse 2005; Casalbore et al.
2014; Casalbore et al. 2020; Droghei et al. 2016; Ribo et al.

2018; Alexandre et al. 2019). These deep-water bedforms are
typified by multiple wave-forming processes, which controls
or influences the corresponding responses of sedimentation
and the accumulation of complex depositional systems
(Faugères et al. 1999; Wynn and Stow 2002; Chen et al.
2017). Turbidite current and bottom current sediment waves
present waveform’s migration, whereas those wavy bedforms
generated by gas seepage, shear sliding, and gravity deforma-
tion are not migrated (Lee and Baraza 1999; Lee et al. 2002;
McCave 2017). In many cases, wave bedforms are developed
by a complex interaction of multiple processes, and their ini-
tiation and evolution require precise analysis (Howe 1996;
McCave 2017; Warratz et al. 2019).

Bottom current sediment waves usually refer to those
formed by both geostrophic and non-geostrophic currents
and, in most cases, the geostrophic downslope currents which
roughly parallel bathymetric contour. Bottom currents have
been recognized as the mechanisms to form sediment waves
in the Barra Fan of the Rockall Trough in the northwestern
United Kingdom (Knutz et al. 2002), Argentine Basin (Von
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Lom-Keil et al. 2002; Warratz et al. 2019), the Caroline Basin
(Baldwin et al. 2017), the Gulf of Valencia margin (Ribó et al.
2016a, b), and offshore eastern Canada (Normandeau et al.
2019). Bottom current sediment waves contain abundant in-
formation for palaeoceanography and regional tectonic evolu-
tion. The initiation and evolution of deep-water exchange be-
tween the northern Atlantic and Norwegian Sea was
established through the analyses of contourite drift, including
contourite sediment waves (Wright and Miller 1996; Stoker
1998; Davies et al. 2001). The contourite drift includes abun-
dant bottom current pathways and seismic information about
current intensity changes.

Turbidite sediment waves are commonly components of
turbidite systems, and occur in submarine valleys, in particular
those related to overbank depositional elements (Fildani et al.
2006; Casalbore et al. 2018). Coarse-grained sediment waves,
composed of gravels and sands, have developed on the sub-
marine slopes on the seafloor of the Eastern Valley of the
Laurentian Fan (Wynn et al. 2002). The turbidite sediment
waves of the Var Sedimentary Ridge exhibit classic migrating
characteristics (Migeon et al. 2000; Jorry et al. 2011). Fine-
grained sediment waves of mainly clay and silt are more wide-
spread than coarse-grained sediment waves, and are recorded
in the Monterey Fan (Normark et al. 1980; Normark et al.
2002; Klauckea et al. 2004). These sediment wave fields are
the depositional sites for entraining material of turbidite flows
that overflow the channels (Khripounoff et al. 2003). The
distribution of turbidite sediment wave fields is thought to
be more limited, with sizes of mostly tens or hundreds of
square kilometers (Wynn et al. 2000; Ercilla et al. 2002a, b;
Normark et al. 2002;Migeon et al. 2004; McCave 2017).
Additionally, turbidite sediment waves can reveal information
about provenance and regional tectonics. Sedimentary defor-
mation also form wave-like bedforms, which have been as-
cribed as one type of sediment wave (O'Leary and Laine 1996;
Mulder and Cochonat 1996; Faugères et al. 1999; Gardner
et al. 1999; Ercilla et al. 2019). However, many wave fields
form as a result of the interaction of multiple processes. The
sediment wave field of Landes Plateau in the Bay of Biscay
has been inferred to be compressional ridges resulting from
deformation associated with a slump (Kenyon et al. 1978).
Faugères et al. (2002) reinterpreted the origin of the Landes
Plateau sediment wave field as being caused by the interaction
of depositional and gravity deformation processes.

Several scientists have summarized the diagnostic features
and classification criteria for three kinds of sediment waves
(Wynn et al. 2000; Lee et al. 2002; Faugères et al. 2002;
Cattaneo et al. 2004; Berndt et al. 2006; Ercilla et al. 2019).
These criteria are used in this study (Table 1).

