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Abstract :

Shelf mud patches represent major sinks for fine-grained particles on continental shelves, as well as for
carbon and contaminants of continental origin. The West Gironde Mud Patch (WGMP) is an interesting
example of such offshore marine systems as it is an active mud deposition area located offshore the
Gironde estuarine mouth (France) at depths between 30 and 70 m. It is known to be the trap of fine
particles coming from the estuary, but the contribution of this material to the total mass of the depocenter
is poorly quantified. In addition, despite the economic and ecological issues at stake, the response of
such subtidal sedimentary structure to the combination of tidal currents, waves, and river supply remain
poorly understood. Thus, using a realistic 3-D hydrodynamic and mixed (mud/sand) sediment transport
model, this study aims at investigating the sediment dynamics of the WGMP under different
hydrometeorological conditions. The analysis of the residual fluxes at the estuarine mouth exhibited large
discrepancies between the different sediment classes as well as for contrasted hydro-and meteorological
conditions induced by different dominant transport mechanisms. During winter, the reinforced density
gradients drive strong up-estuary baroclinic circulation at the bottom that dominates the sediment
dynamics over the barotropic export of mud particles. The model also reproduced the signature of a
subtidal mud accumulation area over the continental shelf around 30-40 m water depth, on the proximal
side of the observed WGMP. On average over two years, 26% of the mud mass accumulating on the
simulated subtidal mudflat comes from the estuary. The trapping efficiency of this mud patch is negatively
correlated with the significant wave height. Moreover, due to the estuarine turbid plume being more
concentrated and developed at the surface during high river discharge, the trapping efficiency of the mud
body is enhanced compared to lower discharge. This study highlights the sensitivity of mud and sand
fluxes to vertical and horizontal residual circulation, and points out the uncertainties associated with the
simulation of short-term (i.e., years) fine particle deposits compared to long-term (i.e., centuries) sediment
accumulation trends. In addition, these results show the primordial effects of both wave action and riverine
sediment supply on the dynamics of such subtidal muddy structures, which raises concern about their
fate facing climate change and human activities in the future.
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Highlights:

» A process-based model simulated mud/sand fluxes along an estuary-shelf continuum » Density
gradients drive up-estuary sand fluxes at the estuarine mouth » The formation and dynamics of an active
shelf mud deposition area are reproduced » The trapping efficiency of the mudflat is modulated by waves
and river turbid plume » About 26% of the mud mass accumulated on the mudflat originates from the
estuary
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1. Introduction

Continental shelves, and more specifically inner-to-mid shelf regions (20-100 m water depth), are key
transitional areas located between terrestrial sediment source systems and deep-sea depositional
environments (Nittrouer et al., 2007; Nittrouer & Wright, 1994). They are complex areas in terms of
sediment dynamics where both continental and marine processes interact (Dalrymple & Choi, 2007).
Near major fluvial systems, the inner-shelf sediment dynamics are not only determined by the
morphology and climatic conditions of the adjacent shelf but also by the river regime and the intra-
estuarine dynamics (Gao & Collins, 2014; Garcia et al., 2013; Latouche et al., 1991). Several processes
influenced by the concurrence of tide, river discharge, and wave action occur in these environments and

impact the sediment transport along the estuary-shelf continuum (Gao & Collins, 2014).

Continental shelves are generally floored with relict sands and gravels but, off the major active fluvial
systems, it is common to observe modern muddy deposits originating from continental sources (Garnaud
et al., 2003; Hanebuth et al., 2015; McCave, 1972; Swift et al., 1971). According to McCave (1972),
such mud accumulation areas often occur as mid-shelf mud belts bounded landward by highly-energetic
storm-dominated reworked sands and seaward by outer-shelves relict sandy sediments. Examples are
the Eel shelf mud belt in Northern California (Borgeld, 1987; Sommerfield & Nittrouer, 1999) and the
“Grande Vasiére” in the Bay of Biscay (Lesueur et al., 2001; Mojtahid et al., 2019; VVanney, 1977).

Isolated mud patches confined in both cross- and along-shelf directions can also be observed on inner
shelves at around 50-70 m water depth. Some examples are the Gironde shelf mud patches located
seaward of the Gironde estuary mouth in South-Western France (Lesueur et al., 2002), the New England
mud patch on the Mid-Atlantic Bight continental shelf (Bothner et al., 1981; Goff et al., 2019) or the
Douro and Galicia mud patches on the Northern Iberian shelf (Dias et al., 2002). The formation of such
subtidal muddy structures surrounded by sandy sediments differs from the previous ones (i.e. mid-shelf
mud belts) by their proximity to a continental sediment source and the concurrence of local
hydrodynamic components, such as (i) density fronts driven by high sediment concentration in the
bottom boundary layer and (ii) boundaries between opposing currents (Hanebuth et al., 2015). They are
particularly important ecologically as well as economically as they act as reservoirs of biodiversity, host
key benthic habitats, and constitute valuable fishing areas (Azaroff et al., 2020; Odum & Barrett, 1971;
Reise, 2001; Temmerman et al., 2013). Moreover, they are considered as one of the most reliable paleo-
environmental archives (Bassetti et al., 2016; Hanebuth et al., 2015; Nizou et al., 2010). Their role is
crucial not only in fine material circulation but also in determining the fate of continental fine particles
and associated contaminants (Gonzalez et al., 2007; Liu et al., 2011; Palanques et al., 1990, 2008). This
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was for instance highlighted recently by de Mahiques et al. (2016) who found evidence of anthropogenic
compounds up to several centimeters below surface deposits in mud depocenters on the shelf off the
Santos Estuarine Complex (S&o Paulo State, Brazil). This suggests not only a strong impact of
hydrodynamic events on residual sediment dynamics in these structures but also a significant

relationship with suspended sediments coming from continental areas.

Fine particles coming from rivers are the main vectors of nutrients and pollutants such as heavy metals
and radionuclides of continental origin. Both estuarine and shelf environments are directly influenced
by terrigenous inputs as the particles migrate along the land-sea continuum (Dalrymple & Choi, 2007).
Therefore, understanding particulate matter dynamics between estuarine and coastal areas as well as the
fate of terrestrial sediment particles on the shelf is of prime interest for environmental purposes such as
assessing water quality and monitoring benthic habitats, as well as for economic and social stakes, given

the intense anthropogenic activities developing along the coasts (Jay et al., 1997).

Sedimentary records have been widely used to investigate the contribution of both oceanic and
continental influences on sediment budgets and to study the impact of different factors (e.g.
anthropogenic pressures and climate change) on past and modern functioning of the estuarine-shelf
system (Azaroff et al., 2020; de Mahiques et al., 2020; Dias et al., 2002; Eckles et al., 2004; Potter et
al., 2005). However, given the complexity of processes and the diversity of hydrometeorological
conditions occurring in these environments, it is particularly difficult to provide a comprehensive picture

of sediment dynamics at a regional scale based on localized sedimentary samples.

In their review of the physical processes driving mud accumulation on coastal shelf environments, Porz
et al. (2021) stressed the importance of numerical models to understand the influence of hydrodynamic
processes involved. More importantly, numerical modeling appears as one of the most relevant
approaches to quantify suspended sediment fluxes at specific locations and at different time scales
(Schulz et al., 2018). Such a tool can be used to quantify exchange of material between the continent
and the ocean for contrasted hydrometeorological conditions. Simulated residual fluxes provide insights
on sediment budgets over the continental shelf (e.g. Mengual et al., 2016), and especially on the trapping

and dispersive capacity of specific sedimentary structures, such as subtidal mudflats.

The objective of this study is to analyze the behavior of a subtidal mudflat located offshore the Gironde
estuarine mouth, the West Gironde Mud Patch (WGMP), which is known to trap particles coming from
the Gironde Estuary. More specifically, this work aims at investigating the sediment dynamics of the
WGMP in relation to estuarine sediment outflow in order to trace back the behavior of the particles
deposited on the mudflat. To do so, it is important as a first step to understand and quantify the sediment
fluxes between the estuary and the shelf. Due to the broad range of spatial and time scales involved,
quantifying sediment fluxes between an estuary and its adjacent shelf is challenging and has never been

achieved before for the Gironde Estuary. In addition, despite ecological issues at stake, existing
3
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knowledge on the WGMP dynamics is limited to a study carried out twenty years ago on the origin and
morphosedimentary evolution of the mud patch (Lesueur et al., 2002) and to some recent insights on the
spatial distribution of surface sediment organic characteristics in this area (Lamarque et al., 2021, 2022).
The present-day sediment dynamics over this depocenter are still poorly documented and its behavior
in terms of sediment trapping and resuspension associated with the hydrometeorological conditions is

still unknown.

