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Highlights
® Strong interannual variability of the sediment dynamics in the Gulf of Lion
® Massive sediment accumulation near the Rhone River mouth (~ 56% of the river inputs)
® Sediment deficit on the inner shelf due to the long-term reduction of the Rhone inputs
® Storm-induced sediment accumulation in the southwestern Gulf of Lion
® Cold winters mainly impact the southwestern and outer shelf and the submarine canyons

Abstract

A simulation based on a hydro-sedimentary model was conducted for the period between summer
2010 and spring 2012 in the Gulf of Lion (northwestern Mediterranean Sea) to understand the spatial
and temporal variability of sediment transport, erosion and deposition on the continental shelf and
slope. Datasets of both simulated and observed current, temperature and suspended matter from the
shelf and the Cap de Creus Canyon which is the main export route towards the continental slope,
were first compared to assess the reliability of the simulation. The simulation shows the massive
sediment accumulation near the Rhone River mouth (~ 56% of the inputs), the accretion along the
mid-shelf mud belt, and the impact of dense shelf water cascading on sediment resuspension and
erosion inside the Cap de Creus Canyon. The two studied autumn-winter periods were strongly
contrasted in terms of meteorological conditions and subsequent impacts on the sediment dynamics.
During the first period (2010-2011) dominated by marine storms, the shelf sediment underwent strong
changes, the Rhone River sediment load accumulated in a relatively small area, stock of littoral sands
moved to the inner shelf (20-40 m) while inner shelf fine particles fed the mid-shelf mud belt and the
upper Cap de Creus Canyon. During the second period (2011-2012) with very little marine wind and
a particularly cold winter, sediment on the shelf underwent little change except for a southwestward
growth of the Rhone River prodeltaic deposit. Sediment from the southwestern end of the shelf as



well as from the upper Cap de Creus Canyon was flushed toward deeper reaches by dense shelf
water cascading. Cascading also had a more moderate impact in the various canyons incising the
continental shelf. Our work supports the view of an unbalanced sedimentary system, with a deficit
mainly over the inner shelf, whose main driver is probably the strong and fast reduction of particulate
matter inputs from the Rhone River (by a factor of 4 in less than one century).

Keywords

Sediment transport, continental shelf, submarine canyons, storms, cascading, flood, northwestern
Mediterranean Sea, Gulf of Lion, Rhone River

Graphical abstract

Accumulation in front
of the Rhone mouth

- Impact of storms and
dense shelf water
cascading onthe
depositionand
erosion of sediment

" inthe Gulf of Lion.

Erosionin the Cap de
Creus Canyon




1.Introduction

One of the complexities of sediment dynamics of continental shelves arises from the multiplicity of
temporal scales involved. The 120 m sea level rise that occurred between 21,000 and 6,000 years
ago set the shifting boundaries and extent of continental shelves. Sediment input by rivers then
shaped deltas, estuaries, coastal prisms and mud belts on the shelves. The growing anthropogenic
influence on terrestrial environments, rivers and coasts induced changes in sediment transport and
accumulation, which accelerated from the end of the 19th century. On a shorter time scale, we are
able to identify the most visible impacts of extreme events, such as floods and storms, resulting for
instance in the silting of estuaries or the retreat of the coastline. Finally, it is likely that climate change
already has an impact on sediment dynamics. In the Mediterranean region, the frequency of heat
waves and droughts is increasing (Tramblay and Somot, 2018), as are extreme precipitation events
(Lionello et al., 2008) that cause catastrophic floods and drive impulsive sediment inputs to the sea.

While sedimentation rates and budgets classically derived from dated sediment cores allow
evaluating the long-term sedimentation patterns (i.e. centuries to decades), these approaches do not
allow quantifying the impact of specific events such as a flood or a storm, neither the cumulated
effects of several such events on seasonal and interannual scales. The objective of this study, based
on numerical modelling, is to fill the knowledge gap on the high frequency sediment dynamics in the
Gulf of Lion shelf, NW Mediterranean Sea, ranging from individual meteo-oceanic events to
interannual time scales.

The following subsections in this Introduction provide background information on the study site, the
characteristics of surficial deposits, the long-term sedimentation rates, the hydrologic and
meteorological context, and the identified impacts of a whole set of drivers on sediment erosion,
transport and deposition.

Physiography and sediment cover

The Gulf of Lion continental margin in the northwestern Mediterranean Sea encompasses the outlet of
the Rhone River and a vast crescent shaped continental shelf, 75 km wide in its center, which opens
to a continental slope incised by numerous submarine canyons (Fig. 1). To the southwest, the shelf
ends against the Cap de Creus promontory where the head of the canyon with the same name is at 4
km from the coast only. This canyon has been identified as the main pathway for sediment transfer
from the shelf to the slope and deep basin (Canals et al., 2006; Ulses et al., 2008a; Palanques et al.,
2012).
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Figure 1. Bathymetry of the Gulf of Lion (blue lines). The main rivers considered in the model are in
black, the places cited in the text in blue and the main submarine canyons in red. The observation
sites are indicated in green: the POEM buoy station and the filled circles representing the two
moorings in the Cap de Creus Canyon at 300 and 1000 m depth. The insert represents the bipolar
grid of the SYMPHONIE simulation (1 point out 10 is represented) with the black square being the
Gulf of Lion.

In areas beyond the direct influence of rivers, the inner shelf is defined by a sand-covered seafloor
that extends down to 30 m depth. From that depth down to 80-90 m, an increase of silt and clay is
observed thus forming the well- known “mid shelf mud belt”. Deeper than this and down to 120-135 m,
the outer shelf consists of relict littoral sands of the Last Glacial Maximum with paleo-shorelines of the
subsequent transgression (Got and Aloisi, 1990; Berné et al., 2004, Bassetti et al., 2006). These relict
sands are covered by a thin layer of mud (Bassetti et al., 2006).

The Rhone mean annual water discharge is around 1,700 m® s*' and varies from a few hundred m3 s’
at low water level to around 6,000 m3 s' for a flood with a return period of 2 years, to about 11, 000
m3 s'! for a centennial return flood (Pont et al., 2002). South of Arles (50 km upstream from the river
mouth), it splits into two channels, the Grand Rhone to the east encompassing 90% of the total
discharge and the Petit Rhone to the west with the remaining 10%. The Rhone mean solid suspended
discharge is estimated between 6.6 and 8.4 Mt/year (Pont et al., 2012; Sadaoui et al., 2016; Poulier et
al., 2019) with a strong interannual variability (from 2.2 to 18 Mt/year according to Poulier et al.,
2019). These inputs would have decreased considerably (by a factor of 4) compared to the period
covering the 19" century and first half of the 20t century (Sabatier et al., 2006), due to a decrease in
flood frequency and anthropogenic factors (changes in land use, reforestation, dams, dredging,
Provansal et al., 2014).

The Grand Rhone River mouth (called Rhone thereafter for simplicity) is located in a microtidal
context influenced mainly by waves and associated currents (Maillet et al., 2006). The region has the
morpho-sedimentary characteristics of a delta with a mouth bar located less than 2 km from the



mouth and extending from the coastline to 4 m depth, followed by the delta front characterized by a
strong slope (~ 4°) between 4 and 20 m depth and then the prodelta characterized by a lower slope.
The delta front advances seawards by progradation under the effect of massive sediment deposition
(Sabatier et al., 2006, Maillet et al., 2006) while the sediment accumulation on the prodelta is less.
Beyond the sand mouth bar, sediments in the deltaic zone are mainly thin layered silty muds, with a
fine fraction increasing rapidly seawards between 30 and 60 m of water depth as a result of selective
deposition (Chassefiére, 1990). Like most authors dealing with sedimentation at the scale of the entire
Gulf of Lion, we will hereafter use the term “prodelta” for the zone of high sediment accumulation
including the delta front and the prodelta.

Apart from the Rhone and Petit Rhone, several secondary rivers (Hérault, Orb, Aude, Agly, Tet and
Tech) are located along the western coast of the Gulf of Lion (Fig. 1) and have a torrential regime
(Roussiez et al., 2005). On average, they account for slightly more than 5% of the total inputs of
particulate matter (0.45 Mt/year) to the Gulf of Lion (Sadaoui et al., 2016). These rivers have
experienced, as the Rhone, a drastic decrease of sediment supply to the coast during the last century
(Brunel et al., 2014 and references therein).

Sedimentation rates

Sedimentation rates off the Rhone mouth and on the shelf have been studied at event scale (i.e. a
few days) and over long time scales (i.e. decades to centuries) using tracers and bathymetric
differentials. In the short term and close to the Rhone mouth, sedimentation is very variable from one
flood to another, which would not only depend on the river discharge but also on wind and wave
conditions (Maillet et al., 2006). For example, a 0.6 m thick deposit was generated at 20 m depth after
the 2002 flood characterized by a peak in liquid discharge of more than 9000 m3 s-!, while a deposit of
only 0.2 m was generated during the December 2003 flood with similar water discharge.

