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This paper describes an integrated study of a typical Mediterranean flood event in the Gulf of Lions. A flood with a 5-year return interval occurred in the
Tét River basin and adjacent inner-shelf in the Gulf of Lions, northwest Mediterranean, during April 2004. Data were collected during this flood as part of
event-response investigations of the EU-funded Eurostrataform (European Margin Strata Formation) project. Southeasterly storm winds led to a flood
which directly modified the inner-shelf hydrodynamics. Sediment delivery to the coastal zone during this flood represented more than half of the mean
annual discharge of the T et River to the Gulf of Lions. This river transported a large amount of sand in suspension, representing 25% of the total
suspended load, and as bedload representing 8% of the total load, during this event. Sand introduced in the nearshore was transported northwards
during the peak storm and nourished a small delta. Fine sediments were separated from coarse sediments at the river mouth, and were advected
southwards and seawards by the counter-clockwise general circulation. Fine-grained sediments were transported via a hypopycnal plume along the
coast towards the southern tip of the Gulf of Lions and the Cap Creus canyon. The along-shore currents, which intensified from north to south of the Gulf
of Lions, particularly between the Cap Creus promontory and the Cap Creus canyon, favoured the transfer of fine-grained sediments from the continental
shelf of the Gulf of Lions towards the continental slope. Our results show that floods with a few-year return interval in small coastal rivers can play a

significant role in the transport of sediments on microtidal continental margins and their export from the shelf through canyons.

1. Introduction

River floods are important processes in the land-to-sea transfer
of sediment and associated contaminants (e.g. metals and
pathogens). River floods can be classified into two different types:
seasonal floods and flash-floods. Seasonal floods are generally
associated with large systems such as the Amazon and the
Huanghe (Yellow River) rivers, and are characterised by seasonal
increase in river discharge caused by prolonged snow melting or
monsoon conditions. Occurring during several weeks or months,
meteorological conditions that have caused these floods are not
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directly linked with conditions at the coast. Seasonal floods can
also affect smaller systems under prolonged storm/typhoon
conditions (Liu and Lin, 2004). By contrast, flash-floods are short
and intense events occurring during a few hours or days, and
provoked under intense meteorological conditions. Flash-floods
are common in the watersheds emptying into the Mediterranean
Sea, and are associated with small mountainous catchments
influenced by brief meteorological marine storm events during
which depressions over the sea induce rapid and extreme rainfall
over coastal relief. The result is a sudden river discharge of fresh
water and sediment to the coastal zone. In this case, hydrology
and water stratification in the inner-shelf are closely linked with
local meteorological conditions. These floods affecting small
coastal rivers under marine storm conditions are similar to the
oceanic floods defined by Wheatcroft (2000).

Flash-floods occur over short time periods on small rivers, with
the key aspect that the receiving basin is under the influence of
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the storm that led to flooding when the flood pulse reaches the
sea (Wheatcroft, 2000). Due to the event-driven nature of the
discharge in small rivers, most sediment reaching the sea from
them usually does so during flash-floods. As the annual load per
basin area of small rivers is greater than that of moderate to large
size rivers, it is particularly important for global sediment flux
studies to investigate flash-floods in which steep basin topogra-
phy can give rise to a high potential sediment discharge (Milliman
and Syvitski, 1992). Sediment delivered to the sea during such
floods may be stored, at least temporarily in prodeltas or mid-
shelf mud belts, or bypass these reaching the slope/canyon region
and thence the abyssal plain. Globally, small rivers are estimated
to account for around half the annual suspended sediment load to
the sea (Milliman and Syvitski, 1992). Flash-floods, due to their
short duration and small spatial scales, require novel sampling
and modelling strategies (Wheatcroft, 2000).

Flash-floods have been investigated in various small mountai-
nous systems. Some studies have focused on the dynamics and the
fate of sudden river inputs to the coastal zone (Hill et al., 2000;
Palinkas et al.,, 2005; Wheatcroft and Borgeld, 2000). Other
studies have focused on the river system (runoff, fresh water
and solid fluxes) during flash-floods (Gaume et al., 2004; Winston
and Criss, 2002). Few studies have investigated both the processes
in the river catchment and in the adjacent coastal zone. In this
paper, we describe a 5-year river return interval, flood event on
the Tét River and the associated fluxes of sediment and water
across the continental shelf in the southwestern Gulf of Lions
(northwest Mediterranean). The sediment dynamics and the main
conditions leading to these fluxes are described including
sediment fluxes on the shoreface/inner-shelf and across the
prodelta, and the links between the shoreface/inner-shelf and
canyon heads. The flood event lasted less than 1 day, from 16 to 17
of April 2004 with a peak hourly discharge of 683 m>s~". The
flood described in this paper is similar to oceanic floods described
by Wheatcroft (2000), but in our case the flood was generated
under storm marine conditions rather than oceanic conditions.
The short-term duration of the flood event, the semi-ephemeral
character of the Tét River channel in summer time and the origin
of this flood allow us to name this event as a storm-generated
flood or flash-flood. The aim of the study is to quantify the
contribution of floods with a relatively short return interval to
land-sea sediment fluxes in the southwestern Gulf of Lions.
A source-to-sink approach is followed through the investigation
of: (1) rainfall intensity and watershed localisation; (2) coarse and
fine-grained sediment transport by the river; (3) dispersal and
deposition of both coarse and fine-grained sediment in the
nearshore; and (4) dispersal of fine-grained sediment towards
the shelf edge and the canyon heads.

2. Regional settings
2.1. Freshwater inputs

The Tét River discharges into the southwestern part of the Gulf
of Lions (Fig. 1a). The Tét catchment (1396km?) has a mean
altitude of 1023 m and a mean slope of 12.4° (Ludwig et al., 2004).
Its maximum headwater elevation is at 2100 m and the river
length is about 100 km (Garcia-Esteves et al., 2007). The Tét River
basin can thus be considered to be a small mountainous river
(Milliman and Syvitski, 1992). Precipitation for the entire basin
range is ~757 mmyr~! (average over the 1980-2000 period); the
rainfall pattern is characterised by long dry periods interrupted by
short, violent marine events that can result, within a few hours, in
flood events. The average liquid discharge at the gauging station at
Perpignan, 10km upstream of the mouth, is 10.82m>s .

