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Abstract

Sediment activity

Delta evolution in the context of no sediment discharge has become a global concern, and an accretion-to-erosion
conversion is occurring in the Yangtze estuary. This conversion could threaten Changjiang subaqueous delta devel-
opment. Sediment erodibility is an important indicator of subaqueous delta vulnerability. However, the present and
future erodibility of the Changjiang subaqueous delta remains unclear. In this study, 37 short cores were collected
from the Changjiang subaqueous delta, and the critical shear stress of the sediment was measured using a cohesive
strength meter (CSM) and compared with estimates based on an empirical Shields diagram. The sediment erodibility
was analyzed by comparing the sediment critical shear stress with the bed shear stress simulated using a numerical
model (i.e, FVCOM), and sediment activity was introduced to discuss the geomorphological change in the subaque-
ous delta. The CSM-derived critical shear stress is significantly higher than that derived from the empirical Shields
formula, but it better shows the erodibility of the sediment. The annual surface sediment activity ranges from 5% to
30% based on the CSM, indicating low surface erodibility. Moreover, the critical shear stress in this region increases as
water depth increases, but the bed shear stress shows the opposite trend. Therefore, the erodibility of the Changjiang
subaqueous delta is lower than that of the shallow area, indicating no accretion-erosion conversion or continued
vertical erosion under sediment starvation in the coming decades. These findings can provide suggestions for erosion
assessment and management in large river deltas under decreasing sediment discharge.
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1 Introduction

River deltas, some of the most active areas of deposition
on Earth, are formed by the accumulation of terrestrially
derived sediments (Wright 1977). The evolution of del-
tas has played an important role in the development of
human society and holds both socioeconomic and envi-
ronmental significance because of the dense population
and diverse ecosystems that they host (Syvitski and Saito
2007). However, in recent decades, the development
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of deltas has been threatened by a dramatic decrease
in sediment discharge due to human activities, such as
dam construction, soil and water conservation, and cli-
mate change (Syvitski et al. 2005; Giosan et al. 2014).
Thus, the evolution of subaqueous deltas lacking fluvial
sediment supply has become a global concern (Luo et al.
2017; Yang et al. 2021; Day et al. 2016). The Changji-
ang River, the third-largest river in the world, has faced
a large decline in sediment discharge in recent decades
(Yang et al. 2015), which will cause erosion of the subae-
rial delta, leading to the retreat of the coastline, and may
affect the accretion and erosion processes of the Changji-
ang subaqueous delta (CSD) (Syvitski et al. 2009). Sedi-
ment erodibility is an important indicator of subaqueous
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delta vulnerability; however, the present and future erod-
ibility of the Changjiang subaqueous delta in the context
of a lack of sediment supply is not well understood.

The Changjiang River originates from the Qinghai-Tibet
Plateau and flows 6300km eastward to the East China
Sea, ranking fourth in sediment transport and fifth in
water discharge (Milliman and Farnsworth 2011; Milli-
man et al. 1985), and more than 450 million people live
in the Changjiang River basin (Yang et al. 2015). After the
Three Gorges Dam was established, the sediment dis-
charge in the Changjiang River was reduced by more than
70% (Yang et al. 2015). Will such a massive loss of sediment
discharge lead to the erosion of the CSD, similar to the ero-
sion of the Mississippi and Colorado Rivers, due to reduced
sediment discharge (Maloney et al. 2018; Carriquiry et al.
2001)? Some previous studies have used nautical charts or
performed field bathymetric measurements to establish a
digital elevation model (DEM) using bathymetric data and
found that the Changjiang mouth bar area, which is shal-
lower than 10m isobaths, is experiencing an accretion-
to-erosion conversion (Luan et al. 2021; Li et al. 2015).
However, such studies are limited by the amount of data,
mostly focus on areas shallower than 20m isobaths, and are
limited to studying and analyzing the surface layer. On the
other hand, sediment erosion, transport, and redistribution
are related to the threshold of sediment motion, and the
sediment critical shear stress 7,, is used mostly to quantify
the threshold of sediment motion (Yang et al. 2019). There-
fore, the combined analysis of hydrodynamic and sediment
motion is also a common method to analyze the accretion
and erosion processes. Sediment activity, which is the per-
centage of time when surficial seafloor sediments are in
motion during a given period, is determined by a combi-
nation of sediment properties, critical shear stress 7, and
the hydrodynamic process under which it is located and
can be used to express the accretion and erosion processes
(Gao et al. 2001). Yang et al. (2017) analyzed the relation-
ship between the hydrodynamic process in the CSD and the
critical shear stress of sediment calculated using an empiri-
cal formula and concluded that future vertical erodibility of
the CSD is inevitable. However, the threshold of motion is
related to the grain Reynolds number, grain size distribu-
tion, sphericity, roundness, cohesiveness, and turbulence
(Yang et al. 2019). The commonly used empirical formula to
calculate the critical shear stress 7,,_  method for sediments
does not reflect the real situation, and the field flume experi-
ment has less application because of the complicated setup.
Therefore, a device for measuring the critical shear stress,
namely, a cohesive strength meter (CSM), has been widely
used for field and laboratory measurements of critical shear
stress in sediments due to its portability, short test time, and
small sample requirement (Tolhursta et al. 1999; Chen et al.
2012; Tolhurst et al. 2000; Mai et al. 2022; Liu et al. 2017).

