ABSTRACT
Velozzi, D.M. Sedimentary Features of the Yangtze Derived Mud Deposits on the Inner
Shelf of the East China Sea (Under the direction of Dr. Paul Liu.)
The purpose of this study is to document the nature of sedimentation on the inner
shelf of the East China Sea (ECS), with particular interest in the fate of the Yangtze River
sediment. The Yangtze River has discharged about 500 million tons of sediment annually.
High-resolution Chirp Sonar seismic data and shallow cores reveal a broad mud wedge up to
100 km wide extending 800 km southward along the Zhejiang-Fujian coasts. The mud
wedge is thickest (~ 40 m) between the 20 m and 30 m isobaths and progressively thins
offshore reaching water depths up to 60 and 70 meters. The mud wedge has a clinoform
morphology with gently dipping topset, steeply dipping foreset, and gently dipping bottomset
beds.
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C age dates indicate the clinoform began to form around 7000 yrs BP after sea-level

reached the middle Holocene Highstand stage and decelerated to it’s present position.
Sediment accumulation rates were estimated from the vertical distribution of excess
210

Pb in sediment cores collected at 8 stations along the inner shelf. Near the mouth of the

Yangtze River sediment accumulation rates have historically been about 1 to 5 cm y-1, due to
winter resuspension and erosion events. The highest apparent accumulation rates in the mud
wedge (2.1 cm yr-1) were found just south of the Yangtze estuary (30.5°N). Apparent
accumulation rates generally decrease alongshore toward the south and offshore toward the
east (~ 1.6 - .33 cm yr-1). This pattern is consistent with the dispersal of Yangtze Riverderived sediments by the Chinese coastal current and tidal systems.
A calculated sediment budget using Pb-210 apparent accumulation rates (100-yr time
scale) indicates that 35% of the sediment annually accumulating in the inner shelf mud

deposit can be accounted for in the sediments north of 30°N. This portion of the inner shelf
mud deposit accounts for 55 % of the annual sediment discharge from the Yangtze River.
Surface sediments of the inner shelf mud wedge are composed of clayey-silts and
silty-clays. Coarser grained sandy-silts and silty-sands identified from cores on the thin
bottomset deposits are a mixture of the fine Yangtze River sediment and coarse relict sands.
Clay mineral assemblages of the mud wedge are composed primarily of illite (generally more
than 70 %), and subordinately of chlorite, kaolinite and smectite. Smectite concentrations (<
5 %) are a good indicator that the sediments are derived from the Yangtze River.
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1. INTRODUCTION
Large rivers such as the Yangtze River are particularly important sources of
terrigenous material to the ocean. The Yangtze River has historically discharged about 480
million tons of sediment annually. This load, that of the adjacent Yellow River (about 1
billion tons), equals approximately 10% of the global sediment flux to the ocean (Milliman
and Meade, 1983; Milliman and Syvitski, 1992). Except for the deposits accumulating in the
delta, most modern fine-grained sediment of the Yangtze River is believed to be transported
further south along the dispersal system and to accumulate offshore of the Zhejiang and
Fujian Provinces. This is commonly referred to as the “mud belt deposit on the inner shelf of
the East China Sea (ECS)” (Qin, 1979; Qin et al.,1989).
Near the mouth of the Yangtze River, 234Th data indicate sediment deposition rates as
rapid as 4.4 cm/month on a 100-day time scale.

210

Pb data indicate that on a 100-y time scale

accumulation rates are an order of magnitude slower (typically 1 to 5 cm/yr) than the shortterm deposition rates. Most of the sediment deposited near the river mouth on a 100-day
time scale is assumed to be transported southward along the dispersal system on a 100-y time
scale, probably as a result of winter storms and a strong coastal current (McKee et al. 1983,
1984; DeMaster et al., 1985).
Numerous geological and geophysical studies have been conducted to examine the
Yangtze-derived mud deposit at the river mouth and on the inner shelf (Butenko et al., 1985;
DeMaster et al., 1985; Milliman et al., 1985, 1989; Nittrouer et al., 1984; Chen et al., 1997,
2000, 2003; Li et al., 2000, 2001; Hori et al., 2001, 2002). In addition, recent box-coring in
the ECS has revealed that the sediment disperses alongshore from the river mouth to the
south, and is mostly confined to the inner shelf area (Huh and Su, 1999; Su and Huh, 2002).
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Despite the considerable efforts devoted to the study of the Yangtze River, we still
have little knowledge of the distribution, thickness, and sedimentary processes of the
Yangtze-derived sediments on the inner shelf of the ECS. The general objective of the
present research is to document and understand more completely the shallow marine
geology, surface oceanography, and late Quaternary history of the Southeast Asian
continental margin, particularly in light of the large sediment fluxes from present-day rivers
and sea-level fluctuations. The specific objectives of this paper are 1) to quantify the
distribution, thicknesses, and sources of the inner shelf mud deposits; 2) to discuss the history
and sedimentary processes (depositional, erosional, and resuspension events) affecting the
inner shelf mud deposits; 3) to present the distribution of apparent sediment accumulation
rates on a 100-y timescale; and 4) to calculate a sediment budget for the modern Yangtze
dispersal system in the East China Sea (on a 100-y timescale).
2. BACKGROUND
2.1. Shelf Sediment Accumulation
An epicontinental sea is an ocean overlying continental lithosphere. When sea- level
is high, marine waters can flood large portions of the continents creating epicontinental seas.
Hence, epicontinental shelf seas have been important sites for the accumulation of sediment
and formation of sedimentary rocks (Nino and Emery, 1961). In order to better interpret the
stratigraphic record of such deposits, an increased understanding of the variability in
sedimentary processes and products must be derived from modern epicontinental
environments (Alexander et al., 1991).
Studies of 210Pb sediment accumulation rates on continental shelves have been, by
default, overwhelmingly dominated by research in epicontinental shelf environments, for
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example, the Amazon River (Shokes, 1976; Nittrouer et al., 1979; Kuehl et al., 1986),
Yangtze River (DeMaster et al., 1985; Huh and Su, 1999), and Yellow River (Alexander et
al., 1991). From these studies, a generalization has emerged that accumulation rates (on a
100-y timescale) associated with major dispersal systems (>108 T/y sediment discharge, i.e.
Amazon, Ganges-Brahmaputra, Yellow Rivers) are generally centimeters per year, whereas
rates associated with smaller dispersal systems (<108 T/y ie. Po, Fly Rivers) are generally
millimeters or less per year (Nittrouer et al., 1985). Accumulation rates decrease from
proximal to distal portions of the dispersal systems.
The Yellow and East China seas, stretching from the Gulf of Bohai in the north to the
Okinawa Trough in the south, represent an end member of modern epicontinental seas in
terms of the very high terrigenous sediment loads they receive (Fig. 1). The Yellow and
Yangtze Rivers have been ranked as the second largest (1×109 t/yr) and fourth largest
(0.5×109 t/yr) in terms of the sediment loads discharged to the global ocean (Milliman and
Meade, 1983
2.2. Geological and Physical Setting
The continental shelf of the East China Sea (ECS), together with the Yellow Sea and
Bohai Sea, form a contiguous shelf of about 0.75 x 1012 m2 area (Fig.1, Liu et al., 2003).
This wide (>500 km) and shallow (<130 m) shelf is bordered by the Okinawa Trough to the
east and connected to the South China Sea through the Taiwan Strait to the south. The Bohai
Strait separates the Bohai Sea from the Yellow Sea, and an imaginary line connecting Cheju
Island with the north end of the Yangtze River mouth forms the boundary between the
Yellow and East China Sea. The ECS, which has an area of 752,000 km2, has an average
depth of only 350 m, and almost three-fourths of the area is less than 200 meters deep. The
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Figure 1. Bathymetry of the contiguous shelf (East China Sea, Yellow Sea, Bohai Sea) and
seas around Taiwan. The Yangtze (Changjiang) River, Yellow (Huanghe) River, Zhejiang
and Fujian coastlines are labeled on the map. Contour lines indicate depths of 50 m (dashed),
100, 200, 2000, 4000, and 6000 m. The 200 m contour marks the shelf break (From Liu et
al., 2003).
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deeper part of the ECS is the Okinawa Trough, extending alongside the Ryukyu Islands, with
a large area deeper than 1,100 m (Qin et al., 1996). A large number of islands and shoals dot
the eastern boundary of the ECS as well as the area near the Chinese mainland.
The ECS can be divided into three geomorphic sub-regions; the inner shelf, the
middle-outer shelf, and the Okinawa Trough. The inner shelf extends from the coastline to
60 m water depth. Bathymetric contours landward of 30 m water depth on the inner shelf are
generally parallel to the shoreline, reflecting recent deposits shaped by alongshore drift and
tidal currents (Butenko et al., 1985). The middle-outer shelf with an average gradient of
1:2000 begins at 60 m water depth and extends to the shelf break at 200 m. The Okinawa
Trough, which has a water depth of greater than 200 m, is a crescent shaped trough extending
in a NE-SW direction parallel to the orientation of the ECS (Qin et al., 1996).
The ECS is marked by a number of prominent sedimentary basins. The FujianMinnan Massif, which separates the Yellow Sea from the Taiwan Basin in the south, extends
across much of the shelf area. To the north and south of this massif, sediment thickness
increases to more than 2000 m (Emery et al., 1969). Some outcrops of the underlying massif
are exposed at the seafloor, and some rise above sea level as islands. Rocks range in age
from Mesozoic volcanics (islands and shoals off the Yangtze River mouth) to Tertiary
volcanics (Cheju Island) near the Korean Peninsula (Butenko et al., 1985).
2.3. Oceanographic Regime
The Kuroshio Current (KC), the Yangtze River plume, and the East Asia monsoons
are the dominant factors affecting circulation in the East China Sea. The Kuroshio Current
flows northeastward over the outer continental shelf, and has a maximum transport in
summer. The KC flows into the Japan Sea through the Tsushima Straits between Korea and
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Japan, and some of the KC and the Yellow Sea Warm Current (YSWC) flows intermittently
northward into the Yellow Sea along the Korean Coast. Inshore of the Kuroshio, a warm,
saline current called the Taiwan Warm Current (TWC) also flows northeastward and helps
give rise to a counterclockwise circulation in the Yellow Sea and ECS (Fig. 2, Beardsley et
al., 1985).
The relatively cold Yellow Sea Coastal Current (YSCC), Jiangsu Coastal Current
(JCC), and Zhejiang-Fujian Coastal Current (ZJCC) flow southward along the Chinese coast.
The associated coastal water masses are characterized by low salinity and high suspended
sediment concentration, respectively (Milliman et al., 1989). Thus, the general circulation in
the East China Sea and Yellow Sea is characterized as a cyclonic gyre with northward inflow
of warm, saline YSWC Water along the Korean coast and a southward outflow of cooler, less
saline water along the Chinese Coast.
The Yangtze River is the major source of fresh water on the ECS shelf. Its annual
discharge is about 900 km3/yr (Zhang, 1996), with a maximum in July and minimum in
January. Discharge from other rivers, including the Qiantang, Ou and Min Rivers, are much
lower, and therefore, relatively insignificant in affecting the overall circulation on the shelf.
Shelf circulation in the region is forced by the strong northeast monsoon from late September
to early April and the weaker southwest monsoon from May to August. The Yangtze River
plume is greatly influenced by this circulation pattern. From October to April, the Yangtze
plume forms a narrow band of fresher water flowing southward along the coast of China (Liu
et al., 2003). The maximum expansion is around December and January when the plume
extends into the Taiwan Strait. By April, the freshwater plume has retreated out of the
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Taiwan Warm Current; YSWC, Yellow Sea Warm Current; JCC, Jiangsu Coastal Current;
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Taiwan Strait and is instead directed northwestward of the Yangtze River mouth. By
August, the plume dispersal is to the north and east of the Yangtze River mouth (Lee and
Chao, 2003).
Semi-diurnal tides are dominant in the East China Sea, with an average range of 2.6
m. The spring tidal range can reach as high as 4.5 m in the Yangtze River mouth. The tidal
current reaches up to 290 km upstream from the mouth during the dry season, but only 180
km upstream during flood season. The mean and maximum wave heights at the mouth are
0.9 and 6.2 m, respectively (Chen, 1998).
2.4. Sediment Sources and Patterns in the East China Sea
The major sources of fine-grained sediment to the ECS are the Yangtze River and the
Yellow River. The Yangtze River is the major dispersal system in the ECS, discharging
about 4.9 x 108 tons of sediment annually. The highest discharges of both water and
sediment occur in July (advance of summer monsoon), but suspended sediment
concentrations tend to be higher during the months following the peak discharges because of
changing patterns of rainfall and erosion in the drainage basin upstream. An estimated 40%
of the sediment load in the river is deposited in the estuary, mostly in and seaward of the
South Channel. The remaining sediment is deposited directly offshore during flood seasons,
but much (~30 %) is resuspended and carried southward by subsequent storms (Milliman et
al.,1985). The Yellow River, located on the western part of the Gulf of Bohai, annually
discharges 1.1 x 109 tons of sediment into the Gulf of Bohai. Historically, the Yellow River
shifted at least twice and discharged into the South Yellow Sea (SYS) (Xie et al., 1993; Liu
et al., 2002). Some of this sediment may have transported through the SYS into the ECS,
like the mud patch deposits southwest of Cheju Island that are believed to be derived from
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this source (Fig. 3, Nittrouer et al, 1984b; Milliman et al. 1985a, 1989; Alexander et al.,
1991).
The ECS is dominated by a prominent submarine delta that occupies much of the
inner shelf. The inner shelf is composed predominantly of fine-grained sediments (sandy
silts to silty clays), whereas the outer shelf consists of sand (medium sand to clayey sand)
(Fig. 3). The continental slope and the Okinawa Trough forms a third province,
predominantly covered with fine-grained sediments. The sands of the outer continental shelf
are part of the 4000-km-long belt of ‘relict sediment’ that extends almost continuously from
Korea to Malaysia (Emery, 1968). These sands are shaped into sand ridges oriented in a
NW-SE direction. According to Yang and Sun (1998), these sand ridges developed during
the postglacial sea-level rise, especially along the retreat path of the Yangtze River, and
progressively became ‘relict’ features when water depth increased. Just south of Cheju
Island the sediment is markedly more fine-grained (outer shelf mud deposit), and is believed
to be derived from the old-Yellow River sediment in the SYS (Milliman et al., 1989).
Clay mineral assemblages in the surface sediments on the East China Sea are
composed primarily of illite (generally more than 60 %) with subordinate amounts of
chlorite, kaolinite, and smectite. Along with the calcite content, smectite is regarded as an
indicator that can differentiate between the sediments from the Yellow River (>10%) and the
Yangtze River (>5%) (Chough and Kim, 1981; Xu 1983; Ren and Shi, 1986; Yang, 1988,
Qin et al., 1989 , Yang, 2003) (Table 1).
2.5. Yangtze River Delta
The Yangtze River originates from the Qinghai-Tibetan Plateau at an elevation of
about 6000 m and flows 6300 km to the East China Sea. The river has built a typical tide-
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Figure 3. Map of surficial sediment distribution in the East China Sea. Fine-grained
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Table 1. Clay mineral assemblages and their relative contents (%) in sediments of the Yellow River and
Yangtze River.
Illite

