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A B S T R A C T

How the Yangtze delta responds to riverine sediment decline has become a hot research topic and an urgent issue
to be addressed, especially after the impoundment of the Three Gorges Dam in 2003. This study investigated
sedimentary features through the sediment granularity of surficial samples and short cores over the entire
Yangtze subaqueous delta, aiming to better understand the spatial response of the subaqueous delta to sediment
supply decline and local hydrodynamic adjustment of the estuary. The results show that four sedimentary zones
of estuarine sand bar (Zone I), prodelta (Zone II), delta-shelf transition zone (Zone III) and residual sand (Zone
IV) are distributed from the estuary to the shelf, characterised by first fining from zone I to zone II, and then
coarsening from zone II to zone IV on grain size of surficial sediments. In the past few hundred years, the
subaqueous delta has been generally prograded seaward following this sedimentary system spatially, manifested
by generally fining upwards in the cores of the main subaqueous delta. However, sediment coarsening occurs on
the top of the cores in the delta-shelf transition zone (Zone III), implying a recent retrogradation process. Based
on the results of 210Pb and 137Cs, the sedimentary transition from progradation to retrogradation occurred since
1950s and was intensified after 1980s in the north part of Zone III, mainly caused by channel shrinking of the
North Branch and riverine sediment decline. Comparatively, such a sedimentary transition is not significant in
the south part of Zone III. But it is worth noting that surficial coarsening in the core (of the south part of Zone III)
is probably related to drastic sediment decline since 2003 when the Three-Gorges Dam closed, which means that
the Yangtze subaqueous delta has probably been in a full sedimentary transition. The sedimentary transition of
the north subaqueous delta can provide an insightful reference for the sedimentary response of the Yangtze delta
to further decline of sediment supply in the future.

1. Introduction

Since the global sea level stabilized at 7000 years BP., large river
deltas have begun to develop and prograde continuously to the sea
(Stanley and Warne, 1994; Chen et al., 2000). The accumulated deltas
provided superior geographical conditions for the prosperity of the
Neolithic civilization (Chen et al., 2005; Zong et al., 2007; Carozza
et al., 2012). Since then, these deltas have been densely populated and
economically developed all over the world. However, intensive human
activities, such as dam construction in these basins, have caused a sharp
decline of riverine sediment supply globally in the past century
(Syvitski et al., 2009; Giosan et al., 2014). Many mega-deltas are in
overall erosion or facing the risk of erosion, such as those of the Nile,
Mississippi, and Yellow Rivers (Chu et al., 2006; Blum and Roberts,
2009; Besset et al., 2019; Maloney et al., 2019; Nienhuis et al., 2020).

The Yangtze delta has been also listed as a high-risk region without
exception (Wang et al., 2018; Besset et al., 2019).

The Yangtze River has three main hydrological stations with con-
tinuous flux records of water and sediment during the past century,
which provides the possibility for researching basin-scale hydrological
response and further delta-scale geomorphological response to climate
change and human activities (Yang et al., 2011; Chen et al., 2014). It is
an indisputable fact that sediment loads have continuously declined
due to the increasing reservoir capacity of the Yangtze basin since
1950s (Yang et al., 2011, 2014). How the Yangtze delta responds to
riverine sediment decline has become a hot topic and an urgent issue to
be answered. Many recent studies have found that estuarine sand bars
and tidal flats are still in accretion, and erosion seems to occur only at
the outer part of the subaqueous delta, despite of decreasing sediment
supply from the Yangtze River (Yang et al., 2011; Dai et al., 2014). Luo
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et al. (2012, 2017) also found that surficial sediment was coarsening
between the Yangtze estuary and shelf due to the recent decline of
sediment supply, through comparing sediment granularity collected in
the two surveys separated by 30 years. The knowledge obtained from
these studies is based on direct comparisons of surficial sediments or
bathymetry from sea charts among multiple years, lacking continuous
sedimentary records. Besides, the study areas in the most studies do not
cover the entire subaqueous delta, which might limit the perception of
delta response to basin-scale activities. For example, recent studies have
shown that estuarine activities such as large channel projects might
have a greater impact on local geomorphological change than basin-
scale activities (Dai et al., 2016; Zhang et al., 2019). Therefore, only
when the samples cover the entire subaqueous delta spatially and are
continuous temporally, can the delta response to basin-scale activities
be viewed objectively.

