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Wave- and current-supported fluid mud on gently sloped continental shelves
represents a type of sediment gravity flow capable of rapidly transporting
substantial sediment over short periods, significantly contributing to coastal
geomorphic evolution. To investigate the dynamics of intertidal fluid mud
events, in-situ observations were conducted from May 9 to May 18, 2017,
using a seabed tripod system at the lower intertidal flat of the central Jiangsu
coast, China. Fluid mud was observed following a medium wind-wave event,
with @ maximum significant wave height of 0.42 m. The liquefied seabed,
loosened by liquefaction, facilitated bed erosion and sediment resuspension.
Fluid mud layers, with mean suspended sediment concentrations (SSCs)
exceeding 10 g/L, periodically formed during high slack tide, early flood, and
late ebb phases. These layers varied in thickness from 4 cm to 20 c¢cm and
exhibited strong stratification caused by suspended sediment. Fluid mud
disappeared when the bottom turbulence kinetic energy exceeded a threshold
of 0.00045 m?/s* due to an increase in current velocity. The downslope
movement of intertidal fluid mud was estimated using a theoretical buoyancy-
friction model and validated by observed offshore-directed velocity jets at 0.1 m
above the seabed during high slack tide phases. Additionally, onshore winds
favored fluid mud formation during early flood phases, while offshore winds
favored it during late ebb phases. These observations suggest that fluid mud can
form on intertidal flats under conditions where tidal flows and winds align,
contributing to a deeper understanding of the formation mechanisms of
shallow gravity flows and the improvement of sediment transport models.
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1 Introduction

Fluid mud is a dense suspension of water and fine-grained
sediments, with sediment concentrations ranging from tens to
hundreds of grams per liter within the near-bed layer
(Winterwerp, 1999; McAnally et al., 2007a; Mehta and Belembkar,
2014). It has been observed in coastal rivers (Wells, 1983; Uncles
et al., 2006; Wu et al.,, 2022; Tang et al., 2023), continental shelves
(Kineke et al., 1996; Gabioux et al., 2005; Yu et al., 2024), and even
open seas (Puig et al, 2004; Wallmann et al., 2006). Sediment
supply and hydrodynamics determine the status of fluid mud,
particularly its formation and evolution processes (Ross and
Mehta, 1989; Mehta, 1991; Traykovski et al, 2000; Wan et al,
2014). Additionally, the downslope movement of fluid mud
transports large amounts of sediments across the shelf (Wright
et al, 2001; Yu et al,, 2017), substantially influencing coastal
morphological and biological evolution processes (Ichaso and
Dalrymple, 2009; Flores et al., 2018).

Existing research has examined fluid mud and associated
gravity flows through various approaches, including field
observation (Odd et al., 1993; Hale and Ogston, 2015; Ge et al,,
2020; Niu et al., 2023; Tang et al., 2023; Yu et al,, 2024), numerical
modeling (Scully et al., 2003; Guan et al., 2005; Hsu et al., 2007),
experimental analysis (Winterwerp and Kranenburg, 1997; Parsons
et al., 2001; Aleebrahim and Jamali, 2023), and combined methods
(Wright et al., 2001; Nishida et al., 2013; Wan et al., 2014).
Theoretically, McAnally et al. (2007a) summarized three main
mechanisms causing fluid mud: sediment settling and aggregation
processes stronger than dewatering processes, seabed liquefaction
and fluidization induced by waves, and sediment advection and
convergence processes. Moreover, Wright et al. (Wright et al.,, 2001;
Wright and Friedrichs, 2006) suggest that turbulence and shear
stress from wave and current energy suspend bed sediment,
generating fluid mud that moves downslope due to gravity. This
relationship can be expressed in terms of the bulk Richardson
number (Ri,): if Ri,=0.25, the feedback between turbulence and
suspended sediments remains balanced, supporting the fluid mud
layer; if Ri,>0.25, the damping of turbulence by stratification causes
sediment to settle, reducing Ri, towards 0.25; if Ri,<0.25, the
enhanced turbulence resuspends more sediment into the water
column, causing Ri, to rise back to 0.25.

Many physical and biological processes are related to the
formation of fluid mud (Wolanski et al., 1988; Winterwerp, 1999;
Shi, 1998; McAnally et al., 2007b; Habermann and Wurpts, 2008; Xu
et al,, 2020), such as flocculation, hindered settling, mixing, gelling,
and microbiological processes. Recently, the hydrodynamic processes
of fluid mud have garnered significant attention, particularly
concerning the effects of extreme weather conditions and human
intervention. Ge et al. (2020) found that the initial appearance of fluid
mud was caused by typhoon-intensified, salinity-induced
stratification in a field survey conducted in the Changjiang Estuary
during the period of turbidity maximum. Yu et al. (2017) found that
tidal eddies induced by harbor headland construction contributed to
the formation of a benthic fluid mud layer on a muddy intertidal flat.

Although fluid mud occurrence is thought to be more prevalent
than expected (Wright and Friedrichs, 2006), the current
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literature documenting fluid mud remains limited and incomplete
in terms of locations and observing conditions. Specifically,
the formation and dynamics of fluid mud are rarely studied in
intertidal mudflat areas (Christie et al., 1999; Andersen et al., 2006;
Yu et al,, 2017) due to the challenges posed by extremely shallow
water levels and hyperturbid conditions for in-situ observation.
To date, reported fluid mud events on intertidal flats mainly
focus on the thickness of the fluid mud layer or high SSC
characteristics using acoustic altimeters or turbidimeters (Gouleau
et al., 2000; Andersen et al., 2006; Shi et al., 2016), while detailed
analyses of interactions between fluid mud and hydrodynamics
remain limited.

In this study, we focus on the formation and breakdown of fluid
mud, and the dynamics of fluid mud downslope movement in the
form of sediment gravity flow on intertidal mudflats. Based on in-
situ observational data from the central Jiangsu intertidal mudflat,
we aim to achieve a better understanding of fluid mud dynamics
and its morphological impact on intertidal mudflat areas.