In the longer term, Sabatier et al. (2006) used bathymetric differentials to highlight several points: (1)
the reduction of storage on the Rhone prodelta by a factor of 2.5 to 4 on a time scale of one century;
(2) the erosion of prodeltas when they are no longer or insufficiently fed by the rivers which is the
case of the Rhone, each time the mouth has been moved naturally or artificially (the last time in
1895). The average storage on the Rhone prodelta between 1895 and 1974 is estimated by Sabatier
et al. (2006) at 5 Mt/year. Furthermore, apparent sedimentation rates of 35-48 cm/yr have been
estimated on the Rhone prodelta from the '87Cs/'3*Cs ratio (Calmet and Fernandez, 1990;
Charmasson et al., 1998). The area characterized by these high sedimentation rates is of restricted
dimensions as evidenced by the fact that more than 40% of the '3’Cs inventory of a 480km? area in
front the Rhone mouth would be concentrated on 30 km? (Charmasson, 2003). Indeed, according to
Radakovitch et al. (1999), the maximum accumulation rates decrease rapidly seawards by a factor of
10 over 9 —10 km, and a factor of 100 at 20 km. Moving away from the near-mouth area, the spatial
distribution of the sedimentation rates shows a preferential accumulation on the S-SW direction from
the Rhone mouth (Fernandez et al., 1991; Durrieu de Madron et al., 2000; Lansard et al., 2007) and a
general linear decrease with water depth (Miralles et al., 2005). Sedimentation rates over the shelf are
between 0.1 and 0.2 cm/year (Miralles et al., 2005).

Currents and waves

Understanding the spatial and temporal sediment transport dynamics requires an understanding of
current and wave forcing. Weather in the Gulf of Lion is dominated by continental winds, namely
Mistral and Tramontane, associated with a short fetch and therefore low waves near the coast. Under
these conditions, the Rhone plume stretches seaward with a comma shape (Estournel et al., 1997).
On the continental shelf, currents form gyres induced by the wind curl with amplitudes of about 0.2 m
s! (Estournel et al., 2003; Petrenko et al., 2008). The currents induced by these prevailing northerly
winds are interrupted mainly in autumn and winter by storms blowing from the east or southeast
accompanied by swells with significant heights approaching 6 m and periods greater than 10 s at 32
m depth (data from Séte wave buoy https://candhis.cerema.fr). The Rhone plume is then pushed
against the coast (Gangloff et al., 2017) and deepens due to downwelling induced by the coastal



blocking (Many et al., 2018). On the shelf, wind-induced currents are strong (>0.5 m s') oriented
along the isobaths southwestwards (Bourrin et al., 2015; Mikolajczak et al., 2020). These currents
strengthen in the southwest due to the shelf narrowing, finally leading to the downwelling of coastal
water at the tip of the Gulf into the Cap de Creus Canyon, limited in autumn to 300—400 m depth by
stratification (Ulses et al., 2008c; Mikolajczak et al., 2020). This limitation can be exceeded in winter,
when the water column near the coast is cooled by heat losses associated with northerly winds. The
excess of density gained allows the dense water formed preferentially near the coast, after having
flowed over the shelf often with the help of easterly winds, to penetrate deep into the Cap de Creus
Canyon. These gravity currents approach 1 m s due to the steep bathymetric slopes and the
channeling of the flow by the canyon topography. This dense shelf water cascading can reach during
the coldest winters, the deep basin around 2000-2500 m depth (Canals et al., 2006; Ulses et al.,
2008b; Durrieu de Madron et al., 2013; Palanques and Puig, 2018).

Resuspension and sediment transport

Eastern storms produce resuspension of sedimentary deposits, either by strong currents or by waves.
According to Dufois et al. (2008) based on the results of a one-year hydrodynamic simulation, the
sandy areas located up to 30 m depth are dominated by strong wave-induced bottom shear stresses
allowing sand transport, while sediment accumulation on the middle shelf between 30 and 100 m
depth would be explained by a negligible effect of the currents and a decreasing influence of waves,
and finally, the outer shelf would be affected by stronger currents allowing erosion of the fine
sediment deposits draping relict sands.

Due to the difficulty of instrumenting the continental shelf, there is little experimental evidence of these
episodes of intense sediment transport. Nevertheless, altimeter deployments have shown erosion of
several centimeters during storms, followed by deposition of equivalent sediment thicknesses, at 28 m
water depth, 2 km off the mouth of the Tét River to the southwest of the Gulf of Lion (Guillen et al.,
2006; Bourrin et al., 2008). Offshore of the Rhone mouth, at 18 m water depth, Marion et al. (2010)
also showed significant sediment dynamics over one winter, with two depositional sequences of 5-6
cm each following moderate floods, and two erosional sequences of about 4 cm during storms.
Furthermore, Dufois et al. (2014) observed over 3 months at 21 m water depth northeast of the Rhone
River mouth, two erosional episodes of 2 cm each, associated with waves of 3—4 m of significant
height. These observations over relatively short periods do not allow for long-term assessments such
as sedimentation rate measurements, but they do show that the first centimeters of sediment are
subject to frequent physical disturbances during floods and storms. Such short-duration events
(typically one day for storms and a few days for floods which most often are coupled with the storms)
must be therefore taken fully into account to quantify impacts on the sediments (Durrieu de Madron et
al., 2008). Whereas the above observations on sediment dynamics are limited to shallow depths,
gliders equipped with optical and acoustic sensors, deployed during storms and following cross-shore
transects through the Gulf of Lion shelf, have found increases in suspended matter concentrations as
far as the shelf break. Such increases impact the entire water column on the inner and mid-shelf with
concentrations of a few tens of mg/L, and are limited to a ~30 m thick bottom nepheloid layer with
concentrations of a few mg/L on the outer shelf (Bourrin et al.,, 2015; Gentil et al., 2022). By
integrating the effect of successive storms, this transport could carry particulate matter from the
Rhone’s vicinity to the southwestern end of the Gulf of Lion (Gentil et al., 2022).

Sediment budget of the Gulf of Lion

From 2003 to 2012, numerous winter mooring deployments in the Cap de Creus Canyon at several
hundred meters depth have shown that strong currents, whether related to storms alone or intensified
during dense water cascading, were accompanied by typical suspended matter concentrations of 50
mg/L (Puig et al., 2008; Palanques et al., 2008, 2012). Canals et al. (2006) and Puig et al. (2008)
claimed that dense shelf water cascading is able to transport large amounts of sediment from the
shelf and upper slope to the deep parts of the canyon. 3D models coupling hydrodynamics and
sediment transport (Ferré et al., 2008; Ulses et al., 2008a; Dufois et al., 2014) computed net exports
from the Gulf of Lion shelf of 6.7 Mt for winter 1998—1999, 10.3 +- 5.8 Mt for winter 2003-2004 and
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6.1 Mt for 3 months in autumn-winter 2007—2008. These exports are of the same order of magnitude
as the mean Rhone River supplies. However, it has been established (see above) that a large fraction
of these river-sourced particulate matter supplies is stored on the river prodelta. On the other hand,
external inputs from biology and atmospheric deposition as well as from secondary rivers inputs are
much lower than these values: atmospheric inputs represent 0.3+-0.2 Mt/year (Durrieu de Madron et
al., 2000); the algal biomass buried in the sediment represents 0.4 Mt/year based on the estimate of
organic carbon by Many et al. (2021) multiplied by 3 for total biomass as suggested by Durrieu de
Madron et al. (2000); supplies from rivers other than the Rhone represent on average only 5% of total
river inputs (Sadaoui et al., 2016). Altogether these values suggest a sediment deficit for the Gulf of
Lion continental shelf beyond the Rhone prodelta, which is inconsistent with the accumulation rates
provided by geochemical tracers. However, great caution must be exercised due to the uncertainties
associated to each term: (1) the export from the shelf derived from modeling over-simplifies complex
processes; (2) the accumulation rates are "apparent" as they are based on assumptions such as
continuous sedimentation and no post-deposition mobility of sediments (Appleby and Oldfield, 1983;
Appleby, 1998); and (3) the disparate time scales associated with each of these estimates in a highly
unsteady context (the accumulation rates correspond to durations of the order of a century, whereas
the Rhone inflows and exports in the Cap de Creus Canyon concern only the last few years.

Objectives

The present study aims at constraining the sedimentary particle dynamics over the Gulf of Lion shelf
and the main export routes towards the continental slope, thus contributing to address the outstanding
question of the Gulf of Lion’s sediment budget. Our ultimate objective is documenting the spatio-
temporal variability of erosion, transport and deposition processes over the various morpho-
sedimentary units of the Gulf of Lion in response to two strongly contrasting periods in terms of
storminess. Preceding studies focused on shorter periods of time and on a few storm and flood
events (Ulses et al., 2008 ; Dufois et al., 2014). Here, the driving idea is to integrate a longer period
(i.e. two autumn-winter seasons), embedding highly diversified situations from the meteo-oceanic
forcing viewpoint, as expressed by the frequency and intensity of storms, winter heat losses and
floods. Such an approach broadens former conceptions of the possible impacts of such events when
considered individually, brings in the cumulative effects on a seasonal scale, and allows assessing
the system response to two successive seasonal cycles dominated by marked differences in the
frequency and intensity of forcings. We consider the spatial variability issuing from these impacts at
the scales of the Rhéne prodelta —the main current primary depocentre along the shoreline—, and
the various morphosedimentary domains of the shelf together with their connection with the
continental slope.

