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SEDIMENT TRANSPORT IN THE BAY OF MARSEILLE : ROLE OF EXTREME EVENTS

Romaric Verney, Cassandre JahyBenedicte Thouventnlvane Pairaut Michalis Vousdouka’s Christel
Pinazd, Fabrice Ardhuii and Philippe Carin

Abstract

Human pressures on ecosystems have increasedicagtlf over the last decades, and especially
Mediterranean coasts are strongly impacted by #veldpment of big cities and industrialized aremhs

as the Bay of Marseille. Prior to any investigasioon ecological or contamination impacts, it was
necessary to understand sediment dynamics andspomse to natural extreme events such as storm or
heavy rainfall events. In situ observations werdickted to understand the behavior of bed sedimants
their spatial distribution. A benthic station wasptbyed for three months to observe the impacktrteme
events on hydrodynamics and sediment dynamicsciitiaal zone of the study area. These measurements
were used to calibrate and validate the RHOMA MARBSBWIII configuration, both in terms of
hydrodynamics, waves and sediment dynamics. Nualesienulations were then analyzed in order to
examine the influence of extreme meteorologicahtssen the Marseille coastal physical ecosystem.
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1. Introduction

Mediterranean coastal environments are fragile ystems, stressed by natural (extreme) events and
human pressure (Boudouresque et al., 2009). TheoB&Warseille constitutes a Mediterranean coastal
environment of particular interest due to its usidocation within the Gulf of Lions : the bay slest the
second biggest city in France and dense industréas and is only episodically under the influeoicéhe
Rhone river plume (main contributor of solid fluxeghin the Gulf of Lions) (Arfi et al., 20QGGatti et al.,
2006). For centuries large amount of pollutantoeisted to mineral particles were delivered to sha
through inefficient waste water treatment netwotksined urban catchment areas and port actiifiefs

et al., 2000). In addition to local tributariesetmain tributary is the Cortiou outflow, locatecthimn the
Calanques Area, an highly patrimonial environméfigre 1). These sediments settled and constituted
large contaminated accumulation areas. The Wat@m&work Directive and more recently the Marine
Strategy Framework Directive imposed to improve evaguality, which effectively led the city of
Marseille to improve its waste water treatment mekwand hence considerably reduce solid discharge
from tributaries. However, the Mediterranean clienagime is strongly associated to sudden heawfathi
events, delivering large water fluxes over the wateatment plant capacity limit. In such rare but
significant events in term of annual solid fluxesyt of the discharge is diverted to the Huveauwer,r
flowing into the south bay of Marseille, close éxreational protected areas (Figure 1). The METROC
MASSILIA projects aimed at evaluating the fate ohtaminants within the Bay of Marseille from theotw
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main identified sources : old contaminated depdssediments or actual discharge from tributariase B

the strong affinity of contaminants with mineral rfidles in suspension, identifying the fate of
contaminants requested preliminarily to investigite sediment dynamics within this pilot site. The
objectives of this paper are i) to improve our kiedge on bed sediment behaviour in the Bay of
Marseille, analyse their response to extreme melegical events ii) investigate the role of heasinfall
events on the local sediment dynamics. A 3D hydnadyic (Pairaud et al., 2011) and sediment transport
model was implemented within the area to investigditese extreme scenarios. Prior to such model
analysis, an in situ observation strategy was desigo describe bed sediment features and mothiéor t
response of the coastal environment to naturalrfgsc

2. M easurement strategy

Bed sediment features

N The spatial distribution of bed sediment features
wi@,g =—=i: | Was analysed through an extensive sampling

-E program, composed of i) >40 shipeck-grabbed
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grain size distribution, water content and
sediment concentration, ii) 11 40cm cores
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In situ monitoring benthic station