This study aims to evaluate deltaic sedimentary changes during the
past few centuries, through the sediment granularity of surficial sam-
ples and short cores throughout the Yangtze subaqueous delta. This can
help in better understanding the spatial response of the subaqueous
delta to the decline of riverine sediment supply.

2. Materials and methods

Totally 1076 surficial samples and 42 cores were taken throughout
the Yangtze subaqueous delta in 2012. In addition, 23 surficial samples
and one core (YZE) were collected from Luo et al. (2012) and Chen
et al. (2014) respectively for the purpose of this study. Detailed in-
formation is shown in Fig. 1 and Table 1.

The radiocarbon ages (AMS14C) of 6 shell samples from the 5 cores
were measured by Beta Analytic using accelerator mass spectrometry
(Table 2). All the AMS14C ages were calibrated using the Calib 7.1
program (Stuiver et al., 2015). In which, the ΔR value (135 ± 42) was
adopted for the Marine13 calibration curve reported by Yoneda et al.
(2007). The calibrated ages at 1σ with probabilities > 0.8 were
adopted in this study.

1075 samples were taken at 2–4 cm intervals from the 14 cores for
measurements of 210Pb and 137Cs (Fig. 1; Table 1). All samples were
analyzed by the Nanjing Institute of Geography and Limnology, Chinese

Academy of Sciences. 10 g sediments of each sample were dried for the
planer detector, in which 5 g were ground, homogenized, and stored in
the sealed plastic vessels for the well detector. These samples were left
for at least 2 weeks to establish a radioactive equilibrium between 226Ra
and 222Rn. Then specific gamma rays of 210Pb (46.5 keV) and 214Pb
(351.9 keV) were measured using a model GWL-120-15 well germa-
nium detector and model jr2.0 multiple channel analyser. Excess 210Pb
activities were calculated by subtracting 214Pb activities on the as-
sumption that the supported 210Pb from 226Ra is equal to 214Pb. The
average sedimentation rate of the core was calculated from the slope of
the logarithm regression line of excess 210Pb against depth and radio-
active decay constant (0.03114 yr−1) according to the Constant Initial
Concentration (CIC) model. 137Cs was measured by gamma rays spec-
trometry based on photon energies at 661.62 keV and its initial emer-
gence upwards in the core was believed as the time of 1950s(Huh and
Su, 1999).

A total of 2106 samples were taken at 2–6 cm intervals from the 42
cores (Table 1). All these samples and 1076 surficial samples were
analyzed for grain size in the State Key Laboratory of Estuarine and
Coastal Research, using a Beckman Coulter Laser Diffraction Particle
Size Analyzer (LS13320). Furthermore, we collected grain size data of
23 surficial samples in the Yangtze subaqueous delta and its adjacent
shelf from Luo et al. (2012) and 106 samples of YZE core from Chen
et al. (2014).

Eight Sea charts from 1864 to 2013 were also collected to help
understand the geomorphological change of the Yangtze estuary
through the Digital Elevation Model (DEM). Among them, the sea
charts at the years of 1864, 1879, 1932, 1958, 1979 are 1:100, 000, and
those of 1993, 2002, and 2013 are 1:50, 000. The sea charts at the years
of 1864 and 1879 were surveyed during 1842–1961 and 1879–1880
respectively by British Admiralty. The others were all surveyed by re-
lated navy department of China, in which the years of 1979, 1993, 2002
and 2013 were surveyed during 1976–1978, 1990–1993, 2000–2001
and 2010–2013 respectively and the years of 1926 and 1958 were the
surveys of their own year. The water depth data derived from all the sea
charts were corrected based on the unified theoretical depth benchmark
in the Yangtze estuary.

Fig. 1. Location of surficial sediment samples and cores in the Yangtze subaqueous delta. Labels of Pb or C next to the core represent the cores dated by 210Pb and
137Cs or AMS 14C respectively.
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3. Results

3.1. Spatial distribution of grain size in the surficial sediments of the
Yangtze subaqueous delta

The median grain size (D50) of the Yangtze subaqueous delta shows
a general trend of coarse-fine-coarse from the estuary to the shelf
(Fig. 2).