2.Material and methods

We use the sediment transport model MUSTANG ((MUd and Sand TrANsport modeling, Le Hir et al.,
2011) adapted to sand-mud mixtures forced by the hydrodynamic model SYMPHONIE (Marsaleix et
al., 2008, 2019) coupled to the wave generation and propagation model WAVEWATCH 1113 (Tolman
et al.,, 2009). The implementation of the combined wave-current interaction parameterization is
described in Michaud et al. (2012). The coupling of SYMPHONIE and WAVEWATCH Il is described
in Mikolajczak et al. (2020) who applied it to the study of the 2010-2011 autumn/winter, marked by
several eastern storms. The numerical grid of the circulation model (Fig. 1) covers most of the
western Mediterranean Sea using a curvilinear bipolar Arakawa C-grid with 40 generalized sigma
levels on the vertical. The bipolar grid allows a horizontal resolution between 300 and 500 m over the
entire Gulf of Lion shelf and gradually lowers the resolution towards the south of the domain. This
configuration is strictly identical to Mikolajczak et al. (2020). The coupled current-wave hydrodynamic
simulation starts on 15 August 2010 and run until 16 April 2012. Time-averaged files (with current,
vertical diffusivity, and bottom stress) were created to force the “offline” sediment transport simulation
with a maximum frequency of 12 h reduced to 3 h during the strongest storms. The sediment
simulation was run from 31 August 2010 to 16 April 2012.



2.1 General principle of the sediment transport model

Sediment dynamics depend on a combination of several processes. Erosion, enabled by sufficiently
high bottom shear stresses, is (together with river inputs) the main source of particulate matter to the
water column. Subsequently, currents drive the suspended particulate matter (SPM) transport. At the
same time, the sedimentation velocities, dependent on the particle's characteristics, limit the
residence time of the suspended matter in the water column. Finally, sedimentation leads to the
arrangement of particles in the sediment compartment which determines its subsequent erodibility.
The representation of these processes is detailed below.

The coupled wave-current model SYMPHONIE + WAVEWATCH Ill computes bottom shear stresses
and provides them to the sediment model MUSTANG. MUSTANG calculates for several particle
classes, the erosion flux according to the sediment characteristics and the bottom shear stresses, and
sends this flux to SYMPHONIE. This model is equipped with a module calculating advection diffusion
(based on the currents and diffusivities from the model itself) and sedimentation of tracers, using the
erosion flux as a boundary condition at the base of the water column. At the end of the redistribution
of the suspended matter in the water column by the three just mentioned processes, SYMPHONIE
transmits to MUSTANG a sedimentation flux. MUSTANG then manages the integration of this
material into the sediment layer according to the size of the particles (sand grains are deposited first)
and to the sediment volume concentration.

2.2 Particles classes

The approach used here is close to the one by Ulses et al. (2008a). Two classes of sand (fine, 120
pm and medium, 350 um), two classes of silt (fine, 8.4 ym and coarse, 31.4 ym) and one class of clay
(2.4 um) are considered. Studies of the resuspended fine fractions in the Gulf of Lion (Curran et al.,
2007) showed that few of these particles are present in the water column in their primary form, the
suspended population being dominated by aggregates. Similarly, Many et al. (2016) reported that fine
fractions are present in their primary form at 5-30%, with this proportion increasing from the inner to
the outer shelf. Many et al. (2016, 2018) inferred from the high proportion of 20-300 um flocs in the
suspended matter close to the river mouth, a likely increase of the sedimentation velocity by three
orders of magnitude (from um s™' to mm s-') compared to primary particles composing the aggregates,
thereby intensifying the accumulation of fine sediments over the inner shelf. Because of the difficulty
to represent flocculation which probably occurs within the river in many cases (Gangloff, 2017) and
whose drivers seem very complex (Thill et al., 2001), an empirical approach was chosen as Ulses et
al. (2008a) did, by introducing aggregates consisting of clay and fine silt. Upon resuspension, the flux
of each of these constituents directed from the sediment to the water column is separated into two
fractions, one of them remaining as primary particles fpi) and the other passing into aggregates
fagy =1— fup) » Where the subscript i represents clay or fine silt. Upon deposition, the aggregates
"deflocculate" and return to their primary class. During the suspension phase, it is necessary to trace
the amount of clay and fine silt contained in the aggregates to ensure the mass conservation of these
two constituents at the time of deposition. This numerical constraint is achieved by splitting the
aggregates into two classes whose concentration corresponds respectively to the concentration of
fine silt and clay contained in the aggregates.

Sedimentation velocities of sands and of silt and clay primary classes are calculated respectively by
the formula of Soulsby (1997) and Stokes. Table 1 summarizes the characteristics of the particle
classes inserted into the model. The aggregates sedimentation velocity was subjected to a sensitivity
study which resulted in a value of 0.59 mm s', which is between the median of the distribution of
sedimentation velocities of flocs in the range 250-500 uym (0.28 mm s') and of flocs above 500 pm
(0.78 mm s™), measured by holographic camera in the freshwater influenced area off the Rhone River
mouth (Many et al., 2019). The sedimentation velocity for coarse silts is close to the median of these
large flocs. The sedimentation velocity for fine silts prescribed in the model (0.05 mm s) is close to
the median of particles between 20 and 125 um from the latter authors (i.e. 0.07 mm s™'). In practice,
it can be stated that these different classes of particles (whatever we name them particles or flocs)



have sedimentation velocities that are close to the most likely values observed by Many et al. (2019)
in the different size ranges. The sedimentation velocity of the aggregates is near that of the coarse
silts, which can be seen as a step forward towards a representation of the scattering of sedimentation
velocities existing in the natural world.

Sediment class Diameter (um) Sedimentation velocity (mm s-')
medium sand 350 49

fine sand 120 10

coarse silt 314 0.75

fine silt 8.4 0.053

clay 24 0.0044

aggregate / 0.592

Table 1. Characteristics of the patrticle classes introduced in the sediment model. As explained in the
text, aggregates appear only in the water column and are redistributed between clays and fine silts
when in the sediment.

2.3 Sediment transport model parameterizations

The formulations used are given by Le Hir et al. (2011) for sand and mud mixtures. Since these
authors present different formulations, the choices made for each law are specified here. The erosion
flux E expressed in kg m?2 s is given according to the Partheniades-Ariathurai formula initially
designed for cohesive sediment which can also represent the pick-up process of fine sands (the
bedload transport is not represented):

7 nems)
Em/s=E o(m/s)(% — 1) if T > Ter(mys) (1)

Eom and Eos are the erosion fluxes. 7, is the bottom stress (combined from currents and waves)
calculated by the coupled model SYMPHONIE + WAVEWATCH Il following Soulsby and Clarke
(2005) and 7., is the critical stress for erosion. Indices m and s refer to cohesive and non-cohesive
sediment (respectively mud and sand for ease of simplicity). As in Le Hir et al. (2011), three cases are
considered depending on the fraction of clay and silt in the surface sediment. Below a fraction fr;
(between 0 and 1), the sediment is considered non-cohesive, and the critical stress 7..(s) is calculated
after the Shields diagram from the mean sand diameter d;. Above a fraction fr,, the sediment is
considered cohesive and the critical erosion stress 7.-(m) is fixed. At the transition between fr{ and
fr2, the parameters involved in the erosion flux, Ey, 7.~ and n are interpolated between their values
calculated in the cohesive and non-cohesive regimes from an exponential function as proposed by
Mengual et al. (2017).

fr1 depends on the mean sand diameter following:
fT']_ = ads (2)

where a is a constant and d; is expressed in m.
The erosion flux of the different classes of sand and mud is then proportional to the mass fraction of
this class in the surficial sediment.

During the deposition phase, sediment layer management is performed as in Le Hir et al. (2011).
Pores between coarser particles are first filled up with finer particles before increasing the layer
thickness or adding a new layer. The deposition flux D is calculated with the Krone formula assuming
an infinite critical deposition stress which results in:
D=wC (3)
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where w; is the sedimentation velocity. C is the mean concentration of the first layer above the
bottom for fine particles, while for sand classes, to account for the rapid increase in concentration
near the bottom, as in Le Hir et al. (2011), C is calculated at a reference level (here set at 2 cm above
the bottom after calibration tests) using the Rouse profile, which depends on the sedimentation
velocity and bottom stress. The Rouse profile is then normalized to be consistent with the average
concentration over the first layer. Deposition is prevented in the riverine part of the Rhone River,
poorly represented by the model grid. Consolidation is not taken into account in our configuration.

The values of the parameters of the different parameterizations are given in Table 2. These values
were chosen from a number of simulations performed with different parameter sets and from
comparisons of results with available observations of suspended matter concentration.

Parameter Value Unit
Eowmy 105 kg m2 s
Eo(s 5.104 kg m2 s
Ter(m) 0.1 N m-2
N(m), TU(s) 1 -
fra 0.7 -
a 1000 m!
fov(clay) 0.25 -
fop(finesite) 0.25 -

Table 2. Values of the sediment model parameters used in the simulation

The critical stress for erosion 7., is of the same order of magnitude as the value of 0.2 N m2 used by
Ulses et al. (2008a) for the same site, which is a typical value for most coastal and estuarine areas
(Dyer, 1986). As noted by Ulses et al. (2008a) a large interval of values of the mud erosion flux is
found in the literature (6.25 10 —2 10 kg m=2 s™"). Our value is of the same order of magnitude than
the value of 3 105 kg m2 s*' found in Ulses et al. (2008a). Similarly for the sand erosion flux which is
close to the 2 10 value used by Ulses et al. (2008a) and Le Hir et al. (2011). We recall that a
sensitivity study to the value of these parameters can be found in Ulses et al. (2008) for the Gulf of
Lion. a is in the range 1-3 10% m! suggested by Le Hir et al. (2011). The values of fr; and n) were
also suggested by Le Hir et al. (2011). The value of f,(;) is based on calibration tests and the studies
of Durrieu de Madron et al (2005) and Ulses et al (2008a).

