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Abstract
and paleoenvironmental change because it receives a large amount of terrestrial material inputs. In recent

The East China Sea continental shelf is a unique area for the study of land-sea interactions

decades, human activities and global climate change have greatly affected river discharges into the sea.
However, changes in the deposition process caused by these factors in the East China Sea continental shelf
are unclear. We collected eight short sediment cores from the East China Sea inner shelf (ECSIS) using a
box core sampler in 2012 and 2015. The grainsize, *!’Pb, and '*’Cs of these cores were analyzed in order
to reconstruct the deposition history since the 1950s, and to reveal human activity and climate change
influences on sediment deposition in the ECSIS. Results indicated that sediment grain size became finer
after 1969, turned coarser after 1987, and then further coarser since 2003, corresponding well to the three
steps of sediment load drop in the Changjiang (Yangtze) River, which are mainly caused by human activities
(particularly the closure of the Three Gorges Dam). Simultaneously, the East Asian Monsoon influenced the
deposition process in the ECSIS by changing the intensity of coastal currents. Mean grain size variations
in the fine-grained population (divided by grain size vs. standard deviation method) coincided with that of
the East Asian Winter Monsoon strength and reflected its weakness in 1987. Abrupt changes in sediment
grain size over a short time scale in these sediment cores were generally caused by floods and typhoons.
Spectral analyses of the sediment cores showed periodicities of 10-11 and 20-22 years, corresponding to
the periodicity of solar activity (Schwabe cycle and Hale cycle). Mean grain size time series also displayed
a 3-8 year periodicity corresponding to El Nifio Southern Oscillation periodic change.

Keyword: East China Sea inner shelf; grain size; sedimentary records; human activities; environmental
change

1 INTRODUCTION

The Changjiang (Yangtze) River discharges a large
amount of terrigenous sediment into the world’s
widest continental shelf—the East China Sea shelf
forms a distinct mud deposit along the entire inner
shelf. The East China Sea inner shelf (ECSIS) mud
wedge extends approximately 1000 km from the
Changjiang River mouth southward into the Taiwan
Strait (Xu et al., 2012), and has continuous and high-
resolution records of environmental deposition. It
contains a wealth of information reflecting the impact

of global climate change and human activities on
river systems and deposition processes. Studies on the
deposition processes of this mud wedge started in the
early 1980s. DeMaster et al. (1985) obtained the first
deposition rates, sedimentary structure, and
bioturbation data in this area. Liu et al. (2006, 2007)
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documented the extension range and the two
depocenters (northern: on the modern Changjiang
River delta; southern: at ~27.5°N) of the mud wedge
based on seismic profiles. Using seismic profiles and
sediment cores, Xu et al. (2012) discussed the
development history of the mud wedge and divided it
into four distinct units (late-Pleistocene, 30—11 ka BP,
11-2 ka BP, and 2—0 ka BP) according to the sequence
stratigraphy.  Millennial-scale climate changes
recorded in the sediment cores have also been revealed
in previous studies (Xiao et al., 2006; Xu et al., 2009a;
Liu et al., 2011). This established a sedimentary
sequence throughout the Holocene, increasing our
understanding of the relationship between the
depositional processes and the evolution of East Asian
monsoon (EAM). Simultaneously, advances have
been made in the field of high resolution sedimentary
records on a century scale that can reflect
anthropogenic effects on ECSIS sediment diffusion,
burial, and circulation (Lim et al., 2007; Liu et al.,
2010; Liu and Fan, 2011; Zhao et al., 2017).

In recent decades, human activities (especially
dam constructions and irrigation networking) have
led to dramatic reductions in sediment discharge from
many rivers globally (Carriquiry and Sanchez, 1999;
Vorosmarty et al., 2003b; Walling, 2006; Milliman et
al., 2008; Xu et al., 2010; Wang et al., 2011; Gupta et
al., 2012). Meanwhile, spatiotemporal patterns of
precipitation have been altered by the accelerating
global hydrological cycle caused by global climate
change, resulting in increased occurrences of extreme
floods and storms in many regions (Easterling et al.,
2000; Allen and Ingram, 2002; Labat et al., 2004;
Restrepoetal., 2014). Both climatic and anthropogenic
changes have contributed to variations in river water
discharge and sediment load into the sea, and have
consequently become a relevant topic on a global
scale (Syvitski and Milliman, 2007; Milliman et al.,
2008; Yang et al., 2015). Based on the study of
sediment grain size, mineralogy, and geochemistry, it
is widely believed that the contribution of the
Changjiang River to the muddy depositional wedge is
predominant (Xiao et al., 2006; Xu et al., 2009b,
2012). The main material supplier of this mud wedge,
the Changjiang River, has a watershed population of
450 million within a drainage area of 1.8 million km?,
and it discharged 900 km3/a water with 500 Mt/a
sediment flux before its decline in the 1970s (Yang et
al., 2005; Milliman and Farnsworth, 2011). In recent
years, however, more than 50 000 dams have been
constructed throughout the Changjiang River
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watershed, including the world’s largest hydropower
station, the Three Gorges Dam (TGD) (Xu et al.,
2006; Yang et al., 2007, 2011, 2014; Xu et al., 2008).