In terms of silt content (30% and 60%), it can be divided into four
depositional zones (I–IV; Fig. 2). Coarse particles (silt of< 30% and
sand of> 60%) are deposited near the river mouth, forming the es-
tuarine sand bar (Zone I; Fig. 2). Finer particles (silt of> 60%) are
trapped offshore, forming the muddy prodelta (Zone II; Fig. 2). Both
zones are characteristic of a unimodal distribution on the grain size
frequency curve (coarse peak of Zone I and fine peak of Zone II; Fig. 2).
Toward the shelf, the sediment becomes coarse again, forming a delta-
shelf transitional zone with silt of 30–60% (Zone III; Fig. 2). The mode
of the grain size frequency curve changes to a typically bimodal dis-
tribution (Zone III; Fig. 2). The shelf area is mainly occupied by sand
(sand of> 60%) with a coarse unimodal distribution on the frequency
curve (Zone IV; Fig. 2).

3.2. Sediment grain size of the Yangtze subaqueous cores

The grain size of 11 typical cores is shown in Fig. 3, spatially cov-
ering each depositional zone of the Yangtze subaqueous delta (I–IV;
Fig. 2).

3.2.1. Sediment grain size of the cores in Zone I
Core CDZS1 is located in the north part of Zone I and is a typical

core of the estuarine sand bar in the Yangtze subaqueous delta (Fig. 2).
The core can be divided into two layers at a core depth of 2.3 m in terms
of grain size parameters (Fig. 3). The upper layer (0–2.3m) is much
coarser than the lower layer (2.3–3.3 m), having a median grain size
(D50) of 36.7–155.2 μm and 11.3–66.6 μm, respectively (Fig. 3). Sand
dominates the upper layer, accounting for 31.4–91.6%, while silt
(43.4–75%) is the main component in the lower layer (Fig. 3).

3.2.2. Sediment grain size of the cores in Zone II
CDZS2, CDZS20, and CDZS38 are located in Zone II, in which

CDZS2 is in the north part and the others in the south part, the depo-
center of the subaqueous delta also called “mud region” (Fig. 2).

The cores of this zone are generally fine with a D50 range of
4.5–85 μm and silt content reaches 50–80% (Fig. 3). Especially the two
cores of the depocenter (CDZS20 and CDZS38) are much finer and have
little change on grain size throughout the core (Fig. 3). By contrast, the

Table 1
Core location and sampling for analysis in the Yangtze subaqueous delta.

Core ID Latitude N Latitude E Core depth (m) Water depth (m) 210Pb and 137Cs Grain size AMS 14C Source

CDZS1 31.69 122.08 3.4 −6.19 50 This study
CDZS2 31.69 122.25 3.4 −16.75 100 178 2
CDZS3 31.69 122.42 2.1 −23.92 52 78
CDZS4 31.69 122.59 2.5 −34.6 23
CDZS5 31.69 122.76 1.7 −36.8 7
CDZS6 31.69 122.93 1.9 −37.4 7
CDZS7 31.55 122.59 1.5 −29.7 15 1
CDZS8 31.55 122.76 2.75 −32.8 10
CDZS9 31.55 122.93 2 −35 7
CDZS10 31.40 122.59 3 −36.8 67 49 2
CDZS11 31.41 122.76 3 −45.5 9
CDZS12 31.41 122.93 1.65 −35.4 6
CDZS13 31.26 122.59 3.1 −29.5 9
CDZS14 31.26 122.76 3.15 −46.4 9
CDZS15 31.26 122.93 2.25 −65.5 8 1
CDZS16 31.12 122.59 3.35 −20.7 72 54 1
CDZS17 31.12 122.76 3.25 −35.7 9 1
CDZS18 31.12 122.93 3 −57 11
CDZS19 30.97 122.59 3.35 −19.5 12
CDZS20 30.97 122.76 3 −25 66 50 2
CDZS21 30.97 122.93 3.1 −42 11
CDZS22 30.83 122.59 3.1 −9 32
CDZS23 30.83 122.76 3.05 −27.5 68 51 4
CDZS24 30.83 122.93 3.15 −39.5 11
CDZS25 30.68 122.59 3.05 −17.6 31
CDZS26 30.68 122.76 3.1 −56 32
CDZS27 30.68 122.93 3.1 −42 32
CDZS28 30.60 121.34 3.3 −9.9 100 170
CDZS29 30.60 121.51 3.15 −9 32
CDZS30 30.61 121.68 3.1 −8.1 31
CDZS31 30.61 121.84 3.2 −8.6 100 160
CDZS32 30.62 122.01 3.05 −8.47 31
CDZS33 30.61 122.18 3.12 −10.4 32
CDZS34 30.61 122.34 1.7 −14.8 18
CDZS35 30.61 122.51 3.15 −22.5 100 165 2
CDZS36 30.61 122.68 3.3 −29 34
CDZS37 30.61 122.84 3.1 −35 32
CDZS38 30.94 122.71 3.4 −19.9 100 170
CDZS39 31.36 122.69 3.1 −47 100 155 2
CDZS40 30.59 122.95 3.05 −49 100 152 1
QHCS1 31.59 122.12 4 −5.50 30 45
QHYS2 31.22 122.43 4 −10.50 20 78
YZE 31.33 122.50 2.3 −26.40 48 106 Chen et al. (2014)
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core of the north delta (CDZS2) has a coarsening trend on the top layer
(0–0.5 m), with increasing sand content to 30–70% (Fig. 3).

