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Abstract

The composition, provenance, and genetic mechanism of sediment on different sedimentary units of the East
China Sea (ECS) shelf are essential for understanding the depositional dynamics environment in the ECS. The
sediments in the northern ECS shelf are distributed in a ring-shaped distribution centered on the southwestern
Cheju Island Mud. From the inside to the outside, the grain size goes from fine to coarse. Aside from the “grain
size effect”, hydrodynamic sorting and mineral composition are important restrictions on the content of rare earth
elements (REEs). Based on the grain size, REEs, and clay mineral composition of 300 surface sediments, as well as
the sedimentary genesis, the northern ECS shelf is divided into three geochemical zones: southwestern Cheju
Island Mud Area (Zone Ⅰ), Changjiang Shoal Sand Ridges (Zone Ⅱ-1), Sand Ridges of the East China Sea shelf
(Zone Ⅱ-2). The northern ECS shelf is mostly impacted by Chinese mainland rivers (the Changjiang River and
Huanghe River), and the provenance and transport mechanism of sediments of different grain sizes is diverse.
The bulk sediments come primarily from the Changjiang River, with some material from the Huanghe River
carried by the Yellow Sea Coastal Current and the North Jiangsu Coastal Current, and less from Korean rivers.
Among them, surface sediments in the southwestern Cheju Island Mud Area (Zone Ⅰ) come mostly from the
Changjiang River and partly from the Huanghe River. It was formed by the counterclockwise rotating cold eddies
in the northern ECS shelf, which caused the sedimentation and accumulation of the fine-grained sediments of the
Changjiang River and the Huanghe River. The Changjiang Shoal Sand Ridges (Zone Ⅱ-1) were developed during
the early-middle Holocene sea-level highstand. It is the modern tidal sand ridge sediment formed by intense
hydrodynamic action under the influence of the Yellow Sea Coastal Current, North Jiangsu Coastal Current, and
Changjiang Diluted Water. The surface sediments mainly originate from the Changjiang River and Huanghe
River, with the Changjiang River dominating, and the Korean River (Hanjiang River) influencing just a few
stations. Sand Ridges of the East China Sea shelf (Zone Ⅱ-2) are the relict sediments of the paleo-Changjiang
River created by sea invasion at the end of the Last Deglaciation in the Epipleistocene. The clay mineral
composition of the surface sediments in the study area is just dominated by the Changjiang River, with the North
Jiangsu Coastal Current and the Changjiang Diluted Water as the main transporting currents.
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1  Introduction
The East China Sea (ECS) has garnered increasing attention

in recent years as a crucial shelf sea on the East Asian continent-

al margin. Since the Late Quaternary, the ECS has been charac-

terized by complicated ocean currents and sediment distribu-

tion, sea level changes, high sediment input from terrigenous

sediments, and intense land-ocean interactions (Liu et al., 2004;

Dou et al., 2011; Niu, 1985; Shi, 2021). The provenance of the ECS

shelf has become a hot spot in the marine geological study of

marginal seas, especially the contribution of sediments entering

the sea from the Chinese-Korean rivers on the ECS shelf and its

transport mechanism, which has been a difficult research prob-

lem (Choi et al., 2018; Xu et al., 2009a; Yang et al., 2004; Youn et

al., 2006). The surrounding ocean circulation is complicated, im-  
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pacted by the monsoon, terrain, river entrance, external seawa-
ter intrusion, tides, and waves, and includes the Kuroshio,
Taiwan Warm Current, Yellow Sea Coastal Current, Yellow Sea
Warm Current, and Changjiang Diluted Water (Huh and Su,
1999; Huang et al., 2020; Li and Chang, 2009). The Changjiang
River, Huanghe River, and Korean rivers (Han River, Keum River,
and Yeongsan River) are the most likely provenance, with the
Changjiang River and the Huanghe River delivering about 5×108

t/a and 1×109 t/a of sediment to the ECS, respectively (Milliman
et al., 1985). They have a significant impact on the ECS Shelf’s
provenance, the formation of muddy sediments, and the marine
ecological environment (Yang, 1988).

The sediment types, diverse provenance, and complex sedi-
mentary environments in the northern ECS shelf are ideal for
studying land-ocean change, current systems change, material
transport, and climate change (Chen et al., 2019; Liu and Li,
2022). It contains three distinct sedimentary units: Changjiang
Shoal, southwestern Cheju Island Mud, and the East China Sea
shelf tidal sand ridges (Li et al., 2005). While the composition,
provenance, and genesis of surface sediments in the ECS’s north-
ern shelf have not been thoroughly researched, there is some
controversy. Some researchers assume that the majority of the
ECS shelf is relict sediments (Liu, 1987), while others argue that it
is a modern tidal sand ridge sediment formed by the massive
amount of terrestrial material during the Holocene and later
modification (Liu et al., 2014; Liu and Xia, 2004). Previous re-
search has shown that the sediments in the southwestern Cheju
Island Mud are counterclockwise eddy sediments with material
input from the Huanghe River, Changjiang River, and Korean
rivers during the Holocene (Liu et al., 2009; Shi, 2012; Youn and
Kim, 2011). However, due to the rapid sea level changes and the
complex current systems, the provenance and genesis of surface
sediments in the ECS’s northern shelf are extremely complicated,
and no consensus has yet been achieved.

Rare earth elements (REEs) and clay minerals are relatively
conservative in sedimentation. They are commonly regarded as
trustworthy indicators of sediment provenance, and their com-
position in sediments may be utilized to identify the provenance
of various rivers (Dou et al., 2015b; Koo et al., 2018). The primary
variables influencing the sediment composition of Chinese-
Korean rivers are differences in source rock composition and
chemical weathering (Yang et al., 2002; Hu et al., 2011). The
Changjiang River basin’s source rocks are complicated, with ap-
parently developing intermediate-acid igneous rocks and strong
chemical weathering (Gong et al., 2012, 2013). The Huanghe
River basin’s source rocks are characterized by yellow earth and
significant physical weathering (Chen et al., 1984; Zhang et al.,
1990). The geological background of the Changjiang River basin
is more complicated than that of the Huanghe River basin, which
is dominated by yellow earth. As a result, the elemental content
and variation in Changjiang River sediments are substantially
greater than in Huanghe River sediments (Fan et al., 2001; Xiong
et al., 2003; Yang and Li, 1999a, 1999b). The Korean rivers are
dominated by granite and moderate chemical weathering (Lu et
al., 2019; Yang et al., 2003b). As a result, REEs and clay mineral
compositions of the sediments of the Huang-He, Changjiang,
and Korean rivers differ significantly (Choi et al., 2010; Jung et al.,
2006; Li et al., 2014; Song and Choi, 2009; Xu et al., 2009a). Due to
the different weathering patterns and rock compositions of each
river, there are apparent differences in the content of REEs in
Chinese-Korean river sediments. It is feasible to distinguish dif-
ferent river sediments and better understand their contributions
and transport mechanisms (Dou et al., 2015b; Jung et al., 2006;

Xu et al., 2009a; Yang et al., 2004).
In this study, we analyze the material composition character-

istics of clay minerals and bulk sediments from 300 surface sedi-
ments to identify controlling factors and explore the provenance
and genesis mechanisms of sediments from different sediment-
ary units in the northern ECS shelf.