2 Study area

The study area is located along the central Jiangsu coast in
China (Figure 1A), facing the western part of the South Yellow Sea,
approximately 100 km from the Abandoned Yellow River to the
north. Historically, the Abandoned Yellow River discharged into
the South Yellow Sea from 1128 to 1185 CE, forming a large
estuarine delta at its mouth with abundant fine-grained sediment
input (Ren and Shi, 1986; Wang et al., 2012; Shi et al., 2016). The
delta began to erode when the river course shifted from the South
Yellow Sea to the Bohai Sea after 1185 CE (Ren and Shi, 1986). Due
to the sediment supply eroded from the submarine delta, the
immediate offshore area of the Jiangsu coast is characterized by
high turbidity water and fine-grained seabed sediment (Xing et al.,
2012; Ni et al,, 2014; Xiong et al, 2017). The regional tide is
semidiurnal and macrotidal, with an average tidal range between
3 and 5.5 m (Ren and Shi, 1986; Zhang, 1992). The study area
experiences a monsoon climate, with prevailing winds from the
southwest and south in summer, and from the northwest and north
in winter (Yang, 1982; Wang et al., 2012). Two small rivers are
located to the north and south of the observation site respectively
(Figure 1B), but tidal barrages across the river mouths were closed
for crop irrigation during the observation period.

The intertidal flat is wide, accretional, and gently sloped (0.001
for the upper part and 0.003 for the lower part at our observation
site; see Figure 1C), due to high suspended sediment concentrations
(ranging between 0.2 and 3.0 g/L) that favor accretion processes
(Wang et al., 2012; Shi et al., 2016). Typically, the upper part of the
tidal flat is colonized by Spartina alterniflora salt marshes (Gao
etal, 2014; Chen et al., 2020). The surficial seabed sediments mainly
consist of silt and fine sand, with clay content decreasing towards
the sea (Wang and Ke, 1997; Wang et al., 2012). Wave conditions
are relatively weak, with wave heights less than 1 m approximately
85% of the year (Xing et al, 2012). The wave climate for the
intertidal flat area is dominated by wind waves (Wang et al., 2012;
Shi et al., 2016; Chen et al., 2020). Maximum tidal currents can
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FIGURE 1

Location of the study area: (A) Map of the Jiangsu coast; (B) Location of the in-situ observation site on the intertidal flat; (C) Cross-shore profile
measured by GNSS-RTK on May 12, 2017. The zero point refers to the mean sea level, and the green dot indicates the position of the bottom

boundary tripod.

exceed 1 m/s along the coast, indicating a tide-dominated
environment (Wang et al., 2019).

3 Methods
3.1 Data collection
In May 2017, a field observation was conducted on the central

Jiangsu intertidal mudflat. A bottom boundary tripod equipped
with oceanographic instruments was deployed on the lower

TABLE 1 Instrument deployment scheme for tripod D1 measurements.

Location

intertidal seabed (Figure 1C; Table 1), and details of the
instrument deployment are shown in Figure 2. Vertical velocity
profiles were measured using an up-looking Signature 1000
positioned 0.1 m above the seabed, operating with a sampling
frequency of 8 Hz and a cell size of 0.2 m. Near-bed three-
dimensional high-frequency velocities were measured by two
acoustic Doppler velocimeters (ADV) sampling at 16 Hz,
deployed 0.1 m and 0.5 m above the seabed, respectively. Water
turbidity was measured by two Optical Backscatter Sensors (OBS-
3A) deployed 0.8 m and 0.5 m above the seabed, with the OBS at 0.8
mab moved to 0.3 mab on May 14 to capture fluid mud signals,

Height (mab)

. : Measurement Samplin
Tripod (Elevation Instrument frequenc s etFL 9 [R? for
MSWL) quency P SSC calibration]
D1 Lower flat (-0.69 m) 16 HZ 256 s/5 min 0.1
Nortek ADV(x2)
16 HZ 256 /5 min 0.5
1 HZ 8 s/5 min 0.5 [0.92]
OBS-3A(x2)
1 HZ 8 s/5 min 0.8, 0.3 [0.91]
Signature 1000 8 HZ 256 s/5 min 0.1
Seabird CTD 1 HZ 8 s/5 min 0.5
Lindorm SediMeter 1 HZ 5 s/5 min Moored vertically [0.97]
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A schematic diagram of the near-bed observation system designed for the intertidal area.

sampling at 1 Hz for 8 seconds every 5 minutes. A Seabird CTD
(SBE-26plus) was deployed 0.5 m above the seabed to measure the
salinity, conductivity, and temperature of the near-bottom seawater.
To capture the turbidity profile of the bottom boundary, a Lindorm
SediMeter SM3 was moored vertically above the seabed, measuring
five water turbidity profiles every 5 minutes from 0 to 0.36 mab.

Water samples were collected from a nearby moored boat
during the observation period to measure the grain size of
suspended sediment and calibrate the optical turbidity sensors
(Figure 3), such as the OBS-3A and SediMeter. The correlation
coefficients are shown in Table 1. Surficial seabed sediment samples
within 5 cm of the observation site were also collected during no-
water stages and analyzed in the lab for grain size distribution. The
cross-shore bathymetric profile was acquired using GNSS-RTK on
May 12, 2017, during the observation period.

Water depth was calibrated using the pressure data recorded by
the Signature 1000 device, while water salinity and temperature data
were obtained from the Seabird CTD. Additionally, wave

parameters, including significant wave height, wave direction, and
wave period, were extracted using the PUV method (Sobey and
Hughes, 1999; Gordon et al., 2001).

3.2 Bed shear stress

The bed shear stresses related to currents at 0.1 mab was
calculated directly from the measured Reynolds stresses as
(Equation 1) (Soulsby and Whitehouse, 1997; MacVean and Lacy,
2014):

(1)

where p is seawater density, u” and w’ are the turbulent

T, =—pu’'w’

fluctuations in horizontal and vertical directions. Velocities
measured by ADVs could be decomposed into mean current
(@, ¥, W), turbulent fluctuations (', v/, w') and wave fluctuations
(@, v, w) by using the “phase method” (Bricker and Monismith,

35
SSC = 0.172 * exp(0.002 * T) °
31 R2=0.92 (OBS3A at 0.5 mab)
25| SSC=0.176 * exp(0.002 * T)
R>=0.91 (OBS3A at 0.8, 0.3 mab)
= 2
S0
2 1s
wn
1
0.5
()
0
0 500 1000 1500 2000

Turbidity (T, NTUs)

FIGURE 3
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Suspended sediment concentrations calibration curves: (A) Turbidities measured by OBS-3A; (B) Turbidities measured by Lindorm SediMeter.
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2007; MacVean and Lacy, 2014). The Reynolds method is proved to
be suitable for central Jiangsu coast by recent field works (Shi et al,
2016; Yang et al., 2016; Xiong et al,, 2018; Yu et al., 2024).

