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Abstract

Numerous cores and dating show the Yangtze River has accumulated about 1.16×1012 t sediment in its delta plain and proximal
subaqueous delta during Holocene. High-resolution seismic profiling and coring in the southern East China Sea during 2003 and
2004 cruises has revealed an elongated (∼800 km) distal subaqueous mud wedge extending from the Yangtze River mouth
southward off the Zhejiang and Fujian coasts into the Taiwan Strait. Overlying what appears to be a transgressive sand layer, this
distal clinoform thins offshore, from ∼40 m thickness between the 20 and 30 m water depth to b1–2 m between 60 and 90 m water
depth, corresponding to an across shelf distance of less than 100 km. Total volume of this distal mud wedge is about 4.5×1011 m3,
equivalent to ∼5.4×1011 t of sediment. Most of the sediment in this mud wedge comes from the Yangtze River, with some input
presumably coming from local smaller rivers. Thus, the total Yangtze-derived sediments accumulated in its deltaic system and East
China Sea inner shelf have amounted to about 1.7×1012 t. Preliminary analyses suggest this longshore and across-shelf transported
clinoform mainly formed in the past 7000 yrs after postglacial sea level reached its mid-Holocene highstand, and after re-
intensification of the Chinese longshore current system. Sedimentation accumulation apparently increased around 2000 yrs BP,
reflecting the evolution of the Yangtze estuary and increased land erosion due to human activities, such as farming and
deforestation. The southward-flowing China Coastal Current, the northward-flowing Taiwan Warm Current, and the Kuroshio
Current appear to have played critical roles in transporting and trapping most of Yangtze-derived materials in the inner shelf, and
hence preventing the sediment escape into the deep ocean.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Major rivers play a dominant role worldwide in
transferring both particulate and dissolved materials
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from the land to the coastal ocean. The total suspended
sediment delivered by all rivers to the ocean is about
15×109 metric tons annually, of which Asian rivers
discharge nearly more than 70% (Milliman and Meade,
1983; Milliman and Syvitski, 1992; Syvitski et al.,
2005). Most of these sediments, however, are trapped in
estuaries or deposited on adjacent continental shelves;
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only less than 5–10% of the fluvial sediments presently
reach the deep sea (e.g. Meade, 1996). The river-
dominated ocean margins also play a significant role in
global biogeochemical cycles (Chen et al., 2003a,b; Cai
andDai, 2004; Dagg et al., 2004;McKee et al., 2004). The
study of estuaries, deltas, and inner continental shelves,
therefore has particular relevance as we seek to understand
the link between present-day terrestrial processes and
coastal marine deposition.

One of the best examples of the river-dominated
ocean margins is the epicontinental shelf of the East
China Sea, which together with the Yellow and Bohai
seas, forms a contiguous shelf of about 0.75×1012 m2 in
Fig. 1. Bathymetry and regional ocean circulation pattern in the East China Se
Current); YSWC (Yellow Sea Warm Current); ZFCC (Zhejiang Fujian Coas
area (Fig. 1). This wide and shallow shelf receives a large
amount of terrigenous materials from two of the largest
rivers in the world, the Yellow and Yangtze rivers. The
Yellow River alone has discharged totally near 1.63×
1012 tons sediment to the Bohai and Yellow seas during
the past 10 kyr (Liu et al., 2002, 2004). The modern
Yangtze River's annual sediment load has been about
480 million tons historically. When combined with the
adjacent Yellow River (about 1 billion tons), the total
equals ∼10% of the global riverine sediment flux to the
ocean (Milliman and Meade, 1983).

The Yangtze River originates from the Qinghai-
Tibetan Plateau at an elevation of 6600 m, flowing
a and Yellow Sea. JCC (Jiangsu Coastal Current); TWC (TaiwanWarm
tal Current).
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eastward for more than 6300 km. This river drains an area
of more than 1.94×106 km2 before finally discharging
into the East China Sea. It is the largest river in Asia in
term of water discharge and third longest river in the
world (Milliman andMeade, 1983). The modern Yangtze
River discharges most of its annual sediment load bet-
ween June and September, and short-term monthly
deposition rates near the river mouth during this period
are about 4.4 cm, in contrast to long-term accumulation
rates, which are an order of magnitude less, ∼1–6 cm/yr
(McKee et al., 1983; DeMaster et al., 1985; Chen et al.,
2004). This difference between short-and long-term
accumulation rates suggests that a major portion of the
river-derived sediment is eroded periodically and is
transported elsewhere, presumably southward to the
Zhejiang and Fujian Provinces. This is commonly
referred to as the “mud belt deposit on the inner shelf of
the East China Sea” (Fig. 2), based on seafloor surficial
sediments analysis (Qin, 1979; Qin et al., 1987).

