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Abstract:

The Var turbidite system is a small sandy system located in the Ligurian Basin (Mediterranean Sea). It
is active during present sea-level highstand and shows four types of sediment transfer processes: (1)
low-density turbidity surges generated by small-scale failures (2) low-magnitude, high-frequency
(yearly) hyperpycnal turbid plumes, (3) high-magnitude, less-frequent, hyperpycnal currents and (4)
high-magnitude flows generated by large slope failures. These processes have different imprints on
the morphology of the system. Inversely, the topography plays a role on the behaviour of these flows.
The depositional and erosional architecture of the system has been investigated in detail on the basis
of SAR imagery and a set of cores using an interface corer collected repetitively from a dense group of
sites. The inner terraces located in the upper part of the turbidite system are generally depositional
and thus provide a detailed record of recent sediment transfer processes. But the lower the elevation,
the more terraces are affected by turbulent flow erosion. Downward, the channel-floor is a complex
area where flows mainly by-pass but locally erode or deposit. The levee is dominantly depositional, but
only records high-magnitude events, able to spill over. Low-magnitude, high-frequency events, such
as yearly hyperpycnal currents are confined in the upper part of the system and thus have little control
on system architecture. Moreover, they provide only thin deposits that can be misinterpreted in terms
of involved process, and will probably be erased from the geological record. High-magnitude events
have strong control on the system architecture as they erode the channel-floor and participate in the
construction of the Var Sedimentary Ridge.
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1. Introduction

Research on modern turbidite systems contributes to improve our knowledge of the sedimentary
processes involved in sediment transfers from the continent to the deep seas (Piper and Normark,
2001). Understanding the spatial and temporal behavior of submarine sediment-laden gravity flows
is of primary interest as it will directly control the architecture of deep-sea sedimentary systems and
the distribution of sediment. Changes in slope gradient have a major influence on sediment
deposition (Pickering et al., 1989), by controlling the non-uniformity of gravity flows or by
confining them (Kneller & Buckee, 2000). Local topographic changes generate local flow structures
that affect the rates of transport, erosion and deposition, leading to diverse depositional signatures.
Moreover, great attention should be paid to the relation between the present activity of processes and
their preservation in the geological record. The alteration and preservation of sedimentary records,
especially single-event layers, remains a key question for the understanding of deep-sea turbidite
system construction and evolution. Investigations on marine sediments are limited because processes
acting in a deep-sea turbidite system can be misinterpreted when based on sparse samples. To
overcome this problem, repetitive and accurate coring with good spatial resolution is needed to
understand the spatial and temporal evolution of sediment transfer processes from the continent to
the deep sea.

The Var Canyon (Western Mediterranean Sea) records significant sediment transport during the
present sea level highstand (Mulder et al., 1998). Earlier investigation provided evidences of
sediment gravity flows related to floods of the Var River (Gennesseaux et al., 1971; Mulder et al.,
2001a; Khripounoff et al., in press.), small-sized turbulent surges (Mulder et al., 1998) or massive
slope failure such as the Nice airport slump and turbidity current in 1979 (Piper and Savoye, 1993;
Mulder et al., 1997a; Dan et al., 2007). Furthermore, a terrace on the side of the Var Upper

Submarine Valley offers a depositional site of very high sedimentation rate during the last century
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(Mulder et al., 2001b) which enables to understand how these events are recorded in the sedimentary
series. Consequently, the VVar Deep-Sea Turbidite System is a good place to study the occurrence and
the behaviour of the different types of sediment transfer processes at different time and space scales.

Using a new significant amount of data, this paper aims to investigate the distribution and evolution
in time and space of the first meter of sediment lying below the seafloor. The role of the seabed
morphology on the behaviour of turbulent flows will be addressed. A dense spatial set of recurrent
piston cores recovered on several morphological features along the Var Canyon, valley and
sedimentary ridge provides an opportunity to constrain the role of micro-topography on depositional

jprocesses.

2. Regional settings

2.1. Geological setting

The Var turbidite system is located in the Ligurian Sea off France (Fig. 1). The morphology of the
continental slope results from the complex interactions between tectonic heritage, Messinian
paleomorphology and sedimentary processes during the Quaternary (Mauffret et al., 1973). The
continental shelf is very narrow (2-3 km) or even absent offshore the Var River mouth (Fig. 2). The
steep continental slope has an average gradient of 13° but values ranging up to 20°-30° are common
(Mulder et al., 1996). Slopes greater than 30° are found on the sides of the canyon (Mulder et al.,

1996).

The Var turbidite system is connected to the Var and the Paillon rivers by two deeply incised
canyons, the Var and the Paillon canyons (Fig. 2). The Var deep-sea fan began to form during the
Messinian and developed during the Pliocene and Quaternary as the results of the progradation of the

Var Delta (Savoye et al., 1993).
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- The Var Canyon extends from the river mouth to 1600 m water depth. The head of the canyon is
sinuous and flat floored and the slope at the bottom decreases gradually from 11° to 4°. Width
gradually increases downwards from 300 and 1250 m.

- At the confluence between the Var and the Paillon canyons (N43°30.9, E7°20), the Upper Valley
extends 12 km south-eastward to water depths of 2000 m. The slope at the bottom of the valley
gradually decreases from 4° to 2°.

- After an eastward bend (N43°26.8, E7°26.3) the valley widens and forms the 50 km long Middle
Valley, down to water depths of 2500 m. The end of the Middle Valley corresponds to a southeast
bend, near a continuous line of salt diapirs, named the "Diapir Wall" (Savoye et al., 1993). The
channel floor valley is divided into several minor channels, separated by large hillocks. The slope at
the bottom of the Middle Valley decreases from 2° to 0.3°. The Middle Valley is limited to the north
by a small discontinuous levee, and to the south by a hypertrophied levee called the Var sedimentary
ridge (Piper and Savoye, 1993). The cross-section of the Var Sedimentary Ridge is asymmetrical
with a steep and narrow northern flank and a flat and wide southern flank. Its elevation from the
seafloor decreases eastward from 400 m to less than 30 m. In the eastern part of the Ridge, the
boundary between the levee and the valley is gradual whereas upstream, steep walls separate the
levee from the valley (Migeon et al., 2000).

- The Lower Valley extends over 100 km to the southeast. Its slope decreases from 0.3° to 0.1°. It

feeds the distal sandy lobe complex, at 2700 m water depth (Bonnel, 2005).

The floor of the Canyon to the Middle Valley is covered with gravel waves with a few metres in
amplitude and 30 to 40 m in wavelengths (Malinverno et al., 1988). In the canyon, gravel waves are
partially covered by a thin Quaternary mud layer (Klaucke et al., 2000). In the lower course of the
valley, they are covered by Quaternary sediments but are exhumed at the base of large scours (Piper

and Savoye, 1993). In the Var Sedimentary Ridge, a field of sediment waves partly covers the Ridge,
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from 2000 to 2600 m depth (Gennesseaux et al., 1985; Migeon et al., 2000). Levee deposits are

composed of sandy to muddy turbidites (Foucault et al., 1986; Migeon et al., 2000).