Instantaneous discharge can reach 1800m3s~! during major
floods associated with extreme rainfall events (Serrat et al.,
2001). Extreme floods (mean daily liquid discharge of up to
540m?>s~') have a 5-year return interval, whilst relatively smaller
flood events (mean daily liquid discharge of 180m3s~!) have a
return interval of 2 years. In order to reduce the intensity of peak
floods, a retention dam was built in 1978 at Vinca, ~50km
upstream of the mouth, on the border between the mountainous
part and the alluvial plain of the Tét River catchment.

2.2. Sediment input and prodelta deposits

Flash-floods occur mainly during the autumn, at which time
most of the total annual suspended load is transported to the Gulf
of Lions: 78% of the total sediment flux in the Tét River between
1980 and 1999 occurred in only 50 days (0.7% of the total time;
from Serrat et al, 2001). The mean annual suspended sediment
discharge from the Tét River, averaged over the 1978-2004 period,
is ~61 (+£18)x10°t (Bourrin et al., 2006). The maximum
suspended sediment concentration (47 gL~!) was recorded during
a catastrophic flood event in the 1940s (Serrat et al., 2001). An
ephemeral fluid mud deposit, composed of silts and clays, has
often been observed on the inner-shelf in front of the Tét River
mouth at a depth of ~30m after flood events (Buscail et al., 1990,
1995; Courp and Monaco, 1990; Guidi-Guilvard and Buscail, 1995).
This thin deposit covers the uppermost part of the prodelta of the
Tét River. The short residence time and/or the weak preservation
of this deposit are mainly due to resuspension by waves and
currents during high energetic events (Guillén et al., 2006).

2.3. Coastal circulation and waves

The coastal circulation in the western part of the Gulf of Lions
is highly variable and dependant upon wind conditions. The main
winds are the northwesterly “Tramontane” and the southeasterly
“Marin”. The Tramontane induces a cyclonic meso-scale circula-
tion in the western part of the Gulf (Estournel et al., 2003). The
coastal current induced by the prevailing northwesterly wind
generally flows from north to south-southeast along the Roussil-
lon coast (Millot, 1976). Circulation shifts are observed at the
transition between northwesterly and southeasterly wind condi-
tions. Southeasterly winds generate a counterclockwise circula-
tion resulting in southward flow along the western coast of the
GoL. These winds generally carry humid water masses over
coastal relief, and in some cases cause extreme rainfall events.
When southeasterly winds are well established, they induce
alongshore currents flowing southward, intensified in the Cap
Creus zone where the shelf narrows (Ulses et al., 2008a).

Waves are the main stirring mechanism causing bottom
sediment resuspension in the western Mediterranean because
tidal currents are negligible. In the study area, major storms are
associated with waves coming from the east and southeast.
Usually, large waves with significant wave height (Hs)>6 m and
period (Ts)>12 s occur during autumn and winter. These are able
to resuspend sediment on the inner and middle shelf (Ferré et al.,
2005; Guillén et al.,, 2002; Palanques et al., 2002; Puig et al.,
2001).

2.4. Shelf sedimentation and export to canyons

The Gulf of Lions margin is characterised by a sandy shoreline
changing progressively to a silty inner-shelf to about 50 m water
depth (Aloisi et al., 1973). A shore-parallel mid-shelf mud-belt is
located between 50 and 80m water depths and its thickness
reflects the predominance of sediment inputs from the Rhone
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Fig. 1. Morpho-sedimentary map of the Gulf of Lions, NW Mediterranean, France (redrawn from Aloisi et al., 1973) indicating the location of the mooring lines in the Cap
Creus (CC) and Lacaze-Duthier (LD) canyons (a), and detailed map of the Tét River inner-shelf studied area along the Roussillon coast (b). The bridge water sampling site and
the post-flood configuration of the Tét River mouth are shown in grey. The black square represents the location of the AWAC and Aquadopp instruments deployed at 11 and
30 m water depths (42°43.23'N, 3°02.89’E and 42°42.64'N, 3°04.86'E). Black circles represent the location of the CTD profiles; black asterisks represent the location of the
grab samples in the near-shore; and black stars the location of the two 20 cm long cores at 20 and 30 m water depths. The thin black line represents the track of the coupled

bathymetry and ADCP survey.

River over the coastal rivers of the western Gulf of Lions (Fig. 1a).
During periods of generalised flooding of Gulf of Lions rivers, fine-
grained dispersal of sediment by hypopycnal plumes is influenced
by the general southwestward along-shore circulation on the
shelf, and preferential export occurs in the southwestern canyons
(Palanques et al., 2006; Ulses et al., 2008a).

3. Material and methods
3.1. Meteorological measurements

The wind field was measured every 5 min with an ultrasonic
wind sensor (Vaisala WAS425) installed on the roof of the waste
station of Canet-en-Roussillon (Vent station, 42°42.82'N
03°00.70’E), at 6 m above the ground (Fig. 1b), from 11 February
to 16 August 2004. Statistical parameters of the wind field (mean
and maximum hourly speed and direction) were extracted from
high frequency measurements. Rainfall was measured daily at 49
meteorological stations by the French national meteorological
society (Météo France), covering the watershed of the Tét River in
April 2004. Mean rainfall over the catchment area was estimated
from a biharmonic spline interpolation (Sandwell, 1987) of mean
daily precipitation measured at the 49 meteorological stations
over the entire surface basin area during the 16 April 2004 flood
event (Fig. 2).

3.2. River measurements

3.2.1. Liquid discharge and river flow

Hourly water discharge of the Tét River was measured at
the Perpignan gauging station (station Y0474040 in the national
data bank, “Hydro”), 10km upstream from the river mouth
(42°42.21'N, 02°53.58'E). Surface water samples were collected
at 6-hourly intervals from 16 April 20:00h to 20 April 14:00h
with a bucket (~5L) from a bridge ~2 km from the river mouth
(see Fig. 1b). Surface water velocity was estimated at the same
time by measuring the elapsed time of displacement of natural
debris over a known distance. River surface height was measured
simultaneously at the same bridge with a limnimetric scale (DDE
Pyrénées Orientales).