3.2.3. Sediment grain size of the cores in Zone III
CDZS3, YZE, CDZS39, CDZS10, CDZS27, and CDZS40 are all located

in Zone III, in which CDZS3, YZE, CDZS39, and CDZS10 are in the north
subaqueous delta and the others are in the south part (Fig. 2). All the
cores of this zone have significant changes on grain size throughout the
core.

Among the cores of the north subaqueous delta, YZE, CDZS39, and
CDZS10 have similar changes throughout the core on grain size (Fig. 3).
All these cores show a trend of coarsening on the top layer (0–1m in
YZE; 0–0.7 m in CDZS39; 0–0.7m in CDZS10), with significantly in-
creasing sand content (Fig. 3). Although silt (20–80%) is dominant in
the three cores, CDZS10 is relatively coarser than the other two cores.
While, CDZS3 has a coarse-fine-coarse trend upwards in the core. The
upper layer (0–1m) is much finer than the lower layer (1–2.1m) and
silt and sand are the dominant components of the two layers respec-
tively (Fig. 3). Of note, the top 0.3m of the core seems to be coarsening
in the upper layer (Fig. 3).

The cores of the south part (CDZS27 and CDZS40) have similar
trends of fining upwards in the core (Fig. 3). The upper cores (0–1.7m
in CDZS27; 0–1.9m in CDZS40) are mainly composed of silt (50–80%),
while sand can reach to ~60% in the lower cores. Of note, coarsening
occurs on the top 0.2 m of CDZS40 with sand increasing to 30%.
However, such a record is missing in CDZS27 due to low sampling re-
solution on grain size (Fig. 3).

3.2.4. Sediment grain size of the cores in Zone IV
CDZS4 in the north delta is a typical core of Zone IV (Fig. 2). The

core is mainly composed of sand (57.5–95.3%). The grain size changes
little throughout the core, with a narrow Md range of 121–176 μm
(Fig. 3).

3.3. Chronology based on 210Pb, 137Cs and AMS14C of the Yangtze
subaqueous cores

Although 210Pb and 137Cs of 15 cores were tested in the Yangtze
subaqueous delta, the results of most cores were not ideal. This may be
related to the complex sedimentary environment of large river estuary,
receiving 210Pb and 137Cs not only from the atmosphere but also from
the river and sea (Wei et al., 2007; Zhang et al., 2008a; Xie et al.,
2012).210Pb and 137Cs results of three cores are shown here to help
determine the approximate sedimentation rate in this region (Fig. 4).

210Pbex activities are all below 300 Bq kg−1 in the three cores and
generally decrease exponentially with the core depth (R2 > 0.6). Based
on the CIC model, the average sedimentation rates of the three cores
can be estimated as 3.28, 3.69, and 2.63 cm/yr, respectively (Fig. 4). Of
note, sediment mixing occurs on the top of the three cores (Fig. 4).