Page 2 of 15

Sediment stability is determined by the balance
between erosive and resistive forces. The principal ero-
sive forces are shear stress and turbulence on the sedi-
ment surface from flowing water, as well as solid transfer
stress from particles moving along the substrate bed
(Amos et al. 2004). These forces are counteracted by
forces in the sediment that resist erosion, including grav-
ity, friction, cohesion, and adhesion, and these resist-
ances are represented by erodibility, which is usually
expressed as the erosion threshold or erosion rate (San-
ford 2008). The erosion threshold can be represented by
the sediment critical shear stress, as mentioned above.
Therefore, in this study, a box sampler was used to collect
short sediment cores from the CSD to extend the erod-
ibility analysis to a water depth of 60m. A CSM was used
to measure the surface and vertical critical shear stress to
obtain the spatial and vertical critical shear stresses. The
critical shear stresses were also calculated using empiri-
cal formulas to analyze the differences between the two
methods. Moreover, the sediment activity was calculated
by combining the bed shear stress 7, simulated by the
Finite-Volume Coastal Ocean Model (FVCOM) to ana-
lyze the present and future erodibility of the CSD.

2 Materials and methods

2.1 Study area

The study area is the CSD between water depths of 10m
and 60m (Fig. 1). The progradation of the Changjiang delta
spans more than 200km, and the sedimentation thickness
has exceeded 60m since the middle Holocene; the progra-
dation has accelerated in the last 2000years due to human
activities on the watershed (Hori et al. 2001). Now, the
CSD covers an area of approximately 10,000 km?, with flat
topography. The current Changjiang mouth has four out-
lets, and more than 95% of the Changjiang’s water and sed-
iment flows into the sea via the three outlets of the South
Branch (Dai et al. 2016). As shown in Fig. 2, the grain size
components of the North Branch and South Branch are
dominated by sandy silt, the mouth bar area and adja-
cent subaqueous are dominated by mud, and the area to
the east of 123°E is dominated by silty sand (Xue et al.
2020). The astronomical tide around the CSD is irregular
and semidiurnal, with mean and maximum tidal ranges
of 2.66 and 4.62m, respectively (Yun 2004). The wind
speed in this area is highly variable, with a multiyear aver-
age wind speed of 4-5m/s and a maximum wind speed of
36m/s (Shi et al. 2014). The annual water discharge (1950-
2020) of the Datong station (tidal limit) was 898 km3yr~1,
and the water discharge was 1118km3yr~! in 2020; the
annual sediment discharge was 351 Mt yr~ ', and the sedi-
ment discharge was 164 Mt yr~! in 2020 (CWRC 2021).
The river water and sediment discharge have strong sea-
sonal variations, with approximately 71% of the annual
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runoft and 87% of the annual sediment load delivered to
the mouth during the flood season from May to October
(Chen et al. 2007). The water discharge of the Changjiang
River has not changed much in recent decades, while the
sediment discharge has decreased significantly.

2.2 Datasource

We collected sediment samples in October 2019 and
July 2020 aboard the scientific research vessel organized
by the National Natural Science Foundation of China
(NSEC). Thirty-seven sediment cores (lengths vary from
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a footprint of 6.6cm? (Tolhursta et al. 1999). The CSM
employs a jet of pressurized water to determine the criti-
cal shear stress of the sediment. By sequentially increasing
the force of the jet, the initial point erosion can be deter-
mined by the associated reduction in light transmission
across a test chamber as sediment is entrained in suspen-
sion. When the light transmission decreases by more than
5% compared to the initial state (from 100% to 95%), the
sediment is resuspended at this time, and the controller
shows the critical pressure P (psi) (Tolhursta et al. 1999).
After converting the units of P to kPa, the critical pressure

20 to 50 cm; sediment sampling sites are shown in Fig. 1b,  is subsequently converted to critical shear stress 7, _,, (N/
of these, 34 sediment cores were collected in October —m?), according to Eq. (1) (Tolhursta et al. 1999).
(~srofoms) (= e
Ter—m = 66.6734 x [1 — e\ 3100933 } —195.27552 x [1 — e\ T622556738 } 1)

2019 and 3 sediment cores were collected in July 2020)
were collected by a box sampler and extracted by hand
using an acrylic core tube (7.5cm diameter), ensuring
an undisturbed sediment surface and a consistent depth
of overlying water for subsequent erodibility measure-
ments. Moreover, we collect 37 sediment from the top
layer (0-5cm) of the box sampler as the surface sediment.