Smectite

Chlorite

Kaolinite

References

Yellow River

59
65
67
62
62 (57-68)

23.2
14
13
16
12(7-16)

9.3
12
12
12
16(11-23)

8.5
9
8
10
10(7-18)

Xu, 1983a
Milliman et al., 1985b
Ren and Shi, 1986a
Yang, 1988c
Yang et al., 2003d

Yangtze River

68
53
75-79
65
66 (58-78)

5.5
19
2-4
10
6(3-11)

13.9
10
19-21
11
12 (8-19)

12.7
18
19-21
14
16(11-20)

Xu, 1983a
Milliman et al., 1985b
Ren and Shi, 1986a
Yang, 1988c
Yang et al., 2003d

a

Data collected from bottom sediment samples of the East China Sea and Yellow Sea continental shelf.
Data collected from suspended sediments in the Yangtze River mouth, delta, and the middle shelf mud patch
southwest of Cheju island.
c
Data collected from sediments in the Yangtze River and Yellow River deltaic region.
d
Data collected from bottom sediment samples in the Yangtze and Yellow Rivers.
b
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dominated delta at its mouth since about 6,000-7,000 years BP, when sea level reached or
approached its present position (Saito et al., 2001), the apex of which is located at ZhenjiangYangzhou (Fig. 4).
The Holocene Yangtze delta covers an area of approximately 52,000 km2, with 23,000
km2 sub aerial and 29,000 km2 subaqueous. The main part of the delta plain is located in an
incised valley formed during the late Pleistocene sea-level lowstand (Li et al., 2000; Hori et al.,
2001). The elevation of the delta plain is typically less than 5 m above mean sea level.
Elongated river-mouth sand bodies of the present delta are roughly parallel to the river channel
(Chen et al., 1982).
Widespread switching of the active delta super lobe (delta complex) is known to occur in
fluvial and wave-dominated deltas such as the Mississippi (Frazier, 1967; Roberts, 1997) and
Yellow River deltas (Xue, 1993; Saito et al., 2000; Liu et al., 2002). In contrast, the Yangtze
River does not show such switching due to the stable single deep river channel of the lower
reaches. However, the evolution of distributary channels is the most important factor controlling
delta evolution. The formation and abandonment of distributary channels have occurred
commonly in the Yangtze delta. The North Branch, located north of the Chongming Island (see
Fig. 4), was the major distributary before the 18th century, although it transports little fluvial
sediment at present (Chen et al., 1985). The active distributary channel at present is the South
Channel, which has bifurcated into two channels, the North and South Passage. At the seaward
ends of these channels are the areas where river-mouth sand bars are being actively created.
These river-mouth sand bars are expected to evolve into sand shoals/islands, which will separate
new distributary channels (Hori et al., 2002).
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Figure 4. Estimated evolution of Holocene coastlines and river-mouth sand bars in the Yangtze River delta during the last 7000
years. (Redrawn from Li et al., 1979, 1983; Li and Li (1983); and Xu et al. 1987).
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The Yangtze delta has prograded seaward more than 50-200 km during the last 6000
years (see Fig.4). However, the rate was not constant and changed abruptly in the late Holocene.
The progradation rate increased suddenly about 2000 years BP, when it went from 38 to 80
km/year. An increase in sediment production, mostly due to widespread human activities, is one
explanation for the active progradation (Saito et al., 2001; Hori et al., 2001; Hori and Saito,
2002). This continuous seaward progradation also shows a progressive and slightly lateral shift
to the southeast owing to the long-term, tectonically induced southward shift of the river mouth,
and to the marine currents affected by the Coriollis Force (Chen et al, 2000, Chen et al., 2003).
Four sedimentary facies (A-D) of the Yangtze subaqueous delta have been defined based
on the spatial sediment distribution close to the Yangtze River mouth (Chen et al., 2000). Facies
A, delta front fine - sand and silt; facies B, prodelta – silty clay and clayey silt with abundant
burrowing and organic matter; facies C, prodelta to continental shelf sand-silt-clay, with thin
layers of sand and clay interbedded; and facies D, late Pleistocene relict sands, mixed with shell
fragments. From bottom upward, the late Quaternary stratigraphy of the deltaic deposits consist
of late Pleistocene terrigenous material (fluvial and lacustrine) mud, Holocene transgressive silt,
prodelta clay, and delta front fine sand and silt (Fig. 5). Due to the high sedimentation rate, the
inner-shelf mud deposit generally is physically stratified (dominantly horizontal laminations)
with only minor evidence of burrowing (Nittrouer et al., 1984).
2.6. Sea Level Change since the Last Glacial Maximum
The sea-level curve for the East China Sea since the Last Glacial Maximum (LGM) can
be divided into three parts: low-stand, transgressive, and highstand stages (Fig. 6, Liu et al.,

14

2.0
4.0
5 .0

Holocene

12.0

24
Pleistocene

Gray to grayish brown silty clay with
clayey silt interbeds; undulate laminae

2.0
?

