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ABSTRACT

This work concerns the wind-driven resuspension in a narrow marine channel and the risk of transport of
contaminated bottom sediments in a wide brackish lagoon in the context of a planned anthropogenic infra-
structure (with forced convection, by pumping sea water). It is based on the modelling and 3D numerical
simulation of salinity, current distributions and bottom shear stress (BSS). The goal is to demonstrate that, even
for narrow channels of a few tens of meter of width, a wind of 10-20 m/s is sufficient to create intensive currents,
to resuspend muddy bottom sediments and transport polluted sediments downstream. Several model scenarios
are considered for such wind speeds in two dominant and opposite wind directions, for a channel whose bottom
sediments are mainly constituted of fine particles, typically 85% of mud and 15% of fine sand. It is known that
finer sediments usually play an important role to transport contaminants (due to larger surface area of smaller
particles). Our main results concern the bottom shear stress along such a long and narrow channel; namely the
Rove channel which confluences the Etang de Berre lagoon, and for which a project of forced current circulation
is planned by pumping sea water. Our numerical results show that the mobility threshold can be easily over-
passed for the muddy sediments in the Rove channel. For a bottom roughness of 5 pm (coarse silt) and a wind
speed of 20 m/s, BSS can reach 0.18 N/m? for the N-NW wind in the median part of the channel, and even 0.21
N/m? in one enlargement for the S-SE wind, while BSS,; is about 0.1 N/m?2. We conclude that these local winds
can permit floc erosion and even surface erosion of fine sediments in the Rove channel.

Concerning the resuspension of muddy sediments, our results are consistent with the experimental study
presented by Carlin et al. (2016) for a windy shallow lagoon. They are also consistent with the conclusion of
Mengual et al. (2017), from erodimetry experiment for estuarine sediments, that the sediment behaves like a
pure mud if the percentage of the mud fraction is more than 70%, and that the critical BSS for mobility of such
bed sediments is of the order of 0.1 N/m? Such a lower critical BSS when the mixture is muddier is opposite to
trends most often published.

1. Introduction

confluences with Etang de Berre (EB) which is a wide brackish lagoon.
But, the selection of the level of such a sea water runoff (in the range of

The present work concerns a 3D numerical simulation of hydrody-
namics and sedimentary transport of pollutants in a long and narrow
channel (called Rove) in a windy area. It is realized in the context of an
old and complex anthropogenic project of partial reopening of a
collapsed tunnel (Ramade, 1997). This reopening is planned to reme-
diate the bottom sediment of this channel and, possibly, to control the
salinity level of an adjacent hydrosystem: the Bolmon lagoon. The
project itself consists to pump sea water, with a given flow rate (runoff),
from the Bay of Marseille, to create a flow in this long channel that

4-20 m®/s) is still controversial for different reasons (see Abrial and
Hucher, 2017).

Until its collapse in 1963, the Rove tunnel (about 7 kms) was used for
freight transport by ship from Marseille’s harbor to the Rhone River (via
the Gulf of Fos). After this collapse, the entrance of marine water was
fully stopped, creating a source of pollution due to an almost permanent
water stagnation in the Rove channel (7.2 kms). This stagnation creates
a negative environmental impact for nautical activities (rowing, water-
skiing, canoeing-kayaking) which are today developed in the Rove
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channel.

In the perspective of such a reopening (with different pumped mass
flow rates), a detailed analysis of the sediments characteristics has been
carefully performed by IDRA (2011). This analysis shows that the bed
sediments are muddy and points out different alarming ecological and
environmental problems: (a) about the bad quality of the marine water
to be pumped from Marseille Bay, (b) due to a severe concentration of
contaminants in the sediments of Rove channel, (c¢) an evident risk to
contaminate two downstream lagunar hydrosystems (i.e., Etang de
Berre and Bolmon lagoons).

The present study was decided in the context of this anthropogenic
project. It represents a first step where the goal is to determine the
Bottom Shear Stress (BSS) in the Rove channel, and to compare it to its
critical value for the erosion and resuspension of bed sediments in terms
of their granular properties, characterized by their bottom roughness.

It is important to consider the resuspension of bed sediments by wind
forcing. Carlin et al. (2016), by realizing in situ experiments of sus-
pended sediment concentration (SSC) into a shallow lagoon, showed the
importance of meteorological frontal passage of frequent occurrence.
Their results show an interesting relationship between wind stress and
sediment resuspension; peaks in near-bed SSC corresponding to peaks in
wind speed.

Another goal of the present study concerns the influence of a forced
convection in the Rove channel on salinity changes which could also
influence adjacent lagunar hydrosystems, in particular the salinity level
of the Bolmon lagoon that need to stay in a certain range (Alekseenko
and Roux, 2019a).

The risk of the downstream transport of contaminated sediments
depends on the SSC driven by the wind, and on the intensity of the
current driven by the imposed sea water runoff. While the anthropo-
genic project concerns sea water runoff in the range of 4-20 m>/s, it was
decided to start to evaluate this risk of downstream pollution even in the
case of moderate sea water runoffs. Different model scenarios are
considered. The first scenarios, without wind, are devoted to the simu-
lation of reopening by considering two small values of this sea water
runoffs. The other scenarios are devoted to the wind effect in the case of
the two dominant winds: N-NW and S-SE, whose directions are almost
perpendicular to the Rove channel.

2. Site description

The Rove tunnel is a canal tunnel in the South of France, opened in
1927 and closed in 1963 after a section collapsed. As a part of the Canal
de Marseille to Rhone, it used to connect the Etang de Berre in the north
with I’Estaque in the south, hosting a part of Marseille’s harbour. This
tunnel is 7.120 m long, and is 22 m wide and 15 m high, with a water
depth of 4 m. The Rove channel, from Rove tunnel to EB, is 7.2 km long,
the width varies in the range of 21 m-120 m (with a mean value of 70
m). The nominal depth is 4.3 m. So, the volume of water is about 2
millions of m®,

As mentioned at the beginning, it exists a project, since more than
twenty years, to pump marine water (at S = 38 PSU) from the Bay of
Marseille, to create a flow in this long channel, with a given flow rate in
the range 1-20 m®/s. This project is controversial concerning the mass
flow rate to be pumped, and the risk of transport of polluted sediments
which was not carefully evaluated up to now as a function of this flow
rate.

