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Abstract

High-resolution multi-beam/single-beam bathymetric data and seismic profiling data from the latest surveys are
used to map and interpret the detailed seafloor geomorphology of the western region of the North Yellow Sea
(NYS), China. The mapping area covers 156 410 km?2, and incorporates a flat shelf plain, subaqueous
accumulation shoals, tidal scouring troughs, and tidal sand ridge groups. Offshore areas with water depths less
than 50 m in the western region of the NYS are mainly covered by thick, loose sediments, forming wide spread
accumulation geomorphological features; these include the Liaodong Peninsula subaqueous accumulation
system containing shoals and rugged scouring troughs, and the large mud wedge of the Shandong Peninsula. In
the central part of the NYS, there is a relatively flat residual shelf plain with coarser sediment deposits. This flat
shelf plain has a water depth larger than 50 m and a thin layer of sediment, on which there is a large pockmark
field caused by seafloor seepage. These geomorphological structures indicate that modern sedimentary processes
are the main driving force controlling the sculpture of the current seafloor surface landform. Extensive strong tidal
current systems and abundant sediment sources provide the critical external forces and essential conditions for
the formation of seafloor geomorphology. The tectonic basement controls the macroscopic morphological shape
of the NYS, but is reflected very little in the seafloor geomorphic elements. Our results provide a detailed seafloor
geomorphological map of the western region of the NYS, an area that has not previously mapped and also provide
a scientific framework for further research into offshore seafloor geomorphology, shelf sedimentary processes,

and submarine engineering construction in this region.
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1 Introduction

The offshore continental shelf is a natural prolongation of the
land into the sea, and is also a key area where terrigenous loose
sediments discharge into the sea. Complex hydrodynamic sys-
tems, including rivers, tidal waves, and currents drive the migra-
tion and deposition of sediments (Milliman and Syvitski, 1992;
Gensac et al., 2016). Meanwhile, strong hydrodynamic forces
erode and locally cut the seafloor, shaping various erosional and
depositional landforms. Offshore seafloor geomorphology and its
evolution is fundamental to gain a comprehensive understand-
ing of offshore geological processes, such as dynamic sedimenta-
tion, history of tectonic activity, global climate change, and sea-
level fluctuation (Liu et al., 2005; Nichol et al., 2011).

The North Yellow Sea (NYS) is a semi-enclosed shallow sea
on the continental shelf of eastern China, with a water depth of
<70 m. Several rivers carry high volumes of terrigenous sediment
into the NYS, forming various geomorphological features; the
subaqueous delta of the Yalu River Estuary, large-scale tidal sand
ridges of the Korean Bay, and large mud wedges have received
particular attention (Liu et al., 2004; Yang and Liu, 2007). In addi-

tion, there are numerous islands and erosional landforms, such
as deep scour troughs, in the Laotieshan Channel. Through sur-
veys conducted in offshore areas of China between the 1950s and
1980s, large quantities of bathymetric and sonar data were ob-
tained from the NYS, which contributed to a relatively compre-
hensive understanding of the geomorphology of the NYS sea-
floor (Lin, 1989; Geng, 1981). Owing to the low resolution of the
survey equipment at that time, fine details of the seafloor were
unable to be displayed, thus limiting the accuracy of research on
seafloor geomorphology. In recent years, oceanographic surveys
have adopted high-resolution multi-beam bathymetric systems
and various pieces of high-resolution sonar and seismic explora-
tion equipment, which have facilitated the discovery and study of
the detailed geomorphology of offshore China (Liu et al., 2005;
Cai et al., 2013). A series of new discoveries and an increased un-
derstanding of the geological environment have been made in
the NYS, including its stratigraphic structure (Liu et al., 2005;
Chen et al., 2011; Chen, 2014), surface sedimentary environment
(Cheng and Gao., 2000; Qi et al., 2004; Wang et al., 2009; Qiao
etal., 2017), and seafloor pockmark field (Chen et al., 2017; Wang
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etal., 2018; Liu et al., 2019). These findings have provided new
evidence to better understand dynamic geomorphological pro-
cesses in offshore areas. However, the details of distinctive geo-
morphological features in the western NYS, such as submarine
shoals and scour trough system, have yet to be reported, and the
classification of these features according to widely accepted geo-
morphological standard is still lacking, as is, a detailed full-cover-
age geomorphological map of the NYS employing high resolu-
tion multibeam bathymetry.