A large number of geological and geophysical
studies have been undertaken to examine fate of the
Yangtze-derived mud deposit at the river mouth and
inner shelf (Nittrouer et al., 1984; Butenko et al., 1985;
DeMaster et al., 1985; Milliman et al., 1985, 1989; Chen
et al., 1997, 2000; Li et al., 2000, 2001; Hori et al., 2001,
2002; Chen et al., 2003a,b). Over the last decade
substantial research work has also been conducted on
Fig. 2. Distribution of surface sediments in the East China Sea and Okinawa
lines conducted in 2003 and 2004 in the inner shelf.
the middle and outer shelves, including the north and
south Okinawa Trough (e.g. Bartek and Wellner, 1995;
Liu, 1997; Saito et al., 1998; Liu et al., 2000; Berne et
al., 2002; Tsunogai et al., 2003; Liu et al., 2003). In
addition, recent box-coring and geochemical analysis in
the East China Sea has revealed that the sediment
disperses longshore from the river mouth to the south,
and is largely confined to the inner shelf (Huh and Su,
1999; Lin et al., 2002; Su and Huh, 2002).

Like other large rivers, the Yangtze also discharges
substantial amounts of organic and inorganic carbon to the
marginal sea, however, a large portion of these biogeo-
chemically important materials is buried together with the
rapid mud accumulation. Thus, the East China Sea has
been found to be a sink rather than a source of global
atmospheric CO2 (Chen and Wang, 1999a,b; Liu et al.,
2003; Tsunogai et al., 2003; Cai andDai, 2004). The study
of the history of Yangtze-derived sediment dispersal and
deposition therefore may help us understand more
thoroughly the relevant biogeochemical processes such
as the carbon cycle.

However, until recently we still have little know-
ledge of the distribution, thickness, and sedimentary
processes of Yangtze-derived sediments on the inner
shelf of the East China Sea. Our knowledge is limited
primarily to the surface sediment distribution along the
Zhejiang and Fujian coasts (Fig. 2). The present study
Trough (modified after Qin et al., 1987). Black lines are seismic track



Fig. 3. Selected seismic lines from 2003 and 2004 surveys and cores
discussed in this paper.
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documents the nature of the innermost shelf of the
East China Sea using high-resolution Chirp sonar
profiles and sediment cores, with particular focus on
the fate and depositional history of the Yangtze-
derived sediment.

2. Study area

The modern Yangtze estuary is a large river and tide
dominated depositional basin, located northwestern East
China Sea with a mean tidal range of 2.7 m, and a
maximum of 4.7 m. The average tidal current is about
1.0 ms−1, that can reach more than 2.0 during spring tide
(Chen et al., 1988). Over 100-yr data collected at the
Datong Hydrological Gauging Station (see location in
Fig. 2) show that the annual fresh water discharge to the
Yangtze estuary can be as high as 9×1011 m3. However,
the annual tidal prism from the sea into the estuary has a
total volume of 84×1011 m3, which is an order of
magnitude greater than the annual runoff (Chen et al.,
1988, 2001). Thus the dispersal pattern of the Yangtze-
derived sediment has been influenced strongly by the
local semi-diurnal tidal cycles.

The warm and salty Kuroshio Current flows
northward along the East China Sea shelf break
(Fig. 1). As a result of this flow, the Taiwan Warm
Current (TWC) and the Yellow Sea Warm Current
(YSWC) give rise to a counterclockwise circulation in
the East China Sea and Yellow Sea, with a relatively
cold and brackish counter current — the China Coastal
Current (CCC), which includes the Jiangsu Coastal
Current (JCC) in the north and the Zhejiang–Fujian
Coastal Current (ZFCC) in the south (Fig. 1)— flowing
southward along the Chinese coast. This current
intensifies in the winter, carrying the Yangtze's brackish
water and sediment discharge southward along the inner
shelf. Offshore, there is a northward flow of warm and
saline middle-deep water flow, the TWC (Fig. 1). In
summer, under the prevailing southeast monsoon, the
northward TWC intensifies and, correspondingly, the
southward ZFCC weakens (Beardsley et al., 1985; Lee
and Chao, 2003).