For this purpose, a three-dimensional (3D) numerical model of sediment transport over the estuary and
its adjacent continental shelf has been developed. The calibration process, along with the validation of
the hydrodynamic model and quantification of uncertainties associated with simulated sediment fluxes,
has been described in a previous work by Diaz et al. (2020). It provides the validation frame of the multi-
class sediment model, which is one of the most complete numerical modeling tools ever developed on
this study site, based on a complete realistic description of the estuary and the adjacent shelf. This tool
is used in the present study to analyze sediment fluxes between the estuary and the sea, which are
computed through two different cross-sections, providing unprecedented insights into the fluxes
seasonal and spatial variability. Based on this knowledge, the behavior of the mud patch reproduced by
the model is studied for contrasted hydrometeorological conditions, while discriminating the specific
contribution of estuarine sediments, to further understand the link between estuarine sediment outflow

and sediment dynamics on the continental shelf .
2. Regional setting

This study focuses on the continuum between the Gironde Estuary and its adjacent continental shelf.
The Gironde Estuary is one of the largest estuaries of Western Europe, with a 635 km?-surface area
(Jal6n-Rojas et al., 2015). It is located on the South-West coast of France on the Bay of Biscay (Figure 1)
and results from the confluence of the Garonne and Dordogne rivers. It is 170 km long from the mouth
to the upper limit of tidal influence and it drains a watershed surface of about 71,000 km? (Allen et al.,
1980). The yearly-averaged river discharge of the combined Garonne and Dordogne rivers is about
700 m®/s (Jalon-Rojas et al., 2015). The Garonne River contributes to about two thirds of the water and
sediment discharges into the estuary. There is a well-defined seasonality in the hydrological regime with
a high river discharge regime from November to May and a low flow period from June to October. It is
one of the two main estuaries supplying the Bay of Biscay in freshwater and sediments. This estuary is
defined as macrotidal, with a tidal range of about 1.5 m during neap tides and 5.5 m during spring tides.
The hydrodynamics are influenced by strong asymmetrical tidal currents that drive significant sediment
tidal pumping (Allen et al., 1980). Gravitational circulation along with tidal pumping and asymmetrical
mixing act together to generate one of the most concentrated estuarine turbidity maxima (ETM) in
Europe, with suspended sediment concentrations (SSC) in surface waters reaching up to 6 kg/m?
(Castaing & Allen, 1981; Jalén-Rojas et al., 2015). The seasonal variations in river discharge and salinity
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intrusion influence the longitudinal excursion of the ETM in the estuary (Allen et al., 1980; Sottolichio
et al.,, 2000): during low river discharge, the ETM migrates upstream in the rivers (Garonne and

Dordogne) whereas it moves further downstream during high river flow.

The WGMP is located approximately 30 km to the North-West off the Gironde mouth on a mostly sandy
bed (Figure 1b). It consists of a cross-shelf lenticular mud body covering a surface area of about 420 km?
located between 30 and 75 m water depth. The fine particles coming from the estuary toward the shelf
preferentially deposit in this area, as indicated by the biogeochemical analysis of the mud deposits
(Lesueur et al., 2002). The formation of this mud body started 2000 years BP by the infilling of a shallow
depressed area that crossed the shelf. Sedimentological surveys carried out in the late 1980s highlighted
a clear across-shelf distinction between a proximal and a distal area within the WGMP (Lesueur et al.,
2002). The characteristics of the deposited sediments as well as the occurrence of sedimentation and
erosion events were found to be different between the two parts of the mudflat (borderline around 40-
45 m water depth). Lamarque et al. (2021) recently assessed the ongoing validity of this segmentation
and further suggested that modern deposition and bioturbation occur exclusively in the distal part.
Moreover, sedimentation rates range between 0.1 cm/yr in both the shallowest and the deepest area of
the depocenter and 0.5 cm/yr in the central part, around 45-50 m water depth (Lesueur et al., 2001,
2002). The WGMP is also an intensively trawled area mainly for Norway lobsters (nephrops norvegicus,
or more commonly called langoustines) and common soles (Lamarque et al., 2021; Mengual et al.,
2016).

3. Methods

3.1 Numerical model setup

A 3-D numerical model has been developed to study the hydro- and sediment dynamics along the
Gironde estuarine-shelf system. This model has been described in detail by Diaz et al. (2020) who
thoroughly quantified epistemic uncertainties associated with the model parameterization and
investigated the impact of equifinality on the simulated sediment behavior. Hereafter a brief overview

of the model characteristics is provided both in terms of hydrodynamics and sediment transport.
3.1.1 Hydrodynamic model

The model is based on a non-nested (unique) configuration using the hydrostatic model MARS3D
(Lazure & Dumas, 2008). An orthogonal curvilinear grid was used to better represent the estuarine shape
and to optimize computational costs while refining the grid resolution in some specific areas (i.e. in the
river meanders, in the central estuary, and at the estuarine mouth) (Figure 1). Horizontally, cell sizes
ranged from 40 x 350 m in the meanders to 2 km x 2 km offshore while the vertical grid was divided
into 10 equidistant sigma layers (based on Diaz et al. (2020) who studied the influence of the number of

vertical layers on the simulated sediment fluxes at the mouth).
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The 114 main tidal components, extracted from the CST France database (SHOM), were used to force
the circulation at the open boundaries. Surges, provided by a configuration of the MARS2D model
applied to a larger domain (i.e. over the Bay of Biscay), were added to the water elevation at these same
boundaries. Upstream, the realistic Garonne, Dordogne, Isle, and Charente solid and liquid river flows
were prescribed. At the surface, the model was forced by wind stresses and pressure gradients obtained
from the high-resolution meteorological AROME model (Meteo-France). The simulated turbulence is
based on a k-epsilon turbulence closure scheme. Waves were simulated with the WAVEWATCH 1I®
(WW3) numerical model (Roland & Ardhuin, 2014) using the same computational grid as the one used
by MARS3D in this study. The free surface elevation and current velocity provided by the MARS3D
hydrodynamic model, along with local winds and swell data extracted from a larger model, were used
to force the WW3 configuration. Then, the bottom orbital velocities simulated by the wave model were
used to compute the wave-induced bed shear stress. The radiation stresses were not accounted for in
MARS3D and there was no direct coupling between the hydrodynamic and the wave model. Finally, the
total bed shear stress was expressed as a combination of the current-induced and wave-induced bed
shear stresses, accounting for non-linear interactions following Soulsby's (1997) formulation. Further

details regarding the forcing and the model description are given by Diaz et al. (2020).

g2 (3
20' b
&
Y. / 60
46°N
: 50
1G40 =
40 / =
140 2
G20 A5
; IS
>
£
©
20 jj30 ©
20
45°N
10
40
2°wW 80 1°W 8¢ °

Figure 1 The Gironde fluvial-estuarine system: (a) location map. The gray area indicates the watershed of
the Garonne and Dordogne rivers; (b) the bathymetry of the estuary (vertical reference: mean sea level) and
its adjacent continental shelf. The gray lines represent the model mesh grid (every fifth cell) and the white
circles indicate the measurement stations (where the model is validated, see Section 2.3). Black cross-
sections represent the sections through which the fluxes are calculated (the Verdon section upstream the
mouth, close to Le Verdon, and the Isobath-25m section offshore the mouth, along the 25m-isobath, close to
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the G20 station). The red polygon outlines the contour of the West Gironde Mud Patch (as drawn by
Lamarque et al. (2021) based on data obtained during the JERICOBENT-5 cruises (Gillet & Deflandre,
2018; Schmidt & Deflandre, 2018)).

3.1.2 Sediment transport model

The hydrodynamic model was coupled with the process-based, multiclass, multilayer sediment transport
model MUSTANG (Grasso et al., 2015; Le Hir et al., 2011; Mengual et al., 2017), which computes the
temporal and spatial variations of sand and mud content in the bed under hydrodynamic forces and
consolidation process. It also solves the 3D advection-diffusion equations in the water column and the
sediment exchanges between the bed and the water column for different particle classes. In this study,
five sediment classes were chosen: one gravel, three sands, and one mud (diameters in Table 1). The
initial distribution of classes was considered uniform over the entire domain with 10% of gravel, 20%

of each sand, and 30% of mud.

