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Abstract: The study, which is based on repetitive bathymetric surveys, assesses changes and effects 
of one of the most important floods recorded in the Rhône Delta area: bottom morphology and 
sediment distribution in the Rhône outlet after the December 2003 flood are discussed by comparison 
between Digital Terrain maps (DTMs) of November 2003 and January 2004.  
The post-flood morphology shows that the whole of the system is active, mainly in the east. The 
channel of the Rhône has been hollowed out on the left bank by more than 5 m, the eastern coast of 
the mouth has retreated 400 m, the mouth-bar has prograded 200 m and the slope of the delta front 
has increased by 0.19°. The overlay of pre- and post-flood DTMs makes it possible to estimate the 
total volume deposited in the [0 to − 20 m] zone as + 7.8 × 106 m3 (i.e. 0.88 m3 m− 2), which 
corresponds to 4 × 106 t of sediment. These values are compared with the average annual volume of 
0.47 × 106 m3 yr− 1 of sediment deposited in this zone between 1995 and 2003, as well as the average 
sediment load estimated at the Arles station (50 km upstream) for this flood event (3.1 × 106 t to 
5.3 × 106 t).  
The acquisition of bathymetric measurements immediately before and after a major flood allows more 
than a simple morphological description; in addition, an analysis of the solid load transfer processes 
towards the prodelta is achievable. Three mechanisms are highlighted. Most of the material eroded in 
the channel and supplied to the delta front corresponds to fine sediment that drape homogeneously 
over the pre-flood morphology of the delta front. The transit of the coarsest sediment (primarily sand) 
is slowed down in the channel of the Rhône: this sediment builds up in relatively small areas, leading 
to the formation of gullies on the prodelta slope. The gullies have fixed positions and disappear 
gradually towards the west, following the progressive migration of the active band towards the east. 
These old features are not reactivated by floods occurring after their formation. During the flood, only a 
small volume of coarse sediment bypasses through the gullies, and the fine deposits are remobilised 
rapidly or compacted. Flood input concerns essentially the delta front, which traps 90% of the fluvial 
solid discharge between 0 and 20 m depth. The coarse prodelta supply is then due mainly to mass 
movements of unconsolidated material deposited beforehand on the top of the delta front. 
Consequently, the main nourishment of the prodelta does not occur directly during and/or immediately 
after a flood event, but is delayed by sediment being temporarily trapped on the delta front.  
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1. Introduction 
 
The growing interest in understanding the processes of sediment transport from coastal zones to deep 
basins requires an improved understanding of sediment transfer mechanisms between rivers and their 
prodeltas during major flood events. Deposition on and beyond prodeltas is documented or hypothesised to 
occurs by plume fallout, nepheloid transport, currents, sediment gravity flows or submarine slides (Prior 
and Coleman, 1978 ; Nardin et al., 1979 ; Cacchione and Drake, 1986 ; Trincardi and Normak, 1988 ; 
Schwab et al., 1993; Hampton et al., 1996 . Field et al., 1999; Trincardi et al., 2004). However, little is 
known about the relative importance of these processes during extreme events like floods, although it is 
recognised that they are significant in terms of sediment supply. 
Regarding the Rhône River, the study of sediment transfer has focused mainly on the dispersion of 
suspended material (river plume), because of the low amount of coarse-grained solid discharge (Pauc, 
1970; Aloisi et al, 1979; Leveau and Coste, 1987; Got and Aloisi, 1990; Zuo et al. 1997; Estournel et al, 
2001; Arnoux-Chiavassa et al. 2003). However, studies of the Rhône River have been promoted recently by 
national and international research programs (see acknowledgements), and upgraded by recent hydrologic 
events of high intensity (three 50-100 year floods occurring within just two years). Thus this area of 
research now benefits from the convergence of considerable human and technical resources, representing a 
prelude to a larger study on climatic variability and sediment transport during the last 500 000 years in the 
North West Mediterranean (PROMESS1, Berné et al., 2004). 
In this paper, we present some preliminary results about the land/sea interface based on the use of 
bathymetric data acquired in an area extending from Port-Saint-Louis-du-Rhône, 6 km upstream from the 
mouth of  the Grand Rhône, to the bottom of the modern prodelta at around -60 m water depth. The impact 
of the December 2003 flood and the transfer mechanisms of the fluvial solid load have been studied using a 
diachronic geomorphological approach; these results complement other research undertaken on the Rhône 
mouth and the Têt River areas within the EUROSTRATAFORM program, which aims to define the 
sediment supply mechanisms to the North Mediterranean continental margin and beyond. 
 
 
2. Regional setting 
 
2.1. General Setting 
 
The Rhône, one of the largest rivers entering the Mediterranean Sea, flows from the mountain chains of the 
Alps to the Mediterranean Sea, where a delta is formed at its mouth (fig 1). The Rhône river system result 
from a catchment area of 97 800 km² and drains alpine, oceanic and Mediterranean climatic zones. The 
hydrological regime of the Lower Rhône River ranges from a dominant nival-pluvial type, to a pluvial 
Mediterranean type with nival input (Vivian, 1989). The climate in the catchment basin is variable due to 
oceanic, continental and Mediterranean weather influences, with an average precipitation of 843 mm 
(Ludwig and Meybeck, 2003). A strong seasonal contrast controls the hydrological regime of the Rhône 
River that exhibits an extremely large difference between low and high water discharges (Table 1 and Fig. 
2a). Because of the effects of the Mediterranean climate in some parts of the basin area, the maximum-
recorded daily rainfall can be close to the mean annual rainfall. Consequently, the infilling coefficient of 
the river bed (liquid discharge per metre width) is around 5, and the ratio of peak discharge to mean annual 
discharge is high (6.5) (Estrela et al., 2001). The mean annual discharge of the Rhône River is 1710 m3 s-1 