River mouth
sandbar

Interdistributary bar
Delta front
slope

Gray, brownish gray to dark gray silt and
silty clay; rich in irregularity-distributed
organic material; wavy, undulate and
horizontal laminae; mud highly
compactable

33.0

2.0

Late

Yellowish gray fine sand with shell
fragments; small scale trough and ripple
cross stratification
Gray silt and fine sand with
clayey silt interbeds

Prodelta

0.5

Cl Si Fs

Interpretation
of Sedimentary
Facies
Delta Front

5.0

Brief Description of Sediment

Yellowish gray to gray silty clay,
thin clayey silt layer interbeds;
some burrows
Yellowish gray clayey silt, with local
fine sand and shell fragments; trough
and ripple cross beds
Grayish yellow clay and silt, with plant
debris and root traces; undulate and
horizontal laminae, White yellow fluvial
sand occurs as large-scale lenses

Estuary to
Shallow
Lacustrine Marine

3.0

Sedimentary
Profile

Fluvial
to

Thickness
(m)

Time

Figure 5. Generalized lithostratigraphic log of the late Quaternary subaqueous Yangtze
Delta. Cl, clay; Si. Silt; Fs, fine sand. (From Chen et al, 2002).
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Figure 6. Stepwise postglacial sea-level rise in the western Pacific (YS, ECS, and SCS). The episodic sea-level curve is defined
based on extensive collections of sea-level indicators (fresh water peat, brackish and shallow marine) from the nearshore and
submerged continental shelves of the ECS (Liu, 2001), Sunda (Hanebuth et al., 2000), and Bonaparte Sea (Yokoyama et al., 2000).
The sea-level curve can be divided into three stages: lowstand, transgressive and highstand stages (From Liu et al, 2004
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2004; Liu and Milliman, 2004). Previous work suggests a maximum lowstand at about 120-140
m below the present sea level during the LGM (Feng, 1983; Qin et al., 1996; Saito, 1998). The
paleoshoreline in the East China Sea during that time was located near the shelf margin,
exposing much of the present-day mid-shelf. According to seismic and sediment data, the late
Quaternary depositional history of the East China Sea mid-shelf includes two distinct stages
related to the sea-level changes: (1) transgressive stage and (2) highstand stage (Yoo et al.,
2002).
The post-glacial transgression began about 16000-17000 yr BP and the shoreline
migrated landward across the shelf (Saito, 1998). By about 14000-15000 yr BP, sea level had
reached approximately 100 m below present mean sea level. As the sea level rose further the
coastline migrated northwestward and the incised valleys related to the Yangtze and Yellow
Rivers were backfilled with fluvial or coastal sediments. During the transgression, an estuarine
environment probably developed around the seaward extent of the Yangtze River (Yang and
Sun, 1998; Milliman et al., 1989). The estuary in the mid-shelf migrated landward and thus the
rate of increase in accommodation space probably exceeded the rate of sediment supply. The
rapid rise in sea level reworked the near-surface sediments on the shelf to form a thin lag deposit
of relict sands, and allowed little possibility for sediment accumulation in the form of the
estuarine/deltaic complex (Yoo et al., 2002).
On the East China Sea shelf, sea level nearly reached its present position approximately
7000-6000 yr BP (Saito, 2001). This period coincides with the maximum landward migration of
the shoreline in the ECS. Seismic and sediment analysis reveal a maximum flooding surface
(MFS) on the ECS shelf that correlates with this period. The fine-grained sediments above the
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maximum flooding surface are derived from the Yellow and Yangtze rivers and belong to the
highstand system tract (Chen et al., 2000, Liu et al., 2004).
3. METHODS
3.1. Field Methods
In order to delineate the distribution and thickness of the Yangtze-derived mud on the
inner shelf of the East China Sea, two geophysical and geological surveys were conducted using
a high resolution EdgeTech X-Star 0512i Chirp Sonar Sub-Bottom Profiler (frequency range 0.512k) aboard the RV Gold Star II from the Institute of Oceanology, Chinese Academy of Sciences
(IOCAS), Qingdao, China. On the first cruise, conducted in late September 2003, more than 600
km of high-resolution Chirp Sonar seismic data were obtained along with 8 shallow box and
gravity cores (30-80 cm long), and three piston cores. On the second cruise, which was
conducted in May of 2004, an additional 600 km of seismic profiles were collected.
Each box core was sub-cored as soon as it was recovered on deck by pushing 5 cm
diameter PVC tubes gently into the sediment. Sub-cores were sealed and stored vertically in the
ship freezer (-20°C) and transported to the shore-based IOCAS laboratory, where they were
sectioned with a stainless steel saw and sub-sampled at 2 cm depth intervals. Care was taken to
remove the core surface in contact with the core liner and cutting surface from the sample to
avoid possible contamination. Core locations, core depths, and water depths are listed in Table
2.
3.2. Laboratory Methods & Analytical Procedures
The 1200 km of seismic profiles acquired during the two cruises were stored in digital
format and brought back to North Carolina State University (NCSU) for post-processing. The
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Table 2. Core locations, lengths, and water depths.
Core name

Type

Lat-Degree

Lat-Min

Long-Degree

Long-Min

Water Depth(m)

Core Length(cm)