Terraces are found along the submarine canyon and valley. In the Var Canyon, the present terraces
lie at approximatively 50 m above the channel floor (Klaucke et al., 2000). The surface of these
terraces is irregular in the upper sinuous part of the canyon and become flat in the straight part of the
canyon. In the Upper Valley, on the left side, a terrace lies at 30 m above the channel floor. On the

right side, the terrace lies between 30 m and 100 m above the channel floor.

Our study focuses on the upper part of the system, and includes the Var Canyon, Upper Valley,

Middle Valley and the right-hand part of the Var Sedimentary Ridge.

2.2. Oceanographic setting

The major regional hydrodynamical feature in the Liguro-Provencal Basin is the Northern Current
(Millot, 1991), a well-defined cyclonic circulation, approximatively 50 km-wide, mainly flowing
anticlockwise along the coast (Millot, 1987). Its activity and structure change markedly seasonally.
In summer, i.e. from June to November, the Northern Current is relatively wide and shallow and
displays reduced mesoscale variability. In winter, i.e. from December to May, it becomes thicker and
narrower and it tends to flow closer to the slope. Moreover, it commonly displays meanders with
wavelengths ranging from tens to a hundred kilometres (Taupier-Letage and Millot, 1985). These
meanders have phase speeds of 10-20 km/day (Millot, 1999). Moreover, in autumn, these meanders
fluctuate every 3-6 days, inducing a residual flow with a direction perpendicular to the coast

(Sammari et al., 1995).
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2.3. Hydrographical and hydrological setting

The Var River is a 120 km long mountainous river which drains an area of 2820 km?. Its main
tributaries are the Tinée, Vésubie and Estéron rivers. The river flows across geological formations
dominantly composed of marls and silts (Mulder et al., 1998). The mean annual water discharge,
calculated using data collected between 1985 to 2007 is 53 m%s (Mulder et al., 1997b). The Var
River is subjected to flash floods, related to snow melting, in the spring and to storms in autumn
(Sage, 1976). During exceptional floods the water discharge can be up to a hundred times higher
than the annual mean. For example, in September 1994, the maximum discharge reached 3770 m®/s.
The estimated sediment discharge at the mouth of the river ranges between 1.3 and 1.6x10° t yr* but
may be larger if suspended concentration related to floods occurring after a dry period is taken into
account (Mulder et al., 1997b). Furthermore, these values do not include the bedload transport.
During floods, suspended particle fluxes reach values ten times higher. For example, in September
1994, calculations show that the river flood transported 18x10° t of sediment to the sea, creating a

hyperpycnal turbidity current (Mulder et al., 1997b).

2.4. Previous work on gravity-flow processes and trigger mechanisms

Gravity-flows are triggered by two main mechanism in the Var Turbidite System: mass-wasting, and
river floods (Mulder et al., 1998 ; Migeon et al., 2006):

(1) Mass-wasting event mostly affect sediments of the upper part of continental slope. In the Var
system are distinguished large slope failures from small ones. Large failures, potentially earthquake-
triggered, have a frequency of less than one event every 100 years (Mulder at al., 1998). These large-
scale sediment remobilization could be able to generate voluminous, high-magnitude turbidity flows
by transforming the mass-wasting through a transitional phase called ignition (Parker, 1982; Piper et

al., 1992). The best-known example for such failure is the Nice airport failure (Gennesseaux et al.,
7
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1980; Dan et al., 2007). This event generated an ignitive high-density current, which lasted more
than 24 hours (Mulder et al. 1998). Small-scale mass-wasting are described as shallow failures,
usually retrogressive and generally restricted to the uppermost layers of slope sediments, up to 10 m
(Migeon et al. 2005). They are inferred to be triggered by the excess pore pressure created by the fast
accumulation of sediment during floods (Mulder et al., 1998). They remobilize small volume of
sediment compared to large-scale failures and thus, might probably generate small turbidity surges as
those observed by Gennesseaux et al. (1971). The estimated occurrence of such surges is one event
every 1 or 2 years (Mulder at al. 1998)

(2) River floods generating hyperpycnal turbidity currents are also a common process in the Var
system (Khripounoff, 2009). Hyperpycnal flows are a particular sub-type of turbidity currents,
generated by the plunging of a dense sediment plume during floods (Mulder et al., 2001a). This
necessitates a critical concentration of 42 kg/m® in this climatic setting (Mulder et al., 2003). The
corresponding threshold in discharge for the Var River is approximately 1250 m*s (Mulder et al.,
1997b). Using these parameters, statistical computation suggested that the Var River can generate a
flood forming a hyperpycnal flow every 3 to 21 years (Mulder et al., 1998). This estimate could be
reduced using the reconcentration processes such as convective sedimentation (Parsons et al., 2001).
Thus, hypopycnal (surface) plume with a sediment concentration as low as 1 kg/m*® may form a

hyperpycnal flow.

3. Materials and methods

The bathymetric map is a compilation of multibeam EM300 (frequency of 30 kHz) data from
ESS300/1 and GMO1 research cruises (2000 and 2001 respectively, R/VV Le Suroit). The grid
interval in the digital terrain model is 50 m.

Side-scan sonar images were collected during the SAME cruise with the French S.A.R. (Systeme

Acoustiqgue Remorque). The S.A.R. side-scan antenna has a 200 kHz frequency. The vehicle is
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towed at about 100-150 m above the seafloor at a speed of 2 knots. The survey covers a surface of
1300 km? compiled into a mosaic. The pixel size is 7 m.

Main studied cores come from interface corers. A multi-corer provided by INSU (Institut National
des Sciences de I’Univers) was used during the ENVAR1, 3, 4, 5 and 6 cruises and a push-corer

(called “Ronanberg™) was used during ENVAR?2 cruise (fig. 2).

After splitting, cores were described visually, according to the grain size (mud, silt, sand, cobbles,
etc.), structures (laminations, bioturbation), contacts and colour. 10-mm-thick slabs were sampled for
radiography imaging with the Scopix system (Migeon et al., 1999). Grain size analyses were
performed with a Coulter LS130 laser microgranulometer. Samples for grain size analysis were
carefully collected every 2 mm in order to avoid mixing with adjacent sediment. Additional samples
were taken in laminae and thin sequences. Mud samples were exposed to ultrasounds until complete

suspension to avoid amalgamation (Mc Cave et al., 1995).

Chronology was determined using **'Cs (30 years) and excess ?°Pb (22.3 years). The %°Pbe, method
gives an average accumulation rate for the past 100 years, while **'Cs is applicable for the last 45
years, corresponding to its first appearance in the atmosphere due to anthropogenic activities.
Radioisotope measurements were made using a semi-planar germanium detector (EGSP 2200-25-R,
EURYSIS Measures) (Schmidt et al., 2007). Standards used for the calibration of the y detector were
IAEA standards (RGU-1, RGTh-1). #°Pb in excess of equilibrium with **°Ra, **°Pbsy, was calculated
as the difference between measured °Pb and #*Ra.