(Table 1). The discharges for flood return periods of 10-100 and 1000 years are respectively 8 390, 11 300 
and 14 160 m3 s-1.  
Because of the high hydrological variability, 80% of the annual solid load transit occurs during 20% of the 
year (Roditis and Pont, 1993). The present-day riverine suspended load is estimated as 7 x 106 t yr-1, with 
high inter-annual variations ranging between 15 and 250 % of this value (Antonelli & Provansal, 2002). 
The bed load transport rate before the construction of dams (1950) was estimated to vary between 
2 and 5 x 105 m3 yr-1, but is nowadays reckoned to be between 2.5 and 5.0 x 104 m3 yr-1 (IRS, 2000), i.e. 
around 6,5 and 13 x 104 tons yr-1. 
At the present, the Grand Rhône mouth forms an outlet for 90% of the liquid flow. Maillet (2005) have 
estimated that a mean volume of 0.47 x 106 m3 yr-1 was deposited between 0 to -20 m water depth, at the 
Grand Rhône mouth between 1995 and 2003. Radiogenic isotope methods yield sedimentation rates of 
around 20-30 cm yr-1 (Radakovitch et al., 1999) in the same zone. The remainder of the sediment supplied 
to the sea is transported onto the continental shelf at a mean rate of less than 0.3 cm yr-1 (Zuo et al., 1997; 
Radakovitch et al., 1999; Miralles et al., 2005).  
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The Rhône mouth is characterised by a tidal range of about 0.3 m, and it is influenced mainly by waves and 
their associated currents. The main characteristics of these waves are: Hmean = 0.72-0.82 m; Tmean = 5.01-
5.23 s; H0/L0 = 0.017-0.020 (Sabatier, 2001), their closure depth is estimated to be at -20 m water depth at 
the Rhône mouth (Suanez, 1997). The most frequent waves (low energy) come from the SW (30% of the 
total regime), with heights of between 0.5 to 1 m and with periods shorter than 6 s in 80% of cases 
(Sabatier, 2001). Thus, the dominant longshore littoral drift direction is towards the east. The more 
morphogenic waves, generated by onshore winds from the SSE and SE, which can exceed 100 km h-1, 
come from the SSE (16% of total regime) and from the ESE (11%). These waves present high energy, with 
heights > 2 m in more than 40% of cases, and periods > 6 s, in more than 25% of cases.  
Thus, the Rhône is a wave-influenced delta (Galloway, 1975) and fits the type-8 category (mouthbar-type; 
low-gradient; highly stable; suspension-load river with levees) of Postma (1995). The subaerial lobe feature 
is expressed as a homogeneous thick sandy beach ridge (1000-1500 m wide) developed locally around the 
Rhône channel. According to the asymmetry index A of Bhattacharya and Giosan (2003) (A=sediment drift 
in m3 yr-1 / river discharge in m3 month-1), a wave-dominated mouth is symmetric when A<200. For the 
modern Rhône lobe system, occurring to the Sabatier (2001) estimates, A = 62.7, and the present lobe of 
the Rhône is symmetric. 
 
2.2. Characteristics of the December 2003 flood period 
 
Major floods (~100 yr return period) of the Rhône River have already occurred in 1840, 1856, 1993, 1994, 
and 2002. However, at the beginning of December 2003 (Fig.2a), an exceptional flood occurred in the 
downstream part of the Rhône River. This flood is considered as one of the highest ever known in the 
Rhône, with a maximum river discharge estimated at around 11 000 to 12 000 m3 s-1 on the 3rd December at 
03:00 GMT (Table 2). Nevertheless, it is not the intensity of the flood that gives it its exceptional character, 
but rather the rate of the flood increase (200 m3 s-1 h-1) and the duration of the event (62 h > 8000 m3 s-1). 
The flood was associated with an extensive Mediterranean-type rainstorm (Pardé, 1925), which spread over 
the Cevennes (31% of the total liquid flow during this event), the Rhône valley, the lower valley of the 
Isère, and the middle and lower valleys of the Durance (fig. 1).  
The Mediterranean region is characterised by instantaneous heavy precipitations, frequently reaching 
values around 100 mm h-1 in autumn. However, in the case of the December 2003 flood, the return period 
of this sort of rainfall is < 30 years. Therefore, it is more the duration and the large geographic extension of 
this rainfall event that made the flood significant. Moreover, the synchronous nature of the rainfall pattern, 
across more than 2/3 of the catchment area, was coupled with a high global runoff coefficient due to 
previous soil saturation caused by a rain event of at least 200 mm that occurred during the 21 – 24 
November 2003 period. As a result, more than 3 x 109 m3 of water transited along the Rhône River to 
Beaucaire in 5 days (Fig. 2a and Table 2). 
Concerning the parameters associated to the sea (Fig. 2c), flood event occurs during a south-eastern storm, 
with speeds of sea winds up to 16 m/s and with associated waves around 5 m high and 5 s period. Note the 
good correlation between the height of the waves and the speed of the wind during sea-storm events. The 
main consequences of these climatic conditions are: on one hand, the very weak seaward extension of the 
river plume during flood event due to the dominance of the south-eastern winds, and on the other hand, the 
dominance of the continental winds after the flood event (after the 5th of December) which induced 
extremely calm hydrodynamics conditions (the winds came from North West, except during the small 
storm of December the 8th, and the waves had no preferential direction). 
 
 
3. Materials and methods 
 
The study area (fig 3) extends from the river channel, 6 km upstream of the mouth, to the top of the 
prodelta, at -20 m water depth. It was selected to allow monitoring of sediment transport processes between 
the fluvial and marine domains, and to link observations from the river with those from the subaqueous 
lobe. Weather conditions and shallow bathymetry at the mouth required the use of special equipment and 
research vessels. For this reason, the study area was divided into three zones (river channel, mouth bar and 
delta-front), taking into account the differing hydrology and morphology (fig 3).  
The present morphological study of the Rhône outlet began in May 2002 with the acquisition of multibeam 
echo-sounding and chirp data (Strataform 1 cruise) (Fig. 2b and table 3). New surveys were carried out in 
November 2003, during the Rhône 03 cruise, and after the December 2003 flood, in January 2004. The pre-
flood survey was performed over 5 days with a coupled mono-beam / ADCP / navigation system to 
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measure bathymetry, fluvial currents and turbidity, using two shallow draught vessels. The data were 
corrected for water-level variations of the river measured at Port-Saint-Louis and by using the Marseille 
tide gauge records. During this survey, the hydrodynamic conditions were of low-energy type (mean Rhône 
discharge = 1200 m3 s-1, mean wave height = 0.2 m). The post-flood survey was carried out in several 
stages depending upon sea state and equipment availability. Although many measurements were obtained 
during these cruises (Table 3), only the bathymetric data and interface coring data are used here. Regarding 
the multibeam surveys (Strataform1, Rhoneflood, MATRhône2), to obtain total coverage of this area, the 
step between the bathymetric profiles was adapted to the water depth, ranging from 150 to 20 m 
coastwards. During both surveys DGPS was used for positioning; and depth measurements were corrected 
for roll, pitch and yaw of the vessel. The data acquired during the different cruises were filtered and 
gridded in 0.5 m bins using the Arc view® 3D Analyst extension. 
A triangulation interpolation method was used to provide high accuracy DTMs relative to source data 
density: each triangulated network was converted to raster with a cell size of 20 m. Volume calculations 
were carried out by subtracting the two DTMs, in the area between the shoreline and the -20 m isobath of 
the post-flood DTM. Changes in water depth less than 10 cm were not considered significant (Van der Wal 
and Pye, 2003). 
Mean apparent sedimentation rates, total erosion and net sedimentary budget were determined by 
superposition of pre- and post-flood bathymetric maps. The estimates represent only the apparent 
sedimentation, because the bathymetric changes do not take into account consolidation/compaction 
processes in the deposited sediment, and the high variability of sediment porosity.  
 