Furthermore, the frequency of global EI Nifio/
Southern Oscillation (ENSO) events has increased
since global climate conditions began changing
during the 2000s (Liu et al., 2012). Correspondingly,
river sediment loads have dramatically decreased due
to human activities (especially dam construction) and
climatic changes (Vorosmarty et al., 2003a, b; Xu et
al., 2006; Zhang et al., 2008; Li et al., 2011). Yang et
al. (2015) reported that the Changjiang River sediment
discharge significantly decreased to 46.5x10°t/a
between 1953 and 2010. Human impacts also have
been reflected in the ECSIS and river delta sediments
(Milliman, 1997). Magnetic susceptibility in ECSIS
sediments has significantly increased from 1.8 ka due
to human activities (Xu et al., 2011). Elements such
as S and As in the Changjiang River subaqueous delta
have increased since 1945 corresponding well with
China’s economic growth period (Liu and Fan, 2011).

In addition to changes in river sediment loads,
climatic changes also affect the hydrodynamic
environment of the ECSIS. China’s climate is greatly
influenced by the EAM because it transfers enormous
amounts of heat and moisture between the Eurasian
continent and the adjacent ocean (Zhang and Lin,
1992; Wang, 2009). Simultaneously, changes in the
EAM on a centennial-to decadal-scale are controlled
by variations in solar irradiance via changes in
oceanic-atmospheric circulation pattern (Xiao et al.,
2006; Zhou et al., 2014). The enhancement of the East
Asian Winter Monsoon (EAWM) leads to the
strengthening of the coastal current, resulting in an
increase in sediment grain size both in the central
Yellow Sea mud and ECSIS mud (Xiao et al., 2006;
Hu et al., 2012; Zhou et al., 2014).

Previous studies of the ECSIS focused on
millennium-scale  deposition process changes.
Century-scales studies are very scarce and mostly
confined to estuarine areas (Lim et al., 2007; Liu et
al., 2010; Liu and Fan, 2011; Zhao et al., 2017). The
influence of anthropogenic activity on mud deposits,
especially construction of the TGD, is unclear.
Therefore, in this study, eight short sediment cores
from the northern and southern inner shelf were
analyzed to study changes in the deposition process of
the ECSIS over recent decades, and to attempt to
reveal the effects of climate change and human
activity. High-resolution analysis can better reflect
sedimentary changes in the short-term.
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Fig.1 Currents in the East China Sea

CRDW indicates the Changjiang River Diluted Water; ZFCC indicates
the Zhejiang-Fujian Coastal Current; TWWC indicates the Taiwan Warm
Current; SBCC indicates the Subei Coastal Current (dotted lines are CRDW
and ZFCC in summer) (modified from Liu et al., 2015).

2 STUDY AREA

The East China Sea is controlled by the northward-
flowing Kuroshio Current, which flows along the
shelf break, the northward Taiwan Warm Current
(TWWC), the Changjiang River Diluted Water
(CRDW), and the Zhejiang-Fujian Coastal Current
(ZFCC) (Fig.1). Three distinct mud deposits have
been formed in the East China Sea: a mud belt on the
inner shelf, a mud patch southwest of Cheju Island,
and a deeper deposit in the Okinawa Trough, while
most of the ESC floor is covered by sand (Fig.2) (Liu
et al., 2006; Xu et al., 2009a, b, 2012). Terrigenous
materials on the ECSIS are mainly derived from the
Changjiang River and other major local rivers, such
as the Qiantang River, the Minjiang River, and the
Oujiang River (Liu et al., 2007). However, these small
rivers have relatively seldom sediment discharge of
which the total annual sediment load is approximately
8 Mt/a, far less than the amount of sediment
transported by the Changjiang River (Li, 2008).
Therefore, in the present research, the impact of these
small rivers was not considered. In summer months,
TWWC intensifies, and the CRDW and ZFCC flow
northward under the prevailing southeast monsoon,
resulting in large amounts of Changjiang River
discharges becoming trapped in the estuarine region.
In winter, due to the strengthening northwest
monsoon, the ZFCC turns southward carrying the
CRDW and sediment discharge southward along the
inner shelf. Most of the southward dispersed sediments
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Fig.2 Surficial sediment types in the East China Sea

There are three major mud deposits: inner shelf, southwest of Cheju Island,
and deeper Okinawa Trough; blue solid lines are the isobaths (modified
from Xu et al., 2012).

are constrained on the inner shelf by the TWWC
forming the inner shelf mud wedge (Guo et al., 2003;
Liu et al., 2007).