2  Materials and methods

2.1  Research materials
Based on the 1:250 000 geological survey project in the north-

ern ECS conducted by the Qingdao Institute of Marine Geology of
the China Geological Survey, the R/V Hai Yang Di Zhi Qi
Hao survey vessel collected 300 surface sediments (0−2 cm) as re-
search materials from 2019 to 2021. The distribution of the
samples is 30°−32°N, 124.5°−127.5°E, with an area of about 64 000
km2. The current systems around the study area and the specific
sampling locations are shown in Fig. 1.

2.2  Experimental methods
Grain-size determination: 258 sediment samples (Fig. 1) were

analyzed using a laser granularity analyzer (model Mastersizer
2000, Malvern, UK), which has a measurement range of 0.02 μm
to 2 000 μm with a deviation of <1% and reproducibility: Φ50 <1%.
The analytical result interval is Ф0.25, and the sample weight
must be greater than 50 g. The overall laser granularity analysis
method is used. Individual samples can be combined with siev-
ing analysis and precipitation methods. Then, the sample has
been washed with salt, organic matter removal (10% H2O2), and
calcium component removal (dilute hydrochloric acid). The
sample is fully dispersed using the feeder’s ultrasonic generator
and then entered into the laser granularity analyzer for analysis,
and then the results are processed. Each grain size parameter
was calculated by the method of moments, including the mean
grain size and percentage content of each grain class of gravel,
sand, silt, and clay. According to the “Specifications for Oceano-
graphic Survey” (GBT 12763.8−2007) and the Udden-Wentworth
grade scale is divided into four classes: greater than 2 mm (less
than Ф−1) for the gravel; 2−0.063 mm (Ф−1−Ф−4) for the sand;
0.063−0.004 mm (Ф4−Ф8) for the silt; less than 0.004 mm (more
than Ф8) for the clay level. Mean Grain Size (Mz) formula: Mz =
(Ф16 + Ф50 + Ф84)/3 (They represent the particle size of 16%, 50%
and 84% on the accumulation curve).

Rare earth elements determination: 258 sediment samples
(Fig. 1) were analyzed by Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS), and 14 rare earth elements (REEs) were
tested, including La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and Lu. The samples were put in an oven and heated to 105℃
for 12 h before being removed. The sodium oxide solution was
added and melted for 10 min in a high-temperature furnace set to
700℃. After cooling, the REEs was extracted with water to form
hydroxide precipitation. Triethanolamine was used to mask iron
and aluminum. EDTA solution was used to complex calcium and
barium, and then filtered. The hydroxide precipitate of REEs was
dissolved in 2 mol/dm3 hydrochloric acid, enriched by strong
acidic cation exchange resin, then washed with 5 mol/dm3 hy-
drochloric acid, evaporated the drench solution, fixed the volume
and then measured on the machine.

Clay minerals determination: 281 sediment samples (Fig. 1)
were analyzed using an X-ray diffractometer (model D/MAX-rB,
Rigaku, Japan), and the extraction was referred to the national
standard (GB/T 12763.8−2007) “Specification for Oceanographic
Survey-Marine Geology and Geophysics Investigation” method.
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The sediment samples were weighed 50−100 g, added with the
appropriate amount of hydrogen peroxide to remove organic
matter, washed with distilled water, and stirred into a suspen-
sion of 1 000 mL. The sediment <0.002 mm particle size was as-
pirated according to Stokes Law and repeated several times until
5−7 g of dry clay was obtained. The extracted clay fractions were
made into ethylene glycol orientation image, natural orientation
image, and hydrochloric acid-treated orientation image. Each
sample was transferred to two slides by wet smearing. Samples
were then airdried prior to XRD analysis. One slide was first
measured directly after the air-drying, and then measured again
after ethylene-glycol solvation for 48 h. Another slide was heated
at 490℃ for 2 h and then analyzed (Liu et al., 2003). The analyses
were conducted using a Rigaku D/max-rB X-ray diffractometer
(CuKα radiation, 40 kV voltages; a 100 mA intensity and 2°/min
(2θ) speed). The analyses were run from 3° to about 35°(2θ).
Identification of specific clay minerals was made using the basal
layer plus the interlayer revealed by XRD patterns (Brown and
Brindley, 1980). Semi-quantitative estimates of peak areas of the
basal reflections for the main clay mineral groups of smectite (in-
cluding mixed-layers) (15−17 Å), illite (10 Å), and kaolinite/chlorite
(7 Å) were carried out on the glycolated curve, as it described in
detail by Liu et al. (2010). Peak areas were calculated after manu-
al baseline correction using Jade software version 5.0, following
the semi-quantitative method of Biscaye (1965), and Biscaye et
al. (1997). The error of this method is estimated to be about

8%−10% of the relative abundance of each clay mineral.
The determination of grain size, rare earth elements, and clay

mineral content of surface sediments in this study were com-
pleted at the Experimental Testing Center of Qingdao Institute of
Marine Geology, China Geological Survey.

3  Results

3.1  Content and distribution characteristics of grain size
Table 1 shows the mean, minimum, maximum, and standard

deviation coefficients of the grain size fraction and mean grain
size of 258 surface sediment samples in the study area. The
standard deviation coefficient is the ratio of the standard devi-
ation to the mean and is an important indicator of the degree of
data dispersion. The content distribution of each grain size para-
meter is shown in Fig. 2.

There are only 11 gravel-bearing stations in all, with 10 of
them located in the northeast part of the study area and one in
the northwest. The total average gravel concentration is 0.26%,
while the gravel content of the 11 stations ranges from 0.35% to
33.44%, with a 6.23% average. The sand content ranged from
0.43% to 97.32%, with a 34.26% average. The sand content is low-
est in the north-central part of the study area, where it does not
exceed 20% and progressively rises to the surrounding area. The
highest sand content is located in the southeast, where the con-
tent generally exceeds 70%, followed by the southwest, where the
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Fig. 1.   Sampling stations of surface sediments and the current systems in the Northern East China Sea shelf (SSCC: South Shandong
Coastal Current; NJCC: North Jiangsu Coastal Current; YSCC: Yellow Sea Coastal Current; CDW: Changjiang Diluted Water; ZFCC:
Zhejiang-Fujian Coastal Current; TWC: Taiwan Warm Current; KC: Kuroshio Current; YSWC: Yellow Sea Warm Current; TC: Tsushi-
ma Current; SKCC: South Korean Coastal Current. The current systems are modified from Choi et al. (2018) and Dou et al. (2015b)).