 
4. Results 
 
4.1 Pre-flood morphology 
4.1.1 River channel  
Our study area corresponds to the downstream part of the Rhône over the lowermost 6 km of the river, 
below Port-Saint-Louis-du-Rhône (Fig. 3, part a). This zone represents a progressive transition between a 
totally artificial navigable section upstream (with bilateral embankments and dredging as far as Port-Saint-
Louis-du-Rhône), and an un-navigable natural littoral zone. The width of the river in this transition zone 
varies from 325 to 1110 m. The maximum depth of the channel exceeds 20 m, whilst the mean river slope 
in this section is around 0.5 ‰ (Table 4). This area is characterised by a curvature with a sinuosity factor of 
1.06, i.e. the ratio of the axial fluvial length (6325 m) to the wavelength of the curve (6715 m). Upstream of 
Port-Saint-Louis-du-Rhône, the Rhône is dredged permanently to enable navigation. Downstream of Port-
Saint-Louis, two subaqueous channels are identified clearly on the river bed. These sub-channels are 170 m 
wide at the west bank and 150 m at the east bank, both with a depth of around 8 m. They are separated by a 
sandy levee (160 µm mean grain size) about 1 m in height. Farther downstream, the sub-channel located in 
the convexity (west bank) is filled in, thus reducing the width of the river section. The eastern sub-channel 
is incised mainly under the influence of morphologies inherited from the 19th century paleochannel of the 
Rhône (Maillet et al., 2005), and because of the concentration of erosive energy on the concave side of the 
bend. The incision trend is defined clearly, with the slope of the levee reaching 22°. The mean grain size of 
surface sediments at the bottom of the sub-channel reaches 20 µm. At the mouth, only the eastern sub-
channel (east bank) provides an outlet for the fluvial liquid discharge. The western sub-channel is blocked 
completely by a sandy spit controlled by the westward longshore drift.  
 
4.1.2. Mouth-bar 
In the nearshore zone, a large crescent-shaped mouth-bar extends offshore from the coastline down to 4 m 
water depth, thus forming the first of the marine sedimentary deposits (Fig. 3 part b; Fig. 4). This feature is 
characteristic of microtidal river mouths dominated by waves (Wright 1977; Postma, 1995; Cooper, 2001). 
The mouth-bar consists of a shallow-water platform showing an asymmetrical topography in cross-section, 
with a gentle slope upstream and a steeper slope seaward (Table 4, Fig. 3 part b). The mean surface 
sediment grain-size of this zone is 270 µm, with a large variability between 120 µm and 430 µm. In this 
zone, two domains with distinct behaviours can be differentiated. The western domain is relatively stable 
and influenced mainly by the most frequent (low energy) waves. It receives the maximum amount of 
longshore sedimentary input, calculated to be 287 x 103 m3 yr-1 (Sabatier, 2001), and is protected partially 
from the river dynamics by a sandy spit built up by the littoral drift. Conversely, the eastern domain is the 
most exposed part to both fluvial dynamics and strongest swells. The shallowest zone of this bar is located 
in the river channel axis. The eastern sub-channel curves round the shoal zone towards the east (sinuosity 
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index = 1.1). It crosses the top of the bar (bypass channel), creating an incision of around 1.5 m. Laterally, 
the mouth-bar is connected to shore-face bars, which allow the supply of sand to the eastern and western 
beaches. 
 
4.1.3. Delta front 
Farther offshore (Fig. 3 part c), the delta front extends from - 4 m to - 20 m (Fig. 4), with an average slope 
of 4.13° in 2003 (Table 4). Concerning the surface sediments grain-size, sand dominates (>50%) up to 10 
m water depth in the west and up to 16 m water depth in the east. Beyond 20 m water depth, the slope 
lessens gently. The transition between the delta front and the prodelta is represented only weakly in the 
topography, and takes place gradually between – 20 and – 30m. Two types of bed feature are identified on 
this slope (Fig. 4): 1) slump and 2) gullies.  
 
4.1.3.1. Slump 
The Rhône03 surveys show a zone of steep slope below – 5 m (Fig. 4; Fig. 5). This forms a 520 m wide 
(W) and 260 m length (L) scar, with a headscarp height (HH) of 10 m with a maximum slope (β) of 15°, for 
an average slope of the delta front (α) measured as 4.13 (Fig. 5).This feature is interpreted as a shallow 
rotational slide of the delta-front. This interpretation is supported by the absence of a direct connection with 
the river channel (Fig. 4, Fig. 5) and the presence of a sediment slided mass beyond the scar (Fig. 6). 
Shallow rotational slide interpretation is consistent with known styles of delta slope deformation observed 
elsewhere (Prior and Coleman, 1984; Lindsay et al., 1984; Kostaschuk and McCann, 1987; Nemec, 1990). 
However, based solely on the surface morphology, it is difficult to determine the sliding mechanism. For 
this reason the generic term “slump” is used here, in reference to the disturbance caused by the downslope 
movement of a failed mass of sediment. The amount of sediment moved as a wedge-shaped volume can be 
estimated (see Fig. 5) using the Al-Kashi formula: 

)Csin(2
1 BABCACWV ×××≈  

with width W, side AC = L, BC = ( )
βsin

HH , and angle AĈB= ( )βα −−−−− 9018090180 . 