3.2.2. Total suspended solids

Water samples were filtered using 2 pm Whatman GF standard
filter paper. The mass of sediment retained was determined after
drying at 100°C for 12h and gives the instantaneous total
suspended solids (TSS) concentration. Sands and organic flocs
> 63 um were separated from silts and clays by gentle wet-sieving
through a 63 um sieve. The organic flocs fraction is mostly
composed of organic debris and plants. This fraction was
determined by weighing after incineration for 12 h at 450 °C. Each
of the remaining fractions was analysed for settling velocity and
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Fig. 2. Rainfall intensity over the entire Tét River catchment on 16 April 2004. Black circles represent the 49 meteorological stations (Météo France) used for the biharmonic
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in the central part of the catchment area.

grain size using a settling column (sands) and a Coulter™ laser
sizer (silts and clays).

3.2.3. TSS discharge

The fine-grained fraction was assumed to be fully mixed in the
river water column in flooding conditions. The product of
instantaneous suspended fine sediment concentration and instan-
taneous water discharge yields the instantaneous suspended fine
sediment discharge. The total suspended fine sediment load of the
event was obtained by interpolating between the measurements.

The Rouse equation, defining the vertical distribution of
concentration ¢, in an open channel flow (Rouse, 1937) was used
to estimate the suspended sand transport in the Tét River during
the April 2004 flood event:

c (h— y a )Z

I L A ,

Ca y h—a

where c; is the concentration of sediment at a reference level
y/h = a, h is the total water depth and y is the height above the bed;
Z = ws/(x x u-) is the Rouse number, ws is the measured particle
settling velocity, k = 0.4 is the von Karman constant. The shear

velocity, u-, is estimated from a log-law velocity profile originating
from surface measurements, and following the equation:

w — K X U(2)
* " log(z/z0)’

where u(z) is the reference velocity at a height z = h (flow depth
or river surface), zo = 0.033Ks = 10 cm, where Ks~3 m is the size
of the boulders in the riverbed. Depth-integrated concentrations
of sand during this event were derived from Rouse profiles, and
the product of this and the instantaneous river discharge yields
the instantaneous suspended load of sand. The total suspended
sand discharge of the event was obtained by interpolating
between the measurements. The estimation of river suspended
sand fluxes is dependant on the measurement of surface flow
speed, flow depth and concentration of sand at river surface. Some
error has been introduced in the estimated flux from the method
used and we have to be very careful with the final estimation. The
total suspended load during the April flood event in the Tét River
was obtained by adding the suspended fine sediment and
suspended sand discharge.

3.2.4. Bedload discharge
The SEDTRANS model version 0.94 upgrading the previous
version of the model (Li and Amos, 1995, 2001) was used to

estimate the sand bedload transport at the gauging station during
this event. The inputs of the model are depth, flow velocity, and
the mean grain size of particles at the bed surface at the gauging
station. The calculation method for the sand bedload transport
estimation was established from the transport equation of Yalin
(1963).

3.3. Nearshore measurements

3.3.1. Seabed

Twenty seabed samples were collected by Van Veen grab on 18
April 2004 from the top and front of the prodelta (5-15 m depth),
and 18 swash zone samples were collected from the beaches to
the north and south of the river mouth (Fig. 1b). Sand and silt
fractions were separated by gentle wet-sieving using a 63 um
sieve, and then analysed for settling velocity and grain size using a
settling column and a Coulter™ laser sizer.

Grain size trend analysis following the procedure of Gao and
Collins (1992) was applied to the delta top and front samples. This
method is based on the assumption that spatial changes in surface
sediment can yield the residual transport paths. First, the grain-
size analyses of the 20 seabed samples were derived to obtain for
each sample the mean grain-size (u), sorting (¢) and skewness
(Sk) (using the method by Folk and Ward, 1957) and the statistical
moments M1, M2 and M3 (calculated by means of the equations
issued from the moment theory by Riviére (1977)). Two cases are
generally representative of sediment transport: us>(, 02<07,
Sk, < Sk, (case 1: sediment becomes finer, better sorted and more
negatively skewed) or p, <y, 02 <04, Ska> Sk (case 2: sediment
becomes coarser, better sorted and more positively skewed). The
Grain Size Trend Analysis FORTRAN program (Gao, 1996) was used
to calculate the trend vectors comparing the moments between
neighbouring pairs of sampling sites within the critical distance
(defined from the sampling grid, 200m in our study) and
considering the coordinates of each sampling site and the scaling
factor A (ratio between the distance of 1° of latitude and the
distance of 1° of longitude). Trend vectors were interpolated in a
regular grid of 60 points (using the Kriging method) and plotted
using SURFER® software (Golden Software Inc.).

A 200 kHz single beam Lowrance echo-sounder survey (Fig. 1b)
was conducted on the inner-shelf at 3-10 m water depths in the
river mouth area on 18 April 2004 06:30-09:00h and used to
derive a detailed bathymetric map of the coastal zone. Two
sediment cores were also collected by SCUBA divers using
transparent Perspex tubes (20cm length, 4cm diameter) at 20



and 30 m water depths on 28 April 2004 (Fig. 1b). Sediment cores
were sliced every centimetre. Grain-size analyses were performed
on samples, sonicated for 5min in Milli Q-filtered water, using a
Malvern Mastersizer 2000 particle size analyser equipped with a
sample dispersion unit.

3.3.2. Water column

A 600kHz hull-mounted (RDI) ADCP survey (Fig. 1b) was
conducted on the inner-shelf at 3-10 m water depths in front of
the river mouth on 18 April 2004, 06:30-09:00 h, at the same time
as the bathymetric survey, in order to monitor the instantaneous
spatial structure of the river plume. Vertical profiles of tempera-
ture, conductivity, turbidity and fluorescence were made using an
autonomous multiparametric YSI 6600 EDS probe (1 Hz sampling
rate) during the ADCP survey (Fig. 1b). Data were corrected for
pressure reversal and averaged in 0.5dbar bins. Salinity was
derived from conductivity and temperature probe measurements
according to algorithms found in Standard Methods for the
Examination of Water and Wastewater (1989). Turbidity, acquired
initially in NTU, was converted to TSS concentration, using
gravimetric measurements of water samples collected at the
surface of the river plume. The relationship between optical
measurements and TSS concentrations was the following: MES
(mgL~1) = 1.5929NTU+5.4768 (r? = 0.71). Optical measurements
are sensitive to particle size distribution and concentration.