The wave-related shear stress is calculated as (Equation 2)
(Soulsby and Whitehouse, 1997):

1
T, = Epwfwufv (2)

where f,, is the wave friction factor, could be calculated as
(Equation 3):

fw = 1.39(%)“"52 3)
0

In the above equation, A=u,,T,/(27r) means the semi-orbital
excursion, u,, = /2> Sy Af is the bottom wave orbital velocity
(Wiberg and Sherwood, 2008; Xiong et al., 2018). Z, means the
bottom roughness height which remains relatively constant during
the observation period. So a typical value 0.05 is taken for Z, as
suggested (Dyer, 1986; Soulsby and Whitehouse, 1997;
Yu et al., 2024).

The combined bed shear stress due to wave-current interactions
during a wave cycle could be estimated as follows (Equation 4)
(Soulsby and Whitehouse, 1997):

T,
T = T |1+ 1.2(—2—)>? 4
= L 120 ) @
where 7., is wave-current combined bed shear, 7. is bed shear
stress due to tidal currents, T,, is bed shear stress due to waves.
The critical shear stress for erosion was calculated as follows
(Equations 5-7) (Soulsby and Whitehouse, 1997):

Ter = Oy g( pS_p)D* ®)
0.30
96, = m + 055[1 — exp ( - 002Dx»)] (6)
D, = {g(s; 1)} .D )
A%

Where p; is sediment particle density (2650 kg/m’), p is water
density (1030 kg/m?), D is sediment grain size. In this study, the
mean surficial sediment grain size is 5.64 @, as presented in
section 5.

3.3 Liquefaction degree

The dimensionless parameter liquefaction degree L (Equation
8) was introduced by Klammler et al. (2021), which was defined as:

lim % 5 50
L=420(%-%) (8)
0 , 0, <0
0, =Re{3,,®,S() explik,.x - w,t+ E,,)]} 9)
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where o, (Equation 9) represents the wave-induced vertical
effective stress. The parameters %, and ¥, denote the specific weights
of seawater and saturated sediment, respectively. For Equation 9,
@, and €, are the amplitude and phase of surface waves with
varying wave numbers and frequencies, which can be derived from
measured high-frequency ADV pressure data using Fourier
analysis. S(z) varies with depth and depends on several bed
properties, including porosity, horizontal and vertical hydraulic
conductivities, degree of saturation, shear modulus, Poisson’s
ratio, density and elastic modulus of fluid, the absolute pore
pressure for the average water depth, and the vertical thickness of
the sediment bed above an assumed rigid, impermeable bedrock.
The detailed analysis and calculation code can be referred to in the
mentioned article.

3.4 Parameterization of fluid
mud dynamics

The buoyancy-friction model (Equation 10) is a widely used
method for parameterizing wave- and current-supported fluid mud
dynamics. Fluid mud dynamics are considered to be governed by a
balance of forces between the downslope component and friction. In its
simplest form, this balance can be expressed using a linearized Chezy
equation (Wright et al., 2001; Traykovski et al., 2007; Flores et al., 2018):

Hg'sin o = Cpttg | thyy | (10)

where the left and right side of the equation represents
gravitational forcing term and friction term respectively. In the
equation, H is the thickness of the fluid mud, g” is the reduced
gravity, sinat means the seabed slope, Cp is the drag coefficient,
taken as 0.0035 in this study (Tang et al., 2023; Yu et al,, 2024), ug is
the gravitational flow velocity, and u,,,, is the maximum velocity

at the interface between overlying water and the fluid mud layer,

— 2
Umax = g

means ambient current velocity. The bulk Richardson number

u?, + u + u? where u,, means wave orbital velocity, and u,
(Equation 11) is often used to evaluate the relationship between
the buoyancy restoring force and the turbulence generated by flow
shear within the gravity flow, which could be estimated as (Wright
et al., 2001):

B
Riy =—— (11)
umax
H
where B= % (K C(Z)dZ = g H means the buoyancy anomaly
le thickness of the fluid mud layer, C(Z) is the
suspended sediment concentration (g/L), s means the submerged

integrated over

weight of the sediment relative to seawater, p is the sediment
density. By assuming that Rij at a critical value 0.25, when there
is an unlimited supply of fine grained sediment that allows the
highly turbid boundary to remains critically stratified at all times,
thus the feedback between turbulence and suspended sediment
maintains balanced, which Ug and B could be achieved from the
model closure (Friedrichs and Wright, 2004; Scully et al., 2003;
Flores et al., 2018).
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4 Results
4.1 Winds, waves and currents

There were no storm events during the field observation period.
Wind speeds ranged from 1.01 to 9.95 m/s, with a mean value of
4.45 m/s (Figure 4A). The wind direction was mainly from the
northeast and southeast (Figure 4A). Water depth exhibited
semidiurnal variations with tidal ranges of approximately 2.8 m
(Figure 4B). During our observation period, the mean water depth
at the observation site was 1.69 m. The mean significant wave height
(H,) was 0.19 m, with a maximum value of 0.49 m, indicating weak
to moderate wave activity. Onshore winds enhanced wave activity,
with the maximum significant wave height reaching 0.49 m during
periods of strong onshore winds (Figure 4C). The bottom wave
orbital velocity (u,,) ranged from 0.03 m/s to 0.39 m/s (Figure 4B),
showing a similar trend to significant wave height.