Non-cohesive sediment classes (sands and gravel) had constant and uniform settling velocities
depending on their diameters (Soulshy, 1997). The coarser classes were transported in the bottom layer
only, except for the very fine sand, which was treated in three dimensions. In two dimensions, the
velocity in the bottom layer is corrected to account for a logarithmic profile for the velocity in the whole
water column, and the calculated sand concentration is then assumed to follow a Rouse profile (Waeles
etal., 2007). The mud class was computed as a three-dimensional variable as well with a settling velocity
Wsmug Varying with concentration and turbulence to represent the flocculation process following Van
Leussen (1994):

_ . CCZ 1+aG 1
Ws,mudo = min Ws,max' max Ws,min » €1 mud 14+pg2/ |’ ( )

with Crua the mud concentration (kg/m®), G the turbulent shear rate defined as the square root of the
energy dissipation divided by the fluid viscosity (s™), Wsmin, Wsmax, &, b, C1 and c, calibration parameters
detailed in Table 1. A dependency between the mud settling velocity and salinity (S) was also considered
to account for the influence of salinity on flocculation: below a critical salinity of 5 psu, the mud settling

velocity decreases with salinity (see details in Diaz et al. (2020)).

The erosion flux was based on the Partheniades-Arathurai equation (Partheniades, 1965):

T> 1, :E:Eo(i—1)n

Tce

T<T,=>E=0

(@)

with E the erosion flux, Eo an erodibility parameter (expressed in kg/m?/s), T, the critical shear stress
for erosion (N/m?) and n a calibration parameter. A distinction between cohesive and non-cohesive
sediment behaviors was made based on the mud fraction in the surficial layer of the bed (fy). In both
cases, the Partheniades equation (equation 2) was prescribed with different calibration parameters. For

a non-cohesive behavior (fn < fmer1 Where fi,,.1 = 1000 * dsg g5q Where dsosang is the weighted mean
7
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diameter of sand classes in the surficial layer), the erosion regime followed a pure sand behavior. The
critical shear stress for erosion was determined by the Shields criteria (Soulsby, 1997), the erosion rate
was derived from erodibility measurements (Le Hir et al., 2008) (see details in Diaz et al. (2020),
Appendix B) and the calibration parameter n is defined as nsag (Table 1). In the presence of a cohesive
seabed (fn > 0.7, Le Hir et al. (2011)), the formulation followed a pure mud erosion regime with n =
Nypug AN E = Eg myq (Table 1). The critical shear stress for mud erosion zce mus Was considered varying
with the consolidation state of the bed, which is represented by the relative mud concentration Creimud
through a classical power law T e myg = alcfezlmud (Grasso et al., 2015; Le Hir et al., 2011; Waeles
et al., 2008) with a1 and ay defined in Table 1. Here, the relative mud concentration is defined as the
mud concentration in the space between sand particles. Finally, for a mixed erosion regime, the erosion
law parameters were linearly interpolated between pure sand and pure mud behaviors. All empirical
parameters are identified in Table 1 and further details on the formulations used in this model and on

the calibration can be found in Diaz et al. (2020).

Table 1 Main sediment model calibration parameters

Gravel 3 mm
Medium sand 400 pum :Boize;d on
Particle diameter Fine sand 250 um granulometric
Very fine sand 100 pm data
Mud 30 um
Ws min 0.2 mm.s*
Ws max 2 mm.s
Mud settling velocity |c1 0.006
(eq. 1) C2 1
a 0.3
b 0.18
Non-cohesive | Nsand 1.6
Erosion fimud L _4
law Cohesive Eomud 2l
o1 10°
02 2

The deposition flux is calculated using a critical shear stress for deposition for each sediment class which
follows the law of Krone (1962) as described in the first place in Le Hir et al. (2011) and later on in
Grasso et al. (2018) and Diaz et al. (2020). Moreover, to prevent an excessive increase of bed slope
between depositing banks and an eroding channel, the sliding of sediments along the slope is simulated.
In MARS3D, this process is computed by assigning a part of the deposition flux from one cell to the
neighboring one based on the slope between the two cells. The fraction of fresh deposit transposed to a

deeper adjacent cell linearly depends on the local slope.

The calculation of sediment fluxes was performed for every time step during the simulation to ensure

sediment mass conservation. Two cross-sections surrounding the estuarine mouth were defined, called
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Verdon and Isobath-25m sections (Figure 1), through which fluxes were calculated. These sections were
chosen to be representative of the sediments that migrate between the estuary and the continental shelf
while discriminating the contribution of sediments of riverine, estuarine, or shelf origin. It has to be
noted that the Isobath-25m section also includes two cross-shelf sections on both sides of the estuarine
mouth. Thus, even though the along-estuary component clearly dominates the sediment transport in this
area (see Figure 20 in the supplementary material), the calculated fluxes at this section also include the
along-shelf transport close to the shore. The purpose of this second section was to give a more precise
estimation of the total sediment mass reaching the continental shelf or the coastal areas coming from the
rivers and estuary, and to distinguish the sediments that are trapped in the estuarine mouth area. Details

of the equation solved by the model to compute sediment fluxes are given in Schulz et al. (2018).
3.2 Numerical model validation

The hydrodynamic model has already been validated by Diaz et al. (2020) and provided good skills in
terms of water level, current and salinity. Thus, the model validation here is focused on the suspended
sediment concentrations (SSC), which is the main interest of the present work. As the first step of this
study is to evaluate sediment fluxes at the mouth and to investigate sediment dynamics on the adjacent
continental shelf, a supplementary validation analysis is conducted hereafter to assess model validity
further offshore than has been done previously by Diaz et al. (2020). For this purpose and based on their
results, the calibration parameters (detailed in Section 2.2) have been adjusted to improve the simulated

sediment dynamics at the mouth and on the continental shelf.

Diaz et al. (2020) performed a large number of model simulations with different parameter sets as part
of the calibration process of the MARS3D Gironde curvilinear model (same as used in this paper).
Following a methodology based on equifinal parameter sets (i.e. different combinations of model
empirical parameters resulting in equivalent skills when compared with SSC measurements (Beven,
1993; van Maren & Cronin, 2016)), they assessed the uncertainties on simulated sediment fluxes at the
mouth associated with such complex 3D process-based models. Based on their results, the aim of the
supplementary calibration conducted for the purpose of the present study was to identify the set of
parameters that would bring together the best model performances while ensuring a reasonable
estimation of sediment fluxes at the mouth. To do so and for a proper comparison, the model skills were
evaluated with the same method, i.e the target diagram methodology (see Diaz et al. (2020) or Jolliff et
al. (2009) for more details), on simulations of the year 2015 after a one-year spin-up. As a result, the
mud erodibility has been increased through the mud erosion parameter (0.0005 instead of 0.0003) while
increasing the lowest limit of the mud settling velocity (0.2 instead of 0.1 mm/s). This new
parameterization enabled to maintain good model skills (normalized RMSE of 0.93, see more details on
the formulation used in Diaz et al (2020)) while limiting mud export at the mouth (around 2.9 Mt/yr at
the Verdon section). This export of fine particles was more in line with what is expected on the long

9
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term to balance the amount of mud supplied by the rivers (around 1-2 Mt/yr) compared to Diaz (2019)
(around 7 Mt/yr exported at the mouth).

With this new set of parameters (see Table 1), realistic simulations of years 2016 and 2017 (i.e. with
observed meteorological, hydrological, and tidal forcing) were carried out. Those two years were chosen
because SSC measurements were available for validation both in the estuary and on the adjacent
continental shelf during this period and they were also well representative of contrasted hydro-
meteorological conditions. To ensure the relevance of the analysis, the numerical model results (i.e.
years 2016-2017) were obtained after a 5-year spin-up using realistic forcing of the year 2015. This
means that the year 2015 was simulated 5 times with the same hydrometeorological forcing and that the
final state of each year, in terms of both SSC and sediment bed composition, was used as the initial state
for the following year. This allows the model to redistribute the initially uniform sediment coverage and
to reach an equilibrium state in terms of both sediment fluxes at the mouth and sediment bed
composition. This equilibrium state was assessed by comparing a sixth simulated year with the fifth (see
figures 15 and 16 in supplementary data). It also enables to reach a realistic suspended sediment mass
within the ETM (between 2 and 4 Mt depending on the tidal range, see figure 17 in supplementary data,

fitting the estimation found in the literature, e.g. Jouanneau & Latouche (1981))

Numerical model results were validated using intra- and extra-estuarine in-situ measurements of SSC
as reference data. Intra-estuarine SSC data were provided by the Gironde continuous monitoring
network of estuarine water quality (MAGEST, Etcheber et al. (2011); Schmidt et al. (2016)), which
measures turbidity 1-m below the surface. Supplementary validation data were obtained on the adjacent
continental shelf from the two Gironde Estuary Mouth MEasurement Stations (GEMMES) in the frame
of the METEOR research cruises (Grasso, 2017; Grasso et al., 2021): (i) in front of the estuarine mouth
around 20-m water depth, surface SSC was measured (station G20, Figure 1); and (ii) in the WGMP
around 40-m water depth, bottom SSC was recorded 1-m above the bed (station G40, Figure 1). These
extra-estuarine measurement stations were deployed during approximately one year between November
2016 and October 2017 (with scattering due to technical problems in the measurements, see Figure 2d

and e).