In this paper, we use newly acquired high-resolution multi-
beam sonar data to characterize the fine-scale (25 m spatial res-
olution) geomorphology of the western region of the NYS; three
typical seafloor geomorphological units found in this region are
discussed in turn, and several new micro-geomorphological fea-
tures are revealed and described in detail. In addition, the geo-
morphology of the seafloor of the NYS is mapped in full using this
bathymetric mode, coupled with side-scan sonar, sub-bottom
profiling, sediment data, and relevant research results from the
past two decades. The origin and evolution of the seafloor geo-
morphology is also discussed and explored in terms of geological
structure, nearshore current systems, and modern sedimenta-
tion processes. Results from this study will help improve our un-
derstanding of the geomorphology of offshore continental
shelves and provide insights into offshore seabed formation pro-
cesses.

2 Geographical background of the NYS

The seafloor topography of the NYS tilts from the north, west,
and southwest to the central region. The western region of the
NYS is connected to the Bohai Sea through the Bohai Strait, and
the central region dips southwards into the South Yellow Sea.
Tectonically, the NYS is a fault-bounded basin developed on the
Jiaoliao Uplift. Fault structures are developed on both the mar-
gins and within the basin, and the main tectonic structures trend
NE-SW. The basement of the basin comprises of Sinian crystal-
line rocks, overlain by Sinian, Upper Mesozoic, and Quaternary
strata. Since the Cenozoic, most of the structural forms in the
basin have been covered by loose Quaternary sediments, except
for the islands and reefs distributed in tectonically uplifted areas
off the three peninsulas (Liaodong Peninsula, Korean Peninsula,
and Shandong Peninsula) and in the Bohai Strait (Li et al., 2009,
2006; Shen et al., 2013). There have been three sedimentary
transgression-regression-transgression cycles in the NYS since
the late Quaternary, sedimentary strata are deposited in six
stages (MIS6-MIS1), which correspond to different sedimentary
environments formed during these cycles between the late Pleis-
tocene and the Holocene (Liu et al., 2005; Chen et al., 2013).

During the Holocene, the NYS has received an abundant sup-
ply of terrigenous material which has resulted in a high sediment
accumulation rate (Alexander, 1991). Rivers discharging into the
NYS are mainly from the Liaodong Peninsula, and include the
Yalu River (YLR), Dayang River (DYR), Zhuanghe River (ZHR),
Biliu River (BLR), and Dengsha River (DSR) (Fig. 1). Moreover,
several rivers enter the Yellow Sea from the Korean Peninsula, in-
cluding the Datong River (DTR) and Hanjiang River (HJR). Only a
short length of rivers flow into the Yellow Sea from the Shandong
Peninsula, and most of these flow into the southern Yellow Sea,
which has little impact on the NYS. The flow field of the NYS
primarily comprises the Yellow Sea Warm Current, Yellow Sea
Coastal Current, and Yellow Sea Circulation (Zhang et al., 2008;
Liu et al., 2004). The NYS provides a channel through which the
Yellow Sea Warm Current enters the Bohai Sea. The tidal current
is of the semidiurnal type that rotates counterclockwise (Fig. 1).

The complex hydrodynamic conditions and diverse material
sources in this region exert considerable control on sediment re-
suspension, transportation, and deposition (Chough et al., 2000).
Modern sediments with uneven thicknesses are deposited on the
seafloor surface of the NYS. These sediments mainly comprise
muddy silt, silt, sandy silt, silty sand, and sand. Gravels are
present in local areas, while sand, silty sand, and sandy silt show
widespread distributions; silt and mud occur only in relatively
small areas (Lee and Chough, 1989; Qiao et al., 2017). The grain
size of surface sediments gradually becomes coarser from south-
west to northeast. Mud and silt predominate in the southeast
corner of the study area, off the northern Shandong Peninsula.
Sandy silt is predominantly deposited in the central region, with
a gradual shift to silty sand toward the east, and finally sand in
the easternmost region (Wang et al., 2009; Li et al., 2014).