137Cs activities are generally lower than 8 Bq kg−1 in YZE, CDZS10
and CDZS2 (Fig. 4). The first detectable 137Cs activity occurs at the core
depth of 104 cm, 224 cm, and 202 cm in the three core respectively,
indicating the first atmospheric deposition of radionuclide in 1950s
(Huh and Su, 1999). The corresponding sedimentation rates of the
upper layer since the 1950s are 1.85, 3.73, and 3.37 cm/yr in the three
cores, respectively (Fig. 4). Comparing the sedimentation rates derived
from 210Pbex, it is significantly lower in core YZE and slightly higher in
core CDZS20 (Fig. 4).

The AMS 14C ages of the cores are older comparing to those derived
from 210Pb and 137Cs in CDZS10, possibly because shell fragments used
for measurement might be transported from the shelf (Fig. 4; Table 2).
The ages of CDZS17, CDZS20 and CDZS23 are not much different from
those of 210Pb and 137Cs, if considering the age error by AMS 14C.
Hence, these cores prefer chronology of 210Pb and 137Cs in this study.
The age of 6995 cal. yr BP. at 0.45m of CDZS7 suggests no modern
deposition in the shelf area (Table 2).Ta
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3.4. Geomorphological change of the Yangtze estuary in the past 150 years

The DEMs based on sea charts show the progradation of the delta
plain and southward migration of the main channel of the Yangtze
estuary from 1864 to 2013 (Fig. 5). The North Branch was silted rapidly
during the period of 1864–1958, manifested by merging estuarine sand
bars northward to the shore (A-D; Fig. 5). Meanwhile, a series of es-
tuarine sand bars began to form in the South Branch, such as

Changxing, Hengsha, and Jiuduansha islands (A-D; Fig. 5). Since 1958,
the upper reach of the North Branch has been severely blocked and the
sand bars and tidal flats of the South Branch began to accumulate (E-H;
Fig. 5).

The area and capacity of branch channels also indicates shrinking of
the North Branch quantitatively (I and J; Fig. 5). Over the past
150 years, the South Branch has decreased by 20% and 10% in the
channel area and capacity, of which the capacity has changed very little

Fig. 2. Sediment composition in the surficial sediments of the Yangtze subaqueous delta. The left column shows median grain size (D50), percent clay, percent silt
and percent sand downwards. The right column shows the frequency curves of grain size for each of the respective depositional zones. I, II, III and IV denote
sedimentary zones according to the silt percent. I-estuarine sand bar, II-prodelta, III-delta-shelf transition zone, IV-residual sand.
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Fig. 3. Grain size of the typical cores in the Yangtze subaqueous delta. The core locations are marked in the profiles of A-C in Fig. 2. The black horizontal line in the
core shows the depth of grain size change.
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since 1879. Comparatively, the area and capacity of the North Branch
have dropped by 70% and 80%, most of which occurred during the
period of 1864–1958. Since 1958, the capacity of North Branch has
been generally below 25% of the South Branch, indicating a weak ca-
pacity for water and sediment to pass through.

4. Discussion

4.1. Surficial sedimentary regime in the Yangtze subaqueous delta

Yangtze-derived sediment into the estuary is mainly composed of
silt, thus silt percentage is used for sedimentary zone identification in
this study (Fig. 2; Yang et al., 2003). When the river meets the sea, the
fluvial sediments deposit fining seawards in the estuary due to marine
force jacking. This fining trend is seen from Zone I of the estuarine sand
bar to Zone II of the prodelta (Fig. 2). Unimodal distribution on the
grain size frequency curve in the two zones implies a fluvial-dominated
deposition (Fig. 2). However, the sediment then becomes coarse toward
the continental shelf from Zone III to Zone IV (Fig. 2). The frequency

curve of the coarse unimodal in Zone IV implies the total control of
marine force. The deposits here are also called “residual sand”, which
was formed during the low sea-level period pre-Holocene and reformed
by marine force thereafter (Emery, 1968; Shen, 1985). Zone III, located
between the estuary and shelf, is under the dual influences of fluvial
and marine force shown by the bimodal frequency curve of grain size
(Fig. 2).

It can be seen that the sediment is fining and then coarsening from
the estuary to the shelf, revealing the weakened influence of fluvial
force and strengthened influence of marine force (Qin et al., 1987; Luo
et al., 2012). The delta-shelf transition zone (Zone III) is the boundary
affected by fluvial force and it is very sensitive once the hydrodynamic
balance is broken between fluvial and marine force.