The FRAME station is a benthic station dedicateddntaminant quantification. It is composed of desu
of environmental sensors (ADCP, CTD, optical tuityidheter and acoustic altimeter) which controlsdx

on turbidity and wave thresholds, modules dedicatedontaminant measurements. In the present paper
only the environmental data are analysed (Vousd®ekaal., 2011). ADCP records current profile (0.5m
cell size) every 20 minutes and waves every hountic@l turbidity meters (Wetlabs ECOBB) were
deployed 0.25 and 0.6 m above the bed and collet @very 20min as well as the ALTUS altimeter. The
optical sensor was calibrated in mass concentrdtmm laboratory experiments from surface sediment
collected on site. The acoustic backscattered kigaa corrected from water attenuation and caldatan
mass concentration from suspended solid concemtraibtained with the optical sensors. Sediment
attenuation was neglected as SSC was always Idweer 100mg} on site. The FRAME station was
deployed SW from the Cortiou outflow during wint2008 (20m depth, black cross at the SW of the
Cortiou outflow).

3. Model description

The hydrodynamic model is based on the MARS3D abeleloped by Ifremer (Lazure and Dumas,
2008) and was implemented and validated by Paiedadl (2011). The RHOMA configuration used in this
study is based on a 400m resolution orthogonal (tdlx119 grid points) and 30 level vertical sigma
coordinates (refined resolution close to the wateface and the bottom). This regional model isddrat
the open boundary by a large scale model (MENORigamation, André et al 2005, 2009), and by 3h
MM5 meteorological fields. Daily river inputs froitihe Rhone river (Beaucaire station) and all small
tributaries are included in the model, with dataikble from the Compagnie Nationale du Rhone and
water resources local authorities, respectively.

SPM concentration discharged at the Cortiou outflow from 1987 to 2006

10000

SPM max 1994-1997

SPM 1994-1997

SPM Huveaune METROC
SPM Jarret METROC

1000 SPM outflow2 without WWTP1

SPM outflow2 without WWTP2
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——  Hypothesis High SPM

miis

100 4=

10 4=

SPM concentration (mg/l)
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Figure 3. Example of prescribed SPM concentrattdrilautary outflows based on data available inlitezature. Case
of Cortiou outflow.
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The sediment transport model is based on develognoanried out on the SIAM3D model (Le Hir et
al., 2011) i.e. : sediment is discretized in thaydrs which are created or deleted based on net
erosion/sedimentation at each time step, and coiagioin processes are neglected. Four sedimergedas
are used : 3 mud classes (quasi non settling - We8Amm/s, light - Ws~0.01lmm/s, and heavy -
Ws~0.2mm/s) and 1 sand class. In order to save gtatipn time, we hypothesised that eroded sand is
directly deposited in the same time step, i.e. samibt advected into the water column. This alldve
reach reasonable computation times, requesteddigpled ecological and contaminant modelling. The
Partheniades erosion law (Eq 1) is used and maanpeters will be deduced for the erodibility tests.

E=E, (7—1) if 7> 7o (Eq. 1)

The hydrodynamic and sediment transport model wesefl by a sea state model (WAVEWATCH Il
(R), version 4.06, Tolman 2008, Ardhuin et al. 20Jdfhplemented in the area on an unstructured mesh
(Roland 2008, Ardhuin et al. 2009). This alloweddfine mesh size close to the coast (~100m), wihése
information is the most relevant. The wave modeloiged at the open boundary by the regional wave
model described in Magne et al. (2010) and forcedEBMWF operational wind analyses. The orbital
velocity computed by the wave model from the fulwe spectrum is used to calculate a wave sheasstre
(uniform friction factor), which is used to calctdahe total wave-current shear stress.

Bed sediment is first initialized from the interptibn of in situ grab samples. Then the model fan®
years to stabilize the sediment bed distributione Tain uncertainty is the sediment concentratiwh a
sediment distribution to impose at the tributanesflows. All available suspended particulate nrattata
were collected for every tributaries and compacedater discharge, in order to find the best esémaue
to high data scattering, two scenario were tedtegh{low solid fluxes, Figure 3). Similarly, two dienent
distributions scenario were tested, based on diffelheavy/light mud ratios.