2.3 Experiment and data processing

2.3.1 Grain size analysis

We used all of the surface sediment samples and 2cm
subsamples of 10 short cores near the Yangtze Estuary
(A2-1, A2-4, Ad-4, A4-6, A4-8, A6-2, A6-4, A6-5, A6-6,
and A6-8) to measure these grain sizes. Prior to grain
size analysis, we used 0.5mol/L of (NaPO3)6 to disperse
the sediment samples for 24 hours, and then mixed them
evenly with ultrasound (15s). Fiannly, we used a laser
particle analyzer (Mastersizer 2000, United Kingdom)
for grain size analysis. It has a measurement range of
0.02-2000 um with a relative error of <3% for repeated
measurements. The resulting median grain size of the
sediment was obtained and used for subsequent calcu-
lations of the critical shear stress based on the empirical
formula.

2.3.2 CSM-derived critical shear stress tcr—m

This study used the cohesive strength meter (CSM, MKIV,
Partrac, Britain) (Tolhursta et al. 1999) to measure the sedi-
ment critical shear stress. It consists of three principal parts
(Fig. S2): a controller, which controls the test process and
logs the data; a pneumatic and hydraulic pipe system; and
a head sensor chamber fitted with infrared optics. The pipe
system connects with the chamber to form a vertical water
jet. The test chamber was placed onto the surface sediment
by pushing it flush onto the surface before the test, giving

Water depths in the sea exceeded the manufacturer’s
guidelines, so the CSM could not be used in situ. There-
fore, the critical shear stress was measured within the
sediment core tubes (Section 2.2). The sediment core
tubes were first placed vertically, and the test chamber
was placed into the surface sediment samples to measure
the surface critical shear stress. Then, the cores were split
into two parts using a GeoTek Core Splitter. One-half of
the core was used to measure the vertical critical shear
stress with a measurement spacing of 5cm.

2.3.3 Empirical formula-derived critical shear stress tcr—f
Guo (2020) applies the Padé approximant to the data in the
extended Shields diagram and presents a simple generalized
empirical model for the critical shear stress. The minimum
applicable median grain size of this curve is 4pum (Fig. S1),
the proposed function results in an explicit Shields diagram
in terms of the grain Reynolds number and has an analytical
solution for the critical sediment diameter given a bed shear
stress. Although the Shields diagram considers no-cohesive
sediments, this method extends its applicability to 4 pum, we
therefore consider it applicable to the sediments in the pre-
sent.syudy area. This study used this empirical model to cal-
culate the sediment critical shear stress 7,,_;

Ter—f = T (ys — ¥)D (2)

where y, is the sediment specific weight, y is the water spe-
cific weight, D is the sediment median grain size, and 7, is
the critical Shields parameter and is denoted by Eq. (3):

R2
Tx = FE 3)

where D, is the dimensionless sediment diameter defined
by Eq. (4), and R, is the critical grain Reynolds number,
which is denoted by Eq. (5):
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Equation (5) can be solved analytically by applying the
quartic roots formula, and the maximum real root is R,.

2.3.4 FVCOM-derived bed shear stress tb
The three-dimensional finite-volume coastal ocean model
(FVCOM) was used to simulate the hydrodynamics of the
CSD. FVCOM is a finite-volume, free-surface, and primi-
tive-equations community ocean model, and the unstruc-
tured triangular grid adopted in FVCOM is suitable for the
complex coastline of coastal estuaries and is widely used
in the study of estuarine coastal hydrodynamic processes
(Chen et al. 2006). The model domain covers the shelf
estuary of the East China Sea region, and the maximum
and minimum grid sizes of the meshes are 10,000m at
the open boundary and 100-400m nearshore. The tides at
the ocean open boundary were derived from TPXO9. The
bottom roughness lengths were set as 0.1-5mm concern-
ing the spatial distribution of the bottom sediment grain
size. Wind field data from the Climate Forecast System
Reanalysis (CFSR) were applied to the model domain. The
three-dimensional initial salinity and temperature field and
initial bathymetric data were taken from the Global Hybrid
Coordinate Model (HYCOM). The model results of eleva-
tion and current were validated against the hydrodynamic
data from a field trip in July 2019. The model can better
simulate the hydrodynamic situation of the CSD, and the
validation of the model is shown in Figs. S3 & S4.