 

Table 1.   Grain size composition and parameter characteristics of surface sediments
Grain size parameters Mean Minimum Maximum Standard deviation coefficient

Gravel content 0.26% 0.00% 33.44% 8.54

Sand content 34.26% 0.43% 97.32% 0.03

Silt content 43.88% 2.14% 67.86% 0.08

Clay content 21.60% 0.54% 36.33% 0.06

Mean grain size Φ. Φ. Φ7.58 0.25
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sand content is above 60% (Fig. 2a). Silt content ranges from
2.14% to 67.86%, with an average of 43.88%. Its distribution is op-
posite to the distribution trend of sand components. The north-
central part is the high-value area of silt components, which is
generally more than 50%. The lowest value area is located in the
southeast, and its content does not exceed 20% (Fig. 2b). The clay
content ranges from around 0.54% to 36.33%, with an average of
21.60%. Its distribution is nearly identical to the silt component’s
distribution trend. The high-value area is located in the study
area’s north-central region and rapidly diminishes in a circular
belt surrounding it. The highest content of clay component is of-
ten higher than 27% in the north-central study region, while the
lowest content is less than 10% in the southeast corner (Fig. 2c).

The mean grain size varies from Φ1.1 to Φ7.6, with a mean
value of Φ5.58. The low-value area is mainly located in the south-
central part of the study area. The eastern margin is 120 m deep,
and the mean grain size does not exceed Φ4. The sediment type
is mainly sand components. In contrast, the high-value area is
mainly located in the north-central part, and the mean grain size
is above Φ6, and the sediment type in these areas is mainly silt
components (Fig. 2d).

The surface sediment types in the study area were mapped
according to the Folk’s classification (Folk et al., 1970) (Fig. 3).
The surface sediments of the northern ECS shelf are divided into
two categories: gravel-bearing and non-gravel-bearing sedi-
ments. Gravel-bearing sediments are distributed in a small area
in the northeast corner of the study area, and also scattered in the
northwest corner. And the types can be mainly classified into
three types: muddy gravel (mG), gravelly mud (gM), and (grav-
elly) mud ((g)M). The non-gravel-bearing surface sediments can
be divided into 6 types: silt (Z), silty sand (zS), sandy silt (sZ),
mud (M), muddy sand (mS), and sandy mud (sM). Their distri-
bution characteristics are described as follows: sandy silt and silty
sand with the widest distribution area in the study area, followed
by sandy mud and muddy sand, and the two types of mud and

silt with relatively small distribution areas. In the north-central
part is the muddy area in the southeast of Cheju Island, and the
sediment type is mainly silt and mud, and the boundary area is
mostly distributed with sandy mud. There are large areas of
sandy silt and sandy mud distributed around the muddy area.
The eastern and western boundaries are dominated by silty sand,
and the southern is mostly distributed with muddy sand. On the
whole, the sediment types in the study area are clearly differenti-
ated in a ring-like pattern, from the inner to the outer ring as fine-
grained sediment (silt and mud)-coarse and fine mixed (sandy
silt and muddy sand)-coarser sediment (silty sand and muddy
sand).

3.2  Content and distribution characteristics of REEs
There are 14 REEs in 258 surface sediments in the study area,

including La, Ce, Pr, Nd, Sm, Eu (light rare earth elements,
LREEs) and Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu (heavy rare earth ele-
ments, HREEs). Table 2 shows the specific content characterist-
ics and main parameters. The total rare earth elements (ΣREE) in
the surface sediments of the study area mainly varied between
88.33 μg/g and 261.30 μg/g, with a 163.36 μg/g average, and the
ratio of light and heavy rare earth elements (∑LREE/∑HREE) was
about 9.64.

The distribution of ΣREE and δEu, (La/Yb)UCC, (Gd/Yb)UCC,
(La/Sm)UCC, δCe normalized by the Upper Continental Crust
(UCC) are shown in Fig. 4 (McLennans, 2001). The distribution of
ΣREE shows a decreasing trend from west to east, with a high value
(>200 μg/g) in the northwestern part and a low value (<125 μg/g)
in the northeastern part of the study area (Fig. 4a). The high and
low-value areas of δEu are blocky distributed. The overall δEu is
slightly larger than 1.00, ranging from 0.94 to 1.18. It shows a
slight positive Eu anomaly (Fig. 4b). The contour distribution
maps of (La/Yb)UCC and (Gd/Yb)UCC are similar, with the low-
value area appearing in the north-central part and the high-value
areas in the south (Fig. 4c, d). The low values of (La/Sm)UCC were
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Fig. 2.   Distribution of different size fractions content and mean grain size in surface sediments in the northern East China Sea shelf (a. sand,
b. silt, c. clay and d. mean grain size).
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distributed in the southeast (<3.75), while the other areas showed
a blocky distribution with ratios above 3.95 (Fig. 4e). The low val-

ues of δCe were found in the northeast (<0.91) and the high-alue
areas in the southeast (>0.95), showing a trend of gradually de-
creasing from the southeast to the north. The value of δCe ranges

from 0.89 to 0.99, indicating a slight negative Ce anomaly (Fig. 4f).

3.3  Content and distribution characteristics of clay minerals
Four major clay minerals were identified in 281 surface sedi-

ments in the study area, and the content characteristics and main
parameters are shown in Table 3. There is only one clay mineral

combination type (according to the relative content of clay min-
erals from high to low): illite (61.38%)−chlorite (21.31%)−kaolin-

ite (11.97 %)−smectite (5.35 %).
There are some differences in the spatial distribution of each

of the four clay minerals. Illite had the highest percent content,
with an average of 61.38% and the largest variation range
between 54.76% and 68.98%. The low-value area (<59%) showed
a patchy circular distribution, mainly in the western. The high-
value area (>65%) is in a blocky distribution in the northeast and
southeast central part of the study area (Fig. 5a). Chlorite had the
second highest percent content, with an average of 21.31% and a
variation range between 17.39% and 25.77%. The low-value area
(<19.5%) is mainly in the northwest, and the high-value area
(>23.5%) is mainly in the northeast (Fig. 5b). The average per-
centage of kaolinite is 11.97%, with a range of variation between
7.98% and 15.95%. The low-value area (<11%) is mainly in the
east of the study area, and the high-value area (>13%) is in the
west (Fig. 5c). The lowest percent smectite content is 5.35% with
a range of 1.87%−9.93%, and the high-value area (>7%) is mainly
distributed in the northwest, decreasing in a ring around (Fig. 5d).
In general, the percentages of illite and chlorite in the study area
showed a trend of high in the east and low in the west, while the
percentages of kaolinite and smectite, on the contrary, showed a
trend of high in the west and low in the east. The smectite/chlor-
ite and kaolinite/illite ratios, their distribution map overall high-
value areas and low-value areas are distributed in a block pat-
tern, with high-value areas concentrated in the northwest and
low-value areas appearing in the south and east, showing a
gradually increasing trend from east to west (Figs 5e, f).

