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Abstract:

A detailed morphological analysis of the outer shelf and continental slope of the Western Gulf of Lion
is presented, based on swath bathymetry data together with sub-bottom profiles and high resolution
seismic reflection profiles. These data reveal two main erosive features, of very different dimensions:
the axial incision and the canyon's major valley. The height of axial incisions' flanks with respect to the
canyon deepest point (the thalweg) ranges from 40 to 150 m. It creates a small axial erosive path
within the canyon's major valley, which is typically bounded by flanks of more than 700 m in height.

We interpret the axial incision observed in the sea floor as the imprint of turbidity currents that eroded
the floor of canyons during phases of connection to rivers (hyperpycnal turbidity current). Such
currents are most likely to have formed during the Last Glacial Maximum (LGM) as both proximity of
the shoreline (due to the lowstand of sea level) and high detrital sediment supply (due to glacial
abrasion upstream) increased the flow of sediments delivered to the canyon heads. Fossil axial
incisions, observed in seismic lines, are related to equivalent conditions.

The axial incision, however, has a key influence on canyon evolution as it triggers mass wasting of
different sizes that affect the canyon's major valley (head and flanks). We interpret the geometry of the
canyon's major valley as the result of recurrent activity of axial incisions. These periods of activity
occurred during low sea levels at glacial maxima and show a cyclicity of 100,000 years for the last
400,000 years.
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Abstract

A detailed morphological analysis of the outer shelf and continental slope of the Western Gulf
of Lion is presented, based on swath bathymetry data together with sub-bottom profiles and high
resolution seismic reflection profiles. These data reveal two main erosive features, of very
different dimensions: the axial incision and the canyon's major valley. The height of axial
incisions' flanks with respect to the canyon deepest point (the thalweg) ranges from 40 to 150 m.
It creates a small axial erosive path within the canyon's major valley, which is typically bounded

by flanks of more than 700 meters in height.

We interpret the axial incision observed in the sea floor as the imprint of turbidity currents that
eroded the floor of canyons during phases of connection to rivers (hyperpycnal turbidity
current). Such currents are most likely to have formed during the Last Glacial Maximum (LGM)
as both proximity of the shoreline (due to the lowstand of sea level) and high detrital sediment
supply (due to glacial abrasion upstream) increased the flow of sediments delivered to the
canyon heads. Fossil axial incisions, observed in seismic lines, are related to equivalent

conditions.

The axial incision, however, has a key influence on canyon evolution as it triggers mass wasting
of different sizes that affect the canyon's major valley (head and flanks). We interpret the
geometry of the canyon's major valley as the result of recurrent activity of axial incisions. These
periods of activity occurred during low sea levels at glacial maxima and show a cyclicity of 100

000 years for the last 400 000 years.



Introduction

Following the pioneering work on submarine canyons (Dana, 1863), several descriptions and
hypothesis to explain the formation and evolution of canyons have been published. Shepard
(1936) suggested that the canyons off New England could not have been excavated during
one single period of erosion because of the height of canyon walls; he suggested that canyons
might be the result of a succession of emersion, erosion and filling. Daly (1936) and Kuenen
(1938) discovered the erosive power of marine turbidity currents. Daly (1936) was the first to
suggest that submarine canyons are eroded by turbidity currents. Early studies in submarine
canyons were restricted to canyon heads and it was Veatch and Smith (1939) that discovered
the seaward extension of submarine canyons across the continental slope. In the Gulf of Lion,
studies conducted in the Lacaze-Duthiers canyon (Bourcart et al., 1948) and Aude canyon
(Bourcart, 1960; Duplaix & Olivet, 1971) showed that they were filled and partially re-
excavated to form a new canyon, not as deep as the previous one. Aloisi et al. (1975)
observed that periods of maximum sea-level falls were associated with excavation at the shelf
edge and rejuvenation of submarine canyons. Twichell and Roberts (1982) and Farre et al.
(1983) proposed that canyons are eroded by turbidity currents but also by retrogressive mass
wasting of the slope. Based on ideas from Daly (1936) and Farre et al. (1983) a model for
head-ward erosion of submarine canyons induced by downslope eroding sediment flows was
proposed by Pratson for the New Jersey continental slope (Pratson et al., 1994; Pratson and

Coakley 1996) and confirmed by the work of Mountain et al. (1996).