The understanding of the origin and evolution of sediment
waves, including their initiation, construction, architecture, and
even destruction, may be a key to reconstruct deep-water depo-
sitional processes, pathways, and their interactions. The wave- Ta
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like bedform on the slope of the Cadiz Gulf also was once
considered to be the result of landslides (Lee and Baraza
1999). The SCS is the largest marginal sea of the Western
Pacific, and it is strongly enclosed. There is water mass ex-
change between the northeastern SCS and the Western
Philippine Sea through Luzon Strait, but the types and charac-
teristics (pathway, depth and area) of sediment waves, and their
origins are not fully understood (Qu 2002; Centurioni et al.
2004; Chang et al. 2010; Lan et al. 2013; Chen et al. 2017).
Furthermore, the SCS is located in an area of low latitude.
Studies on the exchange of deep-water and thermohaline circu-
lation have been focused on the North Atlantic, Central Scotia
Sea, Okhotsk Sea, and other oceans neighboring the Antarctic,
and are all high-latitude and open oceans (Davies et al. 2001;
Wong et al. 2003; Maldonado et al. 2003; Masson et al. 2004;
MacLachlan et al. 2008; Schlüeter and Uenzelmann-Neben
2008). In addition, other studies in mid-latitude and open
oceans have been conducted in the Gulf of Cadiz, which is
influenced strongly by the Mediterranean Outflow Water, and

the Gulf of Mexico, which is swept by the Loop Current, and
the Campos Basin, which is swept by northward-flowing cur-
rents (Southern Ocean Current) (Habgood et al. 2003; Llave
et al. 2006; Viana et al. 2007; Petrovic et al. 2019).

Therefore, the aim of this study is to investigate sedimen-
tary wave fields recognized in the strongly enclosed and low
latitude SCS. By this, we provide insights on the features and
origins of these sediment waves. This will help us understand
the sedimentation processes and correspondingly depositional
system in the strongly enclosed and low-latitude marginal sea,
which is influenced by propagation of the arc-continent be-
tween the Eurasian Continent and the Luzon Arc.

Geologic setting

The SCS is one of the low-latitude and largest marginal sea
areas in the Western Pacific Ocean, covering an area of 3.5 ×
106 km2. It is strongly semi-enclosed (Wang 1999) because of

Fig. 1 (A) Map showing location of the South China Sea (study area
indicated on inset map). (B) Bathymetry of the northern margin of the
South China Sea (SCS), along its northern slope is divided into the Ying-
Qiong slope, Shenhu slope, Zhujiang Valley slope, Dongsha slope, and

Taiwan Shoal slope, respectively indicated by I, II, III, IV, V (Wang
2007). Surface circulation patterns are shown (Wang et al. 1995). The
seismic grid collected over several years, and cores taken in this study, are
also shown
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the Taiwan orogeny, which was the result of oblique collision
of the Luzon Arc with the Eurasian continent from the Late
Miocene to present (Suppe 1981; Ho 1988; Lin et al. 2003).
Due to the oblique nature of the collision and corresponding
southward propagation of the collision focus (Huang et al.
2000), the Taiwan Island exhibit high relief and strong denu-
dation, the rate of which can attain 1300 mg/cm2·a in the
Central Mountain area (Li 1976). This relief and erosion also
is propagating southward.

The northern slope of the SCS can be divided into five
units: the Yingqiong, Shenhu, Zhujiang Valley, Dongsha,
and Taiwan Shoal slopes, respectively (Wang et al. 2008).
All these segments differ greatly in their characteristics (Fig.
1), such as distinct tectonic histories, and unique systems of
clastic sedimentary supply and dispersal. The Shenhu,
Zhujiang Valley, and Taiwan Shoal slope all have host wave-
like bedforms. The Shenhu slope is W-E striking, and the
western segment is steeper than the eastern segment. The
Zhujiang Valley slope is an enormous NW-SE valley, which
links the shallow shelf to the abyssal plain at 3700 m of water
depth. This slope exhibits a characteristic geomorphology of
steep upper slope, gently smooth mid-slope, and steep lower
slope. The Taiwan Shoal slope is different from those men-
tioned above and is formed by slides and slumps processes,
and a slope break is developed at the toe of the slump, where
slope is gradually incorporated into the Manila trench.

There are several large rivers supplying an enormous and
continuous amount of terrigenous clastics to the shelf, and
eventually to the slope driven by the down-slope transporting
processes on the northern margin. The Pearl and Han rivers in
Chinese mainland supply large amounts of clastic materials to
the Shenhu and Zhujiang slopes. The Tsengwen Hsi and
Kaoping Hsi rivers of the Taiwan Island discharge large
amounts of clastics to neighboring deep-water environments
and the Taiwan Shoal slope through the Shoushan and
Gaoping canyons. Additionally, slopes around Dongsha
Island also can transport carbonate clastics to the neighboring
Dongsha and Taiwan Shoal slopes under gravity-flow pro-
cesses. All of these down-slope processes ensure a continuous
supply of material for deep-water sedimentation and forma-
tion of sediment waves.