The model ability to reproduce the measured behavior of SSC has been quantified (Table 2) over the
whole measurement period available at each station and for hourly data with the correlation coefficient
R, the Root Mean Square Error (RMSE), and the Willmott's (1981) skill score (an index of 1 indicates
a perfect agreement while an index of 0 means no correlation between the two variables, more details
in Appendix A). In addition to this index, the magnitude of the RMSE describes the average deviation
between the model results and the observed data. Moreover, the validation of model results was also
carried out by assessing the model ability to reproduce observed SSC trends as a function of river

discharge for the intra-estuarine stations (i.e. Pauillac and Bordeaux), and as a function of significant
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driven by wave action (Figure 3). Given the limited sampling period of G20 and G40 measurements off
the estuarine mouth (i.e. 1-6 months, see Figure 2), the relationship with river flow was not relevant

enough and showed no clear tendencies on the measuring period.
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Figure 2 SSC dynamics over the years 2016 and 2017 shown on a logarithmic scale. (a) Tidal range at the
estuarine mouth (blue, station Le Verdon), significant wave height Hs on the inner shelf (gray, station G40),
and cumulated Garonne and Dordogne river flow Q measured upstream the rivers (black). (b, c, d, and e)
Time series of measurements (blue) and model outputs (red) of suspended sediment concentrations for the
years 2016 and 2017 1 meter below the surface at (b) Bordeaux, (c) Pauillac and (d) G20 stations, and (e) 1
meter above the seabed at G40 station. Turbidimeter saturation can be noticed at Bordeaux during the
summer of 2016. (see Figure 1 for locations)
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Table 2 Skill scores computed at the four measurement stations on the SSC parameter

Station | Correlation coefficient R | RMSE (kg/m™) | Willmott’s (1981) skill score
Bordeaux|0.65 1.35 0.43
Pauillac |0.23 0.96 0.45
G20 0.49 0.02 0.61
G40 0.49 0.07 0.7
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Figure 3 Comparisons of (black) observed and (red) simulated (a, b, c) near-surface and (d) near-bottom
SSC seasonal trends associated with (a, b) the river discharge Q and (c, d) the significant wave height Hs at
the four measurement stations (a: Bordeaux, b: Pauillac, c: G20 and d: G40, see Figure 1 for locations).
Lines and symbols represent data average associated with the considered river discharge ranges (0.1 of
log10(Q)) or Hs classes (every 0.5 m). Vertical bars stand for data instantaneous standard deviation (i.e.,
with no tide averaging) within the river flow or Hs class. Results are plotted on a logarithmic scale, except
for the significant wave height axis (c and d x-axis).

In the estuary, the measured SSC dynamics are strongly modulated by river discharge (Figure 3a and b,
black lines, see also Figure 18 in supplementary material). When the river flow decreases, SSC increases
at Bordeaux and decreases at Pauillac as the ETM migrates upstream. Conversely, when the river flow
increases, the ETM shifts downstream and SSC decreases upstream while increasing in the central
estuary. Finally, at Bordeaux station, after reaching its lowest value for a river discharge of around
1000 m*/s, SSC increases again with the river flow due to the high concentrations of particles transported
during strong flood events. It should be noted that the Pauillac station was replaced in 2016 and started
measuring again in April 2017. Thus, the high river flow conditions were poorly represented at this

location (Figures 2c and 3b).
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At Bordeaux station, the model reproduces reasonably well the seasonal SSC dynamics associated with
river flow (Figure 3a), as well as the fortnightly tidal signal (Figure 2b). The large correlation coefficient
(R=0.65, Table 2) indicates that the physics of the ETM migration in this area is well reproduced by the
model. Despite large differences in magnitude (RMSE=1.35 g/l, Table 2) due to an underestimation of
SSC during low river flow (i.e. in the ETM), the sediment dynamics are very well simulated for river
flow higher than 800 m*/s (Figure 3a). In the central estuary (Pauillac station), the model also
underestimates the ETM suspended concentrations (Figures 2b and 3c). The discrepancies between
simulated and measured SSC are quite large at Pauillac station (RMSE = 0.96 g/l and R=0.23, Table 2).
The same issues have already been encountered by many authors while setting up a numerical model of
sediment transport in this estuarine system (Orseau et al., 2020; van Maanen & Sottolichio, 2018).
However, as inferred by Diaz et al. (2020), this underestimation might be the consequence of a lack of
representativeness by the measurements of the turbidity lateral variability in the estuary. Moreover, local
resuspensions at Pauillac station are likely to increase measured turbidity levels locally and may not be
fully captured by the model due to the coarse grid cells. However, the model manages to capture the
neap/spring tidal phasing which ends up in a reasonable value of Willmott’s index of agreement of 0.45

(Figure 2c).

As the purpose of this study is to investigate the sediment dynamics at the estuarine mouth and offshore,
the validation and calibration of empirical parameters were focused on the G20 and G40 stations. At
both stations, the observed signal showed strong sediment resuspension during energetic conditions,
which was very well reproduced by the model (Figure 2d, e and Figure 3c, d). The averaged deviations
between model results and measurements are low (RMSE < 0.1 g¢/l, Table 2) and the Willmott’s
agreement index is very good: at G40, it is comparable and even better than the performance of models
used recently to study the sediment transport in other estuaries (Dunn et al., 2015; van Maanen &
Sottolichio, 2018; van Maren et al., 2015; Zhang et al., 2019). Such good agreements between measured
and simulated SSC at the estuarine mouth provide a reasonable level of confidence in the model capacity

to properly simulate sediment fluxes between the estuary and the continental shelf.
4. Results

4.1 Sediment fluxes at the mouth

The simulated sediment exchanges are illustrated with time series of cumulative fluxes through the
chosen cross-sections and are defined as positive up-estuary and negative seaward. For each considered

sediment class, simulated fluxes showed very contrasted behaviors (Figure 4).

At the upstream river mouth (Verdon section, Figure 1), the residual transport after 2 years is directed
offshore for mud, fine sand, and medium sand classes (-5.7 Mt, -1.8 Mt and -0.2 Mt, respectively) and

directed upstream for very fine sand and gravel classes (+6.4 Mt and +0.4 Mt, respectively) (Figure 4a).
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The three sand classes, and especially the very fine sand, exhibit strong seasonal dynamics associated
with river discharge. During high river flow, the sand residual fluxes are directed toward the estuary.
However, during low river flow, while the very fine sand residual flux is almost zero, the fine and
medium sands are exported offshore, which compensates for the residual import during winter and ends
up in a residual export over the year. As for the mud class, its dynamics is significantly influenced by
the neap/spring tidal cycle (fortnightly increase/decrease in export of mud, blue line in Figure 4a). Mud
fluxes are directed offshore all year long, except during winter episodic stormy events. During these,
the otherwise stable export of mud is slightly slowed down by the reinforcement of the baroclinic
circulation induced by large river flow, which increases upstream sediment transport. The influence of
these stormy events is difficult to distinguish from the impact of high river discharges (i.e. ETM shifting

downstream and reinforcement of the baroclinic circulation) due to their concomitance.

Contrasted hydrological regimes between 2016 and 2017 resulted in different annual residual fluxes for
mud and sand classes at the Verdon section. During the wetter year 2016 (mean annual river discharge
of 804 m®/s), the export of mud and import of very fine sand are stronger than during the dryer year
2017 (mean annual river flow of 572 m®s): -3.2 Mtlyr vs -2.5 Mt/yr for mud and +3.7 Mt/yr vs
+2.7 Mt/yr for very fine sand, during 2016 and 2017 respectively. Conversely, for coarser particles, the
trend is reversed with stronger export in 2017 than in 2016 (-0.6 Mt/yr in 2016 vs -1.2 Mt/yr in 2017 for
fine sand and a residual import of medium sand of +0.1 Mt in 2016 vs a residual export of -0.3 Mt in
2017).