The presence of an axial incision was described in Wilmington and Carteret canyons on the

East Coast of the United States (Slater, 1981) and the Gully Canyon in Nova Scotia (Stanley



and Silverberg, 1969). Along Mediterranean margins, axial incisions were observed within
Peiiiscola canyon (O'Connell et al., 1987), Foix, Marta and Benicarlo canyons (Alonso et al.,
1991) and the regional collector of all canyons on the Ebro Margin, the Valencia Channel

(Canals et al., 2000).

However, the origin of submarine canyons remains a matter of speculation. In addition, the
axial incisions in submarine canyons, the processes at their origin, and the effect of incision

on canyon evolution have not yet been studied.

Within the Gulf of Lion, the best studied submarine canyon-channel system is the Petit
Rhone. It feeds the Rhone deep-sea fan to the east of our study area (e.g. Bellaiche et al.,
1983; Droz et al., 1985; Droz, 1991; Kenyon et al., 1995; Bellaiche and Mart, 1995; Torres et
al., 1995; Torres et al., 1997, Droz et al., 2001). Due to relatively unprecise mapping
techniques, the morphology of the western Gulf of Lion submarine canyons was
comparatively poorly known (Bourcart, 1960; Glangeaud et al., 1968; Got & Stanley, 1974;
Canals, 1985). A swath bathymetry survey led to a detailed map of this area (Berné &

Loubrieu, 1999; Berné et al., 2002), that is used as a base for this study.

This paper focuses on the radially distributed canyons that converge into the roughly N-S
oriented Séte Canyon (Fig. 1). It proposes a mechanism for the origin and the key role of the

axial incision in canyon evolution and it establishes the relation with sea level changes.



Data

The bathymetric data set for the slope was collected during the CALMAR-97 cruise (Berné &
Loubrieu, 1999) (using a SIMRAD EMI12-Dual multibeam echosounder on board R/V
L'Atalante in 1997), and completed by cruises BASAR2 (SIMRAD EM950 multibeam
echosounder on board R/V L'Europe in 1995), CALMAR-99 (SIMRAD EM1000 multibeam
echosounder on board R/V L'Europe in 1999) and STRATAFORM (SIMRAD EM300
multibeam echosounder on board R/V Le Suroit in 2002). The bathymetric data were acquired
and post-processed with IFREMER's CARAIBES software. The bathymetric data set on the
shelf comes from sounding charts from the French Hydrographic Service (SHOM), that were

interpreted and digitized at the 1:20.000 scale (Berné et al., 2002).

The seismic data come from the same cruises. They include GI-gun seismic profiles shot at 8
knots with a 6-channel streamer, sub-bottom profiles (3.5 kHz with 150 m maximum
penetration) and Sparker data. These seismic data were digitally recorded with a DELPH
system and post-processed with IFREMER's SITHERE software. Multichannel (24 channels)
profiles from the MARION cruise (on R/V Le Suroit in 2000) complete this data set, profiles
crossing canyons have been depth migrated with IFREMER's SISBISE software to correct for

pull-down effect.