The Holocene Yangtze delta covers an area of
approximately 52,000 km2, with 23,000 km2 subaerial
and 29,000 km2 subaqueous (Li et al., 1986). The
topography of the Yangtze delta plain is characterized
mainly by an elevation of ∼2 m above mean sea level in
the central delta plain, rising to 3–5m on the periphery of
delta plain (Chen and Wang, 1999a,b). Numerous
shallow cores and dating show that, the modern Yangtze
delta has begun accreting after the postglacial sea level
reached its mid-Holocene highstand∼7000 yrs ago (Yan
and Hong, 1987; Chen and Stanley, 1993; Stanley and
Warne, 1994; Li et al., 2000, 2003). Over the past
3000 yrs the high sea-level stand has gradually retreated,
approaching its present level (Yang and Xie, 1984; Yan
and Hong, 1987; Zhao et al., 1994). Deceleration of sea-
level rise by mid-Holocene time induced fluvial sedi-
ments to accumulate along the periphery of the delta
plain (Stanley and Chen, 1996).

Close to the Yangtze River's mouth, in the subaqueous
delta, four sedimentary facies (A–D) have been defined
(Chen et al., 2000). Facies A, delta front— fine sand and
silt facies; Facies B, prodelta— silty clay and clayey silt
facieswith abundant burrowing and rich in organicmatter;
Facies C, prodelta to continental shelf — sand–silt–clay
facies, with thin layers of sand and clay interbedded and
highly-laminated muds of storm deposition (Wang et al.,
2006-this volume), and Facies D, late Pleistocene relict
sands facies, mixed with shell fragments. From bottom
upward, the late Quaternary stratigraphy of the deltaic
deposit consists of late Pleistocene terrigenous (fluvial and
lacustrine), Holocene transgressive silt, prodelta clay and
delta front fine sand and silt. Due to the high
sedimentation rate and limited bio-benthic activities, the
inner-shelf mud deposit is generally laminated, with only
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minor evidence of burrowing (Nittrouer et al., 1984;Wang
et al., 2006-this volume).

3. Methods and data

In order to document the distribution and thickness of
the Yangtze-derived mud, two geological and geophys-
ical investigations were conducted in September 2003
and May 2004, (Figs. 2, 3). A high-resolution EdgeTech
0512i Chirp Sonar Sub-bottom Profiler (frequency
range: 0.5–12 k) was used to obtain more than
1200 km seismic data. All seismic sub-bottom profiles
were post-processed using the Discover software; an
acoustic velocity of 1500ms−1 was assumed to calculate
water depth and sediment thickness (cf. Chen and
Stanley, 1993; Chen et al., 2003a,b). A grab sampler
obtained surface sediment samples, and gravity and box
Fig. 4. (A) Seismic profile 1 located at the Yangtze subaqueous delta, which sh
on the uneven TS. (B) Cores show the age of the TS and overlying deposits.
and SK-4 from (Wang et al., 2005). Location of profile and cores is shown
corers collected shallow cores. Grain-size analysis was
done with a Cilas Laser Particle Size Analyzer (model:
940 L).

Eight of 25 seismic profiles are discussed in this
paper (Fig. 3). In addition to published 14C dating, 11
new ages were obtained by testing foraminifera fossils
from cores DD2, 30 and PC-6 dated at the NOSAMS lab
of the Woods Hole Oceanographic Institution. Radio-
carbon ages are reported in calendar year (BP) calibrated
using Calib4.3 (Stuiver et al., 1998).

The inner shelf and Zhejiang Fujian mud wedge
thickness was determined using the newly acquired
seismic data. Sixteen piston cores collected by Lan et al.
(1993) in the Taiwan Strait were used to define the
southernmost boundary of the mud wedge. Sediment
volume was calculated using software Surfer. Thickness
of the Yangtze-derived mud on the delta plain, and in the
ows seaward (eastward) progradation of the clinoform (HST) overlying
Ch1 is from Qin et al. (1987), CJ-3 from (Chen et al., 2000), and SK-3
in Fig. 3.



