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Abstract

The canyon system, including 17 small slope-confined canyons in the Shenhu area, northern South China Sea, is
significantly characterized by mounded or undulating features on the canyon flanks and canyon heads. However,
the mechanism underlying the formation of these features has yet to be elucidated. In previous studies, most of
them were interpreted as sediment deformation on the exploration seismic profiles. In this paper, we collected
high-resolution bathymetric data, chirp profiles and geotechnical test data to investigate their detailed
morphology, internal structures, and origin. The bathymetric data indicated that most mounded seismic units
have smooth seafloors and are separated by grooves or depressions. The distance between two adjacent mounded
units is only hundreds of meters. On chirp profiles, mounded seismic units usually exhibit chaotic reflections and
wavy reflections, of which the crests migrate upslope. The slope stability analysis results revealed that the critical
angle of the soil layers in the study area tends to be 9°, indicating that most mounded seismic units on the canyon
flanks and heads are stable at present. The terrain characteristics and seismic configurations combined with the
slope stability analysis results indicated that most mounded seismic units are not sediment deformation but

depositional structures or mixed systems composed of deformation and depositional structures.
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1 Introduction

As one of the intensive sediment deformations, submarine
landslides are widely distributed on continental margins world-
wide and strongly shape marginal landforms and contribute to
slope architecture (Boe et al., 2000; Canals et al., 2004; Klaucke
and Cochonat, 1999; Vanneste et al., 2006). Submarine land-
slides usually include a series of erosional and depositional pro-
cesses that lead to a diversity of seismic signatures from chaotic
sediment depocenters to well-stratified layers (O’Leary, 1991;
Carlson et al., 1991; Hampton et al., 1996; Lee and Chough, 2001;
Canals et al., 2004; Haflidason et al., 2004). Therefore, in many
cases, it is difficult to distinguish between landslides and depos-
itional structures, such as sediment waves and contourite drifts
(Lee et al., 2002; Rebesco et al., 2009, 2014; Rib¢ et al., 2016). For
example, the “Humboldt slide” on the Eel River continental mar-
gin in northern California was previously considered a slide
(Gardner et al., 1999) and later considered as sedimentary waves
caused by bottom currents (Lee et al., 2002). The origin of the
seafloor wavy structures on the Adriatic shelf (Correggiari et al.,
2001) and an extensive depositional body with nearly flat lying to
slightly landward-dipping reflections in the Gulf of Alaska (Lee

and Baraza, 1999) were once considered large landslides.
Seventeen small slope-confined canyons developed in the
Shenhu area, north of the South China Sea (SCS), and cover wa-
ter depths from ~300 m to ~2 000 m. These small canyons initi-
ated in the middle Miocene (~13.8 Ma) and are characterized by
periodic erosion-filling structures inside and thalweg migration
eastward during their geological evolution (Zhu et al., 2010; Gong
etal., 2013; Zhou et al., 2015; Jiang et al., 2017). Another signific-
ant phenomenon is that the seafloor in the canyon system is
rough and rugged (Fig. 1), with complex topographic features
(i-e., scarps, mounded units, depressions and grooves (Li et al.,
2016)). Previous studies on the basis of exploration seismic data
suggest that the undulated seafloor is mainly attributed to land-
slides or sediment creeps, which often exhibit mounded seismic
units (He et al., 2014; Ma et al., 2015; Qiao et al., 2015). However,
Li et al. (2019) grouped seafloor undulations, mounded seismic
units with layer-ed reflections, into three types and considered
undulations on canyon flanks as a result of sediment creeping
and those on canyon heads and bottoms as a result of turbidity
currents and internal waves. It is of great significance to clarify
whether mounded units are sediment deformations or depos-
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Fig. 1. Bathymetric map of the study area and geophysical data tracks. The study area is shown in the inserted map in the upper. The
bathymetric map is based on multibeam bathymetric data combined with water depths derived from 3D seismic data. The shelf break
is near the 250 m isobath. White thin lines represent subbottom profiles, and yellow dots denote 100-m boreholes. SHA: Shenhu area.

itional structures for understanding the geological evolution of
the canyon system, geohazard assessment, and hydrocarbon ex-
ploration.