Thus, the volume of sediment which has been moved towards the prodelta during this event is 
approximately 5 x 105 m3 .This volume, corresponding to one event, is equivalent to the total volume 
sedimented each year between 0 and -20 m since 1998. 
Taking into account the high rate of sedimentation in these environments, the fact that the morphology is 
visible suggests a recent instability. Moreover, it is likely that the survey was performed just after the 
slump because, in this area, wave action is likely to re-established quickly some kind of equilibrium profile. 
The causes of this type of slump on the delta-front could be the angle of sediment repose, or external 
forcing due to sediment load arising from mouth bar accretion and changes in pore pressure due to wave 
conditions (Nemec, 1990; Mello and Pratson, 1999; Hill and Christian, 2003). However, it is not known if 
flood events directly induce these sorts of sediment slides, since this observed slump exists on the pre-flood 
morphology.  
 
4.1.3.2. Gullies  
Between – 15 m and – 35 m, 4 sub-parallel gullies (numbered from 1 to 4 eastward on Fig.4) occur along 
the steepest part of the delta front slope. Gullies are small channels with low relief. They are distributed 
over a zone more than 1-500 m wide, and present a width varying from 140 m to 380 m, and a maximum 
depth of 1.3 m (table 4). The depth of these gullies generally decreases downslope and, whilst their length 
is difficult to determine precisely, it does not exceed 2000 m. Box-cores, collected on the delta-front by 
Miralles et al. (2006), both within and outside the main gully (n°2 on Fig.4) at 20 m and 30m water depth 
during the Rhône Flood cruise, show that these features incised a laminated sandy clayey silt, oversaturated 
in water (porosity ≥ 80%, Lansard, 2004). The structure of the sediment within the gullies is similar to that 
between the gullies, although it was not possible to establish the lateral continuity of the observed 
laminations. Coring of the interface carried out at the foot of some channels revealed large amounts of 
detrital organic material (leaves, branches, etc.). The current velocity measurements, carried out under 
weak hydrodynamic conditions during the Rhône03 cruise, failed to show any particular activity at the 
scale of the gullies (Fig. 7a). Measurements of turbidity (backscatter values from the turbidity sensor) 
showed stratification of the water column marked by the presence of a turbid plume on the surface 
(Fig. 7b). At the water/sediment interface, the water is particularly clear and the gully zones are not 
preferential areas of transport. Hence, these gullies are probably not actives except during flood periods. 
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4.2 Impact of the 2003 flood 
4.2.1. Geomorphic effect on the Grand Rhône mouth area  
4.2.1.1. River Channel 
Bathymetric measurements made before and after the December 2003 flood highlight an important 
adjustment of the river channel in the 6-km section upstream of the mouth (Table 5, Fig. 8). Maximum 
deepening occurs on the east (left) bank because of: i) the Rhône channel curvature, ii) the inherited river 
features due to the historic presence of dykes; and iii) the influence of centennial eastwards longshore drift 
trend (Maillet et al., 2005). In a general way, the Rhône is modified over the entire riverine section by an 
increase in slope gradient as well as a reduction in width (see Table 5), however the processes of erosion 
and deposition appear to alternate. From a quantitative point of view, and to a first approximation, the 
overall sedimentary budget of the channel between Port-Saint-Louis-du-Rhône and the mouth is evaluated 
at – 6 x 105 m3. On average, the profiles show a volume of eroded sediment that is double the accumulated 
volume, whereas the areas affected by erosion and deposition are similar (45.5% and 54.5%, respectively, 
of the total surface-area). Thus, the rates of erosion in the channel are almost twice the rates of 
accumulation. 
Positive budgets are observed for two (P2 and P3) of the five profiles. These two profiles are located in the 
channel curvature, which forms an obstacle to the movement of coarse-grained dunes on the riverbed (see 
reviews by Allen, 1984; Southard & Boguchwal, 1990; Nelson et al., 1993; and Best, 1996). In the Rhône 
channel deltaic part, Antonelli et al. (2004) highlight a global channel incision phase for the past150 years, 
without a chronic deposition zone. Thus, profiles P2 and P3 suggest that the coarse sediment transit in the 
river channel occurs through large dunes moving in pulses during paroxysmal events. Maximum incision 
(≈ 6 m) is observed in profile P5, near the coastline, in a zone where the spit barring the channel reduces 
considerably the cross-section of fluvial discharge. This incision can be favoured by an increase in current 
velocity as a result of this decrease in channel width. Also, the high erosion rates during extreme events 
observed in profiles P4 and P5 can be explained partially by the resuspension of fine sediments (20 µm) 
deposited preliminary near the mouth in the manner of a silt plug. Thus, with this hypothesis and during 
flood events, the downstream part of the Rhône channel would contribute mainly to feeding the solid load 
of the river with fine sediment, whilst simultaneously, slowing down the expulsion of coarse sediments. 
 
4.2.1.2. Mouth Bar and delta-front 
In Figure 9, the zone of overlay of the DTMs extends from the coastline to the -20 m isobath, and covers an 
area of 8.85 km². Quantitatively, overall sedimentary budget for the flood period in this zone amounts to 
+7.81 x 106 m3, which corresponds to a mean layer of about 0.88 m thick. The total eroded volume 
(1.22 x 106 m3) is roughly equivalent to 15% of the total volume deposited during the flood. The surface 
area of erosion is 4 times less than the surface area of accumulation (1.9 x 106 m2 and 7.6 x 106 m2, 
respectively). Erosion is thus very localised but important at the rare places where it does occur, whilst 
deposition takes place in a more homogeneous way over the entire zone of interest (Fig. 9). The rate of 
sedimentation is about twice the rate of erosion during the flood in the mouth area, i.e. the opposite 
situation compared with the river channel. 
In detail, the western part of the mouth remains stable and undergoes very slight morphological changes. 
The zone exhibits homogeneous sedimentation, often of less than 1 m in thickness. The principal 
depositional area is at the downstream end of the spit (zone 1 in Fig. 9), in a sector protected from the 
direct action of the river current. A slight erosional surface on the western edge of the studied zone (zone 2 
in Fig. 9) suggests that mechanisms of re-mobilisation by swells can take place quickly after the flood. In 
the central part of the mouth, near the littoral spit, erosion corresponds to an erosional channel evidenced in 
profile P5 (zone 3 in Fig. 9). Farther offshore, the top of the mouth-bar is lowered on average by 1 m, and 
is widened and levelled off, but remains very high everywhere. The maximum net accumulation during the 
flood occurs in the axis of the Rhône outlet (zone 4 in Fig. 9). However, there is a narrow area of weak 
sedimentation (zone 5 in Fig. 9) between the outlet and zone 4, which could reflect the passage of a strong 
current. Therefore, this accumulation would result from progradation of the top of the bar, pushed seaward 
by the liquid flow of the Rhône. The upstream zone of erosion would mark the initial position of the bar 
(zone 6 in Fig. 9), 200m upstream of the post-flood position (relative erosion). The eastern part of the 
mouth exhibits the greatest change in bathymetry: an extensive area of erosion (zone 7 in Fig. 9) is 
observed, characterised by an average deepening of 3 m over an area of approximately 0.5 km²; and 
accompanied by coastline retreat of up to 400 m. Such erosion involves the displacement of mainly sandy 
material with a volume estimated at 1.2 x 106 m3. At least part of this was probably exported seawards via 
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the sub-channel through the mouth-bar, as a major deposit equivalent to between 2 and 4 m of 
instantaneous vertical sedimentation (zone 8 in Fig. 9) is seen on the delta-front in the axis of the bypass 
channel, between -4 and -20 m depth. Except for this area, sedimentation on the delta-front is 
homogeneous, with a seawards decrease in the thicknesses of deposition. Thus, the advance about 200m 
seawards of the top of the mouth-bar during the flood, together with the concentration of deposits at the top 
of the delta front after the flood, generated an increase of +0.19° in the slope gradient of the front (Table 5). 
 