4  Discussion

4.1  Grain size control
Grain size is one of the main properties of sediments. It is an

essential basis for classifying sediment types and a reliable indic-
ator of the physical geography and hydrodynamic conditions
(Zhao et al., 2021). The grain size composition of sediments is
mainly controlled by the composition of their source rocks.
Secondly, weathering, mechanical abrasion during transport, hy-
drodynamic action, and chemical dissolution also have some in-
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Fig. 3.   Surface sediment types in the northern East China Sea shelf.

 

Table 2.   Characteristics of rare earth element content in surface
sediments

REEs
Mean/
(μg·g-1)

Minimum/
(μg·g-1)

Maximum/
(μg·g-1)

Standard deviation
coefficient

La 34.91 19.40 57.40 0.16

Ce 68.18 36.30 113.00 0.16

Pr 8.06 4.42 12.70 0.15

Nd 30.21 16.70 46.90 0.15

Sm 5.47 2.90 8.05 0.15

Eu 1.14 0.62 1.50 0.13

Gd 4.75 2.48 6.85 0.15

Tb 0.72 0.37 0.98 0.15

Dy 4.05 2.10 5.60 0.16

Ho 0.79 0.40 1.11 0.16

Er 2.24 1.18 3.40 0.17

Tm 0.34 0.18 0.47 0.17

Yb 2.17 1.10 3.11 0.17

Lu 0.34 0.18 0.48 0.17

∑LREE 148.14 80.34 239.55 0.16

∑HREE 15.41 7.99 21.75 0.15
∑LREE/
∑HREE

9.64 8.57 11.74 0.06

∑REE 163.36 88.33 261.30 0.15
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fluence (Zhao et al., 1986). Moreover, the grain size varies in dif-
ferent depositional environments with varied topography, trans-
port media, densities, flow rates, flow directions, and hydro-
dynamic conditions (McLaren and Bowles, 1985). Based on the
grain size characteristics of the sediment, it is possible to trace
the provenance of the sediment and the deposition environment
and then elucidate the deposition process (Dou et al., 2018; Wang
et al., 2020).

Grain size frequently influences the geochemical fraction of
sediments in marine settings, and hydrodynamic sorting of sedi-
ments can produce chemical differentiation during sediment
transport and deposition (Lupker et al., 2013; Wang et al., 2007;
Zhao and Yan, 1994). Sediment elemental content varies regu-
larly by grain size composition, i.e., the “grain size effect” of ele-

ments (Zhao and Yan, 1994). Therefore, before interpreting the
geochemical composition of sediments and exploring the
provenance, it is necessary first to consider the effect of remov-
ing the grain size effect (Bi et al., 2015). The Late Quaternary
land-ocean interactions and environmental changes on the ECS
shelf have resulted in a unique sedimentary system with highly
variable sediment grain size composition (Dou et al., 2018).

In the northeastern study area, the gravel-bearing area has
the lowest mean grain size value, which does not surpass Φ2.5.
This area is located at the Late Epipleistocene paleo-shore, and
the grain size distribution is primarily influenced by the residual
paleo-shore sedimentation. The distribution of gravels and shells
in the sediment results in the coarse mean grain size (Li et al.,
2005). Since the Holocene sea-level highstand, the north-central
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Fig. 4.   Distribution of REE parameters in surface sediments in the northern East China Sea shelf (a. ΣREE, b. δEu, c. (La/Yb)UCC, d. (Gd/Yb)UCC,
e. (La/Sm)UCC and f. δCe).

 

Table 3.   Characteristics of clay mineral content in surface sediments
Clay minerals Mean/% Minimum/% Maximum/% Standard deviation coefficient

Illite 61.38 54.76 68.98 0.04

Chlorite 21.31 17.39 25.77 0.08

Kaolinite 11.97 7.98 15.95 0.15

Smectite 5.35 1.87 9.93 0.31
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part of the study area has been influenced by the modern circula-
tion system. On the east of the Yellow Sea Warm Current and the
Korean Coastal Current, an anticyclonic eddy circulation formed.
The suspended sediments of saltwater were irradiated and de-
posited at the bottom, resulting in the formation of the south-
western Cheju Island Mud, which was dominated by fine-grained
particles of silt and clay. It has a mean grain size of Φ6 or more
and overlies the Epipleistocene residual sand ridges (Cho et al.,
2013; Dou et al., 2015b). Meanwhile, there is no Holocene sedi-
ment in the south, and only residual coarse-grained sediments
remain (Li et al., 2005).

To investigate the relationship between REEs and grain size,
we correlated the REEs and other parameters with the mean
grain size (Φ) and the content of sand, silt, and clay (Pearson
method). The calculated results were tested by a two-tailed signi-
ficance test (Table 4). The negative correlation with sand content
and the positive correlation with silt and clay imply that REEs are
more enriched in fine-grained sediments. It is due to fine-grained
muddy sediments made of clay minerals rich in certain composi-
tions such as Mg, Al, Fe, Na, K, mica, illite, chlorite, Fe-hydrox-
ides, and organic matter. Furthermore, they have a considerable
adsorption effect on the elements (Du et al., 2003; Qiao and Yang,

2007; Zhao and Yan, 1994).

4.2  Surface sediment provenance analysis

4.2.1  Surface sediment zoning
The content of macronutrients (SiO2, Al2O3, CaO, MgO, K2O,

Na2O, and TFe2O3), trace elements (Cr, Zn, Cu, Co, Ni, Rb, Zr,
Nb, Ti, and Th) and REEs parameters (∑REE, (Gd/Yb)UCC,
(La/Sm)UCC, (La/Yb)UCC, δEu, and δCe) in the sediments were se-
lected to perform Q-type clustering analysis into two categories.
The Ward Method was used to calculate the distance using the
Square Euclidean distance (SPSS software). Combining the char-
acteristics of topographic and geographic elements in the area,
the surface sediments were divided into three geochemical
zones: Zone Ⅰ is located in the mud area southwest of the Cheju
Island and the surrounding area in the north-central shelf of the
ECS; Zone Ⅱ is the tidal sandy sediments of the northern ECS
shelf. However, the genesis periods and mechanisms of depos-
ition differ between the east and west. According to the previous
study, Zone Ⅱ was divided into two parts with a boundary of
126°E, and the specific distribution and composition character-
istics are shown in Fig. 6 and Table 5. Zone Ⅱ-1 is the Changji-
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Fig. 5.   Distribution of clay minerals parameters in surface sediments in the northern East China Sea shelf (a. illite, b. chlorite, c. kaol-
inite, d. smectite, e. smectite/chlorite and f. kaolinite/illite).
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ang Shoal Sand Ridges, and Zone Ⅱ-2 is the Sand Ridges of the
East China Sea shelf (Li et al., 2005). Zone Ⅰ is dominated by
fine-grained sediments, with a mean grain size greater than Φ6.
Zone Ⅱ is relatively coarse-grained, with an average grain size of
less than Φ5. The compositional characteristics of Zone Ⅰ and
Zone Ⅱ-1 are similar, and the contents are both characterized by
high ΣREE-low illite. In contrast, Zone Ⅱ-2 is characterized by
low ΣREE-kaolinite-smectite, with noticeable differences.