2.4 Sediment initial state

As in Ulses et al. (2008a), the initial grain size distribution in the sediment was specified for the 5
sediment classes of Table 1 by interpolating the sediment grain size inferred from 787 cores collected
over the whole Gulf of Lion (S. Charmasson, V. Roussiez, A. Grémare, N. Frumholtz, S. Berné, pers.
comm.). Two interpolations were performed: a first classical one depending on the distance and a
second one depending on a "bathymetric distance" i.e., the depth difference between the observation
and the relevant grid point. These two estimates were further combined. In order to represent a
general tendency for the average sediment diameter to increase towards the coast and to avoid
particularities of certain data that could strongly impact the results, we favored bathymetric
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interpolation over the entire shelf except for the area near the mouth of the Rhone River for which the
distance to the data is favored. Once the fractions are defined at each grid point, the mass
concentrations of each class are then calculated following Mengual et al. (2017) by multiplying the
fractions by the sediment bulk density Cp.ix determined following:

Cretmud
Cbulk = Crelmud (4)
e )

Ps

where Creimud is the relative mud concentration set at 500 kg m3. f is the total sand fraction and p; is
the grain density equal to 2600 kg m. Since for elevated sand fractions, Creimuq is not realistic, in
these cases, Cpyi is constrained not to exceed 1742 kg m3, which corresponds to highly mixed
sediment density (Mengual et al., 2017).

The mass concentrations are then assigned to the 100 layers of sediment of thickness 0.5 mm. After
this first initialization phase, a spin-up of 6 months (the first 6 months of the final simulation including
one autumn and winter period) is performed. The “true” simulation is then reinitialized by setting the
concentrations of the 100 layers to the average concentrations obtained on the first 3 mm of the
surface sediment at the end of the spin-up. The concentration of the different classes is shown in
Figure 2. Outside the area off the Rhone River mouth, sands are the dominant fraction up to a water
depth ranging between 20 and 40 m. Beyond this proximal area, coarse silts become predominant
between 40 and 60 m depth, followed by the finest particles, fine silts and clays. On the outer shelf
and particularly on the shelf break, the sandy fraction increases again, by the presence of relict sands
mixed with mud. High sand contents occur in the upper reaches of the Cap de Creus Canyon, on its
southern flank and downstream of it. Off the secondary rivers, the deposition of silts occurs very close
to the mouth, thus breaking the dominance of sand at the shallowest depths. South of the Rhone
River mouth, fine sediments are deposited further offshore. These results are consistent with
analyses of the fine sediment fraction in the Gulf of Lion by Aloisi et al. (1979) reproduced in Roussiez
et al. (2005), showing that: (i) the maximum of fine particle contents in front of the Aude River mouth
is located at a shallower depth than off the Rhone River mouth, (ii) outside the river mouths, the fine
particle contents increase from the coast down to 50 m depth, which corresponds approximately to
the limit of the swell influence (Roussiez et al., 2005) and to the location of the mid-shelf mud belt.
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Figure 2. Concentration (kg m) of the granulometric fractions in the model initial state: (a): sand (fine
+ medium), (b): coarse silt, (c): fine silt, (d): clay. Note the scale varies in the different subfigures.

2.5 Simulation forcing

The forcing (lateral boundary conditions, air/sea interface, tides, river discharges) for the
hydrodynamic simulation are identical to those described in Mikolajczak et al. (2020) where details
can be found. SPM concentrations in rivers are derived from daily observations for the Rhone River
and empirical formulas for the secondary rivers. For the Rhone River, the database of the Rhone
Sediment Observatory (Thollet et al., 2021) provides the suspended matter at Arles (Arles/CMES-2
product). For the other rivers, the relationship between SPM concentration and water discharge is
from Sadaoui et al. (2016). SPM concentrations are then partitioned into sand, silt, and clay following
the relationships of Antonelli et al. (2008) for the Rhone River, which depend on total SPM (sand/silt
concentration increasing/decreasing with SPM concentration and sand content varying between 5%
and 20%). Silts are then split 64%: 36% between coarse and fine fractions. The fine silts and clays
are distributed between primary particles and aggregates with the same percentages f,, as the
erosion fluxes (Table 2). The inputs of particulate matter from the atmosphere and at the open
boundaries are neglected.

2.6 Observations

Wave data from Espiguette wave buoy (https://candhis.cerema.fr) are used to evaluate the
WAVEWATCH Ill model.
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As explained below, since the evaluation of the hydrodynamic simulation for winter of 2010-2011 was
already performed by Mikolajczak et al. (2020), we focus here mainly on the second winter (i.e. 2011-
2012) of our study period and on the current at 300 m in the Cap de Creus Canyon, the only time
series we have over several months for the two years. For winter 2011-2012, we make use of the
temperature time series measured at the POEM buoy located at 28 m depth southwest of the Gulf of
Lion and of the near-bottom temperature and current time series at 1000 m depth in the Cap de Creus
Canyon (see Fig. 1 for the position of the points). These time series are presented in Durrieu de
Madron et al. (2013).

Regarding the evaluation of the sediment model, we use the SPM concentration determined both at
the POEM buoy and from a glider that carried out several transects between the POEM buoy and the
100 m isobath approximately at the same latitude, in March 2011 during the CASCADE campaign.
These data presented in Bourrin et al. (2015), illustrate the impact of a strong storm. A SPM time
series also exists for the Cap de Creus Canyon head at 300 m depth, 6 m above the bottom, during
the winters of 2011 and 2012. These observations are presented in Martin et al. (2013) for winter
2011 and in Palanques and Puig (2018) for winter 2012.

3.Meteorology and sea state

Figure 3 illustrates the simulation period with the significant wave height measured at a depth of 32 m
near Espiguette (Fig.1) and simulated by WAVEWATCH Il at the same point, the bottom stress and
heat flux averaged over the coastal strip (depth less than 50 m) of the Gulf of Lion shelf, the river
discharges distinguishing the Rhone from the sum of secondary rivers. The two autumns of 2010 and
2011 were punctuated by marine storm periods identified by significant wave height and bottom stress
peaks (Fig. 3 a-b). However, one can notice that in autumn 2011, marine storm events were more
intense (Hs > 3 m, bottom shear stress> 2 N m=2) than in autumn 2010 and followed one another over
a period of a few weeks, at the end of October/early November. Regarding the two winter periods, a
striking difference appears between the two winters. From January to March 2011, several stormy
periods followed one after another, including the March 2011 storm (Fig. 3a) documented by the
CASCADE campaign (Martin et al., 2013; Bourrin et al., 2015) on which we focus for the validation of
the sediment transport model. On the contrary, the winter of 2011-2012 was much calmer in terms of
storminess. Considering heat loss, the second part of the first winter (2010-2011) showed short
periods of heat losses (Fig. 3c), unfavorable conditions for dense water formation. During the second
winter, from November 2011 to the end of February 2012, heat losses were permanent, in particular
with a long-lasting episode with high values in February. These results are in agreement with the
meteorological analysis of eight winters presented by Mikolajczak et al. (2020). The severity of winter
2012 caused an exceptional episode of coastal dense water cascading in the western canyons as
documented by Durrieu de Madron et al., (2013) and Palanques and Puig, (2018). The previous
comparable event was 6 years before.

The Rhone discharge increased in autumn and winter though within moderate levels apart from the
flood of early November 2011 (Fig. 3d). The secondary rivers almost always had a very low discharge
except for a few episodes and in particular in March 2011, during the CASCADE campaign, when
they exceeded the Rhone discharge.

In summary, the strongest marine storms of the entire simulation period occurred in October 2010,
March 2011 and late October / early November 2011. Freshwater discharge peaked at the end of this
last event, with the Rhone reaching the highest discharge of the entire study period. The main flood of
rivers on the west coast took place in March 2011. The winter 2012 was exceptionally cold with
cascades of dense coastal water over the continental slope.
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Figure 3. (a): significant wave height Hs (m) measured (red dots) and simulated (blue line) near
Espiguette, (b): bottom shear stress (N m~) averaged over the 0-50 m depth belt, (c): heat flux (W m-
2) averaged over the 0—50 m depth belt (in black, and moving average in red), and (d): river discharge
(m? s7) in blue: the Rhone River, in red: the sum of the rivers discharging on the west coast of the
Gulf of Lion.