The tidal currents were decomposed into alongshore and cross-
shore components (Figures 4D, E). A positive alongshore current
value signifies 23° anti-clockwise from the north, and the cross-
shore current is perpendicular to the shore. The observed tidal
elevation exhibited flood and ebb asymmetry (Figure 4D), with
flood tide durations ranging from 3.33 to 4.17 hours and ebb tide
durations from 3.67 to 4.41 hours. In the cross-shore direction

10.3389/fmars.2024.1459899

(Figure 4D), the mean flood tide current velocity was 0.25 m/s,
lower than the mean ebb tide current velocity of 0.35 m/s, indicating
an ebb tide-dominated environment (Figure 4E). The maximum
velocities for flood and ebb tides were 0.89 m/s and 0.93 m/s,
respectively. In the alongshore direction, the mean flood current
velocity was 0.11 m/s, and the mean ebb tide current velocity was
0.19 m/s. The maximum alongshore velocities for flood and ebb
tides were 0.42 m/s and 0.71 m/s, respectively. During the high slack
tide period, both flood and ebb tidal currents were negligible, with
depth-averaged current velocities ranging from 0.027 m/s to
0.14 m/s.

4.2 Bed shear stress, sediment
concentrations and bed level changes

Wave-induced bed shear stress exhibited a trend similar to that
of wave orbital velocity and significant wave height. Wave-induced
bed shear stress ranged from 0.009 to 0.48 Pa (Figure 5D), with a
mean value of 0.13 Pa, which exceeds the threshold shear stress of
0.095 Pa for sediment erosion. During the initial two tides
(Figure 5D), wave-induced bed shear stress ranged from 0.17 to
0.43 Pa, indicating a wave-dominated erosional environment. The
current-induced shear stress displayed significant tidal fluctuations,
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FIGURE 4

Time series of wind, wave, and current parameters from May 9 to 18: (A) Wind vectors; (B) Water depth and wave orbital velocity; (C) Significant
wave height and wave direction; (D) Cross-shore velocity, with positive values indicating offshore direction; (E) Alongshore velocity, with positive

values indicating northwestern direction. Tides 1 to 15, starting from the left,
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are abbreviated as T1 to T15 in subsequent sections.
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FIGURE 5

Observed near-bed sediment dynamic parameters: (A) Water salinity and temperature measured by CTD at 0.5 m above the seabed (mab);

(B) Suspended sediment concentrations calibrated from OBS-3A at 0.3 m, 0.5 m, and 0.8 m; (C) Near-bed suspended sediment concentration
calibrated from SediMeter, the yellow color denotes to fluid mud layer; (D) Bed shear stress values for 7., 1, and 1., with the green line indicating
the critical erosion shear stress (7). Dots represent bed level changes, where the zero point corresponds to bed elevation 0.25 m below the

ADV probe.

ranging from 0.03 to 0.74 Pa, with the minimum occurring during
slack tide and the maximum during the peak flood current and peak
ebb current stages (Figure 5D). The mean current-induced shear
stress was 0.24 Pa, significantly higher than the threshold stress for
sediment erosion. Overall, wave and current-induced bed shear
stress was primarily determined by tidal currents during periods of
weak waves (Figure 5D).

Sediment concentrations above 0.3 m from the seabed were
highly correlated with bed shear stresses (Figures 5B-D). During
peak flood and ebb phases, suspended sediment concentrations
(SSCs) increased rapidly due to strong bed shear stresses induced by
waves and currents, reaching up to 5.78 g/L and 4.98 g/L at 0.5 m
and 0.8 m above the seabed, respectively (Figure 5B). Meanwhile, a
thin (<10 cm) and highly turbid fluid mud layer formed within the
near-bed water column during the early flood and late ebb phases,
with maximum near-bed SSCs reaching up to 38 g/L (Figure 5C).
During high slack tide phases, SSCs in the upper water column
(>30 cm) were extremely low, ranging between 0.17 g/L and
0.68 g/L (Figure 5B). However, suspended sediment within
the =15 cm thick near-bed water column exhibited a temporally
steady and highly turbid fluid mud layer, with maximum SSCs
reaching up to 40 g/L (Figure 5C). The mean salinity at the
observation site was 26.66 psu, showing a trend similar to water
depth and an inverse trend with local water temperature
(Figure 5A), corresponding to a well-mixed saline environment
due to the extremely shallow water depth and lack of freshwater
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input. Bed level deviations recorded from the near-bed (0.1 mab)
ADV sensor ranged from -0.09 m to 0.07 m, indicating strong
seabed erosion and accretion processes under the combined
influences of waves and currents (Figure 5D).

4.3 Observed fluid mud events

Sediment concentration greater than 10 g/L is commonly used
as a threshold to distinguish fluid mud (Kineke and Sternberg, 1992;
Tang et al., 2023). Periodic fluid mud events were observed in the
near-bed layer (<30 cm), as evidenced by the SSC profiles calibrated
from SediMeter turbidity data during our measurement period
(Figures 5C, 6). At the observation site, fluid mud events
occurred during three typical phases: early flood, high slack tide,
and late ebb stages (Figures 5C, 6). During the early flood phase,
seven fluid mud events (T1, T4, T5, T6, T7, T9 and T11) were
identified, with durations ranging from 0.35 to 1.42 hours and
thicknesses ranging from 4 to 7 cm (Figures 5C, 6). During the late
ebb phase, thirteen fluid mud events (T1, T3-T6, T8-T15) were
identified, with durations ranging from 0.5 to 2.16 hours and
thicknesses ranging from 5 to 9 cm (Figures 5C, 6). Fluid mud
events were observed during all high slack tide periods (T1-T15),
with thicknesses ranging from 7 to 20 cm and durations ranging
from 1.53 to 3.5 hours (Figures 5C, 6). Comparatively, fluid mud
formed during slack tide phases exhibited greater thickness and
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FIGURE 6

Velocity and sediment concentration profiles of fluid mud events: (A, D) show the entire velocity profile during early flood stages; (B, E) represent
the entire velocity profile during slack tide stages; (C, F) illustrate the entire velocity profile during late ebb stages. Velocity at 0.1 m above the
seabed was derived from near-bed ADV data. Gray lines indicate the envelope of maximum velocities. Panels (G—I) present sediment concentration
profiles corresponding to the same stages as their upper columns over the bottom 0.36 m. Gray lines represent the envelope of maximum sediment
concentrations, calibrated from SediMeter data. Each profile was derived from 4 to 15 individual measurements. Positive values indicate flow

directed toward the northwest (alongshore) and offshore (cross-shore).

longer duration, consistent with findings from similar research
(Flores et al., 2018; Wu et al., 2022; Yu et al., 2024).