At the other end, the water pushed in the Rove channel by the
pumping device will enter in EB, a very wide lagoon, where we can
assume that the salinity will remain constant (S = 20 PSU), despite the
flow of higher salinity arriving from the Rove channel. EB is connected
with Mediterranean sea in the Gulf of Fos (as shown on the top right of
Fig. 1), through another channel (called Caronte).

It addition, the Rove channel receives fresh water from a waste
treatment plant (called Palun) with a mean mass flow rate Qp = 0.25 m3/
s.

As we can see in Fig. 2, the Rove channel is connected to four basins
along the southern bank, and involves two enlargements along the
northern bank: one near EB and another in front of Palun plant.

Another important feature of this site, is the occurrence of very
frequent winds, in particular in two dominant directions: N-NW and S-
SE. For such winds, the specific areas mentioned here above have to be
considered as they offer long fetch lengths.

As mentioned at the beginning, in the perspective to use a pumping
system in the Rove tunnel, an experimental investigation has been
realized by IDRA (2011). This work concerns in particular the compo-
sition of the bottom sediments at different places along the Rove channel
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Fig. 1. Rove channel map (after L'Etang Nouveau, 2011). Red points S9-S19 correspond to measurement points of sediment composition by IDRA (2011). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Rove channel map used for numerical modelling.

(granulometry and contaminants).

Sediment composition in the Rove channel has been carefully
measured by IDRA (2011), in terms of % fraction < 2 mm, during pe-
riods without wind, in several stations (see their Tab. 6a). These authors
found that the bottom sediment is mainly composed of silt with grain
diameters, d, ranging from 2 ym to 63 ym. They devoted special atten-
tion to the sediment sampling, as a function of the sampling depth. They
isolated three sedimentary layers for their analysis:

— strata 1 (11): non consolidated silt (2 cm);
— strata 2 (12): superficial silt in way of consolidation (3 cm);
— strata 3 (13): consolidated silt (under layer 2; several cms).

Our Table 1 presents the sediment composition in these three strata
at each of the five stations (S9 to S13), and then, a mean % value for
these five stations, which will be used for the present BSS numerical
simulation all along the Rove channel.

The correspondence between sedimentary categories and gran-
ulometry ranges is presented in Table 2.

The composition shown in Table 1, with 79% of silt and 5.5% of
clays, indicates that the bottom sediment is mainly cohesive. And, it is
known that the fine particles in cohesive sediments are subject to
binding forces (attraction and repulsion) which are even more impor-
tant, as the ratio surface over volume is larger; i.e., when the particles
are fine (<63um).

This fraction of fine sediments is the one that preferentially fix the
contaminants.

After IDRA (2011), the Rove channel presents the characteristics of a
very confined media, with highly contaminated sediments, in particular
in the upstream part of the channel. The physico-chemical analysis of
bottom sediments provided by IDRA (2011) concerns the concentration
of the following contaminants:

— inorganic: Ca, Cu, Hg, Pb and Zn

Table 1

Sediment composition in Rove channel in terms of % Fract <2 mm; mean %
value of the three layers at the stations S9-13 obtained by IDRA (2011), and a
mean % value for the five stations.

fraction S9 S10 S11 S12 S13 Mean S9-S13
<500 ym 0,4 0,0 1,8 0,0 0,0 0,4

<250 ym 3,8 2,4 4,7 2,7 3,0 3,3

<125 ym 13,4 8,2 17,0 10,5 10,2 11,9

<63 ym 75,9 81,1 72,3 81,9 82,3 78,7

<2 pym 6,5 8,3 3,4 4,9 4,5 5,5

Table 2
Sedimentary categories vs granulometry ranges.

sedimentary categories granulometry ranges

Gravels d>2mm

Sands 63um < d < 2 mm
Silts 2um < d < 63um
Clays d < 2um

— organic: PAH (Fluoranthene and Benzo(a)pyrene), PCB (CB 153)
and TBT.

Their physico-chemical analysis, presented in their Tables 6a and 6b
shows that in the Northern sector of the Rove tunnel, the contamination
is confirmed in Cd, Hg, As, PAH, PCB and TBT, and this contamination is
maintained in the Rove channel in Cd, Hg and PCB.

The risk associated to these sediments is presented in their Tab. 7a.

Additionally, these Authors showed that ecotoxicity is very strong in
Rove tunnel (HCT and Cd) and in Rove channel. And so, an increase of
the mass flow rate in the Rove channel would increase the risk of
resuspension and transport of polluted particles; these particles having a
stronger impact on the local and adjacent ecosystems. Indeed, anthro-
pogenic organic contaminants and metals transported with these parti-
cles are considered as a severe threat to health.

Anyway, it is important to estimate the risk of the transport of such
toxic particles towards adjacent hydrosystems (Etang de Berre and
Bolmon lagoon). Indeed, these lagoons themselves already suffer from a
high anthropogenic pressures since the last century due to many com-
plex reasons (Alekseenko and Roux, 2019a,b). Remediation efforts are
being made to improve the water quality and restore these ecosystems
from year to year without a stable success. Therefore, an additional
contamination to these ecosystems is strongly undesired. In the case of
the Bolmon lagoon, hydric exchanges with the Rove channel could be
easily controlled by the narrow windows (of 1-2 m width) separating
these two systems, whereas EB lagoon window is much wider (with a
clearance width of 80 m) permitting the entrance of the contaminated
particles carried by the Rove channel.

3. Modeling and numerical simulation (different scenarios)

The present study is realized with MARS3D (Model for Applications
at Regional Scales). This 3D model is developed by the French Research
Institute for the Exploitation of the Sea (IFREMER) for different envi-
ronmental domains and a variety of applications involving a large range
of time-space scales (Lazure and Dumas, 2008; Lazure et al., 2009).
MARS3D contains a hydrodynamical model based on the equations



proposed by Blumberg and Mellor (1986). It is based on the system of
incompressible Reynolds Averaged Navier-Stokes equations in the
classical Boussinesq approximation with the hydrostatic assumption. To
follow more easily the variation of the surface elevation, a transformed
vertical coordinate, o, is used in such a way that ¢ = 0 at the surface and
o =—1 at the bottom. Then, to better take into account the two
boundary layers (at the surface, and at the bottom) a refinement of the ¢
grid is used.