3 Data sources and research methods

The data used in this study were mainly derived from sea-
floor topographic data acquired during five different surveys
from 2008 to 2013. The multibeam echosounder systems used in
the surveys include EM1002S, EM3000D, EM3002D (Kongsberg,
Norway), Seabeam1180 (Elac, Germany) and Geoswath
(GeoAcoustics, UK). These systems were calibrated before each
voyage, and different systems were compared to eliminate sys-
tematic errors. All singlebeam data used in this study were collec-
ted using a HY1600 single beam echosounder. Data from pub-
lished chart are also used where survey data were not available.
The sea area covered by multi-beam data was 22 288 km?, ac-
counting for ~46% of the study area, while the sea area covered
by single-beam data accounted for 74% of the study area. The re-
maining data included chart data and global sea area topograph-
ic data. After further processing and accuracy assessment of all
data, a digital seafloor bathymetry model with a spatial resolu-
tion of 25 m (multi-beam data areas) or 500 m (other data areas)
was constructed. Seismic profiles used in this paper were collec-
ted using a SIG 16 single channel seismic hydrophones streamer,
while a GEO-SPARK1000 sparker as source with the shooting en-
ergy of 300 J acted as the source. Graphs in this paper were con-
structed using Global Mapper 13, Surfer 16, and ArcGIS 10.0.

4 Seafloor topographical and geomorphological features in
the western region of the NYS

The water depth of the study area ranges from 0 m to 65 m,
and becomes deeper from the nearshore to the basin center. In
nearshore areas with water depths of <50 m, the bathymetric
contours are parallel to the shoreline, except for islands; there is
large topographic relief and changes in slope gradient (Fig. 2). In
the central region of the study area, the topography is subdued
and the water is relatively deep; the 50 m contour almost out-
lines the margin of the central basin. From north to south, the
seafloor can be roughly divided into three typical geomorpholo-
gical units: a dynamic tidal area off the southern Liaodong Penin-
sula; an erosion-accumulative plain area in the central NYS; and
an accumulation area off the northern Shandong Peninsula
(Fig. 3).

4.1 Dynamic tidal geomorphological unit off the Liaodong Penin-

sula

On the seafloor to the south of the Liaodong Peninsula, there
is a geomorphological unit composed of islands and their sur-
rounding underwater shoals and scour troughs. This islands-tid-
al scour trough-shoal group developed in nearshore waters
(depth <50 m) and is a typical dynamic tidal geomorphological
unit formed by the interaction of strong tidal currents and an ar-
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Fig. 1. Rivers flowing into the Yellow Sea together with the seawater circulation model (Yang and Liu, 2007; Su and Yuan, 2005; Qiao
et al.,, 2017) (a); mean grain size (¢) of seafloor surface sediments in the North Yellow Sea (modified after Wang et al. (2009); Li et al.
(2014)) (b). YSWC: Yellow Sea Warm Current; YSCC: Yellow Sea Coastal Current; NYSC: North Yellow Sea Circulation; LCC: Liaonan
Coastal Current; BCC: Bohai Coastal Current; YLR: Yalu River; DYR: Dayang River; ZHR: Zhuanghe River; BLR: Biliu River; DSR:
Dengsha River; DTR: Datong River; HJR: Hanjiang River; JJR: Jinjiang River; LHR: Luanhe River; HR: Haihe River; HHR: Huanghe

River; WHR: Waste Huanghe River; CHJR: Changjiang River.

chipelago (Xiao and Miao, 1995; Miao et al., 1995). The seafloor
here around the islands is complex, has large topographic relief,
and curved and variable bathymetric contours. Submerged reefs,
water channels, erosional depressions, and inter-island deep
troughs are common. The depth of water and gradient of slope
on the south side of the islands is generally greater than on the
north side. Tongue- and mound-shaped subaqueous shoals are
developed to the west and southwest of the islands. The shoal
surface is smooth with a bottom water depth of 40 m.

4.1.1 Tidal scour troughs

Narrow scour troughs, with widths of 2-6 km and depths of
5-10 m, are found between or around Guanglu Island, Chang-
shan Archipelago, Haiyang Island, and Wumang Island (Fig. 4).
There are obvious scouring traces at the bottom of these scour
troughs, which are formed by a strong tidal current cutting into
the seafloor around the islands. The deepest scour trough is 48 m,
located to the northwest of Haiyang Island and northeast of Dali-
an Island. Sediments at the bottom of these scour troughs are
very rough, composed of coarse-grained gravel, gravel-contain-
ing sand, medium-grained sand, and outcropping bedrock (Miao
etal., 1995).