To illustrate the vertical hydrodynamic structure during fluid
mud events, phase-averaged vertical velocity and near-bed sediment
concentration profiles are presented in Figure 4. These phase
averages are further segregated into early flood, slack tide, and
late ebb phases to better understand the interactions between fluid
mud events and hydrodynamics. In the cross-shore direction
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(Figures 6A, C), vertical velocity profiles for early flood and late
ebb stages were approximately logarithmic, indicating relatively
strong tidal acceleration effects (Soulsby and Dyer, 1981; Collins
et al., 1998; Jia et al., 2006; Zhang et al., 2014; Zhang et al., 2024).
However, during high slack tide phases, the vertical velocity profiles
exhibited a stable laminar structure (Figure 6B). A near-bed
offshore current jet, less than 0.10 m/s, was observed in the near-

bed layer (<30 cm), with a weak onshore current above it in the
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middle layer (Figure 6B). Meanwhile, the surface layer was
dominated by an oftshore current that was slightly stronger than
the lower layers (Figure 6B). This anomalous near-bed, offshore-
directed weak current jet during high slack tide is a prominent sign
of downslope fluid mud movement, often referred to as gravity
flows (Traykovski et al., 2007; Flores et al., 2018; Yu et al., 2024).

In the alongshore direction, the current flowed northwest
during the early flood phase and southeast during the late ebb
phase (Figures 6D, F), showing significant deviations from the mean
value among different tidal cycles based on the envelope of
maximum velocities. There were no differentiated velocity
structures during slack tide phases (Figure 6E), suggesting no
movement of fluid mud along the shelf. The sediment
concentration profiles revealed a thin, highly turbid layer with a
thickness of 3 to 20 cm (Figures 5C, 6G-I), characterized by high
concentration gradients and an exponential relationship between
SSCs and depth, as verified by other field and laboratory studies
(Souza et al., 2004; Traykovski et al., 2007; Flores et al., 2018; Wu
et al,, 2022; Liu et al., 2022; Tang et al., 2023).

Additionally, the instruments failed to capture the three-
dimensional velocity structure in the lower 10 cm layer due to the
setup height of the bottom ADV, which could explain the lack of
measured hydrodynamic signals distinguishing gravity flows during
early flood and late ebb stages for the thinner (<10 c¢m) fluid mud
layer during these phases. However, fluid mud was proven to move
downslope as gravity flows, even with a gentler bed slope near our
observation site (Yu et al., 2017; Tang et al.,, 2023; Yu et al., 2024), as
well as at other similar wave and tide-dominated muddy coasts
(Jaramillo et al., 2009; Sheremet et al., 2011; Hale and Ogston, 2015).

5 Discussions

5.1 Wave-induced bed liquefaction and
sequent surficial sediment refinement

Wave-generated cyclic loads of vertical pore pressure are
considered the main trigger for bed liquefaction, leading to bed
sediment fluidization and segregation, which moves fine sediments
upward, making them more easily eroded and transported (Liu et al.,
2013; Jia et al, 2014; Klammler et al., 2020). Wave-induced pore
pressure accumulation in liquefied cohesive sediments has been
found to enhance sediment erosion and suspension (Aldridge and
Rees, 1997; De Wit and Kranenburg, 1997; Jia et al., 2014; Dong et al.,
2022). This enhanced sediment availability and resuspension
substantially contribute to the formation of a near-bed high
sediment concentration layer, such as a fluid mud layer, which can
be sustained or affected by turbulence, hindered settling, or
stratification processes (Wolanski et al., 1992; Knoch and
Malcherek, 2011; Wu et al., 2022). However, wave-induced bed
liquefaction has rarely been investigated through in-situ field
observations and has been widely explored using experimental or
combined methods due to the temporary confinement of marine
instruments (Jia et al., 2014; Jeng et al., 2020; Zhang et al.,, 2020; Tang
et al,, 2023). To describe the combined effect of wave-exceeded pore
pressure at and below the sediment surface, we adopted a
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dimensionless liquefaction degree (L) (portion of vertical effective
stress) and depth (Z) (sediment failure depth due to liquefaction) to
construct a surrogate index for seabed sediment liquefaction and
entrainment processes (Klammler et al., 2020, 2021; Billings et al,
2023; Postacchini et al., 2023; Yang et al., 2023). The bed is stabilized
and compressed when L and Z equal 0. When 0< L< 1, there is an
increasing possibility of bed instability, erosion, and sediment
entrainment, though not fully liquefied, whereas Z approaches 0—
due to liquefaction occurring below the surface bed. When L > 1, this
indicates a fully liquefied bed state (e.g., a fluidized bed), and the
failure depth (Z) is negative, where sediment entrainment actually
occurs (Klammler et al., 2020, 2021; Wu et al., 2023).

The bed in the central Jiangsu intertidal area is predominantly
composed of clay and silt, this mixture exhibits significant potential
for liquefaction in laboratory settings (Monkul et al., 2015; Krim
et al,, 2019; Zhang et al., 2020). Evidence for bed liquefaction is
presented in Figure 5, using both measured and predicted data. The
predicted liquefaction degree indicates strong bed liquefaction
during events T1, T2, T5, T8, and T9 (Figure 7B). Specifically,
during the first two tides, the mean liquefaction degree is 0.71
(Figure 7B), indicating increasing bed instability with continuous
wave activity. The high-frequency water pressure series recorded by
the near-bed ADV was more unstable during T1 and T2
(Figure 7A), and appeared closely related to the liquefaction
degree rather than significant wave height (Figures 7A, B),
suggesting strong fluctuations of seawater due to frequent wave
loading (Zhang et al., 2020). The maximum liquefaction degree
exceeds 1 during T1, with a maximum failure depth of 0.068 m,
indicating a transient fully liquefied state (Figure 7B). This
liquefaction status is confirmed by the abrupt changes in the
attitudes of seabed-mounted AD2CP instruments (Figure 7C) and
rapid bed elevation erosion (Figure 7D). Although not fully
liquefied after T1, the fluidized seabed remained generally stable
and could be replenished by occasional medium wave events during
T5, T8, and T9 (Figures 7A, B).