The only possible passage of deep-water exchange with the
ambient open ocean, referred to as theWestern Philippine Sea,
is the so-called Luzon Strait (Li et al. 1998; Su 2004), which is
located on the northeastern side of the SCS and has a sill depth
of about 2400 m (Fig. 1). The water mass of the Western
Philippine Sea (WPS) or Kuroshio Current intrude the neigh-
boring north slope of the SCS. The activity of corresponding
bottom currents deeply influences deep-water sedimentation
of these areas, which includes transportation of pre-existing
clastic materials through tractive currents, formation of ero-
sive or constructive features, and accumulation of sediment
drift (Shaw 1991; Metzger and Hurlburt 1996, 2001; Li et al.

1998; Su 2004). These processes interact with down-slope
processes and form more complex depositional systems. In
addition, the Penghu Canyon is one important sediment-
transporting passage to the south, and also exhibits migration
southwestward and transports plenty of clastics towards deep
water environments to the south. This is aided by the numer-
ous gullies and canyons, which have developed on the
Kaoping Slope of SW Taiwan (Fig. 2).

There are three identified currents or gyres influencing the
upper ocean of the northern SCS. They are (1) the quasi-
seasonal component of wind forcing; (2) the net water trans-
port into the SCS through Luzon Strait (Su 2004); and (3) the
vorticity advection from the Kuroshio, which has an oscillat-
ing characteristic and also induces meso-scale eddies (Liu and
Su 1992; Su 1998). Additionally, the intensified western
boundary current of the cyclonic gyre, called the Dongsha
Current, flows southwestward next to the shelf south of
China (Scsio 1985; Su 2004). Meso-scale eddies from the
SCS basin sometimes bathe the slope area. A persistent north-
eastward South China Sea Warm Current (SCSWC) straddles
the shelf-break region (Guan 1978).

Materials and methods

This study is based on bathymetry, piston cores, and seismic
reflection profiles (Fig. 1). Regional bathymetric maps with
low resolution were only used for regional morphological in-
vestigations and establishment of the interrelationship be-
tween sediment wave fields and geomorphological elements,
such as canyon, terrace, and slope. Additionally, many piston
cores ranging in length from 1 to 12 m, and many box cores
were collected (green and yellow point in Fig. 1). Cores were
split, photographed, and visually described. All cores were
sampled for bulk grain size at average intervals of 20 cm.
Grain-size (including median grain size) analyses of selected
core units were performed using a Mastersizer 2000 laser
granulometer. The percent of CaCO3 and organic carbon con-
tent also were acquired in core HD-77 at the same intervals.
Sedimentological analysis (e.g., grain size, facies, compo-
nents, X-ray imagery) of related cores was performed in order
to characterize differences among the wave fields. Seismic
reflection profiles were acquired from 2002 to 2009, using
Sleeve Gun I working at a 1-ms sample interval. High-
resolution single-channel seismic profiles associated with
3.5 kHz echo-sounder lines also were incorporated. The trace
interval was 40 m and the sonic velocity of seawater was 1500
m/s. The detailed study of the architecture, geometry, and
stratigraphy of sediment wave fields is based mainly on seis-
mic profile analyses. The parameters on wave-length (WL)
and wave-height (WH) can be attained from the seismic pro-
file through calculations of the two-way time and sonic veloc-
ities of seawater. The WL is the crest-to-crest or trough-to-
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trough distance, and the WH is the height of crest to trough.
Based on the interpretation of every profile, the distribution of
every wave field can be drawn and the trend of these fields
was analyzed one by one according to the location and inter-
relationship with other geomorphological elements.

Results and discussion

Four sediment wave fields were discerned on the northern
slope of the South China Sea based on characteristics and
the approximate geomorphology on the map (Fig. 2A).

Turbidite sediment wave fields

Characteristics

Three similar sediment wave fields, indicated with green shad-
ing (T-1, T-2, and T-3) in Fig. 2, were recognized on the
northern slope of the SCS (Fig. 2A). The parameters of these
fields are listed in Table 2. Furthermore, a large field of mi-
grating sediment waves (T4, yellow shading in Fig. 2) cover-
ing an area of about 25,000 km2 was drawn on the western
wall of the Manila Trench (Wang et al. 2008; Gong et al.
2012), which was discovered by Damuth (1979) based on
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Fig. 2 (A) Sediment waves fields of different origin are illustrated for the
slope of the northern margin of the South China Sea. Two inset maps locate
sites B and C. (B) Turbidite wave field T-1 and part of T-4 are illustrated
clearly, and important morphosedimentary elements, such some canyons also

are shown. (C) Three types of wave, including those of contourite, multi- and
deformational origin, are listed on the detailed geomorphological map.
Seismic profiles and cores discussed in the text are illustrated in B and C.
The scale, location, and other features of everywave field are listed in Table 2
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utilization of 3.5-kHz echogram profiles (Fig. 2). This site is
termed “Taiwan Shoal Slope” in this study.