Sediment accumulation rate can be derived from *:°Pbs,, based on two assumptions: constant flux
and constant sediment accumulation rate (Robbins and Edgington, 1975; Schmidt et al.). Then, the

decrease of *°Pbe, activity with depth is described by the following relation:

°pb,, ]Z = [210 Pb, ]O exp(-z é)
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where [*°Pbe]o, ; is the activity of excess °Pb at sediment -sea water interface (or the base of the
mixed layer) and at the depth below the seafloor z, A is the decay constant of the nuclide, and S is the
sediment accumulation rate. This equation was not applicable to some cores presenting almost
constant 2°Phe, activity with depth (i.e. rapid deposition or mixing), and/or presenting eroded
surfaces and thick turbiditic layers (leading to a variable sediment accumulation rate). Thus, for
irregular decrease of 2°Phey activity with depth, we calculated minimum accumulation rates by
dividing the deepest cored intervals containing activity by the maximum possible age for 2°Phe,
(~100 years) and *’Cs detections (46 years; (Jaeger et al., 1998). However, because cores are
relatively short (<1 m), the end *!°Pbe, was not always reached and accumulation rates can be higher

than those calculated.

4. Results

4.1. Sedimentary and morphological features

In the Var Canyon, a terrace (A) is located on the left side of the straight part of the canyon (Fig. 2)
at water depths ranging from 1400 m to 1640 m. The terrace is 5 km long and 800 m wide, with an
elevation of 20 to 30 m above the canyon floor and a mean slope of 6°. SAR images show numerous
erosional bedforms such as furrows and scours (Fig. 3). These are roughly parallel to the canyon
axis. Furrows are 100 m long on average but can be up to 600 m long. Some furrows converge to
large scours, V-shaped pointed upstream. Scours have a sharp upper boundary and a flared and
diffuse downslope termination. They are up to 1 km long, 600 m wide and up to 5 m deep. They cut

across fine-grained sediments and exhume gravel waves underneath.

In the Upper Valley, a terrace (B) is located on the left side at water depths ranging from 1800 to

1900 m (Fig. 4). This terrace is elongated and roughly parallel to the channel axis. It is 3 km long

10
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and 700 m wide with an elevation of 10 to 40 m above the channel floor and a mean slope of 6°. On
SAR Imagery (Fig. 4), the surface appears to be slightly mounded. Furrows and scours are observed,
but are less abundant than in the Var canyon. Furrows are up to 200 m long. Scours, up to 50 m
wide, are V-shaped. Scours and furrows cover about 50% of the surface of the terrace.

On the right of the Upper Valley, a terrace (C) is observed at water depths ranging from 1780 to
2000 m (Fig. 5). It can be divided into four smaller sub-terraces, with different elevation from the
channel axis. From north to south, sub-terrace C1 is oval shaped, 500 m long and 300 m wide with
an elevation of 100 m above the channel floor. Sub-terrace C2 is 1600 m long and 700 m wide, with
an elevation of 75 m above the channel floor. Sub-terrace C3 is a 900 m square, prolonged to the
south-east by a 1300 m long and 200 m wide strip along the sidewall. Terrace elevation above the
channel floor is 65 m. Sub-terrace C4, southernmost and longest terrace in the Upper Valley, is 4800
m long and 900 m wide. Its elevation above the channel floor is 50 m and decreases gradually to a
few metres towards the south. Its distal termination is found at the beginning of the Middle Valley,
below the base of the continental slope.

The terrace floors are generally flat and have a mean slope ranging between 4 and 1°. They have a

mostly smooth surface with only few thin lineations (as shown by SAR imagery).

The Middle Valley begins at about 2000 m water depth and widens abruptly. The valley floor shows
three shallow channels (Fig.2). A northern channel (up to 20 m deep and 700 m wide) runs to the
north-east and follows the base of the continental slope. It is bounded to the south by a 6 to 20 m
high levee. A southern channel (14 m deep and 2 km wide) runs along the Var Sedimentary Ridge. A
central channel (80 m deep and 4 km wide) runs in the middle of the Valley. In the southern channel,
the acoustic backscatter on the SAR imagery (Fig. 6) indicates a heterogeneous distribution of
sediment along the channel floor, with low-backscatter patterns corresponding to sediment patches.
Abundant kilometre long scours with irregular shape deeply incise the channel floor and show

ancient gravel waves. Gravels probably result from reworking of the Messinian erosional surface

11
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(Malinverno et al. 1988) and could not have been transported by recent sediment gravity flows
(Mulder et al. 1997a). The main flows directions have been inferred from the orientations of scours,
furrows and depositional patches. The orientation of bedforms varies from ENE to ESE., The gravels
wave orientations, ESE, must indicate either remnant Pleistocene flow direction or could be shaped
by Holocene flows (Klaucke et al, 2000). These orientations indicate a dominant easterly transport
direction in agreement with the general channel pathway direction. Considering that each bedform
has probably been formed by a single flow, the variation in bedform directions indicates that flows

do not follow a unique pathway and thus are not really confined in this part of the channel.

The Var Sedimentary Ridge is characterized by a smooth surface with kilometre-scale undulations
interpreted as sediment waves (Migeon et al., 2000). The inner and steeper side of the ridge show

numerous failure scars.

4.2. Sedimentary facies and sequence description

Nine sedimentary facies were identified using the sediment nature, grain size and sedimentary

structures (Fig. 8).

Facies 1 (pebble layer) consists of a one cm thick layer of rounded pebbles, surrounded by clay. The
basal contact is erosive. Size of pebbles ranges between 2 cm and 3 cm. Pebbles are granite, schist
and conglomerate. The muddy matrix seems to have been deposited by the fall-out process after the

deposition of pebbles.

Facies 2 (massive or poorly graded sand) consists of one to a few centimetre-thick massive to poorly
graded coarse-sand layers. Contacts are usually erosional at the base and sharp at the top. The

median of the grain size curve ranges from 63 to 540 um. Clay content never exceeds 10%. The

12
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basal first centimetre of the bed sometimes shows a reverse grading and contains mud clasts. Main
constituents are angular to sub-angular quartz, detrital carbonates, rounded grains of granite and

siltstone. Micas and vegetal debris are rare.

Facies 3 (laminated graded sand) consists of centimetre to decimetre-thick, graded medium to
coarse-sand beds. Contacts are sharp at the base and sharp to diffuse at the top. The median of the
grain size curve varies from 63 to 430 um. These beds are normally graded, but several grain size
breaks (sharp coarsening-up and steady fining-up) occur. Numerous inframillimetric laminae are

visible on radiographs. The main constituents are subangular quartz, detrital carbonates and micas.

Facies 4 (graded fine sand showing a variety of sedimentary structures) consists of beds of a few
centimetre-thick graded fine sand. Basal and upper contacts are sharp to diffuse. The median of the
grain size curve varies from 40 to 120 um. Radiographs show several types of sedimentary structures
including wavy parallel laminae or oblique discontinuous laminations (ripple cross laminations). The

main constituents are subangular quartz and detrital carbonates, vegetal debris and micas.