In situ grain-size measurements were performed simulta-
neously with a Sequoia LISST-100 type B (1.25-250 pm range). An
upward-looking Acoustic Doppler Profiler (ADP) AWAC (Nortek)
equipped with a wave gauge was deployed near the survey area
(see Fig. 1b) at 11 m water depth (42°43.23'N, 3°02.89'E). Wave
and current parameters were logged for 5min every 30min.
A downward looking Aquadopp Profiler 600kHz (Nortek) was
installed on a buoy moored at 30 m water depth, 1.5 nm from the
river mouth (42°42.59'N, 03°04.78'E) to measure water column
currents every 5 min.

The Sediview program (Land and Bray, 2000) was used to
derive TSS concentrations from the average backscatter signal
measured during the coastal vessel-mounted RDI ADCP survey,
using an iterative method to solve a simplified version of the sonar
equation (Urick, 1975):

log1o Mr = S[Ks + dB + 2r(aw + os)],

where Mr is the mass concentration per unit volume at range r, S
is the relative backscatter coefficient, Ks is the site and instrument
dependant factor, dB is the measured relative backscatter
intensity corrected for spherical spreading, o, is the water
attenuation coefficient computed using observed temperature
and salinity near the transducer, and o is the sediment
attenuation coefficient estimated from the measured depth-
averaged median grain size of the suspended particles from the
LISST instrument. Acoustically derived turbidity is dependent on
grain size distribution and concentration, as well as particle shape
and density. The calibration constants S and Ks are determined by
fitting the ADCP measured backscatter intensities with the optical
turbidity measurements of the YSI multiparameter probe at the
same time. Optical turbidity measurements are more sensitive to
small particles and acoustic turbidity measurements are more
sensitive to large particles (Creed et al., 2001). Calibrating
acoustical measurements from optical measurements could lead
to large errors in the estimation of TSS. In our study, the efficiency
of the calibration between acoustically- and optically-derived TSS
was relatively good (r* =0.98, n = 83) with fitted coefficients
Ks = 41.5 and S = 33. The low TSS concentration and unimodal
grain-size repartition of TSS in coastal waters in front of the river
mouth could be one reason for the low error on our estimation.

3.4. Shelf and canyon head measurements

The first satellite picture available after the passage of the low-
pressure system over the study area was taken on 26 April 2004
from the MERIS sensor of ENVISAT satellite. The spectral band of
total suspended concentration was extracted from the satellite
data using Beam-VISAT software and algorithms. The particulate
backscatter at 442nm is deduced from the water-leaving
reflectance spectrum and converted from optical units (back-
scatter in m~') to geophysical units (concentration in gm™>) using
a fixed conversion factor (ESA, 2002) derived for measurements
on water samples using a GF/F filter. The corresponding picture
was used to observe the dispersal of turbid river plumes in the
southwestern Gulf of Lions after the flood event.

Shelf-slope suspended sediment transport was monitored by
deploying an Aanderaa RCM11 current meter equipped with a
turbidimeter (OBS) on two moorings, 4 m above bottom, at 300 m
water depth in the head of the Cap de Creus (CC) and Lacaze-
Duthiers (LD) submarine canyons at the southern end of the Gulf,
in April 2004 (Palanques et al., 2006; Fig. 1a). The sampling
interval of the current meter was 20min. Data analysis and
turbidity signal conversion procedures were described in Palan-
ques et al. (2006).

4. Results
4.1. Meteorological and oceanic conditions

In April 2004, a depression over the NW Mediterranean
(Fig. 3a) associated with southeasterly winds (Fig. 3b) and high
rainfall induced a major flood event in the Tét River (5-year
return interval) with a maximum hourly liquid discharge of
683m3s~! on 16 April at 23:00h (Fig. 3c). Mean precipitation
over the total catchment area was evaluated to be 80 mm and
locally exceeded 160 mm, corresponding to 1/10 of the total
annual precipitation. Precipitation was concentrated over the
lower part of the basin area (Fig. 2). The depression generated
waves in the coastal zone of up to Hs=5m and Ts=9s
(2-year return interval, Fig. 3d). Such waves are capable of
resuspending bottom sediments to a depth of around 30m
(Guillén et al., 2006).

4.2. River sediment fluxes

4.2.1. TSS concentrations

The maximum measured TSS concentration of the surface river
water was 1.2 gL~! on 17 April at 08:00h, i.e. after the peak liquid
discharge (Fig. 3¢). The TSS concentration was certainly higher at
the peak flood but was not measured. TSS concentrations
decreased as the river flow and water level decreased (Figs. 3c
and 4). Fig. 4 illustrates the temporal variation in concentration of
clay and silts (<63 um), sands (>63pum) and organic flocs
(>63 um) in the suspended particulate matter in surface river
water as well as the surface current speed (ms~!) and water level
(m). The maximum concentration of clay and silts in suspension
reached 1.08 gL ™", and decreased as the surface water speed and
water level decreased. Sand in suspension at the river surface
(~0.15gL~1) was found after the peak river discharge, reaching
about 10% of the total load. Organic flocs were also present
(5% after the river peak discharge, ~0.02 gL~!). A maximum river
surface flow speed of 1.93ms™' and a water level of 2.14 m were
measured the 17 April 2004 at 8:00 h after the flood peak. At the
end of the flood, flow speed and water level decreased to
1.04ms~! and 0.6 m, respectively.
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4.2.2. TSS and bedload transport

The total fine-grained suspended solid load reaching the sea
during this flood was estimated to be ~33.9+0.6 x 10°t. Rating
curves developed from long-term measurements of TSS concen-
trations and instantaneous river discharge give a slightly higher
value of 35.5x10°+8.8 x 10t (Bourrin et al, 2006). The
uncertainty on the estimation of fine-grained sediment fluxes is
in this case about 25% and is more realistic than the uncertainty
that we estimated on the measured fluxes (~2%). River suspended
sand transport was estimated from surface measurements
extrapolated to the bottom using Rouse profiles (Fig. 5) and
instantaneous river discharge. By this method it was estimated
that ~11.4+0.2 x 10*t of sand were discharged in suspension to
the coastal zone, representing ~25% of the total suspended load
(45.3+0.8 x 10%t) during this flood.