The multiple-channel seismic profile in Fig. 3 illustrates the
characteristics of the sediment wave field (T-1), which oc-
cupies an extensive region of 12,500 km2 and includes an
overlapping area of 2890 km2 with Damuth’s (1979) wave
field. These combined areas constitute an extensive wave field
of 35,000 km2.

The thickness (two way travel time, TWT) of the sequence
of waveform ranges from 220 to 410 ms (Fig. 3). The upslope
and downslope flanks of the sediment wave exhibit conspic-
uous differences in wave thickness and flank length. The
thickness of the upslope flank shows rapid increase compared
to the thickness decrease of the downslope flank (Fig. 3). The
average WL and WH in Fig. 3 B are approximately 7000 m
and 38 m, respectively. The ratio of WL:WH is 180. The
average WL and WH exhibited in Fig. 3 C is approximately
1750 m and 15 m, respectively, and the ratio of WL:WH is
117. The size of the sediment wave decreased from a relative-
ly shallow depth to deeper water (Fig. 3). The transition

between larger waves (Fig. 3B) versus smaller waves (Fig.
3C) appeared to be rather abrupt, just the site of the slope
break. The wave fields are commonly neighboring with the
channel or canyon (Figs. 3 and 4). The wave size directly
depends on distance to the channel transporting the materials
of the Dongsha Platform to deep water, e.g., the closer to the
channel, the larger the wave (Fig. 4B) because after spillover,
the high-power flow carries more load to form larger sedimen-
tary wave field at close channel, and then as the distance to
channel increases, the slope becomes gradually gentle, and the
flow has lower power and carries less load, resulting a smaller
wave field. The base of the wave field was identified, which
also shows that the wave grow along with the neighboring
channel or canyon.

The three piston cores were all located in the T-1 wave field
(Figs. 2B and 5) and the water depth of the three cores grad-
ually deepened (Fig. 2B). The cores generally contained sev-
eral sand layers, which were especially evident in core HD-77,
where the percentage of sand was up to 72.1%, with a thick-
ness of a single sand layer exceeding 1.5 m. The percent of

Table 2 Location, size, annotation, and some interpretation of the sediment wave fields in the northern continental margin of the South China Sea

Types of
sediment wave

Color Code
name

Location Size of
wave
fields
(km2)

Wave
length
(m)

Wave
height
(m)

Wave
length/
wave
height

Other remarks

Turbidite
sediment
wave fields

Green T-2 Eastern flank of the Zhujiang
Valley, located in the lower
slope

3640 2800 14 200

T-3 Middle slope of the Shenhu
offshore

430 750 9 83

T-1 Northern part of the Manila
Trench, also the Taiwan
Shoal Slope

12500 4300 26 165 The overlapping area of two wave fields is
about 2890 km2, and constitutes the
extensive field of about 35000 km2.

T-4 Discerned by Damuth (1979) 25000

Contourite
sediment
wave fields

Red C-1 Lower slope of the
southeastern flank of the
Dongsha Slope
Segmentation

263 360 16 23 The size of contourite sediment wave fields
is little in general, and differs dramatically
between them.

C-2 The transition of middle slope
to lower slope of Shenhu
Region

2707 1820 69 26

C-3 The middle slope of Shenhu
Region

240 280 16 18

Deformation
wave fields

Purple G-1 The upper and middle slope
of Shenhu Region,
adjoining to Zhujiang
Valley

1940 1400 73 19 Its distribution is correlated with those
gigantic deep-water canyons.

G-2 The southwestern flank of
Dongsha Island, adjoining
canyon

259 480 29 17

Sediment wave
fields of
multiple
origin

Blue W-1 Middle and lower slope,
located on the western and
southern flanks

1387 3000 33 91 Influenced by bottom current and gravity
flows simultaneously.