Fig. 5. Seismic profile 2 located at the outside Hangzhou Bay, showing the mud wedge and the easternmost boundary of the clinoform. Location of
profile is shown in Fig. 3.
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estuary and adjacent subaqueous delta was based on
earlier studies by Chen and Stanley (1993), and Li C.
et al. (2000, 2001, 2002) and Li et al. (2003).

4. Results and analyses

Seismic profiles reveal an extensive clinoform extend-
ing southward from the Yangtze estuary down along the
Zhejiang and Fujian provinces, nearly 800 km into the
middle of Taiwan Strait (Figs. 3–11). Thickest accumu-
lation (∼40 m) is between the 20–30 m isobaths, and the
clinoform thins offshore, pinching out at water depths 60
to 70 m, less than 100 km from land. The high-resolution
seismic profiles allow more closely examination of the
internal architecture and depositional history of the
Yangtze mud wedge.

4.1. Transgressive surface, deposits and maximum
flooding surface

Overall, seismic profiles show a prominent subsurface
reflector, overlain by a thick clinoform that thins offshore
(Figs. 4–11). Compared with previous geological and
geophysical records from the Yangtze subaqueous delta
(Chen et al., 2000) and other similar deltaic deposits off
the YellowRiver (Liu et al., 2004) and Po River (Cattaneo
et al., 2003), this prominent acoustic reflector appears to
be the base of the post-glacial transgressive surface (TS),
which was apparently caused by a rapid landward trans-
gression during a rapid sea-level rise (Liu et al., 2004).
Below the TS, relict sands were observed in cores CJ3,
Dc1, DD2 and PC-6 (Figs. 4, 6, 7), basal peat deposits
occurred in Ch1 (Fig. 4), or re-filled channel deposits
(Figs. 4, 6–8).

In some profiles, above the TS, there is a subparallel
transparent layer (Figs. 7–9) that is covered by prog-
radational clinoform deposits. This thin basal mud de-
posit represents a transgressive system tract (TST)
(Cattaneo et al., 2003; Liu et al., 2004), which formed
before sea level reached its highstand. Close inspection
of seismic profiles in Figs. 8–10 suggests that, the TST
is not only well-preserved beneath the mud wedge, but
extends offshore and pinches out at water depths of 70–
90 m (Fig. 9). This allows us to penetrate the entire
sequence with short gravity cores, for instance, the core
DD2 in profile 3 (Fig. 6) and PC-6 in profile 4 (Fig. 7).
Both cores have a depositional unconformity where the
young strata (b2 ka BP) prograde seaward and overlie
directly strata older than 5 ka BP.

Above the TST, the clinoform progrades across shelf
to 60–80 m water depth, where it downlaps directly onto
the TST, separated by the maximum flooding surface
(MFS) (see Figs. 7–9). AMS 14C dates in core DD2, PC-
6 and PC-7 indicate thatmost likely thisMFSwas formed
slightly before 7 ka BP, which coincides with the middle
Holocene highstand (Chen and Stanley, 1993; Stanley
and Warne, 1994; Li et al., 2000, 2001, 2002, 2003).

It should be noted that the TST in the East China Sea
is generally thin, less than 2 m, (Figs. 7–9). This sug-
gests that sea level rose quickly and insufficient sedi-
ment was contributed (or at least accumulated) in this
part of the ECS shelf during the last transgression.

4.2. Clinoform and highstand system tract

Above the TS or MFS, a prominent clinoform, locally
20–40m in thickness, thins offshore to the east. The thick
package of sediment deposited between the MFS and
maximum relative sea-level highstand is termed high-
stand system tract (HST). Close inspection of many of the
clinoform profiles shows a rather complex inner structure
— which suggests there is at least two distinct sigmoidal
units in this HST. Good examples can be seen in profiles
1, 5 and 8 (Figs. 4, 8, 11), where the uppermost sigmoid
layer has not yet covered the earlier HST.

The lower part of the landward clinoform tends to be
acoustically opaque (Figs. 4–7), presumably from bio-
genic gas (Diaz et al., 1996; Nittrouer et al., 1996; Liu
et al., 2004), which in this case probably comes from
basal peat deposits (Liu et al., 2002, 2004).