SEDTRANS model predictions give a bedload sand discharge to
the coastal area of ~3.9+1.7 x 10*t, which represents ~8% of the
total solid discharge (49.3+2.5 x 10> t) during this flood event.

4.3. Nearshore hydrology

Current profiles measured at the AWAC site at 11 m water
depth and at the Aquadopp site at 30 m water depth (Fig. 3e and f)

show a similar directional pattern, but differ in intensity. Surface
and bottom currents were usually oriented towards the south at
both sites, except during short-term southeasterly wind events,
when currents veered towards the north. Before the flood/storm
event, currents associated with southeasterly winds were oriented
towards the north (until 16 April 2004, 03:00 h). During the flood,
currents were oriented towards the south and the wind blew from
the north (until 19 April 2004, 05:00 h). Sedimentary material
resuspended by near-bed orbital currents during the storm would
thus be advected mainly towards the southeast by bottom
currents.

After the event, currents once again were oriented towards the
north. The surface current reached a maximum speed (0.73ms™!
at the 11 m water depth, AWAC site; and 0.57 ms~! at 30 m water
depth, Aquadopp site) during the storm peak (16 April 2004,
18:00 h) when the southerly winds were well established. Bottom
currents also reached a maximum (0.43ms~! at the 11 m water
depth, AWAC site; and 0.30ms~! at 30 m depth, Aquadopp site)
during the peak of the storm. The maximum wave orbital velocity
reached 19ms~! at 11m water depth (corresponding to
Hs =4.7m, Tp = 11s, Fig. 3d) at the storm peak, and could
therefore resuspend sands of at least medium grain-size (160 pm)
at the AWAC site.
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Fig. 5. Rouse profiles derived from river surface water samples and velocity
measurements during the Tét oceanic flood of April 2004. y is the depth above the
bed, h the total flow depth, c the concentration at depth y and c, the concentration
at reference depth a above the bed (a = y/h), ws the measured settling velocity of
suspended particles, and u- is the shear velocity.

CTD profiles monitored at different locations in front of the
river mouth (Fig. 1b) were used to characterise the structure of the
water column during the sampling period (18 April 2004,
06:00-09:30h). A 1-m-thick surface layer with low salinity
(~29-31 ppt, Fig. 6a), and relatively high temperature (~12.4°C,
Fig. 6b) was identified at stations 1 and 5 south of the study area,

in accordance with the position of the river plume pushed
southwards by northerly winds. Below the surface layer, the
water column appeared to be weakly stratified to the bottom.

4.4. Fine-grained dispersal in the nearshore

In the nearshore, at about 10 m water depth, high turbidity
values (~30mgL~", Fig. 6¢) and chlorophyll content (~12 pugL~",
not shown) were measured with the CTD probe in the surface
layer. In addition, a bottom nepheloid layer, less than 2 m thick,
was observed with high TSS concentrations (~20mgL™!) and low
chlorophyll values (~6ugL™"). In situ grain-size measurements
with the LISST (Fig. 6d) show that the surface layer contained
unimodal particles of ~110 pm diameter which are probably flocs.
The bottom layer was composed of particles with a broad size
range between 80 and 160 pm.

The ADCP survey took place during 18 April 2004 between
06:00 and 09:00h, after the peak flood during a period of
northwesterly winds and southward currents. Turbidity maps
were derived from interpolation of TSS concentrations estimated
from ADCP backscatter measurements (Fig. 7). At ~2 m below the
surface (Fig. 7a), the advection towards the southeast of the turbid
river plume near the mouth can be seen. Maximum turbidity
reached ~40mgL~! at the river mouth and close to the harbour
entrance. At mid-water column depth (Fig. 7b), no turbidity
maximum was present, whereas at ~2m above the bottom
(Fig. 7c), turbidity maxima were observed at the river mouth
(~30mgL~!) and at the harbour entrance (~20mgL~"). Bottom
turbidity remained relatively high in the entire area surveyed.
Currents were oriented mainly towards the south at all depths
during the survey, veering from the southeast at the surface to the
south at the bottom. Current intensities decreased from 0.11 ms~!
at the surface to 0.06 ms~! at the bottom during the survey (Fig. 7).

4.5. Seabed imprint

Sand size distributions for riverbed, beaches and nearshore
were mainly unimodal. Delta and nearshore sands were of



a Salinity (ppt) b Temperature (°C)
27 29 31 33 3 37 39 11.75 11.95 12.15 12.35 12,55 12.75
0
2
4
B
S 6
Q.
(0] T
a !
8 J
1 i -=-St1
i i ——St2
St3
10 { t St
—x-St5
i t —o—St6
12
Turbidit /L
C urbidity (mg/L) d Insitu grain-size spectra (um)
15 17 19 21 23 25 27 29 31 33 35
0 10
L k."/‘ — — — —» 8
6
2 4
] 2
} 0
4 i 1 10 100 1000
E
S 6
Q
[0
a
0
8 8 A/\
L 6
; \
10 2 )."/ }
0
1 10 100 1000
12

Fig. 6. CTD profiles (six stations) measured on 18 April 2004 06:30-09:00h, in the vicinity of the Tét River mouth. Parameters measured are (a) salinity in ppt,
(b) temperature in °C, and (c) turbidity in mgL~". In situ grain-size spectra measured with the LISST are indicated for the surface and bottom layers (d).

medium to very coarse grain size close to river mouth
(Dsp =278 um to 1 mm); the riverbed sand had a variable mean
grain size from fine to medium (Dsp = 180-512 pm). Sands from
the north beach were coarser than those from the south. Sands
were generally very well- to well-sorted, with sorting improving
with distance from the mouth for both the northern and
southern beaches. The Gao and Collins (1992) trend analysis
indicated that net sand transport was generally in a northerly
direction in the surf zone (Fig. 8). By contrast, the mud
content of bottom sediment (3-10m water depth) indicates
that the settling of suspended matter from the surface plume
was greatest south of the river mouth. Thus, there is a
divergence in size population of sediment at the river mouth.
Two additional sediment cores sampled at 20 and 30m
water depths show the presence of a superficial (~2cm)
flood layer composed of fluffy material only at 20m water
depth.