W-2 Middle and lower slope of
Xisha Trough

2350 3600 27 133 Influenced by gravity and bottom current.
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sand and silt was up to 94.8%. The sand layer was structure-
less and had several erosive features, such as scours. The
median grain size of the entire core HD-77 was between 5.4
and 69.8 μm. The coarse and fine layers alternate rapidly, and
their average grain size was 13.6 μm. However, the core HD-

207 and HD-200, located upslope and downslope of core HD-
77, respectively (Fig. 2B), showed a decrease in sand content
and in frequency of alternating coarse and fine layers. The
median grain size of core HD-207 was between 5.9 and 20.5
μm, with an average of 8.6 μm. The median grain size of core

Fig. 3 Seismic profile illustrating the turbidite sediment wave field (T1). The waveform and size are changing evidently and the dynamics of the gravity
flow changes dramatically during and along the path of the flow

Fig. 4 (A) Single channel seismic profile, illustrating turbidite sediment
wave field and some mophosedimentary elements, such as canyons. (B)
Note close relationship between form and size of wave, and distance of

the wave field to the neighboring channel of a canyon. (C) Sediment
waves, with no evident migration and display some symmetry, illustrate
the influence of irregular basement on waveform
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HD-200 was between 6.6 and 38.0 μm, with an average of 9.2
μm. Both cores were finer-grained than the core HD-77. The
distribution of grain sizes in the three cores, taken at different
water depths, is probably related to the relative location of
each core with respect to a channel (or canyon). In addition,
the CaCO3 content of core HD-200 was between 0.96 and
5.32%, with an average of 3.52% (Fig. 5).

Origin

As mentioned above, these wave fields demonstrate the up-
slope migration. The ratios of WL:WH of three wave fields
are very large (Table 2). Furthermore, the cores show a higher
content of sand, a decrease of grain size from upslope to
downslope, and a lower content of CaCO3, which also suggest
a turbidite flow origin rather than a contour current.

At the site of the slope break, the abrupt characteristic be-
tween larger waves (Fig. 3B) versus smaller waves (Fig. 3C)
reveals the shifting of the dynamics of the turbidite flows. In

addition, the bedforms are associated with the channel or can-
yon, which acts as the transporting passageway for the flow.
The channel seems to grow along with the wave field, which
may indicate a close relationship between these entities (Fig.
4B). Such phenomena are the typical feature of the turbidite
flows, and have been reported in the Toyama Deep-Sea
Channel system in the Japan Sea (Nakajima et al. 1998) and
other areas of the world mentioned above. Spillover is an
important process of channelized flows especially for those
flowing in channels with meanders. Flow stripping or inertial
spillover can construct not only the levees along both flanks of
the channel, but also the sediment wave fields in those levees
(Savoye et al. 1993; Nakajima et al. 1998; Migeon et al. 2000;
Normark et al. 2002; Migeon et al. 2004; Casalbore et al.
2018). After spillover, the currents become shallow and slow
quickly because the topography is non-confined and corre-
sponds to the dispersal of currents, which changes the trends
of waveforms (Lee et al. 2002). In cores, the sand layer was
structureless and had several erosive features, such as scours,

Fig. 5 Three piston cores on the slope of the northern margin, illustrating
grain size, average grain size, content of organic carbon, and CaCO3.
They all are located on the western flank of the Taiwan Shoal Slope,
where gravity flows dominate because of the strong uplift and immense

denudation accompanying the Taiwan Orogeny. Each cores generally
contains several sand layers, whereas the differences in composition of
sand layers reflect distance of core to canyon. Note the difference of
CaCO3 content. See the location of cores in Fig. 2 B
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which indicates the deposition of debris flows actively sweep-
ing the Taiwan Shoal slope.

The wave fields T-1 and T-4 constituted a whole turbidite
sediment wave fields. The initiation of T-1 and T4was closely
controlled by the initiation of the Taiwan orogeny and the
unique nature of the southward-propagating focus of the col-
lision (Damuth 1979; Wang et al. 2008). The Taiwan orogeny
exhibits the most spectacular physiography in the island-arc
belt around the Pacific, and has provided enough and favor-
able conditions of an immense supply of sedimentary material
for the active gravity flow areas acting within the northern
Luzon Trough, and potentially has led to the development of
the turbidite sediment wave field of possible Quaternary age
(Lin et al. 2003). Additionally, the collision propagated south-
ward (Davies et al. 2001; Suppe 1984), and the focus of col-
lision is located presently in the Hengchun Peninsula. Thus,
the physical denudation rate of Taiwan is the largest in the
world, and it is up to 1300mg/cm2 year. Specifically, southern
Taiwan can attain the 1796mg/cm2 year (Li 1976). The neigh-
boring Kaoping Shelf is a narrow, shallow, and high gradient
shelf (20 km wide, 80 m deep and 5 m/km) (Yu and Chiang
1997). Kaoping canyon transects the shelf and links with the
Kaoping Hsi River. The enormous clastic input from the
Central Range is transported through the Kaoping Hsi River
and Kaoping canyon to deep water environments through
gravity flows. In fact, the anatomy of the initiation and devel-
opment of turbidite sediment wave fields T-1 and T-4 can also
reveal detailed processes and geological history of arc-
continent collision between Luzon Arc and the Eurasion
Continent.