The entrainment of sediment into overlaying waters occurred
during the first liquefaction event T1, with a measured maximum
eroding depth of 0.073 m (Figure 5D). This observation is
corroborated by the predicted failure depth of 0.068 m
(Figure 7B) and near-bed SSCs exceeding 10 g/L (Figure 7C). The
erosion rate during T1, around the fully liquefied stage, was 0.047
mm/min (Figure 5D), significantly higher than during subsequent
tides. This indicates that massive erosion occurs when the sediment
transitions from grain-supported to fluid-supported states (Foda
etal, 1997; Tzang et al., 2011; Traykovski et al., 2015; Trowbridge &
Traykovski, 2015; Niu et al, 2023), forming a fluid mud layer.
Additionally, a significant signal of bed liquefaction is the
observation of the fluidized status right after ebb tides, as
evidenced by sediment samples collected from the surficial bed
and near-bed water between different tides (Figures 7D, 8).
Specifically, a photo clearly shows a thin fluid mud layer (~5 cm)
after the ebb tide, indicating an active and fluidized seabed state
(Figure 8). Furthermore, the decreasing grain size of surficial
sediment, from 4.45 ¢ (May 10) to 6.54 ¢ (May 17), corresponds
to continuous sediment refinement due to sustained bed
liquefaction and seabed stratification (superficial fluid mud layer).
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Measured and predicted wave-induced bed liquefaction indicators: (A) Significant wave height, water depth, and raw pressure data retrieved from
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seabed. The lower bars denote mean near-bottom (< 20 cm) SSCs; (D) Grain size parameters of surficial bed (< 5 cm) from May 10 to May 17 and
hourly near-bottom (~15 cm) water samples from May 11 to May 13.

This stratified seabed forms when waves sort the seabed sediment to
a greater critical depth, allowing fine particles to be transported
upwards through pore-water flow, while coarse sediment grains
settle, leading to a liquefied upper bed and a more compact solid bed
below (Traykovski et al., 2000; Guy Plint, 2014; Liu et al., 2017;
Becker et al., 2018; Zhang et al., 2023). The surficial sediment
refinement process is evidenced by corresponding sediment grain
size parameters (Figure 7D), with clay content rising from 3.82%
(May 10) to 16.67% (May 17), substantially facilitating near-bed

fine sediment supply and resuspension (Lambrechts et al., 2010; Jia
et al.,, 2014; Niu et al., 2020).

5.2 Formation and breakdown of
fluid muds

Massive fine-grained sediments were sorted and suspended due
to wave-induced liquefaction and seepage (Lambrechts et al., 2010;

FIGURE 8

Surficial fluid mud at the observation site: (A) Photograph taken on May 11, 2017, at 16:57; (B) Photograph taken on May 17, 2017, at 09:14. Beneath
the fluid mud layer, the seabed is compact and primarily composed of sandy silt, with clay content less than 5%.
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Jia et al., 2014; Green and Coco, 2014; Zhang et al., 2018; Niu et al.,
2023). Based on a liquefied and unconsolidated seabed,
resuspension and advection processes were enhanced due to the
continuous refinement of surficial sediment in subsequent tides,
providing an almost infinite sediment supply for the formation of
successive fluid mud events. Fluid mud formation and breakdown
were highly dependent on near-bottom turbulent kinetic energy
(TKE), especially during high slack tide phases (Figures 9B, D).
Fluid mud generally formed when near-bottom (0.1 mab) TKE
dropped below 0.00045 m?*/s* (Figure 9B) and broke down with an
increase in near-bottom TKE caused by an increase of current
velocity (Figure 9D). TKE in the upper water layer (>0.3 m) was
significantly stronger than in the lower layer during slack tide
phases (Figure 9B), indicating an extremely stratified near-bottom
layer (<0.3 m) with mean TKE ranging from 0.00039 m’/s* to
0.00073 m?/s* at 0.1 mab and from 0.019 m?/s* to 0.032 m?/s” in the
upper layer (Figures 9C, D). Mean current velocity for the bottom
layer (0.1 mab) ranged from 0.004 m/s to 0.23 m/s during slack tide
phases, while it ranged from 0.37 m/s to 0.75 m/s for the upper layer
(Figure 9D). The near-bottom stratification was characterized by
sharp gradients in current velocity and SSCs during slack tide
phases, leading to hindered settling and suppressed bottom
turbulence once the fluid mud layer formed (Wu et al., 2022; Liu
et al., 2022; Tang et al.,, 2023). During slack tide fluid mud events,
waves served as a trigger for increased fine sediment supply and a
more easily eroded seabed rather than as a dominator of fluid mud,
with strong tidal currents more closely related to near-bottom TKE

10.3389/fmars.2024.1459899

dynamics that actually controlled the fate of fluid mud (Figures 9A,
B, D). However, waves played a crucial role in the initial liquefaction
stage, fluid mud formed and broke down with slightly larger TKE
during slack tide of T1, corresponding to a more turbulent
environment represented by coarser surficial sediment grain size
(Figures 7D, 9B, D).

Aside from slack tide phases, fluid mud was more likely to form
during late ebb phases, characterized by thinner and shorter-lasting
deposits when the water level was typically below 1.0 m. Although
the late ebb stage was marked by effective mixing and increased
turbulence, stratification could still occur in the near-bottom layer
(less than 0.3 m). Fluid mud, such as that observed in T1 and T6
early flood phases, could persist even with higher turbulent kinetic
energy (TKE) levels (> 0.00045 m?/s”) in the near-bottom layer (0.1
mab), as shown in Figures 7B and D, corresponding to a stratified
bottom layer at the same time. In contrast, when the bottom layer
was not stratified, no fluid mud formed during late ebb phases, as
observed in T2 and T7, even when TKE was below the threshold.
Although the TKE threshold at 0.1 mab is not fully representative of
late ebb fluid mud events due to the thinner high sediment
concentration layer (layer thickness< 0.1 m) compared with slack
tide fluid mud, it can be inferred that a stratified near-bottom layer
with TKE levels lower than the threshold is crucial for fluid mud
formation during both late ebb and early flood phases.