In this paper, the authors re-examined the physiographic
characteristics and inner seismic architectures of mounded units
on the basis of high-resolution geophysical data as well as the
slope stability analysis results. The paper aims to (1) describe the
detailed morphology and seismic configurations of mounded
seismic units, (2) analyze the instability of mounded seismic
units and (3) discuss the formation of these features.

2 Previous studies

2.1 Geometry and distribution of landslides

A few studies on submarine landslides in migrating canyon
systems, mainly based on 2D/3D multichannel seismic (MCS)
data, have been conducted in recent years (Qin, 2012; He et al.,
2014; Qiao et al., 2015; Li et al., 2019). These studies documented
the seismic morphology, size and geometric characteristics of ac-
cumulation systems and geomorphologic features associated
with landslides (Fig. 2). He et al. (2014) described the geometry
and distribution of the landslide in the canyon system:

(1) Landslides are grouped into three families: sediment
creep, slump and landslide complex.

(2) Landslide area ranges from 0.53 km? to 18.09 km?, with an
average of 4.78 km? and less than 6 km? for 70% landslides.

(3) The depth of the landslide surface ranges from 40 m to 100 m.

(4) The travel distance of most landslide blocks is less than
3.5 km, with an average value of 1.89 km.

Zhou et al. (2019) also described the geometric characterist-
ics and distribution of landslides using multibeam bathymetric
data. More than 800 landslides were identified in the canyon area
using a slope gradient method, and they show three basic planar
shapes: round, belted-shaped and tongued shapes. The other
geometric parameters (e.g., landslide area, thickness) obtained
by the authors have similar results to those of He et al. (2014).

2.2 Origin of sediment undulations

Sediment undulations with well-layered configurations have
been widely recognized on canyon heads, canyon flanks and bot-
toms in canyon systems (He et al., 2014; Qiao et al., 2015; Li et al.,
2016; Li et al., 2019). For undulations developed on canyon heads
and with crests parallel to the water isobaths, their origin is still
controversial. He et al. (2014) and Qiao et al. (2015) suggested
that they are sediment deformations caused by gravity, while Li
et al. (2019) proposed that they may be caused by internal waves.
There is also controversy about the origin of these sediment un-
dulations on the canyon flanks. He et al. (2014) and Li et al.
(2019) suggested that they are sediment creeping under gravita-
tion, while Qiao et al. (2015) considered them the result of turbid-
ity flows.

3 Data and methods

3.1 Geophysical data

The bathymetric data were collected with a shipborned
EM302 SIMRAD™ system operating at a frequency of 30 kHz in
2010, and a 40-m-resolution digital elevation model was gener-
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Fig. 2. Interpretation of landslides on an exploration seismic profile in the canyon flanks (after He et al., 2014). See Fig. 1 for the
location. The seismic facies inside the landslides include chaotic and stratified reflections with variable amplitudes. V.E.~7 indicates

that the vertical scale is exaggerated approximately 7 times.

ated by a combination of multibeam bathymetric data and bathy-
metric data derived from the 3D exploration seismic data. Slope
gradients were calculated based on the bathymetric data using
the software Surfer. Ultrahigh-resolution chirp profiles were col-
lected synchronously using an IXSEA ECHOES 3500 system oper-
ating in chirp mode with sweep frequencies of 1.8-5.3 kHz and
allowed us to observe more detailed internal structures of the
mounded units than those shown on the exploration seismic pro-
files. The interpretation of acoustic facies refers to previous stud-
ies from O’Leary and Laine (1996), Hampton et al. (1996) and Lee
etal. (2007).

3.2 Geotechnical test data

Geotechnical test data include the wet weight (kN/m?3) and
undrained shear strength (kPa) of soil from two 100 m-long bore-
holes, which were drilled at water depths of 588 m (Borehole
3101) and 1 723 m (Borehole 3102) in 2013 (Fig. 1). The ring
sampler method was used to measure the natural unit weight,
and an electric vane shear tester was used to test the undrained
shear strength.