4.1.2 Subaqueous accumulative shoals and sand ripples
Subaqueous accumulative shoals, having tongue or mound

38°

Yellow Sea

36°

Fig. 2. Seafloor topography of the North Yellow Sea. The lines in
this figure are water bathymetric contours, and the marked num-
bers are the corresponding water depth values.
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Fig. 3. Dynamic tidal geomorphological unit off the south coast of the Liaodong Peninsula. This image shows tongue- and mound-
shaped subaqueous shoals developed to the southwest of the islands and scouring troughs surrounding the islands. The trend of the

subaqueous shoals is consistent with the main current direction.
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Fig. 4. Geomorphological sketch of the seafloor to the south of
the Liaodong Peninsula. This image shows the distribution of ac-
cumulative shoal, sand ripples and scouring troughs in plan-
view.

0 mud wedge

504

shapes in plan-view, are developed to the southwest of each is-
land of the Haiyang Island, and Wumang Island, and Changshan
Archipelago. The largest accumulative shoal is located to the
southwest of Guanglu Island; this has a long tongue-like shape, is
5.5 km in length and has a maximum width of 1.4 km. The width
of this accumulation gradually decreases and pinches out to the
southwest, and its long axis is NE-SW trending, which is consist-
ent with the direction of the coastal current. There are also
sporadic bedrock outcrops in the tail of the shoals (Figs 3 and 4).
On seismic profiles, these accumulations show a nearly transpar-
ent reflection with oblique bedding, and their maximum thick-
ness is 15 m (Fig. 5). According to the analysis of core samples,
the sediments comprising these subaqueous accumulations were
formed during a period of high sea level in the Holocene, and the
underlying strata represent post glacial transgressive systems
tract (Liu et al., 2004; Chen et al., 2013).

There are subaqueous sand ripples on the top of the accumu-
lative shoal located southeast of Xiaochangshan Island. The sand
ripple area is approximately 6 km long from north to south and

maximum flooding surface

transgressive surface

100

Two-way travel time/ms

150 A

200

shelf plain

Fig. 5. Seismic profile 1. This profile is NW-SE trending. The left side of this profile comprises two subaqueous clinoforms in close
proximity, the Guanglu Island shoal and the Haiyang Island shoal, which have been connected as a whole. The right side of this profile
extends towards the SE and reaches the shelf plain in the central region of the North Yellow Sea.
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Fig. 6. Three-dimensional schematic representation of
subaqueous sand ripples. The location of this image is shown
in Fig. 4.

1-4 km wide from east to west (Fig. 6). It takes the form of a cres-
cent shape, distributed along the NW-WWS-ES directions, and
slightly curved towards Diaotuozi Island. The ripples are steep in
the north and gentle in the south, gradually decreasing in mag-
nitude from northwest to southeast, with a height difference of
1-3 m. The trend of the sand ripples is essentially perpendicular
to the direction of the ocean current.

4.2 Shelf erosion-accumulative plain area in the central NYS

basin

The central region of the NYS is a semi-enclosed trough plain
with a flat topography. The water depth is mostly in the range of
50-55 m with a slope gradient less than ~0.15%. The erosion-ac-
cumulative plain has the widest distribution and largest scale of
all the geomorphological features on the continental shelf of the
Yellow Sea (Xu et al., 1997). To the west, the plain extends into
the Bohai Strait, while to the east, it turns southwards in the cent-
ral region of the NYS and extends to the shelf erosion-accumulat-
ive plain of the South Yellow Sea. Because of transformation by
post-glacial erosion and modern ocean currents and waves, the
plain has developed residual depositional landforms from the
late Pleistocene to early Holocene. Modern sedimentation is rel-
atively weak, and the thickness of Holocene deposits is only 3-
10 m, with late Pleistocene “stiff mud” deposits in the underlying
strata (Xu et al., 1997). The western part of the shelf plain is adja-
cent to the Laotieshan Channel, with strong tidal currents, and
erosion is currently predominant in this area.