Furthermore, our findings indicate that both wind speed and
direction influence the formation of fluid mud during late ebb
phases, when the near-bottom water is more susceptible to
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FIGURE 9

Typical hydrodynamic parameters for tides 1 through 11: (A) Wind speed, wind direction, and wave orbital velocity, with blue circles denoting u,,;
(B) Turbulent kinetic energy (TKE) of the water column, with the red line indicating TKE at 0.1 m above the bottom (mab); (C) Gradient Richardson
number for the near-bottom layer (< 30 cm), with the red line indicating Ri = 0.25; (D) Mean current velocity for the upper layer (> 30 cm) and
bottom layer (0.1 mab), and observed fluid mud events (red circles). The first 11 tides are shown for clarity.
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stratification. When wind speed exceeded 6 m/s, no fluid mud
formed during late ebb phases, as observed in T2 and T7, suggesting
a lack of stratification due to excess turbulence generated by wind
waves at low water stages. Conversely, fluid mud was observed
during late ebb phases when the near-bottom layer was stratified
and wind speeds were less than 6 m/s. However, fluid mud also
appeared during early flood phases in the absence of offshore winds.
An offshore wind, even at low speeds, could significantly reduce the
formation of fluid mud during early flood phases. This is because an
opposing wind can decelerate or even reverse the early flood tide by
introducing vertical mixing through wind fetch (Rippeth et al,
2004; Thomas, 2008; Goh and Noh, 2013), resulting in a well-mixed
near-bottom layer without a significant high sediment
concentration layer (Figures 9B, D, T2-T3).

5.3 Dynamics of wave and current
supported fluid mud

Statistical analysis shows that the depth-averaged suspended
sediment concentrations (SSCs) of the fluid mud layer ranged from
12.02 g/L to 27.46 g/L. The mean SSCs were 22.46 g/L during slack
tide, 14.74 g/L during early flood, and 14.94 g/L during late ebb
(Tables 2-4). Mean water depths for slack tide, early flood, and late
ebb fluid mud events were 2.37 m, 0.60 m, and 0.66 m, respectively.
The mean thicknesses of the fluid mud were 0.14 m, 0.05 m, and
0.08 m, and the durations were 2.77 h, 0.78 h, and 1.31 h,
respectively (Tables 2-4). These parameters show a high
correlation coefficient when logarithmically related (R*>0.92).
Furthermore, fluid mud events during early flood and late ebb
phases generally had shorter durations and lower SSCs, and were
notably absent during peak flood and peak ebb periods when near-

10.3389/fmars.2024.1459899

bottom currents were stronger. This suggests that increased tidal
currents contribute to sediment resuspension and dispersion into
the fluid mud layer and upper water column as fluid mud moves
downslope (Yu et al., 2017, 2024).

In this study, a sino value of 0.003 was used based on GNSS-
RTK data, and a Cp value of 0.0035 was adopted following
recommendations and validations (Traykovski et al., 2000; Tang
etal, 2023; Yu et al,, 2024). Using the theoretical buoyancy-friction
model described earlier, the estimated parameters revealed the
dynamics of downslope movement of wave and current-
supported fluid mud as gravity flows (Tables 2-4). The calculated
bulk Richardson number (Rij) for T2 to T11 ranged from 0.24 to
0.82 (Tables 2-4), closely approximating or exceeding the critical
threshold of 0.25 (Friedrichs and Scully, 2007; Jaramillo et al., 2009;
Hale and Ogston, 2015; Yu et al., 2017; Tang et al., 2023), indicating
a stratified near-bottom layer due to high SSC gradients. However,
Rij, was slightly less than 0.25 during slack tide and late ebb phases
of T1, which may be attributed to the finite bed erodibility caused by
the high sand content (~46.29% sand) within the seabed (Flores
et al, 2018; Yu et al,, 2024). This sand content likely led to bed
liquefaction under continuous wave loads. For the initial two tides,
Upmax Was primarily influenced by u,, (Tables 2-4), corresponding to
a wave-dominated environment that promotes liquefaction
processes. Furthermore, the mean u,, for fluid mud events during
slack tide, early flood, and late ebb phases was 0.11 m/s, 0.11 m/s,
and 0.16 m/s, respectively, suggesting that the occurrence and
duration of fluid mud during late ebb phases may be enhanced by
stronger waves, primarily driven by offshore winds (Table 4).

The cross-shore downslope movement of fluid mud as gravity
flows during high slack tide phases has been predicted using a
theoretical model and validated by measurements of an anomalous
offshore-directed weak current jet at 0.1 m above the bottom (mab)

TABLE 2 Dynamics of fluid mud events observed during slack tide phases.

Slack tide

d (m) 232 241 224 2.46 221 2.63 2.19 249 2.54 2.57 2.06

H (m) 0.11 0.12 0.15 0.09 0.09 0.13 0.13 0.15 0.15 0.20 0.18
Duration(h) 333 3.02 3.16 242 1.53 2.98 2.02 3.05 2.16 333 350
C (g 18.25 20.65 24.04 21.29 18.95 23.49 22.87 24.71 2003 27.46 2533

u,, (m/s) 0.27 0.19 0.09 0.06 0.03 0.05 0.08 0.06 0.16 0.11 0.09

u. (m/s) 0.07 0.10 0.08 0.06 0.05 0.08 0.07 0.06 0.07 0.06 0.08
Upnax (m/s) 0.28 024 0.19 0.14 0.12 0.16 0.17 0.17 021 021 020
ug (m/s) 0.05 0.09 0.13 0.10 0.10 0.12 0.11 0.13 0.09 0.15 0.14
Ueross-shore (m/s) 0.10 0.10 0.10 0.08 0.08 0.10 0.10 0.09 0.10 0.07 0.10
B (m?s?) 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.03
sina 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

Ri, 0.18 039 0.69 0.74 0.82 071 0.70 0.81 0.46 0.74 071
Wind.spd (m/s) 4.40 6.61 3.10 2.70 2.20 6.02 6.73 5.90 2.60 4.00 1.20
Wind.dir SE NE NE NW SE SE NE sw SW SE SE
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TABLE 3 Dynamics of fluid mud events observed during early flood phases.