DEB4
DEB5
DEB6
DEB7
DEB10
DEB11
DEB13
DE15

Box
Box
Box
Box
Box
Box
Box
Gravity

30
30
29
27
27
26
26
28

21.6953
21.8389
47.822
50.1409
4.9763
25.9131
0.8048
4.301

123
122
122
121
120
120
120
122

0.5223
54.2013
40.3168
24.3512
34.3613
6.7644
7.1518
30.3831

56
50
41
19
19
24
42
72

24
32
32
38
38
56
28
82
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post-processing software used in this study was the Discover System, a PC-based version
produced by EdgeTech Sonar Inc. An acoustic velocity of 1500 m/s was assumed to calculate
water depth and sediment thickness. All seismic profiles were saved as digital files with JPEG
format after being calibrated using the internal swell filter. All files were further compressed at
least 80 % in order to get the whole picture of the long line.
Pb-210 activities were determined from sediments sampled at 2-cm intervals from
seven box cores and one gravity core at North Carolina State University (see Fig. 7, Table 2) to
determine rates of sediment accumulation on a 100-yr time scale. Sediments were weighed,
dried, and reweighed to determine water content. Approximately 5 grams of dried sample was
ground, homogenized, and spiked with a Po-209 tracer (~50 dpm/ml) for yield determination.
The samples were then sequentially leached in 6N HCl and concentrated HNO3. After the
sediments were leached, the samples were taken to dryness and picked back up in 6N HCl. The
supernatant was separated from the residual solids by centrifugation. For each sample, the
polonium isotopes were plated onto a silver planchet (1 x 1 cm) by spontaneous electrodeposition in 1.5N HCl, in the presence of ascorbic acid, at 80-90°C for 4-5 hours.
Pb-210 activity was determined by counting the alpha activity of its granddaughter, Po210. The counting results were corrected for the decay of Po-209 (from the time of calibration to
the midpoint of the counting time), the decay of Po-210 (from the time of plating to the midpoint
counting time), and the decay of excess Pb-210 (from sample collection to the midpoint of the
counting time).
Naturally occurring radionuclides are useful tools for evaluating the rates of geological
processes (Turekian and Cochran, 1978). The characteristic time-scale for a naturally occurring
radionuclide is about five times its half-life. Pb-210 is a naturally occurring radionuclide (with a
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half-life of 22.3 yrs), that is produced from the decay of Ra-226. Pb-210 accumulation rates,
which integrate sediment accumulation on a 100-y time scale, have been calculated by producing
profiles of total Pb-210 activity with depth in the seabed (see for example Fig. 18). Pb-210
reaches the marine environment by 3 mechanisms; (1) decay of Rn-22 in the atmosphere to Pb210 followed by wet or dry deposition, (2) riverine discharge, and (3) decay from Ra-226 in
seawater (DeMaster el al., 1985). Once dissolved, Pb-210 is scavenged by particles settling
through the water column. Together, these mechanisms allow excess Pb-210 to reach the
seabed.
Total activity in the seabed is the sum of excess Pb-210 and supported background levels
of Pb-210 (from the decay of Ra-226 within the seabed). Supported levels of Pb-210 were
estimated from the lower portions of the profile where background activities are observed, and
were subtracted from total Pb-210 activities to produce a profile of excess Pb-210 activities. The
upper 5-10 cm of an excess Pb-210 profile was dominated by a mixed layer, where Pb-210
activities were uniform. Below the mixed surface layer, decrease in excess activity is a direct
result of radioactive decay of Pb-210 (assuming the absence of deep mixing). The slope of the
regression line through the excess Pb-210 data is mathematically related to the sediment
accumulation rate. If deep sediment mixing (i.e., below the surface mixed layer) were occurring
in the seabed, the slope of the line through the excess Pb-210 data points would be steeper than if
deep mixing were not taking place. Because our calculated Pb-210 accumulation rates have not
been verified using a complementary tracer (i.e., Cs-137, C-14), and mixing is assumed
negligible (Db=0), the calculated Pb-210 accumulation rates are called “apparent accumulation
rates” and are maximum estimates of the actual accumulation rate (DeMaster et al., 1985,
Alexander et al., 1991).
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Grain size was analyzed from sediments sampled at 2-cm intervals from seven box cores
and one gravity core at IOCAS (Fig. 8, Table 2). Sediment samples were pre-treated according
to the following procedures: (1) 10 ml of H2O2 (10%) were added to ~ 0.2 grams of sample to
oxidize the organic matter at room temperature (28°C) for 30 minutes; and then (2) 10
millimeters of 2N HCl were added to the solution prior to the sample being placed in a 60°C bath
for 1 hour to remove carbonate material. Sample solutions then went through two
centrifugations at 3500 rpm for 6 minutes. Samples were dispersed and homogenized using
ultrasound before passing through the CILAS Laser Particle Size Analyzer (Model: 940L).
Clay mineral analysis was conducted on surface sediments (0-2 cm) from seven box
cores and at depth (2-cm sample intervals sampled every 10 cm) from one gravity core (DE15).
Clay minerals were prepared at IOCAS and measured at NCSU. Oriented clay mineral slides
were prepared according to the methods outlined in Berry (1987), and are briefly discussed here.
30 ml of H2O2 (10 %) were added to ~ 1 cm3 of bulk sample in a 250 ml graduated cylinder,
which subsequently was placed in a 60°C water bath for 1 hour to remove the organic matter.
100 ml of 0.2 N HCl were then added to the graduated cylinder, which subsequently was placed
in a 60°C water bath for 1.5 hours for decarbonation. Deflocculation was accomplished by
successive washing with distilled water after each centrifugation (3 xs for 10 minutes at 3500
rpm). Samples were then dispersed in ultrasound and resuspended with 500 ml of distilled water
in a glass beaker. The particles less than 2 µm were separated according to Stokes Law settling
and then resuspended with distilled water and 0.5 g of NaCl, for ion exchange, before
undergoing centrifugation (3500 rpm for 10 minutes). Two oriented slides for each sample were
prepared by eye dropping ~ 1 ml of the concentrated clay suspension onto glass slides and
allowing them to air dry.
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X-ray diffraction (XRD) diagrams were obtained using a Rigaku Geigerflex
diffractometer with CuKα radiation and Ni filter, under a voltage of 35 kV and an intensity of 30
mA. Two XRD runs were performed, following air-drying, and ethylene-glycol solvation for 72
hours. Goniometer scans were from 0° to 35° 2θ for air-dried and glycolated conditions.
Identification of clay minerals was made mainly according to the position of the (001)
series of basal reflections on the two XRD diagrams. Semi-quantitative estimates of peak areas
of the basal reflections of the main clay mineral groups of smectite (17Å), illite (10Å), and
kaolinite/chlorite (7Å) were carried out on the glycolated curve using the Jade software 5
program. Kaolinite and chlorite were separated by relative proportions according to the ratios of
the areas of the 3.57/3.54Å peaks. Kaolinite/chlorite proportions were used to compute
proportions of the 7Å peak area for the respective mineral (Liu et al., 2003; Berry, 1987).
The terms smectite, illite, kaolinite and chlorite were used here as a general expression
for the respective mineral groups. The relative clay mineral contents (rel. %) of smectite, illite,
kaolinite, and chlorite were determined using ratios of integrated peak areas of their basal
reflections, weighted by empirically estimated factors (Biscaye, 1965). Accordingly, the
smectite 17Å peak area is multiplied by 1, the 10Å illite peak area by 4 and both the kaolinite
and chlorite proportions of their 7Å peak by 2 (Petschick et al., 1996).
Foraminifera samples were picked from piston cores 30, PC-6 and PC-7 (see Figs.10-12)
collected during the first cruise and have recently been dated using an accelerator mass
spectrometer at the NOSAMS lab of Woods Hole Oceanographic Institute (Liu et al., 2005).
Radiocarbon ages are calculated using 5568 yrs as the half-life of radiocarbon and also reported
in calendar years calibrated using CALIB4.3 (Stuiver et al., 1998).
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4. RESULTS
4.1. Seismic Analysis
Seismic profiles reveal a large mud deposit on the inner shelf of the East China Sea
with the thickest accumulation (~40 m) located between the 20-30 m isobaths along the Fujian
and Zhenjiang Provinces (Lines 1-9 in Figs. 7-13). Profiles normal to the coastline (west to east)
display the mud deposit as a prominent clinoform with gently dipping topset beds, prograding
foreset beds, and bottomset beds thinning offshore reaching water depths up to 60 and 70 meters,
less than 100 km across the shelf (Figs. 8-10). The Yangtze-derived mud wedge has also been
found to extend at least 800 km southward down along the coast of the Zhejiang and Fujian
Provinces, extending to the northern boundary of the Taiwan Strait (Figs 11-13). In addition to
obtaining the thickness and distribution of the mud deposit on the inner shelf, the high-resolution
Chirp profiles allow us to inspect the internal architecture and depositional history of the
Yangtze mud wedge.
Seismic stratigraphic interpretations are based on the presence or absence of acoustic
reflectors, on the acoustic character of reflectors, and on the spatial relationships among
reflectors (Mitchum et al., 1977; Damuth, 1980). Reflectors are observed within the seabed
where variations occur in the acoustic impedance (the product of compressional-wave seismic
velocity and saturated bulk density) of the sediment. Acoustic impedance generally increases
with increasing grain size with strong reflectors indicating large acoustic-impedance and weak
reflectors indicating small acoustic-impedance contrasts between media (Alexander et al., 1986).
Our seismic profiles show a highly reflective subsurface that is acoustically opaque and
overlain by a thick clinoform that is acoustically clear. Based on cores PC-6 and PC-7 (Figs. 10,
12) of this study, and compared with previous geological and geophysical studies of the
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Figure 7. Location map of the selected seismic profiles, box cores, and gravity cores with C-14
analysis which are discussed in this study.
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Figure 8. Seismic Profile of Line1 near the Yangtze River mouth showing the foreset beds of the clinoform structure with the
recent prograding sigmoid in the west, and thinning to the east reaching water depths of 50 meters. Note the acoustic reflective
layer at ~ -58 meters. Location of profiles is shown in Fig 7.
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Figure 9. Seismic Profile of Line2 near the subaqueous delta revealing the thick foreset beds of the clinoform with no bottomset
deposits indicative of the erosive environment near the Yangtze River mouth. The HST is divided into two separate forestepping
sigmoid units separated by a subsurface. Underlying the HST is the TS at -50 meters, which represents the base of the post-glacial
transgressive surface. Below the TS are pre-Holocene relict sands and transgressive silts (from Liu et al., 2005). Location of the
profile and cores is shown in Fig.7.
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Figure 10A. Seismic Profile of Line3 and Line4 showing the topset deposits of the clinoform in the west along the Zhejiang
coastline, the foreset deposits prograding to the east, and the thin bottomset deposits revealing the transgressive ravinement
surface. An enlargement of the clinoforms toe in Line4 shows the transgressive system tract (TST) culminating with a maximum
flooding surface (mfs) underneath the later mud deposits (HST). Line3 has no TST with the HST directly onlapping onto the TS.
Figure 10B. Core logging of PC-6 with 14C ages (From Liu et al., 2005). Location of the profiles is shown in Fig. 7.
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Figure 11A. Seismic Profile of Line5 and Line6 displaying the orientation of the mud wedge on the inner shelf of the ECS. The
thickness of the Holocene mud deposit increases towards the southwest along the Fujian and Zhejiang coast as a result of the
alongshore current and interplay of oceanographic currents which serve to trap the mud between the 20 and 40 meter isobaths.
Location of the profile is shown in Figure 7. Figure 11B. Core logging of Core 30 with 14C ages.
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Figure 12. Seismic profile of Line6 and core PC-7 with related logging and 14C ages. The AMS 14C dating in core PC-7 indicates
that the mfs most likely formed before 7000 yrs, which coincides with the middle Holocene highstand stage. The clinoform
sediments above the mfs are dated around 7000 yrs BP, which is in good agreement with termination of the transgression.
Location of the profile and core is shown in Fig.7 (From Liu et al., 2005).
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Figure 13. Seismic profile of Line7 and Line8 showing the southward transport of the Yangtze-derived mud wedge to the northern
boundary of the Taiwan Strait. Two distinct units of the Highstand system tract can be observed on both lines. Location of the
profile and cores is shown in Fig.7.
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Yangtze subaqueous delta (Chen et al., 2000) and other similar deltaic deposits derived from the
Yellow River (Liu et al. 2002; Liu et al., 2004), this prominent acoustic reflector appears to be
the base of the post-glacial transgressive surface (TS). Below the TS are pre-Holocene relict
sands (see core PC-6 in Fig. 10A) and refilled channel deposits (Figs. 9, 10, 12, 13). The
acoustic reflector, TS, suggests a rapid sea-level rise, which flooded the relict sands and re-filled
channel deposits, truncated the top surface, and left an unconformity (and therefore a prominent
acoustic reflector).
In some profiles, above the acoustic reflective surface, TS, there is a thin basal mud
deposit locally less then 2 meters thick (Figs. 10,12). This sub-parallel transparent layer is
interpreted as a transgressive system tract (TST), which is covered by the later progradational
clinoform deposits and formed before the post-glacial sea level reached its maximum midHolocene highstand (Liu et al., 2005). The TST is well preserved beneath the clinoform deposits
and also extends offshore pinching out at water depths of 70-90 meters, where it is directly
exposed on the shelf, without being covered by later clinoform deposits, or only being covered
by a very thin relatively recent deposit (Fig. 11). This allows us to penetrate the entire sequence
with short gravity cores, for instance, core PC-6 in Line4 (Fig. 10).

14

C dates in core PC-6 reveal

a contact between the younger clinoform deposits (<2 ka BP) and the older strata (>5 ka BP)
(Liu et al, 2005).
The transgressive system tract culminates with a maximum flooding surface (mfs), which
marks the maximum migration of the shoreline of the ECS in the Holocene. The prograding
clinoform is separated from the transgressive system tract by the maximum flooding surface
(Figs. 10, 12). The AMS 14C dating in core PC-6 and PC-7 indicate that the mfs most likely
formed before 7000 yrs, which coincides with the middle Holocene highstand stage suggested by
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early sea-level studies (Stanley and Warne, 1994; Chen and Stanley, 1993, Li et al., 2000, 2001,
2002, 2003).
Sediments above the maximum flooding surface are termed the highstand system tract
(HST), and are dated around 7000 yrs BP (see Core PC-6 and PC-7), which is in good agreement
with termination of the transgression (Liu et al., 2005). These sediments are part of the Yangtzederived mud wedge, which shows a prominent clinoform, locally 20-40 m thick in the west, and
progrades offshore to water depths of 60 to 70 meters (Figs 8-13). Based on the seismic profiles
and thickness of the Holocene sediment, the total volume of this mud wedge is calculated to be
about 4.5 x 1011 m3.
The lower part of the landward clinoform tends to be acoustically blurred (Figs. 8-13).
Based on other deltaic clinoforms (Nittrouer et al., 1996; Diaz et al., 1996; Liu et al., 2004), this
opaque layer probably indicates the presence of biogenic gas, which is presumably from the
decomposed basal peat deposits below. Existence of the biogenic gas and the distinct acoustic
reflections indicate different sediment composition and depositional processes (Liu et al, 2002,
2004). The gas-discharged layer in the lower part of the clinoform is apparently mainly
composed of sandy-silts to silt-sands, in contrast with the silty-clay dominated upper layer.
Careful inspection of many of the clinoform profiles show a rather complex inner
structure. For example, in Lines 1, 2 4, 7 in Figs 8, 9, 10, 12, the highstand system tract (HST)
has at least two distinct forestepping sigmoid units separated by a subsurface. In some cases
(Line 1 and Line 6), the most recent sigmoid deposit (top layer) has not yet extended eastward
enough to cover the early-phase HST unit.
AMS 14C dates in cores 30, PC-6, and PC-7 suggest the highstand system tract began
accumulating around 7000 ka BP, after sea-level reached the middle Holocene Highstand. Core
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PC-6 indicates that the top unit in the HST was formed in the last 2000 yrs. The timing and
significance of the two distinct HST layers will be addressed in the discussion section.
4.2. Particle Size Distributions
Surface sediments throughout the inner shelf of the ECS are characterized by silts,
clayey-silts, and silty-clays (7.0-8.0φ mean grain size). The sediments are characterized by gray
mud and are generally composed of 40-45 % clay, 40-60 % silt, and less than 5 % sand (Fig.
14A). The sediments generally are well sorted and are symmetrically or positively skewed. The
majority of the grain-size distribution curves show a single mode at 6-7φ, and a few show
bimodal distributions with the second mode at 8.5-9.5 φ. There is a slight difference between the
two modes, and the frequency of the second mode is much lower than the first (Fig. 14B).
Interrupting this pattern, however, are two areas of coarser surface sediments. Sediments
sampled in Cores DEB 4 and DE 15 (see Fig. 7 for location) are composed of silty-sands and
sandy-silts (4.0-5.0 φ, mean grain size). These sediments are composed of 10-15 % clay, 40-50
% silt, and 40-50 % sand (Fig. 15A). The sediments have poor sorting, and are asymmetrically
or positively skewed. The distribution curves are bimodal with modes at 2-3φ and 7-8φ (Fig.
15B).
The fine-grained sediments on the inner shelf are very similar to the “mudbelt” described
by Niino and Emery (1961). The distribution of fine-grained sediments south of the delta area
indicate that most sediments from the Yangtze River were transported and later re-deposited
southward along the inner shelf. The unimodal size distributions of the sediments are further
indication that the sediments are derived from a single source (i.e. Yangtze River).
The coarse-grained surface sediments in the deltaic region (Core DEB4) are reflective of
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Figure 14B. Representative grain-size distribution curves of the fine-grained sediments sampled on the inner shelf of the ECS.
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Figure 15B. Representative grain-size distribution curves of the sandy-silts, silty-sands in cores DEB 4 and DE 15 sampled on the
inner shelf of the ECS.
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the energetic and erosive physical conditions which serve to resuspend, transport, and deposit the
Yangtze-derived fine-grained sediment southward along the dispersal system and outer inner
shelf (Core DE15), exposing the coarse relict and transgressive sands beneath. The bimodal
distributions of the sediment grain sizes indicate that they are composed of a mixture between
the fine-grained Yangtze River sediment and the coarse-grained relict sediments. Based on the
grain size results from this study and previous work, a new surface grain size distribution map of
the ECS is shown below which displays in detail the grain size distribution and characteristics of
the inner shelf and middle shelf regions (Fig. 16).
4.3 Pb-210 Accumulation Rates
Excess 210Pb levels were determined by subtracting the supported levels of 210Pb activity
from the total 210Pb measured. In this study, supported levels were determined from the average
total 210Pb activity reached at depth in each core, assumed to equal the 226Ra activity. On
average, three depth intervals were used to calculate the supported levels (Fig. 17). The
supported values ranged from 1.44 ± .05 to 1.6 ± .06 dpm g-1. In many cases, box cores were not
sufficiently long enough to obtain the background region of the 210Pb profile. In these instances,
supported levels were obtained by analyses of box cores nearby. Excess 210Pb profiles in the
sediments are shown in Figure 18 and Table 3. The core depth in the profiles are represented
both cm-scales and cumulative mass from core top. The cumulative mass of sediment can be
calculated from the following equation:
W