Both Yuan et al. (2005, 2008, 2010a, b) and He et
al. (2010) found that there are distinct cross-shelf
penetrating fronts (CPFs) in the East China Sea
through satellite sea-surface temperature, ocean color,
and chlorophyll-a concentration observations. There
were over 40 CPFs with penetrating distances
exceeding 100 km over the East China Sea during
1998-2007 (He et al., 2010). Each CPF event lasts for
few days to a month while the time scales of cross-
shelf transport and surface-to-subsurface descending
of the suspended sediments are a few weeks (Yuan et
al., 2008; He et al., 2010). These CPFs have induced
cross-shelf sediment transport over the ECSCS.

3 MATERIAL AND METHOD

Eight short sediment cores were collected in 2012
and 2015 on the ECSIS using a box core sampler
(Fig.3). For improved comparison, we selected two
cores from a depth of 50 m and four cores from 60 m.
Subsamples were taken at 0.5 cm intervals for grain
size analysis, and 2 cm intervals for ?'°Pb and '*’Cs
analysis.

In order to extract terrigenous materials for grain
size analysis, organic matter and carbonate in bulk
samples were carefully removed using 15% H,0,
(60 min) and 10% CH;COOH (60 min) in a water
bath at 60°C. Following this, the treated samples were
soaked in 20 mL distilled water and dispersed with an
ultrasonic oscillator. Grain size measurements of the
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extracted terrigenous materials were performed on a
Cilas 1190L Particle Size Analyzer in the Key
Laboratory of Marine Geology and Environment,
Institute of Oceanology, Chinese Academy of
Sciences. This instrument can be used for grain size
analysis in range from 0.04 to 2 500 pm and the error
for repeat measurement is less than 2%. Due to the
requirements of the experimental apparatus,
approximately 300 mg samples were used for grain
size analysis. Particle parameters were calculated
with the value method according to McManus (1988).

Sediment chronology was determined using 2'°Pb
and 'Cs dating methods. *’Cs and ?'Pb were
measured using an HPGe gamma-ray spectrometer at
the Lake Sediment and Environment Laboratory in
Nanjing Geography and Lake Institute, CAS. The
standard samples of *’Cs and **Ra were provided by
the China Institute of Atomic Energy, and the
comparative study of the 2°Pb standard samples was
performed at the University of Liverpool, UK.

To improve our understanding of the sedimentary
process, sensitive particle size components of
sediment cores were separated by the method of
“grain size vs. standard deviation” as selected in
numerous previous studies (Boulay et al., 2003; Sun
et al., 2003; Xiang et al., 2005; Xiao and Li, 2005). In
addition, the time series of sample mean grain size
was determined in a spectral analysis. The analysis
software used was REDIFT, which is widely used in
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Table 1 Sediment core information

Sample Water Length Longitude Latitude Sedimentation

code  depth(m) (cm) (°E) (°N) rate (cm/a)
DH3-2 52 25 123.00 30.00 0.51
DH3-3 59 33 123.50 30.00 0.43
DH4-1 61 31.5 123.11 29.47 0.56
DH4-2 70.6 38 123.38 29.32 0.52
L2 35 36 122.31 28.97 0.47
L3 60 30.5 122.72 28.96 0.74
DHS-1 51 41 120.83 26.77 0.96
DHS8-2 61 45 121.50 27.18 0.76

power spectrum analysis of unevenly spaced time
series. The following parameters were used in the
analysis: n50=4 (WOSA segment: Welch-Overlap-
Segment-Averaging procedure) and iWin=2 (Welch
spectrum window), with the remaining parameters
comprising software default parameters. The
parameters and their specific meanings have been
previously reported by Schulz and Mudelsee (2002).

The Siberian High index and East Asian Winter
Monsoon dataset are available from the National
Climate Center, China Meteorological Administration
(http://cmdp.ncc.cma.gov.cn/cn/index.htm).  Strong
breeze data from Shengsi Island are also available
online: http://en.tutiempo.net/.

4 RESULT

4.1 Accumulation rates

Sedimentation rates in the sediment cores were
determined using 2'°Pb and '*’Cs geochronology. The
¥Cs level of core DHS8-1 had one obvious peak
corresponding to 1986 (the Chernobyl nuclear
accident) (Liu and Fan, 2011). Based on the dated
peak, the average deposition rate of core DHS-1 was
0.83 cm/a. Through the linear fitting of excess 2!°Pb
with depth, the average accumulation rate of core
DHS-1 was 0.96 cm/a with a correlation coefficient of
0.86 cm/a (Fig.4). The deposition rates obtained by
the two methods were relatively similar, indicating
that the activities of excess 2!°Pb were applicable in
this study.