4. Assessment of the simulation

4.1 Hydrodynamic simulation

The first part of the simulation (autumn-winter 2010-2011) was evaluated against hydrological and
current observations on the shelf and in the Cap de Creus Canyon (Mikolajczak et al., 2020). The
latter authors emphasized the intensification of currents during storm events causing preferentially
alongshore export towards the North Catalan shelf (south of the Cap de Creus). The rare events of
dense water formation followed by shallow cascading triggered by eastern storms caused little export
of water from the shelf below 200 m depth. This simulation has been extended to 2012 for this study.
In Fig. 4 we compare the measured and simulated temperatures on the shelf at the POEM buoy
station and in the Cap de Creus Canyon axis at 1000 m depth (see Fig. 1). These results attest to a
cold winter with water temperatures below 10°C on the shelf. The currents close to 1 m s*' at 1000 m
depth and oriented down-canyon, along with temperatures below 12°C indicate the deep cascading of
the dense coastal waters into the canyon (Durrieu de Madron et al., 2013). Both on the shelf and in
the canyon, the model generally reproduces the seasonal timing of temperature with the peak of
cooling triggering cascading in early February, and the warming and cessation of cascading in mid-
March in the observations, and late March in the model. The intensity of cooling and cascading
currents in the canyon is reproduced by the model.
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Figure 4. (a): observed (red) and simulated (blue) temperature at the POEM buoy station. (b): same
for bottom temperature at 1000 m depth in the Cap de Creus Canyon. (c and d): same as previous for
the bottom current velocity and its direction (see locations in Fig. 1).

4.2 Sediment transport simulation

The CASCADE campaign (March 2011) gathered valuable observations of the SPM on the Gulf of
Lion shelf during a storm and a flood. The comparison of the model with these observations is the first
point of this section. The second point concerns the observation of the particulate matter export
through the upper reach of the Cap de Creus Canyon at 300 m of water depth which is available for
each modeled winter.

4.2.1 Storm and flood of March 2011

The stormy March 2011 was marked by three days of swell on the 8", the 12t (the highest) and the
15%. Heavy rains also fell over the western Gulf of Lion which led to flooding of the secondary rivers.
Floods started on March 13t and peaked on March 16" - 17t. The Rhone River, to the east, was
barely affected. Observations collected during the period are described in detail in Martin et al. (2013)
and Bourrin et al. (2015).

Figure 5 shows the impact of these events on the SPM concentration at the POEM buoy station at 1
m below the surface (Fig. 5a) and successive transects across the shelf by a glider (Fig. 5b) and from
the model (Fig. 5c). Figure 6 shows at the full scale of the Gulf of Lion on March 19, 2011, the SPM
concentration map derived from the first cloud-free MODIS-AQUA satellite image and the
corresponding model output.

The events marking the observed time series at the POEM buoy station (Fig. 5a) are generally well
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reproduced by the model (in advance for the main peak) as well as the time constants of
concentration rise and fall around the main peaks. The difference in timing during the flood period
(which is on the order of half a day) and in magnitude of peaks very likely relate to the use of daily
averaged discharges and empirical relationships for the solid discharge of the secondary rivers. The
model errors (bias and Root Mean Square Error) are -1.4 and 6.0 mg/L respectively, over the

observation period.
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Figure 5. Suspended matter concentration (mg/L) during the CASCADE campaign in March 2011, (a):
at 1 m under the surface at the POEM buoy station: observed (red) and simulated (blue) (b):
observed along the glider path, (c): simulated along the glider path. The glider moved from the 40 m
isobath on March 14 to the shelf break and back toward the coast on March 21 (see rough
topography in white). The scale of b and c is logarithmic.

Following the swell peak of the night of 12-13 March, the glider (Fig. 5b) encountered high SPM
concentrations between the coast and 80 m depth until the surface but which were maximum at the
bottom. At the time of the flood peak of March 17, the glider was on the outer shelf where no signal of
the flood was detected. When the glider returned to the coast on March 21, the concentration
increased again at depths less than 60 meters though it was only about 2 mg/L. The simulation
generally reproduces this behavior with a bias and RMSE of 2.0 and 5.4 mg/L at 30 m depth.
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The satellite image of March 19 (Fig. 6a), two days after the flood peak of the western rivers, shows
that the entire coastal strip of the Gulf of Lion extending southwards of Cap de Creus coastal
promontory, was characterized by surface SPM concentrations of about 5 mg/L. To the northeast, the
influence of the Rhone River is recognised by means of a turbid plume directed to the southwest. To
the west, in front of the flooding rivers (Hérault, Aude, Orb) the concentration was high over an area
extending beyond the 80 m isobath. The model (Fig. 6b) underestimates the concentration of
suspended matter to the north in the area under the influence of the Rhone River, and reproduces
better the satellite values to the west (underestimation is about 2 mg/L).
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Figure 6. Suspended matter concentration (mg/L) for 19 March 2011. (a): MODIS-AQUA satellite
product (Ody et al., 2016) and (b): simulation (surface concentration)

4.2.2 Particulate export into the Cap de Creus Canyon head

Particulate matter concentration and current time series at 300 m in the Cap de Creus Canyon head
are shown in Fig. 7. In order to meaningfully compare to the observations, the concentration for each
particle class, representing an average over the first layer of the model above the seafloor (whose
total thickness is 20 m at the point considered), was reduced to 6 m, i.e. down to the observation
level, using the Rouse formula that depends on the sedimentation velocity and bottom turbulence.
The simulation shows events of suspended matter concentration peak (Fig. 7a) that are well-phased
with the observations and have correct orders of magnitude (bias and RMSE are -0.4 and 1.2 mg/L
respectively). The total current (Fig. 7b) as well as the down-canyon component (Fig. 7c) are low out
of the 2 winters, in both observations and simulation. During the first winter, the observed current with
intermittent peaks is overestimated in January/February and underestimated in March by the model.
During the second winter, the strong currents that prevailed for about 2 months as at 1000 m (Fig. 4c)
are on average well reproduced although underestimated. In order to evaluate the ability of the model
to quantitatively represent sediment export, the cumulative down-canyon sediment flux at the
observation point (i.e. product of concentration by down-canyon current) is compared for the 2 periods
(Fig. 7d). Even if there is some chronological mismatch in the model, the export cumulated over each
season is in the order of magnitude of the observation with an error of +47% and -23% for the two
periods, respectively.

It is to be noted that the storm in October 2010, with four days of southeast wind and a significant
wave height approaching 4 m west of the Gulf of Lion, was unfortunately not included in the
observation period. Following Mikolajczak et al. (2020), it induced, for coastal waters, the shortest
residence time of the whole autumn - winter period on the Gulf of Lion shelf. At 300 m, the model
indicates a clear increase in the concentration of suspended matter though associated with a weak
current, thus not inducing a significant export. It seems that the influence of downwelling hardly
reaches 300m depth during this storm, probably because of the early autumn strong stratification.
During the CASCADE period in March 2011, also shown in Figures 5 and 6, the suspended matter
concentration is underestimated on the shelf. Mikolajczak et al (2020) showed that for this period, the
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simulation underestimates the current on the shelf. This underestimation is likely the cause of a too
weak resuspension especially on the outer shelf (as Figure 6 suggests) which would impact the
concentration passing over the canyon head. On the other hand, the satisfactory comparison with the
satellite image (Figure 6) showing the core of the turbid plume bordering the Cap de Creus
promontory suggests that the southward export along the coast could be correctly reproduced. After
the March 2011 event, the model indicates that the canyon was not fed until autumn 2011, with a first
low amplitude event in November 2011. After a few events in December and January, a major export
episode was observed and simulated in February 2012 which opened to smaller but incessant peaks
throughout March 2012 corresponding to the dense shelf water cascading seen in Figures 4b and c.
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Figure 7. (a): Suspended matter concentration (mg/L) at 300 m in the upper Cap de Creus Canyon,
(b) current at the same point, (c): down canyon component of the current, (d) suspended matter
cumulative lateral flux. blue: simulation, red: observation (note that the time series of observations is
on the one hand shorter than the numerical series and on the other hand discontinuous, which led to
the red curve of Fig. 7d being shifted to the blue curve at 2 dates (the December 2010 and 2011) to
facilitate the comparison of the model with the observations).

5.Results and discussion

In this section, the sediment dynamics is analyzed from both a spatial and temporal point of view. We
consider the specificities related to the area near the Rhone River mouth, to the shelf partitioned
according to its different morpho-sedimentary units and to the continental slope. The simulated period
is divided into two sub-periods characterized by contrasting drivers of the sediment dynamics:
recurrent storms during the first period (2010-2011), floods and dense shelf water formation and
cascading during the second period (2011-2012).
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5.1 Sediment accumulation in the vicinity of the Rhone River mouth

The change in sediment level in the vicinity of the Rhone River mouth at the end of the simulation (16
April 2012) compared to the initial state (31 August 2010) is shown in Figure 8. It can be associated
with two years, as two active seasons (October to March see Figs. 3 and 7) from the sedimentary

viewpoint have been simulated.
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Figure 8. Background color: thickness of deposition (positive) or erosion (negative) in meters resulting
from the simulation (between August 31, 2010 and April 16, 2012) in the vicinity of the Rhone mouth.
Note the change in color spacing at 0.1 m and the asymmetry of the range of values on either side of
0 (only the purple color corresponds to erosion). Isobaths (m) are in black. The red contours set at 0.2
and 0.8 indicate the sand fraction in the upper first centimeter of the sediment. The thick blue line
delineates the box used to calculate the sediment budget (cf. Fig. 9), its offshore limit being the 90 m
isobath.

The oblong shape of the prodelta aligned with the isobaths from southwest to northeast is clearly
depicted in Figure 8, which also shows an extension of the deposition along the Gulf of Fos channel
(north of 43.36 °N) at depths shallower than ~ 20 m. In front of the river mouth, the deposit is well
organized from about 30 m depth (note the steepness of the prodelta topography in front of the
mouth), with an area of 1.5 km?2 around 30-50 m water depth where the deposit is thicker than 10 cm,
decreasing seaward to 1-2 cm at 80 m depth, 3 km further offshore. This deposition is lower but of the
same order of magnitude than the one found by Fanget et al. (2013) after the analysis of a sediment
core taken at 79 m depth south of the Rhone mouth, which shows an average accumulation of 2.3
cm/year over 45 years from 1963 to 2008.