4.6. Canyon response to the event

Bottom current intensity measured at the AWAC site (11 m
water depth), lagged current increase measured in the Cap Creus
and Lacaze-Duthiers canyon by ~6h, and reached intensities of
0.40 m s~! for more than half a day (Fig. 9¢). At the head of the Cap
Creus canyon, about 50km south, maximum bottom current
magnitude reached about 0.80ms~!, and current intensities
>0.60 m s~ ! were measured for about 20 h. Backscatter intensities
measured by the ADP (AWAC) in the coastal zone are directly
related to the quantity of suspended material in the water column.
In the nearshore, two peaks of the backscatter intensity were
measured: the first peak occurred during the waxing phase of the
storm, the second was measured during the peak of flood
discharge (Fig. 9d). At the Cap Creus canyon head, a first turbidity
peak concomitant to the peak of the storm (Hs = 4.7 m, 16 April
02:00 h) was measured on 16 April 16:00 h with concentrations of
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~8mgL~! (Fig. 9e). A second turbidity peak was measured on 17 April 08:00 h with concentrations of ~10mgL~!, 9 h after the peak
April 04:00h, with concentrations of ~20mgL~!, 14h after the flood of coastal rivers. No turbidity anomaly was measured in the
peak of the storm. A third turbidity peak was measured on 17 Lacaze-Duthiers canyon further north.
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5. Discussion
5.1. Sediment contribution of coastal rivers to the shelf

5.1.1. Total inputs to the shelf

TSS discharge of the Tét River was estimated to be ~33.9+
0.6 x 10° t of fine-grained sediment plus ~11.4+0.2 x 10° t of sand
during the April 2004 flood event. This corresponds to more than
half of the total mean annual suspended load of the Tét River
(~61 x10%t) discharged in 3 days. The mean annual solid
discharge of the rivers of the Gulf of Lions is ~650 x 10° tyr~!
compared to 10,200 x 10 tyr~! for the Rhdne River, the largest
river of the Gulf (Bourrin et al.,, 2006). However, during severe
flood events, the suspended sediment contribution to the Gulf of
Lions by small coastal rivers can have a major importance in
comparison to the Rhone. For example, during the flood of April
2004, we estimated from existing rating curves (Bourrin et al.,
2006) that the Tét and the adjacent Tech rivers together
discharged ~70 x 103t (+~15 x 10t for the Agly River) of sedi-
ment to the coastal zone, representing seven times the discharge
of the Rhéne (~10 x 10*t) during the same period.

5.1.2. Importance of the total sand transport

The percentage of sand in the total suspended particulate
matter, measured in surface water of the Tét River reached values
of ~20% during the flood. We estimated that about 25% of the total
suspended load was composed of sand (~11.4+0.2 x 10%t).
The bedload transport of sand, estimated using SEDTRANS model
(Li and Amos, 2001), represented an additional load of 3.9+
1.7 x10%t.

Garcia-Estevez (2005) has shown that about 40% of TSS is
retained by a dam, built between the alluvial plain and the
mountainous part of the catchment, about 50 km upstream of the
river mouth, to prevent flooding (Fig. 2). The flood of April 2004
occurred mainly in the lower part of the Tét River catchment, as
indicated by the location of the cells of maximum rainfall (Fig. 2).
In this part of the catchment, the dam has no effect on the river
flow and TSS concentrations. Precipitation in the lower part of the
catchment promoted erosion of sediments from easily erodible
land located on the floodplain, and facilitated the transport of
alluvial sediment in suspension towards the river mouth and the
coastal zone. The precipitation pattern in the Tét River basin
during this flood is typical of most of the flooding events occurring
in this area. Other brief and violent flooding events have also
occurred following intense precipitation higher in the Tét basin, as
that was the case during the catastrophic event of 1940 (Pardé,
1941). The construction of the dam in the middle of the basin
since 1978 limited the impact of the most recent extreme flood
events.

Our results suggest that the Tét River delivers a higher or
similar fraction of sand both in suspension and as bedload
compared with other size-comparable rivers (Agly) and larger
rivers (Rhéne and Eel). By comparison, the Eel River, a larger
mountainous river on the Californian margin, delivers ~24% of its
total solid discharge as sand in suspension (Crockett and
Nittrouer, 2004). The Rhone River generally discharges ~5% of
the total load of sand in suspension. This percentage can reach
~15% during flood events (Antonelli, 2002).

Estimates based on global sediment budgets from worldwide
rivers to the global ocean give a bedload value of about 10% of the
total load (Milliman and Meade, 1983), which represents about
49 x10%t for the Tét River during this event (compared to
~3.941.7 x 103 t based on SEDTRANS model). For the Rhéne River,
estimates of bedload from IRS (2000) give values of
0.8-1.6 x 10°tyr~!, representing about 10% of the total suspended
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sediment discharge (2-17 x 10°tyr~!, from Antonelli, 2002; Pont
et al., 2002). Serrat (1999) estimated that the bedload transport
for a similar river located northward of the Tét River, the Agly
River, is minimal (~1% of the total load). One of the reasons for the
higher transport of sand both in suspension and as bedload in the
Tét River is because of the steep slope as its maximum headwater,
which is located in the Pyrénées (2100 m). Another reason could
be that the Tét River drains a large alluvial plain in the lower part
of its catchment composed of easily erodible sediments.

5.2. Sediment pathways in the nearshore

5.2.1. Coarse sediment transport

No evidence of sandy deposits related to this flood was found
close to the river mouth from the bathymetric survey (Fig. 10).
Most of the sand introduced in the coastal zone probably
bypassed the mouth through the river channel identified in the
coastal area from the bathymetry survey (Fig. 10). This river
channel is identified as a bypass area where the sand is
transported but not deposited. Sand was caught by the north-
wards littoral drift during the peak storm, and nourished a
modern sandy delta north of the mouth. The northerly direction of
the littoral drift was already documented by Certain (2002) in the
same area using successive bathymetric measurements. A relict
delta was also observed from the bathymetric survey (Fig. 10)
north of the river mouth, and was probably active during major
floods of the last century (Delpont and Motti, 1994).