The bed shear stress in the FVCOM is calculated by

Eq. (6):
% = o ©

where p is the density of seawater, u, is the bottom
(z=z,) current velocity, and C, is the bottom drag coef-
ficient in a sediment-laden bottom boundary layer, as
given by Eq. (7):

C; = max{ Hln(z—g)} 72, 0.0025} (7)

where z; is the bottom roughness length, z, is the posi-
tion of the near-bottom sigma layer below the water sur-
face, and k is the Von Karman constant (0.4) (Chen et al.
2006). Then, the hour-by-hour bed shear stress 7, was
obtained for 37 sites from January 1, 2019, to December
31, 2019.
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3 Results
3.1 CSM-derived T, _,,
The short sediment cores collected by the box sampler
are mostly within 30cm, and a few exceed 35cm. There-
fore, the analysis of 7,,_,, in this study focused on the
upper 35cm. The r,,_,, values of each layer are analyzed
in both horizontal and vertical distributions. The 7, _,,
shows an overall trend of gradually increasing with depth,
and the values on the southwest side are larger than those
in the other regions (Fig. 3). As shown in Fig. 3i, the
T,,_,, values fluctuate less in the upper region of 0-10 cm,
the values in the Ocm layer vary mainly from 1.11-2.28
N/m?, those in the 5cm layer vary mainly from 1.86-4.06
N/m?, those in the 10cm layer vary mainly from 1.34-
2.95 N/m?, and the standard deviations are 0.78, 1.38, and
0.89, respectively; the r,,_,, values fluctuate more in the
lower region of 15-35cm, the values in the 15cm layer
vary mainly from 2.55-7.18 N/m? those in the 20cm
layer vary mainly from 3.07-6.00 N/m?, those in the 25cm
layer vary mainly from 3.47-7.51 N/m?, those in the 30 cm
layer vary mainly from 3.46-7.25 N/m?, those in the 35cm
layer vary mainly from 5.02-7.86 N/m? and the standard
deviations are 2.39, 2.00, 2.34, 1.98, and 2.10, respectively.
These results indicate that the 7,,_,, values in the upper
layer have low spatial heterogeneity, while the 7,._,, val-
ues in the lower layer have high spatial heterogeneity.
Since the 7, _,, shows spatial heterogeneity, we grouped
them according to water depth to observe the vertical
variations in different regions. As shown in Fig. 4a-h, the
T,,_,, values in different regions show a decreasing trend
with increasing depth, but the surface fluctuation in the
same region is more obvious. Therefore, we conducted a
unified analysis of the 7,,._,, values at 10 cm on the surface
of each region and found obvious regional characteristics
(Fig. 4i). These values fluctuate more in the region of shal-
low water depths of 15m, while they fluctuate less in the
region with water depths of 15m-30m. Then, the fluctua-
tions suddenly increase at water depths of 30 m-50m and

decrease again at water depths of more than 50 m.

3.2 Empirical formula-derived 7, _;

The median grain sizes of the surficial sediment sam-
ples collected in this study range from 7 to 235 pum. The
samples are dominated by silt, followed by clay, with the
least amount of sand and with an average clay content
of 15%. The overall 7, _, values calculated for this study
area are small, from 0.03-0.25 N/m?. Because the empiri-
cal formula relies only on the grain size to calculate 7, _
the spatial distribution of 7,,_, values is consistent with
the grain size distribution in this region (Fig. 2), both of
which have a spatial distribution pattern of low in the
southwest and high in the northeast (Fig. 5a). Ten short
sediment cores from the CSD (Fig. 5a) were selected for
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Fig. 3 Horizontal and vertical spatial distributions of T, _ ,, in the CSD. a-h are the spatial distributions of t,,_,, at 0cm, 5cm, 10cm, 15cm, 20cm,
25cm, 30cm, and 35 cm, respectively; i is a box plot of the vertical distribution of 1., _ ,,; the red lines represent the medians, the blue boxes
represent the 25%-75% data intervals, the black dashed lines represent the upper and lower data limits, and the red crosses represent the outliers

vertical grain size analysis. The sample sites were dis-
tributed throughout the northern part of the study area,
near the adjacent subaqueous delta. The vertical trend of
7, values is not obvious, and the values are consistent
with the surfaces. Since the surface sediments of the CSD
show a coarsening trend (Yang et al. 2018), the grain sizes
of some of the sediment core surface layers are larger
than those of the lower layers, so 7,,_/has a slight ten-
dency to decrease with depth (Fig. 5b and c).

3.3 FVCOM-derived 7,
The principal erosive forces are shear stress and turbu-
lence imparted onto the sediment surface by flowing water

(Amos et al. 2004). Therefore, the bottom shear stress of
the CSD is simulated in this study for subsequent com-
parison with the critical shear stress of the sediment. We
simulated the hydrodynamic conditions of the CSD under
normal conditions for the entirety of 2019 and calculated
7, during all times of the year according to Eq. (6). The
astronomical tide around the CSD is irregular and semi-
diurnal, and there are significant differences between the
two consecutive semidiurnal tides. To analyze the vari-
ation in 7, under tidal influence, two consecutive semi-
diurnal tides were treated as one semidiurnal tide in this
study. The spring tide of October 2019 (2019/10/01/12:00-
2019/10/02/13:00), the moderate tide of October 2019
(2019/10/04/04:00-2019/10/05/05:00), and the neap tide