At about 20 m depth, a sharp transition occurs from a sand-dominated coastal strip adjacent to the
shoreline to a mud-dominated belt seawards. Note that deposits exceeding 25 cm appear in some
grid points between 10 and 20 m depth. Such deposits appear and disappear during the course of the
simulation as a result of floods and storms. Although the resolution of the grid is insufficient to
represent this narrow bathymetric band accurately, these processes could reflect that this is a
temporary accumulation area (likely lasting a few months).

Finally, a few points located at shallow depths (~<5 m) in front of, and on either side of the Rhone
mouth, and particularly to the east, display the thickest deposits (>30 cm), which are composed
mostly of fine sand (not shown). These nearshore deposits represent 0.3 Mt which is close to the
integrated fine sand Rhone input over the period (0.27 Mt) and may also include redistributions of pre-
existing sand. Even if the resolution of the model and the absence of bedload transport prevent us to
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claim to correctly represent the sediment dynamics processes within the first 10 m water depth, such
a large littoral deposition to the east of the river mouth is consistent with the results of the high-
resolution sediment transport modeling over the Rhone delta by Boudet et al. (2017).

The sequence of particulate input from the Rhone River, and of deposition around its mouth is
illustrated in Figure 9. Here we consider the region located within an arbitrary distance of 18 km from
the river mouth with a northern limit at latitude 43.36°N, and a depth limit set at 90 m (as shown in
Fig. 8). This area will hereafter be called the “extended Rhéne prodelta”. The main phases of
deposition are linked to the river discharge events, starting by a moderate discharge period from
November 2010 to February 2011, followed by a calm period until November 2011 punctuated by a
major flood in terms of solid load, finalized with a pronounced increase peaking by the beginning of
January 2012.

The fraction of the SPM discharge deposited over the area under consideration, changes from one
period or event to another. Apart from storm periods, 55% to 75% of the material brought by the
Rhone are accumulated in the prodeltaic sedimentary deposit. When integrated over the whole
period, this percentage drops to 56% (representing 2.3 Mt) due to erosion / export during storms.
Conversely, the highest relative accumulation (>80% of the river discharge) occurs during the very
calm summer period. However the amounts brought by the river during the summer low water
discharge period are minor and have little impact on the total sediment budget. Moreover, phases of
decreasing sediment accumulation are rare and their intensity is low, which suggests a massive long-
term storage. In conclusion, the proximal region off the Rhone River mouth accumulates sediment
even if redistribution occurs at the occasion of particular events as illustrated by the stock variations
uncorrelated to the Rhone discharge during the storms of March 2011 and November 2011 (just
before the flood occurs for this last event).
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Figure 9. Rhone patrticulate matter supplies (red) and deposition integrated over the sediment budget
area indicated on Fig. 8 (blue). Black and green dashed lines represent the amount of mud and sand
in these deposits. Values have been accumulated since the start of the simulation (31 August 2010).

5.2 Spatial and temporal variability of sediment dynamics over the
continental shelf

The amounts of deposited or eroded sediment for both years, computed between September 15 and
April 15, (encompassing the active season in terms of riverine inputs and storm events) are displayed
in Figure 10. The Rhone extended prodelta discussed in the previous section stored sediment during
both years, and it is the only place on the shelf storing more in the second year than in the first one
due to the November 2011 and January 2012 flood events together with the low storm activity.
Another common feature of both years concerns the headlands formed by the Beauduc and
Espiguette spits with new deposits around 10-15 m water depth reaching 10 cm in thickness each
year (Fig. 10). These deposition areas are consistent with the observations of Sabatier et al. (2006)
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who emphasized that these are, along with the Rhone prodelta, the only ones on the coastline
between 4 and 5°E to undergo sediment accumulation over the last century. No prodeltaic
accumulation is simulated in front of the Petit Rhéne in accordance with the results of the latter
authors who noticed erosion of an ancient prodelta.

Apart from these two areas, the two investigated years are extremely contrasted: 2011-2012 is
associated with very little deposition and erosion (with the exception of the southwestern end of the
continental shelf, south of 42.6°N which is discussed in the next paragraph). In contrast, during 2010-
2011, the area within the shallower 50 m (more precisely 60 m to the north and 40 m to the west) was
reworked, generally with erosional places interspersed with more or less temporary deposition.
Beyond this more energetic shallow belt, deposition feeds a mud belt according to the definition of
sedimentary units made from granulometric characteristics by Durrieu de Madron et al. (2000).
Deposition intensifies from north to southwest and also shifts to shallower depths southward: aligned
on the 60 m and 40 m isobaths north and south of 43°N respectively. These depths also are in
agreement with the mapping of fine muddy sediment by Aloisi et al. (1973) later repeated by Roussiez
et al. (2005). At the mud belt, the order of magnitude of deposition ranges from 1 to 6 mm for the 7
months under consideration. Integrated over the 19 months of simulation, these values change little
due to low deposition during the second year, which leads to an "average" sedimentation rate varying
spatially from 0.6 to 4 mm/year which could be compared to the 1 to 2 mm/year range obtained over
the long term (Miralles et al., 2005).

At the southern tip of the mud belt, a depocenter occupies the bay right north of the Cap de Creus
promontory (latitude ~ 42.4°N) where a 2 cm thickness is reached between 40 and 80 m depth in the
first year. Although this area, and more generally the south-western end of the continental shelf are
heavily reworked in the second year, a net accumulation is obtained over the two years in most of the
area. This is in line with the results of De Geest et al. (2008) from 2'%Pb . In contrast, erosion prevails
between the Cap de Creus promontory and Lacaze Duthiers Canyon around the 100 m isobath, and
more generally, the shelf break and uppermost slope (200 m isobath) over almost the entire Gulf of
Lion (Fig. 10a).

The highly contrasted sediment dynamics of the two periods is driven by contrasting currents and sea
states. The storms of 2010-2011 limit the deposition of particulate matter brought by the rivers, and
produce resuspension that favors the movement of sediment both from the inner shelf to the mid-shelf
and from the northeast to the southwest shelf. The 2011-2012 period, atypical given the low number
of storms and the large dense shelf water formation, is opposite. Dense water formation is known to
produce gravity currents (Canals et al., 2006) but these are proportional to the bathymetric slope
which explains their low intensity on the shelf and therefore their low impact on the sediments. The
exception is the southwestern end of the shelf, where the isobaths tighten.
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Figure 10. Thickness of deposition (positive) and erosion (negative) in meters between 15 September
and 15 April in (a): 2010-2011 and (b): 2011-2012. Note the change in color spacing: 1 mm between -
1 cm and +1 cm and 2 cm below -1 cm and above +1 cm.
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The chronology of the inputs by all the rivers of the Gulf of Lion, and of the deposition on the shelf
beyond the Rhone extended prodelta (mapped in Fig. 8) presented in Figure 11, highlights the major
role of storms and floods on shelf sediment. Different bathymetric slices have been chosen: the entire
shelf delimited here by the 100 m isobath, the inner shelf between 0 and 40 m and the mid-shelf mud
belt between 40 and 80 m of water depth.
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Figure 11. Deposition integrated over the continental shelf (bathymetry<100 m and latitude>42.6 °N
and outside the extended Rhéne prodelta) and by bathymetric slices. Values are counted since the
start of the simulation (31 August 2010).Rivers discharge are accumulated since the start of the
simulation.

The entire shelf outside the extended Rhone prodelta (magenta dotted line in Fig. 11) lost 3.7 Mt
during the whole period. Its chronology, which is close to that of the inner shelf (here 0-40 m, blue line
in Fig. 11), is marked by the two storms of October 2010 and March 2011. In October 2010, 6 Mt of
sediment were resuspended in 2 days and only 3.7 Mt were deposited again in the following 3 days,
the deficit reflecting a massive southwestward export (not shown). On the contrary, during the March
2011 storm, the 2.3 Mt resuspended were almost totally redeposited on the shelf.

The mid-shelf mud belt between 40 and 80 m depth (black line in Fig. 11) gained 1.6 Mt during the
whole period. This gain was focused between November and March periods. The mid-shelf belt
dynamics is governed by two types of situations: feeding by riverine inputs, and feeding by
resuspension over the inner shelf during some storms, as in winter 2011 (i.e. end of January and
March). Certain storms such as in October 2010, and even more weakly the event preceding the flood
of November 2011, have a weak net impact with resuspension and deposition following each other a
few days apart. The area between 80 and 100 m accumulates a low amount of sediment (0.12
Mtons), thus the evolution of deposition in this area is not shown.

Concerning the specific role of the Rhone River, its impact on the accretion of the 40-80 m mid-shelf
mud belt (black line) appears certain. However, this impact does not seem to quickly reflect the rapid
timing of the major floods of November 2011 and January 2012, as does the extended prodelta
evolution (Fig. 9). Fig. 11 shows a slow response of the sediment of the mud belt attributed to the
slow sedimentation of the finest particles.

