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Abstract: Based on multibeam bathymetric data and high-resolution shallow sub-bottom profiles
acquired during China’s 10th Arctic Scientific Expedition Cruise in 2019, a sediment wave field was
found on the western slope of the Chukchi Rise, in the Arctic Ocean. This sediment wave field
developed on the lower slope with water depths of between 1200 m and 1800 m and stretched 15 km
in the downslope direction. It comprised several parallel sediment waves, with wavelengths ranging
from 700 m to 3400 m and wave heights from 12 m to 70 m. In the vertical direction, well-stratified
deposits, tens of meters thick, were affected by sediment waves, which exhibit asymmetric waveforms
and upslope migration trends. The morphological and seismostratigraphic characteristics of the
sediment waves suggested their genesis as a result of the interaction between the bottom current and
seafloor morphology, which was also supported by hydrographical data adjacent to the sediment
wave field. It was infered that this bottom current was related to the Arctic Circumpolar Boundary
Current, which many researchers suggest flows through the study area.

Keywords: seafloor bedform; multibeam bathymetry; sub-bottom profile; bottom current

1. Introduction

A sediment wave is defined as a large-scale (generally between tens of meters and
a few kilometers long and several meters high), undulating, depositional bedform that
is generated beneath a current flowing at, or close to, the seafloor [1]. The wave-forming
current can either be a contour current or a turbidity current in the deep ocean [1–3].
Sediment wave formation, which often takes hundreds to thousands of years, represents
the long-term response of sedimentation processes to environmental conditions [4], thereby
influencing thick strata below the seabed [5]. As such, sediment waves are often clearly
displayed on the seabed topography and on shallow strata, and they can be effectively
identified using modern technology, such as multibeam bathymetry, sub-bottom profiles,
and side-scan sonar. Based on the features of sediment waves in plain view and of vertical
stacking patterns, in combination with regional settings, the characteristics of the wave-
forming bottom current can be determined [1,6,7] and important information on the modern
and palaeoceanographic environment and dynamic processes can be obtained [3]. Most
sediment waves are found in deep-sea areas in middle and low latitudes [2,3,7], where
research investment is greatest; in higher-latitude sea areas, the sediment waves are mainly
found around Antarctica [8–10]. In recent years, sediment waves have also been found in
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some regions around the Arctic, such as the Nordic Seas [11], the Faroe Islands [12,13], off
the coast of Greenland [14], and in the Canadian Basin [15].

Multibeam bathymetry and sub-bottom profile data obtained from China’s 10th Arctic
Scientific Expedition in 2019 at the protrusion of the western continental slope of the
Chukchi Rise (Figure 1b) revealed a sediment wave field [16]. In the same period, scholars
from Korea also found evidence of the presence of sediment waves in this area [17], but
they did not conduct an in-depth analysis of their characteristics. Considering the unique
position of the Chukchi Borderland in the Arctic flow field [18–20], studying these sediment
waves should aid our understanding of the characteristics of the bottom current, thereby
providing useful information on the Arctic Ocean environment.

Figure 1. Bathymetric chart of the Chukchi Borderland and its neighboring areas (a) and a zoomed-in
image of the study area (within the yellow box in Figure 1a) (b). The inset indicates the location
(black box) of Figure 1a in the Arctic region. Pink dotted lines with arrows represent the speculated
pathway of the Arctic Circumpolar Boundary Current (according to [19,20]). White solid lines mark
the research vessel’s track during China’s 10th Arctic Scientific Expedition in 2019. The blue solid line
indicates the location of Figure 2, and the red shaded area identifies the location of Figure 3a, where
the sediment waves were found. The green star (10M14) and red point (03M03) mark the locations of
the lowered ADCP site and gravity sediment core, respectively, which are mentioned below.

Figure 2. Sub-bottom profile across the western slope of the Chukchi Rise (see Figure 1b for its
location). The vertical axis is the two-way travel time (TWT) in miliseconds, and the depth scale in
meters is estimated at a sound speed of 1500 m/s. The location of Figure 4 is also shown.
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Figure 3. Sediment waves on the multibeam bathymetric map and the locations of the water depth
sections used to measure the wavelengths and the wave heights (a). Water depth changes (solid
lines) along the three sections identified in (a); the dotted lines represent water depths obtained by
polynomial fitting, which indicate the trend of the water depth changes along the continental slope
(b). The real undulations of the sediment waves along the sections, i.e., the differences between water
depths and their fitting values (c).
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Figure 4. Sediment wave field shown on the sub-bottom profile (a) and a zoomed-in image of the
rectangular area (b). The location is shown in Figure 2. The red dashed lines show the connecting
lines of the wave crest for each internal reflector. The vertical axis is the two-way travel time (TWT)
in miliseconds, and the depth scale in meters is estimated at 1500 m/s sound speed.