=

∫

z
0

(1)

ρ dz

where W is the cumulative mass of the sediment (gcm-2), ρ is the dry bulk density of the sediment
(g dry sediment cm-3 of wet sediment), and z is the depth from core top (cm). In most of the
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of the Yangtze’s input has been shifted southward along the Zhejiang Coast.

42

Pb-210 Activity (dpm/gm)
0

0.5

1

1.5

2

2.5

3

3.5

Pb- 210 Activity (dpm/gm)

4

4.5

5

5.5

0

6

5

Depth (cm)

20
Depth (cm)

1.5

2

2.5

3

3.5

10

15
25
30
35
40
50

1

5

10

45

0.5

0

0

15
20
25
30

Supported levels = 1.44

Supported levels = 1.6

35

55
60

40

Core DEB11

Core DEB 7

Figure 17. An example of how supported 210Pb activities were calculated. The vertical error bar denotes the sampling
interval. The horizontal error bar denotes the error in the activities determined from counting statistics.

43

4

Excess Pb

210

Activity (dpm/gm)

Excess Pb
Excess Pb

1

10

0.1

1

0

5

5

5

10

10
15
20
25

1 cm yr-1
S= 2.14

30

30

35

35

10

0.1

0

S= 1.6 cm yr-1

40

Core DEB 10

Excess Pb

1

10

0.1

210

Activity (dpm/gm)
1

10

0

5

5

15
Depth (cm)

20
25

Depth (cm)

20

15

40

25

10

10

35

20

35

0.9 cm yr -1
S= .86

0

5

30

15

Excess Pb210 Activity (dpm/gm)

1

10

Core DEB 6

Excess Pb210 Activity (dpm/gm)
0.1

1

30

Core DEB 5

0.01

Activity (dpm/gm)

10
Depth (cm)

20
25

Depth (cm)

0.1

10

0

15

210

Activity (dpm /gm )

0

Depth (cm)

Depth (cm)

0.1

210

25
30
35
40

Core DEB 7
S = 0.16 cm/ yr

45
50

Core DEB 11

55

S = .47 cm/yr

60

10
15
20
S = .33 cm yr-1

25
Core DEB 13

44

Excess Pb

210

Activity (dpm/gm)

Excess Pb
Excess Pb

1

10

0.1

5

Cumulative Mass(g/cm2 )

2

Cumulative Mass (g/cm )

0

10
15
20

2.2 g cm yr
S= 2.17

25

-2

-1

30

1

10

0

5

5

10
15
20
25
30
35
S=1.0
.99 g cm yr
-2

-1

1

10
15
20
25
30
35

-2

S= 1.4 g cm yr

Excess Pb

210

Activity (dpm/gm)

Excess Pb
1

10

0.1

0

25

Core DEB 7
-2

S = .19 g cm yr

-1

Activity (dpm/gm)
1

10

0
Cumulative Mass (g/cm )

20

40

0.1

210

2

2

Cumulative Mass (g/cm )

Cumulative Mass (g/cm 2)

15

35

10

5

10

30

1

0

5

-1

Core DEB 10

Core DEB 6

Excess Pb210 Activity (dpm/gm)
0.1

10

40

45
Core DEB 5

0.01

Activity (dpm/gm)

0.1

0

40

35

210

Activity (dpm/gm)

Cumulative Mass (gm/cm2)

0.1

210

10
15
20
25
30
35
40
45

-2

S= .44 g cm yr

5
10
15
20

-1

S = .33 g cm -2 y-1

25

50

Core DEB 11

Core DEB 13

Figure 18. Excess 210Pb profiles of the sediment cores collected from the inner shelf of the East China Sea. The vertical error bar
denotes the sampling interval. The horizontal error bar denotes the error in the activities determined from counting statistics.
Apparent accumulation rates are measured in cm yr-1 and g cm yr-1.

45

Table 3. Total Pb-210, Ra-226 and excess Pb-210 data from the sediment cores studied.
Core Depth
(cm)

Total Pb-210 (dpm g-1)

Supported 210Pb
Activity
Ra-226 (dpm g-1)

Core DEB 4
0~2
2~4
4~6
6~8
8~10
10~12
12~14
14~16
16~18
18~20
20~22
22~24

1.10 ± .0014
1.83 ± .0014
1.88 ± .0014
0.88 ± .0014
1.14 ± .0014
2.00 ± .0014
2.39 ± .0014
2.06 ± .0014
1.55 ± .0014
1.59 ± .0014
0.93 ± .0014

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

0.34 ± .0032
0.34 ± .0032
-

Core DEB 5
0~2
4~6
6~8
8~10
10~12
14~16
16~18
20~22
22~24
26~28
28~30
30~32

3.85 ± .06
3.92 ± .05
4.19 ± .06
3.90 ± .03
3.80 ± .04
3.99 ± .04
3.61 ± .05
3.54 ± .05
3.14 ± .06
3.32 ± .05
3.40 ± .05
3.50 ± .03

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

2.42 ± .06
2.50 ± .05
2.77 ± .06
2.47 ± .03
2.36 ± .04
2.57 ± .06
2.17 ± .04
2.10 ± .06
1.69 ± .06
1.88 ± .06
1.96 ± .06
2.06± .06

Core DEB 6
0~2
4~6
8~10
12~14
14~16
16~18
18~20
20~22
22~24
26~28
28~30
30~32

2.86 ± .05
3.20 ± .04
3.63 ± .07
2.51 ± .08
3.17 ± .06
4.45 ± .04
3.60 ± .07
2.56 ± .09
3.04 ± .05
3.17 ± .04
2.25 ± .08
2.28 ± .06

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

1.36 ± .05
1.71 ± .04
2.13 ± .07
1.00 ± .09
1.67 ± .06
2.95 ± .04
2.10 ± .07
1.06 ± .09
1.54 ± .05
1.67 ± .04
0.75 ± .08
0.78 ± .06

Core DEB 7
0~2

2.96 ± .05

1.6 ± .05

1.40 ± .05
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Excess Pb-210(dpm g-1)

3~5
5~7
10~12
13~15
16~18
18~20
22~24
24~26
26~28

3.10 ± .06
3.66 ± .05
2.70 ± .05
2.82 ± .03
2.02 ± .03
2.34 ± .04
1.63 ± .06
1.93 ± .07
1.77 ± .10

1.6 ± .05
1.6 ± .05
1.6 ± .05
1.6 ± .05
1.6 ± .05
1.6 ± .05
1.6 ± .05
1.6 ± .05
1.6 ± .05

1.55 ± .06
2.13 ± .05
1.13 ± .05
1.26 ± .03
0.44 ± .03
0.76 ± .04
0.03 ± .06
0.34 ± .07
0.17 ± .10

28~30
30~32

1.62 ± .07
1.62 ± .09

1.6 ± .05
1.6 ± .05

0.02 ± .07
0.02 ± .09

0~2
4~6
6~8
8~10
12~14
16~18
18~20
20~22
24~26
26~28
30~32
36~38

3.62 ± 1.41
4.06 ± 1.41
5.24 ± .06
4.13 ± .08
4.41 ± .05
5.12 ± .05
4.31 ± .04
3.85 ± .04
4.42 ± .09
3.86 ± .04
3.44 ± .07
3.30 ± .09

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

2.19 ± 1.41
2.64 ± 1.41
3.85 ± .06
2.72 ± .08
3.01 ± .05
3.74 ± .05
2.90 ± .04
2.42 ± .04
3.01 ± .09
2.44 ± .04
2.00 ± .07
1.86 ± .09

Core DEB 11
0~2
4~6
8~10
14~16
20~22
22~24
26~28

5.52 ± .06
4.26 ± .11
4.49 ± .06
3.28 ± .04
2.45 ± .03
3.56 ± .03
2.32 ± .03

1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05

4.22 ± .06
2.91 ± .11
3.15 ± .06
1.90 ± .04
1.05 ± .03
2.19 ± .03
0.91 ± .03

28~30
30~32
36~38
40~42
50~52
52~54

2.30 ± .02
2.25 ± .02
2.25 ± .02
1.67 ± .07
1.42 ± .09
1.46 ± .05

1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05
1.4 ± .05

0.89 ± .03
0.84 ± .04
0.84 ± .07
0.24 ± .06
-

Core DEB 13
0~2
2~4
8~10
12~14
14~16
16~18
18~20

4.44 ± .10
5.42 ± .13
3.48 ± .05
6.82 ± .10
7.97 ± .17
5.46 ± .19
4.82 ± .19

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

2.94 ± .10
3.92 ± .13
1.98 ± .05
5.32 ± .10
6.47 ± .17
3.96 ± .19
3.32 ± .19

Core DEB 10

47

20~22
22~24
24~26
26~28

1.20 ± .05
-

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

-

Core DE 15
0~2
6~8
14~16
16~18
18~20

5.51 ± .04
1.86 ± .04
1.01 ± .05
0.69 ± .04
0.57 ± .04

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

4.0 ± .05
0.3± .05
-

22~24
26~28
28~30
30~32
36~38
44~46
50~52
62~64
70~72
74~76
80~82

0.44 ± .04
0.63 ± .04
0.60 ± .04
0.43± .04
0.56 ± .04
0.56 ± .04
0.57 ± .04
0.59 ± .06
0.60 ± .05
0.63 ± .04
0.70 ± .04