In our study, the Gao and Collins (1992) model can only give an
indication of the sand transport direction which appears to be
mainly northwards in the nearshore area of the Tét River (Manca,
2005). The resulting direction of the trend vectors depends
strongly upon the density of sampling and the size of area
sampled. This is problematic in a small deltaic environment,
which is highly variable over short distances. For these reasons,
results may be ambiguous. Nevertheless, the northerly transport
of sands is supported by other evidences. Previous studies
(Anguenot and Monaco, 1967; Certain, 2002; Delpont and Motti,
1994; Durand, 1999) refer to a northward littoral drift opposite to
the general counterclockwise circulation in the southwestern Gulf
of Lions (Fig. 1a). Anguenot and Monaco (1967) monitored a
northward net sediment transport of radioactive sand in the
nearshore of the Roussillon inner-shelf, associated with SE storms,
and weaker southern net sediment transport associated with NW
continental winds. Delpont and Motti (1994) showed the devel-
opment of sand spits growing northwards at river mouths by
studying satellite images at different periods of time.

Delpont and Motti (1994) also demonstrated that the config-
uration of the river mouth changed after flood events. In April
2004, the sand spit attached to the southern side of the Tét River
mouth was removed from its position shown in marine charts.
Indeed, the river mouth has two different configurations accord-
ing to the river discharge regime. During low river discharge (few
m>s~1), a sand spit grows from south to north following the
northward littoral drift. During high flooding conditions, river
flow breaks through this sand spit. Delpont and Motti (1994) also
observed local sand-trapping on the south side of Canet-
en-Roussillon and Sainte Marie harbours, suggesting a net north-
wards littoral drift. The bathymetric survey of the area conducted
in April 2004 (Fig. 10) indicated that the orientation of sand bars
does not appear to be a good indicator of the net sand transport
direction because they are perturbed by the presence of the
breakwater of the leisure harbour of Canet-en-Roussillon. But the
artificial structure promoted the development of a sand spit
growing from its southern tip toward the north. All the above
features associated with the northward position of the nearshore
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submarine deltas (modern and relict) and the presence of a bypass
channel oriented northwards, confirm the northward trend of the
littoral drift of sand.

5.2.2. Flood layer deposits

Mud patches were observed in the nearshore area of the Tét
River after the flood of April 2004. High mud content was
measured in surface sediment directly in front of the river mouth
and towards the south (Fig. 8) to a water depth of 10 m. Sediment
cores, taken after the flood event on 28 April 2004 showed a flood
deposit at 20m water depth; however, this was absent at 30 m
water depth. The southwards current regime occurring during this
flood (Fig. 3) restricted the offshore dispersion of fine-grained
sediment.

TSS concentrations measured in surface river water were much
too small to overcome the stratification between freshwater and
saltwater, and produce bottom hyperpycnal flows (Mulder and
Syvitski, 1995). Part of the fine sediments settled near the mouth;
the remainder was advected with the surface hypopycnal plume
southwards along the coast. Likewise, on other prodeltas
associated with larger rivers (Rhone, Miralles et al., 2006; Po,
Palinkas et al., 2005; Atchafalaya, Allison et al., 2000), no flood
deposit was observed at depths greater than 40m after flood
events. The depth reached by these deposits depends on: (1) the
strength of the flood in terms of liquid and solid discharges;
(2) the wave climate of the receiving basin; and (3) the current
regime during and following the peak discharge.

5.3. River fine-grained sediment dispersal

5.3.1. Shelf transport

The southward plume orientation revealed by grain-size
analysis of the bed near the Tét River mouth is also shown in
satellite imagery. The MERIS picture (Fig. 11), taken after the peak
flood on 26 April 2004, shows the southward dispersion of river
plumes along the Roussilllon coast. In this image, it is possible to
distinguish the dispersion of several hypopycnal plumes from the
Agly, Tét and Tech rivers on the shelf towards the southwestern
canyons of the Gulf of Lions. River mouth plume events and their
dispersal in the northwestern Mediterranean Sea have already
been observed in large systems such as the Rhone and the Ebro
(Arnau et al., 2004), but no observations have been investigated in
the smaller systems. In this case, satellite imagery was possible
only several days after the flood event, due to cloud cover during

the passage of a low pressure system (Wheatcroft, 2000) and
could reflect different conditions in the Tét inner-shelf.

Following Trump and Marmorino (2003), in which vessel-
mounted acoustical backscatter measurements were used to map
river front structure, the southward orientation of the Tét surface
plume was inferred from the water column acoustical backscatter
data measured on 18 April 2004 (Fig. 7). Surface turbidity maxima
were first observed at the entrance of the Canet-en-Roussillon
harbour, corresponding to the draining of the harbour basin in
response to the flood and the relaxation phase of the water mass
after the storm induced surge in the harbour. Surface turbidity
maxima were also observed south of the Tét River mouth,
confirming the dispersal of the river plume towards the south,
following the general circulation in the southwestern Gulf of
Lions.

5.3.2. Sediment export from the shelf

Hydrodynamic modelling of the southwestern part of the Gulf
of Lions on 16 April 2004 (Symphonie model; Ulses et al., 2008a;
Fig. 12) predicted strong surface currents flowing along the coast
towards the southern tip of the continental margin and the Cap
Creus canyon head. Measured surface velocities at AWAC site
reached a maximum of 0.80ms~! on 16 April 2004 during the
peak of the storm and were oriented southward. The direction of
measured and modelled currents agreed well, but the intensity of
modelled currents (~0.40ms~') was lower during this event.
Nevertheless, fine particles entering the coastal area through
hypopycnal plumes from the Roussillon coastal rivers (Agly, Tét,
Tech) were thus rapidly advected southwardly by the general
counter-clockwise circulation, thereby reaching the canyon head
in less than a day. Near bottom measurements in the Cap Creus
canyon head at the SW end of the Gulf indicate an increase of the
current intensity and suspended sediment concentration shortly
after the storm and river flood (Fig. 9). These increases were
also related to the storm induced downwelling and the asso-
ciated dense shelf water cascading occurring during this event
(Palanques et al., 2006).