Here, we consider the channel bathymetry obtained by Sukhinov
et al. (2007) by using a reconstruction method from the map given by
Pont and Barroin (1993) from echo-sounding. Contrary to the previous
works where the channel was divided in three sectors of homogeneous
bathymetry (constant width and depth (Fig. 1), we used a more detailed
bathymetry of some irregular areas (Fig. 2), as follows:

— sector 1: 4.16 kms length from 5.142°E to 5.18°E; width varying
from 65 to 75 m at the surface and from 40 to 50 m at the bottom,
maximal depth of 4.3 m; sector 1 contains 2 trapezoidal areas (EB
and Palun enlargments) and 4 rectangular basins;

— sector 2: 1 km length at the east after sector 1 from 5.180°E to
5.187°E; width varying from 40 to 75 at the surface and from 25
to 50 m at the bottom, maximal depth of 4.3 m;

— sector 3: 0.52 km at the east after sector 2 from 5.187°E to
5.191°E; width from 16 to 20 m constant from surface to bottom,
depth of 4.3m.

For the present numerical modelling a uniform horizontal grid with
the following number of nodes: 1400 x 360 (i.e., with a horizontal res-
olution of 4 m) and non-uniform vertical grid with 24 layers over ver-
tical are used.

Such a numerical model was previously used to analyze the 3D
current, salinity and temperature distributions in the adjacent lagoons
Etang de Berre and Bolmon. It was carefully validated by comparison
with daily observations of the vertical salinity and temperature profiles
at three mooring stations, during one year (Alekseenko et al., 2017,
Alekseenko and Roux, 2018).

Different scenarios will be analyzed for the two main research di-
rections considered in the present paper: (a) salinity variation induced
by an inflow of marine water (pumped through the Rove tunnel), and (b)
bottom shear stress vs strong winds.

The numerical model concerns the 3D currents due to several
dynamical forcings. In the next section (without wind effect), the model
account for the micro-tide propagation from EB, the brackish water
inflow from EB (eq. (1), S = 20 PSU), the marine water inflow through
the Rove tunnel (Q; of varied runoff from 1 to 3 m3/sand S = 38 PSU),
the baroclinic pressure gradient created by freshwater runoff from the
Palun wastewater (Qp of 0.25 m3/sand S = 0 PSU). The model also
includes the bottom shear stress which depends on the bottom rough-
ness, 2.

Then, the wind effect is taken into account, classically, through a
shear stress created at the surface by the wind.

3.1. Micro-tidal conditions

At its western exit, the Rove channel water is mainly connected to the
Etang de Berre (which was studied by Alekseenko and Roux, 2019b),
and partly to the Caronte channel which reaches the Mediterranean sea
(Gulf of Fos). So, the Rove channel is subject to micro-tide. The tide
amplitude at the entrance of the Caronte channel is about of about 30
cm. Then, this amplitude decreases all the long of the Caronte channel
(8 kms) to reach about 5 cm at the junction of the Caronte channel and
the Rove channel in the Etang de Berre (according to Ramade, 1997).

(1) =0.05cos(2z(t — 1,) / T), @

where t; denotes the initial time of computation, T is the tidal period

(about 44714 s or 12h25min).

3.2. Wind forcing conditions

The weather database (average daily wind speed at 10 m) provided
by SOGREAH (2003) for the ten-years period 1992-2001 is used as in
our previous paper concerning a very close area (Alekseenko and Roux,
2019b). It gives the mean annual frequency of wind speeds of 21 m/s
and 11 m/s, in 16 directions. The dominant winds direction is N-NW,
and the wind speed exceeds 11 m/s for over 102 days per year. In the
present work, we will consider two wind speeds (10 and 20 m/s) in each
of the two dominant wind directions (N-NW and S-SE).

3.3. Boundary and initial conditions

The model involves the horizontal components of the shear stress at
the surface and the friction at the bottom. We use the following laws:

— for the surface stress components(z; x,7sy)

(Toxs Tuy) =PaClds V14 (Uno, Vio), 2

where V;, = (U1, Vao) is the wind velocity 10 m above surface, p, =
1.25 kg/m? is the air density, Cdy is the surface drag coefficient which
depends on the wind speed and the surface roughness (Young, 1999;
Cd; = 2-1072 for the wind speed of 10 m/s and Cd; = 3.2-102 for the
wind speed of 20 m/s).

— for the bottom stress components (7, 7p,)

(Tb.ufb.y) =p,CdyV(U,V) 3)

with

2
Cdb:<K/ln<z+H+zU>> 7 @
20

where V is the velocity vector with horizontal components (U, V), Cd, is
the bottom drag coefficient, x = 0.4 is the Von Karman constant, p,, is the
reference density (p, = 1015.27 kg/m>), 2, is the bottom roughness
which is connected to the grain size of the bottom sediments. According
to Dufois and Le Hir (2015), we use the following relationship for z,
(with d varying from 0.6 to 60 ym):

20=2.5d/30 5)

At the surface (6 = 0), temperature and salinity boundary conditions
are:

potn (aT 05) — (0r/Cp,0). ©)

96’ do

where vy is the vertical eddy viscosity, Qr - the heat flux at the air-sea
interface and G, - specific heat of air at constant pressure, C, = 1004

J/kg/K.
At the bottom (¢ = — 1), boundary conditions for T and S are:
oT dS
PoVu <%7 %) =(0,0), (@]

Salinity at the open boundary connecting the Rove channel with the
Etang de Berre is fixed to 20 PSU. Initial conditions for velocity and
salinity fields of each scenario are presented in Table 3.

In addition, we neglect the ocean atmosphere interaction (such as
latent heat flux, evaporation, solar radiation, etc.) and we assume that
the temperature does not play an essential role on the wind-generated
current and salinity distribution. So, the numerical simulation is real-
ized for a constant temperature (T = 10°C) and for Qr = 0.