1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05
1.5 ± .05

-
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profiles, distinct surface homogenous layers indicating sediment mixing were observed in the
upper 5-10 cm. Data from these layers was excluded when calculating sediment accumulation
rates.
The downward decay in excess 210Pb activity yields apparent accumulation rates of 0.162.14 cm y-1, or .19- 2.17 g cm-2 y-1 (Fig. 18). The highest accumulation rates on the inner shelf
are found near the Yangtze subaqueous delta (north of 30°N). There is a general decrease
alongshore toward the south and offshore toward the east (Fig. 19). Sedimentation rates from the
8 cores differ from the topset (DEB7, DEB10, DEB11), foreset (DEB5, DEB6), and the
bottomset (DEB4, DE15, DEB13) strata.
The three topset cores (DEB7, DEB10, DEB11) (Figs.12,13) located along the 10 meter
isobath on the inner shelf display apparent accumulation rates from .16 to 1.6 cm yr-1 (Fig. 19).
A typical 210Pb profile from this area (Fig. 18) reveals a surface mixed layer (5-10 cm thick),
below which excess 210Pb activity decreases logarithmically with depth in core. If deep mixing
(i.e. below the intensely mixed surface layer) occurs, the apparent accumulation rates represent
an upper limit for the area. In contrast, the two foreset cores (DEB5, DEB6) (Figs. 9, 10),
display relatively high apparent accumulation rates of 2.1 and .86 cm yr-1, respectively. Core
DEB5 reveals a profile that is vertically uniform in excess 210Pb activity. In contrast, the
scatterplot of core DEB6 may indicate either extensive biogenic reworking, physical mixing, or
variable 210Pb source (Fig. 18). Accumulation rates in the bottomset strata (Figs. 8, 13) either
display negligible accumulation rates (DEB4, DE15), or significantly reduced rates (.33 cm yr-1,
DE13).

210

Pb profiles from DEB4 and DE15 reveal background 210Pb activities below 4 cm

depth in the cores. These data indicate that no significant accumulation (on a 100 yr time scale)
is occurring.
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Figure 19. Distribution of apparent accumulation rates on the inner shelf of the East China Sea
based on 210Pb analyses of 8 cores.
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A North-South transect of bathymetry and apparent accumulation rate (which begins on
the foreset deposits of the subaqueous delta (DEB5) and extends along the axis of the 20 and 40
meter isobaths on the inner shelf of the ECS; Fig. 20A) shows that apparent accumulation rates
are highest on the foreset deposits of the subaqueous delta, with the exception of DEB 10, and
abruptly decrease on the topset and bottomset deposits, with a general decrease of rates
southward along the dispersal system. Fig. 20B displays a good correlation between thickness of
the mud deposit on the inner shelf and apparent accumulation rates. The foreset deposits (Core
DEB5, DEB6), which have the highest accumulation rates, also have the thickest mud deposits
(Figs. 9, 10). The topset deposits (Cores DEB7, DEB10, DEB11), show some variance of
correlation between accumulation rate and mud thickness, but in general, the higher the
accumulation rate, the thicker the mud deposit. In the bottomset deposits where the
accumulation rate is negligible or undetectable out onto the transgressive sands (Cores DEB4,
DE15) or relatively low (Core DEB13), there is either no mud accumulated on the shelf or a very
thin distal deposit (Figs. 9, 13).
Excess 210Pb inventories (I), defined as depth-integrated activity, were calculated
using:
I =

n

∑

(2)

( A i ρ iX i )

i = 1

where Ai is the excess activity in the sediments (dpm g-1); ρi is the bulk density of the sediments
(g sed. cm-3 wet sed.); and Xi is the sampling interval thickness (centimeters) (Cochran et al.,
(1990).
Excess 210Pb inventories for the cores studies ranged from 26 to 90 dpm cm-2 and
increase towards the south in the inner shelf (Table 4). Since the excess Pb-210 may extend
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Figure 20A. Transects of bathymetry and apparent Pb-210 accumulation rate extending
southward from the foreset deposits of the Yangtze subaqueous delta. This transect indicates
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deposits along the dispersal system. B) Apparent accumulation rates plotted versus thickness of
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Table 4. Inventory of excess 210Pb and sedimentation rates obtained from the cores studied.
Core #
DEB 4
DEB 5
DEB 6
DEB 7
DEB 10
DEB 11
DEB 13
DE 15

Average Dry Bulk Density g cm-3*

Sedimentation Rate g cm-2 yr-1

0.8
0.9
1.1
1.1
0.9
0.9
1.0
1.7

2.2
1
0.2
1.4
0.44
0.44
-

210

Pb Excess Inventory dpm cm-2
0
66
60
26
88
67
90
0

* Dry Bulk density used for inventory calculations is defined as dry sediment wt./wet sediment volume.
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beyond the core length in some cores (DEB5, DEB6, DEB10, DEB13), the inventory or flux due
to this contribution was calculated by extrapolating the linear regression line of the excess 210Pb
to .1 dpm/gm. In order to interpret the observed inventories of 210Pb in sediments with reference
to nuclide behaviors and sediment dynamics, it is necessary to quantify their atmospheric fluxes
and expected cumulative fallout. For 210Pb, however, atmospheric fallout is not its only source
(Huh and Suh, 1999). In-situ production (from 226Ra decay) constitutes another source for this
nuclide in marine environments. The relative importance of these two sources in the ECS can be
evaluated as follows. Given a water depth of 200 m and a mean 226Ra concentration of 0.1 dpm
1-1 (Yeh and Chung, 1997), the production rate of 210Pb in the water column is 0.06 dpm cm-2 yr1

. The atmospheric flux is estimated to be 2 dpm cm-2 yr-1 in the western North Pacific area near

Japan (Nozaki and Tsunogai, 1973); 1.6 dpm cm-2 yr-1 at Naha City on Okinawa (Tsunogai et al.,
1985); and 1.8 dpm cm-2 near Hangzhou, China (DeMaster et al., 1985).
Situated well within the above referenced sites, the inner shelf of the ECS is in all
likelihood is receiving a similar 210Pb flux. Therefore, it is safe to say that atmospheric fallout is
the dominant source of 210Pb in the ECS. Taking 1.8 dpm cm-2 yr-1 as the atmospheric 210Pb flux
and 0.06 dpm cm-2 as the production rate of 210Pb in the water column, the inventory of excess
210

Pb in sediments that can be sustained by the total flux is ~ 60 dpm cm-2 at steady state. Based

on our data, the mean 210Pbex inventory in the inner shelf sediments of the ECS is about the same
value (66 dpm cm-2) sustained by the total flux.
4.4. Clay Mineral Analysis
Clay mineral assemblages from the cores studied (see Table 5) have been used to
investigate sediment source and transport processes along the inner shelf of the ECS. The
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worldwide distribution of clay minerals was examined by Griffin et al. (1968) and Rateev et al.
(1969), but did not include the East China Sea and South China Sea. Based on the work of Chen
(1978), the surface sediments in the ECS and SCS belong to clay mineral province A, which is
dominated by illite and chlorite, and includes the northern shelf of the SCS, the Taiwan Strait,
and the ECS. The illite content increases southward from about 65% at the Yangtze River
estuary (Guo et al., 1995) to 73% at the northeastern Taiwan Strait, to 84% at the southwestern
Taiwan Strait (You et al, 1993).
The primary source for sediments in province A are the Yangtze River, Mekong River,
and Red River, which all originate in the Tibetan Plateau and are characterized by strong
physical weathering regimes. Suspended sediments in these rivers are characterized by abundant
illite and chlorite and rather scarce kaolinite and smectite in the clay fraction (Wang et al., 1995;
Nguyen and Egashira, 2000). The Yellow River, which also originates from the Tibetan Plateau,
differs from the above mentioned rivers in that about 90% of its sediments are derived from the
loess deposits. Suspended sediments in the Yellow River are composed primarily of illite
(generally more than 60%), and subordinately of chlorite, smectite, and kaolinite. Higher
smectite concentrations (>10%) are the main difference from the other main rivers that drain
from the Tibetan Plateau.
Clay mineral assemblages of our samples from the inner shelf of the ECS are composed
primarily of illite (generally more than 70 %), and subordinately of chlorite (12 %), kaolinite (9
%) and smectite (3 %) (Table 5). The high illite concentrations and low smectite concentrations
(< 5 %) are a good indicator that the sediment samples on the inner shelf of the ECS are derived
from the Yangtze River. Although there is probably some input from the smaller Chinese coastal
rivers (Qiantang, Ou and Min), the author is not aware of any published clay mineral
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Table 5. Relative percentages of illite, chlorite, kaolinite, and smectite (< 2 µm)
in the core samples analyzed.
Core ID

Smectite

Kaolinite

Chlorite

lllite

DEB 5
DEB 6
DEB 7
DEB 10
DEB 11
DEB 13
DE 15
DE 15 6-8
DE 15 16-18
DE 15 56-58
DE 15 76-78
AVERAGE

1
0
0
1
2
3
3
4
2
4
3
3

10
7
7
6
16
11
8
11
9
5
5
9

16
10
10
9
14
15
9
14
14
13
10
12

73
83
83
84
68
71
81
70
75
79
82
77
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assemblages from these rivers. A ternary diagram of smectite, chlorite, and kaolinite
concentrations shows that the concentrations of the samples collected on the inner shelf are quite
similar to the clay concentrations derived from the fresh water Yangtze River Plume reported in
Xiao et al., 2004 (Fig. 21).
What is even more striking, however, is the similarity of the XRD signatures between
each sample measured on the inner shelf (Fig. 22). All the samples run from 0° to 35° 2θ on the
glycolated curve, show the highest intensity peak of illite at ~ 10Å, with a secondary less intense
peak at 17.7Å. Broad smectite peaks are found at 17Å, with chlorite/kaolinite peaks with similar
intensities at 7.07 and 3.56/3.53Å. Our clay mineral analysis supports the notion that the mud
deposits on the inner shelf are indeed Yangtze derived, and have most likely been temporarily
deposited in the Yangtze delta region. The mud deposits were later resuspended during winter
storm, transported southward along the dispersal system, and accumulated on the inner shelf of
the ECS.
5. DISCUSSION
5.1. C-14 Accumulation Rates
Radiocarbon dating of cores was performed to evaluate temporal variability of sediment
accumulation in the inner shelf of the ECS and along the Yangtze dispersal system (Figs.10-12).
Radiocarbon ages were calculated using 5568 yrs as the half-life of radiocarbon and also
reported in calendar years using CALIB4.3 (Stuiver et al., 1998). Foraminifera samples were
picked from the silty-clay and clayey-silt foreset deposits from varying depths of cores PC-6 and
30. AMS 14C dating in these cores indicates that the Yangtze-derived mud wedge began to
accumulate above the maximum flooding surface within the last 7000 years. The AMS 14C
dating in foreset core PC-7 suggests that most likely the maximum flooding surface formed