It is noteworthy that the REEs content in the southwestern
Cheju Island Mud (Zone Ⅰ), which has a finer grain size and
more stable hydrodynamic conditions, is expected to be relat-
ively high under the influence of the grain size effect. However,
Table 5 shows that the ΣREE content of sediments in Zone Ⅱ-1 is
higher than that in Zone Ⅰ. It may be related to the influence of
circulation in the YS and ECS, resulting in the flourishing of cold
water species under the control of the cold eddies. It would lead
to increased biological debris in the sediments and the en-
hanced dilution of REEs (Ding, 2008; Feng et al., 2011; Wang,
2014). The high value of REEs content in Zone Ⅱ-1, which is dis-

tributed in the shallow water depth near the land side (Fig. 4a). It
indicates that REEs are continental elements, and the high value
may be related to the heavy mineral fraction rich in REEs (Lan et
al., 2018; Liu and Li, 2022; Zhang et al., 2016). Zone Ⅱ-2 has few
REEs which may be influenced by quartz, with almost no REEs in
coarse-grained deposits (Ji, 2003).

4.2.2  Indication of REEs to provenance in the bulk sediments
It was found that the main factors affecting the elemental

composition and distribution of surface sediments in marine
areas are provenance, hydrodynamic environment, water depth,
topography, and geomorphology, among which provenance is
the primary factor. Furthermore, the regional sediment dynam-
ics conditions are related to sediment redistribution (Wang et al.,
2020). The study area is located in the northern ECS shelf, where
the surface sediments are mainly from the input of land-based
rivers. It means that the sediments are basically of terrestrial ori-
gin (Li et al., 2012). REEs are relatively stable in the epigenetic en-
vironment, and the composition and distribution of REEs in sedi-

 

Table 4.   Correlation of different parameters of REEs and particle size in surface sediments
(La/Yb)UCC (Gd/Yb)UCC (La/Sm)UCC δCe δEu ∑LREE ∑HREE ∑LREE/∑HREE ∑REE Sand Silt Clay Mz

(La/Yb)UCC 1
(Gd/Yb)UCC 0.883** 1
(La/Sm)UCC 0.336** −0.091 1

δCe 0.303** 0.560** −0.445** 1

δEu −0.263** −0.220** −0.117 −0.305** 1

∑LREE 0.098 0.001 0.144* 0.289** 0.289** 1

∑HREE −0.306** −0.315** −0.055 0.197** 0.197** 0.909** 1
∑LREE/
∑HREE

0.969** 0.771** 0.445** 0.216** 0.216** 0.179** −0.242** 1

∑REE 0.061 −0.029 0.126* 0.283** 0.283** 0.999** 0.925** 0.141* 1

Sand 0.723** 0.755** 0.075 0.280** 0.280** −0.337** −0.609** 0.645** −0.366** 1

Silt −0.718** −0.750** −0.071 −0.287** −0.287** 0.347** 0.614** −0.638** 0.375** −0.986** 1

Clay −0.683** −0.696** −0.107 −0.198** −0.198** 0.359** 0.618** −0.613** 0.386** −0.964** 0.926** 1

Mz −0.579** −0.585** −0.085 −0.179** −0.179** 0.385** 0.610** −0.531** 0.410** −0.860** 0.858** 0.857** 1

Note: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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Fig. 6.   Classification of surface sediments in the northern East China Sea shelf (Zone Ⅰ: southwestern Cheju Island Mud Area; Zone
Ⅱ-1: Changjiang Shoal Sand Ridges; Zone Ⅱ-2: Sand Ridges of the East China Sea shelf).

26 Xu Xiaoyan et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 11, P. 19–34  



ments depend mainly on the source rocks. It is little affected by
weathering, transport, hydrodynamics, sedimentation, diagenes-
is, and metamorphism. As a result, REEs are frequently utilized as
a tracer of sediment provenance (Yang et al., 2003a; Lan et al.,
2018). Many scholars have done extensive research on the ele-
mental geochemistry of the Changjiang, Huanghe, and Korean
rivers in this field (Han River, Keum River, and Yeongsan River).
Furthermore, it is found that the elemental geochemistry of REEs
in the sediments of Chinese-Korean rivers is clearly distinct (Jung
et al., 2006; Yang and Li, 1999a). So we can use this distinction to
determine the different rivers’ sediments.

According to Fig. 7, the REEs in bulk sediments of Chinese-
Korean rivers exhibits various partitioning patterns after upper
continental crust (UCC) standardization (McLennans, 2001). The
REEs of bulk sediments from different sedimentary units exhibits
comparable distribution patterns, and the distribution curves of
Zone Ⅰ and Zone Ⅱ-1 are almost identical. Zone Ⅰ is more
abundant in HREEs. And Zone Ⅱ-1 is more enriched in LREEs,
which may be related to the high content of heavy minerals (e.g.,
monazite) that enrich the LREEs (Jung et al., 2006, 2012). It shows
that heavy minerals may impact the REEs content in Zone Ⅱ-1.
The sediment REEs values of Zone Ⅱ-2 are all less than 1.00 after
UCC normalization. In comparison to the UCC, there is a short-
fall, and the REEs concentration is low. The three zones have a
generally flat UCC normalization pattern, with no obvious differ-
ence between LREEs and HREEs. It is comparable to the Changji-
ang and Huanghe rivers sediments but distinct from the sedi-
ments of the Korean rivers (Yang and Li, 1999a). The UCC nor-
malization in the Korean rivers sediments shows LREEs-en-
riched and HREEs-deficient patterns (Xu et al., 2009a). In addi-

tion, the coastal sediments of Cheju Island exhibit strong Eu an-
omalies that differ greatly from the surface sediments of the study
area. Therefore, the surface sediments in the study area are
mainly influenced by the Changjiang and Huanghe rivers in
China.