A simple limit equilibrium method (Duncan, 1996) was used
to calculate the safety factor and to discuss the relationship
between the critical depth of the glide surface and its slope gradi-
ent angle. This method is usually used for predicting modern sea-
floor instability, not for landslides that have occurred, but it is
suitable for sediment creeping, a very slow and usually ongoing
sediment deformation. An infinite slope model was used, in
which the stability of the slope is expressed by the safety factor
(F,). The F, can be calculated by the following formula (Morgen-
stern and Price, 1965):

Fs = {c+][(ywXz+7yxh) xcos 28—u] x tang} / (hx~' xsin fx cos B),
()

where c and u are cohesion and void pressure (kPa), respectively;
7, 7' and ,, represent the bulk density of saturated soil, the dens-
ity of soil in water and the density of water, respectively (kN/m3);
f and ¢ denote the slope angle and internal friction angle (°); z

and h are water depth and sediment thickness (m); F; is the safety
factor, dimensionless. F equals to 1 suggests that the soil isin a
critical state. When it is smaller than 1, the slope is in an unstable
state and tends to fail; when it is greater than 1, the slope isin a
stable state.

4 Results
4.1 Morphological characteristics

4.1.1 Bathymetric data

The seafloor in the study area is characterized by strong mor-
phological variations, with a large variation in slope gradients
(Fig. 3). The mounded terrain units are mainly found in the area
with water depths ranging from ~600-1 400 m (Fig. 1). In the
canyon heads and the upper area, the wavy terrain units are the
remarkable topographic features perpendicular to the undercut-
ting canyons. They extend along the along the contours, but they
are not continuous because they are often broken off by the un-
dercut canyons (Fig. 4a). The canyon flanks have large slope
gradients and are dominated by elongated mounded or moun-
ded terrain units and small grooves, as well as small depressions
(Figs 4b, c). The adjacent canyons are separated by elongated
mounded units that are usually parallel to the canyons. These
elongated mounded units are not continuous from the canyon
head to the tail but consist of intermittent segments, each of
which is usually not more than 5 km in length. Large failure scars
were also found on the canon flanks, and they are characterized
by a downslope-opened semi-amphitheater-shaped or irregu-
larly curved surface, referring to sediment transport events (Figs
5a-c). The headwall displays downslope-dipping steep surfaces
with a slope gradient up to 10°.

Mounded terrain units often have smooth surfaces and are
tens of meters high and hundreds of meters wide (Figs 5d-f).
Their long axes are mainly parallel to the canyon axes, but some
of them are perpendicular or oblique to the extension direction
of the canyons. Shallow and gentle grooves with smooth surfaces,
depths of 10-50 m and widths of hundreds of meters are often
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Fig. 3. Slope gradient map of the canyon area.

observed close to elongated mounds. The distance between the
groove or the depression and the adjacent mounded unit is usu-
ally hundreds of meters (Figs 5d-f).

4.1.2 Chirp profiles

High-resolution chirp profiles allow us to distinguish two dis-
tinct seismic reflection configurations inside of the shallow un-
consolidated sediments beneath the seabed: stratified reflections
and chaotic reflections. Stratified reflections are characterized by
medium to high seismic amplitudes and good lateral continuity,
and they occur as parallel reflections and wavy reflections.

Deposit bodies are characterized by mounded or elongated
mounded external shapes and were found on both sidewalls of
the canyon. Their inner seismic configurations are mainly char-
acterized by parallel or wavy reflections with good continuity and
variable amplitudes (Fig. 6), and some of them are located on
eroded surfaces (Figs 6a-¢). Elongated or mounded deposit bod-
ies on the canyon flanks and canyon heads mainly show parallel
configurations or wavy reflections (Fig. 6), and they usually cor-
respond to elongated or mounded terrain units on the bathymet-
ric map. The stratified reflections of the elongated or mounded
seismic units are often tens of meters thick and terminate at their
margins by grooves, depressions or erosional surfaces (Figs
6a-e). In most cases, the crests of the wavy reflections inside
elongated or mounded deposit bodies exhibit signs of moving
upslope (Figs 6b, ). Chaotic or transparent/translucent reflec-
tions can be observed in the uppermost sediment layers, which
are only a few meters thick and cover the older stratified layers
(Figs 6a, b, d). The boundary between the young sediment layer
and the older sediment layer is an erosional surface with high
amplitude. The seafloor surfaces are usually characterized by
seismic signatures of diffraction. Unfortunately, the distribution
of chaotic reflections and stratified reflections cannot be determ-
ined by the current chirp survey lines.

4.2 Slope stability analysis

The shallow unconsolidated sediments in the canyon area are
dominated by silty clay and clay (Jiang et al., 2018). Therefore,
when taking the total stress as a parameter and without consider-
ing the effect of earthquake action, in Eq. (1), the internal friction
angle (¢) equals zero, cohesion (c) equals the undrained shear
strength (Su), and the stability or safety factor of the slope can be

simplified as follows:

F; = Su/(sinf x cosf x v x h). )

For the parameter description in Eq. (2), see Eq. (1).