4, Results

Bed sediment features

—_ Al - The compilation of bed sediment
o5 samples collected all over the study
% area permitted to estimate the spatial
8 distribution of the grain size

o distribution and water content. These
data were then interpolated based on
I the inverse distance technique but
- weighted by the bathymetric gradient,
L s i.e. more weight is given to samples on
{50 the same isobaths (Figure 4). This
s method partly compensate the low grid
-~ spacing of collected samples off the
I bay, even if uncertainties remain.
Results show that the North bay, the
deepest part of the pilot site, is mainly
muddy while the South bay is sandy, as
well as the Calanques area. Sandy
muds are observed in the front of the
Cortiou outflow, which demonstrates
o ’ TR R the presence of fine sediment deposits.

longitude

43N
15.00

Figure 4. Sediment bed cover in the Bay of
Marseille : interpolation of mud content.
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Based on this bed sediment distribution, 11 coresevcollected, representative of most of the facies
observed on site, and used to estimate erosionmgdees. Estimating the critical erosion shear st(gg)

is complex as criteria used to determinate théatnith of erosion are not well established. Fouthuds
were used and their results averaged to estimaté) the first grain movement observed by the ofmsra

i) visual observation of turbidity gradient, iithe bed shear stress reached when the eroded mass p
square meter exceeds 0.02g,nv) when the erosion flux exceeded 0.3g.e1. Results show that the
average critical shear stress computed for suadéments range from 0.2 to 0.3 N.nThis variability
can be roughly explained by the bed compositionaasiinple threshold relationship is usag. =0.2N.m?

if the mud fraction is above 60%,. =0.3 otherwise. Individual erosion rategfer each erodibility tests
were computed so that the erosion flux calculatechfPartheniades fits the measured erosion. Hdhce a
erosion rates were compared to main bed sedimanirés and Ewas found to be driven by the mud
fraction (Figure 5a), characterized by an exporénglationship :

E, = 21.55 ¢(-0:09 Fmua)
The erosion fluxes computed from the proposed paransation oft.. and i was compared to measured

erosion fluxes, and few scattering was observedemed for the lowest values of erosion fluxes (Fég
5b). These parameterisationf and g will be used in the 3D sediment transport numénuadel.

Eq Calibration Computed Vs measured erosion fluxes
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Figure 5. A: Calibration of the erosion rate asraction of the mud fraction from erodibility measorents. B :
Measured Vs computed (from the parameterisatidey @indt.e) erosion fluxes

In situ observations

During the deployment of the FRAME station, mukigdvents were recorded : i) heavy rainfall earlg an
late November 2008, and around December 10th awcémleer 14th. These rainfall events induced large
water discharge at the Cortiou outflow, up to 30si) 10 times the average nominal discharge; ii) extreme
wave events, corresponding to wave height up tm2.5

Wave events (Hs>1.5m) induces significant incréaseSC close to the bed (up to 100gHigure 6).
However, these resuspended sediment are not eldodelly (no erosion recorded by the altus at the
beginning of the wave event) and hence corresponsuspended sediment eroded certainly at smaller
depths and advected to the measurement site Hgdakcirculation. The altimetry measurements aonfi
this assumption as every significant wave evetibied to a rapid deposition of sediment, the lalbteing
eroded before the end of the wave event. The rlahba is close to zero, which means that the site i
stable, or could be characterized by a slow aamefFigure 6). Sediments resuspended during such
extreme meteorological events are transported Wptm10 m above the bed, as observed by the ADCP,
which means that they could be advected far fragretioded area.
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Heavy rainfall events are more difficult to examias all the events are superposed to wave events.
Therefore a focus was made on the extreme raiefedht which occurred around December 14th (Figur
e7). This event induced a peak of water dischargeeaCortiou outflow (35rhs?) on December 14th, at
noon. Discharge decreased down to 16fmon December the 15th, 1pm. This rain event is ¢oetbwith