AMS 14C dates in the cores DD2, 30, PC-6, and PC-7
suggest the HST began accumulating around 7 ka BP,



Fig. 6. (A) Seismic profile 3, showing two units of the clinoform within the HST deposits. (B) Core correlations between DC1 and DD2 show the
starting age of the HST deposits and the depositional hiatus inside the HST. Location of profile and cores is shown in Fig. 3.
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after sea level reached its mid-Holocene Highstand.
Core DD2 and PC-6 suggest the top unit in HST was
formed in recent 2000 yrs. The timing and significance
of the differentiated HST layers is discussed below.

4.3. Mud wedge isopach and sediment budget

Fig. 12 shows the total thickness of Yangtze-derived
sediment accumulated above the MFS, i.e. younger than
∼7 kaBP.We have divided this extensive deposit into two
sub-areas: Area 1 represents the Yangtze Delta System
(YDS), which includes the subaerial delta plain and
estuary, and also the adjacent subaqueous delta. Area 2 is
the Zhejiang–Fujian Mud Wedge (ZFMW) which rep-
resents the distal part of the Yangtze-derivedmud deposits
transported by the ZFCC south of Hangzhou Bay.

Total sediment volume in the delta plain and estuary
of the YDS is 5×1011 m3, or about 8×1011 t (Li et al.,
2003), assuming a dry bulk density of 1.6 g cm−3 (Hu
and Yang, 1983). The volume of the subaqueous delta



Fig. 7. (A) Seismic profile 4 and an enlargement, showing TS, MFS and HST. (B) Core correlations between 30 and PC-6, show the starting age of the
HST deposits and the depositional hiatus inside the HST. Location of profile and cores is shown in Fig. 3.
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off the river mouth and in Hangzhou Bay has been
estimated as 3×1011 m3 (Chen and Stanley, 1993; Chen
et al., 2000), but the dry bulk density of the subaqueous
deposits is presumably much less than the more compact
subaerially deposited sediments. We assume an average
dry bulk density of the subaqueous deltaic deposits and



Fig. 8. Seismic profile 5 show TS, MFS and HST. The inserted core PC-7 show the relative age of the HST. Location of profile and core is shown in
Fig. 3.
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mud wedge from our core analysis to be ∼1.2 g cm−3

which is close to Zhao et al.'s (1991) results in the
Yellow Sea. Thus the subaqueous deposit in YDS could
have 3.6×1011 t of sediment. Thus, during the Holocene
the total sediments have accumulated in the delta plain,
estuary, and subaqueous delta, in north of the latitude
30°N, is about 11.6×1011 t. Total volume of the
alongshore distal clinoform in the ZFMW (Area 2) is
estimated to be about 4.5×1011 m3, or corresponds to
5.4×1011 t of sediment.

Overall, therefore, the Yangtze River has delivered
about 1.7×1012 t of material over the last 7000 yrs, an
average of 2.4×108 t yr−1, which is same as the estimate
of Saito et al. (2001). Nearly 47% of the Yangtze-
derived sediment has accumulated in the delta and
estuary system, and about 21% deposited in the
nearshore subaqueous deltaic systems (Area 1 in Fig.
12). The remaining 32% is believed to have been re-
suspended and transported southward and accumulated
at ZFMW in the inner shelf along the coasts (Area 2).
Interestingly, the ratio of the southward transport is
larger than Shen's (2001) estimate of 11%, but nearly
identical to the 30% estimate of Milliman et al. (1985).
Previous studies in the middle shelf of East China Sea
also show that very little of the Yangtze sediment
presently escapes the shelf to the deep sea (Shen, 2001;
Hu and Yang, 2001).

5. Development of the Yangtze-derived clinoform

The Yangtze releases the fifth largest volume
globally of fresh water and fourth largest volume
globally of suspended sediment to the East China Sea
(Milliman and Meade, 1983; Milliman and Syvitski,
1992). However, the hydrologic data have been
collected at the Datong Hydrologic Station, more than
600 km upstream from the river mouth (Fig. 2). How
much of the Yangtze sediment actually reaches the East
China Sea is uncertain.