At the offshore cross-section (Isobath-25m section, Figure 1), the model simulates a residual flux over
two years directed offshore for mud and fine sand (-4.5 Mt and -1.55 Mt, respectively) and directed up-
estuary for very fine sand, medium sand and gravel classes (+1.4 Mt, +0.85 Mt and +1.76 Mt,
respectively) (Figure 4b). This represents the amount of sediment actually exchanged with the coastal
ocean, which is strongly influenced by the neap-spring cycle (especially for fine particles), the seasonal
dynamics associated with river flow, and the wave action. In this area, both high river discharge and
waves, which almost occurred simultaneously during winter, act in favor of a strong import of fine
particles toward the estuarine mouth (mud and very fine sand). Conversely, low river discharge and
quiescent conditions imply a residual export of fine sediments. Coarser sands tend to be influenced by
both the river flow, i.e. by the density-induced circulation, and the wave conditions: they tend to be
imported toward the estuary with high river discharge (early 2016) and exported when energetic wave
events occur. The large variability observed in sediment fluxes associated with the different classes is

further discussed in Section 5.2.

Residual fluxes after two years of simulation exhibit a loss of mud from the estuary toward the ocean of
about 5.7 Mt (blue line, Figure 4a), including 1.2 Mt trapped in the estuarine mouth (5.7 Mt entering at

the Verdon section minus 4.5 Mt leaving at the Isobath-25m section, blue lines in Figure 4a and b).
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Conversely, residual fluxes of very fine sand display a loss of about 5 Mt from the mouth toward the
estuary (red line, Figure 4a) despite an input of about 1.4 Mt from the adjacent continental shelf (red
line, Figure 4b). Finally, the model simulates a residual storage of coarser particles into the estuarine

mouth after the two simulated years (black, green, and pink lines, Figure 4a and b).
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Figure 4 Time series of cumulative fluxes of each sediment class across section (a) Verdon and (b) Isobath-
25m (see Figure 1 for locations) along with the cumulated Garonne and Dordogne discharge time-series
(right axis, cyan line) and the significant wave height at station G40 (right axis, gray line, see Figure 1 for
location). Positive fluxes indicate up-estuary transport and negative fluxes indicate sediment export toward
the continental shelf.

4.2 Accumulation and dispersion areas on the adjacent shelf

The residual sediment coverage after 7 years of simulation (5-year spin up + 2016 and 2017) is
represented using each class fraction in the surficial sediment (averaged over a thickness of 11.6 cm,
corresponding to the storage of model results during the simulation, Figure 5) and their total mass
(Figure 6). The surficial sandy sediments are sorted by grain size with coarser particles on the shore,
where the wave action is dominant, and finer sandy particles offshore (Figure 5b to 5¢). In the estuarine
mouth, where the conditions are highly energetic, the dominant surficial particles are medium sands and
gravels. However, as can be seen from Figure 6b, the remaining sediment mass is very small in this area

and almost the whole initial sediment stock has been eroded, except for lateral banks. Moreover, sandy
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particles accumulate at the outlet of the two channels of the Gironde mouth, at around 20 m water depth
(Figures 5b, c, d and 6b).

The mud distribution tends to be patchier (Figure 5a). An accumulation area of mud is simulated to the
North-West of the mouth around 30-40 m water depth, where the mud fraction in surficial sediment and
the depth-integrated mass are exceeding 40% (Figure 5a) and 2000 kg/m? (Figure 6a) locally,
respectively. It is located to the North-East of the currently active WGMP as represented by Lamarque
et al. (2021). It is arbitrarily delimitated by a box (blue rectangle, Figure 5a) in order to investigate the

response of sediment dynamics to hydrometeorological conditions over this integrated area.
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Figure 5 Fraction of each sediment class in the surficial sediment (11.6 cm) from a to e from finer to coarser
grain size at the end of 2017. Blue contours are delimitating isobaths every 10 m (vertical reference: mean
sea level). The black shape outlines the contour of the West Gironde Mud Patch (as drawn in Figure 1 based
on Lamarque et al. (2021)). In (a), the blue box represents the mud accumulation area.
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Figure 6 (a) Mud and (b) total sediment mass distribution maps at the end of 2017. Blue contours are
delimitating isobaths every 10 m (vertical reference: mean sea level). The black shape outlines the contour
of the West Gironde Mud Patch (as drawn in Figure 1 based on Lamarque et al. (2021)). In (a), the blue box
represents the mud accumulation area as determined from Figure 4a. The initial mass of mud and total
sediment were 1080 and 3600 kg/m2 respectively.

To improve the understanding of mud particles behavior, three different classes of mud were defined
based on their origin, i.e. their location after the spin-up period, at the beginning of 2016: shelf, estuarine
and riverine mud. The distinction between shelf and estuarine mud is considered at the Verdon section
(Figure 1) and the riverine mud corresponds to the particles supplied by the rivers during the 2016-2017
simulations (i.e. no riverine mud at the beginning of 2016 in the domain). Note that, following this
consideration, the mud particles located in the mouth area between the two sections are marked as shelf

mud.

At the upstream river mouth (Verdon section, Figure 1), the residual fluxes over two years of estuarine
and riverine mud are directed offshore and are about -12.9 Mt and -0.16 Mt respectively, while there is
an import of about 7.3 Mt of shelf mud into the estuary (Figure 7a). About 66% of this exported estuarine
mud and 59% of the fluvial mud, i.e. -8.5 Mt and -0.10 Mt respectively, are further exported toward the
continental shelf through the Isobath-25m section (Figure 7b), which means that about one-third of the
mud leaving the estuary is temporarily stored in the estuarine mouth. Moreover, a residual flux after two
years of about 4.1 Mt of shelf mud is imported into the estuarine mouth (Isobath-25m section, Figure

7b), which means that about 44% of the mud imported into the estuary is coming from the mouth area.

The dynamics of the shelf mud flux exhibits a strong seasonal signal associated with river discharge and
strongly modulated by wave action, especially through the 25m-isobath. There is a strong import of
shelf mud toward the estuarine mouth during high river discharge period compensated by a mud flux
directed offshore during the dry season, itself reinforced by stormy conditions (late 2016 period, Figure
7b).

The vast majority of the mud deposited on the continental shelf after two years of simulation was already
originally present on the shelf (Figure 8a). However, in the estuarine mouth area, along the two channels
17
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of the Gironde mouth, there is a large part of the deposited mud originating from the estuary (up to 30%
at the outlet of the Northern channel). However, as shown in Figure 6a and b, the estuarine mouth is a
very energetic area where almost the whole initial stock of sediment has been eroded. Therefore, the
mud fraction in this area does not represent a large sediment mass. Further to the North-West, between
30 m and 40 m water depth off the Oleron Island (see the location of the island in Figure 1) and over the
simulated WGMP, the estuarine mud signature is still significant (between 5 and 10% of the total mud
mass in the surficial sediment, Figure 8b), which is corroborated by observations by Lesueur et al.
(2002).
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Figure 7 Time series of cumulative fluxes of each mud class across section (a) Verdon and (b) Isobath-25m
(see Figure 1 for locations) along with the cumulated Garonne and Dordogne discharge time-series (right
axis, cyan line) and the significant wave height at station G40 (right axis, gray line, see Figure 1 for location).
Positive fluxes indicate up-estuary transport and negative fluxes indicate sediment export toward the
continental shelf.
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Figure 8 (a) Shelf and (b) estuarine mud fractions in the surficial mud mass (11.6 cm). Blue contours are
delimitating bathymetric contours every 10 m (vertical reference: mean sea level).

4.3 Sediment budgets in subtidal mudflats under estuarine influence

Even if the model does not reproduce the contours of the mapped WGMP, it simulates a subtidal
accumulation area of mud close to the observed one. The dynamics of this simulated mud deposition
area are investigated in this section. To study the influence of hydrometeorological conditions and
understand the behavior of this mud depocenter, sediment mass and bed level time series are integrated
over the simulated mud body, which is defined as the area within the blue box in Figure 5a. The
guantities are then monthly-averaged (Figure 9a-e) and changes from one month to another are

represented in Figure 9f.

On average, over one year, sediments are accreting in this area, with a residual erosion during winter
(i.e. high river discharge associated with energetic meteorological events) compensated by a strong
accumulation of particles during dry and quiescent conditions. The sedimentation rates are
overestimated by the model with a mean rate of about 4 cm/yr (Figure 9c¢), which is an order of
magnitude larger than the rates measured by Lesueur et al. (2002) (between 0.1 and 0.4 cm/yr). After
two simulated years, the accumulation area is mainly composed of mud (6.5 Mt, i.e. 64 % of the 10.1 Mt
of total mass accumulated on the area), very fine sand (1.9 Mt, i.e. about 19% of the total mass), and
fine sand (about 1.6 Mt, i.e. 16% of the total mass) (Figure 9d).