REEs content is susceptible to grain size, and the ratio
between REEs can reduce this effect. Based on the REEs data of
suspended sediments in Chinese and Korean rivers, it was dis-
covered that Korean rivers sediments (Han River, Keum River,
and Yeongsan River) are richer in LREEs compared to Chinese
rivers sediments (Changjiang and Huanghe rivers). The ratio of
(La/Yb)UCC-(Gd/Yb)UCC is markedly different, allowing the
provenance of different river sediments to be distinguished (Dou
et al., 2015b; Xu et al., 2009a). According to Table 4, (La/Yb)UCC

and (Gd/Yb)UCC show a significant correlation with grain size, in-
dicating that the grain size effect may influence them. But the
(La/Sm)UCC, δCe, δEu, and ΣREE show a lesser relationship with
grain size. The analysis in Section 4.2.1 concluded that, besides
the grain size effect, ΣREE content may be influenced by the min-
eral fraction in the sediment. In addition, there is richer carbon-
ate output in the surface sediments of the ECS. And the negative
Ce anomaly is mainly related to authigenic sediments such as
biogenic carbonates, which may lead to the inaccuracy of δCe
discrimination (Zhu et al., 1986; Holser, 1997; Dou et al., 2012).
Therefore, (La/Yb)UCC-(Gd/Yb)UCC and (La/Sm)UCC-δEu were
chosen to discriminate the sediment provenance (Fig. 8). The
discrimination results show that most of the samples in the three
zones are close to the Changjiang River sediments. Some of them
match the Huanghe River sediments, while just a few samples in
Zone Ⅱ-1 are near the Han River. Among them, most of the sedi-
ments from the southwestern Cheju Island Mud (Zone Ⅰ) coin-
cide with Changjiang River sediments, and a few are consistent
with Huanghe River sediment, indicating that Zone Ⅰ is domin-
ated by Changjiang River. Zone Ⅱ-1 sediments are mainly con-
sistent with the Changjiang River, and only a few stations are
consistent with the Korean River. Zone Ⅱ-2 sediments are also
dominated by the Changjiang River, and a few stations are con-
sistent with the Huanghe River, which indicates that sand ridges
sediments in the Changjiang shoal and the ECS shelf are mainly
from the Changjiang River, and just some stations are influenced
by the Huanghe River and Korean rivers.

4.2.3  Indication of clay mineral to the provenance
The distribution of clay minerals in marine sediments is influ-

enced by the provenance, climatic conditions in the source area,
hydrodynamic environment, and geological environment after
deposition (Chen, 2008; Han et al., 2022). The formation of authi-
genic clay minerals requires changes in environmental condi-
tions such as temperature and pressure as the depth of burial in-
creases (Hong, 2010; Zhou et al., 2004). As a result, it is difficult to
form authigenic clay minerals in the study area. Clay minerals are
mostly terrigenous orogenic clay that is carried into the sea and
deposited by weathering. Provenance is the dominant factor con-
trolling the distribution of clay minerals.

Previous studies have shown that the sediments in the
Huanghe River, Changjiang River, and Korean rivers have the
same clay mineral composition (illite + chlorite + kaolinite +
smectite), which is consistent with the results of this study.
However, their source rocks and climatic environments are signi-
ficantly different, resulting in large differences in the content of
each clay mineral (Park and Khim, 1992; Fan et al., 2001; Yang et
al., 2004; Youn, 2009; Koo et al., 2018). The Changjiang River sed-
iments have high illite (70%), low smectite (5~7%), and illite/

 

Table 5.   Compositional characteristics of surface sediments in
different regions

Sediment parameter Zone Ⅰ Zone Ⅱ-1 Zone Ⅱ-2
ΦMz( ) 6.34 4.59 4.11

REEs/(μg·g−1) 166.96 175.64 124.28

Illite/% 60.73 60.38 64.32

Chlorite/% 21.35 20.79 21.80

Kaolinite/% 12.13 13.36 9.87

Smectite/% 5.79 5.46 4.01
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Fig. 7.     Comparison of UCC normalized distribution curves of
surface sediments and potential provenance endmembers (Data
of  Huanghe  River  and  Changjiang  River  are  from  Yang  et  al.
(2002), data of Korean rivers are from Yang et al. (2004), and data
of Cheju Island are from Dou et al. (2015b)).
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smectite >8, whereas the Huanghe River sediments have low il-
lite (60%), high smectite (15%), and illite/smectite <6. As a result,
the illite and smectite contents of clay minerals may be used to
identify the sediment provenance of the Changjiang and
Huanghe rivers. Meanwhile, Korean river sediments have lower
smectite (<0.1%) and higher Chlorite and Kaolinite (Chen, 2008;
Lan et al., 2011). The smectite-kaolinite-illite+chlorite triangle
chart can be used to trace the provenance of Chinese-Korean
rivers (Liu et al., 2010, 2007; Liang et al., 2015; Liu, 2010). The
smectite/chlorite and kaolinite/illite ratios may also be used to
determine distinct provenances by reflecting the degree of
weathering of source rocks under different climatic circum-
stances (Fig. 9) (Liang et al., 2015). The results demonstrate that
the Changjiang River is the single provenance of the three sedi-
mentary units, indicating that Changjiang River sediments are
more easily transferred into the study area and deposited under
the impact of the circulation system.

4.3  Genesis mechanisms of different sedimentary units
In Section 4.2, the provenance analysis of REEs in the bulk

sediments shows that the surface sediments in the study area are

mainly mixed Huanghe River and Changjiang River sediments
dominated by the Changjiang River. In contrast, the results of
clay minerals show that they are mostly Changjiang River sedi-
ments. It demonstrates that the surface sediments in the north-
ern ECS shelf are mainly derived from the large amount of land-
sourced materials carried by the near-shore water systems in
mainland China, such as the Huanghe River and Changjiang
River, with the contribution of Korean rivers being very limited.
The ECS shelf’s complex circulation system and topography, as
well as the effect of Quaternary Sea Level Oscillations, have all
contributed to the intricacy of shelf sediment generation (Niu,
1985). The contribution and transport mechanisms of potential
source rivers in different regions of the northern ECS shelf will be
explored by the provenance results and genesis mechanisms of
sediments of different grain sizes as follows (Figs 10 and 11).

Southwestern Cheju Island Mud (Zone Ⅰ): The depth range
of the southwest Cheju Island Mud is 60−100 m. The seafloor ter-
rain is flat, and diverse water masses meet and mix here, generat-
ing a counterclockwise rotating cold vortex (Chen, 2008; Liu et
al., 1999). The probability accumulation curves and grain size fre-
quencies of representative stations from three zones were

 

(G
d

/Y
b

) U
C

C

(La/Yb)UCC

a

0.8 1.0 1.2 1.4 1.6 1.8

0.8

1.0

1.2

1.4

1.6

1.8

Yeongsan River

ZoneⅠ 

Zone Ⅱ-1

Han River

Keum River

Zone Ⅱ-2 

Huanghe River

Changjiang River

Korean River

Old Huanghe River

(La/Sm)UCC

0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10

0.7

0.8

0.9

1.0

1.1

1.2

1.3

δE
u

b

Huanghe River

Changjiang River

Old Huanghe River

Changjiang River

Old Huanghe River

Huanghe River

Korean rivers

 