2. Regional Settings

The study area is located at the junction of the Chukchi Borderland and the Chukchi
Shelf, in the western Arctic Ocean. The Chukchi Borderland is a large underwater platform
extending northward from the Chukchi Shelf into the Amerasian Basin and comprises four
geomorphological units: the Chukchi Rise, the Chukchi Plateau, the Northwind Ridge,
and the Northwind Basin (Figure 1a). The water depth here changes drastically, ranging
from less than 300 m in the Chukchi Rise and the Chukchi Plateau to nearly 3000 m in
the Northwind Basin [21]. The Chukchi Rise is adjacent to two deep-water basins, the
Northwind Basin in the east and the Chukchi Basin in the west, and is connected in the
north to the Chukchi Plateau through a narrow, saddle-shaped underwater depression. The
rise is roughly triangular, but, in the middle, a spur-like protrusion extends westward into
the Chukchi Basin, forming “W”-shaped contour lines on the continental slope between
the Chukchi Rise and the Chukchi Basin (Figure 1b).

The Chukchi Rise developed the Cenozoic strata which is several-hundred-meters-
thick and multiple sets of progradational sequences formed from the Oligocene to the
Pliocene [22,23]. Glacial sedimentation became dominant in this area during some period
of the Quaternary. Many plow marks and mega-scale glacial lineations caused by ice-
grounding developed across the shelf breaks. Multistage glaciogenic debris-flow deposits
formed on the continental slope and the bottom of the slope, buried by tens of meters of
thick hemipelagic deposits [24–29].

The oceanographic environment in the study area is heavily influenced by the anti-
cyclonic Beaufort Gyre circulation at the surface, while Pacific and Atlantic water inputs
contribute to the intermediate and deep-water masses [18–20]. The Atlantic water, which
constitutes the bottom current of the Arctic Circumpolar Boundary Current, may reach
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the Chukchi Borderland after crossing the Mendeleev Ridge and the southern slope of the
Chukchi Basin, extending to 1000 m and below, as proposed by Woodgate et al. [30].

3. Methods

In China’s 10th Arctic Scientific Expedition, the research vessel “Xiangyanghong 01”
was used to conduct geophysical, geological and hydrological surveys on the southwestern
Chukchi Rise and the adjacent Chukchi Basin and Chukchi Shelf (Figure 1a). A hull-
mounted multibeam bathymetry system and a sub-bottom profiling system were used to
obtain more than 700 km of high-resolution data, revealing the seabed topography and
shallow seismostratigraphic structure along the route.

3.1. Multibeam Bathymetry

Seabed topography was measured using a Wärtsilä ELAC SeaBeam 3012 full-ocean-
deep multibeam echo-sounder system. The water depth of the working area ranged from
80 to 2500 m, of which the beam coverage width was approximately 3–3.5 times the water
depth when the water depth was shallower than 1000 m and approximately 3.5–4 times the
water depth when the water depth exceeded 1000 m. During the voyage, an AML Minos se-
ries sound velocity profiler was used to acquire the vertical variation in the seawater sound
velocity. Caris software was used to perform multibeam data processing and corrections
according to the standard workflow, which included parameter correction, navigation data
editing, water-depth point-noise editing, tide level correction, and sound speed correction.
Then, a built-in combined uncertainty and bathymetry estimator (CUBE) multibeam auto-
matic processing tool was used to construct the CUBE surface and multibeam grid data
with a grid spacing of 20 m.