10.3389/fmars.2024.1459899

Early flood T1 T4 T5 T6 T7 T9 T11
d (m) 0.51 0.88 0.56 0.47 0.92 0.34 0.54

H (m) 0.04 0.05 0.04 0.04 0.07 0.06 0.07
Duration (h) 1.02 0.83 0.75 0.35 1.42 0.75 0.36

C (g/L) 12.02 17.17 19.55 13.25 15.02 14.12 12.06

u,, (m/s) 0.22 0.09 0.08 0.09 0.08 0.08 0.13

u, (m/s) 0.16 0.05 0.05 0.03 0.06 0.01 0.04
Upnay (M/s) 0.29 0.14 0.13 0.11 0.12 0.14 0.14
u, (m/s) 0.08 0.08 0.09 0.06 0.06 0.11 0.04

Ueross-shore (/S) -0.21 -0.17 -0.17 -0.16 -0.15 -0.07 -0.15
B (m~3s?) 0.02 0.01 0.01 0.01 0.01 0.02 0.01

sina 0.003 0.003 0.003 0.003 0.003 0.003 0.003

Riy, 0.33 0.58 0.69 0.49 0.46 0.75 0.31
Wind.spd (m/s) 3.70 4.10 3.00 3.20 6.90 3.52 1.80
Wind.dir SE N N NE NE SW SE

(Table 2, ug and Ucross-shore)- The predicted gravity flow velocity
(Table 2) and measured bottom cross-shore velocity are within a
few centimeters of each other, consistent with observed and
predicted results from a site 5 km east of our tripod (Yu et al,
2024) and similar continental shelves (Yu et al., 2017; Liu et al,,
2022; Tang et al., 2023). The predicted mean gravity flow velocity is
0.11 m/s, while the measured mean bottom cross-shore velocity at
0.1 mab is 0.093 m/s, reflecting the typical gravity flow speed during
high slack tide at this location (Table 2). However, no direct
evidence of gravity flows was observed between early flood and

TABLE 4 Dynamics of Fluid Mud Events Observed During Late Ebb Phases.

late ebb phases due to the height of the near-bed ADV as previously
mentioned. During early flood fluid mud events, the measured
cross-shore current at 0.1 mab was onshore-directed rather than
offshore-directed (Table 3), with a predicted mean gravity flow
velocity (ug) of 0.074 m/s. For late ebb phases, the mean gravity flow
velocity (ug) is 0.083 m/s (Table 4), while the measured mean
offshore-directed current was 0.13 m/s at 0.1 mab, which did not
capture the fluid mud movement accurately. Notably, Yu et al.
(2024) conducted a synchronized field measurement with two
tripods in a subtidal area to the east of our site in August 2018.

Late ebb

d (m) 0.85 0.62 0.55 0.34 1.03 0.72 0.64 0.62 0.61

H (m) 0.08 0.09 0.07 0.05 0.07 0.06 0.08 0.09 0.08
Duration (h) 1.50 1.50 0.50 0.75 1.00 1.33 1.75 1.33 2.16
C (g/L) 16.39 24.42 18.71 16.27 19.30 24.55 14.02 19.20 23.89

uy, (m/s) 0.26 0.12 0.10 0.16 0.09 0.21 0.21 0.15 0.14

u. (m/s) 0.04 0.04 0.01 0.01 0.08 0.14 0.004 0.01 0.01
Uppay (m/8) 0.28 0.17 0.14 0.17 0.15 0.29 0.23 0.18 0.18
u, (m/s) 0.06 0.10 0.09 0.05 0.09 0.12 0.05 0.09 0.10
Utcross-shore (M/S) 0.19 0.12 0.10 0.13 0.15 0.09 0.15 0.09 0.11
B (m?%s?) 0.02 0.02 0.01 0.01 0.01 0.04 0.01 0.02 0.02
sina 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

Riy, 0.20 0.58 0.61 0.29 0.56 0.43 0.24 0.50 0.53
Wind.spd (m/s) 5.71 3.00 5.20 3.70 6.60 5.00 3.60 4.00 3.70
Wind.dir ESE SE SE SE SE SW SwW SE SE
Frontiers in Marine Science 13 frontiersin.org


https://doi.org/10.3389/fmars.2024.1459899
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

Their results indicated that fluid mud could move downslope at
0.1 m/s with a gentler coastal slope of 0.0008 during low tidal slack
phases. In comparison, our observation site D1 had a steeper slope,
finer seabed sediment, and higher near-bed sediment concentration
(Figure 7; Tables 3, 4), which contributes to a greater gravitational
force promoting downslope movement. Gravity flows during early
flood phases may be weakened by flood tides and favored by ebb
tides due to differences in gravitational speed and duration
(Tables 3, 4). Additionally, our study supports the hypothesis by
Yu et al. (2024) that intertidal gravity flows can transport significant
sediment downslope into subtidal areas during high slack tide,
substantially influencing coastal sediment transport processes.

6 Conclusions

Field observations were conducted at the lower intertidal
mudflat on the central Jiangsu coast, China, focusing on fluid
mud events and sediment gravity flow that occurred following
medium wave activity with a maximum significant wave height of
0.49 m. These events were characterized by a liquefied seabed, high
sediment concentrations, and short durations.

During continuous wave activity, the liquefied seabed entrained
substantial amounts of fine sediment, with the maximum erosion
rate reaching 0.047 mm/min, accompanied by the refinement of
surficial sediment. Fluid mud events were observed during high
slack tide, early flood, and late ebb phases, featuring a thin high-
concentration layer (4-20 cm) with mean sediment concentrations
exceeding 10 g/L and short durations (< 3.5 h). Turbulence
generated by waves and currents can sustain fluid mud when
near-bed TKE is below the threshold of 0.00045 m*/s> but may
disrupt the fluid mud if TKE exceeds this threshold. Additionally,
onshore winds favor fluid mud events during early flood phases,
whereas offshore winds are more conducive during late ebb phases.

The downslope movement of fluid mud in the form of sediment
gravity flow was predicted using a theoretical model and validated
by measurements of anomalous near-bed, offshore-directed weak
current jets. Typical gravity flow velocities at our observation site
are 0.093 m/s, 0.074 m/s, and 0.083 m/s for high slack tide, early
flood, and late ebb phases, respectively. These are crucial parameters
for geomorphic modeling. Overall, this study enhances the
understanding of wave- and current-supported fluid mud
dynamics in intertidal mudflat areas.
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