57

0

1

0.8

0.6

Inner shelf ECS
samples

e
nit
oli

0.4

Ka

Ch
lor
ite

0.2

Yangtze
fresh water Yellow Sea
Current
O

0.6

o

o
o
o
oooo o

o
o
o
o o o

0.8

0.4

0.2

ECS Kuroshio
Current

1
0

0.2

0.4

0
0.6

Smectite

0.8

1

Figure 21. Ternary diagram of chlorite, kaolinite, and smectite concentrations of surface
sediments collected from the inner shelf of the ECS, and the suspended sediments from the
Yangtze River Plume, Yellow Sea Current, and Kuroshio Current (Xiao et al., 2004). Note the
small percentages of smectite which is indicative of Yangtze River suspended sediment loads.
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Figure 22. Representative X-ray diffraction patterns of the mud deposits on the inner shelf of the
ECS. Note the occurrence of the sharp, intense illite peak and subordinate chlorite, kaolinite,
and smectite peaks. As XRD has been done on the < 2µm fractions, its mineral content
correspond to this fraction alone.
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before 7000 yrs, which coincides with the middle Holocene highstand. Core PC-6 suggests that
the top prograding sigmoid unit of the HST was formed in the last 2000 yrs. This correlates very
well with the increase in the Yangtze delta progradation rate at ~ 2000 yrs BP, as reported by
Saito et al, 2001 (Liu et al., 2005).
5.2. Accumulation - Rate Areas
The following section discusses each of the four areas that were defined by the magnitude
of apparent accumulation rate, geographic location, geometry of the clinoform revealed by
seismic profile, and grain size analysis. The distribution of apparent accumulation rates in
relation to the four different areas in the study region is shown in Figure 23. The apparent
accumulation rate in Area 1 is 1.6 cm/yr, based on one box core (DEB5) from this study and four
box cores from Su and Huh, 1999, collected in this area. The area with the highest accumulation
rate corresponds to the topset and foreset deposits of the Yangtze subaqueous delta and is located
seaward of the river mouth, extending across the inner shelf to water depths of 40
meters, and southwards to approximately 30°N latitude. Although there are no Cs-137 activities
or radiographs from this study measured in the area 1, physical process in this shallow area
probably act to inhibit sediment accumulation, an observation which has been reported from
similar water depths in the Shandong subaqueous delta (Alexander et al., 1991), and the Amazon
subaqueous delta (Nittrouer et al., 1986a; Kuehl et al., 1986). Sediments in Area 1 are clayeysilts, with 64% silt and 36% clay. Because the Yangtze discharges silty-clays with
approximately 49% silt and 45% clay, the lower abundance of clay sizes in Area 1 further
suggests that physical processes are relatively energetic.
Area 2, located off the Zhejiang coast, extends from Hangzhou Bay in the north to
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shelf of ECS based on Pb-210 analyses of 8 cores from this study and 10 cores from Huh and Su
(1999). Accumulation-rate areas are defined by magnitude of accumulation rate, seismic profile
data, geographic location, and sedimentological criteria.
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approximately 28°N latitude in the south. Area 2 is between ~10-65 m water depths and exhibits
apparent accumulation rates of about 1.0 cm/yr (Fig. 23). Rates are based on the two cores from
our study and the four cores from Su and Huh, 1999 collected in the area. Rates in the area are
similar and consistent with the southward transport of sediment from Area 1 (Yangtze
subaqueous delta). The isopach map, which was constructed from the High-resolution Chirp
profiling system, displays a maximum mud thickness of 30 meters on the inner shelf in this area
(Fig. 24). Area 2 represents the distal part of the Yangtze-derived mud deposits transported
southwards by the Zhejiang-Fujian Coastal Current, mainly in the winter season.
Area 3, between water depths of 5-25 meters, extends off the Fujian coast until the
northern boundary of the Taiwan Strait. The apparent accumulation rate in Area 3 is 1.0 cm/yr,
based on the two box cores from our study. This area of moderately high accumulation
corresponds to the topset deposits of the clinoform (Fig. 13). Rates decrease from north to south
which is again consistent with the dispersal of Yangtze River-derived sediments by the Chinese
coastal current and tidal systems. Thickness of the mud in Area 3 is 20 meters or less, with
probably some localized input from the smaller Fujian coastal rivers that empty into the area (i.e.
Ou River and Qiantang River). Thus, this area probably consists of a highly complex mixture of
sediments derived from the smaller Chinese coastal rivers entering the ECS, and the distal
Yangtze-derived mud deposits.
The apparent accumulation rate in Area 4 is 0.67 cm/yr, based on the single core
(DEB13) collected in our study and the three cores from Su and Huh, 1999 in the area. Area 4,
which represents the most distal portion of the mud wedge, exhibits rates that generally decrease
from north to south. This area is composed of the foreset and bottomset deposits of the
clinoform that mark the seaward extent of the area, reaching water depths of approximately 60-
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70 meters. The thickest accumulation of mud (~ 40m) is found in Area 4, suggesting the
Chinese Coastal Currents begin to lose energy along the dispersal system and the Yangtzederived sediment can no longer be held in suspension (Fig. 24).
5.3. Development of the Subaqueous Yangtze Clinoform
During the LGM, sea level was 130-150 m lower than the present level, subaerially
exposing the ECS. Together with climate, which has influenced sediment input, the rise of postglacial sea level has played the most important role in the development of the Yangtze-derived
clinoform. The postglacial sea level rise was first documented by Fairbanks (1989) and Bard et
al. (1990) as being discontinuous. Sea level rise was step-like, with long periods of slow
transgression punctuated by several short, rapid flooding events (Fig. 6). Recent efforts to
constrain the timing and depth range of these rapid flooding events or meltwater pulses have
been undertaken on the Sunda, ECS and YS shelves using extensive sea-level markers such as
submerged coral reefs, mangrove, and terrestrial peat (Hanebuth et al., 2000, Liu and Milliman,
2004).
The two most important meltwater pulses in the ECS during the post-glacial sea level rise
are melt water pulses 1A (MWP-1A) and 1B (MWP-1B). The sea level curve (Fig. 6) shows that
sea level jumped 15 meters (from -95 m to -80 m) from 14.3 ka-14.1 ka during the MWP-1A. At
the end of this MWP-1A flooding event, sea level had reached the southern part of the ECS (Liu
et al., 2004). For the ensuing 2500 years sea level rose slowly from -80 m to -60 m. Beginning
at ~ 11.5 k – 11.2 ka BP, sea level again jumped from -60 m to -40 m, as a result of meltwater
pulse 1B (MWP-1B). Sea-level rise again stagnated (between -42 to -38 m) for about 1.8 ky, and
then continued to rise until it reached its maximum (+ 3m) at the middle Holocene highstand at
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~7000 years BP. In the last 7000 years sea level in the ECS has decelerated and maintained a
relatively constant position (Liu et al., 2005).
In order for seaward outbuilding, or progradation, of strata to occur along a coastline
there must be accommodation space for sediment input to fill. In addition, sediment flux must
exceed the rate of sea level rise, thus, most of the modern worldwide deltas were initiated when
the postglacial sea level decelerated and reached the middle Holocene Highstand (Stanley and
Warne, 1994). Many subaqueous clinoforms, including the Amazon (Nittrouer et al., 1996), the
Yellow (Liu et al., 2002, 2004), and the Ganges-Brahmaputra (Kuehl et al., 1997; Goodbred and
Kuehl, 2000), have been found to overly a transgressive layer at -60 m below the present sea
level. In the Yangtze subaqueous delta, Chen et al. (2000) also documented that below the thick
deltaic deposits were transgressive silts and sands.
Our seismic profiles document very well that a transgressive surface (TS) exists beneath
the clinoform deposits. However, the TS depth varies in depths from -50 to -70 m. For instance,
profile 1 and 2 in the subaqueous delta region have a TS depth of -58 m and -50 m, respectively
(Figs. 8, 9). Further south off the Fujian coast profile 4 and 7 have a TS depth of -70 m (Figs.
10, 12). Combining the seismic profiles with the sea level record suggests that the deeper
transgressive surface (-70 m) is associated with the rapid sea level rise of MWP-1A, subsequent
flooding of deposits, and truncation of strata. The shallower TS (from -58 m to -50 m), which
has been documented in many deltaic regions, may be caused by the MWP-1B event. Based on
this interpretation, the inner shelf of the ECS has experienced at least two rapid sea level rises
(Liu et al., 2005).
In some profiles with the deeper transgressive surface (TS), a thin transparent
transgressive system tract (TST) exists (Figs. 10, 12). The TST is only found where the TS
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depth is 70 m or deeper (after the MWP-1A transgression), for example, profiles 4 and 7. In
profiles where the shallower TS exists, i.e. profiles 1, 2, 3, 5, 8, 9, there is no TST. In other
words, there is no TST apparently developed after the MWP-1B transgression. The existence of
the TST in the deeper basin suggests that the rate of sea level rise exceeded the rate of sediment
input and caused an increase in accommodation space, initiating the development of a
transgressive surface over which the trangressive sediments accumulated. The thin TST layer (<
2 m) is most likely distal mud derived from the paleo-Yangtze River as it discharged directly into
the ECS east of Hangzhou Bay when sea level was lower than -60 m (Chen et al., 1986, Li et al.,
2000). The thin TST layers suggests that during this time the ECS probably either received very
little fine-grained sediment or the Yangtze River’s sediment load was much lower (Liu et al.,
2005).
In contrast, there is no TST deposit after MWP-1B sea-level rise from -60 to -40 m. One
explanation for the sediment starvation on the ECS shelf during this time period is the paleoYangtze river had reportedly shifted into the South Yellow Sea (Li et al., 2000, 2001, 2002).
Due to the presence of the prominent Yangtze Shoal extending eastward from the modern
Yangtze River mouth, the Yangtze sediment might not reached the south between MWP-1B and
the middle Holocene sea-level highstand (Zhao, 1984, Xia and Liu, 2001).
The Yangtze River began to form a large delta at its mouth about 6000-7000 years BP,
when sea level reached or approached its present position (Saito et al., 2001). This is also the
time interval when the Yangtze-derived sediment began to be transported southward and
accumulate on the inner shelf of the ECS. The Yangtze delta front has been prograding seaward
at an average rate of approximately 50 m/yr over the last 5000 years. The progradation rate of
the Yangtze delta, however, increased abruptly at ~ 2000 years BP, going from 38 to 80 m/yr
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(Hori et al., 2001). One explanation for the more rapid progradation could be an increase in
sediment load in the drainage area due to widespread human activities, such as intensive rice
cultivation and deforestation (Chen et al., 1985). Another possible cause of the progradation was
a relative decrease in deposition in the middle reaches (upstream of Datong Station) in relation to
river-channel stability (Saito et al., 2001). This shift can be identified in some our seismic
profiles and related core stratigraphies.