Contourite sediment wave fields

Characteristics

Likewise, three similar sediment wave fields were recognized
in the northern South China Sea (Table 2), and are shown as
three red areas (C-1, C-2, and C-3) in Fig. 2. The area of these
three fields was smaller than the turbidite sediment wave
fields. In particular, the fields C-1 and C-2 were only 263
km2 and 240 km2, respectively.

The sediment wave field C-2 is the shape of the string, and
approximately parallel to the trend of the slope, located at the
transition of the middle to lower slope (Figs. 2C and 6).

An erosion field is adjoining this wave field in deeper wa-
ter, and exhibiting various erosive characteristics that included
two linear and transverse troughs of 73 m and 120 m depth
and 3150 m and 3500 m width, respectively. Moreover, there
are some erosive scarps and many small-scale scours or fur-
rows (Fig. 6).

The seismic profile (C-2) of Fig. 6 A is located in the
eastern part of the Shenhu area. As illustrated, the average
WL and WH a large wave were up to 2250 m and 95 m,

respectively, and the ratio of WL:WH was about 23. In con-
trast, the averageWL andWHof the small scale wave were 49
m and 1386 m, respectively, and the ratio of WL:WH was
about 28. Their ratios ofWL:WH are much smaller than those
of turbidite sediment wave fields (Table 2). Furthermore, the
sediment wave displayed similar features of upslope migra-
tion. Among the layers within the wave-like sedimentary se-
quence, the discontinuities also were exhibited.

The two piston cores illustrated in Fig. 8 were located in
these sediment wave fields. Specifically, the core HS-35 was
in the sheeted depositional area of the wave field C-2, and the
core HS-60 was located within the wave field C-2 (Fig. 2C).
Compared with those cores dominated by turbidite flows, the
number of sand layers and the content of sand in these wave
field areas decreased dramatically. The sand content of core
HS-35 was between 0.48 and 6.37%, and the average was
only 2.18%. The core HS-60 had sand content ranging from
0.91 to 19.64%, with an average of 4.97%. Compared with the
core HS-35, the relatively high content of coarse grain sizes in
the core HS-60 was the result of stronger washing and
winnowing by the contour current. The curve reflecting me-
dian grain size and composition of cores HS-35 and HS-60
was smooth, with the Mz ranging from 4.9 to 8.1 μm and 4.7
to 14.3μm, respectively. The content of CaCO3 in core HS-35
was between 13.42 and 30.97%, and the average was 22.89%,
whereas core HS-60 had a CaCO3 content between 13.25 and
31.6%, with an average of 20.58%.

Origin

The characteristics of these fields were very different from
contourite sediment wave fields of thousands or even tens of
thousands of square kilometers in open ocean regions, such as
the Northern Atlantic (Von Lom-Keil et al. 2002; Masson
et al. 2002), and can be attributed to the unique circulation
of the deep water contour current in the South China Sea
(Wang 2007; Chen et al. 2017).

The sediment wave fields C-1 and C-2 are approximately
parallel to the slope, revealing the properties of contourite
sediment wave fields. Evidently, the erosive troughs in these
sediment wave fields are different from the longitude canyon
(or channel) of typical turbidite flows with respect to their
trend in relation to slope. There are no deep water canyons
or channels in the detailed topographic maps of the area, and it
also lacks other characteristics of gravity deformation or
flows, such as slides, slumps, and debris flows. Several rela-
tively small u-shaped erosive scours in such wave field have
developed on the present seabed, which may be indicative of a
switch or migration of the core of current (Stow et al. 2002;
Baldwin et al. 2017). Thus, the wave fields, erosive fields, and
depositional wedges constitute a complete depositional sys-
tem of bottom currents (Figs. 6 and 7). Internal waves in the
deep ocean also can form sediment wave fields of similar
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Fig. 6 (A) Seismic profile illustrating the erosion and corresponding sedimentation of the bottom current (C-2), with the migration and stratal
architecture of the wave and scour of the bottom shown. (B) The extent of different fields. See the location of cores in Fig. 2 C

Fig. 7 Depositional wedge illustrating convex or positive relief, built by bottom currents. Note several relatively small u-shaped erosive scours under
apron buildups
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characteristics. The distributions of wave fields C-1 and C-3
were directly related to the abrupt changing topography which
was eroded by the accelerating bottom current and maybe the
source of the confined areal extent of contourite sediment
wave fields. The above features of these sediment wave fields
indicated the origin of bottom currents referring to the diag-
nostic criterion of wave origin (Table 1). The buildup of the
contourite sediment waves and adjoining erosive fields to-
gether constitute a whole system, including erosion, disper-
sion, and transport, and deposition.