The deposition rate increased from north to south
along the isobaths (Table 1). Sediment cores at 50 m
water depth had higher deposition rates than at 60 m
on similar latitude. Cores DH3-3, DH4-2 and L2 that
were located near the edge area of the mud wedge had
much lower accumulation rates, less than 0.5 cm/a.
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Fig.4 Excess 'Pb and *'Cs activities profiles of eight sediment cores

Sediment accumulation rate (S) is determined from the slope of excess ?'°Pb activity profiles.
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Fig.5 Grain size parameter variations of sediment cores from northern continental shelf

4.2 Grain size analysis

4.2.1 Sediment cores from the northern continental shelf

Six sediment cores were collected in the north of
29°N (Fig.3). They showed different changes over
short time scales. In general, sediment grains became
finer from north to south, and coarser from west to

east. Sediments in cores DH3-2, DH3-3, DH4-1, and
DH4-2 were coarse and dominated by sand, while the
other two cores (L2 and L3) mainly comprised silt.
Cores DH3-2 and DH3-3 were located outside
Hangzhou Bay. With the exception of a couple of
layers, grain size only showed minor change in these
two cores (Fig.5). In core DH3-2, mean grain size
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Fig.6 Grain size parameter variations among sediment cores from the southern continental shelf

coarsen upwards. Silt and clay abruptly increased in
1969 and 1979, whereas sand content suddenly
increased in 1984 and 1997. The sorting and skewness
changed little, and mutations occurred in some layers.
Grain size parameters fluctuated acutely. Core DH3-3
was located to the east of DH3-2, and the sediment
primarily comprised sand. The grain size showed a
slightly fining trend since 1969. In the upper 8 cm,
sediments were significantly finer and the sorting was
improved, thereby signaling a new stage of deposition
in 1997.

Core DH4-1 mainly comprised sand (mean:
55.67%) and silt (mean: 34.22%) with a relatively
low clay content (mean: 10.11%). The mean grain
size ranged from 66.67 um to 129.68 pm, and became
coarser in the upper 8.5 cm. Sediments distinctly
coarsened in 1968, 1986, 2000, and 2011, whereas
they suddenly became finer at points during 1964,
1973, 1994, and 2013, displaying 10- and 20-year
cycles (Fig.5). Core DH4-2 was taken from the
maximum water depth of 70.6 m. Sediment variations
in core DH4-2 were not consistent with core DH4-1
even though they were adjacent to each other. The
bottom 4 cm sediment was characterized by a large
mean particle size (mean: 101.18 um) with a high
sand content (64.48%). Grain sizes sharply decreased
and sediment sorting decreased in 1952. Sediment
parameters became more fluctuant during 1952-1979.
Sediment grain size further reduced from 1979 until
an increase in 2000. From 1952 to 1979, grain size
parameters showed significant periodic fluctuations.

Cores L2 and L3 were collected from the Zhejiang
coast at water depths of 35 m and 60 m, respectively.
Sediment grain size changed most dramatically in
these two cores. Core L2 was mainly composed of silt

(mean: 79.88%) with two fining-coarsening cycles in
relation to sediment grain size (Fig.5). In addition to
the surface 1 cm and bottom 7 cm, the grain size of
the core increased upwards. According to mean grain
size, core L3 could be divided into four stages. The
grain size remained stable at stage I (29-20 cm, period
of 1977-1988) and then gradually increased from
stage II (2011 cm, period of 1988-2001) to III (11—
7 cm, period of 2001-2006). In the top 6.5 cm of the
core, mean grain size suddenly decreased and showed
a continuous decreasing trend classified as stage IV
(2007-2015). Standard deviation and skewness had
the same distribution tendency while the kurtosis was
inverse.

4.2.2 Sediment cores from the southern continental shelf

Cores DHS8-1 and DHS8-2 were located in the
southern ECSIS and were dominated by silt. Core
DHS-2 was more variable than core DHS8-1, although
it was collected from a deeper water depth. Unlike
DH3-2, silt was dominant in the sediments of core
DHS-1 even though they were collected at almost the
same water depth (Fig.6). From 1987, sediment
sorting became markedly worse and skewness showed
a decreasing trend. The mean grain size showed a
fluctuated increase in core DH8-1. From the bottom
to the top, clay content was relatively uniform while
the sand content gradually increased. In core DHS8-2,
changes in sand content were the main controlling
factor of grain size variation. Average value of mean
grain size sharply increased accompanied by a higher
sand content from 1988. At the same time, sediment
sorting decreased and skewness was more positively
skewed. Sand content distinctly increased from 1987
both in core DH8-1 and core DH8-2. However, sand
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content in core DHS8-1 fluctuated greatly while it
remained relatively stable in core DH8-2 after 1987.