The sampling tests of two 100-m-long boreholes in the
canyon area show that the wet bulk density of the soil at different
depths does not change much and that the undrained shear
strength basically increases linearly with depth (Fig. 7). In this
paper, the wet bulk density is taken to be 16.5 kN/m?3, and the un-
drained shear strength can be described as follows:

Su =sum + k X z, 3)
where sum is the undrained shear strength of the topsoil and
taken to 2.0 kPa; k represents the growth rate and is taken to
1.0 kPa/m; and z represents the depth of the soil. When only con-
sidering the gravity of the sediment itself and without consider-
ing external environmental factors such as earthquakes, the rela-
tionship between the sediment thickness (equivalent to the
depth of the glide surface) and the slope gradient of the glide sur-
face is shown in Fig. 8. The calculated result shows that as the
depth of the glide surface increases, the critical angle of the soil
layer tends to be 9° in the study area, which means that the soil
layers will be stable when their slope gradient is less than 9° and
only under their own weight.

5 Discussion

It is of great importance to understand the exact origin and
formation processes of mounded seismic units, which are the
dominant morphological features in canyon systems. Their signi-
ficance is not only in geohazard assessments (Li et al., 2019) but
also in the exploration of hydrocarbon resources in the Shenhu
area (Gong et al., 2016). There is a large debate about the genesis
of sediment undulations, which mainly display elongated and/or
mounded seismic units in seismic profiles. Two hypotheses were
proposed to explain the origin of the undulations in the study
area: sediment formation, including landslides and sediment
creeps, and depositional structures caused by turbidity currents
and internal waves (He et al., 2014; Qiao et al., 2015; Li et al.,
2019).
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Fig. 4. 3D surface maps of canyon head (a) and canyon flanks (b, c). See Fig. 3 for their locations. White dotted lines represent splines

of elongated mounded units.

Submarine landslides usually have an important impact on
the seabed surface morphology (McAdoo et al., 2000; Baeten et
al., 2013; Clare et al., 2018). In turn, the seabed morphologies and
their changes are also effective signs for identifying submarine
landslides. The eroded steep scar (slope gradient >15°) and asso-
ciated seabed features with rough surfaces below the failure
scars, such as hummocky deposits and eroded depressions, are
usually indicators of submarine landslides, and the hummocky
features are often interpreted as MTDs (Hampton et al., 1996;
Clare et al., 2018). An average area of ~4.78 km? of landslides or
collapses in the canyon system was reported by a previous study
(He et al., 2014), which means that most landslides should be
identified by bathymetric data with a spatial resolution of 40 m.
This is not consistent with the morphological characteristics of
the seabed surface impacted by landslides (Canals et al., 2004;

Haflidason et al., 2004; Kukowski et al., 2008; Baeten et al., 2013).
The multibeam bathymetric data show that the seafloor is undu-
lating in the canyon flanks and canyon heads, but the seafloor
surface is relatively smooth (Fig. 4), indicating that large land-
slide events might not occur frequently at present. Even if land-
slides occur, their size must be very small. Furthermore, if the
elongated mounded units on the canyon flanks and canyon
heads are landslides, it is difficult to imagine that the displaced
sediments that are several kilometers long just moved a few hun-
dred meters downslope.

Three types of submarine landslides were reported in the
canyon system: sediment creeps, slumps and landslide com-
plexes, and their thicknesses were estimated to be from 40 m to
100 m on the basis of exploration seismic data (He et al., 2014).
However, high-resolution chirp profiles show that in shallow sed-
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Fig. 5. Bathymetric map showing the morphology of a typical landslide (a-c) and the physiographic characterization of mounded
seismic units on the canyon flank (d-f). See Fig. 3 for their locations. The red zigzag lines denote the failure scar of a slide, and the red
dotted lines represent spines of mounded units. The yellow arrow lines represent grooves.