Xu et al. Anthropocene Coasts (2022) 5:10 Page 7 of 15
2
7 (N/m%)
cr-m
0 10 0 5 10
0
a Y R\\ —A23 — Ad-4
— AS-2 S — A 6-4 — AS-4
A6-2 A9-1 A8-2
— A6-3 — A1 — A10-1
207 —— 8 —Al2-]
= A13-1
40 t
— A ]-3 — A2-4 — | = A4-6
rg — A3-4 — A 6-6 — AQ-4
o AS-5 A8-3 Al10-4
= — A6-5 — A9-3 —All-4
= S
% s AT -2 e A 13-4
i
e
3 -
0 % 7-cr-m(]\l/mz)
g — A48 h — AT-6 | —— -
) —AS-7 ——A7-7 <tsmipl L=
A6-8 A8-5 1520mp F[F-4 +
20! — AT-4 g2o2smi]  +
—Al2-4 £ 55:30m HIH +
; 30-40mp {1 F--+
§4O-SOmFE————1
40 t 50-60mf F[[}I
>60m| HH =t
Fig. 4 Distribution of 7, _,, by water depth in the vertical direction. a-h are the vertical distributions of 7, _,, values at depths of <15m, 15-20m,
20-25m, 25-30m, 30-40m, 40-50m, 50-60m, > 60 m, respectively; i is a box plot of the T, _ ,, distribution for each water depth surface (0-10cm
layer); the red lines represent the medians, the blue boxes represent the 25%-75% data intervals, the black dashed lines represent the upper and
lower data limits, and the red crosses represent the outliers

of October 2019 (2019/10/06/04:00-2019/10/07/05:00)
were selected for analysis according to the tidal motion law
and sampling time. The tidal current patterns for Octo-
ber 2019 are displayed in the Fig. S5 (Wei 2021). The bot-
tom current during spring tide, moderate tide, neap tide,
maximum flood and maximum ebb are 0.003-0.39m/s,
0.004-0.36m/s, 0.005-0.31m/s, 0.03-1.11m/s, 0-1.25m/s,
respectively. The results show that the annual 7, values vary
from 0.06-0.88 N/m?, the mean T, values during spring tide
vary from 0.11-1.39 N/m?, the mean 7, values during mod-
erate tide vary from 0.06-0.81 N/ m?, and the mean 1, values
during neap tide vary from 0.03-0.41 N/m?. The 7, values

in the CSD are not large; the greater the tidal strength is,
the greater the bottom shear stress. In addition, the values
decrease as the water depth increases, while the values sig-
nificantly decrease after a water depth of 30m, with con-
sistent changes in different periods; since the water depth
of the CSD is shallow in the west and deep in the east, it is
distributed in a strip, so the 7;, values show a spatial distri-
bution of high in the west and low in the east (Fig. 6).

3.4 Sediment activity
Sediment activity is the percentage of the total time
that the seafloor sediments are in motion during a given
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period (Gao et al. 2001), as shown in Eq. (8). Sediment
activity can be used to express the accretion-to-erosion
conversion (Wei et al. 2021). Therefore, this study derives
the erodibility of the sediments by analyzing the sedi-
ment activity. The CSM is a vertical jet-based device to
measure 7,, although Tolhursta et al. (1999) used a
theoretical calibrated formula to convert jet pressure to
horizontal critical shear stress. Its determination of z,, is
based on optical measurements of sediment resuspen-
sion. The sensor is positioned 1cm from the sediment
surface in the test chamber, and when erosion is meas-
ured, its measured 7, intensity is higher than the force
required for the sediment to be eroded (Leeder 1999;
Grabowski et al. 2010). Therefore, the CSM is best suited
to relative measurements of erosion thresholds for cohe-
sive sediment. The CSM can be compared longitudinally

cannot be compared directly with the horizontal shear
stress (Vardy et al. 2007; Widdows et al. 2007).

sediment active time 0
total time x 100%

(8)

Laboratory and field flumes predominantly generate
horizontal water flows across the sediment surface, and
flumes produce controlled and well-understood hydro-
dynamic conditions, making them ideal for measuring
critical shear stress 7, (Widdows et al. 2007). However,
they are not as well-suited to investigate spatial and tem-
poral variations in erodibility as the CSM and are difficult
to use in the field. Grabowski et al. (2010) transformed
the critical jet pressure P to the critical stagnation pres-
sure P, according to a new theoretical calibrated for-

mula, Eq. (9), by Vardy et al. (2007) and then proposing

sediment activity =

with devices with the same measuring principle and " ¢™P irical calibration, Eq. (10), between Py, and the
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critical shear stress based on a comparison of erosion
thresholds measured using the CSM and a laboratory
flume. Grabowski et al. (2010) used sediment properties
with clay contents of 5%-35% and median grain sizes of
60-200 um, which are similar to the sediment properties
in this study. Therefore, in the following, P (psi) is con-
verted to 7, according to Egs. (9) and (10) and compared
to 7, to obtain the sediment activity for the subsequent
discussion of the erodibility of the CSD.