Some attempts have already been carried out to
calculate how much is deposited in the Yangtze delta
and adjacent estuaries, how much in the adjacent
subaqueous delta, and how much has been transported
farther south. For instance, Chen et al. (1988) estimated
that about 50% of the suspended materials settle in the
lower 600 km of the river and in its estuary, the rest
being dispersed into the East China Sea. Detailed
calculations made by Shen (2001) indicate 31% of the
modern Yangtze-derived sediment accumulates in the
estuary, 40% is deposited at the Hangzhou Bay and the



Fig. 9. Seismic profile 6 show TS, MFS and HST.Location of profile and cores is shown in Fig. 3.
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surrounding areas, and only 11% is transported farther
southward along the Zhejiang–Fujian coastal zone.
Extensive cores collected in the deltaic plain and
offshore suggest that the Yangtze River has delivered
1.18–3.54×108 t sediment to the ocean annually since
the Last Glacial Maximum (Li et al., 2003).

The data presented in this paper allow us to map
the distribution and thickness of the Yangtze-derived
mud in the inner shelf of the East China Sea more
quanttatively (Fig. 12). And based on these results, we
can discuss the significant role of the postglacial sea-
Fig. 10. Seismic profile 7 in coastal waters, showing TS and HST, but n
level rise, the mechanism for trapping the mud in
coastal waters, and other possible (local) sources of
sediment.

5.1. Postglacial sea-level rise and the transgressive
surface

Most modern deltas began to form as the postglacial
sea-level rise decelerated in the mid-Holocene (Stanley
and Warne, 1994). Many modern subaqueous clino-
forms overlie a transgressive layer −60 m below the
o TST and MFS. Location of profile and cores is shown in Fig. 3.

jpliu
Pencil



Fig. 11. Seismic profile 8 located in northwest Taiwan Strait, the southernmost line in our study area, which defines the south boundary of the
Yangtze-derived mud.
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present sea level, regarding for example, the Amazon
(Nittrouer et al., 1996), the Yellow (Liu et al., 2002,
2004), the Ganges–Brahmaputra (Kuehl et al., 1997;
Fig. 12. Isopach map of the Yangtze-derived sediment deposited over the last
by Chen and Stanley (1993), Li et al. (2000, 2001, 2002, 2003). Area 2 is d
southernmost boundary is determined partly on cores collected from the Tai
Goodbred and Kuehl, 2000), the Yangtze (Chen et al.,
2000), the Ebro (Diaz et al., 1996) and the Indus (Prins
and Postma, 2000).
7000 yrs. Area 1 is based largely on many cores collected and analyzed
elineated primarily from the seismic data presented in this paper. The
wan Strait (Lan et al., 1993).



Fig. 13. Postglacial rapid sea-level rise of MWP-1A and 1B (after Liu and Milliman, 2004).
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The postglacial sea-level rise provides a large accom-
modation space for river-derived sediment to fill (Christie-
Blick and Driscoll, 1995; Driscoll and Karner, 1999).
Most of our seismic profiles show that a prominent
transgressive surface (TS) beneath the clinoform deposits
ranging from 90 to 50 m below sea level. For instance, the
TS depth in profile 1 is−58m,whereas in profiles 2, 3 and
7 it is−50m and−70m in profiles 4, 5 and 8, and−90 nm
in profile 6. The TS suggests rapid sea-level rise, which
flooded previous deposits, truncated the channel-filled
strata, and left an unconformity (and therefore a prominent
acoustic reflector), and furthermore created the accom-
modation space for the later sediment accumulation.

The local relative sea-level history becomes a key to
understand this transgression and subsequent HST de-
posits. Recent efforts have been made to constrain the
timing and depth range of the western Pacific postglacial
sea-level history using the extensive sea-level indicators
collected from the Sunda, East China Sea and Yellow Sea
shelves (Hanebuth et al., 2000; Liu and Milliman, 2004).
The revised sea-level curve (Fig. 13) shows a rapid sea-
level rise from −96 m to −80 m during Meltwater Pulse-
1A (MWP-1A) during the period 14.3 ka −14.1 ka BP.
The next rapid sea-level rise from −60 m to −40 m
(MWP-1B) occurred between 11.5 k and 11.2 kaBP in the
East China Sea and Yellow Sea (Liu andMilliman, 2004).
In the 2500-year interval between MWP-1A and 1B, sea
level rose slowly from −80 m to −60 m, and may have
even retreated slightly during the Younger Dryas (YD)
cooling event around 12 ka BP.

From the seismic records and sea-level history, the
deeper TS at −70 to −90 m (profiles 4, 5, 6, 8) are
apparently associated with the rapid MWP-1A event and
subsequent slow rise. The shallower TS from −58 m to
−50 m (line 1, 2, 3, 7) may be related to MWP-1B. Thus,
in our study area, the inner shelf of East China Sea has
experienced at least two rapid sea-level rises (MWP-1A
and 1B), punctuated by a long-term stillstand.