4.2.2. Sedimentary processes 
Bathymetric data on the delta front are available for May 2002 (Strataform 1 cruise), November 2003 
(Rhône03 cruise), December 2003 (Rhôneflood cruise) and January 2004 (MATRhône 2 cruise). The 
surveys carried out in 2002 and Nov. 2003 give a good estimate of sea-floor evolution over a year, 
including the impact of two important floods (10 500 m3 s-1 in September 2002 and 10 200 m3 s-1 in 
November 2002). The comparison of the Rhône03 and Rhôneflood surveys corresponds to the total budget 
of the December 2003 flood. Lastly, the MATRhône 1 survey allows observation in the short term of the 
evolution of the flood deposits. Based on the successive morphological changes of the delta front, it is 
possible to imagine the dispersion mechanisms of the solid load of the river in periods of flood. 
During the 2003 flood event, the generalised advance of the mouth-bar does not induce a significant 
displacement of the delta-front at depths greater than - 25 m (Fig.10a). The bathymetric variations at the 
top of the delta-front between the Rhôneflood survey carried out just after the flood (09/12/2003) and the 
MATRhône 2 survey one month later (14-26/01/2004) show that the majority of the sedimentary input was 
deposited on the delta front after, not during, the flood (Fig 10a). The deposits reached a maximum 
thickness on the top of the delta front, but were remobilised immediately by swell waves in the [0 to -6 m 
water depth] zone. With regards to slope failure (Fig. 4), it is certain that such a process did not take place 
during the December 2003 flood since the slump scar was already present before the flood. In addition, the 
bathymetric differences map (Fig. 6) between 2002 and Dec.2003 shows the slided mass. Then, the slump 
occurs after May 2002 and before 2003 flood event, but, based on our present knowledge, it cannot be 
demonstrated that this process is directly related to previous floods.  
The question of the role of the delta-front gullies during the flood should be studied in more detail. 
Although there are no available current meter measurements for periods of strong river activity, a 
preliminary interpretation is proposed based on the characteristics of the gullies. Fig. 10b shows a west-east 
transverse section across the slope of the delta front in May 2002, Nov. 2003 and Feb 2004, at around 20 m 
water depth. Note the remarkable similarity of morphologies between these three dates: the four channels 
and the slide mass identified on the pre-flood bathymetry (Nov. 2003) already seem to be present on the 
bathymetry for 2002, and are preserved on the post-flood survey. 
Despite preservation of the general sea-floor morphology, important bathymetric changes occurred between 
the pre- and post-flood surveys (Fig. 10b, Table 5). The area covered by the profiles EF (3500 m length) 
preserves its morphological features, but is the site of homogeneous sedimentation of approximately 1 m. 
According to Miralles et al. (2006), there is no preferential deposition in the gullies or at the side, as 
observed on the northern California slope by Field et al (1999) in the case of “regular parallel gully 
aggradation”. The whole of the pre-flood morphology is draped by a sediment cover of overall quasi-
constant thickness. Therefore, these sediments could not be deposited preferentially as a result of either 
channelised transport mechanisms, or even very high energy processes. Since the deposited bed mimics the 
shape of the underlying surface, it suggests a dispersive sedimentation pattern from suspension that is not 
influenced by slope morphology. The sedimentation processes may correspond to mechanisms of settling 
out by electrochemical flocculation and organomineral aggregation (Thill et al., 2001; Fox et al., 2004) 
extending over the whole of the [0; -20m water depth] zone. This generally homogeneous sedimentation 
over the whole width of the delta-front is slightly more marked in the east (≈ +1.5 m), near the depositional 
zone 8 (on Fig. 9), than in the west (≈ +0.8 m). Moreover, note the existence of a fifth gully on the post-
flood bathymetry, at the east of the slump, but absent on the 2002 and pre-flood surveys. Thus, the eastern 
part of the mouth seems more active during floods than the western part, in accordance with the dynamics 
and the morphology of the river channel and the mouth-bar described above. The appearance of a new 
gully in the post-flood survey (gully n°5) is attributed to the dynamics of the 2003 flood. It could provide 
evidence for the existence of density flows, strongly loaded with sediment transferred to the prodelta 
(Mulder and Syvitski, 1995), but any connection with the distributary channel can only be supposed 
because sedimentary re-mobilisation related to the swell waves modifies continuously the morphology in 
the area between 0 to - 3 m water depth. 
The comparison between the 2002 and pre-flood profiles (Fig. 10b) shows a thicker residual accumulation 
in the east than in the west, and mainly in the gullies. Despite the main explanation provided by the rate of 
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sedimentation difference between the western and the eastern part of the mouth, the existence of 
resuspension phenomena (Palanquès et al., 2002) that are more effective in the west than in the east needs 
to be considered. In NW Mediterranean area, storm waves were the main contributor to the transport of 
sediment, although they only resuspended fine-grained surface sediments in near-shore zone during 
extreme wave conditions (Hs > 4.5 m and Ts > 10 s) (Puig et al., 2001; Ferré et al., 2005). Given that there 
was no notable storm between these two surveys, the better preservation of the deposits in the east may 
result from differences on waves exposure inducing a grain-size distribution more positively skewed eastward 
(Maillet et al., 2006). Finally, it is interesting to note the disappearance of a gully, visible in the west on the 
2002 survey, but buried before the 2003 flood event by the chronic swells effects. In the same way, the 
“smoothing out” of the gully n°1 (Fig. 9b) during the flood supports the hypothesis of a migration of the 
active zone towards the east. 
 