Facies 5a (graded to ungraded laminated clayey silt) is composed of a few to fifty-millimetre thick
normally graded to ungraded silt to silty-clay layer. Contact at the base is sharp to gradational. When
it is sharp, the base is overlaid by a thin layer (less than 2 mm) of fine sand or silt lamina. Upper
contact is gradational. The median of the grain size curve ranges from 8 to 40 pum. The normally
graded silt-to-mud beds commonly display parallel and indistinct silty microlaminations (less than 1

mm thick). These laminations are clearly seen on X-Ray imagery. Bioturbation is rare.

Facies 5b (homogeneous clayey silt) consists of millimetre thick to centimetre thick intervals of clay

to muddy sediment. Basal and upper contacts are gradational. The median of the grain size curve

13
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ranges from 7 to 30 um. Some intervals show fine silt lenses and crude planar laminae. Bioturbation

can be abundant.

Facies 6 (homogeneous structureless silty clay) consists of millimetre thick intervals made of silty-
clay. Basal and upper contacts are generally diffuse but can be sharp. The median of the grain size
curve is less than 10 um. The ratio between biogenic and terrigeneous content never exceeds 1/3.
Biogenic compounds contain calcareous nannoplankton, scarce foraminifera, and scarce siliceous
spicules. There are less than 40% of present species mixed with reworked Mesozoic species. Facies 6

is rare.

Facies 7 (inversely graded silt and fine sand) consists of millimetre to centimetre thick layers of clay
to silt that coarsens upward to silt to fine sand. Contacts are generally sharp at the base and
gradational or erosive at the top. The median of the grain size curve ranges from 7 to 130 pum. In the
thickest layers, some thin discontinuous or wavy laminations can be observed on radiographs. The

main constituents are subangular quartz and carbonates, vegetal debris and micas.

Facies 8 (blurred silty-clay) consists of a millimetre to centimetre thick layer of silty clay. Contacts
of this layer are diffuse and gradual. The median of the grain size curve is around 20 pm. The

sediment is poorly sorted. Scarce-parallel silt laminations and bioturbation are sometimes observed.

Facies 9 (bioturbated sediment) consists of centimetre to decimetre thick layers of sediment where
sedimentological interpretation is impossible, due to excessive bioturbation. This facies contains
grey to brown sandy mud. The median of the grain size curve ranges from 8 to 90 pum. Bioturbation
is made of bright sub-rounded patches enclosed in a darker matrix or blurred levels of unsorted and

homogeneous sediments.

14
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The sedimentary facies are grouped into five sequences (Fig. 8). Note that "sequence" is used
throughout in the sense of an "event sequence™. The relative abundance of sequences, summarized in

Table 1 for each studied area, is illustrated by the most representative core in Fig. 9.

Sequence | consists facies 2, i.e. poorly graded sand containing less than 10% of clay, with erosive to
sharp basal and upper contacts. The sand layer can be overlaid by a silty clay layer (facies 5) through
an intra-sequence sharp contact. The base of the sequence can show inverse grading and/or mud
clasts. This sequence occurs in three cores located on terrace B, sub-terrace C3 and on the crest of

the Var Sedimentary Ridge (Fig. 9).

Sequence Il consists from the base to the top of the superposition of facies 2 to 6, i.e. massive or
poorly graded sand (with a possible inverse grading at the base), laminated sand, graded sand
(sometimes with sedimentary structures), silt and silty clay. The basal contact is erosive. The upper
contact is sharp to gradational. This fining upward sequence is found in cores from the channel floor

of the Middle Valley, and on sub-terrace C4.

Sequence 111 consists from the base to the top of the superposition of facies 5a, 5b and rarely 6, i.e.
laminated clayey silt grading to homogeneous silty clay. This fining upward sequence is generally

found on terrace C (Upper Valley) and on the crest of the Var Sedimentary Ridge.

Sequence 1V is characterized by the superposition of a normally-graded facies superimposed on an
inversely graded facies. Two types of sub-sequences are distinguished:

- Sequence IVa consists from the base to the top of the superposition of facies 7 (inversely graded),
facies 4, facies 5 (5a then 5b, or only 5a) and facies 6. The contact between facies 7 and 4 is erosive
or sharp. Sequence I1VVa occurs dominantly in the Middle valley floor, where sediments are coarser.

One sequence 4a has been observed in each core of sub-terraces C.
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- Sequence Vb consists from the base to the top of the superposition of facies 7, facies 5 (5a and/or
5b) and facies 6. Contact between facies 7 and facies 5 is sharp or gradual. Sequences I'Vb are mostly

found on cores from the levee and terraces C.

Sequence V consists from the base to the top of the superposition of facies 8, facies 5b and/or facies
6. This sequence can be observed on each studied area, but is mostly found on cores from the sub-

terraces C.

4.3. Radioisotope measures and chronological framework

29y, activity measured in sediments ranges from 100 to 450 mBg/g at the surface (Fig. 10).

On the Var Sedimentary Ridge, values of ?°Phe, decrease exponentially with depth. Calculated
accumulation rates for the last century range from 2 mm y™ on the crest of the levee to 0.8 mm yr™
on the external flank of the levee. On the channel floor of the Middle Valley, the estimated
accumulation rates range between 0.9 and more than 1.8 mm yr™. In the VVar Canyon, on the terrace
A, 2°Pb,, and *'Cs were only detected in the upper 10-20 cm and stop on erosional contacts. The
estimated sedimentation rates for the last century range between 2.5 and 4 mm yr*. On terrace B, the
sedimentation rate is estimated at 0.5 mm yr*. On sub-terrace C3, the activity of **'Cs is still
detected at the bottom of the core, at a depth of 80 cm. Thus, accumulation rate exceeds 16 mm yr,

On sub-terrace C4, estimated accumulation rate reaches 14 mm yr™.

5. Discussion
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5.1. Interpretation of sequences in terms of gravity flow processes and possible trigger

mechanisms

Facies 6 and 5b (structureless silty clay and clay) are interpreted as hemipelagites. They are mostly
composed of terrigeneous particles, probably supplied by the Var River. The biogenic fraction never

exceeds 30%, even at cored areas located far from the VVar River mouth.

In sequence I, the presence of a sharp to erosive base suggests an energetic process for the deposition
of this sequence. The massive sand or gravel layer, without any sedimentary structures can result
from several types of flows : laminar grain flows (Middleton and Hampton, 1973), debris flows
(Nardin et al., 1979), sustained turbidity currents (Kneller, 1995) or concentrated flows (Mulder and
Alexander, 2001). The presence of floating mud clasts and/or a thin inverse grading at the base
suggests erosion and particle support by upward dispersive pressure. These characteristics,
associated with sharp upper and basal contacts and no grading (or crude inverse grading at the base
of the sequence) suggest a deposit resulting from a laminar flow (Lowe, 1982). This deposit is
encountered in concentrated density flows, where the flow is composed of a thick laminar basal part,
despite that a turbulent upper part might exist (Mulder and Alexander, 2001). Concentrated flows are
generally described as the transformation of a mass-wasting but Piper and Normark (2009) argued
that these flows could also be commonly initiated onto steep slopes by hyperconcentrated bedload in
hyperpycnal flows. Direct freshwater flow of hyperconcentrated bedload, with inertial effects
predominating, was proposed by Prior and Bornhold (1989) for the Bear Creek fan delta in British
Columbia. Similar interpretation have been suggested by Mulder et al. (2009) for the marine
hyperconcentrated flow deposits related to the Malpasset dam failure in southern France. However,
in the Var turbidite system, sequences | observed in cores have been deposited through the last

century. At this time-scale, there is no evidence of catastrophic floods able to generate a
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hyperconcentrated beadload discharge.