Pyag = 347(6.89P)'4 9)

7c = 0.0013Ps1qq + 0.047 (10)

The surface 7, at each site was compared with 7,
for all periods of the year (January 1, 2019-December
31, 2019), as well as the spring tide period, moderate
tide period, and neap tide period. When 7, exceeded
7, the sediment was considered active, and the sedi-
ment activity time was compared with the total time
to obtain the sediment activity. Similarly, the sediment
activity of the empirical formula method was obtained
from the above method (Fig. 7). The annual sedi-
ment activity values measured by the CSM vary from
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4.38%-33.84%, the spring tide sediment activity values
measured by the CSM vary from 42.31%-69.23%, the
moderate tide sediment activity values measured by the
CSM vary from 20.19%-64.42%, the neap tide sediment
activity values measured by the CSM vary from 3.85%-
42.31%, the annual sediment activity values calculated
by the empirical formula vary from 68.89%-90.75%,
the spring tide sediment activity values calculated by
the empirical formula vary from 84.62%-96.15%, the
moderate tide sediment activity values calculated by
the empirical formula vary from 67.31%-96.15%, and
the neap tide sediment activity values calculated by the
empirical formula vary from 50.00%-80.77%.

4 Discussion

4.1 Difference betweent,_,,and 7, _;

Due to consolidation (especially self-weight consolida-
tion), the sediment is more stable (Fagherazzi and Fur-
bish 2001), and the volume of the sediment is reduced
due to self-weight after being covered with overlying
sediment (Massey et al. 2006), which generally leads to
downward consolidation with depth (Gehrels 1999).
Therefore, 7,,_,, gradually increases as depth increases.
Since the surface sediment is loose, the transport process
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has some effect on the surface sediment, so the 7,_,,
of the surface sediment shows a small number of outli-
ers, and the transport process does not have a significant
effect on the CSM measurement results (Tolhurst et al.
2000). The 7,,_,, values within 0-10cm at different water
depths, as well as values in the interval from 15m and
shallower, fluctuate more because the bed shear stress
due to the current is stronger the shallower the water
depth is. In addition, the wave action is stronger in inter-
vals of 20m to shallow water depths, and the combined
current—wave action normally leads to more disturbance
of the surface sediment in shallow water. Therefore, more
fluctuation occurs in shallow water. In areas with water
depths of 30-50m, 7, _,, values suddenly fluctuate again.
Figure 6e shows that the hydrodynamic conditions of the
CSD change significantly after the water depth exceeds
30m, while the sand—mud boundary (Fig. 2) of the CSD
is in the range of 40-50m and gradually recedes toward
the shore (Luo et al. 2017). Therefore, the hydrodynamic
and depositional environments in the 30-50m region
have changed considerably, which leads to larger fluctua-
tions in the critical shear stress of the sediment.

The CSM-measured sediment activity shows a high
central and low surrounding distribution, while the
empirical formula-measured sediment activity changes
similarly (Fig. 7). However, after a comparative analy-
sis of the sediment activity calculated by 7,,_,, and 7,,_
in the four periods, 7,_,, differs from 7,,_; The CSM-
measured sediment activity is significantly lower than the
empirical formula-measured sediment activity (Fig. 8).

This result occurs because the critical shear stress
of the sediment is influenced by several factors. It is
not simple to predict the critical erosion shear stress of
cohesive sediments from one or more easily measur-
able parameters, e.g., grain size, bulk density, water con-
tent, or organic content (Dade et al. 1992), and there are
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differences compared to the real situation. Therefore,
using field and laboratory measurements for 7,, is accu-
rate (Soulsby 1997; Whitehouse et al. 2000; Widdows
et al. 2007). The CSM is widely used for measuring 7,
due to its short test time, easily attainable equipment,
and wide measurement range (Tolhursta et al. 1999).
Both measurement methods indicate that the stronger
the tide is, the higher the sediment activity. However, the
annual sediment activity values of the empirical formula
vary from 68.89%-90.75% (Fig. 8 a2). Even during the
neap tide period when hydrodynamics are weak, the sed-
iment activity values are 50.0%-80.77% (Fig. 8 d2), indi-
cating that the surface sediments of the CSD are inactive
most of the year if the empirical formula results are used.
Moreover, 7,,_salso has a tendency to decrease as depth
increases, and the CSD will be fully eroded; some stud-
ies have shown that the CSD has a large area of erosion
only in areas shallower than 10m (Chen et al. 2018; Zhu
et al. 2020; Luan et al. 2021), which is not consistent with
the actual situation. The CSM-measured annual sedi-
ment activity values vary from 4.38%-33.84% (Fig. 8 al),
with a spatial distribution of high in the middle and low
in the surrounding area. This pattern occurs because the
sediments in the region west of 123°E are dominated by
clayey silt and silt, and the grain size gradually increases
from south to north (Fig. 2), with an average clay content
of more than 15% (Xue et al. 2020). When the sediment
clay content exceeds 4-10%, the 7, of the sediment is
dominated by cohesive influence (Grabowski et al. 2010),
and the 7, of the sediment under this condition tends to
increase as grain size decreases (Dade et al. 1992). There-
fore, the 7, in the southwest region is larger than that in
the central region. The water depth of the CSD is distrib-
uted in a longitudinal strip with little difference between
north and south; thus, the sediment activity in the south-
west area (the mean annual sediment activity is 10.4%)