4.2. Grain size proxy sensitive to hydrodynamic change in the Yangtze
subaqueous delta

Sediment grain size is closely related to hydraulic sorting as well as
sediment source, especially in the river estuary. In other words, the

Fig. 4. 210Pbex and 137Cs activities of the Yangtze subaqueous cores. Core YZE is from Chen et al. (2014). CDZS10 and CDZS23 are referred to Zhan et al. (2016). Save
derived from 210Pb means the average sedimentation rate of the whole core and S1950 from 137Cs means the sedimentation rate of the upper core since 1950s.
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grain size of the bulk sediment is a comprehensive result overlaid by
various factors. Comparatively, a certain fraction of grain size extracted
using a “standard deviation vs. grain size” method is more sensitive to
the change of some environmental factors (Sun et al., 2003; Xiao et al.,

2006).
This study extracts two fractions of 16–63 μm (Fraction 1)

and > 63 μm (Fraction 2) which are the most sensitive components in
the typical cores of the Yangtze subaqueous delta (Fig. 6a). Fraction 1 is

Fig. 5. DEMs of the Yangtze estuary based on sea charts from 1864 to 2013 (A-H) and channel area (I) and capacity (J) of the South Branch and the North Branch.
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the main component of the prodelta and delta-shelf transition zones
(Zone II and III, Fig. 2) and its variation in the core reflects the change
of balance between fluvial and marine force in the subaqueous delta
(Zhang et al., 2008b; Fan et al., 2011). Fraction 2 is the major com-
ponent of estuarine sand bar and residual sand (Zone I and IV, Fig. 2)
and its variation in the core should be interpreted as the control of
fluvial or marine force depending on the core location (Fig. 2; Zhang
et al., 2007). The percentages of the two fractions are sometimes
complementary to each other upwards in the cores, because they are
relative when calculating (such as CDZS1, CDZS3; Fig. 6A). Compara-
tively, the mean grain size (Mz) of the two fraction is completely un-
related and its variation in the core can better help determine which
fraction is the active factor in the change.

4.3. Sedimentary progradation of the subaqueous delta in the past few
hundred years

In the past few hundred years, the main channel of the Yangtze
estuary has moved southward and the deposition center occurred in the
south subaqueous delta (Fig. 5; Wei et al., 2007; Wang et al., 2013).
Limited to the core length of this study, the delta progradation process
should be revealed more easily in the north region, which is well re-
corded by the grain size proxy of profiles CDZS1–4 outside the North

Branch (Fig. 6A).
The mean grain size (Mz) of Fraction 2 (> 63 μm) changes posi-

tively with its percentage throughout core CDZS1, indicating that this
fraction controls the change of grain size in the core and can be re-
garded as a hydrodynamic proxy (Fig. 6A). Coarsening dramatically
above the core depth of 2.5 m on Mz of Fraction 2 possibly reflects the
controlling of fluvial force here, considering the core location. In ad-
dition, the grain size frequency curve also changes from fine unimodal
to coarse unimodal upwards in the core correspondingly, which are
similar to prodelta (Zone II) and estuarine sand bar (Zone I) in the
surficial sedimentary regime, respectively (Figs. 2 and 6A). All these
features indicate that sedimentary environment in the region of CDZS1
changes from prodelta to estuarine sand bar. Similarly, coarsening on
the top of CDZS2 reflected by Mz of Fraction 1 indicates enhanced
fluvial force and here is experiencing a transition from prodelta to es-
tuarine sand bar (Fig. 6A). It is speculated that the time for such an
environment change may begin since 1800–1900, according to the se-
dimentation rates derived from nearby cores (~1 cm/yr, Wang et al.,
2013) and rapid accumulation seaward of the North Branch during
1864–1958 (Fig. 5). Meantime, sedimentary environment changes from
residual sand (Zone IV) and delta-shelf transition zone (Zone III) to
prodelta (Zone II) successively at the location of core CDZS3(Fig. 6A).
This is supported by the frequency curves from coarse unimodal,