5.3 Spatial and temporal variability of sediment dynamics on the slope

The sediment erosion and accumulation on the slope are also much contrasted between the two
years. The major impacts are in the canyons and are dominant in the second year (Fig. 10b). The
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western flanks of the canyons that incise the shelf to 120 m deep (i.e., Lacaze-Duthiers,
Bourcart/Aude, Hérault, Petit Rhone canyons), underwent significant erosion beyond the 500 m
isobath (Fig. 10b). Figure 12 is a refinement of Figure 10 that focuses on the exit of the Gulf of Lion to
the southwest, with an extension further south to the North Catalan shelf also incised by a canyon, the
Palamos Canyon whose sedimentary functioning has been the subject of various observations
(Palanques et al., 2005; Rib¢ et al., 2011). The bottom current averaged over the 7 months of each
period has been superimposed on the sediment height variation in this figure. A highlight of the first
year is the deposition of a few millimeters of sediment in the Cap de Creus and the Palamos Canyons
between 400 and 700 m depth (Fig. 12a). The upper reaches of these two canyons are therefore
prime outlets for storm-eroded sediment. In the second year, the Cap de Creus Canyon experienced
a very strong erosion induced by the cascading currents (Fig. 12b). Erosion extended along the
canyon axis (slightly offset on the southern flank) and down to 1500 m deep. The amounts of eroded
sediment were larger than those deposited in the first year. It should be noted however that the
amounts of sediment eroded along the dense water vein inside the Cap de Creus Canyon are
uncertain as they should depend on the initialization of sediment properties that do not reproduce the
actual complex structure of consolidated sediments, rocky outcrops and temporary deposits (Canals
et al., 2006; Lastras et al., 2007; DeGeest et al., 2008). Canals et al. (2006) and Puig et al. (2008)
already highlighted the impact of cascading in this canyon during the winter of 2005, which triggered
erosion of unconsolidated sediment, the development of erosional landforms on consolidated mud
such as 100 m wavelength furrows, likely by sand blasting, and finally the transport of heavy loads of
sediment downcanyon. As the dense water cascading event simulated here for winter 2012 is of
comparable magnitude to the one of 2005 (Durrieu de Madron et al., 2013), such impacts likely
occurred as well. Our results are in line with these impacts with respect to: (i) erosion of deposits
accumulated during the previous winter's storms in the southwestern part of the Gulf of Lion shelf and
in the upper part of the Cap de Creus Canyon; and (ii) erosion along the canyon. The eroded area in
the canyon is bordered on either side by a narrow band of strong deposition discussed in section 5.4.
The similarity of the behavior of the Cap de Creus and Palamos canyons during the storm-dominated
period is no longer true for cascading. Erosion in the Palamos Canyon was restricted to a narrow
band around 500 m depth. This erosion probably fed the deposit deeper in the canyon (down to 1500
m) than during the first year. The recurrent presence of cascading in the Palamos Canyon is attested
by Rib6 et al. (2011) who noted that the amount of sediment transported during the moderate
cascading events of 2007 and 2008 was one order of magnitude lower than in the Cap de Creus
Canyon. This is consistent with the difference between the erosion patterns simulated here in the two
canyons.
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Figure 12. Thickness of sediment deposition (positive) and erosion (negative) in meters between 15
September and 15 April in the southwestern Gulf of Lion and on the Catalan margin in (a): 2010-
2011, and (b): 2011-2012. The bottom current averaged over the same periods have been
superimposed.

On the open slope between the two canyons, successive along-isobath deposition and erosion zones
appeared during the second period (Fig. 12b). This is coherent with the observation during the 2006
cascading of turbid dense shelf water which had overflowed the Cap de Creus Canyon walls beyond
1000 m depth and had a dominant along-slope southwards component to the Palamos Canyon
(Palanques et al., 2012). Such an overflow is evidenced in Fig. 12b by an erosional band that
detaches from the main band inside the canyon, and exits along the 500 m isobath on its southern
flank. Once outside the canyon, the dense water vein tends to slow down because the bathymetric
slope is weaker than inside the canyon. Depending on the current speed at the exit of the canyon,
erosion can continue for a few kilometers or, on the contrary, rapid deposition can occur if the dense
water vein is loaded with coarse sediments that the flow can no longer maintain in suspension.

5.4 Dynamics of sand and mud

The migration of sand and mud from the beginning to the end of the simulated period is displayed in
Figure 13 a,b respectively. The accretion zones visible around the Beauduc and Espiguette spits (Fig.
10) are fed mainly by sand (Fig. 13a). The thin band of sand accumulation against the coast between
Beauduc and the Rhone mouth corresponds to the deposition of the “less stormy” second year (Fig.
10b) and is therefore probably temporary. More generally, most areas between 0 and 20 m depth
were eroding in sand (Fig. 13a). In detail (not shown), the sorting of the two sand classes is obvious
with medium sands along the coastline and fine sands beyond the 20 m isobath. To the north,
between Beauduc and Espiguette spits, the sand erosion zone reaches 30-40 m in depth reflecting
the strong bottom stresses characterizing this region, and which also inhibit fine sediment deposition.
The result is the discontinuity in the deposits shown in Fig. 10a between the extended Rhone prodelta
and the mid-shelf mud belt west of 4°E. To the west, the erosion of nearshore sands feeds the 20-40
m band (Fig. 13a). This is consistent with Brunel et al. (2014) who noted a negative sediment budget
of the shoreface in the last decades, six times stronger than during the previous century, suggesting
that these losses feed the greater depths. As suggested in Figure 10, these sand displacements
occur during the first period and are therefore storm-induced.
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Undoubtedly, it is the second period cascading that produces displacements of relict sands (much
weaker than the displacements of inner-shelf sands), from the shelf edge, upper slope and canyon
heads to deeper places in the canyons. They appear generally as two elongated depositional features
(Fig. 13a) probably marking the dense water vein edges where deposition is enabled by weaker
currents. This sand deposition is 2 cm thick in the Cap de Creus Canyon, where the dynamics related
to cascading is much stronger than in the other canyons. Furthermore, we note that in the Cap de
Creus Canyon head (between the 200 and 500 m isobaths), cascading produces a sand deposit
which is consistent with the high sand content (61%) found during this event in the sediment trap
located 25 m above the bottom at 300 m depth (Sanchez-Vidal et al., 2015). The band of sand,
parallel to the Cap de Creus Canyon downstream from the canyon to the south, indicates as
suggested above, deposition of the sand eroded inside the canyon once the dense water vein
overflows the canyon and slows down. This overflow can occur at different depths during the
cascading period depending on the variable water mass density as suggested by the spread of this
deposit.
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Figure 13. Mass balance in kg m? of (a): sand and (b): mud in the Gulf of Lion over the whole
simulation period. Note the shift in scales below -3 and above +3 kg m

Concerning mud deposition, the extended Rhone prodelta and the mid-shelf mud belt, previously
discussed, are the major features on the shelf (Fig. 13b). The small accumulation zone close to the
coast at 42.4°N already noted is composed of mud and is separated from the mid-shelf mud belt by a
no-deposit zone between 42.45 and 42.55°N. This depositional geometry is strictly consistent with the
observations of DeGeest et al. (2008) who referred to the no-deposit zone as the "Middle shelf zone
of Bypassing" and attributed it to the acceleration of the flow due to the presence of Cap Bear. A kind
of mid-shelf mud belt south of the Cap de Creus promontory in front of Rosas Bay is also simulated.
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On the continental slope, we note a cascading-induced erosion of the mud accumulated rather on the
western flanks of the canyons with, as for sands, a much greater extent in the Cap de Creus Canyon.
On the other hand, mud deposits following erosion within the Cap de Creus Canyon are less marked
than those of the sand but equally localized on both sides of the main erosion channel. The relative
weakness of mud deposit likely reflects dispersion at larger distances as related to lower
sedimentation rates (Puig et al., 2013).

5.5 Sediment budget of the Gulf of Lion continental shelf

The sediment budget of the Gulf of Lion continental shelf (bathymetry < 100m) over the simulation
period is presented in Figure 14. River inputs account for nearly 6 Mt (4.3 Mt for the Rhone River
alone), and sediment loses 1.3 Mt. This involves an export to the slope (bathymetry > 100 m) and
southwards to the North Catalan margin of 7 Mt. We have seen that the extended Rhone prodelta on
the other hand has accreted 2.4 Mt (56% of the Rhone input). The deficit of the shelf concentrates
therefore outside this region and more precisely on the 0-40 m depth band (Fig. 11). We also
considered the sand exported from the shelf to the slope (not shown): if we place the shelf/slope
boundary at 100 m depth, the sand export is 0.12 Mt while if the boundary is positioned at 200 m, the
export increases to 0.41 Mt of which 70% took place during the cascading event of the second year.
This confirms that the exported sands are relict sands from the outer shelf which are mostly
transferred by cascading as inferred by Gaudin et al. (2006) from analyses of interface cores in the
Bourcart Canyon.
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Figure 14. Particulate matter budget (Mt) of the Gulf of Lion shelf (h<100 m). River input and
suspended matter are counted as positive. River input and export are accumulated since the
beginning of the simulation (31 August 2010).