In the piston cores, compared with those cores dominated
by turbidite flows, the number of sand layers and the content
of sand in these wave field areas decreased dramatically,
resulting in finer grain size. The CaCO3 contents are greater
than that in cores from turbidite sediment wave field (Figs. 5
and 8). Evidently, the sand content, grain size distribution, and
content of CaCO3 are all in agreement with their bottom cur-
rent origin.

Sediment waves formed by bottom currents can help us
reveal the onset, circulation, and evolution of related deep
water currents in the South China Sea. The SCS has a complex
energetic circulation. In such circumstances, the study of
contourites and deep water circulation in the SCS is crucial.

Wang (2007) suggested that the sediment wave fields
formed by bottom currents in the northern deep water envi-
ronment of the SCS have developed since the late Miocene,
and their origin, location, and distribution have been con-
trolled by the tectonism of the adjoining region and/or
palaeoceanography, due to interaction of bathymetry and cur-
rents. In return, the evolution of contourite sediment waves,
especially the initiation of such waves, usually implies abun-
dant information on tectonism, paleoceanography, and paleo-
climatology. Marginal seas such as the SCS respond more
sensitively to such events (Wang 1999). The contourite sedi-
ment wave field C-2 is closely related to the expansion of the
east Antarctic ice sheet (Zachos et al. 2001) during the Late

Fig. 8 Two piston cores on the
slope of the northern margin,
illustrating grain size, average
grain size, content of organic
carbon, and CaCO3. Both cores of
the deep water area of the ShenHu
Slope were taken where bottom
currents dominate. Core HS-60 is
located at the margin of the
contourite sediment wave field.
Note the lower content of sand
and the similarity of content of
CaCO3 between both cores. See
the location of cores in Fig. 2 C
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Miocene, about 14–10 Ma, which greatly increased thermo-
haline circulation and allowed bottom currents to infiltrate the
semi-closed SCS. This pattern started the unique circulation of
bottom currents in the South China Sea (Wang 2007). These
contour currents eventually developed the sedimentation and
erosion patterns measured in this study.

Deformation-origin, wave-like sediment wave fields

Characteristics

In our study area, two wave fields were recognized (two
purple regions in Fig. 2 and Table 2). Their sizes are greatly
different. The wave fields G-1 and G-2 were 1940 km2 and
259 km2, respectively. For the wave field G-1, the WL of the
downslope flank was between 0.71 and 1.37 km, while the
WL of the upslope flank was from 0.36 to 0.64 km, which
reflects unsymmetrical waveforms. In addition, the WH was
between 17.16 and 68.16 m. Furthermore, the variation of
wave parameters had no regularity compared to those of tur-
bidite or contourite waves. One common feature was their
close proximity to the canyon. The field G-2 was on the south-
western flank of Dongsha Island, and also neighbored one
huge canyon. The field G-1 was located on the upper and
middle slope adjacent to one unnamed canyon and the im-
mense Zhujiang Valley. The field G-1 developed similar 5–
6 high-angle reflections that are tilted to the sea and have steep

top and gentle bottom (Fig. 9). These reflections extend to the
wave trough to top and gradually slide on the same surface at
the base of the waves, which can be called “decollement”
surface. Besides these features, a sediment drift exists below
the “decollement” surface (Fig. 9). Waveforms were long and
smooth on the downslope flank, and short and steep on the
upslope flank.

Origin

The seismic profile located on the upper slope of the Shenhu
region illustrates the close relation of waves with the canyon
(Fig. 9). Frequent flushes of gravity flows in canyons can
impact levees of canyons and neighboring areas, and further-
more, they are more apt to induce creeping of unconsolidated
strata under such steep environment conditions. On the one
hand, the canyon makes a relief steeper locally, which is con-
ducive to gravity sliding. On the other hand, the impact of
intermittent gravity flow can play the role of internal induce-
ment of gravity action.