imentary layers beneath the sea floor, only small MTDs with
chaotic facies are developed on canyon flanks, canyon bottoms
and heads. These MTDs usually have a thickness of a few meters,
lying on the older sediment layers with parallel or wavy reflec-
tions (Figs 6a-d). This is basically consistent with the size of the
landslide observed on AUV-based chirp profiles (Liu et al., 2021).
Most mounded seismic units are characterized by parallel or
wavy internal reflections (Fig. 6), which suggests that they have
not suffered from strong or rapid dynamic disturbance. Addition-
ally, there are usually no distinct headwall scarps or zones of
evacuation in the upslope direction of the mounded units (Fig. 6),
both of which would typically be observed with traditional land-
slides (Hampton et al., 1996; Gee et al., 2006; Lee et al., 2002,
2007; Moscardelli and Wood, 2008; Bull et al., 2009; Chaytor et al.,
2009; Berndt et al., 2012).

Mounded seismic units with stratified configurations on the
canyon flanks were interpreted as sediment creeps that are re-
lated to gravitation (He et al., 2014; Qiao et al., 2015; Li et al.,
2019). The “glide surfaces” at the bottoms of these mounded seis-
mic units usually have a slope gradient less than 8° (He et al.,
2014). The slope stability analysis results show that as the depth
of the glide surface increases, the critical angle of the soil layer
tends to 9°, which suggests that most “sediment creeps” might be
stable at present. When considering seismic loads, as the seismic
acceleration increases, the critical angle becomes significantly
smaller (Zhou et al., 2019). However, from the perspective of the
regional setting, seismic activity in the canyon area is weak (Sun
etal,, 2012), indicating that earthquakes are not the main trigger-
ing mechanism for landslides. Integrating the topographic char-
acteristics and seismic configurations of mounded seismic units
and the result of slope stability, we inferred that they might be
depositional structures rather than sediment deformation.

A possible origin of these mounded seismic units on the
canyon flanks and canyon heads is that they are related to intern-
al waves or internal tides. In recent years, many studies have sug-
gested that internal waves can lead to the generation of sediment
waves (Karl et al., 1986; Masson et al., 2002; Reeder et al., 2011;
Ribd et al., 2016). In the northern SCS, internal waves have been

observed and reported (Li et al., 2011; Alford et al., 2015), and
tides play a dominant role in driving internal tides and internal
waves (Zhao et al., 2004; Li et al., 2008). In the canyon system,
bottom current observations suggest that the alternating cur-
rents in the canyon are obvious, among which the internal tidal
currents are dominant (Wu et al., 2016). Studies of the Baltimore
(Gardner, 1989), Hudson (Hotchkiss and Wunsch, 1982) and
Halibut canyons (Puig et al., 2013) show that internal waves/tides
are responsible for the movement of particles in the canyon. We
inferred the mounded seismic units with stratified reflections as
the result of internal waves/tides, and the obvious surfaces at the
bottoms of some mounded seismic units are not slide surfaces
but erosional surfaces. The observed crest of wavy reflections mi-
grating upslope supports our hypothesis.

Sediment complex bodies, which usually have a mounded ex-
ternal shape and a sandwich structure with alternating chaotic
reflections and stratified configurations, might be mixed systems
composed of deformation and depositional structures. The
chaotic reflections indicate the destabilizing event of sediments,
while the layered reflections indicate the deposition associated
with the hydrodynamic environment. The bottom interfaces with
slope gradients less than 9° below the complex bodies might be
early erosion surfaces similar to the modern eroded seafloor.

6 Summary

High-resolution bathymetric data chirp profiles allowed us to
describe the detailed morphology and internal configurations of
widespread mounded units and to discuss their origin together
with an analysis of slope stability. The main conclusions of this
work are as follows:

(1) The mounded seismic units exhibit two typical seismic fa-
cies: chaotic reflections and stratified reflections. Most of them
have smooth seafloor and are tens of meters high, hundreds of
meters wide and separated by grooves or depressions. The dis-
tance between two adjacent mounded units is only hundreds of
meters.

(2) The slope stability analysis results show that the critical
angle of the soil layers in the study area tends to be 9°, indicating
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that most mounded seismic units on canon flanks and heads are
stable.

(3) The mounded seismic units were overinterpreted as sedi-
ment deformation, possibly due to the canyon environment.
Some of them are landslides, but most of them are depositional
structures caused by ocean dynamic environments. The land-
slide complexes proposed in previous studies might be mixed
systems composed of deformation and depositional structures.
Additional detailed investigations, such as bottom current obser-
vations and sediment fluxes, are needed.
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