The most intriguing observation is that a thin TST
deposit is seen only in those profiles with the deeper TS,
for example, profiles 4, 5, 6 and 8, where the TS depth is
deeper than −70 m (after the MWP-1A transgression).
For those profiles with shallower TS, i.e. profiles 1, 2, 3
and 7, there is no TST. In other words, there no TST
apparently developed after the MWP-1B transgression.
Generally speaking, as the rate of relative sea-level rise
increases, distal parts of the shelf become sediment-
starved because the locus of sedimentationmoves quickly
landward. The existence of the TST in the deeper basin
might be related to two things: 1) During the slow rise of
sea-level between MWP-1A and 1B, the East China Sea
shelf may have received mud input, as suggested by the
transparent nature of the TST. Previous studies have
shown that the palaeo-Yangtze River probably discharged
into the East China Sea to the east of the Hangzhou bay
(30° N, 123° E) when sea level was at∼60m (Chen et al.,
1986; Li and Wang, 1998; Li et al., 2000) (Fig. 14a). If
correct, the Yangtze sediment load at that time must have
been lower than that at present sincewe see no evidence of
wide-spread early-Holocene deltaic deposits in the mid-
East China Sea shelf (Liu, 1997; Berne et al., 2002); 2)
The slow sea-level rise after MWP-1A (or possible falling
during YD) might also help accumulate a thin retro-
grading/aggradational parasequence.



Fig. 14. Evolution of the Yangtze River and its sediment dispersal in the Yellow Sea and East China Sea in the last 14 k yrs. The shading parts
represent the Yangtze-derived mud deposits on the shelf.
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In contrast, there is no TST deposit afterMWP-1B sea-
level rise from −60 to −40 m. As the rate of relative sea-
level rise increased, the sediment starvation moved to
landward position, and the entire inner shelf of the East
China Sea may have been sediment-starved. With the
rapid sea-level rise, in the early Holocene, the palaeo-
Yangtze had reportedly shifted into the south Yellow Sea
(Fig. 14b) (Huang and Shen, 1987; Li et al., 2000, 2001,
2002). Due to the presence of the prominent Yangtze
Shoal extending eastward from themodernYangtze River
mouth, the Yangtze-derived sediment might not have
been able to be transported to the south betweenMWP-1B
and the middle Holocene sea-level highstand (Zhao,
1984; Xia and Liu, 2001). Combined with the rapid
increase in accommodation space the Yangtze River's
early-to-middle Holocene deltaic deposits apparently
were concentrated inland, west and north of the present
Yangtze river mouth (Li et al., 2000, 2001), not along the
south East China Sea shelf.
As sea-level rise continued, the Yangtze River ret-
reated further westward from the Yellow Sea to the
Jiangsu coast, north of the modern river mouth. When the
sea level reached its maximum at the middle Holocene
high stand at 7500–7000 yrs, a huge estuary was formed
(Fig. 14c) in the present Yangtze delta area (Chen et al.,
1988; Li et al., 2002). Afterwards delta progradation
occurred from about 6000 to 7000 yrs BP, with an average
annual progradation rate of the delta front of about 50 m,
over the last 5000 yrs (Hori et al., 2001, 2002). This is also
the time period when the clinoform mud wedge began to
deposit in the inner shelf of the East China Sea (Fig. 14c).

The progradation rate of the Yangtze delta, however,
increased abruptly at ca. 2000 yrs BP, going from 38 to
80 m/yr (Hori et al., 2001). The possible causes for this
active progradation could have been an increase in sedi-
ment production in the drainage basin due to widespread
human interference and/or decrease in deposition in the
middle reaches related to the channel stability caused by
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human activity and climatic cooling after the mid-
Holocene (Saito et al., 2001; Hori et al., 2001, 2002;
Xiao et al., 2004), or related to themiddle to lateHolocene
sea level fall and then regressive processes (Li et al., 2002,
2003). This shift can be seen in most of our profiles and
core stratigraphies. The sequence and inner structure of
theHST in the Zhejiang–Fujianmudwedge are consistent
with the observation in the Yangtze delta plain by seismic
profiling and coring (Wang et al., 2007-this volume).