a wave event, whose peak is also recorded on Dearehdith, at noon (Hs>2m). The wave action impacts
the seabed dynamic, with, similarly to all otherve@vents observed over the period, a large tran$fe
sediments linked to sedimentation/erosion and laafeom suspended solid concentrations (up to 75mg.
Y. The sudden fresh water turbid inflow at the @urtoutflow is observed from the turbidity profile
computed from the ADCP measurements: a turbidasarplume (5 to 10m thick, turbidity larger than
100mg.1%, still visible 2 days after the rainfall event) dbserved few hours after the increase in water
discharge at the outflow. The vertical SPM dynamdcorded by the ADCP reveals that two kinds of
suspended sediments are flushed out from the wowtflé) relatively fast settling particles which are
transferred from the plume layer to the sea batljdimg bottom turbidity (around 50mg)ljust after the
peak of water discharge, and 10rigduring all the period, which could be dense madousf or soil
aggregates ; ii) slow settling particles, assumed being microflocs or very organic macroflocs, consing

the surface plume and advected by the local citioma Bed altimetry records show intense
deposition/erosion event (2cm), with a net balafaeaccretion of few millimetres, which could be
attributed to the settling of suspended particutatdter from the outflow. However, similar concluss
can be made after wave events, and further inagiigs are required to confirm deposition of riveri
material in this area.
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Figure 6 : Hydrodynamics and sediment dynamicheQortiou station from october 2008 to januray 20@@ve hei
ght and wave shear stress, Recorded rainfall angldatcharge at the Cortiou outflow, SPM concerdraiin the wate
r column, SPM concentration close to the bed (aptirbidity meters), Bed altimetry.
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Figure 7 : Hydrodynamics and sediment dynamichatortiou station, focus on a heavy rainfall ex@nbDecember
14th, 2008 : wave height and wave shear stresar&ed rainfall and water discharge at the Cortiotfl@y, SPM co
ncentration in the water column, SPM concentratiose to the bed (optical turbidity meters), Bedhadtry.

Model results

Model results were first confronted to in situ otvsgion, in order to validate assumptions especiatfl the
concentration and sediment distribution discharggautflows. To this aim, ADCP turbidity profilesé
simulated SPM concentration profiles (for both heawd light particles) are compared (Figure 8).URss
show that the light particles successfully repnésg the turbid plume, with similar plume thicknésSm)
and comparable SPM concentration, even if simulatethce SPM are still lower (>50md\.lcompared to
observations (>100mg). Heavy particles dynamics is also correctly repreed, with a rapid
sedimentation of this material and a peak aroundebBwer 15th, midnight. Similar comparisons were
done on the bottom SPM concentration time seriesrded by the optical turbidity meter or simulated
the model, which demonstrated the correct capa€itge model to reproduce the local dynamics.
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Figure 8 : Comparison between solid fluxes from ®@aor{ia), observations (b) and simulated SPM conagatrs (hea
vy particles, ¢ and light particles, d) close te @ortiou benthic station.
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Figure 10 : Percentage of sediment flushed out ft@Cortiou outflow simulated in the sediment tagelr, before an
d after the rainfall event. Percentage in log scak10%, 0 = 1%...

Simulations were next used to investigate the sedirdynamics induced by the heavy rainfall eveathb

in terms of spatial extension of the plume andrétsponse to hydrodynamic forcings (Figure 9) and in
terms of sediment deposition (Figure 10). Simultarsty to the rainfall event, wind direction movedrh

SE to N, which promoted the plume extension towahesSouth, where concentrations above 10Mg.|
were observed off the islands area, and hencédtédicity their exportation outside the study arearge
SPM concentrations were also simulated in the SBath(up to 100mg), where water fluxes are partly
flushed out when water discharge exceeds®35miThis situation may be critical as the South bagiters
many recreational activities, which could be dine¢turbidity) or indirectly (contaminants) impackdy
such events.