 
5. Discussion 
5.1. Solid load input during the flood 
The rates of sedimentary accumulation in the subaqueous delta area are difficult to evaluate with precision, 
because of the importance of: (i) the terrigenous sediment supply; (ii) the presence of gas due to high 
organic matter content; (iii) resuspension under wave action, and (iv) the bioturbation intensity (Touzani 
and Giresse, 2002). To test whether the accumulation volume of 7.8 x 106 m3 is realistic, comparison can 
be made with other measurements. Different estimates of the maximum annual sedimentation rates near the 
Rhône mouth (Calmet and Fernandez, 1990; Charmasson et al., 1998; Radakovitch et al., 1999; Beaudouin 
et al., 2005) give values of 0.5 to 0.8 m3 m-2 below 20 m water depth. Although these estimates fall below 
the 0.8 to 1.5 m deposit thicknesses measured after the flood at 20 m water depth (Fig.8c), this difference is 
minor if the effects related to remobilisation / compaction events and the specificity of the December 2003 
flood event are taken into account. Thus, our results are in broad agreement with previous studies of the 
Rhône subaqueous delta. Moreover, assuming a dry bulk density of 2.65 g cm-3, and a mean porosity of 
80% (Lansard, 2004), the total sediment accumulation is in the order of 4 x 106 tonnes. However, the 
suspended sediment load of the Rhône during the flood was estimated by Ollivier et al. (2006) at around 
3.1 x 106 tonnes at Arles, 50 km upstream from the Rhône mouth. Concerning the same locality, Antonelli 
et al. (2006) report a total solid discharge of 3.60 x 106 t of silt, 0.85 x 106 t of sand, and 0.83 x 106 t of 
clay, i.e. > 85% fine sediment and < 15% sand. In this way, a mass of between 3.1 to 5.28 x 106 t of 
sediment may transit through the Rhône at Arles. Interestingly, our rough estimate is fully consistent with 
the river load estimates, despite the relay phenomena that occur between Arles and the river mouth (over-
bank trapping, channel erosion, etc.) and the volume of 6 x 105 m3 eroded between Port-Saint-Louis and the 
Rhône mouth (Fig. 8). This implies that, during the flood, almost all of the transported sediments would be 
deposited in the zone up to 20 m depth, and that the prodelta would receive only very weak inputs linked 
with the limited expansion of the plume during the flood event due to wave and wind conditions. In this 
way, between May 2002 and Dec.2003, Figure n° 6 shows a thin homogeneous deposit below 20 m depth 
(<1m), excluding the shape of the slided volume. Lastly, the fact that 85% of the solid load of the Rhône 
during the flood consists of fine particles, is compatible with the concentration of most of the sediment 
accumulation on the delta front slope, beneath 5 m depth. At the same time, the grain-size data support the 
assumptions about transport mechanisms, inferred from the evolution of the morphological features, and 
highlighted through the processes of sedimentary draping recognised on the delta front. 
 
5.2. Prodelta supply 
A key question related to sedimentation on the prodelta concerns the mechanisms that move sediment from 
the river onto or beyond the delta front slope. The nourishment of prodeltas by gullies and the phenomena 
of submarine slides in water depths of between 5 to 100 m is well documented for deltas such as the 
Mississippi (Prior and Coleman, 1978, Lindsay et al., 1984, Bouma et al., 1991; Coleman et al., 1998), the 
Fraser (Shepard and Milliman, 1978; Hart et al., 1992; Hart et al., 1998) and, in a different context, the 
Amazon (Nittrouer and Demaster, 1986; Sternberg et al., 1996). In the Mediterranean, these processes have 
been observed more recently for the Nile delta (Stanley, 2003; Stanley et al., 2006), and in the Adriatic Sea 
(Belloti et al, 1994; Cattaneo et al., 2003; Trincardi et al., 2004). With regards to the Rhône delta, the 
observations in this study follow on from previous studies concerning the transfer of particles in the Gulf of 
Lions (Aloïsi et al., 1982; Naudin and Cauwet, 1997). These authors indicated a multi-layer sediment 
transit system (plume, intermediate and bottom nepheloid layers) at the vicinity of the prodelta. However, 
unlike the other main delta types, the sediment supplied to the Rhône prodelta does not seem to transit in a 
significant way through these gullies. Indeed, if we do not take into account the volume of the slump, the 
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comparison of the multibeam DTMs of Nov. 2003 and Dec. 2003 shows that only a sediment layer of 0.2 m 
maximum thickness was deposited at 20 m depth. On the contrary, between Strataform1 survey (May 
2002) and RhoneFlood survey (Dec. 2003), a deposit of 0.6 m mean thickness was preserved below 20 m 
depth (Fig. 6).Thus, the prodelta does not appear to be a zone of preferential deposition during the 2003 
flood event, since <10% of the solid load input of the river settles here because of swells conditions, but it 
behaves like a preferential medium-term accumulation zone. Moreover, some studies on a prodeltaïc core 
(length: 7 m; depth: -40 m, position: 43°18’47N; 4°51’02E) show with palynological proxy (Beaudouin et 
al, 2005) that more than 70% of the deposited sediment is remobilised, whilst Touzani and Giresse (2002), 
based on lithological data, note a perturbed sedimentary sequence resembling a slump, about 2 m thick, at 
the bottom of the core. According to these results, as the direct sediment supply to the prodelta during flood 
events is not very often and the direct input of coarse sediment is minimal, gravity slides unrelated to the 
flood events would appear to be an important mechanism of prodelta supply. 
 