Variations in grain size differed among the cores.
Mean grain size and standard deviation had opposite
distribution characteristics while skewness and
kurtosis varied synchronously in cores DH3-2, DH3-
3, DH4-1, and DH4-2. In cores L2, DH8-1, and DHS-
2, both mean grain size and standard deviation had
similar distribution characteristics, and skewness and
kurtosis varied synchronously. Whereas in core L3,
both mean grain size and standard deviation roughly
had same distribution characteristics, but skewness
and kurtosis varied inconsistently.

4.2.3 Sensitive particle size components of the
sediment cores

Sensitive particle size components of sediment
cores were separated by the method of “grain size vs.
standard deviation” selected by many previous
researcher (Boulay et al., 2003; Sun et al., 2003;
Xiang et al., 2005; Xiao and Li, 2005). As shown in
Fig.7, the grain size vs. standard deviation value
classes in each sediment core had two main peaks.
These two classes represent populations of grains
with the highest variability through time. Therefore,
they are sensitive to different sedimentary
environments. The sediment from the valley value
was separated into two parts and the fine population
was considered sensitive to the coastal current.
Figures 3 and 7 show that the locations or grain sizes
of breaking points of the two populations varied
among cores depending on water depth and distance
from the Changjiang River estuary. The only exception
was core DH3-2 because it located outside Hangzhou
Bay and therefore exposed to a stronger hydrodynamic
force. The fine-grained population was relatively
stable ranging from 8.5 um to 11 um with an average
of 9.93 um. However, the coarse-grain population
significantly fluctuated from 56 pm to 212 um with an
average of 123.6 um (Table 2). To some extent, both
fine- and coarse-grain populations were related to
water depth, such as in core L2, and source distance,
for example in cores DH8-1 and DH8-2.

5 DISCUSSION
5.1 Changes in the Changjiang River sediment load

In recent decades, dam construction and irrigation
have led to dramatic reductions in sediment discharge
from many major rivers globally such as the Ebro
River, Mississippi River, Nile River, and Changjiang
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Table 2 Relationship between breaking points and grain
size population according to water depth and core
localities

Sample ~ Water Breaking  Fine population Coarse population

code depth (m) point (um) mode (um) mode (um)

DH3-2 52 45 11 190
DH3-3 59 20-32 10 170
DH4-1 61 32 10 212
DH4-2 70.6 22-32 10 180

L2 35 17 10 75

L3 60 2540 10 106
DHS8-1 51 18 10 56
DH8-2 61 17 8.5 71

River (Guillén and Palanques, 1997; Vorosmarty et
al., 2003a; Nilsson et al., 2005; Syvitski et al., 2005;
Walling, 2006; Blum and Roberts, 2009; Meade and
Moody, 2010; Syvitski, 2011; Wang et al., 2011; Yang
etal., 2011). Sediment load changes in the Changjiang
River over recent decades have been observed. Since
the 1950s, more than 50 000 dams have been built
throughout the Changjiang River watershed (Yang et
al., 2005; Xu et al., 2008) including the world’s
current largest dam, the TGD. Data from Datong
gauging station showed that the mean annual sediment
load has decreased in three reduction phases between
1951 and 2014 (Fig.8). It decreased from 490 Mt/a
between 1951 and 1968 to 440 Mt/a over the following
17 years (1969-1985), followed by a 17-year interval
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Fig.9 Mean grain size of suspended sediment at Yichang,
Hankou and Datong (modified after Yang et al., 2011)

Table 3 Sediment loads (in 10° t/a) at Yichang, Hankou, and

Datong
Annual sediment load (10° t/a)
Station
1950-1968  1969-1985  1986-2002  2003-2014
Yichang 540 520 410 43
Hankou 450 420 350 110
Datong 490 440 340 141

(1986-2002) with 340 Mt/a sediment load, and
dramatically decreased to 141 Mt/a in 2003-2014
(data obtained from Changjiang River Water
Conservancy Committee, Ministry of Water
Conservancy of China).

Grain size variations in sediment cores on the
ECSIS coincided with variations in river sediment
load. Grain size increased upwards in most cores
except core DH3-3. In cores DH4-1, L2 and DH8-2,
grains were relatively coarse with a higher sand
content before 1969. From 1969 to 1986, sand content
and mean grain size decreased in half of the stations
(DH4-1, L2, L3, and DHB8-2) corresponding well to
the first sediment load decrease stage in the Changjiang
River. There were differences between the actual
deposition rate and the constant deposition rate
assumed by radioactive dating, thereby leading to 1-2
years deviation in some sediment cores. Yang et al.
(2006) highlighted that this reduction phase was
mainly caused by the activation of the reservoir on the
Hanjiang River tributary since discharges at Yichang
showed no distinct decreasing trend, while it was
reduced in Hankou and Datong during this period
(Fig.8). Due to the reduction in coarse sediments
transported by the Changjiang River, particle size
reduced on the inner shelf in this stage.