3.2. Sub-Bottom Profiling

A hull-mounted Kongsberg TOPAS PS18 parametric sub-bottom profiler system,
which has a high spatial resolution in water depths between less than 20 m and full
ocean depth, was used for shallow stratum detection. This system transmits frequency
modulation (FM) signals with a frequency band of 2–6 kHz and acquires the returned
signals with a sampling rate of 36 kHz and record length of 800 ms. The seabed was
tracked automatically according to the water depth input from the multibeam system,
and the acquisition delay was adjusted accordingly. Then, the SEGY format record was
processed by TRITON software for filtering, automatic gain, reflection interface tracking,
and digitization. Because of the lack of sound velocity data on the seabed strata in the
study area, a sound velocity of 1500 m/s was used for travel time–depth conversion of
the sub-bottom profile, as proposed previously by other authors [24,28]. The penetration
depth of the sub-bottom profile ranged from 10 to 80 m, depending mainly on the regional
seabed undulation and sediment type. At the top of the Chukchi Rise and the upper part
of the neighboring continental slope, the penetration depth was less than 20 m, while on
the lower continental slope, where the sediment wave field was located, the penetration
depth exceeded 50 m (Figure 2).

3.3. Hydrological Measurement

The hydrographical data (Figure 5) were collected at site 10M14 (171◦57.37′ W, 70◦01.89′ N,
see Figure 1b for location), including lowered acoustic Doppler current profiling (LADCP)
and conductivity–temperature–depth (CTD) measurement. The full-depth current profile
was obtained by Teledyne RDI Workhorse Sentinel self-contained 300 kHz LADCP. The
seawater pressure, in situ temperature, and salinity were measured using a Seabird SBE
911 Plus CTD. The LADCP was bound on the frame of the CTD system, and was lowered
down to a depth near the seabed. The “LDEO Implementation” of the velocity-inversion
method [31] was used for processing the LADCP data, and the CTD time-series data
were included as input parameters; then, the eastward and northward components of the
horizontal velocity of the current could be figured out.



J. Mar. Sci. Eng. 2022, 10, 1586 6 of 11

Figure 5. The vertical profile of sea water velocity measured by LADCP at site 10M14 (see Figure 1b
for its location). The upward and rightward vectors indicate northward and eastward currents,
respectively. The length of each vector gives the magnitude of the current.

4. Results
4.1. Echo Character Type and Distribution along the Slope

In Figure 2, the sub-bottom profiling data show the stratal geometries, internal struc-
ture, stacking patterns, and sequence relationships of the uppermost tens of meters of thick
deposits on the middle–lower slope of the Chukchi Rise within a water depth range of
approximately 700–2000 m. Along this profile, the slope break occurs at a water depth of
approximately 450 m, according to multibeam bathymetry data [16]. Downward from the
slope break, until approximately 900 m depth (TWT 1200 ms), deposits less than 30 m-thick
were captured by a sub-bottom profiler. The acoustically stratified reflection, with strong,
continuous, and subparallel internal reflectors, became increasingly thin toward the slope
break and finally pinched out. Below a 900 m depth, a thicker acoustically stratified re-
flection was shown. The internal reflectors became weaker, and severe undulation was
found at the lower slope. At the bottom of the slope, a transparent reflection was observed.
It wedges into the stratified reflection at the slope and then away from the slope, and its
thickness becomes gradually constant, to approximately 50 m.

4.2. Location, Morphology, and Acoustic Structure of Sediment Waves
4.2.1. Geomorphic Features

The wavy bedforms are located on the middle and lower parts of the continental slope
at a water depth of 1200–1800 m; the largest one occurs at about 1500 m (Figure 3a,b).
The incline of the slope is approximately 1.8–1.9◦. On the bathymetric map, the sediment
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wave field is shown as a series of alternating ridges and gullies, or some locally closed
depressions. In addition, the wave field span exceeds 15 km in range; the single sediment
wave crest forms a linear or crescent shape on the plane, which is generally oblique to
the contour at a small angle (Figure 3a). The wavelength and wave height parameters
of the sediment waves were calculated along three water depth sections, as shown in
Figure 3a. To eliminate the influence of the slope incline, the average water depth along
the continental slope was calculated using a polynomial fitting method and subtracted
from the measured water depth (Figure 3b). The results indicate that the wavelength is
between 700 m and 3400 m, and the wave height is between 12 m and 70 m (Figure 3c);
therefore, it is a so-called large-scale sediment wave [1,7]. The wave in the middle of the
field has the largest wavelength and height in the direction perpendicular to the continental
slope, which gradually decreases toward both sides (Figure 3c). Moreover, the wavelength
and wave height vary along the direction of the sediment wave. The wave crest length
exceeds the beam width of the multibeam echo sounder, which measures about 5 km in the
wave field.