Fig. 6. Percentage and mean grain size (Mz) of the sensitive fractions and typical frequency curves in the Yangtze subaqueous cores. Sensitive fraction determination
of typical cores refers to the inset figure a. Profiles of A-C see Fig. 2. Sedimentary zones of I-IV in the cores are identified based on the analogue of grain size
parameters with the surficial sediment in Fig. 2. Sediment flux and runoff of the Yangtze River during 1955–2017 are shown in the inset figure b and sourced from the
Changjiang Water Resources Commission and the Data-sharing Network of China Hydrology (http://www.hydrodata.gov.cn).
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bimodal to fine unimodal upwards in the core, resembling those of Zone
IV, Zone III, and II in the surficial sediments, respectively (Figs. 2, 6A).
In addition, fining Mz of Fraction 1 upwards in the core also indicates
weakening marine force here(Fig. 6A). During the same period, the
location of CDZS4 are still occupied by residual sand (Zone IV; Fig. 6A).
Overall, the profile of CDZS1–4 reveals that the north subaqueous delta
has prograded rapidly to the sea during the past few hundred years, and
the prodelta has once expanded to the location of CDZS3 where it
currently belongs to the delta-shelf transition zone (Figs. 2, 6A). This
may be benefited from the relatively large amounts of water and se-
diment flowing through the North Branch into the sea before the 1950s
(Fig. 5; Shen, 2001; Shen et al., 2003).

In addition, a similar process of progradation is also recorded by
CDZS40 in the south subaqueous delta, with a sedimentary change from
residual sand to prodelta upwards in the core (Fig. 6C). Although the
timing of this change cannot be determined, it certainly corresponds to
the increasing water and sediment flux through the South Branch since
1800–1900 (Shen, 2001; Shen et al., 2003; Fig. 5).

4.4. Sedimentary transition of the Yangtze subaqueous delta since 1950s

The cores in the delta-shelf transition zone (Zone III) show a coar-
sening trend on grain size within the top 1m generally (Figs. 3 and 6).
In which, Fraction 1 (16–63 μm) is the sensitive grain size to hydro-
dynamic change in the cores of CDZS3, YZE, CDZS39, and CDZS40

(Fig. 6A, B and C). The increasing Mz of Fraction 1 on the top of these
cores is indicative of relatively enhancing marine force. Meantime, the
bimodal frequency curves resembling Zone III dominate the top of the
cores, which are different from the unimodal frequency curves below.
All these features suggest that the region has changed from prodelta
(Zone II) to delta-shelf transition zone (Zone III, Figs. 2, 6). For core
CDZS10 located near the zone of residual sand, the sensitive grain size
is Fraction 2 (> 63 μm). The increasing Mz on the top 0.7 m of the core
indicates controlling of marine force, which is also support by the old
shell possibly transported from the shelf (dating to 805 cal. yr BP. at the
core depth of 0.4m, Table 2; Fig. 6B). It seems that the sedimentary
environment has been changed from delta-shelf transition zone to re-
sidual sand in terms of the frequency curves (Fig. 6B).

The sedimentary changes on the abovementioned cores reveal that a
sedimentary transition (from progradation to retrogradation) of the
Yangtze subaqueous delta has initialled in the delta-shelf transition
zone (Zone III), especially in the north delta (e.g. profiles A and B,
Fig. 6). The timing of the transition is hard to determine precisely in
each core due to the chronology constrained by complex sedimentary
environment here. Despite this, one thing is certain that the sedimen-
tary transition does not occur simultaneously for all of the cores.
Constrained by 210Pb and 137Cs of YZE and CDZS10, the sedimentary
transition likely occurred in 1950s and 1980s respectively (Figs. 4 and
6B). In the case of CDZS40, located in the south subaqueous delta, se-
dimentary transition may happen more recently due to coarsening only

Fig. 6. (continued)
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on the top 20 cm of the core. The nearby core from Luo et al. (2012)
also showed such a coarsening trend on the top core.

4.5. Sedimentary transition in the north subaqueous delta: an inspiration for
the response of the Yangtze delta to the future decline of sediment supply

We speculate that the sedimentary transition since 1950s in the
abovementioned cores in the north of Zone III is possibly related to
spatial diversion change of water and sediment in the estuary and se-
diment decline from the Yangtze River.