Between 1987 and 2002, sediment load decreased
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by 31% in Datong compared with 1950-1968 due to
the construction of numerous dams and reservoirs as
well as a water-soil conservation plan within the
drainage basin (Yang et al., 2006) (Fig.8). Following
the implementation of the TGD operation, sediment
load drastically reduced to 141 Mt/a during 2003—
2014 at Datong gauging station. Decreasing sediment
load has made the Changjiang River channel change
from an accretion state to an erosion state (Yang et al.,
2011). The particle size of suspended sediment
gradually increased at Hankou after 1986 and became
far larger than that in Yichang after the closure of the
TGD (Fig.9). This phenomenon suggests erosion of
the river channel. A gradual increase in the amount of
sand transport in Yichang, Hankou, and Datong
during 2003-2014 has also supported this view. In
sediment cores from shallow water less than 60 m
(cores DH3-2, L2, and L3), the sand content gradually
increased, and the mean grain size increase from 1987
and further increased after 2003. In general, the
Changjiang River channel has converted from
deposition to erosion in the late 1980s and strengthened
after closure of the TGD in 2003 leading to an increase
in sediment grain size discharging into the sea. In
addition, the accretion/erosion balance in the
subaqueous delta also been altered due to sediment
starvation, which also contributed to the sediment
coarsening. Correspondingly, sediments deposited in
the ECSIS became coarser after 1987 and have further
coarsened since 2003.

In deeper water (approximately 60 m water depth),
the impact of modern terrigenous materials was
relatively weak in cores DH3-3 and DH 4-2. These
two cores were located in the CPFs area. CPFs refer
to direct and large distance frontal intrusions from
mean fronts of oceanic properties such as temperature,
salinity, and chlorophyll-a concentration, with
penetrating distances usually exceeding 50 km (He et
al., 2010). The CPFs in the East China Sea can
transport fine-grained sediments across the shelf to
the east of 124°40'E or even further (Zhang et al.,
2016). The strengthened variations in the CPFs may
have changed the sedimentation patterns in cores
DH3-3 and DH4-2. Therefore, there were no
significant changes during the above three reduction
periods in these two cores. The smaller grain size in
the upper part of cores DH3-3 and DH4-2 may be due
to the enhancement of the CPFs in the ECSIS.
Variations between cores DH3-3 and DH4-2 may
have also been caused by the cross-shelf penetrating
front due to their different locations.
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5.2 Impacts of the EAM on sedimentation

The ZFCC direction varies seasonally, it flows
northward in summer due to the southeast monsoon
and turns southward in winter when the northerly wind
prevails (Fig.1). Sediments in the mud wedge along
the entire ECSIS are mainly derived from the
Changjiang River suspension transported by the
coastal current in winter. Strong East Asian winter
monsoon will accelerate the flow of ZFCC in winter
and, accordingly, the sediment will become coarser,
and vice versa. Previous studies considered that a fine-
grained sediment population is transported by the
ZFCC in winter (Xiao et al., 2006; Zhou et al., 2014).
A fine-grained population reflects a much finer-grained
material supply and a relatively gentle delivery force,
such as an alongshore current, whereas a coarse-
grained population indicates a less fine-grained matter
supply and strong transporting hydrodynamic force,
such as storm waves. Therefore, variations in the East
Asia Winter Monsoon strengthening have obviously
affected the mean grain size of the fine-grained
population in the ECSIS sediments.

Therefore, it is more suitable to use a fine-grained
population to reconstruct alongshore current and
winter monsoon histories. The recalculated mean
grain size of the fine-grained sensitive component
was compared with strong breeze days (level 6 of the
Beaufort wind scale, the speed of which is between
10.8-13.8 m/s) in winter (December, January, and
February) monitored at Shengsi Island, in the Siberian
High, and by EAWM indexes. Sediment grain sizes in
cores showed consistent changes with these climate
indexes (Fig.10). According to the strength of the
EAWM, the time series can be separated into three
stages during 1950-1987. Stage 1 comprised 1950 to
1964 in which the EAWM was stronger and the mean
grain size of fine population was larger. After 1964,
the EAWM became weaker until 1974, comprising
stage 2, and correspondingly the sediments were
relatively finer than stage 1. Stage 3 was the second
strong EAWM period with coarser sediments in most
sediment cores. From 1987 there was an obvious
reduction in EAWM strength. Only cores DH3-2,
DH3-3, DH4-1, and L2 recorded this reduction since
this information may have been covered by other
signals in the remaining sediment cores. Strong
breeze days in Shengsi Island increased from 2001
and the mean grain size of the fine-grained population
in cores DH3-3, DH4-1, DH4-2, and L3 increased
correspondingly. This indicates that the coastal
current strengthened and influenced sediment grain

size, except the Changjiang River sediments, which
were coarser.