4.2.1 Tidal scour troughs and erosion-resistant ridges
The western part of the erosion-accumulative plain is adja-
O ~

erosion channels

//\

residual ridges

cent to the Laotieshan Channel, the main channel for tidal cur-
rents to enter the Bohai Sea, with flow velocities of up to 2.5 m/s.
The residual force of the strong tidal current results in the forma-
tion of a cluster of scour troughs on the seafloor (Fig. 7). These
scour troughs are NW-SE trending and commonly have a depth
of 2-6 m, but reach 10 m in some areas. Between the troughs, there
are also erosion-resistant ridges or residual bulges, resulting in a
topography of alternating troughs and ridges (Fig. 8). The scour
troughs close to the Laotieshan Channel are wide and gradually
become narrower southeastwards, or split into several narrower
branches, suggesting that seafloor erosion by the tidal current re-
duces moving southwest from the Laotieshan Channel. Surface
sediments on the shelf plain are mainly composed of sandy silt
and silty sand, much finer than the coarse gravels at the bottom
of Laotieshan Channel, which also indicates that the erosion of
the seafloor by tidal currents is weaker on the shelf plain.

Seismic profile 2 shows the vertical topography and strati-
graphic structure of the shelf plain and accumulating shoal. The
left side of Profile 2 is the erosional area of Laotieshan Channel,
where Holocene deposits are lacking; here, the seafloor is un-
even, with the development of erosional troughs and residual
ridges. On the right side of the profile, the subaqueous accumula-
tion shoal off Guanglu Island is arranged in a Q-shaped pattern,
thick in the middle and thin on both sides, with oblique near-
transparent bedding. This structure can be divided into two lay-
ers; the upper layer consists of 15-20 m-thick Holocene high-
stand deposits, and the lower layer consists of 2-3 m-thick hori-
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Fig. 7. Three-dimensional topographical surface of deep tidal-
scour troughs in the Laotieshan Channel and erosional troughs

on its southeast side.
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Fig. 8. Seismic profile 2. This profile passes from southwest to northeast through the northwest end of the shelf plain in the central
region of the North Yellow Sea and the tidal accumulative shoal off the Changshan Archipelago.
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zontal transgressive facies deposits, with underlying earlier de-
posits.

4.2.2 Seafloor pockmarks

The latest high-resolution multi-beam data revealed a sea-
floor pockmark field in the central portion of the shelf plain. The
pockmark field developed on the flat seafloor to the south of the
Changshan Island, with a length of 60 km from east to west and
80 km from north to south. The water depth of the pockmark field
is 50-55 m, with the terrain slightly inclined to the south. De-
tailed geomorphological characteristic of the pockmarks can be
distinguished using the multibeam terrain model, the pock-
marks in plan-view appear circular, elliptical, and irregular, with
km-scale diameters and shallow depths (0.1-2.5 m) (Fig. 9).
There are domes like structures in most of the pockmarks, and
they are immature relative to fully developed pockmarks. The en-
tire pockmark field covers an area of 3 200 km?; it is rare to have a
relatively large shallow-water pockmark cluster on a continental
shelf. The appearance of pockmarks is usually related to fluid
seepage from the seabed (Judd and Hovland, 2007; Giuliana et
al., 2017). Acoustic and biological evidence has confirmed the
presence of active fluid in some pockmarks (Liu et al., 2019).
Acoustic anomalies displayed on high-resolution sub-bottom
profile images suggest that the migration and accumulation of
shallow gas caused the formation of these features (Wang et al.,
2018). Shallow methane gas and fresh groundwater are con-
sidered to be the likely fluids resulting in seepage in the NYS
basin (Chen et al., 2017). According to the seismic profile, the top
surface sediment layer is missing in the center of NYS where the
pockmark field occur, while in the southern and northern off-
shore areas the top surface layer can reach tens of meters in

39°00"
N

38°45'

38°30"

122°00’ 122°15’ 122°30’ 122°45'E

Fig. 9. Three-dimensional topographical surface of the pock-
mark field.

thickness (Fig. 10). The widely developed paleo-channels in this
area may provide the pathway and storage space for fluid migra-
tion and gathering.