5.3. Lobe spreading 
The long-term construction of the current lobe of the Grand Rhône results mainly from the inputs of sand, 
because the fine-grained sediments are resuspended rapidly and exported towards the shelf (Suanez et al., 
1998). In the present-day context of littoral drift and quasi-immobilisation of the outlet, the lateral and 
longitudinal growth of the lobe takes place according to complementary but independent mechanisms:  
 
5.3.1. Cross-shore growth 
During the floods, and following the pulsed arrival of transverse large dunes migrating along the Rhône 
channel (Arnaud-Fassetta et al., 2003, Antonelli et al., 2004), most of the sandy load accumulates on the 
uppermost part of the mouth-bar and the delta front. During the most important floods, the flushing effect 
leads to an advance of the bar without significant supply at the foot of the delta front, which creates an 
increase in slope. When the critical slope is reached (≈ 5° for the modern Rhône lobe), gravity sliding 
allows the transfer of sediment towards the top of the prodelta and the re-establishment of an equilibrium 
profile on the delta-front (≈ 4° for the modern Rhône lobe). This general pattern is moderated by 
mechanisms that influence the distribution of fine-grained sediment input (swell waves, plume, 
stratification of water column, etc.).This sort of slide feature was observed for the first time on the Rhône 
subaqueous delta area during this study, and it is not possible to determine the frequency and the 
consequence of each slide. Note that, even if the slipped volume is equivalent to the annual mean volume 
sedimented in this area, it does not seem to represent large volumes after compaction and re-suspension; 
the suspended load makes up a significant part of the supply to the prodelta and thus leads to the very slow 
aggradation of the lobe. Concerning the role of gullies in cross-shore material transfer, it appears that only 
one gully was created and active during the flood, with only a small sediment volume passing through this 
feature to supply the prodelta area. On the other hand, the evolution of gully morphology since 2002 gives 
information on the lateral lobe spreading. 
 
5.3.2. Long-shore growth 
During the flood, stable gully features in the west together with active features in the east are observed. 
Thus, during flood, the construction of the mouth-bar and of the delta front is governed by asymmetrical 
processes, which account for the differences in grain-size and slope between the western and eastern parts. 
However, it can be seen that the global construction of the lobe is ultimately symmetrical (according to the 
A index of Bhattacharya and Giosan, 2003). Thus, it is considered that the process of filling the available 
space during flood never concerns the entire surface of the prodeltaïc zone. The relict channel features 
record the effects of past inputs to the west of the lobe. The new channel, formed during the December 
2003 flood, shows that the eastern part of the mouth is being supplied presently with sediment, thus leading 
to a completely subaqueous symmetrical lobe. The symmetrical progradation of the emerged beach ridge, 
in the present context of weak littoral drift and limited terrigenous input, would thus be related to the 
distribution dynamics of the fluvial inputs by swinging from west to east. In this way, the symmetrical 
nature of this lobe masks the processes of progradation due to the inertia affecting the construction and 
emergence of the lobe, since, in the short term, these processes remain non-homogeneous in both time and 
space. 
 
 
6. Conclusion 
This detailed study of bathymetric changes at the present Rhône mouth, induced by a large flood event, 
reveals a complex assemblage of seafloor features. These represent the interaction at different temporal and 

 9



spatial scales of several different sediment transport and deformation processes related to: 1) sediment 
supply from the river; 2) deposition from suspension; and 3) sediment remobilisation.  
During the December 2003 flood event, the river mouth functioned generally according to a pre-established 
pattern, and the importance of the flood did not modify the organisation and trend of morphological 
development of the mouth area (see section 4.2). In fact, the mechanisms remained the same as those 
during periods of weaker liquid flow.  
The majority of the solid river discharge during the flood event is confined to the [0 to - 20 m] zone. This 
confirms the long-term trend in which the delta front is the only part of the present day coastal zone 
experiencing major accumulation (Sabatier et al, this volume). The Rhône supplies very little coarse 
material to the prodelta. Sand input is channelised and is active exclusively to the east of the mouth, in the 
axis of the main passage through the mouth-bar. Prodelta deposits are made up primarily of fine sediments 
that accumulate by settling out. This mechanism of sedimentation allows the preservation of relict features, 
in particular those gullies which, in the past, supplied sand to the western and central parts of the prodelta 
fan. 
Slope failure from the top of the delta front is the major mechanism allowing the supply of coarse sediment 
to the prodelta, but the triggering of this gravity-driven phenomenon does not coincide with the 2003 flood 
event. From the present state of knowledge, it cannot be demonstrated that slope failure is related to flood 
dynamics. By extension, it can be concluded that there is only a weak correlation between the short-term 
construction of the current lobe of the Grand Rhône and paroxysmal river events. 
This study demonstrates clearly the need for further investigations into the role of delta-front gullies in 
cross-shore material transfer. There is a requirement for the development of suitable instrumentation (with  
adequate moorings) for the in-situ measurement of flood events. 
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9. Tables, Figure legends, Tables 
Table captions 
Table 1: Characteristic values for the Grand Rhône River at Arles, downstream of the diffluence, 40 km 

upstream of the Grand Rhône mouth. * Estimated value. Data from Compagnie Nationale du 
Rhône (CNR). 

Table 2: 2003 Flood event characteristics at Beaucaire, upstream of the diffluence, 60 km upstream the 
Grand Rhône mouth. *Estimated value. (data from CNR). 

Table 3: Dates of measurement and tools used for the six cruises considered in this study. 
Table 4: Summary of seafloor morphology characteristics, Grand Rhône mouth 
Table 5: Evolution of seafloor morphology characteristics during 2003 flood event (b: before flood; a: after 

flood) Slope <0 means reversal of slope. 
 
 
Figures captions 
Figure n°1: Location maps of the study area. (a) Hydrographic basin of the Rhône River and its tributaries. 

1: Beaucaire gauging station. 2: Arles gauging station. (b) Location of Rhône River mouth in the 
lower delta plain area. (c) Local setting of the present river mouth (Roustan mouth). A-B is the 
location of the ADCP profiles shown in Figure n°5; P1 to P5 are the bathymetric profiles across the 
river shown in Figure n° 6; C-D and E-F are the bathymetric profiles shown in Figure n°8. 

Figure n°2 Flood hydrographs at Beaucaire gauging station for 2003 flood event: (a) Mean daily liquid 
discharge (m3 s-1) and mean hourly liquid discharge (m3.s-1). (b) Timing of cruises. (c) Climatic 
conditions during the flood period. Directions are designed with conventional marine chart (origin 
direction for wind and displacement direction for waves). 