In addition, one typical characteristic of these two sediment
wave fields developed the “decollement” surface and a sedi-
ment drift below this surface. The wave troughs seemed to
correspond to those sliding surfaces, which imply their origin
as gravity deformation features (Table 1). For the shallowly
buried and unconsolidated strata, they easily suffer some de-
formation and form geometries of wave-like deposits
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Canyon

Deformation-Origin, Wave-Like Sediment Wave Fields
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Wave length of upslope flank

Wave length of
 downslope flankWave Height

sediment drift

the base of the waves 

    Deformational
(sliding) surfaces

Fig. 9 Seismic profile illustrating the deformation-origin, wave-like sediment wave field (G1), and accompanying other information, including sliding
surface, the base of wave fields, and buried drift below the base. Note the neighboring related canyon

1233    Page 12 of 16 Arab J Geosci (2021) 14: 1233



(O'Leary and Laine 1996; Lee and Chough 2001; Wynn and
Stow 2002; Lee et al. 2002).

Multi-processes sediment wave fields

Characteristics

One unique sediment wave field was recognized in the north-
ern SCS (Table 2), and is shown as blue area (W-1) in Fig. 2.
The wave field W-1 was located on the right flank of the
Zhujiang Valley. Compared with the wave fields formed by
turbidite flow, bottom current, and gravity-induced deforma-
tion, the wave field W-1 displayed a smooth and rounded
morphology, and was more symmetrical, and have not evident
migration direction (Fig. 10). TheWL andWH varied greatly,
and were between 1.8 and 4.2 km, and 12 and 45 m, respec-
tively (Fig. 10).

Origin

On the northern slope of the SCS, there are some wave fields
which cannot be classified into the three types mentioned
above. Considering the physiographical site, geological set-
ting, geomorphological characteristics, and hydrodynamics,
the wave fields can be formed by the interaction of multiple
processes in deep water environments.

Because the W-1 was close the Zhujiang Valley, it was
readily impacted by the overspilling of turbidite flows caused
by Coriolis effects. The turbidite flows constitute one of the
origins of wave field W-1. In addition, the west area of W-1
presents a spectacular contourite sediment wave field termed
C-2. Because of variations of slope trends and the convex
topography, the W-1 was strongly overprinted by contour
currents. Thus, at the site of wave W-1, there were two pro-
cesses: overflowing of turbidite flows and sweeping of bottom
currents (Fig. 10) that is the W-1 formed by the interaction of
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Erosion Field of
Contour Current
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Fig. 10 Seismic profile illustrating the sediment wave of the multi-origin
of gravity flow and bottom current. The waveform has no evident migra-
tion and appears to have some relation with the underlying basement

diapir. The cores in the wave field can illustrate its genesis and the loca-
tion of cores can be seen in Fig. 2 C

Page 13 of 16     1233Arab J Geosci (2021) 14: 1233



gravity flows and bottom currents. The differences in migrat-
ing trends of the turbidite flow and bottom current processes
resulted in no evident migration trend for the wave field W-1.

Additionally, the northern slope of the SCS exhibited ac-
tive volcanic diapirism and faulting in our study area which, in
turn, influences the geomorphology and dynamics of deposi-
tional processes. The highly varying relief formed by tectonic
movement enhanced sedimentation and the initiation and de-
velopment of the wave field. This is evident in Fig. 10, where
the topography formed by the volcanic diapir is related to the
developing waveform.

Conclusions

The northern slope of the SCS provides an example of sedi-
ment waves from one enclosed and low-latitude marginal sea.
There is a continuum of waves developed on the northern
slope simultaneously. The conclusions are as follows:

Three sediment wave fields are neighboring to the channel
or canyon, decrease for the size from a shallow depth to deeper
water, and show the up-current migration. Furthermore, they
have a greater content of sand (with no structure), a decrease
of grain size from upslope to downslope, and a lower content
of CaCO3 in piston cores. These characteristics reveal the
origin of turbidite flow.

Three sediment wave fields are parallel to the trend of the
slope, develop small-scale erosive troughs, scours or furrows,
and depositional convex aprons on the downslope of the ero-
sive field. In the piston cores, they have a lower content of
sand, a fine grain size, and a greater content of CaCO3. These
characteristics indicate the origin of bottom current.

Two sediment wave fields are adjacent to the canyon, and
develop several sliding surfaces corresponding towave troughs,
wave variation of no regularity, implying their origin as gravity
deformation. One sediment wave field showed a more symmet-
rical waveform, displayed a smooth and rounded morphology,
and has not evident migration direction, which results from the
interaction of turbidite flows and bottom currents.

Every sediment wave field has a unique process of forma-
tion, which usually involves a complex interaction between
geomorphology, tectonic setting of neighboring area, and
oceanographic conditions of the SCS.
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