Fig. 8.   Discrimination maps of REEs in surface sediments (a. (La/Yb)UCC-(Gd/Yb)UCC, b. (La/Sm)UCC-δEu. Data of Huanghe River and
Changjiang River are from Rao et al. (2017), Xu et al. (2009a), Yang et al. (2004). Data of Old Huanghe River are from Rao et al. (2017).
Zhu et al. (2022), and data of Korean rivers are from Xu et al. (2009a)).
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Fig.  9.     Discrimination  map  of  the  source  of  clay  minerals  in  the  surface  sediments  (a.  Smectite-Kaolinite-Illite+Chlorite,
b. Smectite/Chlorite-Kaolinite/Illite. Data of Huanghe River are from Lu et al. (2019); Milliman et al. (1985), Park and Khim (1992), Xu
et al. (2009b), Yang et al. (2003a), Fan et al. (2001), Ren and Shi (1986), Shi et al. (2019) and Yang (1988). Data of Old Huanghe River are
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chosen. All three sediment probability accumulation curves show
rolling, jumping, and suspension characteristics (Dou et al., 2018;
Wang et al., 2012a). Zone Ⅰ has a coarse cut-off point of about
Φ1, and the proportion of rolling and jumping components is rel-
atively low. The fine cut-off point is about Φ5, and the proportion
of suspended components exceeds 98%. The grain size fre-
quency diagram’s positive bias value is skewed toward the fine
grain end (Φ6−Φ9) and the frequency curve pattern is asymmet-
ric, with a noticeable fine tail on the left side. It implies that the
Southwestern Cheju Island Mud (Zone Ⅰ) is stable and hydro-
dynamically weak. Under the influence of cold eddy capture with
low flow velocity, suspended fine-grained sediments from
nearshore rivers settle and collect.

The modern Huanghe River sediments were exported from
the Bohai Sea into the YS and transported southward to the
northern ECS with the Yellow Sea Coastal Current (Milliman et
al., 1985; Guo et al., 1995). In summer, the Changjiang Diluted
Water carrying many Changjiang River sediments to the north-
east is redirected by the Taiwan Warm Current’s top-supporting
effect or the induced impact of the YS’s cold eddies, and finally
also merges into the Yellow Sea Coastal Current (Sun et al., 2000;
Zhu et al., 1998; Zhu and Shen, 1997). Moreover, the western
branch of the North Jiangsu Coastal Current carries Old Huanghe
River Delta material southward. And when it flows through the
paleo-Changjiang River Delta, it is joined by a large amount of
Changjiang River sediments. Due to the obstruction when
passing through the northern Jiangsu Shoal, it is blocked to the
southeast and also merges into the Yellow Sea Coastal Current
(Dai, 2005; Zhang, 2014). As a result, Zone Ⅰ sediments are char-
acterized by a combination of the Huanghe and Changjiang
River. A research found that the sediments in the southwest
Cheju Island Mud had been predominantly from the Changjiang
River supplied by the Changjiang Diluted Water or Yellow Sea
Warm Current for 6 000 years, based on the REEs and clay miner-
al compositions of three cores (Koo et al., 2021). According to our
findings, the surface sediments in the southwestern Cheju Island
Mud are mostly impacted by the Changjiang River sediments de-

livered by the North Jiangsu Coastal Current and the Changjiang
Diluted Water. The bulk sediments are a combination of the
Huanghe River and Changjiang River, although mainly from the
Changjiang River. Furthermore, the clay mineral composition is
mainly from the Changjiang River.

Tidal Sand Ridges (Zone Ⅱ): Tidal Sand Ridge is a type of sed-
iment developed from the sea invasion system. The sea invasion
system was formed at the isochronous surface during the lowest
sea level in the last ice age. The sea invasion layer was deposited
from the shelf slope to land with the process of sea invasion, and
the bottom surface of its sedimentary layer was diachronism.
With the process of sea invasion, the sea level rose in a step-like
manner. During the sea level rises gently or stagnantly, large-
scale tidal sand ridges are developed. In the rapid sea level rise,
there is a “leap” of sand ridge deposition area to shallow water
with time evolution. And a new Tidal Sand Ridge will be formed
in the new sea level stagnation period. Subsequently, the ECS has
formed three phases of tidal sand ridges since the last deglacial
period (Li et al., 2005; Yang et al., 2001; Yin, 2003). Among them,
the Sand Ridges of the ECS shelf (Zone Ⅱ-2) belong to the first
phase of the tidal sandy ridges, which developed at the end of the
Last Deglaciation in the Epipleistocene. The Changjiang Shoal
Sand Ridges (Zone Ⅱ-1) belong to the second phase of the tidal
sandy ridges, which developed in the early-middle Holocene (Li
et al., 2005). The sediment probability accumulation curves are
similar for the two stations in Zone Ⅱ. The coarse cut-off point is
about Φ2, and the fine cut-off point is about Φ5. The proportion
of jumping components is quite low while rolling and suspen-
sion components are dominating, accounting for about 50%
each. Their grain size frequency curves are asymmetric, having
double peaks. The major peak is sharp, with positive skewed val-
ues toward the coarse end (Φ2). The secondary peak is weak, and
the positive skewed values are biased toward the finer end
(Φ6−Φ7). It indicates that the sedimentary environment in the
sandy area of the Changjiang Shoal Sand Ridges and the Sand
Ridges of the ECS shelf is complicated, changeable, and hydro-
dynamic. Under the action of various circulations, sediments are
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Fig. 10.   Probability cumulative curve and grain size frequency diagram of surface sediments on the different sedimentary units of
study area.
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deposited in the form of rolling coarse particles and suspended
fine particles.

Although the Tidal Sand Ridges (Zone Ⅱ) are all sandy de-
posits, the Changjiang Shoal Sand Ridges (Zone Ⅱ-1) and Sand
Ridges of the ECS shelf (Zone Ⅱ-2) have different sediment ages
and genesis mechanisms (Liu, 1987；Li et al., 2005). According
to the previous study, Zone Ⅱ was divided by 126°E (Li et al.,
2005). Most of the area of Zone Ⅱ-2 is located within the geomor-
phology of the paleo-tidal sand ridges. The sea level during the
Last Glaciation was 120−140 m lower than the present. In the
early stage, terrestrial rivers carried massive materials into the
sea, forming sandy sediments in the coastal sedimentary envir-
onment. Then, they were transformed into mat-like sands by sea
invasion during the Last Deglaciation in the Epipleistocene and
belonged to the “relict sediments” in the paleo-coastal sediment-
ary environment (Dou et al., 2018; Liu et al., 2014; Liu and Xia,
2004). Due to the blockage of the Taiwan Warm Current and the

Kuroshio Current, sediments from China mainland’s and Taiwan
Island rivers have been difficult to spread to the eastern offshore
shelf since the Holocene sea-level highstand. Thus, these early
“relict sediments” cannot be covered by modern fine-grained
sediments and remain on the seafloor until now (Dou et al., 2018;
Wang et al., 2012b). Subsequently, the high sea level stagnated in
the early-middle Holocene, and the second phase of the tidal
sand ridge, including the Changjiang Shoal Sand Ridges (Zone
Ⅱ-1), developed (Li et al., 2005). Zone Ⅱ-1 is mainly distributed
in the north of 30°N and between 123°−126°E outside the mouth
of the Changjiang River, with a water depth range of 40−80 m.
The seafloor in this area is flat and open, with abundant sandy
material sources. There is still controversy about its genesis.
Earlier studies regarded the Changjiang Shoal as residual shelf
deposits or paleo-Changjiang River underwater deltaic deposits
(Liu, 1987; Qin et al., 1987). However, based on the tidal action,
micro-geomorphology, sediment composition, Holocene sedi-
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ment thickness, and foraminiferal composition, it is now gener-
ally considered to be a typical modern Tidal Sand Ridge deposit
developed in the early-middle Holocene (Liu and Xia, 2004;
Wang et al., 2012a). It is affected by strong and complicated hy-
drodynamic sedimentation. In addition to the reciprocal sorting
of tidal currents and storm surges, there are also North Jiangsu
Coastal Current, Zhejiang-Fujian Coastal Current, Changjiang
Diluted Water, Taiwan Warm Current, and cyclonic eddies in the
northern ECS. Various currents and tides act simultaneously, and
the seafloor develops widely distributed ripple marks (Wang et
al., 2012a, 2020; Ye et al., 2004).