Table 3
Modelled scenarios.

Scenario init. condition wind forcing tidal forcing seawater inflow Q; sediment grain size d
SCO V=0,S=20PSU no wind no tide 3m?/s 60 ym

SC1B V=0,S=20PSU no wind micro-tide 3m?/s 60 ym

SC1C V=0,S=20PSU no wind micro-tide 1m%s 60 um

SC2A V,S from end of SC1B N-NW wind of 20 m/s micro-tide 3m3/s 60 ym

SC2B V,S from end of SC1B N-NW wind of 10 m/s micro-tide 3m?/s 60 ym

SC3A V,S from end of SC1B S-SE wind of 20 m/s micro-tide 3m®/s 60 ym

SC3B V,S from end of SC1B S-SE wind of 10 m/s micro-tide 3m?/s 60 ym

SC4A V,S from end of SC1B N-NW wind of 20 m/s micro-tide 3m?/s 6 ym

SC4B V,S from end of SC1B N-NW wind of 10 m/s micro-tide 3m?/s 0.6 yum

3.4. Description of scenarios

In order to study the impact of different forcings and properties (tide,
wind, seawater inflow, sediment grain size) on the salinity and BSS
distributions various scenarios have been simulated (Table 3).

4. Salinity results

All our computational simulations are performed with the following
boundary conditions for the salinity: S = 38 PSU at the entrance of our
computational domain and S = 20 PSU at the exit of this domain. We
assume zero salinity gradient at the bottom and at the surface.

Our computational simulations have been firstly performed in the
case without wind for the three following scenarios, SCO, SC1B, SC1C
(Table 3).

Here, the hydrodynamics is governed by two main driving mecha-
nisms: forced convection due to the imposed runoff at the entrance of the

43.414°N

43.406°N

latitude

43.398°N-

43.414°N

latitude

43.398°N

43.414°N

latitude

43.398°N
5.145°E

5.165°E

computational domain and the solutal convection due to the imposed
salinity difference between the entrance and the exit of this domain.

The evolution of surface salinity all along the Rove channel is shown
in Fig. 3a for the scenario SC1B, with micro-tide and a runoff of 3 m3/s,
after 24 days. Just for information, in Fig. 3b, we compare this evolution
with that obtained in the model case SCO without tide. We can see that
the influence of micro-tide is not substantial. Nevertheless all the present
numerical simulations are performed with the same micro-tide condi-
tion (eq. (1)). Then, the runoff effect (for Q; =1 m3/s and Q=3 m3/s)
is shown in Fig. 3c.

Wind effect on salinity in the water column has been analyzed for
two wind speeds (10 m/s and 20 m/s). A quasi-permanent regime is
obtained in about two days of simulation. The vertical profiles of salinity
have been analyzed along three selected transects trl, tr2 and tr3 in the
median part of the channel (shown in Fig. 2). For each transect, the
mean value (along the y coordinate) of these profiles is given in Fig. 4 for
the two wind directions N-NW and S-SE and the two wind speeds. A

SsC1B-SSC1C

5.185°E

longitude

Fig. 3. (a) surface salinity along the Rove channel for SC1B (with tide and Q; = 3 m>/s) (b) impact of tide on surface salinity; salinity difference between scenarios
SCO and SC1B; (c) impact of runoff on surface salinity; salinity difference between scenarios SC1B and SC1C (with tide and Q; =1 m3/s).
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complete salinity mixing from the bottom to the surface is observed,
even for a wind of 10 m/s. The salinity level is slightly larger for larger
wind speed.

A final comparison of the evolution of the vertical profiles of salinity
is given in Fig. 5 for the largest forcings, i.e., wind speed of 20 m/s and
Q=3 m3/s. It summarizes the following scenarios: SC2A (N-NW wind),
SC3A (S-SE wind), SC1B (no wind).

For these three transects, the vertical profiles of salinity for N-NW

and S-SE winds are almost superposed. We can observe a decreasing of
salinity along the downstream direction, as it is expected.

On the contrary, for the scenario without wind (SC1B), the profile
shows an haline stratification with a substantial vertical salinity
gradient near the surface. This gradient is due to a reverse flow at the
surface which tends to push EB water upstream.

To better understand the evolution of the salinity all along the Rove
channel for a wind speed of 20 m/s, the surface salinity is presented in
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Fig. 5. Comparison between the vertical profiles of salinity averaged along significant transects in Rove channel for the largest forcings, i.e.,wind speed of 20 m/s
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Fig. 6 in addition with the barotropic component of the current. When
comparing these two patterns with those shown for SC1B in Fig. 3, we
can conclude that strong winds (20 m/s) generate substantially higher
surface salinity. This is consistent with the results shown in Fig. 5.

In addition, this Fig. 6 shows a very complex evolution of the baro-
tropic component of the current, due to the bathymetric irregularities (2
trapezoidal enlargements, and 4 basins along the southern bank of the
channel) and the orientation of the entrance sector which offer large
fetch lengths. Along the northern bank of the channel there is an up-
stream barotropic current. It flows for a long distance for the N-NW
wind. It can be seen also for the S-SE wind, but slower.

5. Bottom shear stress

In this section we analyze the evolution of the bottom shear stress
(BSS = /2, + rf‘y) which is crucial to predict the erosion conditions for

a given bottom granulometry. According to the composition of the
bottom sediments given in Table 1, most of the calculations are per-
formed for the bottom roughness z, of 5 ym. The calculations have been
performed for all the scenarios listed in Table 3. For the sake of
simplicity, we discuss only the results concerning the runoff Qo = 3 m®/
s. The patterns of BSS modulus all along the Rove channel are presented
in Fig. 7 for these five scenarios (SC1B, SC2A, SC2B, SC3A and SC3B).
These patterns exhibit strong variations in the transverse direction
across the channel, in particular for the largest wind speed. They also
show that BSS reaches substantial values in the four basins; this is due to
their orientation with respect to the two dominant wind directions.