74% of the mud mass accumulated in this area in two years originates from the adjacent continental
shelf (about 4.8 Mt) (Figure 9e). The other 26% (1.7 Mt) are coming from the estuary. Strong mud
erosion occurs during winter energetic conditions compensated by residual accretion during the rest of
the year (Figure 9f). Similarly, the very fine sand is strongly resuspended during winter and accumulates

otherwise, while the fine sand is less mobilized (Figure 9d).

To better visualize the response of the mud body to hydrometeorological conditions, the mud mass
changes per month (represented in Figure 9f) are plotted against the monthly mean wave-induced bottom
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shear stresses, with the monthly mean river discharge in color in Figure 10. The mud mass evolution is

negatively correlated with wave action and the mudflat mostly undergoes accretion for wave-induced

bed shear stresses lower than 0.3 N/m?. Moreover, during high river discharge, the trapping efficiency

of the mud body is enhanced compared to lower discharges.
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Figure 9 Variability of forcing and sediment mass in the simulated subtidal mudflat represented by the blue
box in Figure 4a during 2016 and 2017. Monthly mean and standard deviation of (a) river discharge, (b)
bottom wave-induced shear stress, (c) bed level, (d) mass evolution of total sediment and each significant
class of sediment, and (e) mud mass evolution distinguished by its origin. (f) Monthly mud mass changes.
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Figure 10 Relationship between the monthly-averaged wave-induced bottom shear stress and the monthly
mud mass change for different hydrological conditions (colors). The blue and red polynomial fit curves were
calculated for river discharge conditions below and above 500 m3/s, respectively.

5. Discussion

5.1 Sediment transport processes along the land-sea continuum

Many studies using numerical models have already been carried out to investigate the Gironde Estuary
sediment dynamics (e.g. Li et al., 1994; Sottolichio et al., 2000; Van, 2012). For instance, van Maanen
& Sottolichio (2018) applied a 3D hydrodynamic and sediment transport model to study the response of
the ETM to changes in river discharge and mean sea-level. More recently, Orseau et al. (2020) used a
different sediment transport model to reproduce the estuarine mixed sediment dynamics in a two-
dimensional depth-averaged framework. However, to the best of the authors’ knowledge, the current
study is the first attempt to simulate the three-dimensional mixed sediment transport from riverine to
shelf environments in this system. This tool was thought to be as efficient and robust as possible. It has
been calibrated to reproduce the sediment dynamics near the mouth and over the adjacent continental
shelf while preserving the model performance in the central and upper estuary. For the first time on this
study site, a 3D numerical model of mixed sediment transport is capable of simulating sediment
dynamics over a multiannual time scale (7 years of simulation) and an extended area offshore the

estuarine mouth with a satisfactory validation state.

The sediment transport in the Gironde Estuary is mainly driven by both tidal forcing and density
gradients. Tidal asymmetry plays a major role in the formation of the ETM while density gradients act
to stabilize its mass by limiting sediment export offshore (Castaing & Allen, 1981; Sottolichio et al.,
2000; van Maanen & Sottolichio, 2018). Regarding the sediment transport toward the continental shelf,
the Gironde turbid plume has been described by satellite images, revealing that it is more concentrated
and spreads further offshore during high river flow (Constantin et al., 2018; Froidefond et al., 1998).

This might lead to the general idea that the Gironde Estuary exports more fine sediments to the ocean
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during high river flow period. However, the results of this study revealed that, as the stratification
intensifies with the river flow, the up-estuary baroclinic-induced circulation becomes the dominant
mechanism for sediment transport at the mouth. As it can be seen in Figure 4, it acts to slow down mud
export while driving strong import of very fine sand into the estuary. The weaker stratification during
the dry season implies a reduced density circulation and an enhanced seaward residual transport of fine
sediment. Thus, an important result from this study is that satellite data should be used very carefully to

derive sediment export from estuaries.

An important feature in this system, as in most macrotidal estuaries around the world, is associated with
the longitudinal and lateral structure of the residual sediment transport. To the best of the
authors’ knowledge, this remains uninvestigated in the Gironde estuarine mouth. Even if the analysis of
the horizontal structure of the sediment transport is considered out of the scope of this work, a quick
review of some horizontal and vertical structures seen in the model results is given in section 5.2 in
order to explain more in details the differences in sediment fluxes for the different classes. Also, a recent
study carried out by Alahmed et al. (2021) emphasized the very complex characteristics of both along-
channel and lateral residual (water) circulation near the estuarine mouth. Such residual flows associated
with density gradients, advection, and mixing are most probably the drivers of the residual sediment
transport highlighted in this study. An interesting step toward improving our understanding of sediment
fate between the estuary and the continental shelf would be to investigate the dominant mechanisms

driving sediment transport at the mouth and how they relate to the lateral and longitudinal residual flows.
5.2 Sediment flux estimate and its associated uncertainties

Although it is one of the two main sources of fine sediment supplied to the Bay of Biscay, the few
studies that have tried to provide an estimate of fluxes at the estuarine-shelf interface in the past are
quite old and inaccurate, given the very few measurements and sampling period considered (Castaing
& Jouanneau, 1987; J. M. Jouanneau et al., 1999). The numerical model used in this study has been
developed to provide this knowledge as accurately as possible. Prior to the results presented here, Diaz
et al. (2020) conducted a model sensitivity analysis and quantified the uncertainties associated with the
sediment fluxes to be around 93% for mud and 51% for sands and gravel together. A modeling effort
has also been made to address the issue of the spin-up period. As revealed by the supplementary data
(Figures 15 and 16), for the sedimentary patterns and fluxes to stabilize and reach an equilibrium, 5 spin-
up years were necessary before diving into any analysis of the results. This issue should not be left aside

as it can have a significant impact on the simulation results (Diaz et al., 2020).

The simulated sediment dynamics between the estuary and the ocean exhibited large discrepancies
between the different sediment classes (Figure 4). On average over the two simulated years, there is a
residual export of mud and fine sand toward the ocean through the 25m-isobath and a residual import

of very fine sand, medium sand, and gravel toward the estuarine mouth. At the upstream mouth (Verdon
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section, Figure 1), the mud along with the two coarser sands are exported toward the mouth whereas the

very fine sand and gravel residual fluxes are directed upstream.

Such different behavior can be explained by different mechanisms. First of all, it should be noted that
the very fine sand is the only sand class treated as a three-dimensional variable in the model. The other
two coarser sands and the gravel are treated in two dimensions, as they are essentially transported near
the bed: their advection is computed based on the near-bed velocity only. This surely promotes different
behaviors than the mud and very fine sand classes, which can be transported along the whole water
column. Moreover, the dominant dynamics between mud and sands transport are inherently different,
as the mud tends to be advected both close to the bottom and with surface waters. In the meantime, sand
particles are usually transported near the seabed, even though finer sands can reach higher levels in the

water column than coarser sand.

At the mouth during high river discharge conditions, the mud export at the surface is more intense than
during low discharge conditions (Figure 11a and 12 a). It develops the turbid plume further seaward
(Figure 19 in supplementary data) and transports more mud toward the subtidal mud patch on the
continental shelf. However, the mud import at the bottom is also more intense due to the enhanced
baroclinic circulation (Figures 11b and 12b). It induces a large mud transport from the mouth area
toward the estuary. Due to larger mud concentrations at the bottom, the import wins against the export,
resulting in larger up-estuary residual (i.e., depth-averaged) mud fluxes at the mouth for high river
discharge conditions. These considerations and the enhanced baroclinic circulation can also be seen
clearly in Figure 13 (and Figure 21, supplementary material), with strong up-estuary currents close to

the bottom and seaward velocities near the surface.

On the other hand, the different behavior could be explained by looking further into the difference in
critical shear stresses for each class. Associated with the tidal asymmetry (between ebb and flood) and
the modulation by neap and spring tides, the residual transport of each class can be different. Such
asymmetrical dynamics between neap and spring tides have been shown previously by Diaz et al. (2020)
in this same area, using the same model. The enhanced baroclinic circulation during high river flow and
the asymmetrical dynamics between neap and spring are also shown as vertical profiles of longitudinal
current velocity and salinity in Figure 20, supplementary material. In the case where the critical shear
stress is not reached during one of the tidal phases for instance, or if the time during which the threshold
is exceeded is asymmetrical between the different phases of the tide, these neap/spring asymmetries
most probably induce opposite dominant transport directions at these time scales. Moreover, as can be
seen in Figure 13, the residual velocities during high and low river discharges are quite different at the
section Verdon. The velocity magnitude is higher during high river flow conditions, which ultimately
drives stronger sediment fluxes but could also potentially bring in suspension coarser sediment classes

that wouldn’t be transported during low river discharge conditions. Besides, Figure 13 also shows strong
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627  horizontal velocity gradients which most probably play an important role in driving different transport
628  behaviors between the sediment classes, as the nature of both the locally available sediment mass on the
629  seabed and the suspended particles is possibly different between the left and the right bank.