4.3 Accumulative platform around the Shandong Peninsula

The offshore area to the north of the Shandong Peninsula is
an underwater platform developed along the coastline. The plat-
form is 60 km wide, comprising a flat top of 45 km and a steep
side of 15 km. The water depth above the flat top range from 19 m
to 22 m with an average slope less than 0.1°; and the water depth

archipelago

mud shoal

Fig. 10. Accumulative shoal (mud wedge) around the Shandong Peninsula. This image shows that the mud shoal platform wraps
around the eastern end of the Shandong Peninsula, extends from the Bohai Strait to Chengshantou, and turns to southwards into the
South Yellow Sea. The overall trend of the subaqueous shoal is consistent with the coastal current.
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above the steep side ranges from 22 m to 44 m with an slope of 0.04°-
0.08°. The seafloor turns into flat plain where water depth deeper
than 44 m. This platform is a part of the mud wedge which ex-
tends from the Bohai Strait to Chengshantou, wraps around the
eastern end of the Shandong Peninsula, and extends southwards
into the South Yellow Sea (Alexander et al., 1991; Liu et al., 2004;
Yang and Liu, 2007). Seismic profiles of this platform show that it
is a prominent clinoform with a “Q” profile, and is 15-40 m in
thickness, thinning offshore to <1 m. This clinoform deposit dir-
ectly overlies the postglacial transgressive surface; the surface
sediments are muddy silt and silty sand, which are the Huanghe
River materials transported by the coastal current of the Shan-
dong Peninsula. This mud wedge feature is also considered to be
the distal subaqueous deltaic lobe of the Huanghe River (Liu et
al., 2004; Yang and Liu, 2007). Several studies have confirmed
that this clinoform began to form during the middle-Holocene
highstand under a relatively stable sea level; subsequently, it has
mainly been deposited by resuspended Huanghe River sedi-
ments carried down by the coastal current, interacting with local
waves, tides, and upwelling (Yang and Liu, 2007; Liu et al., 2009).

Seismic profile 3 shows the overall geomorphological struc-
ture of the NYS (Fig. 11). On the upper southwest side of the pro-
file, the mud wedge off the Shandong Peninsula shows the reflec-
tion characteristics of high-angle, oblique, near-transparent bed-
ding with a thickness of ~20 m, then thins out northeastwards to-
wards the central region of the NYS. In the underlying strata,
there are transgressive deposits with 2-3 m-thick horizontal bed-
ding, and underneath are late Pleistocene deposits, including pa-
leo-channel and paleo-lake deposits. The central part of the pro-
file comprises the flat shelf plain, where Holocene deposits are
very thin. In the underlying late Pleistocene deposits, it is diffi-
cult to trace any continuous strata because of the extensive devel-
opment of shallow gas. There are seafloor pockmarks and sub-
aqueous sand ripples in the northeast part of the accumulative
plain. At the northeast end of the profile, the topography be-
comes shallower, gradually extending to the south of the Chang-
shan Archipelago.

4.4 Detailed seafloor geomorphological map of the western region

of the NYS

By drawing the newly detected seafloor geomorphological
units and elements mentioned above, and adding these to the ex-
isting geomorphological map of the area(Lin, 1989; Cai et al.,
2013; Li et al., 2020), a detailed full-coverage seafloor geomor-
phological map of the NYS can be obtained (Fig. 12). In this map,
geomorphological details such as subaqueous shoals, scour
troughs surrounding islands, and the seafloor pockmark field in
the western region of the NYS are depicted as a whole based on

the latest high-resolution survey data. In the identification and
classification of each geomorphological feature, morphology and
genesis are considered as the main factors. When compiling the
geomorphological map, colored legends were used to make the
map easier to read.

As a shallow continental shelf sea, the NYS represents a typic-
al accumulative plain. In most areas of the NYS, the seafloor sur-
face is covered by loose sediments of varying thicknesses; excep-
tions are the bedrock island outcrops in the Changshan Ar-
chipelago and Bohai Strait. Under the abundant supply of terri-
genous sediments, widespread depositional geomorphological
units have been formed in both the northern and southern off-
shore areas of the NYS. In the north of the NYS, tidal sand ridges
extend 50 km offshore, and the edge of the accumulative shoal
near the southern Liaodong Peninsula reaches 40 km offshore. In
the south of the NYS, the average width of the mud wedge sur-
rounding the Shandong Peninsula is 40 km. These geomorpholo-
gical units are characterized by positive topography, high gradi-
ent, diverse shape, and thick sediments. However, in the center
of the NYS, sediment sources decrease, and the geomorphologic-
al units are characterized by negative topography, low gradient,
and thin sediments.