In order to better calibrate this modulus, the transverse profile, BSS
(y), has been determined along three transects, trl-tr3 (indicated in
Fig. 2), in the most regular sectors of the channel. An averaging of these
three transects is shown in Fig. 7a for the scenario without wind, and in
Fig. 7b for the scenarios with wind, to get a rough estimation of the
largest values of BSS. For the scenario without wind, BSS remains
moderate all along the channel (Fig. 8a) with value not exceeding 0.015
N/m? (Fig. 7a).

For the scenarios with wind (Fig. 8b—e), the patterns are much more
complex in particular for the wind speed of 20 m/s (SC2A and SC3A).
This behavior is consistent with the complex patterns of the flow which
is clearly illustrated in Fig. 6 with the barotropic currents in the case of
wind speed of 20 m/s. For such a wind speed, BSS can reach about 0.18
N/m? (Fig. 7b), and we can see that, as expected, BSS reaches a
maximum near the southern bank for the N-NW wind, and near the
northern bank for S-SE wind.
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Fig. 7. BSS along significant transects in Rove channel for different scenarios:
(a)SC1B and (b) SC2A; SC2B; SC3A and SC3B; schematic position of trl-tr3 is
shown in Fig. 2.

In the case of wind of 10 m/s, as for the wind of 20 m/s, BSS reaches a
maximum near the southern bank for the N-NW wind, and near the
northern bank for S-SE wind. Here, BSS can reach 0.03 N/m? (Fig. 7b), i.
e., about twice the value corresponding to the scenario SC1B without
wind (Fig. 7a).

In order to evaluate the maximum achievable BSS along the Rove
channel (in the context of erosion risk), the numerical results in the two
trapezoidal zones (EB and Palun) mentioned in Section 4 are analyzed.
Larger wind-driven currents, and BSS, are expected due to larger fetch
lengths, which can reach about 140 m and 160 m, respectively.

The results are presented only for Palun enlargement in Fig. 9, (a) for
N-NW direction and (b) for the S-SE direction. In all cases the distance
along each transect is measured in m, with the origin at the southern
bank. The surface velocity increases along each transect in the windward
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direction: i.e., from the northern bank of the channel for the N-NW wind
(and the southern bank for the S-SE bank). When reaching the opposite
bank, the surface flow is plunging and generates a reverse bottom cur-
rent which is maximum near this bank.

For the N-NW wind of 20 m/s, BSS reaches a maximum of about 0.19
N/m? along the windward Palun transect of 140 m (Fig. 9a). For S-SE
wind of 20 m/s, BSS reaches a maximum of about 0.21 N/m? along the
windward Palun transect of 136 m (Fig. 9b). For a further comparison of
our results with other results measured by Carlin et al. (2016) in the
similar lagunar system with muddy sediment of a similar grain size and
under similar meteorogical conditions we calculated bed shear velocity
using the following equation:

Us = /BSS/pOA (8)

The bed shear velocity along the Palun transect is shown on the
Fig. 9c. For four scenarios the u- is within the range of 0.1-1.5 cm/s.

Finally, for completeness, a sensibility study has been realized for the
parameter 2o by considering two additional sub-scenarios, SC4A and
SC4B, with zp = 0.5 pym and 0.05 um, respectively, in the case of the
largest wind speed. The results obtained for the N-NW wind of 20 m/s,
along the windward transect across the Palun enlargement, are shown in
Fig. 10. All along the transect, BSS increases when z, decreases. It cor-
responds to the expected behavior. BSS can reach up to about 0.22 N/m?
near the southern bank for zo = 0.5 ym and about 0.24 N/m? for 2o = 0.5
um. It is important to know such achievable maximum of BSS in order to
evaluate the erosion rate which is connected to the deviation of BSS with
respect to the erosion threshold.

6. Risk of erosion of bottom sediments and contaminant
transport

As it was mentioned before (Table 1), the bottom sediments in the
part of the Rove channel under consideration (with about 15% sand,
80% silt and 5% clay) are mainly cohesive. These sediments contain a
large concentration of organic and inorganic contaminants as mentioned
at the end of Section 2. It is known that the role of sediment in chemical
pollution is tied both to the particle size of sediment, and to the amount
of particulate organic carbon associated with the sediment (up to 6.7%
of dry sediment in the Rove channel, after Tabs.6a-b of IDRA, 2011). The
chemically active fraction of sediment is usually cited as that portion
which is smaller than 63 um (silt + clay). Particle size is of primary
importance due to the large surface area of very small particles. So, it is
crucial to evaluate the risk of resuspension of muddy bottom sediments
which will lead to the downstream transport of contaminants.

Panagiotopoulos et al. (1997) recommend, when the shear strength
(i.e. threshold of movement) of natural marine sand-mud deposits has to
be investigated, to consider the modelling with caution. Indeed, it would
be needed to consider the type of clay minerals, pH and temperature of
the eroding (ambient) fluid, the chemical properties of the pore and
eroding fluids, internal sediment structure, degree of sediment

em——5um  e=—0,5um 0,05um

0,24

0,2
0,16
0,12

BSS (N/m?2)

0,08
0,04

0 12 24 36 48 60 72 84 96 108 120 132

Distance from S to N bank (m)

Fig. 10. Effect of bottom roughness on BSS along Palun enlargement transect,
for the N-NW wind speed of 20 m/s.



saturation and biological activity.

Accordingly, Debnath and Chaudhuri (2010) consider that not much
progress has yet been made in understanding cohesive sediment erosion
threshold due to the inherent physical, chemical, biological and
microbiological complexity of natural cohesive sediments. But, such
properties are very specific of any coastal hydro-system (lagoon or es-
tuary), and we do not have such a detailed knowledge for the Rove
channel. Further the debate of existence or nonexistence of cohesive
sediment erosion threshold, and different definitions of threshold has
resulted in complexity in use, interpretations and comparison of cohe-
sive sediment threshold data.

6.1. Erosion process

Righetti and Lucarelli (2007), described erosion process of cohesive
sediments as a multi-step entrainment phenomenon, for which different
stages of sediment motion could be recognized.

— For low velocities they observed a sporadic, discontinuous mo-
tion of aggregates having a relatively small size, mainly primary
particles or particle aggregates weakly bound to floc surface, as
also observed by Krone (1984).