The dynamics of SPM rejected through the Cortiotil@u were reproduced in the model, with a specific
tracer assigned. This allowed to investigate the d& SPM (here heavy particles) after enteringctbestal
system. Figure 10 represents the percentage of/lpeaticles rejected from the Cortiou outflow wittthe
top sediment layer, before and after the rainfeding. It can be noticed that part of these sedimemre
deposited close to the outflow, while a low (fewrgamts) but significant part of this material were
transferred westward and reached the South Bay. fESults cannot distinguish if this transfer isnary
(SPM rejected during the rainfall event reache@dly a western areas) or secondary (resuspensin a
transport of SPM rejected prior to the rainfall mvand remobilized due to wave action). Howeves th
results demonstrate the clear connectivity betwherCalanques areas and the South Bay, and thiblgoss
impact of these outflows on the Bay of Marseille.

4. Discussion and Conclusions

The in situ observation strategy coupled with teeedopment and validation of a 3D hydrodynamic and
sediment transport model allowed to better undedsthe sediment response to dominant meteorological
forcings, i.e. wind/waves and rainfall. A focus waade on the fate of suspended particulate mateled
from urban areas and discharged to the sea thrivilngitaries. The model, whose behaviour was vadidat
by the in situ observations, is hence an adaptetl tw investigate the residence time of sediments,
whatever they are recently discharged from outflewold deposited sediments remobilized by wave
events.

Despite the correct agreement between model remudtsn situ observations, different strong assionpt

were made either in order to simplify the modeld(éower its computation cost) or because of ock faf
knowledge. The first questionable point is the diyarand quality of sediment delivered to the sea.
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Because this parameter is not monitored (continyomrsregularly, on a daily basis), it was decided
search for direct relationships between water digggnand SPM concentration. Results presentedyird-i

3 show how complex and inaccurate such relatiosstém be, which controls the quality of any nunadric
simulations. Efficient monitoring systems or f@thinvestigations on the relationships between mate
discharge and SPM concentration are required toawgpsediment transport model in the coastal zone.
Another issue linked to the sediment input is tharacteristics of these sediments, i.e. their eatsand,
soil aggregates, organic flocs...) and their behayiin this particular case their settling velgcin a
preliminary approach, SPM were separated in 2 efasdistinguished by their settling velocity. These
settling velocities and the SPM distribution weet Bgically but fully arbitrary. These parameters
essential as they directly control the fate of sedit in the coastal environment. Hence better kadgé

on the nature of these SPM, their evolution in tohe@ending on rainfall events, would improve nucdri
simulation in the future.

The sand behaviour as simply coded in the model ailsg be criticized. The main reason for such
assumption was the necessity to get a fast runnioglel, then easily coupled to ecological and
contaminant transport models. However, the mairsequence was the absence of transport of sandh whic
could impact the ability of the model in reprodugithe depostion/erosion events observed with the
altimeter.

Finally, uncertainties remain concerning the estioma of SPM concentration in the surface plume.
Acoustic calibration was made with sediment from bied, and one can expect that SPM constituting the
plume may have completely different characteristishich may imply different calibration. Including
optical measurement below the surface, coupled regalar water sampling, would help in improving th
quality of SPM measurements at the surface.

Posidonia meadows are historically present in g df Marseille. Their spatial extension dramatical
decreased over the last decades, however thegmidlr significant parts of the seabed in the sidirea.
Vegetation is known to strongly influence sedimdghamics in coastal areas, promoting accretion and
stabilizing bed sediment§acia et al., 1999; Ganthy et al., 2013). The presence of posidonia fields on the
seabed was ignored as a first approach in thiy.stiids compartment may potentially change sigaifiity
sediment dynamics in critical areas (especially $tmeith bay) and should be accounted for in further
studies in order to improve our knowledge and sealof numerical models.
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