5 Discussion

5.1 Factors affecting seafloor geomorphology in the NYS

Mapping the seabed in the detail presented herein provides
an opportunity to propose explanations for the form and distri-
bution of geomorphological units and elements in terms of likely
formative mechanisms and processes. Here we propose four
main factors as potential influences on the geomorphological
form of the NYS seafloor. These are the tectonic activities within
the NYS basin, abundant sediment sources, nearshore current
systems, and sea-level fluctuation.

On the whole, the seafloor geomorphological features of the
NYS are relatively young with almost no visible traces of large
faults or other tectonic structures on the surface; hence, tectonic
factors do not seem to be directly reflected in the appearance of
the geomorphological features (Lin, 1989; Xu, 1997; Cai, 2013).
However, it is evident that the macroscopic geomorphological
pattern of the seafloor is controlled by geotectonics. The current
seafloor geomorphology of the NYS is developed on an ex-
tremely thick Cenozoic sedimentary layer, and the overall sub-
sidence of the NYS basin since the late Cenozoic has laid the
foundation for the shelf accumulative plain in the central region
of the NYS (Geng, 1981; Zheng, 1991). The Jiaoliao Uplift and its
corresponding terrestrial mountains and hills control the
shoreline contours and sea-land pattern of the NYS. These struc-
tures naturally extend underwater to form the basement for the
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development of the large subaqueous accumulations off the
Liaodong Peninsula and Shandong Peninsula.

The western region of the NYS is a deposition center, which is
affected by the large quantity of sediment carried by surrounding
rivers (e.g, Huanghe River, Yalu River and other small rivers; Wang
et al., 2009). The thickness of the Holocene sedimentary layer is
larger than 40 m immediately offshore, and it gradually thins
from the nearshore to the center of the NYS. As shown in the seis-
mic profile, the subaqueous mud wedge adjacent to Shandong
Peninsula and subaqueous shoals adjacent to Liaodong Penni-
sula are Holocene hightand deposits; provenance analysis shows
that these sediments were mainly derived from the Huanghe
River and Yalu River (Liu et al., 2007; Chen et al., 2013), which in-
dicates that these geomorphological features are the result of
substantial material inputs into marine areas by coastal rivers.
The offshore continental shelf is the main destination for the
transportation of terrigenous sediments to the sea, and there is
also a complex hydrodynamic system in this region. Tidal cur-
rents, waves, and residual currents provide strong erosion and
transportation capacity to the seabed, and are the main external
forces driving the formation of erosion troughs and sediment re-

distribution and deposition. The trends of the subaqueous accu-
mulations of the Liaodong Peninsula and Shandong Peninsula
are consistent with the directions of coastal currents, indicating
that the shaping of submarine geomorphological characteristics
is closely related to the influence of coastal tidal current systems.
Consistent with the frequently changing global climate, the
sea level in the East China Sea has fluctuated several times dur-
ing the Quaternary, and corresponding multi-stage sedimentary
strata have been formed (Butenko et al., 1985; Zheng, 1991; Chen
etal., 2011). The continental shelf of the Yellow Sea was exposed
during the Last Glacial Maximum (LGM; approximately 20 ka BP)
when the sea level was 120 m below modern sea level (Qin, 1989).
During the period of low sea level, the seafloor of the NYS was
completely exposed as land, and thick offshore accumulative to-
pography, such as the Shandong clinoform and Liaodong Penin-
sula subaqueous shoal, had not been formed. The major portion
of the Shandong clinoform formed during Holocene sea-level
highstands in the last 7 ka (Yang and Liu, 2007). The rise of post-
LGM sea level has clearly played a critical role in the develop-
ment of the Holocene offshore accumulative shoals. In addition,
the fluctuation of sea level resulted in the seabed in the study
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area being sequentially exposed as land and submerged by sea
water, forming complex sedimentary strata containing multi-
stage paleo-channels, this is also clearly a key factors affecting
the geomorphological evolution of the NYS.

5.2 Formation mechanisms of the two accumulative geomorpho-
logical units in the study area and inspirations for the geomor-
phological evolution of the continental shelf
The study of on the long-distance transportation of sedi-

ments from estuaries by large-scale river system and the forma-
tion of large-scale alongshore clinoform deposits far from their
source has attracted considerable attention (Nittrouer et al.,
1996; Liu et al., 2007). The mud wedge and subaqueous shoal in
the study area are typical distal deposits of the Huanghe River
and the Yalu River (Chen et al., 2013; Liu et al., 2007). Although
both of the accumulative geomorphological units (adjacent to
the Liaodong Peninsula and surrounding the Shandong Penin-
sula) are Holocene deposits, their geomorphological features,
material compositions, and formation mechanisms are different,
and these represent distinct geological processes.