— For increasing flow velocities, a more intensive flux of primary
particle aggregates was attained, coupled with sporadic entrain-
ment of larger size aggregates.

— Further, enhancement of flow velocity produced a gradual
enhancement of flocs entrainment, until an abrupt change in the
erosive process took place: a sudden change not only in the
quantity of eroded flocs takes place but also in their size was
noticed.

More recently, Winterwerp et al. (2012) and van Rijn (2016) realized
exhaustive reviews of several works devoted to transport and fate of
fine, cohesive sediments, and the exchange of fine sediment between the
sea bed and the water column above. They concern in particular the
shear flow-induced erosion of soft cohesive sediment beds, for which
they suggest to distinguish three types of erosion of muddy beds, as
follows:

— floc erosion, which is the pick-up of individual particles and small
scale flocs of the top layer of the bed by the turbulent vortices of
the fluid flow just above the bed, and which occurs for 0.5BSS,,
<BSS<1.5BSS,, with BSS,, - erosion threshold stress and BSS -
applied time-averaged bed-shear stress;

— surface erosion for 1.5BSS.. <BSS<3BSS, , which is the simul-
taneous mobilization of several layers of particles and flocs;

— mass erosion: BSS >3BSS,;, , which is the erosion of lumps of bed
material when the applied fluid stresses are larger than the un-
drained soil strength of the bed.

This behavior is also confirmed by Mathew and Winterwerp (2017).

As mentioned by Le Hir (2008), due to the properties of most of the
clay minerals which have the particularity to possess negative surface
loads, an input of cations reduce such electrical repulsion, leading to the
agglomeration (flocculation) of clay particles. In estuarine sites, and in
the Rove channel as well, the salinity level (due partly to the Na +
cation) favours the flocculation.

6.2. Risk of contaminant transport

The risk of contaminant transport is generally associated to the flux
of suspended sediment concentration (SSC), i.e., explicitly or implicitly
assuming that the total erosion rate E is equivalent to the resuspension
rate. However, as pointed out by Debnath et al. (2007), the erosion rate
(E) consists of two components, resuspension rate (Er) and bed-load
component (Eb) which refers to some portion of the eroded sediment

which moves as bed load. These authors presented and discussed new
field data on cohesive sediment erosion, with particular focus on parti-
tioning the total erosion into resuspension and bed load. They analyzed
the potential importance of bed load in cohesive sediment erosion, for
about 30 samples of fine clay-silt-sand sediments listed in their Table 1.
They found that with an increase in BSS, the relative contributions of the
resuspension and bed-load component to the total erosion, Er/E in-
creases and then saturates to 1 at BSS of about 0.5 N/m? (see their
Fig. 12). In addition, they show that the resuspension component de-
creases (or bed-load component increases) with an increase in clay
content. A possible explanation of this effect may be related to a change
in the clay-silt-sand network structure with an increase in the clay
content: larger sediment flocs/aggregates are formed which are then
detached and transported as bed load.

Amos et al. (2010) studied erosion rate of muddy sediments in
several stations in Venetian nothern and southern lagoons: 13% sands,
61% silts, 26% clays and 16% sands, 54% silts and 30% clays, respec-
tively (see their Table 2). They pointed out the importance of the erosion
rate per unit area of bed flux, E, which is an essential precursor to the
prediction of eroded depth and the suspended sediment concentration
for a given applied bed shear stress; whilst solution of the erosion
threshold is often reported, the evaluation of the variation of this
threshold through the process of erosion (eroded depth) is usually
omitted or not estimated. The field experiments of Amos et al. (2010)
showed that E is changing throughout the period of a given applied shear
stress. The maximum rate increases with flow speed; but the minimum
rate appears constant (at 10~* kg/m?/s). They also expressed E as a
function of excess bed shear stress. Note that their sediment composition
with about 85% of mud is not far from that in the Rove channel.

6.3. Mud erosion laws

What is important in view of the transport of contaminant by the
current in the Rove channel, is to evaluate the mud erosion.

There is an abundant literature concerning erosion laws for many
sorts of sediments and environmental conditions.

Perera and Wu (2016), in agreement with previous Authors, consider
that it is very challenging to quantify erosion dynamics of cohesive
sediments, due to the complexity of many physical, chemical, and bio-
logical processes involved. In their investigation of relationships of
erosion coefficients with respect to sediment properties, they have tested
an existing empirical formula to predict the erodibility coefficient when
the clay percentage and dry specific weight of soil are given. Finally, by
using measurement data, they suggested that the critical shear stress of
cohesive soils is also related to the dry density and solid-void volume
ratio.

A mud erosion law was set up by Mengual et al. (2017) for muddy
estuarine sediment samples (with mud fraction higher than 70%). Their
erodimetry experiments indicate a critical shear stress for mud erosion,
BSScr mud> of 0.1 N/m?. In fact, according to their Fig. 4 which shows a
rapid increase of SSC, this BSS.,muq also corresponds the onset of
resuspension. By combining this BSS. . value with the minimum
erodibility parameter Eg g recommended by e.g., Winterwerp (1989),
ie,107° kg/mz/s, the application of the mud erosion law from their
model led to good agreement between modelled erosion fluxes and those
obtained in erodimetry experiments for comparable applied shear
stresses. Such a lower critical stress for erosion when the mixture is
muddier is opposite to trends most often published, characterized by an
increase of the resistance to erosion when mud is added to sand. This low
value of BSS. muq is justified by the fact that in their environment the
surficial sediment remains unconsolidated.

Wu et al. (2018) also consider that critical shear stress for erosion of
pure muds is quite complex as it is affected by many factors, including
bed density, mineral composition, size composition, organic material,
salinity, temperature, pH value, and sodium absorption ratio.



Nevertheless, among these parameters, the bed dry density was chosen
in their study, because it can indicate the degree of compaction that
affects the soil erodibility significantly. In addition, they found that the
mud dry density, not the mixture dry density, is a direct factor affecting
the erosion of sand and mud mixtures. In the past, Kothyari and Jain
(2008) already pointed out the important influence of water content,
clay percentage and applied bed shear stress on the initiation of motion.
These last conditions well correspond to the unconsolidated muddy
sediments of the present study.