the red crosses represent the outliers
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is lower than that in the middle area (the mean annual
sediment activity is 43.9%). The water depth in the east
increases significantly, and we conclude in Section 3.3
that 7, decreases significantly after a water depth of 30 m;
thus, the sediment activity in the east is lower (the mean
annual sediment activity is 21.9%).

The above results show that the CSM measurements
are more consistent with the actual erodibility of the sed-
iments and more accurately reflect the sediment activity
in the CSD and adjacent sea. Therefore, we believe that
the current surface layer of the CSD and adjacent sea is
relatively stable and in an equilibrium state of erosion
and siltation, and the erodibility is not high.

4.2 Future erodibility

We compare 7, with 7, for each layer to obtain the sedi-
ment activity in the vertical direction. Then, we analyze
the ability of the lower sediment to be continuously
activated after the surface sediment is eroded accord-
ing to the above method (Fig. 9). The sediment activity
values of each layer are 4.38%-33.84%, 0.32%-15.85%,
0.84%-26.39%, 0.17%-5.01%, 0.01%-64.42%, 0.01%-3.67%,
0.02%-17.17%, and 0.11%-38.15%, respectively (Fig. 9).
The vertical sediment activity shows an overall trend
of fluctuating and decreasing, with large fluctuations in
the surface layers of 0-10cm and 30-35cm. However,
the surface layer of the CSD is currently more stable and
not very erodible (Section 4.1), and we derive the future
erodibility of this area from the vertical sediment activ-
ity. The critical shear stress increases with depth in the
study area because of sediment consolidation, so the sed-
iment activity gradually decreases with depth, and at the
same time, the active area decreases (Fig. 9). While the
values in the 0-10cm surface layer fluctuate more due to
more disturbances, the values in the 30-35cm layer fluc-
tuate more due to fewer data points and higher random-
ness. Figure 6e shows that 7, decreases with increasing
water depth; thus, after the surface sediment is eroded,
the water depth becomes deeper and the influence of 7,
is weakened. Moreover, as the sediment is eroded, its
water content increases, and its critical shear stress may
decrease as the seawater ingresses. Therefore, the sedi-
ment is not eroded in the vertical direction constantly,
and sediment erosion in the vertical direction is in
dynamic balance.

Floods and tropical cyclones can affect the devel-
opment of the CSD due to their strong dynamic pro-
cesses (Zhu et al. 2020). Swenson (2005) found that a
reduction in the peak flood frequency and river runoff
causes an increase in sediment transport, leading to
the progradation of the CSD. Erosion occurs as a result
of flood events and deposition follows via dry flows in
the CSD, and erosion is prone to occur when the water
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discharge >60,000m>/s (Zhu et al. 2020). However, dur-
ing the flood season of July-September, the occurrence
of floods with such high flows is becoming less frequent
due to the regulatory effect of the Three Gorges Dam
closure (Dai et al. 2008), so the deep waters of the CSD
remain in an accretion state. The East China Sea is more
affected by tropical cyclones, and the hydrodynamics of
storm surges triggered by tropical cyclones can affect
areas with up to 40m of water depth due to the fine
grain size of the CSD, causing severe erosion or deposi-
tion in a short time (Dai et al. 2014b; Du et al. 2019). The
sediment can be transported from deeper water to water
that is shallower than —10m under the influence of
extreme storm surges, resulting in erosion in the deeper
water and deposition in the shallower water of the CSD.
For example, a series of typhoons in 2015 enhanced
sediment transport from the deep-water scour zone
offshore of the East China Sea, resulting in heavy depo-
sition in the shallow water zone in 2013-2015. Resuspen-
sion occurred in the deep-water zone under the effect
of storm surges to recharge the shallow water zone, the
sediment load in the shallow water zone reached 237
Mt, and erosion occurred in the zone beyond a water
depth of — 14 m, resulting in the opposite pattern of ero-
sion and accretion in the deep and shallow water zones
(Chen et al. 2018). Because of global climate change, the
tracks of tropical cyclones have shifted from the South
China Sea to the East China Sea; the East China Sea will
be affected by an increasing number of tropical cyclones
in the future (Zhao et al. 2013), and the CSD may face
increased short-term strong erosive conditions.