In sequence II, the presence of a sharp or erosive basal contact associated with normal grading is a
common criterion to distinguish waning flow (Kneller, 1995). In this case, sequence Il can be
interpreted as the classical turbidite deposition, i.e. the Bouma sequence (Bouma, 1962), where the
massive or poorly-graded coarse sand at the base of the sequence (Ta unit) corresponds to the
freezing of a basal concentrated flow under laminar regime (Mulder and Alexander, 2001). The
laminar regime can explain the thin inverse grading and the incorporation of mud clasts sometimes
observed at the base of the sequence (Lowe, 1982). The superimposed facies (3 to 6), normally
graded and showing sedimentary structures suggest that the basal laminar flow is superimposed by
an upper turbulent flow. This kind of deposit is generally related to a slump-initiated high-density
turbidity flow (Mulder and Alexander, 2001) but several arguments can be given to link them to
river-flood induced hyperpycnal flows. However, sequence Il could result from a high-magnitude
hyperpycnal current, generated during floods of exceptionally high magnitude where the river
discharge and the current velocity reached during the flood peak is high enough to erode the basal
coarsening-unit (Mulder et al., 2001a). However, sequence Il could also result from a high-density
turbidity flows initiated by a hyperconcentrated bedload in hyperpycnal flows (Piper and Normarck,
2009). But, as mentioned for sequence I, there is no evidence of such catastrophic flood event
through the last century and thus, sequence 11 is interpreted as the deposit of a slump-generated high-

density turbidity current.

In sequence Ill, the presence of a sharp to erosive contact at the base, associated with a normal
grading from sandy-silt to silty-mud and with laminations suggests a deposition by a turbulent
waning flow (Kneller, 1995). Thus, sequence Ill can correspond to Td-e units of the Bouma

sequence (Bouma, 1962). The lack of bedforms such as cross laminations may be indicative of short
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duration events (Mulder and Alexander, 2001). In the Var turbidite system, fine-grained normally
graded deposits are known to have two kinds of origin (Mulder et al., 1998). They can result from
turbulent surges triggered by failures and from hyperpycnal flows generated by flash floods
(Gennesseaux et al., 1971; Mulder et al., 2001a), where insignificant deposition occurs during the
waxing phase, because of the rapid increase in initial velocities (Mulder and Alexander, 2001). Thus,
sediments are deposited only during the waning phase and form the classical Bouma facies (Mulder
et al., 2001a). Without complementary information, the flow initiation cannot be directly inferred

from the deposition of sequence 1.

Sequence IV is characterized by a sharp basal contact, a coarsening-up unit, a gradual to erosive
intra-sequence contact and a normal grading unit. The thin laminations observed in the basal
coarsening-upward unit cannot be induced by a laminar regime and indicates that traction acts
simultaneously to progressive particle settling (Mulder and Alexander, 2001).This characteristic
indicates a turbulent regime and suggests a deposition from a depletive waxing flow (Kneller, 1995).
The upper layer, normally graded and associated with sedimentary structures such as laminations
suggests a deposition resulting from a turbulent waning flow (Kneller, 1995). The entire sequence is
thus interpreted as a complete hyperpycnite (Mulder et al., 2001a). When the intra-sequence contact
is sharp to erosive (sequence 1Va) it indicates that the velocity reached during the flood peak is high
enough to prevent deposition or to erode (Mulder et al., 2001a). Furthermore, in sequence 1Va, the
upper normally-graded unit is composed of a graded sand layer showing sedimentary structures such
as ripple-cross laminations passing-up to laminated silt and to fine sediment (Tc-e units of the
Bouma sequence). The development of such sedimentary structure indicates a relatively long-
duration flow (Mulder and Alexander, 2001). These characteristics indicate that sequence IVa is
deposited by a hyperpycnal flow generated by a high-magnitude flood (Mulder et al., 2001a). When
the intra-sequence contact is gradual to sharp (sequence IVb) it indicates that the velocity reached

during the flood peak is not capable to erode. Moreover, sequence IVb is fine and thin, and thus, is
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inferred to be deposited by a hyperpycnal current generated by a low-magnitude flood (Mulder et al.,

2001a)

Sequence V is composed by a layer of mainly silty sediment with gradational contacts. It differs
from the surrounding hemipelagites by a mostly greyish color and higher fraction in silt and fine
sand. The poorly sorted grain size and the lack of sedimentary structure may indicate a dominant
fall-out deposition that could be related to (i) deposition by the tail of small turbidity flow formed in
the adjacent canyon, or (ii) the fall-out of a hypopycnal plume formed at the river mouth during low
magnitude floods. For the latter, previous works have shown that plume deposits are generally found
on the uppermost continental slope (Klaucke et al., 2000). In the Ligurian Sea, surface plumes can be
deflected by surface current, and dispersed mainly eastward along the coast (Sage, 1976). However,
meandering of the Northern Current, and related residual flow perpendicular to the coast (Sammari et
al., 1995) can disperse hypopycnal plumes and thus, suspended sediment may be carried away and
be deposited by fall-out processes far from the coast. Sequence V could also result of a post-
deposition alteration of the finest sediments, such as hemipelagites or Td-e terms of turbidites, by

bioturbation or resuspension by bottom currents (Wheatcroft and Drake, 2003).

5.2.  Morphological controls on sedimentary processes

5.2.1. Control of morphology at the scale of the Var system

The distribution of acoustic facies observed using SAR imagery and the distribution of dominant
sedimentological sequences observed in cores allow establishing a schematic map of the depositional
and erosional patterns (Fig. 11). Erosional pattern is estimated by the relative abundance of erosional

bedforms in SAR imagery and of erosional contacts in sedimentological sequences. The depositional
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pattern is a combination of the mean sedimentation rate and the average number of sequences
deposited and preserved at the centennial scale. The overall distribution of these patterns is
controlled by the turbidite system-scale morphological features, i.e. (1) the channel floor, (2) the

levee and (3) the inner terraces.

(1) In the Middle Valley channel floor, erosive and/or by-pass processes are dominant.
Sedimentation is localized on isolated patches (Fig. 6) and mainly corresponds to coarse sandy
sequences (type Il and 1VVa) of a few to ten centimetres thick (see VB-08 in Fig. 9). No correlation
between cores can be established, even between those distant of less than 100 metres. There is no
evidence that the flows follow preferentially one of the three channels inside the Valley.