The subaqueous accumulative geomorphological unit off the
Liaodong Peninsula includes several tongue-shaped shoals with
maximum widths of 8 km and thicknesses of 5-15 m; these are
much smaller than the mud wedge surrounding the Shandong
Peninsula, which has an average width of 6 km and a maximum
thickness of 40 m. From the aspect of material composition, the
deposits of the Liaodong Peninsula shoal mainly derive from the
Yalu River and are driven by the Liaonan Coastal Current (LCC),
and the particle size ranges from sand to muddy silt (Chen et al.,
2013; Wang et al., 2009). In contrast, the main sediment of the
Shandong Peninsula shoal is muddy silt, which comes from the
long-distance transportation of the Huanghe River (Liu et al.,
2002, 2004); fine materials deposited on the mud wedge have
been driven by the Shandong Coastal Current (SDCC) since the
mid-Holocene (Liu et al., 2002; Yang and Liu, 2007). The flow ve-
locity of the SDCC is much lower than that of the LCC, and it re-
mains stable and uniform from west to east. The resulting depos-
its are almost parallel to the shoreline and contain fine-grained
clayey silt or mud, which indicates the sedimentation of fine-
grained materials in a weak hydrodynamic environment.

Therefore, the two accumulative geomorphological units are
formed under the action of different dynamic processes. Deep
and wide scour troughs, containing various particle sizes, de-
veloped between the tongue-shaped shoals off the Liaodong Pen-
insula coast, representing a strong hydrodynamic environment.
In contrast, the single, simple geomorphological element with
fine particles off the Shandong Peninsula indicates a relatively
weak and simple hydrodynamic environment. The geomorpho-
logy of any region is the result of wide-ranging the Earth surface
processes, and changes dynamically—the geomorphology in any
period represents an instantaneous record of the evolutionary
history of the Earth. The offshore continental shelf is the main
area for the transportation of terrigenous sediments to the sea.
Large quantities of sediments carried by rivers flowing into the
sea are important material sources for the formation of modern
sedimentary geomorphology. In addition, there are complex tid-
al current systems in the offshore region, which provide strong
erosivity to the seafloor in local areas under the combined effects
of waves, tidal currents, and circulations. Strong tidal dynamic
systems are the main external force driving the formation of
erosion troughs and the redistribution and deposition of materi-
als. On the offshore continental shelf with abundant material
sources, Holocene sedimentation is the primary process that de-

termines the formation and evolution of seafloor geomorpho-
logy, while extensive strong tidal current systems and abundant
sediment sources are critical external forces and essential condi-
tions for sculpting offshore seafloor geomorphology.

6 Conclusions

(1) A detailed full-coverage seafloor geomorphological map
of the North Yellow Sea was constructed by adding newly detec-
ted seafloor geomorphological units and elements to exist geo-
morphological maps of the study area. In this map, the geomor-
phological elements discovered by multi-beam sonar in the west-
ern region of the NYS, such as subaqueous shoals, scour troughs
surrounding islands, and a seafloor pockmark field are depicted
in detail for the first time.

(2) Modern sedimentation is the primary process that de-
termines the formation and evolution of seafloor geomorpho-
logy, while extensive strong tidal current systems and abundant
sediment sources are critical external forces and essential condi-
tions for sculpting offshore seafloor geomorphology. The rise of
post-LGM sea level has also played a critical role in the develop-
ment of the Holocene offshore accumulative shoals.

(3) Two accumulative geomorphological units in the western
region of the NYS exhibit different geomorphological features,
material compositions, and formation mechanisms. They also
represent two different depositional and geomorphological pro-
cesses. Several small scale tongue-shaped shoals and deep scour-
ing troughs with various sediment particle sizes off the Liaodong
Peninsula coast are representative of a strong hydrodynamic en-
vironment. In contrast, single large scale subaqueous clinoform
with fine particle sizes off the Shandong Peninsula indicates a re-
latively weak and simple hydrodynamic environment.
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