The surface sediments of the tidal sand ridges in the northern
ECS shelf are mainly local and nearby shelf sediments. Under the
joint action of the Yellow Sea Coastal Current, the North Jiangsu
Coastal Current, and the Changjiang Diluted Water, it is also a
combination of Huanghe River-Changjiang River sediments,
which is greatly affected by the Changjiang River. The ECS shelf
has a flat topography, frequent hydrodynamic changes, and is
susceptible to sea level fluctuations, so the sedimentary environ-
ment is complex and variable. Thus, the sediments are strongly
multi-sourced (Wang et al., 2020). Some studies show that the
sediments in the YS and ECS shelves have prominent character-
istics of “summer storage and winter transport” under monsoon
impact (Wang et al., 2020). The Yellow Sea Coastal Current flows
southward to transport the modern Huanghe River sediments in-
to the northern ECS (Milliman et al., 1985). Aside from the south-
easterly deflection of the North Jiangsu Coastal Current into the
tributaries of the Yellow Sea Coastal Current, another branch
continues to flow southward across the northern Jiangsu
Province. Then the sediments from the Old Huanghe River Delta
and the paleo-Changjiang River Delta were also transported
southward to the northern ECS (Lu et al., 2019). In summer, the
Changjiang Diluted Water usually flows northeastward. There-
fore, it is difficult for the Changjiang River sediments carried by
the Changjiang Diluted Water and the Changjiang River sedi-
ments in the southwest Cheju Island Mud to spread further
southward (Cho et al., 2013). However, in winter, the Changjiang
Diluted Water also expands to the southeast under the control of
the north wind, causing many Changjiang River sediments to
reach the Tidal Sand Ridges in the ECS (Zhu and Shen, 1997).
The modern Changjiang and paleo-Changjiang River sediments
composition is basically the same (Chen, 2008). Combined with
the discussion in Section 4.2, it is suggested that the surface sedi-
ments in the Changjiang Shoal Sand Ridges (Zone Ⅱ-1) are dom-
inated by the Huanghe River-Changjiang River mixture influ-
enced by the North Jiangsu Coastal Current and the Changjiang
Diluted Water. Moreover, it may also be impacted by the Han
River, which is transported northwest of the ECS by the South
Korean Coastal Current. And the Sand Ridges of the ECS shelf
(Zone Ⅱ-2) are relict sediments in the Late Pleistocene that re-
ceives almost no modern material. It is mainly a former deposit
of the paleo-Changjiang River Delta (Huang et al., 2012; Ning et
al., 2022). A few stations may be influenced by the Huanghe River
sediments of the Yellow Sea Coastal Current and the North Ji-
angsu Coastal Current.

5  Conclusions
In order to investigate the composition, provenance, and gen-

esis mechanism of bulk sediments and clay grain level sediments
in the northern ECS shelf, this study systematically analyzed 300
surface sediments for grain size, REEs, and clay minerals and ob-
tained the following understanding.

(1) The overall sediment type of the surface sediments in the

study area is distributed in a circular belt, with the grain size
changing from fine to coarse from inside to outside, centered on
the southwestern Cheju Island Mud. The content of REEs is gov-
erned by other factors, such as hydrodynamic sorting and miner-
al composition. The northern ECS shelf can be divided into three
zones based on the REEs in bulk sediments: The southwestern
Cheju Island Mud (Zone Ⅰ), the southwest Cheju Island muddy
and the surrounding area, is dominated by fine-grained deposits
such as clay and silt. Zone Ⅱ is the tidal sandy sediments of the
ECS shelf, of which the Changjiang Shoal Sand Ridges (Zone Ⅱ-1)
developed in the early-middle Holocene to the west of 126°E, and
to the east is the Sand Ridges of the ECS shelf (Zone Ⅱ-2) de-
veloped at the end of the Last Deglaciation in the Epipleistocene.

(2) The provenance and transport mechanisms of sediments
of different grain sizes in the study area are different. The bulk
sediments are mainly from the Changjiang River sediments, and
partly from the Huanghe River sediments under the joint action
of the Yellow Sea Coastal Current, North Jiangsu Coastal Current,
and Changjiang Diluted Water. Among them, the surface sedi-
ments of the southwestern Cheju Island Mud (Zone Ⅰ) come
mostly from the Changjiang River and partly from the Huanghe
River. It is formed by the counterclockwise rotating cold vortex
formed by the meeting and mixing of the water masses such as
the North Jiangsu Coastal Current and Changjiang Diluted Wa-
ter, and the fine-grained sediments of the Changjiang and
Huanghe rivers sediments carried by them are deposited and ac-
cumulated.

(3) The Changjiang Shoal Sand Ridges (Zone Ⅱ-1) are under
the influence of the Huanghe River Coastal Current, the south-
ward North Jiangsu Coastal Current, and the southeastward
Changjiang Diluted Water, and the surface sediments are the
combination of the Changjiang and Huanghe rivers sediments,
but dominated by the Changjiang River. Only a few stations are
influenced by the Korean River (Han River). Zone Ⅱ-1 was de-
veloped in the early-middle Holocene sea-level highstand. It was
influenced by tidal currents, storm surges, and various current
systems with abundant sandy material sources. In this way, typic-
al modern tidal sand ridge deposits are formed due to the
stronger hydrodynamic sedimentation sorting effect.

(4) The Sand Ridges of the ECS shelf (Zone Ⅱ-2) were relict
sediments of the paleo-Changjiang River developed by sea inva-
sion effects at the end of the Last Deglaciation in the Epipleisto-
cene. This area has strong hydrodynamics and has been modi-
fied by currents, waves, and other marine dynamics. A few sta-
tions may be influenced by the Huanghe River sediments of the
Yellow Sea Coastal Current and the North Jiangsu Coastal Cur-
rent. In contrast, the Changjiang River sediments dominate the
clay mineral composition in the northern ECS shelf, and it is
mostly carried by the North Jiangsu Coastal Current and the
Changjiang Diluted Water.
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