6.4. Determination of erosion threshold in the Rove channel

To evaluate the risk of the downstream transport of the contaminated
bed sediment of the Rove channel, it is needed to compare the BSS values
obtained in Section 5, with the erosion threshold which depends in
particular of the bottom roughness parameter z,, which can be con-
nected to the grain-size roughness, d, by the relationship (5).

An evaluation of the critical bottom shear stress for the sediment
mobility, BSS,,, is proposed by Berenbrock and Tranmer (2008) for a
large range of particle diameters d (see their Table 7). The corresponding
values for the Rove sediments, in the range 0.05 ym < 2o < 10 ym, are
given in Table 4.

In Section 5, BSS has been determined for three values of 2, to cover
a large number of sediments which can be found in the Rove channel
(from fine sand to silt and clay); namely: 2o = 5 ym, 0.5 ym and 0.05 ym
which corresponds to d = 60 ym, 6 ym and 0.6 ym, respectively. The
values for the largest BSS, which are obtained for the wider enlargement
(i.e., Palun), aregiven in Table 5 which is also include BSS, for the
corresponding z.

So, our results show that the mobility threshold for fine sand is
largely overpassed for winds of 20 m/s. For finer bed sediments (silt and
clays) this threshold can be reached for winds of 10 m/s.

6.5. Discussion

Our results can be favorably compared with different research works
devoted to resuspension of fine bed sediments in similar lagunar or
estuarine shallow environments.

Concerning the sediment resuspension in a shallow micro-tidal
lagoon, Carlin et al. (2016) realized detailed in situ measurements of
wind speed and direction during two events of 4-5 days involving a
meteorological frontal passage with strong wind. During each event
(which involves three phases: prefrontal, frontal and posfrontal, resp.)
they realized measurements of suspended sediment concentration (SSC)
and bed shear velocity (u+).

- For event-1 (28-31 jan., 2013), the wind reaches speeds of about 16
m/s (and wind-gusts up to 20 m/s). A relationship between wind
stress and sediment resuspension is found with peaks of near-bed SSC
(up to 1 g/1) corresponding to wind-stress peaks of about 0.6 N/m?2.
With estimated u+jqm max of about 0.7 cm/s and SSC of 100 mg/1.

- For event-2 (10-14 feb., 2013), the wind reaches speeds of about 14
m/s (and wind-gusts up to 18 m/s), with peaks in near-bed SSC (up to

Table 4

Evaluation of critical BSS according to Berenbrock and Tranmer (2008).
Sediment d,mm 20,Mm BSS,, N/m?
Fine sand 0.120 0.010 0.144
Coarse silt 0.060 0.005 0.108
Coarse silt 0.040 0.0033 0.091
Medium silt 0.020 0.0017 0.070
Fine silt 0.006 0.0005 0.030
Clay 0.002 0.00017 0.010
Fine clay 0.0006 0.00005 0.003
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Table 5
Summary of the largest BSS found in the wider enlargement (Palun), BSS,, for
associated z; all these shear stresses being expressed in N/m.2.

Conditions SC2A SC3A SC2B SC3B BSScr
. 0.18 0.108
Fig. 9a; 20 = 5 ym
. 0.17 0.108
Fig. 9b; 29 = 5 ym
. 0.04 0.108
Fig. 9a; 20 = 5 ym
. 0.03 0.108
Fig. 9b; 29 = 5 ym
. 0.21 0.23 0.030
Fig. 10; 2o = 0.5 ym
0.23 0.25 0.003

g. 10; 20 = 0.05 um

0.8 g/1) corresponding to peaks in wind stress of about 0.5 N/m?2.
With estimated u+jgm max of about 0.3 cm/s and SSC of 40 mg/1.

Their results concerning usjgm max in the prefrontal and frontal
phases of both events are summarized in Table 6 in which we added the
corresponding BSS values calculated from eq. (8).

A substantial resuspension (with SSC of about 1000 mg/1) is found
when u+jgy, is maximum in the frontal phase for both events. Even in the
prefrontal phases (with SSC ranging from 40 to 100 mg/1) BSS reaches a
value which is close to BSS. shown in our Table 5 for the Rove channel.

Concerning erosion for fine sand and mud in the case of a typical
continental shelf environment, Mengual et al. (2017) concluded that if
the percentage of mud fraction is more than 70% the sediment behaves
like a pure mud, with a critical BSS of the order of 0.1 N/m?. In addition,
they found a very rapid resuspension (with SSC increasing to about 36
mg/1 in 15 mn) as soon as BSS is exceeding this critical value. Such a
threshold for muddy sample well corresponds to the one found in section
6.4.

The approach of Wu et al. (2018) who consider mud dry density
(and/or water content) as an important parameter, is also well suited to
the Rove sediments. Indeed, in the present study, the fraction of dry
mater (shown in Table 7) is quite low, in particular for the surficial
strata. This leads to an average value of raw (not-dehydrated) sediments
of about 1250 kg/m? (after Fig.11 of IDRA, 2011), while the dry density
of sediments (fine sand, silt, clay) is of about 2650 kg/m3 (after Spencer,
2017).

To conclude and summarize the discussion we found that:

— For a bottom roughness of 5 pm (coarse silt) and a wind speed of
20 m/s, BSS can reach 0.18 N/m? for the N-NW wind in the
median part of the channel, and even 0.21 N/m? in the Palun
enlargement for the S-SE wind, while BSS., = 0.108 N/m? (Ta-
bles 4 and 5). So, it permits at least floc erosion, in the range 0.5
BSS. < BSS<1.5 BSS,;.

For a lower bed roughness, we have shown that BSS,, is lower
while the maximum of BSS is larger. For instance, for zo = 0.5 pm,
BSS.; = 0.03 N/m? (Table 5), while BSSq is about 0.22 N/m?
(Table 4). So, the conditions for the onset of floc erosion and even
surface erosion (in the range 1.5 BSS..< BSS<3 BSS,) are more
easily reached for muddier sediments (fine silt and clay).