In summary, although the future erodibility of the CSD
is low, there is still some risk of erosion in the future due
to human activities and climate change, but the risk of
large-scale erosion is not very likely.

4.3 Regional and global responses to human activities

Over the past half-century, the Changjiang River’s sedi-
ment discharge has decreased by 80% due to the con-
struction of >50,000 dams and soil conservation (Yang
et al. 2011), which has led to erosion in areas with water
depths shallower than —10m in the Changjiang mouth
bar area (Li et al. 2015; Luan et al. 2021; Yang et al. 2011).
This erosion may be exacerbated by continued dam con-
struction in the future (Liu et al. 2014), but this area is
less than one-fifth of the CSD and is not representative of
the entire CSD. After the Three Gorges Dam (TGD) was
established, even as the sediment load from the upper
reaches declined, riverbed erosion along the 1000-km
stretch between the TGD and the river mouth compen-
sated for the loss and caused the grain size in this area
to become coarser (Chen et al. 2010; Yang et al. 2017).
Moreover, the slope of the shallow 10m isobath area is
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significantly lower than the area between 10m and 20m,
the steep slope is conducive to the formation of gravity
flows to transport sediment from shallow water to deep
water, the gentle shallow water area is susceptible to
sediment resuspension by the combined current—wave
action, and long-distance gravity flow transport occurs,
which leads to deposition in the deep waters of the CSD
(Wright and Friedrichs 2006; Dai et al. 2014a; Lowe
1982). Therefore, the deep-water area of the CSD is less
affected by the reduced sediment discharge.

The CSD is not the only large system experiencing inten-
sive human activities and substantial sediment load reduc-
tion. Almost all of the world’s large rivers have been or are
experiencing this threat (Wang et al. 2022). For example,
the Mississippi River sediment load was reduced by more
than half, and the cause for this substantial decrease in sed-
iment has been attributed to the trapping characteristics of
dams constructed on the muddy part of the Missouri River
during the 1950s (Meade and Moody 2009). The sediment
supply to the sea from the Nile River has nearly vanished
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because of the sediment trapping effects of the New Aswan
Dam constructed in 1964 and sediment deposition in the
deltaic channel networks (Stanley 1996). Similar to the
impact of sediment load reduction in the Changjiang River,
they have triggered erosion in estuarine shoals and deltaic
wetlands. The reductions were largely continuations of
reductions owing to the initial wave of dam building in the
mid-twentieth century. The additional impact of new dams
on sediment flux to the oceans is diminishing (Dethier et al.
2022). Similar sediment load reductions have occurred in
the Mekong River due to recent hydropower dam con-
struction, triggering rapid erosion of the delta in areas shal-
lower than 10m isobaths (Anthony et al. 2015). The Yellow
River, once the most sediment-laden river in the world, has
experienced a rapid sediment flux reduction because of
reforestation and reservoir construction (Wu et al. 2020).
However, riverbed erosion has compensated for part of the
loss, similar to the Changjiang River, which resulted in delta
sediment coarsening (Liu et al. 2022). When the Water and
Sediment Regulation Scheme is interrupted, the accretion—
erosion conversion also does not exceed the 20m isobaths
(Wu et al. 2021).

In summary, river sediment load reduction has the
greatest impact on the erosion of shorelines, wetlands, and
subaqueous deltas shallower than the 10-20m isobaths.
The subaqueous deltas deeper than the 20 m isobath have a
weak response to erosion under sediment load reduction.

5 Conclusion

This study discusses the relationship between the CSM-
derived critical shear stress z,,_,, and the empirical for-
mula-derived critical shear stress 7,,_,and derives the
spatial distribution of the surface, as well as the vertical
erodibility of the CSD. We give the present and future
variations in the erodibility of the CSD, with the follow-

ing main conclusions:

1) The surface critical shear stress values measured by
the CSM vary from 1.11-2.25 N/m?, and the surface
critical shear stress values calculated by the empiri-
cal formula vary from 0.03-0.25 N/m? The empirical
formula-derived critical shear stress relying only on
grain size differs significantly from the CSM-derived
critical shear stress. The CSM-derived critical shear
stress is closer to the real situation of the sediment
and better reflects the erodibility of the sediment. To
analyze the erodibility, we prefer to use the CSM.

2) The sediment surface (0-10cm) fluctuates greatly in
areas with shallow water depths of 15m and areas
of 30~50m because of the change in the bed shear
stress and the shifting of the sand—mud boundary.
The critical shear stress measured by the CSM tends
to increase with depth due to sediment consolidation.
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3) The southwestern and eastern areas of the CSD have
low sediment activity (10.4% and 21.9%, respec-
tively), while the central area has high sediment
activity (43.9%). There are still some risks of erosion
in the study area in the future due to human activi-
ties and climate change, but large-scale erosion is
unlikely to occur.
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