(2) The western part of the Var Sedimentary Ridge is a depositional area. This part of the levee is
elevated around 280 metres and its surface is smooth (Fig. 7). The thin and fine-grained deposits,
almost corresponding to sequences Ill, 1Vb and V, are interpreted as typical spill-over deposits
corresponding to the deposition of the upper part of slump-induced turbidity flows or hyperpycnal
currents (Migeon et al., 2000) similar to those found on other turbidite systems levees (Hesse and
Chough, 1980; Piper and Deptuck, 1997). Due the elevation of the levee, we suggest that only high-
magnitude flows are able to spill over and depose sedimentary sequences. However, Mulder at al.
(1998) suggested that slump-generated turbidity flows hardly spill over this part of the Var
Sedimentary Ridge, because they are generally not thick enough to reach the top of the levee.
Furthermore, the occurrence of high-magnitude slump-generated turbidity flows is weak, with one
event every 100 to 1000 years (Mulder et al., 1998). Thus, at the scale of the last century, we suggest
that most of the deposits found in this part of the levee, including sequence Il could result from
high-magnitude hyperpycnal currents. There are no erosional structures in sediments deposited
through the last century. This indicates that during this period this part of the Var Sedimentary Ridge
underwent accumulation only. With an average number of 6 sequences deposited through the last

century and an accumulation rate of 1.3 to 2 mm yr* (Table 1), spillover deposits occurred at an
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average rate of 1 event every 15 year. The morphology of the Var Sedimentary Ridge shows
numerous slide scars on the inner flank and on the crest, indicative of mass wasting. Moreover, a
deposit which could result from the deposition by a concentrated density flow (sequence 1) is also
found in one core sampled on the crest (core VC-04, Fig. 9). However, this part of the levee is too
high to record the basal laminar part of a concentrated density flow coming from the channel floor
(Migeon, 2000). Consequently, this sequence is interpreted as the longitudinal evolution of a mass
wasting (Mulder and Cochonat, 1996) triggered on the levee crest. This kind of process can lead to a
significant erosion of the levee. However, in our sediment cores there is only one evidence of
deposits related to mass wasting. It suggests that this process has a low frequency at centennial scale
and confirms that at this time-scale, depositional processes dominate on the Var Sedimentary Ridge.

(3) The dominant sedimentary processes on the inner terraces depend on the elevation above the
canyon and channel floor. Terrace C is mainly a depositional area. Its surface, lying between 50 and
100 metres above the channel floor, is characterized by a smooth surface with few erosional scars.
Sediments are mostly composed of numerous silt to fine sand sequences (type Ill, Vb and V, see
Table 1). All the deposits indicate an occurrence of 1 event every 1.5 years with accumulation rates
of 16 mm yr™* over the last 50 years (Table 1). Terrace A and B, 10 to 40 m above the channel floor,
show numerous scours indicative of significant erosion and sediment reworking. The depth of the
scours indicates that erosion can reach up to 5 metres. Underlying Pleistocene gravel waves are
visible here (Klaucke et al., 2000). Sediments are composed of coarse silt sequences that commonly
show erosional bases. Seven sequences are meanly deposited in terrace A through the last century,
and three sequences in terrace B. It represents an occurrence of 1 event recorded and preserved every
14 to 33 year and an accumulation rates of 0.4 to 4 mm yr™* over the last 100 years (Table 1). These
relatively low sediment accumulation rates and the erosional features on the sea floor and at the base
of sequences show that depositional processes are counterbalanced in these areas by erosional
processes. Nevertheless, at the scale of the last century, the inner terraces appear to be more

accumulative than the levee (Table 1).
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5.2.2. Influence of morphology at the scale of the terrace C

Recent sedimentary processes on terrace C (Upper Valley) are dominantly depositional. The spatial
continuity of sedimentary sequences allows a core to core correlation along the terrace, and thus to
discuss the influence of the local morphology on the facies at the scale of a few metres to several
kilometres (Fig. 12). Core sites, in sub-terraces C2, C3 and C4 (see Fig.5 for core location) are flat-
floored, with a mean slope of 1° to 1.8°, elevation above the canyon floor range from 75 m
(upstream) to 40 m (downstream).

Major sedimentary sequences of a few to ten centimetres thick are recorded along the terrace. On the
other hand, fine-grained sequences of few millimetres to centimetres thick (type Ill, IVb and V) are
not recorded all over the terrace. In this proximal part of the turbidity system, these sequences are
probably related to low-concentration, short-duration and small-sized flows (Stow and Bowen,
1980), which probably do not fill the whole channel. The lack of continuity of the thin sequences
along the terrace and the discrepancies of their thickness may be related to the variability in the
overspill of turbulent billows on the upper part of the flow. However, the absence of some thin
sequences may also result from obliteration, by bioturbation or bottom current resuspension
(Wheatcroft and Drake, 2003).

Thin sequences of type Ill, Vb and V are less frequent in sub-terrace C4 (core IENV2-16, see Fig.
12), where the elevation on terrace C is the lowest. From this location, the slope of the canyon floor
decreases rapidly and the canyon widens. The very likely resulting decrease in velocity of flows may
enhance deposition of sediment upstream of the core site. On the other hand, because of the lower
elevation of sub-terrace C4 compared to others sub-terraces C1 C2 and C3, deposits could also been
more easily eroded by the basal part of the flows.

The identification of sedimentary processes is determined from the composition, grain size and
sedimentary structures of the deposits (Pye, 1994). However, based on cores correlation, the

identification of given sequences at different locations outline that a given flow can produce different
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signatures (patterns) in sedimentological archives. For example, the five sequences highlighted in the
grey frame on Figure 12 are clearly interpreted in one core as low-magnitude hyperpycnites
(sequence 1Vb), based on the presence of the coarsening-up unit at their base (Mulder et al., 2001a).
In others cores, the coarsening-up unit is not present and these deposits might be interpreted as a
surge-like turbidites (sequence I11), or as fall-out deposition by turbidity flow tails (sequence V). The
absence of the coarsening-up unit shows that the local morphology including a steepening slope,
canyon narrowing or morphological obstacles, even at a metric scale, modify the flow dynamics
(Kneller, 1995). However, using our dataset, no trend in the deposition of the coarsening-up unit can
be determined. Furthermore, there is no preferential site for recording of an entire hyperpycnal
sequence. This means that the lack of this unit cannot be related to change in seafloor morphology
influencing flow hydrodynamics. It suggests that (i) terrace surface floor is regularly re-shaped by
the successive flows or that (ii) the different sedimentological patterns encountered at this scale for a

single event are the result of the internal variability of the flow.

5.3. The role of sediment transfer events in the construction of the system and their

preservation in the geological archive

Our study suggests that gravity-flows should be grouped in two main categories as a function of their
magnitude and subsequent impact on the built-up and evolution of the Var turbidite system.