It is not in the scope of the present work to determine the erosion
rate. But, for such a perspective, and as a first approximation, it would
be probably appropriate, as suggested by Le Hir et al. (2011) and
Mengual et al. (2017), to simply consider the erosion law for pure mud
proposed by Partheniades-Ariathurai as:

Emud = EO.mud(BSS/BSSNJnud - 1)11’"7 lf BSS > BSSC»‘.mud (9)

with nm equal to 1, as most often in literature, and E ;4 constant (equal
to 107> kg/m?/s).



Table 6

Summary of characteristics values of bed shear velocity u- and SSC experimentally obtained by Carlin et al.; (2016) for a windy shallow lagoon; and corresponding BSS

values from eq. (8).

Conditions Usjgm Max BSS prefrontal phase SSC prefrontal phase Usjgm Max BSS frontal phase SSC frontal phase
prefrontal phase (N/m?) (mg/1) frontal phase (N/m?) (mg/1)
(cm/s) (cm/s)
Event-1 0.7 0.06 100 1,4 0.20 1000
Event-2 0.7 0.06 40 2.0 0.41 1000
Table 7 onset of floc erosion and even surface erosion (in the range
able

Fraction of dry mater (%) of bottom sediment in stations S9-5S13, after Tables 6a
and 6b of IDRA (2011).

Station S9 S10 S11 S12 S13 average per strata
stratal 11 16 20 13 14 15%
strata2 16 23 23 17 23 20%
strata3 28 36 29 20 25 28%

7. Conclusions

This work concerns a numerical simulation of wind-driven hydro-
dynamics and resuspension in a narrow channel which confluences a
wide brackish lagoon, and the risk of transport of contaminated bottom
sediments to this lagoon, if a forced convection is imposed by pumping
sea water at the head of the channel. Two main peculiarities are
considered: muddy bottom sediments and winds blowing frequently in
directions almost perpendicularly to the channel.

The evolution of the vertical salinity profiles has been analyzed along
the channel. The results in section 4 show that:

- in absence of wind the vertical profiles of salinity exhibit a gradient

near the surface which is associated to a downstream current at this

surface coming from the brackish water of the lagoon.

on the contrary, in the case of wind, the salinity is constant through

the vertical direction, indicating a mixing in the water column even

in the median portion of the channel (along tr1-tr3 transects) where

the width is of about 74 m only.

- In both cases, the surface salinity decreases regularly from the
entrance (38 PSU) to the exit (20 PSU) of the computational domain.

In order to study the risk of transport of pollutant in the Rove channel
by the current in the case of forced convection (re-opening of the Rove
tunnel), we mainly analyzed the bottom shear stress, and the condition
for which BSS overpass the threshold value for the onset of bottom
sediment mobility (erosion and resuspension). For muddy unconsoli-
dated sediment, the erosion/resuspension threshold obtained experi-
mentally by Mengual et al. (2017) for estuarine environment
corresponds to BSS = 1 N/m?.

The risk of pollution of the wide lagoon results from the combination
of large BSS (leading to resuspension) due to local winds and forced
convection which permits the transport of the suspended sediments to-
wards the lagoon.

The results presented in section 5 for strong winds (10 m/s and 20 m/
s) which are blowing very frequently in this area, show that such wind
speeds are enough, despite the modest width of the Rove channel, to
produce bottom shear stress larger than 1 N/m? BSS is maximum near
the southern bank for the N-NW wind, and, on the contrary, near the
northern bank for the S-SE wind. Most of the results are given for a sea
water runoff Q; = 3 m3/s.

For a bottom roughness of 5 pm and a wind speed of 20 m/s, BSS can
reach 0.18-0.21 N/m?, while BSS,, = 0.108 N/m?. So, it permits at least
floc erosion in the range 0.5BSS.<BSS<1.5BSS,;.

For a lower bed roughness, BSS,; is lower while the maximum of BSS
is larger. For instance, for zp = 0.5 pm, BSS,, = 0.03 N/m? (Table 5),
while BSSpqy is about 0.22 N/m? (Table 4). So, the conditions for the
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1.5BSS.-<BSS<3BSS,;) would be more easily reached for muddier sed-
iments (fine silt and clay).

There is not yet any experimental evidence of what it could happen
in the case of forced convection inside the Rove channel. But, as surficial
sediment remains unconsolidated in the today condition (without sea
water pumping), this is probably a good indicator which confirms that
the frequent wind regularly creates a local resuspension of these sedi-
ments. This situation is similar to the one mentioned by Mengual et al.
(2017) for estuarine sediments which remain unconsolidated due to
local activity.

Right now (i.e., for Q; = 0), the contaminated Rove sediments are re-
deposited at about the same place after each wind episode. But, they will
move downstream (towards EB lagoon, in particular), as soon as a cur-
rent would be generated by pumping sea water (i.e., for Q; >0). The time
needed for such a transport towards EB lagoon would be shorter and
shorter if the imposed runoff Q; is increased.

Concerning the condition to obtain a bed sediment mobility (erosion
and suspension), our numerical results for different wind forcings and
different bottom roughness show that the mobility threshold can be
easily overpassed for the muddy sediments in the Rove channel. This is
quite consistent with the experimental studies of resuspension of muddy
bed sediments presented by Carlin et al. (2016) for a shallow water
lagoon and by Mengual et al. (2017) for estuarine conditions. The
mobility threshold (of the order of 0.1 N/m?) mentioned in this last
paper is consistent with BSS. shown in our Table 5. It is interesting to
note, following Mengual et al. (2017), that such a lower critical BSS
when the mixture is muddier is opposite to trends most often published.

Finally, as shown in Tables 4 and 5, the finer bed sediments are more
easily suspended (BSS,;, of order 0.03 N/m? for fine silt and 0.003 N/m?
for clay). So, it is important to remember that these sediments not only
fix more efficiently inorganic/organic contaminants but they also have
smaller particle fall velocity. So, the risk of downstream transport of
pollution in the Rove channel would be larger and larger if the imposed
runoff of pumped sea water would be increased.

This new knowledge concerning the crucial effect of winds on the
resuspension of contaminated muddy sediments and thus the risk of
their downstream transport, will be useful, not only for the managers of
the Rove channel, but also for the managers of coastal sites involving
channels, to not forget to pay attention on the wind stress, even for
narrow channels.
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