Exported sediment originated both from the river input of fine-
grained material, but also from the resuspension of shelf sediment
and off-shelf advection by storm-induced downwelling. On one
hand, our estimates of fine-grained supply by the three adjacent
rivers (Agly, Tét and Tech) to the southwestern Gulf of Lions
amounted to approximately 85 x 10°t. On the other hand, Ulses
et al., 2008b) estimated from models that the export primarily
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Hydrography and bathymetry are also shown, as well as the sampling stations (red circles).

o 3= 3° 4'80" 3° g'8o" 3°14'60" 3°19'60" 3°24'B0" 3°29'60" &
2 E|
=3 q 80
g <[
E; b { E
50 m o= 75
cefedevasadibevdecefes
FRFL, - FRFR I N N RS e =
i% s L L3 CIF NI B LR e E 70
§ FR Y. FIF 3
B [ FURY, PR ) = q
PR 83
tidlesadas
o [T N =
Aquadopp &0
} P . 10¢/m |
s &JAJJ‘I{:!
= I NS |
e Fap] 55
¢
o Lacaze-Duthiers
ceiugrvew 50
L —
2 Py = E 2
2 : Sd {__as| £
?; riE s i
w g ved Aa 9 9
o ERY =
£ 40| >
= sifvy o
= A Q ‘B
z 1 5
z
= I | had =
g BE
© 3
[
¥ 30| &£
4 "\ =
r: k o
‘e
{144 Q%\ 25
. PR 1—)_
] = ]
= - E
g N &
b Cap Creus q: <
P
1 b 15
e P
= L—
e H — 10
T ~——
B \‘L
- [l S
=
h-{:\
3 0.0
ER ae 4'80" a° 9's0" 3°14'60" 3°19'60" a°24'80" a°29'80"
Eastings

Fig. 12. The arrows represent surface currents extracted from the Symphonie model (Ulses, 2005), on 16 April 2004, in the southwestern Gulf of Lions along the Roussillon
coast. Current intensities are proportional to the size of the arrows and intensities values, in x 10~>ms~, are represented with different colours, see colour scale bar on the
right. Measurement stations are indicated with red circles.

13



took place through the Cap Creus canyon and the southernmost
shelf, and amounted to 200 x10*t, of which a large part
originated from the shelf sediment resuspension. This could
imply that river input contributed for about half to the off-shelf
export of suspended sediment during that event, although it was
being diluted by the large storm—induced resuspension that
occurred on the shelf.

A schematic diagram of the sediment transport and deposition
mechanisms of a typical flood event on a microtidal margin
dominated by storms is presented in Fig. 13a. (1) A depression
over the sea induced SE marine winds which promoted a typical
storm event associated with a coastal storm surge. Waves induced

a
1]

seabed erosion in the coastal zone to about 20-30 m water depth.
The storm also induced downwelling, which in the case of the
southwestern Gulf of Lions, can reach the slope associated
with dense shelf water cascading in the water mixing period
(Palanques et al., 2006; Ulses et al.,, 2008a). In the nearshore
(0-10m water depth), sand was transported northwards as
bedload in the breaker zone. (2) A few hours after the onset of
the storm, precipitation in the catchment caused a flash-flood.
Sand and mud were transported by rivers to the coastal area. The
marine winds ceased, and northeasterly winds inverted the
coastal current direction from a northerly to a southerly direction.
Coastal currents and wave energy remained strong enough to
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Fig. 13. Sketch of the mechanisms (sediment transport and deposition), and pathways occurring on a typical oceanic flood event. (a) Timing of the storm and flood
phenomena. The direction of the along-shelf coastal current is indicated at the top of the figure (N: northwards and S: southwards). (b) Map of the sediment transport
pathways from the river mouth to the outer shelf and the canyons in the southwestern Gulf of Lions. The numbers in (a) and (b) refer to the different steps of the sediment
transport sequence along the Roussillon coast. Sedimentological features are also shown (redrawn from Aloisi et al., 1973).
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maintain fine sediments in suspension, which bypassed the
coastal area and were advected by currents directly southwards
along the coast. (3) The storm passed, and fine-grained hypopyc-
nal plumes flowed southwards along the coast, reaching the Cap
Creus area. (4) River discharge remained high while alongshore
currents decreased; mud was deposited in the inner-shelf south of
the river mouth. Thus, according to our observations (Fig. 13b),
coarse-grained sediment transport was restricted to the near-
shore. Part of the fine-grained sediment settled close to river
mouths on prodeltas; part was advected directly southwards to
the Cap Creus canyon head and along the coast. Prodeltas
constitute early muddy deposits at river mouths (Roussiez et al.,
2005) and feed the mid-shelf mud belt in a multi-step pathway
following storm events (Guillén et al., 2006). Flood events with
relatively short return intervals on small mountainous rivers can
thus play a significant role in the supply of coarse sediment to the
inner-shelf, and contribute to the dispersal and export of fine-
grained sediment across the shelf and, through the canyons, to the
continental slope, depending on local geography and shelf
circulation. The fine-grained sediment transport across the shelf
thus occurred directly towards the continental slope during floods
through hypopycnal plumes, and in multi-step pathways from the
erosion of prodeltas and the mid-shelf mud belt during storm
events.

6. Conclusions
The most important findings of this work are as follows.

(1) A flash-flood event was observed in April 2004 on the Tét
River. About half of the annual load was discharged in a few
days during this flood. As maximum precipitation cells were
localised in the lower part of the basin, the dam in the middle
of the Tét River catchment did not prevent sand transport to
the coastal zone during this event. The heavy rain near the
coastal plain promoted erosion of easily erodible lands.

(2) Large amounts of sand and mud in suspension were thus
carried by the river to the coastal zone. River sand was
trapped in the nearshore and was subsequently moved
alongshore to the north as bedload, as indicated by a small
delta and the direction of sand spit growth. At the same time,
river fines were separated at the mouth: a part settled
towards the south and the finest fraction was advected
towards the Cap Creus canyon through a hypopycnal plume,
where it exited the shelf within a few hours after the flood
peak.

(3) Next to major flood events of large-size rivers, e.g. the Rhone,
small mountainous rivers can play a significant role in the
supply of sediment to continental shelves and, due the local
geography and circulation in the NW Mediterranean Sea, can
contribute significantly to the export of sediment from the
continental margin.
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