Table 3 lists the most significant storms and their impact on sediment dynamics. The selection
criterion is the significant wave height simulated to the west (POEM buoy) and to the north (off the
Rhone River mouth) of the Gulf of Lion. An analysis of the different storms encountered over the two
years allowed us to estimate a threshold of 2.8 m of significant wave height at 20 — 30 m depth
leading to significantly displacement of the sediment. The events in Table 3 are those for which the
wave height (sampled at 30 minutes interval) exceeds 2.8 m at least once at either site. The periods
when shelf sediment are the most detrimentally impacted coincide with significant storm periods, in
particular with the October 2010 and then March 2011 storms when a loss of 2.8 and 0.5 Mt (88% and
16% of the net deficit of year 1) is found. However It should be noted that during the two storms
associated with concomitant flood of the Rhone, occurring in Nov - Dec 2010 and Oct - Nov 2011
riverine inputs compensate or even exceed sediment exports (net gain of 1.2 Mt during the Oct. Nov
2011 storm). During these two episodes, the waves in the southwestern Gulf of Lion (POEM buoy)
were significantly lower than in the north. Since the resuspension areas are far from the shelf outlet,
this type of situation could be less favorable for export than the reverse conditions or when the waves
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are high over the whole Gulf. This effect should be verified through a longer simulation period
including more events.

Storm period Presence of Hs (m) Shelf budget Prodelta
flood (POEM-Rhone) (Mt) budget (Mt)
Oct 10-11 2010 | Yes (Small Riv.) 4.-238 -2.8 +0.14
Nov 30-Dec 1 | Yes 1.8-34 ~0 +0.24
2010
Jan 29 2011 No 28-26 -0.3 ~0
Mar 12-15 2011 | Yes (Small Riv.) 35-36 -0.5 -0.1
Oct 24-Nov 5 | Yes 21-34 +1.2 +1.1
2011
Year 1 / / -3.2 +0.6
Year 2 / / +1.9 +1.7

Table 3. Characteristics of the strongest storms (see text for criterion) and impact on the sediment of
the shelf and prodelta. The sediment budget for the two annual periods is also recalled.

6. Conclusions

We present for the first time a modeling of sediment transport on the Gulf Lion shelf and slope over a
period including two succeeding autumn/winter seasons. The results of the numerical simulation
presented here are consistent with current knowledge of the long-term (typically centennial)
characteristics of the shelf sediment dynamics which are: (1) the massive storage of sediment off the
Rhone mouth; (2) the accretion of the mid-shelf mud belt; (3) the orders of magnitude of accumulation
rates off the Rhone mouth and on the whole shelf.

This study provides new insight on the sediment dynamics in the Gulf of Lion considering from river’s
discharge to shelf/slope export, subsequently illustrating both the spatial and temporal variability of
deposition and erosion, and distinguishing the major morphosedimentary zones. The marked
differences between two autumn-winter periods make it possible to apprehend the variability of
sediment dynamics over the Gulf of Lion shelf and the meteo-oceanic drivers behind.

The first period is marked by numerous marine storm and swell events and weak dense water
formation and cascading whereas the second one encompasses few marine storms, a major flood of
the Rhone River and intense formation and cascading of dense shelf water. The two active periods
(October to March) from the sediment dynamics viewpoint show radically different behaviors, which
relate to the recurrence and response of the system to storms and cascading. During the first period
(2010-2011), shelf sediment changes were shaped by storms with: (1) major deposits from the Rhone
River sediment accumulating in a relatively small area; (2) the inner shelf mud loss feeding the mid-
shelf mud belt; (3) the feeding of the uppermost reach of the Cap de Creus Canyon by the storm-
triggered downwelling events; and (4) the southward export of the sediment to the North Catalan shelf
south of the Gulf of Lion. The analysis of the different storms encountered allowed estimating a
threshold of 2.8 m of significant wave height at 20 - 30 m depth leading to significantly sediment
remobilisation. During the less stormy and colder period (2011-2012), the sediment cover on the shelf
underwent very few changes except for: (1) the extended Rhone prodelta whose area increased due
to two major floods and the scarcity of swell events which helped preserving the deposits; (2) the
erosion at the southwestern end of the Gulf of Lion, where gravity currents related to the cascading of
dense shelf water were particularly strong and led to seabed erosion. These gravity currents also
impacted the sediment in the canyons incising the Gulf’s continental shelf.

The simulated 2010-2012 period therefore illustrates a high interannual variability of the sediment
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dynamics in the Gulf of Lion, as well as a form of "complementarity" between the two simulated years
to promote the export of particulate matter from the shelf to greater depths: repeated storms causing
thick deposits in the southwestern shelf and in the upper part of the Cap de Creus Canyon; deep
cascading occurring more rarely but driving these deposits towards the deepest canyon reaches and
likely beyond.

With, on the one hand, an amount of matter exported from the shelf close to the rivers supplies and,
on the other hand, storage of about half of the supplies of the Rhone near its mouth, it is clear that the
rest of the shelf is sediment-starved under current conditions, especially the inner shelf —despite the
thick littoral prism that formed in the longer term (Berné et al., 2004; Labaune et al., 2005)— as the
mid-shelf mud belt is itself in accretion. We consider this point as a major outcome that arises from
our results. It should be noted that glider and satellite observations confirm the very strong sediment
dynamics of the inner shelf during storms with (1) high SPM concentrations and intense vertical
mixing that extends up to the sea surface thus delaying deposition, and (2) strong currents typical of
storm periods pointing, in accordance with the simulations, to an efficient transfer of fine resuspended
particulate matter towards the southwestern end of the Gulf of Lion, thus supplying most of the export
of shelf sediment. An emerging issue here is the long-term persistence of this mechanism that tends
to deplete the inner shelf of the fine fractions. A longer simulation period would allow understanding
whether this is a real trend or a particularity of the simulated period, and whether other processes can
make it possible to recharge the internal shelf with fine sediments. It would be interesting, for
example, to consider the impact of another year of strong storms on the Rhone deposits of the
second period studied here, including the depositional patches located at 10 - 20 m depth. It is likely
that parts of these deposits would be resuspended and transferred westward. This mechanism could
at least partially replenish the stock of fine sediments on the inner shelf.

The modeling here applied, involves several uncertainties. The sedimentary module in particular is
based on numerous parameterizations and simplifications. For this reason, some processes are not
explicitly represented, such as flocculation, consolidation, bioturbation or bed load transport, which
could be significant in canyons. The consideration of these processes or sophistication of their
formulations could be added to the model. For example, sand transport is a weak part of the model
that will require more attention in the future. The settling velocities of the fine sediments have a
considerable importance on the results of the model. A choice has been made here by stating an
univocal distribution of suspended matter between primary particles and flocs regardless of the
concentrations of suspended matter, the physical, chemical or biological conditions. Another strategy
could be using flocculation models dedicated to some of these processes. However, the likely
complexity of this process in the presence of multiple drivers led us to prefer more simplistic empirical
relationships that were adjusted during the calibration phase to best represent the time series of
observed suspended matter. By keeping this empiricism (which also allows reducing the computation
time), a reduction of the uncertainties would require constraining by more observations. Observing
suspended matter at the shelf spatial scale and on seasonal time scales remains a complex challenge
that only satellites and autonomous platforms such as gliders can currently meet, each of them with
their own limits and uncertainties. Further exploiting the satellite observations already available and
intensifying glider deployments is probably the main avenue for improving our simulations.

Our work supports the notion of an unbalanced sedimentary system with a major driver being the
reduction of the particulate matter supplies from the Rhone by a factor of 4 in less than a century. The
regime and discharge of the smaller rivers of the west coast have also been modified by human
intervention. The acceleration of shoreline erosion in the Rhone delta and more generally along the
entire coast of the Gulf of Lion is an indication of the cross-shore displacement of littoral sands. In a
complementary way, our results indicate a transfer of fine sediments from the inner shelf to the mid-
shelf and ultimately to the deep margin and basin.

In order to verify our results and project them into the future, longer simulations (at least at decadal

scale) should be carried out to increase the diversity of events into consideration, and to obtain a
refined sediment budget that is representative of current conditions. Secondly, there should be a
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focus on sediment dynamics change in the Gulf of Lion along the 21st century, taking into account
alterations in climatic and anthropogenic driving factors such as: increase of extreme precipitation
events and therefore, of the frequency of floods (Tramblay and Somot, 2018); milder marine storms
and lowered wave height (Lionello et al., 2008; Kapelonis et al., 2015); strong reduction of dense
water volumes formed on the shelf and lessening of cascading frequency and intensity (Herrmann et
al., 2008). A decrease in storm intensity would tend to favor sediment storage in the Rhone prodelta
while cascading collapse would enhance sediment transport towards the North Catalan shelf, instead
of the slope or deep basin, or even burial over the long term in the upper part of the Cap de Creus
Canyon. A dedicated study based on a carefully calibrated model will therefore be very welcome to
assess all the consequences of the modification of the different drivers of sediment dynamics over the
Gulf of Lion continental shelf, and of other shelves all over the world.
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Sediment dynamics in the Gulf of Lion (NW
Mediterranean Sea) during two autumn-winter periods
with contrasting meteorological conditions

Highlights
® Strong interannual variability of the sediment dynamics in the Gulf of Lion
® Massive sediment accumulation near the Rhone River mouth (~ 56% of the river inputs)
® Sediment deficit on the inner shelf due to the long-term reduction of the Rhone inputs
® Storm-induced sediment accumulation in the southwestern Gulf of Lion
® Cold winters mainly impact the southwestern and outer shelf and the submarine canyons
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