4.2.2. Seismostratigraphic Features

The wavy bedforms correspond to continuous wave-like bending of the well-stratified
seismic reflector below the seabed within the thickness visible in the sub-bottom profile
(Figure 4a). The sedimentary layer affected by these waves maintains the original good
stratification, with moderate–weak internal reflectors and nearly transparent, constant-
thickness layers within them. Most of the reflectors can be continuously traced along
the adjacent waves. The wave shape is laterally variable but mostly shows asymmetrical
waveforms, of which the upslope wing has a larger inclination and thickness than the
downslope wing (Figure 4b). The line connecting the wave crests of each reflection interface
of the waves is slightly inclined downslope, indicating a characteristic of upslope migration
(Figure 4a,b). For the whole wave field, the waveform asymmetry on both sides of the field
is higher than that at the center, whereas the wave height is larger at the center than on
both sides.

4.3. Current Velocity Profile at Site 10M14

Figure 5 shows the horizontal velocity profile observed by the LADCP at 10M14, a
site near the bottom of the continental slope, approximately 15 km away from the wave
field. Strikingly, different current direction was observed in the upper and lower parts of
the seawater. There are westward currents in the upper 800 m, with a maximum velocity
speed of approximately 0.33 m/s, whereas eastward and northeastward currents in the
intermediate (800–1300 m) and deep (1300–2000 m) layers have maximum velocity speeds
of approximately 0.22 and 0.26 m/s, respectively.

5. Discussion
5.1. Sediment Wave Formation

The wavy bedforms observed in the spur-like protrusion of the continental slope
were interpreted as sediment waves, according to its planar and vertical characteristics
in multibeam bathymetry and the sub-bottom profile [1,7]. The more widely distributed
multibeam survey lines revealed that sediment waves spread all over the slope of the
protrusion, and their wave crest lengths mostly exceeded 5 km [17].

Sediment waves can be formed by contour currents flowing laterally along the slope
or turbidity currents flowing down the slope. To distinguish between the sediment waves
formed by these two processes, five criteria, including wave regularity, wave crest align-
ment, sequence thickness, sediment type, and regional setting, were proposed by Wynn
and Stow [1].

In terms of wave regularity, each sediment wave under consideration has an asymmet-
rical waveform, the wave height and length decrease from the middle of the wave field to
both sides, and the waves show a trend of upslope migration, which are all typical features
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of sediment waves due to contour currents. In contrast, the dimensions of sediment waves
with turbidity current origins tend to decrease gradually downward along the slope. In
terms of the wave crest shape and alignment, the crest of the sediment waves in question
is slightly crescent-shaped and aligned obliquely to the contour at a small angle, while
the crest of turbidity current sediment waves is relatively straight in most cases, and the
direction is mostly parallel to the contour. For the sequence thickness, sediment waves
with turbidity current origins generally decrease progressively downslope as they move
from the provenance area, with the reduction range reaching 40–60% [1]. In contrast, the
sequence thickness affected by the sediment wave here is almost unchanged down the
continental slope, showing a key feature of contour current sediment waves.

For the sediment type, although no sediment samples were collected on the sediment
wave field in this cruise, some lithostratigraphic and seismostratigraphic studies in the
Chukchi–East Siberian margin seem to support the idea that the well-stratified deposits
forming sediment waves are mainly composed of fine-grained or sandy mud [17,32–34].
Similar acoustical characteristics to the study area were observed on the Chukchi–East
Siberian margin and the Chukchi Basin [17,24,25,28]. The acoustically stratified reflection
with subparallel internal reflectors might be correlated with the fine-grained–sandy muds
revealed by lithostratigraphic studies [32–34]. The internal weak reflectors were interpreted
as poorly sorted sandy muds with lower concentrations of iceberg-rafted debris, and the
outermost constant thickness layers within internal reflectors were interpreted through fine-
grained muds deposited in a hemipelagic environment [17,24]. The acoustically transparent
reflection at the slope bottom indicates homogeneous sediments without internal bedding,
which was interpreted thanks to the fast sedimentation of glaciogenic debris flow [17,28].

Regarding the regional setting, sediment waves formed by turbidity currents are
mostly located in some confined environments, such as the levees of submarine canyons or
on channel mouths. In contrast, sediment waves formed by contour currents, especially
large-scale sediment waves, mostly develop in the lower part of the unconfined slope, as
revealed by the multibeam bathymetric data discussed here and that of Kim et al. [17].