5.3 Records of extreme events in sediments

Sediment grain size in the ECSIS is controlled by
the alongshore current strength and the sediment
source. Previous studies indicated that a fine-grained
population reflects changes in the coastal current.
Significant mutations in a coarse-grained population
and other characteristics are beyond the threshold
value of the variations in coastal currents. Usually,
environmental factors that can lead to such drastic
changes in hydrodynamic conditions and material
supply are likely to be extreme events such as floods,
typhoons, and storm surges. The research area is
characterized by a high deposition rate with frequent
typhoon and flood impacts. Sedimentary processes of
typhoons and floods of the Changjiang River are
likely to be recorded in this area. Since 1945,
approximately 13 major floods occurred in the
Changjiang River valley. Choosing Datong gauging
station as the control point, the maximum peak runoff
was two to three times the annual average (Changjiang
River Water Conservancy Committee, Ministry of
Water Conservancy of China). The increased runoff
and flow velocity have led to an increase in coarse-
grained components in the river sediments. Typhoons
are extreme events that occur frequently in the East
China Sea. When a typhoon occurs, seabed sediments
resuspended due to enhanced hydrodynamics, and the
fine particles are removed, leaving behind coarse
particles. In the present study, the influences of
typhoons on the inner shelf area are discussed based
on the level 10 wind scope (Beaufort wind scale).

In the flood event layer, there were inverse graded
and graded beddings that gradually transformed with
both upper and lower layers due to the long duration
offloods. In contrast, typhoons usually last a relatively
short time. Sediments suddenly become coarser due
to the sudden increase in hydrodynamic force. With
the passage of the typhoon, the hydrodynamic force
gradually weakens to normal levels with the deposited
sediments became gradually finer.

Sediment grain size vertical variations were
compared with typhoon and flood events based on
extreme event deposition layer characteristics
described above (Fig.11). Due to the difference
between the actual deposition rate and the calculated
deposition rate, sedimentary records of extreme
events may have 1-2 years of error. Sediment cores
DH3-2 and DH3-3, located closest to the Changjiang
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Island (data were missing from 1965 to 1972).
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Fig.11 Vertical profiles of sediment particles in sediment cores with extreme events

Typhoon data are obtained from tcdata.typhoon.gov.cn (Ying et al., 2014); flood records are obtained from Shi et al. (2004).
To be continued
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River mouth, have the most comprehensive record of
Changjiang River flooding. To the south, some of the
floods were not reflected in cores DH4-1 and DH4-2.
The major floods of 1954 and 1998 were reflected in
these four sediment cores by an increase in the coarse-
grained population. Further south, with the exception
of the shallowest core L2, floods were rarely recorded
in three other cores. Typhoon records differed from
floods. They were mainly reflected in the most
southern cores DH8-1 and DH8-2. This phenomenon
is related to the frequency of typhoons in different
regions. The frequency of typhoons recorded in
different sediment cores is consistent with the
frequency of typhoon occurrence measured by Tian
(2015): a high frequency in the southeast and reduced
frequency to the northwest.

In core DHS8-1, which was located in a Fujian
coastal area, there were two distinct sediment
coarsening events during the period 1990-2000. This
showed a large amplitude that did not correspond well
to typhoons or major Changjiang River floods. The
categories of typhoons that passed through this region
in 1995 and 1993 were 3—5. Whether they are strong
enough to cause such a large amplitude or there were
other factors in existence requires further study.

In summary, Changjiang River flooding mainly
affects the northern area close to the estuary. Core L2
in a shallow water depth in the northern part of
Zhejiang coast also had a good flood record. Other
parts of the Zhejiang-Fujian coast did not significantly
record Changjiang River flooding. However, typhoons
had a greater impact on the southern part of the ECSIS
where they frequently occur.
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5.4 Effects of ENSO and solar activity on
sedimentation

ENSO is an abnormal phenomenon in the air-sea
interaction that has an important influence on global
temperature and precipitation. It is closely related to
the occurrence of floods and droughts in China (e.g.,
El Nifio caused the Changjiang River basin to flood in
1998), and further influences material transport and
deposition in the East China Sea (Jiang et al., 2006;
Yu et al., 2009). To improve our understanding of the
sedimentary process, the mean grain size time series
of samples was determined in a spectral analysis.
Mean grain size of all the sediment cores except core
DH8-2 showed a 3-8-year periodic oscillation
(Fig.12), which is consistent with the periodicity of
ENSO. This period was more pronounced in the
northern and near shore areas coinciding with changes
in the magnitude of flooding impacts.