14

C analysis suggests that the upper forestepping sigmoid

unit identified in our profiles has prograded on the inner shelf in the last two thousand years.
In addition to the effects of climatic and sea level changes on the ECS shelf, the modern
oceanographic regime has played a major role in developing the Yangtze-derived subaqueous
clinoform. With the postglacial sea-level rise and global warming, the the main flow of the
Kuroshio Current began to re-enter the Okinawa Trough at 7.3 ka BP (Jian et al., 2000). In
return, the Yellow Sea warm Current (YSWC) and Chinese coastal currents (JCC and ZFCC)
began to flow out of the ECS, thereby playing a critical role transporting the Yangtze-derived
sediment to the south (Liu et al., 2005). The onset of the southward flow of the Chinese Coastal
Currents (JCC and FCC) is in good agreement with 14C dating in the bottom of the highstand
system tract (Figs. 10,11,12).
Near-bottom suspended sediments discharged from the Yangtze River on the inner shelf
of the ECS are much higher during the winter than the summer due to the onset of the winter
monsoon and intensified coastal currents (Milliman et al, 1985, 1989). Across-shelf suspended
sediment transport is blocked throughout the year by the northward Taiwan Warm Current. The
TWC serves to trap the Yangtze-derived suspended sediment and confines it to the west of
123°E. This can clearly be seen in our seismic profiles and in the isopach map (Fig. 23). Hu’s
(1984) study suggests the TWC causes upwelling offshore, whereas the winter monsoon coastal
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currents cause downwelling nearshore. The interaction of both upwelling and downwelling
constrain the fine-grained sediment to the inner shelf (Liu et al., 2005) (Fig. 25).
5.4. Sediment Budget
In conjunction with Pb-210 apparent accumulation rates, a simple budget to evaluate
sediment accumulation of the fine-grained sediment on the inner shelf of the ECS during the last
100 years can be calculated using Areas 1, 2, 3, and 4 (Table 6). The area of the inner shelf mud
deposit north of 30°N (Area 1) is approximately 1.9 x 1014 cm2, and the average dry bulk density
of these deposits (Core DEB5) is 0.9 g cm-3. Multiplying the average accumulation rate (1.6 cm
yr-1) by the area and the dry bulk density yields a value of 2.7 x 108 tons y-1 for the rate of
sediment accumulation in the Area 1 mud deposit (100-y time scale). This accumulation rate,
which represents 55 % of the annual sediment flux from the Yangtze River (4.9 x 108 tons yr-1)
is much greater than the accumulation rate reported by DeMaster et al., 1985 (2 x 108 tons yr-1)
for the inner shelf mud deposit north of 30°N.
The major area of accumulation is Area 1 (the topset and foreset deposits of the
subaqueous delta), which accounts for 35 % of the total sediment accumulating in the inner shelf
mud deposit. Calculated accumulation rates in Area 1 are good estimates of the actual
accumulation rates and are obviously derived from the Yangtze River. Area 2 has a regional
sediment accumulation rate of 1.5 x 108 tons yr-1. This area accounts for 40% of the total fine
grained sediment accumulating on the inner shelf. In contrast, Area 3, a narrow region confined
to the shallow topset deposits with water depths less than 15 m, represents less than 18% of the
total sediment accumulation (1.4 x 108 tons yr-1) and corresponds to 22% of the area. Area 4 has
an accumulation rate of 6.0 x107 tons yr-1 and only accounts for 7% of the total annual mud
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Figure 25. Oceanographic processes affecting the morphology of the Yangtze-derived subaqueous clinoform (Liu et al., 2005).
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Table 6. Sediment Budget for the inner shelf mud deposit. Accumulation-rate Areas represent the region of sediment
presently accumulating in the ECS.
Sediment Budget for the Inner Shelf Mud Deposit
Area (cm2)

Average Accumulation Rate (cm/yr)

Average Dry Bulk Density (g/cm3)

Total (T/yr)

Percent of Total

Area 1

1.9 x 1014

1.6

0.9

2.7 *108

35

Area 2

2.8 x 1014

1.0

1.1

3.1 *108

40

Area 3

1.6 x 1014

1.0

0.9

1.4 *108

18

Area 4

9.0 x 1013

0.67

1.0

6.0 * 107

7

Total

7.2 x 1014

7.8 *108
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accumulating on the inner shelf. Accumulation rates in this area may be considerably lower due
to the lack of mud on the thin distal bottomset deposits of the clinoform. The subsequent budget
calculation demonstrates that a maximum of 7.8 x 108 tons of fine-grained sediment is annually
accumulating on the inner shelf of the ECS.
The Yangtze River discharges ~ 5 x 108 tons of sediment per year to the East China Sea
(Milliman and Meade, 1983). Some attempts have been made to calculate how much of the
Yangtze River sediment discharge is deposited in the subaerial delta and adjacent estuaries, how
much in its adjacent subaqueous delta, and how much has been transported farther south.
Detailed calculations made by Shen (2001) using hydrograph station data indicate 31% of the
modern Yangtze-derived sediment accumulates in the estuary, 40 % is deposited in Hangzhou
Bay and the surrounding areas, and only 11% is transported farther southward along the
Zhejiang-Fujian coastal zone. In contrast, Liu et al. (2005), using 14C data from the 7000 yr BP
seismic horizon, estimate that nearly 47% of the Yangtze-derived sediment accumulates in the
delta and estuary system, 21% in the nearshore subaqueous delta, and 32% is transported south
along the Zhejiang and Fujian coasts.
Based on our 210Pb calculations, 55% of the Yangtze-derived sediment accumulates in the
subaqueous delta and Hangzhou Bay area north of 30°N, with the remainder (45%) transported
south and accumulating in the inner shelf mud deposit. However, it is important to note that the
calculated budget (7.8 x 108 t yr-1) of the inner shelf mud deposit is much greater than what is
discharged annually from the Yangtze River. The major sources of error to the budget come
from errors in delineating the boundaries of the accumulation-rate areas on the inner shelf, high
dry bulk densities (lack of correction for the mass of salt residue), and errors introduced because
210

Pb accumulation rates used in the calculations are maximum estimates of the actual
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accumulation rates (as a result of the effect of bioturbation). Sedimentological data from the
limited number of cores in this study and the seismic profiles were employed to help constrain
the area boundaries.
Other possible source for the discrepancy in the sediment budget is the input from small
rivers along the Zhejiang and Fujian Provinces. In some of the other large rivers systems, such
as the Amazon, Po, and Yellow Rivers, the local or regional coastal rivers make some
contribution to the larger river-derived mud deposits (Allison et al., 2000; Cattaneo et al., 2003;
Liu et al., 2004). Along the Zhejiang and Fujian coastlines, there are 3 major rivers, the
Qiantang, Ou, and Min with annual sediment fluxes of 10 x 106 t/yr, 2.7 x 106 t/yr, and 5.7 x 106
t/yr, respectively (Qin et al., 1987; Zhu, 1993). In total, they deliver ~18 x 106 tons of sediment
annually to the coast. However, these are averaged annual sediment fluxes and do not reflect
processes occurring during typhoon storms in the flood season. For example, during the flood
season, Ou Jiang’s water discharge could rise up to 1100 times more than the dry season (Qin et
al., 1996).
Another possible input to the inner shelf mud deposit could come from the small, highly
erosive mountain rivers of Taiwan that empty into the Taiwan Strait (Milliman and Kao, 2005).
The circulation pattern of local currents suggests that sediments eroded from Taiwan can be
transported to the ECS shelf (by the Taiwan Warm Current). In order to balance the sediment
budget (on a 100-yr time-scale) on the inner shelf of the ECS, future work needs to be performed
quantifying the importance of these rivers.
6. CONCLUSIONS
An elongated (~800 km) mud wedge exists on the inner shelf of the ECS extending from
the Yangtze River mouth southwards along the Zhejiang and Fujian coasts into at least the
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northern boundary of the Taiwan Strait. Overlying what appears to be a transgressive sand layer,
there is an extensive clinoform, with a depocenter (~ 40 m thick) located between the 20-30 m
isobaths and diminishing at water depths of 60 to 70 meters. AMS 14C dating suggests that the
mud wedge has formed on the inner shelf in the last 7000 yrs BP after sea level reached its midHolocene highstand. Most of the sediment in this mud wedge comes from the Yangtze River,
and has been transported southwards by the strong Chinese coastal currents. Both the Chinese
coastal currents and the Taiwan Warm Current may have played important roles in trapping most
of the Yangtze-derived materials on the inner shelf.
Pb-210 apparent accumulation rates calculated on the inner shelf of the ECS reveal the
highest rates in the foreset deposits of the Yangtze subaqueous delta (north of 30°N), with lower
rates calculated in the distal clinoform deposits southwards off the Zhejiang and Fujian coasts.
In addition, there is a general decrease of rates offshore to the east, which is consistent with the
geometry of the clinoform. Surface grain size analysis indicates that the mud wedge is
composed dominantly of unimodal clayey-silts with some coarser grained silts and sands on the
bottomset deposits. Clay mineral signatures of the mud wedge are strikingly similar suggesting
they are all from the same provenance. With very high illite content (>70%), and subordinate
amounts of chlorite, kaolinite and smectite, the concentrations are similar to the Yangtze River
Plume and previous reports of calculated concentrations derived from the Yangtze River.
The annual sediment budget (100-yr time-scale) calculated for the inner shelf mud
deposit is 6.4 x 108 tons. Approximately 35 % of this sediment can be accounted for in the area
north of 30°N, which is consistent with the highest accumulation rates, presuming the effects of
bioturbation of the 210Pb profiles are minimal. The calculated budget suggests that there is
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probably some localized input from the small Chinese and Taiwanese coastal rivers emptying
into the SCS.
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