5.2. Alongshore dispersal of Yangtze sediment

Historically, the Yangtze-derived sediment began to
be transported southward after the middle Holocene sea-
level highstand, around 7 ka BP. In addition to sea-level
rise and delta formation, the other driving force was the
China Coastal Currents system. With the postglacial
sea-level rise and global warming, the main flow of the
Kuroshio Current began to re-enter the Okinawa Trough
at 7.3 ka BP (Jian et al., 2000). In response, the YSWC
and Chinese coastal currents (JCC and ZFCC) began to
flow out of the East China Sea, thereby playing a critical
role transporting the Yangtze-derived sediment to the
south. This matches well of the 14C dating (∼7 ka BP)
in the bottom of the HST (Figs. 6B, 7B, 8).

Suspended matter, temperature and salinity surveys
conducted in the northwestern East China Sea show that
near-bottom concentrations of suspended matter are much
higher during the winter than the summer, due in large part
to winter storms and the well-mixed water column
(Milliman et al., 1985, 1989; Yang et al., 1992; Guo
et al., 2002, 2003). Actually, the isopach map shows most
of theYangtze-derived sediment accumulateswest of 123°
Fig. 15. Sedimentary and oceanographic processes affecting the
sediment dispersal at both across-and along shelf directions, and the
formation of the clinoform.
E (Fig. 12). Hu (1984) suggested that sediment distribu-
tion is associated with the coastal upwelling system. In
winter, monsoon-driven coastal currents flow southward
and cause downwelling in nearshore, while the northward
Taiwan Warm Current causes upwelling. With the two
vertical circulation cells (downwelling near the coast and
upwelling offshore) fine sediment transport is constrained
under the upwelling (compare Figs. 12 and 15).

5.3. Other sediment sources — local small rivers

Like in other large coastal mud wedges derived exten-
sively from a single sediment source, e.g., the Amazon
(Allison et al., 2000), Po (Cattaneo et al., 2003), andYellow
(Liu et al., 2004) rivers, smaller coastal rivers may have
local or even regional importance. Along the Zhejiang and
Fujian Provinces, there are three small mountainous rivers,
Qiantang, Ou, andMin rivers. Together, they could deliver
an average∼18×106 t sediment annually to the coast (Qin
et al., 1987; Zhu, 1993), only ∼4% of the present
Yangtze's annual sediment load. Another possible source
is the hyperpycnal flows from Taiwan rivers as indicated
by recent study by Milliman and Kao (2005). To define
the quantitative importance of these rivers, however, will
require further research, involving both geochemical
tracers (to determine provenance) and physical oceano-
graphic data (to determine transport mechanisms).

6. Conclusions

The extensive alongshore mud wedge, extending
down to Taiwan Strait, represents the southward transport
of Yangtze-derived sediment during the middle to late-
Holocene HST by the Zhejiang–Fujian Coastal Current.
This Holocene mud wedge directly overlie a thin and flat
layer separated with a regional downlap surface that
marks a maximum landward shift of the shoreline at the
end of the rapid rises of post-glacial sea level, MWP-1A
and 1B. Above this unit, there is an extensive clinoform
deposit, with a depocenter (∼40m thick) located between
the 20–30 m isobaths in the north, progressively thinning
offshore, and diminishing at water depths from 60 to 70m
and to the south.

Total sediment volume of the clinoform in the
Zhejiang–Fujian mud wedge is estimated to be about
4.5×1011 m3, which represents about 32% the total
Yangtze-derived mud to the sea; the rest is believed to
have been trapped in the Yangtze estuary and deltaic
system. AMS 14C dates suggest that most of this mud
has been transported southward in the past 7000 yrs BP
by the newly formed Chinese Coastal Current after sea
level reached its mid-Holocene highstand. This would

http://dx.doi.org/10.1016/j.geomorph.2006.03.022
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equate to an annual sediment load of 2.4×108 t, which is
about half the current annual Yangtze sediment
discharge. The increased sediment discharge and the
seaward progradation rate in the last 2000 yrs reflect the
stabilization of the recent sea level and the forcing from
climatic and anthropogenic changes.

The southward elongation of the shore-parallel mud
wedge has been facilitated by the downwelling ZFCC
and upwelling Taiwan Warm Current in the middle
shelf, which also have helped block the escape of any
Yangtze-derived sediment to the Okinawa Trough.
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