Figure n°3: Bathymetric DTM before 2003 flood event. Study area is divided into three parts: (a) River 
channel, (b) mouth-bar and (c) Delta-front (Rhône03 cruise). In the mouth-bar area, the incised 
sub-channel is well marked and leads to a shoal mouth bar. Most of the alluvial flow takes place 
via a bypass channel through the mouth bar to the east, and via a broad depressed zone to the west. 
A slump scar is visible on the delta front, linked to a submarine slide occurring before the 
December 2003 flood. Submarine gullies on the delta-front slope extend from the base of the 
mouth-bar to the top of the prodelta (between -4m and -30m isobaths). 

Figure n°4: Detailed bathymetric DTM of the Grand Rhône subaqueous lobe with evidences of slope 
failure and gully features.  

Figure n°5: Morphology of the delta-front slope. Sketch detailing the slide area dimensions with (W) is the 
wide scar, (L) is the length scar, (HH) is the headscarp height, (β) is the maximum slope gradient 
(15°) and (α) is the approximate average slope gradient of the delta front (see the text). 

Figure n°6: Morpho-bathymetric difference observed between the multibeam surveys of May 2002 and 
December 2003 (Cruise Strataform1 and RhoneFlood) on the prodelta area. Only a thin cover of 
sediment was deposited in this zone since 2002 and slided mass shape was not deleted by 2003 
flood event dynamics. 

Figure n°7: Hydrodynamic conditions on the delta-front slope during low stage period in 2003 November 
(mean Rhône discharge = 1200 m3 s-1, mean wave height = 0.2 m) along AB profile (position on 
figure n°1). (a) ADCP-measured current velocity (m s-1) and (b) acoustic backscatter (dB). 
Backscatter is an indication of suspended sediments in the water column. These images depict 
homogeneous velocities in the water column with an increase in suspended sediment near the sea 
surface (plume). Gullies appear to be inactive. 

Figure n°8: Overlay of surveyed river-channel sections showing river bed adjustments (in cubic metres) 
during 2003 flood event (profiles location on figure n°1). Small lettering indicate partial 
sedimentary budget. Large lettering indicate total budget along each profiles. Black and grey 
figures refer to erosion and accumulation budgets, respectively. To a first approximation, 600.000 
m3 of sediment have been eroded. Maximum sub-channel incision (6 m) occurs in the eastern and 
lower part of the Rhone River Channel. 

Figure n°9: Bathymetric changes in metres during the 2003 flood event at the Rhône mouth, between 0 and 
-20 m depth. A significant total volume (Vt) of 7.8 millions m3 (about 4 millions tons) was 
sedimented in this area, corresponding to a mean volume per unit area (Vm) of about 0.88 m3 m-2. 
These values are in accordance with upstream fluvial measurements that quantified flood solid 
discharge between 3.1 and 5.28 millions tons. 

Figure n°10: Bathymetric variation along two profiles across the Rhône subaqueous lobe from DTM data. 
Detailed location on figure n°1 (a) cross-shore profiles before the 2003 flood event (Rhone03 
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cruise), just after flood event (MATRhône1 cruise) and one month later (MATRhône2 cruise). 
Post-flood deposition mechanisms are highlighted and sediment remobilisation by waves is in 
evidence down to 6 m depth. (b) long-shore profiles across the delta-front. The 2002 profile 
(Strataform1 cruise) is used as a reference profile. Bathymetric and morphological changes induced 
by the 2003 flood event are shown comparing the pre-flood and post-flood profiles. Numerals 
define the order of gullies in an eastward direction. Features are preserved during the flood event, 
so settling out processes are presumed predominant. Note the creation of a new channel during the 
flood event (n°5), being the morphological expression of local hyperpycnal coarse sediment 
transfer. 

 
 
Tables 

ARLES Low regime Median 
regime High regime 

Average Discharge < 650 m3.s-1 1.710 m3.s-1 > 5.000 m3.s-1

Duration (day.yr-1) 35 325 5 
Average Surf water velocity 0.15 m.s-1 0.5 m.s-1 1.3 m.s-1

Surf water elevation +1.6 m +1.8 m +5.5 m 
Extreme Events 380 m3.s-1  *11.000 – 12.000 m3.s-1

Table 1 
 
 

Peak discharge (m3.s-1) *[11000-12000] 
Max. mean daily discharge (m3.s-1) 10521 
Return period (years) >200 
Flood rise gradient (m3.s-1.h-1) 200 
Surface water velocity (m.s-1) 2.56 
Discharge > 8000 m3.s-1 (h) 62 
Discharge > 10000 m3.s-1 (h) 46 

2 days 2.8 Total liquid volume (109.m3) 6 days 3.8 
Table 2 
 

Date Cruise Surveyed zone Tools Main result 

10-11 May 2002 Strataform 1 -17 m / -80 m Multibeam EM1000 echo-
sounding / chirp 

Initial 
assessment 

3-10 November 2003 Rhône 03 Channel / mouth-bar 
& -5 m / -25m 

Monobeam echo-sounding 
ADCP 

pre-flood  
DTM 

01-06 December 2003 Flood event 

09 December 2003 MATRhône 
1 Channel / mouth-bar Monobeam echo-sounding 

15 December 2003 Rhône Flood -17 m / -80 m 
Multibeam EM1000 echo-

sounding / chirp / box-
coring 

14 January 2004 MATRhône
2 

-3m / -17 m 
Western part 

Multibeam RESON 8101 
echo-sounding 

26 January 2004 MATRhône
2 

-3 m / -22 m 
Eastern part 

Multibeam RESON 8101 
echo-sounding 

post-flood 
 

DTM 
 
 

Table 3 
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 River channel
(sub-channels)

Mouth-Bar 
(bypass channel)

Prodelta front 
(gullies) 

inside -1 to -12Bathymetric 
zonation (m) 0 to -23 outside -1 to -4 -4 to -20 

inside -0.309 Slope (°) 0.032 outside 0.488 4.130 

Sinuosity 1.06 1.11 ≈1.01 
Number 1-2 1 4 

Maximum 
Depth (m) 

11.7 3.6 1.3 

Width (m) 165 to 413 160 140 to 310 
Table 4 
 

Mean Slope 
(°) 

No. of 
Channels 

Max. 
Channel 

Depth (m) 

Max. 
Channel 

Width (m) 

Min. 
Channel 

Width (m) ZONE 

b a b a b a b a b a 
River channel 0.032 0.073 1-2 1-2 -11.7 -17 413 395 165 180 
Mouth-bar -

0.319 
-

0.308 1 1 3.6 4.0 160 190 160 180 

Prodelta front 4.13 4.32 4 5 2.10 2.18 370 378 145 148 
Table 5 
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