High river flow

Mud flux (kg/m/cycle)
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630

631  Figure 11 (a) Surface and (b) bottom residual fluxes of mud over a neap-spring cycle during high river flow
632  (February - march 2016) (red is directed towards the estuary, blue is directed offshore). Gray lines represent
633  the isobaths.
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Figure 12 (a) Surface and (b) bottom residual fluxes of mud over a neap-spring cycle during low river flow

(August - September 2016) (red is directed towards the estuary, blue is directed offshore). Gray lines

represent the isobaths.
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Figure 13 Residual velocities at the estuarine mouth through the Verdon section (positive up-estuary,
vertical reference: mean sea level). Average over a neap/spring cycle during periods of (a) high river flow
and (b) low river flow.

Based on the model results, the residual sediment flux (all sediment classes together) averaged over the
two simulated years is estimated at approximately -0.47 Mt/yr upstream the mouth (through the Verdon
section, negative fluxes are directed offshore) and approximately -1 Mt/yr at the 25m-isobath. Given the
uncertainties estimated by Diaz et al. (2020), there is a residual export of mud (from the estuary towards
the mouth) of 2.85 + 2.65 Mt/yr and a residual import of sand and gravel into the estuary of 2.4 +
1.2 Mt/yr through the Verdon section. The behavior is different between the two simulated years: at the
upstream estuarine mouth (Verdon section), there is a residual import of sediment toward the estuary of
about 0.2 Mt/yr under wet conditions in 2016 and residual export of sediment offshore of about

1.1 Mt/yr during the next dryer year.

Similar contrasting behavior between different yearly hydrological conditions have recently been
assessed by Schulz et al. (2018) in the Seine Estuary. This is the consequence of an intensified baroclinic
circulation during wetter conditions which enhanced up-estuary transport. The impact of such a density-
induced residual circulation on both mud and sand dynamics might be often neglected or underestimated
even though it has already been proven of prime importance. It was assessed for instance by Pandoe &
Edge (2004) who simulated very different suspended sediment dynamics in response to barotropic and
baroclinic modes in the case of an idealized tidal inlet in stratified water. Burchard et al. (2008) also
identified the horizontal density differences between the Wadden Sea waters and the North Sea to be
the driving force for suspended matter transport and fine sediment accumulation in the Wadden Sea.
Moreover, similarly to what occurred in this work, Gelfenbaum et al. (2017) found that accounting for
the density stratification tends to significantly reduce the export of sands at the mouth of the Columbia

River toward the Pacific ocean.
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5.3 Dynamics of a shelf mud patch

One of the main achievements of this study in terms of sedimentary features, is the simulation of a
subtidal mudflat on a mostly sandy continental shelf in a mud accumulation area located to the North-
West of the estuarine mouth and to the East of the currently active WGMP, around 30-40 m water depth.
In this area, the particles settle down from concentrated turbid waters coming from the estuary, brought
specifically to this confined region by tidal currents, combined with less energetic wave action due to

the depth promoting fine particles deposition (compared to nearer the coast (Lamarque et al., 2021)).

The slight difference in location between the observed and simulated mud accumulation areas can be
explained by several reasons. First, the geological interpretation of the formation of the WGMP is that
estuarine mud started to accumulate offshore by 2000 years BP when the estuarine accommodation
space was filled (Lesueur et al., 2002). The prevailing environmental conditions in that period, and
especially the mud export rate from the estuary cannot be fully considered in the model, based on a
present-day setup. Second, the initial bed composition in the model was uniform over the whole domain.
However, it is known that the WGMP is a consolidated muddy patch surrounded by a sandy bed and,
because of this state of consolidation, the sediment is more difficult to erode on this particular mud patch
compared to the surroundings (Barthe & Castaing, 1989). Moreover, the theoretical analysis of Barthe
& Castaing (1989) on the bed shear stress required to mobilize the sediments on the shelf showed that a
typical swell of 12 s period and 2 m significant wave height would be enough to mobilize loose
sediments on the shelf (conditions occurring on average 90 days per year) while waves of 6 to 10 meters
would be necessary to rework consolidated mud from the WGMP (happening on average only 6 days
per year). Thus, even if the consolidation process is reproduced by the model, fresh mud deposited
around 30 m depth as simulated by the model is likely to be resuspended quite easily. Then, taking into
account a consolidated muddy bed between 30 and 70 m water depth over the WGMP from the
beginning of the simulation would prevent the sediments deposited there to be reworked. It also has to
be noted that trawling effect was not taken into account. Yet, it was shown in previous studies to have a
huge impact in this area (Mengual et al., 2016; Lamarque et al., 2021) and it could potentially influence
the location and development of the mud patch, even though it is of less influence than the local
hydrodynamics. Finally, the initial formation of the mud patch resulted from the infilling of a depressed
area on the continental shelf which is not represented by the modern bathymetry in the model. However,
the fact that the model still reproduced an accumulation of mud in the vicinity of the observed mud patch
indicates that local hydrodynamics alone already induced the formation of a mud patch from the deposit

of mud particles coming from the estuary.

The results of this study assessed that the trapping efficiency of the subtidal mudflat decreases with
increasing wave-induced shear stress (Figure 14). The deposition is enhanced (and the erosion is
reduced) during high river discharge compared to lower river flow conditions, not because the wave
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action on sediment resuspension is reduced, but because, during high river flow, the estuarine turbid
plume is more concentrated and spreads further offshore (see Figure 19 in supplementary data as well
as Constantin et al. (2018) and Froidefond et al. (1998) for instance). It demonstrates the primordial
effects of wave action, hydrological regime and riverine sediment supply to the dynamics of such
subtidal muddy structures, which can be reliably extrapolated to similar shelf muddy deposits such as
the New England Mud Patch (Bothner et al., 1981; Goff et al., 2019) or the Nantucket Shoals Mud Patch
(Dalyander et al., 2013).

Mud mass changes
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Figure 14 Scheme of the functioning of the mudflat deposition and erosion processes with regards to local
hydrodynamics

Jouanneau et al. (1989), followed by Lesueur et al. (2002) and Lamarque et al. (2021), found that the
main deposits in this area are alternating sandy sediment strata, presumably deposited during storms,
and muddy laminated layers accumulated during large flood events, which are likely to be eroded easily
during the following energetic events and to feed the distal part of the mud patch. This corroborates the
functioning reproduced by the model and could help explain further the differences between the
simulated and observed mudflat locations: the time scales represented here could be too short to
reproduce the long-term dynamics of sediment reworking towards the deeper part of the WGMP. On
the other hand, the simulated sedimentation rates of about 4 cm/yr over the simulated mud accumulation
area are largely overestimated: Lesueur et al. (2001) and more recently Dubosq et al. (2021) using
radionuclide analysis calculated rates of about 0.1 cm/yr in this inner area as well as in the deepest part
of the WGMP, while up to 0.4 cm/yr of mud are accumulating around 45-50 m water depth. The model
results in terms of seabed sediment accumulation (mass and thickness) should thus be considered

carefully. However, the suspended sediment dynamics and, as such, the impact of hydrodynamics on
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sediment accumulation or dispersion remains a validated and trustworthy information given by the

model.

Such behavior raises the issue of the fate of muddy structures facing climate change and anthropogenic
activities. Several studies have stressed the expected consequences of human disturbances on the
riverine sediment supply to continental shelves in the coming decades, such as the increase in river
damming (Besset et al., 2019; Ouillon, 2018; Vérdsmarty et al., 2003; Yang et al., 2011). The amount
of fluvial material retained by reservoirs and dams is estimated at 25-30% on average around the globe
but can go up to 95% locally in the Nile and Ebro rivers for example (Besset et al., 2019; Vérdsmarty
et al., 2003). Given the contribution of river discharge to the mudflat accumulation rate highlighted in
this study, this suggests a possible shrinkage of muddy deposited areas under decreasing supplied
material from the rivers. One can also wonder what the impact of sea level rise is expected to be. Van
Maanen et al. (2018) studied the expected consequences on the estuarine circulation and the estuarine
turbidity maximum dynamics. They found that, with sea level rise, in the estuary, the stratification seems
to be enhanced downstream and thus, the gravitational circulation as well. Upstream, there is an increase
of the tidal range and associated tidal current. However, these consequences are found to be of minor
importance compared to the impacts of variations in river discharge. River discharge has been
decreasing over the past decades and is expected to keep decreasing in the future. This is expected to
increase the upstream migration of both the salinity front and the ETM. From what has been seen in the
present study, on top of the consequences of river damming, this could further decrease the amount of

particles exported at the estuarine mouth and the supply of particles to the subtidal mudfiat.