Periodic changes in solar activity can cause
redistribution of the Earth’s atmospheric energy,
which greatly affects the global climate. Variations in
sunspot and global sea surface temperature are in
good agreement (Su and Yuan, 2005). Xiao et al.
(2006) showed that a lower sunspot number
corresponded to coarser sediments in the ECSIS mud.
These authors suggested that reductions in solar
irradiance may be caused an increasing temperature
difference between continents and oceans during
winter time, and resulted in a strengthening of the
EAWM. Short-range solar activity has an 11-a
significant sunspot period (Schwabe cycle) and a 22-a
magnetic period (Hale cycle). The consistency of
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Fig.12 Frequency analyses of sediment cores mean grain size record for the entire samples
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Fig.13 Temporal variations of mean grain size of core L2 and solar activity indices

Solar activity indices are obtained from Qu et al., 2008.

variations in mean grain size and solar activity indices
(Fig.13) indicates that the statistically significant
periodicities centering on 10-11 and 20-22 years in
cores DH4-1, L2, L3, and DHS8-1 (Fig.12) were
caused by solar activity. Furthermore, the abrupt
increases in silt and clay also displayed 10- and 20-
year cycles in cores DH3-2 and DH4-1 (Fig.5). This
may be due to the magnitude of CPF changes caused
by solar activity.

In addition, the 16-year period of core DH8-2 may
be caused by the superposition of other factors and
solar activity variations. Both cores DH8-1 and DHS-
2 showed significant periodicity centered on 1-2 a,
potentially corresponding to the interannual
oscillation of the EAM (Fig.12).

6 CONCLUSION

1) Sediments in the ECSIS reflect reductions in
Changjiang River sediment load caused by human
activities (especially dam constructions) since the
1950s. Due to the erosion of the Changjiang River
channel and subaqueous delta, sediments deposited in
the ECSIS became coarser after 1987 and further
coarsened after 2003.

2) The EAM influenced the deposition process in
the ECSIS by changing the intensity of the coastal
currents. Mean grain size of the fine-grained
population corresponded well to the strength of the

EAWM. Parts of the sediment cores recorded the
weakening of the EAWM after 1987.

3) The effects of river floods and typhoons in the
ECSIS are limited in scope. Changjiang River flooding
mainly impacts the northern shelf and the shallow
area, while few records of Changjiang River floods
were found in the southern shelf. In contrast, typhoons
frequently occurred in the southern inner shelf and
were markedly reflected in the sediment cores.

4) Mean grain size time series of sediment cores
show statistical periodicities of 3-8, 10-11, and 20—
22 years, corresponding to the periodicity of the
ENSO and solar activity (Schwabe cycle and Hale
cycle), respectively.

5) The ECSIS has a complicated sedimentary
environment due to variations in influencing factors.
Depositional processes are dominated by distinct
factors in different locations. Therefore, environmental
signals in sediment cores are a superimposition of
multiple elements and the responses of each sediment
core to every influencing factor are heterogenous. In
general, changes in the Changjiang River debouched
sediment load, grain size, and hydrodynamic force,
which act as sediment delivery and erosion, are the
main controlling factors in the ECSIS. ENSO and
solar activity promoted these factors by affecting the
monsoon, and dominating factors in multiyear and
decade variation cycles of sedimentation.
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7 DATA AVAILABILITY STATEMENT

1) The sediment loads and mean grain size of
suspended sediment dataset of Changjiang River
gauging stations during the current study are available
from the published article “50 000 dams later: Erosion
of the Changjiang River and its delta” and the
Changjiang River Water Conservancy Committee,
Ministry of Water Conservancy of China (http://www.
cjh.com.cn/pages/nsgb.html).

2) The Siberian High index and East Asian Winter
Monsoon dataset are available from the National
Climate Center, China Meteorological Administration
(http://cmdp.ncc.cma.gov.cn/cn/index.htm).

3) Strong breeze data in Shengsi Island are
available from website: http://en.tutiempo.net/.

4) Typhoon data are available from the China
Meteorological Administration tropical cyclone
database. (http://www.tcdata.typhoon.gov.cn).

5) Floods data are included in the published article
“Preliminary analysis on the relation between the
evolution of heavy floods in the Changjiang River
catchment and the climate changes since 1840 and
the Changjiang River Water Conservancy Committee,
Ministry of Water Conservancy of China. (http://
www.cjh.com.cn/pages/nsgb.html).

6) Solar activity indices are obtained from the
published article “The time sequence of the magnetic
index of the sunspot magnetic field”.
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