Hankou station located in the middle mainstream recorded the
Yangtze River flow since 1865 and the sediment flux was reconstructed
accordingly (Wang et al., 2008). No significant change in water and
sediment flux is found around 1950s, therefore the fluvial change is not
the reason for the relatively enhancing marine force and recent sedi-
mentary transition in the north subaqueous delta (Fig. 6). Adjustment
of water and sediment diversion in the estuarine branches in the past
few hundred years may be the primary reason. The North and South
Branches are the first-level branch of the Yangtze estuary (Fig. 5). Until
the beginning of the 20th century, the North Branch was the main
channel for the Yangtze sediments flowing into the sea (Shen, 2001;
Shen et al., 2003). Subsequently, the main channel shifted to the South
Branch, but the North Branch still discharged 25% of the Yangtze flow
(Shen, 2001; Shen et al., 2003). By 1950s, the North Branch was
shrinking sharply and discharging less than 5% of the flow, caused by
the severe flood of 1954 and human reclamation in 1958 (Shen, 2001;
Yun, 2010). The DEMs based on sea charts also show that the tidal flats
around the North Branch have hardly increased since 1950s, replaced
by the rapid expansion of those flats near the South Branch (Fig. 5). The
marine power was relatively enhancing in the delta-shelf transition
zone with the shrinking of the North Branch since 1950s, which caused
sediment coarsening in the north subaqueous delta by re-suspending
and transporting fine sediments out (Fig. 6A and B; Shen et al., 1986; Li
et al., 1994). Such a sediment diversion adjustment of estuarine bran-
ches has led to retrogradation of the north subaqueous delta and the
southward migration of the subaqueous depocenter, reflected by the
retreating north prodelta that once expanded to the modern delta-shelf
transition zone (Zone III, Figs. 2, 6A and B).

The Yangtze sediment flux has decreased significantly since 1980s,
causing the retrogradation further intensified that the delta-shelf tran-
sition zone has begun to transform into residual sand zone in the north
subaqueous delta (CDZS10, Fig. 6b and B; Wang et al., 2008; Yang
et al., 2011).

It is worth noting that the surficial coarsening in the south delta-
shelf transition zone is probably related to drastic sediment decline
since the impoundment of the Three Gorges Dam in 2003 (CDZS40,
Fig. 6b and C). This means that the Yangtze subaqueous delta has been
experiencing a full sedimentary transition. However, retrogradation has
not been observed in the cores of the modern depocenter (south pro-
delta), indicating that the riverine sediment decline has not caused
sedimentary transition in this region by far.

In summary, the delta-shelf transition zone is the most sensitive to
sediment supply adjustment from the river basin and estuarine channels
and it is the initial place where sedimentary transition happens once
sediment supply declines. Sedimentary transition of the north subaqu-
eous since 1950s can provide an insightful reference for the sedimen-
tary response of the Yangtze delta to further decline of sediment sup-
plyin the future.

5. Conclusions

From the estuary to the continental shelf, a sedimentary system of
estuarine sand bar, prodelta, delta-shelf transition zone, and residual
sand is distributed in the Yangtze subaqueous delta, manifested by first
fining and then coarsening seawards on the surficial sediments under
the balance of fluvial and marine force. In the past few hundred years,

the subaqueous delta has been generally prograded seaward following
this sedimentary system spatially, manifested by generally fining up-
wards in the cores of the main subaqueous delta. However, sediment
coarsening occurs on the top of the cores in the delta-shelf transition
zone, implying a recent retrogradation process. Constrained by the re-
sults of 210Pb and 137Cs, the sedimentary transition from progradation
to retrogradation occurred since 1950s and was intensified after 1980s
in the north part of the delta-shelf transition zone, mainly caused by
channel shrinking of the North Branch and riverine sediment decline.
Comparatively, such a sedimentary transition is not significant in the
south part of the delta-shelf transition zone. But it is worth noting that
surficial coarsening in the core (of the south part of Zone III) is probably
related to drastic sediment decline since 2003 when the Three-Gorges
Dam closed, which means that the Yangtze subaqueous delta has
probably been in a full sedimentary transition. The sedimentary tran-
sition of the north subaqueous delta can provide an insightful reference
for the sedimentary response of the Yangtze delta to further decline of
sediment supply in the future.
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