High-magnitude flows, which mobilize large amount of sediment with several grain-size populations
through long distance, can be triggered by slope failures and by floods. Indeed, coarse inverse- then
normally-graded sequences (type 1VVa) on the terraces and on the channel floor of the Middle Valley
are inferred to be deposited by hyperpycnal currents and thus triggered by floods. Sequences |
deposited in terraces B and C3 (IENV2-14 and IENV2-15 in Fig. 9) through the last century are
interpreted as concentrated flows deposits and have been inferred to be slump-induced (see section
5.1). In terrace C, the correlation between cores indicates that sequence | found in IENV2-15 is

related to a sequence Il in IENV2-16 (Fig.12). This suggests that between the two areas the
24



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

Mas et al., Marine Geology, corrected version

concentrated flow has transformed into a high-density turbidity current. This transformation can be
related to the decrease of slope, at the continental slope-rise transition below the terrace C4 (Fig. 2)
and to a subsequent hydraulic jump undergone by the flow. High-magnitude flows have a great
impact on the morphology of the turbidite system. In terms of erosion, in the canyon and in the
Upper Valley, they probably contribute to form the erosionnal features such as giant scours observed
on the channel floor (Klaucke et al., 2000) and the low-elevated terraces A and B (Fig. 3 and 4). On
the channel floor of the Middle Valley, the presence of a complex pattern of erosional and
depositional bedforms observed on the SAR imagery (Fig. 6), and the occurrence of few thick and
coarse sequences (Il and 1VVa) suggest that high magnitude flows have travelled in the Middle Valley
and followed a complex pattern of channels and a low-elevation ridges (Piper and Savoye, 1003). In
terms of deposition, the presence of sequences I, Il and IVa in the terrace C, suggests that high
magnitude flows can deposit significant amount of sediment at 70 m above the upper valley floor.
The presence of some thin deposits (sequence 11l and 1VVb) deposited throughout the last century on
the Var Sedimentary Ridge shows that the uppermost part of these high-magnitude flows can spill
over the levee at an elevation of up to 300 m above the channel floor as, mentioned by Migeon et al
(2006). High magnitude events also likely feed the terminal lobes (Unterseh, 1999; Bonnel, 2005).

Low-magnitude flows can be also triggered by slope failures and by floods. The type of trigger
mechanism is hard to recognize from the sedimentary facies and sequences (see section 5.2.2).
However, low-magnitude flows are expected to be dominantly low-magnitude hyperpycnal currents
related to yearly floods as those reported by Khripounoff et al. (2009) or to be low-density turbulent
surge (Ravenne and Beghin, 1983) related to shallow retrogressive small failures (Mulder et al.,
1998). Since these flows are carrying small amount of material and have a short duration, they are
mainly depositional and have a limited longitudinal and lateral extent (Mulder and Alexander, 2001).
In that sense, they are most probably confined in the upper part of the turbidite system. On terrace C,
where the recent turbiditic activity is the best recorded we have shown that sedimentary deposits

during the last 50 years are corresponding dominantly (60-85% of deposits and 90% of sequences) to
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thin (few millimetres to centimetres thick) fine-grained sequences (I, 1VVa and V). They poorly
impact the morphology of the system because (i) they are spatially limited to the canyon and the
Upper Valley and adjacent terraces, and because (ii) their thin deposits are easily eroded and
reworked by larger gravity flows. Nevertheless, they probably subsequently erode the low-elevated
terraces A and B, as suggested by the poor occurrence of sequences deposited and preserved here at
the scale of the last century (Table 1).

In the geological archive, it is very likely that the low magnitude events will be badly preserved
because they occur on terraces within the canyon and the valley and will probably be eroded and
reworded by the few high-magnitude flows. On the other hand, deposits from high-magnitude flows
will very likely be preserved because they are exported on the most remote area of the sytem, i-e the
top and the external flank of the sedimentary ridge and the terminal lobes. This mean that in fossil
systems turbidite facies are most likely representative of the biggest “events” with a return period of
several decades (e.g. return period of 16 year on the Var Sedimentary Ridge), while the sedimentary
record of seasonal activity of the river or yearly slope failures in the canyon will be eventually erased

and badly preserved in the geological archive.

6. Conclusions

This new study presents data at various scales of both time and space. These data allow establishing
a map of the relative importance of deposition and erosion over the whole turbidite system and
highlight the complex interactions between morphology and sedimentary processes. The study
improves the understanding of time-scale preservation of deposits. The following conclusions may
be emphasized:
- Although the channel-floor is a dominantly by-pass area, localized and episodic
sedimentation occurs, with one deposit every 25 years.

- The Var Sedimentary Ridge is dominated by deposition, with one deposit every 14 years.
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- The dominant facies of inner terraces depends on their elevation above the canyon or channel
floor. On low-elevation terraces, erosional processes counterbalance depositional processes.
All deposits show erosional bases. Only a few deposits on high-elevation terraces show
erosional bases and they record most of the recent processes (one deposit every 1-1.5 years).

Six sequences deposited in the Var Turbiditic System have been observed and linked to two main
categories of flows, related to their frequency and magnitude:

- Low-frequency, high-magnitude flows among which (i) concentrated flows and (ii) high-
density turbidity currents, generated by large slope failures potentially earthquakes-induced
(Migeon et al., 2006) ; (iii) high-magnitude hyperpycnal currents, generated by Var River
floods with a discharge tens time higher than the annual flood discharge.

- High-frequency, low-magnitude flow among which (iv) low-density turbidity surges related
to shallow failures in sediment accumulated on the narrow continental shelf and (v) low-
magnitude hyperpycnal currents, probably generated by convective instability in hypopycnal
plumes (Parsons et al., 2001); (vi) hypopycnal plumes or dilute tails of turbidity flows which
convey, by suspension, turbid clouds of sediments through large areas and depose them by
the fall-out process.

The magnitude of a flow controls its impact on the construction of the system and its preservation
through geological archive. High-magnitude flows generate significant changes in the morphology of
the turbidite system, because they are responsible for strong erosion in the canyon and in the valley
and provide thick accumulation on the inner terraces and locally on the channel floor, and most of
the fine-grained turbidites on the Var Sedimentary Ridge. Low-magnitude flows constitute the main
part of the daily sediment flux. These events are not powerful enough to carry their sediment load
into the deep sea, and remain confined in the upper part of the turbidite system (Canyon and Upper
Valley). These short-duration, low-concentration events deposit thin beds with rare sedimentary
structures. Consequently, a single low-magnitude event has different sedimentological signatures

which can lead to misinterpretation of the depositional process. As core correlation has shown, and
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as suggested by Mulder et al. (2001a), it appears that in the case of the Var River, most of fine-
grained turbidites are, in fact, base cut-out hyperpycnal sequences. Therefore, over the last fifty
years, the Var turbidite system has recorded more hyperpycnal currents than theoretical frequency
calculated by Mulder et al. (1998). The threshold of sediment concentration in a river plume
necessary to generate hyperpycnal flow (Mulder et al., 2001b) must be re-evaluated as suggested by
Parsons et al. (2001) to include convective sedimentation or other reconcentration processes.