Another aspect of climate change that questions the fate of these structures relates to the impact on
storminess, and as such, wave action. Even though no significant trend has been evidenced on a global
scale over the 20" century (Houghton, 2001), Graham & Diaz (2001) identified an increase in the
intensity of winter cyclones in the North Pacific Ocean. More recently, Bhatia et al. (2019) also found
a clear tendency to an increase in tropical cyclone intensities in the Atlantic basin. The intensification
of offshore storm activities results in a much stronger wave regime along the coasts of both the American
and the European continents (Bromirski et al., 2003; Lozano et al., 2004). Such an increase in the
expected wave regime on continental shelves is likely to impact the functioning of muddy deposits by
increasing sediment resuspension and preventing particles to settle down in these areas. Thus, two
primordial factors driving sediment accumulation on shelf mud patches highlighted in this work, are
expected to be strongly modified in the future, in a sense that could severely impact the functioning and
volume of these structures. An example of such devastating consequences has been documented by Ai-
jun et al. (2020) in the Minjiang River of Southern China, where the intensification of damming affected

the accumulation rate of fines in the subaqueous delta and altered its functioning.
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Another interesting point of such a method based on numerical modeling lies in the richness of
information that the model can provide. In this work, it was chosen to distinguish different sources of
sediment, which showed that 26% of the mud accumulated on the mudflat during two years originates
from the estuary. Being able to evaluate the contribution of different sources is of prime interest to assess
the impact of terrigenous contaminants or to predict the fate of muddy structures facing strong riverine
sediment retention. Moreover, in the case of shelf mud patches where the main sediment sourcing
remains unidentified such as the New England Mud Patch (Goff et al., 2019), such numerical

experiments could help trace back the particle origins.
6. Conclusions

The sediment transfers between a major macrotidal estuary of Western Europe (the Gironde Estuary)
and its adjacent continental shelf were investigated and quantified through a thoroughly calibrated and
validated three-dimensional mixed-sediment (mud, sand, and gravel) transport numerical model. Multi-
year simulations driven by realistic forcing were carried out to ensure sediment model stability and to
account for contrasted hydro- and meteorological conditions. The objectives of this work were twofold:
to investigate the impact of the hydro-meteorological conditions on (i) the sediment fluxes at the mouth
and (ii) the sediment dynamics of accumulation areas on the adjacent continental shelf, and especially
of shelf subtidal mudflats.

After seven years of simulation, this model reasonably well reproduced the observed sediment dynamics
at four different locations: two stations were located in the upper and central estuary, and two other
measurement stations were deployed offshore the estuarine mouth: at 20-m water depth at the outlet of
the estuarine channel and at 40-m water depth, on a well-known subtidal mudflat (the West Gironde
Mud Patch). Despite an underestimation of the sediment concentration in the ETM area, the estuarine
seasonal dynamics associated with river discharge (i.e. the ETM longitudinal migration) were
satisfactorily reproduced by the model. Moreover, on the adjacent continental shelf, the sediment
dynamics were in very good agreement with the observed tendencies associated with wave action which

is the dominant mechanism driving sediment resuspension in this area.

The residual sediment fluxes between the estuary and the ocean exhibited large discrepancies between
the different sediment classes. On average over the two simulated years, there is a residual export of
mud and fine sand toward the open ocean through the 25m-isobath and a residual import of very fine
and medium sand toward the estuarine mouth. Large discrepancies are revealed by the model for
contrasted hydro- and meteorological conditions as well. During wet conditions, the reinforced density
gradients drive strong baroclinic circulation which tends to dominate the sediment dynamics over the

barotropic export of mud particles, contrarily to what might sometimes be believed.
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The model reproduced the signature of a subtidal mud accumulation area over the continental shelf
around 30-40 m water depth, located to the North-East of the current active part of the West Gironde
Mud Patch. On average over the two simulated years, 26% of the mud mass accumulated on this area
comes from the estuary. The trapping efficiency of the mudflat is negatively correlated with wave action.
The mud mostly accumulates in this area for wave-induced bed shear stresses lower than 0.3 N/m?.
Moreover, due to the estuarine turbid plume being more concentrated and developed during winter, the
trapping efficiency of the mud body is enhanced compared to lower discharges. It demonstrates the
primordial effects of both wave action and riverine sediment supply to the dynamics of such subtidal
muddy structures, which raises concern about their fate facing climate change and human disturbances

(i.e. potential changes in liquid and solid riverine supplies, as well as wave conditions).
Data Availability

Numerical simulations related to this study along with a 10-year hindcast using the model presented
here can be found here: https://doi.org/10.12770/44ac4d72-c606-42ba-bf22-89e6520e0894 (Diaz et al.,
2023). The GEMMES dataset (Grasso et al., 2021) was collected in the framework of the METEOR
2017 cruises and is available at https://www.seanoe.org/data/00678/78968/.
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Appendix A: Willmott (1981) skill score

Model accuracy has been quantified using the skill score introduced by Willmott (1981) and commonly
used in estuarine studies (Dunn et al., 2015; Toublanc et al., 2016; van Maanen & Sottolichio, 2018;
van Maren et al., 2015). It compares the modelled (Xmod) and observed (Xobs) variations around the

observed mean (Xobs) as follows:

Zleod - Xobsl2

Skill = 1— —_L >
Z('Xmod _Xobs | + |X0bs - Xobs D

This skill score gives an index of agreement between the simulated and the measured variables between
0 and 1, an index of 1 indicating a perfect agreement and 0 meaning no correlation between the two
variables. In complement to the correlation coefficient and the measure of the RMSE, it gives an idea
of how error-free a model prediction is compared to the observation. Moreover, owing to its
dimensionless nature, cross-comparisons for different model simulations can easily be done and

interpreted.
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1128  Sediment fluxes stability

(@) Mud Ist spin-up year (b) Total sediment

25 2nd spin-up year 40
= = 3rd spin-up year | —~
= 20 —4th spin-up year | 2 30 |
§ 15 5th sp!n-up year | @
x —6th spin-up year | %
= = 20
L
g 5 310¢
g E
= =
@] © 0

-5

Jan Jan

25 40
s 20 30/
w w
3
5 10 £ 207
2 &
25 210}
§ 5
o0 O 9

-5

1129 Jan Apr Jul Oct Jan Jan Apr Jul Oct Jan

1130  Figure 15 Time series of cumulative fluxes of (a, ¢) mud and (b, d) total sediment across sections (a, b)
1131  Verdon and (c, d) Isobath-25m (see Figure 1 for location) over the 6 simulated 2015 spin-up years.
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1140

Sediment distribution evolution
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Figure 16: Mud fraction in the surficial sediment (11.6 cm) at the end of each simulated 2015 spin-up years.
Blue contours are delimitating isobaths every 10 m (vertical reference: mean sea level). The black shape
outlines the contour of the West Gironde Mud Patch (as drawn in Figure 1 based on Lamarque et al. (2021)).

ETM mass evolution
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Figure 17 Estuarine Turbidity Maximum (ETM) mass in millions of tons as a function of the tidal range (TR)

for the 6 simulated 2015 spin-up years.
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1141 Migration of the ETM with the river flow in the estuary

1142  High river flow
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1146  Figure 18 Near-bottom (1m above the bed) (a, ¢) salinity and (b, d) SSC outputs in (a, b) high river flow
1147  (February 2016) and (c, d) low river flow (August 2016). Turbidity fields are shown during neap tides and
1148  end of flood.
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1149  Behavior of the turbid plume at the estuarine mouth
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1151  Figure 19: Horizontal variability of surface turbid plume off the estuarine mouth during (a) high and (b) low
1152  river discharge
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1154  Vertically-integrated residual sediment fluxes at the mouth
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1157  Figure 20: Vertically-integrated residual sediment fluxes through the estuarine mouth over a neap-spring
1158  cycle during (a) high and (b) low river discharge
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Vertical profiles of longitudinal current and salinity at the mouth
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Figure 21 Vertical profiles of residual (a) longitudinal current and (b) salinity over one neap and one spring
cycle of 7 days each, during both high and low river discharge conditions. Positive currents are directed
upstream.
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Highlights:
e A process-based model simulated mud/sand fluxes along an estuary-shelf continuum
e Density gradients drive up-estuary sand fluxes at the estuarine mouth
e The formation and dynamics of an active shelf mud deposition area are reproduced
e The trapping efficiency of the mudflat is modulated by waves and river turbid plume
e About 26% of the mud mass accumulated on the mudflat originates from the estuary
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