The above analysis indicates that the sediment waves in the study area may have been
formed by contour currents as a result of the interaction between the seabed and bottom
currents flowing laterally along the continental slope. The hydrological data (Figure 5)
collected at site 10M14 adjacent to the wave field (Figure 1b) also support the contour
current genesis. The strong and stable bottom current at water depths between 1200 m and
1800 m would subsequently contribute to the wavy bottom topography observed in the
study area.

The source and route of this bottom current are still unknown. The LADCP observed
currents in the deep layer are in agreement with the previously identified boundary current
that transports Atlantic waters into the Arctic [35]. According to hydrographical and tracer
studies, Woodgate et al. [20,30,36] proposed that the Atlantic water that constitutes the
bottom current of the Arctic Circumpolar Boundary Current may flow along the southern
slope of the Chukchi Basin after crossing the Mendeleev Ridge and then flow eastward to the
Chukchi Borderland. This point is also supported by numerical simulation results [19,37].
The Arctic Circumpolar Boundary Current is roughly distributed along the continental
slope in the Chukchi Basin, and the center of the current is located between 1000 and 2000 m
in depth [30,36], which is essentially consistent with the depth range of the sediment waves
observed in our study. Therefore, seemingly reasonable inference is that the formation
of these sediment waves is related to the occurrence of the Arctic Circumpolar Boundary
Current. However, this hypothesis is still far from being confirmed, and more hydrological
observations will be necessary.

5.2. Implication for the Palaeoceanographic Environment

Sediment waves are often formed by long-term interactions between the bottom
current and the seabed [4]. Kim et al. [17] interpreted the sediment waves on the slope of
the western spur as “buried”, meaning that they formed before the hemipelagic drape was
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deposited. The sediment waves developed in the study area are obvious on the seabed
topography map and affect the distribution of surficial deposits, which might indicate
that they are still active. A statistical analysis of modern sediment waves reveals that the
two parameters of wavelength and wave height offer a good reflection on the formation
environment of sediment waves [7]. A logarithmic plot of the wavelength versus the wave
height of the sediment waves in the study area (Figure 6) reveals that they belong to the
nominal large-scale sediment waves with mixed relief, corresponding to the unconfined
continental slope environment and fine-grained sediment formed by the weak contour
current with linear stratification [7]. According to the bedform–velocity matrix [6], these
mud waves correspond to a flow rate of approximately 0.1–0.2 m/s, a little lower than the
sea water velocity at site 10M14 within same depth range measured by LADCP (Figure 5).
The reason might be that the wave field is located more than 15 km away from site 10M14,
and that the bottom current velocity is variable laterally.

Figure 6. Logarithmic plot of wavelength versus wave height for the bedforms in Figure 3a. The red
dots represent the waves used for statistics in Figure 3c. The two areas indicating the sediment wave
types were obtained from [7].

Because of the limited penetration of sub-bottom profiling, the maximum strata thick-
ness affected by sediment waves cannot be captured. Within the discernible depth of the
sub-bottom profile, the sedimentary layers show continuous wave-like curvature from
top to bottom, indicating that the bottom currents forming the sediment wave field have
long-term effects on the sedimentary environment of the continental slope. The subparallel
characteristics of internal reflectors also imply that the velocity and direction of the bottom
current have been relatively stable for many years. The thickness of the strata affected
by the sediment wave is over 50 m on the sub-bottom profile (Figure 4). The existing
drilling cores in the adjacent Chukchi Basin (such as core 03M03 [31] in Figure 1b) reveal
that the sedimentation rate is approximately several centimeters per thousand years since
marine oxygen isotope stage 5 (MIS5) [27,29,32,34]. Therefore, we can infer that this set
of sedimentary layers was formed over hundreds of thousands of years, indicating that
sediment wave formation seems to date back to the Middle Pleistocene, when the glaciation
began on the edge of the East Siberian Shelf as proposed by Niessen et al. [24].
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6. Conclusions

A sediment wave field that developed on the western slope of the Chukchi Rise was
identified using high-resolution multibeam bathymetry and shallow sub-bottom profile
data obtained during China’s 10th Arctic Scientific Expedition. By analyzing the planar and
sectional characteristics of the sediment wave field, the following conclusions were drawn:

(1) These sediment waves are formed by contour currents and result from the interaction
between continental slope bottom currents and the seabed;

(2) The sediment waves are still active, and their formation seems to date back to the
Middle Pleistocene;

(3) Sediment waves are formed by a bottom current, which may be genetically related to
the Arctic Circumpolar Boundary Current flowing through the study area.
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