Only voluminous deposits from high-magnitude flows are preserved on the geological time scale, by
deposing coarse and thick sequences in the channel that could be preserved from erosion, and mostly
by deposing sediments on the levee, which is barely submitted to erosion. Low-magnitude flows
produce thin, fine-grained and discontinuous deposits, even at a metric scale, located inside the
valley of the system. Thus, they are easily eroded by high-magnitude flows and hardly preserved in
the deposits. This outlines the gap between the sedimentary processes acting in a turbidite system

and their record in the sedimentary archive at a geological time scale.
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Figure 1: Location map of the Western Mediterranean Sea showing the Var Deep-Sea Turbidite

System in the Ligurian Basin. Bathymetry is from IFREMER Database.
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Figure 2: Shaded topographic map of the study area. Rectangles indicate location of blow-up of

side-scan sonar images. White dots indicate location of sediment cores.
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Figure 3: (a) SAR imagery and bathymetric contours showing Var Canyon terrace A (~1400 ~1640

m WD). (b) interpretation of the morphology and bedforms. See Fig. 2 for location. White dots

indicate location of sediment cores.
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Figure 4: (a) SAR imagery and bathymetric contours showing terrace B (left hand side terrace). (b)

interpretation of the morphology and bedforms. See Fig. 2 for location. White dots indicate location

of sediment cores.
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Figure 5: (a) Shaded bathymetry of the area with sub-terraces C1, C2, C3 and C4 (right hand side

terrace the Upper Valley, (b) SAR imagery and (c) blow-up of side-scan sonar image of sub-terraces

C2 and C3, (d) interpretation of the morphology and bedforms on sub-terraces C2 and C3 (e) blow-

up of side-scan sonar image of sub-terrace C4 (f) interpretation of the morphology and bedforms on

the sub-terrace C4. See Fig. 2 for location. White dots indicate location of sediment cores.
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Figure 6: (a) SAR imagery and bathymetric contours showing a part of the channel floor in the
Middle Valley, (b) interpretation of the morphology and bedforms. See Fig. 2 for location. White

dots indicate location of sediment cores.
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Figure 7: (a) SAR imagery and bathymetric contours on the crest of the Var Sedimentary Ridge, in

the Middle Valley; (b) interpretation of the morphology and bedforms. See Fig. 2 for location. White

dots indicate location of sediment cores.

38



Mas et al., Marine Geology, corrected version

. . Grain Size D50 (pmlg )
Visual description ~ Photography  XR 1 10 1001000 Facies Sequences

Sharp contact

Mud clasts
Erosive contact

Facies
\¥ 1: Pebble layer

2 - Massive or poorly
- graded sand

¥ 13 : Laminated graded sand

[ 4 : Fine sand with possible
sedimentary structures

\| 5a: Graded silt

[] 5b: silty clay

[] 6 : Hemipelagite

[ 7 : inversely graded sediment
8 : blurred silty layer

EI3 9 : bioturbed sediment

Strong bioturbation

Diffuse contact
Sharp contact

Ripple cross laminations

Parallel laminations

Mud clasts
Erosive contact

Strong
bioturbation

Parallel laminations

Sharp contact

Diffuse
contacts

Bioturbation

Parallel
laminations

Ripple cross laminations
Sharp contact

Diffuse contact

Bioturbation

Parralel laminations

Diffuse
contacts

Ripple cross laminations "l\ I
Diffuse contacts /f
Pebbles — >
Erosional contact <
883 (d)

39



884

885

886

887

Mas et al., Marine Geology, corrected version

Figure 8: Sedimentary facies and sequences found in the Var system, represented by (a) visual
description and sedimentary structures informations, (b) photograph, (c), X-Ray image, (d) main

grain size, (e) facies and (f) sequences.
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889  Figure 9: Photographs, X-ray images (XR) and median of the grain-size curve (D50) showing the
890 vertical distribution of facies and sequences on cores from terrace A (IENV2-13), terrace B (IENV2-
891  14), sub-terrace C3 (IENV2-15), from the middle valley channel floor (VB-08) and from the crest of

892  the Var Sedimentary Ridge (VC-04).
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895  Figure 10: Values of ?°Phe, and **'Cs versus depth on cores from terrace A (IENV2-13), terrace B
896 (IENV2-14), sub-terrace C3 (IENV2-15), from the middle valley channel floor (VB-08) and from the
897  crest of the Var Sedimentary Ridge (VC-04).
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899

900 Figure 11: Schematic map of depositional and erosional processes for each studied area, i.e. the
901 terraces A, B and C, the channel floor and the levee. Colour indicates the relative abundance of
902 erosional features observed on cores and SAR imagery, and patterns indicate the relative level of
903  deposition during the last century, according to the mean sedimentation rate and the number of
904  sequences deposited and preserved. The sedimentation rate given for each area is calculated with
905 three cores on the levee and in terrace A, two cores in the channel, in terrace B and sub-terrace C3,
906 and one core in sub-terraces C1, C3 and C4.
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Figure 12: Photograph, X-ray images (XR), and median of the grain-size curve (D50) showing the

vertical distribution of facies and sequences on cores from sub-terraces C2 (VA-05 and VA-15), C3

(IENV2-15) and C4 (IENV2-16) (see Fig. 5 for cores location). Correlations between cores are based

on visual description, grain size measurements and radioisotopes (*°Pbex and **'Cs).

Table:

Area

Terrace |Ter.B Ter. C1

Ter. C2

Ter. C3

Ter.C4 [Channel [VSR |
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A
Accumulation
Rate (mmyrY) | 25-4 |04-15| >9.2 >9.6 >16 14 09->181.3-2
Mean number of
sequences 7 3 >12 >23 >33 20 >4 6
Mean 110 (0) 1(25) |0(0) 0 (0) 1(7) 0 (0) 0 (0) 0 (0)
number of 1110 (0) 0(0) 0(0) 0(0) 1(7) 2(23) |1(65) 0(0)
sequences | Il |3 (50) 1(25) |3(19) |10(32) |9(19) |13 (46) |1(13) 3 (49)
by type (and | va |1 (23) 0 (0) 1(40) |2(@16) |1(13) |2(20) |2(22) 0 (0)
percentage |y |1 (15) 0 (0) 6(28) |7(43) |9(35) [3(11) [0(0) 1 (23)
ofdeposits) ™y To 11y [1(50) |2(13) |4(9) |12(19) |0©) |0(0) 2 (28)

Table 1: Statistical analyses on the distribution of the sequences during the last century. For each

studied area is given the minimum and maximum estimated accumulation rate (in mm yr™, the mean

number of sequences deposited through the last century, calculated with three cores on the levee and

in terrace A, two cores in the channel, in terrace B and sub-terrace C3, and one core in sub-terraces

C1, C3 and C4. The mean number of sequence is detailed by type and the relative percentage of

sediment deposited is given in parentheses. Note that where **'Cs is still detected at the base of core,

the estimated accumulation rate is a minimal value (noted by ">") given for the last 50 years. Note

also that for cores where *¥'Cs is still detected at the base of the core, the average number of

sequences is deposited in less than 50 years.
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