General setting

The Gulf of Lion is a prograding margin mainly fed by the terrigenous input from the Rhone
river that builds the Rhone deep sea fan seawards (e.g., Droz and Bellaiche, 1985). Hérault,
Aude and Tét rivers are secondary sediment sources located in the western part of the gulf
(Fig. 1). During sea-level highstands, similar as today, the main depocenter is near the coast
and builds a high-stand wedge (Monaco, 1971). The remaining fraction is transferred offshore
by nepheloid layers (Aloisi et al., 1979). The sediments are also distributed along the coast by
littoral drift (Aloisi et al., 1979; Monaco et al., 1987) and on the outer shelf by the Liguro-
Provencal geostrophic current that flows along the margin in a counter-clockwise direction
(Millot, 1990). During glacial periods, river outlets were close to the shelf edge and favoured
a large accumulation of sediments on the outer shelf, the continental slope, rise and abyssal
plain (Got and Stanley, 1974; Canals, 1985; Torres 1995; Berné et al., 1998a; Droz et al.,

2001).

Recent results based on core data, seismic stratigraphy and stratigraphic simulation
(Rabineau, 2001) provide the outlines of depositional patterns, in the middle and outer shelf.
They show that sedimentary sequences record 100 000 years glacioeustatic
(interglacial/glacial) cycles for the last 540 000 years. Each cycle shows a major discontinuity
that is a regional regressive erosional surface named D-70, D-60, D-50, D-40 and D-30
developed during lowering of sea level and lowest stand that are correlated to marine isotopic

stages 2, 6, 8, 10 and 12 respectively (Rabineau, 2001 and Rabineau this issue).



Three physiographic provinces characterize the study area: the outer continental shelf (with a
0.1° slope) ; the continental slope (1.5°) and the rise (0.9°) (Fig. 1). The continental slope is
dissected by six major submarine canyons (Cap Creus, Lacaze-Duthiers, Pruvot, Bourcart
(also named Aude), Hérault and Séte canyons from the W to the E), which develop from the
shelf break to the rise between 90 and 2000 m water depth (Fig. 1). The major branches of

these canyons have been numbered in a clockwise direction (Fig. 2).



Results

1- Morphological characteristics

Two main erosive features, of very different dimensions, can be observed: the axial incision
and the canyon's major valley with high flanks (Fig. 3). The morphometric characteristics of
both the canyons' major valleys and their axial incisions (azimuth, west flank height, east
flank height, flanks average height, average width, width/height ratio,....) are summarized in

Table 1 and presented in Fig. 3.

Based on the bathymetric and seismic data, we distinguish three types of present day
geometry for the canyon's major valley : infilled canyons, incised canyons and empty

canyons.

(1) Infilled canyons:

This type of canyon displays partial or total sediment infill. The branches HRC1, HRC4,
STC1 and STC2 of the Hérault and Séte canyons correspond to this type (Fig.2 ). HRCI is an
about 5 km-wide slight depression, nearly completely filled and no axial incision is visible
(Fig. 4). This canyon Seismic profiles (Fig. 4B) show that the canyon head had fossil flanks

higher than 200 m and was filled afterwards.

(11)  Incised canyons
Such canyons are partially infilled and subsequently incised by axial erosion. Branches HRC2

and HRC3 of the Hérault canyon, branch BCC2 of the Boucart canyon, and parts of the



Lacaze-Duthiers and Cap Creus canyons are examples of this type (Figs. 2, 4A, 4C, 5A, 6A,

6B, 7A and 7B).

In the about 2 km wide branches HRC2 and HRC3, the canyon flanks height reach 200-250 m
in the head (Fig. 4A) with, locally, a 20° flank slope. In both branches, canyon heads reach
the shelf at a depth around 110 m. In the upper part of the canyon heads, a complex system of
minor gullies converge towards the 40 m-deep and 400 m-wide axial incision at 3.7 km from
the head and 300 m water depth (Fig. 4A). Further seaward, the two incisions converge at
around 500 m water depth in a single axial incision, 700 m wide and 40 m height on average
(Fig. 4). The axial incision disappears where the Hérault canyon joins the Séte canyon at
about 1.800 m of water depth (about 60 km from the canyon head), forming a 400 m hanging

valley (Figs. 1 and 2).

The branch BCC2 of the Bourcart canyon (Fig. 5) is a 5-6 km large canyon. Its canyon's
major valley reaches 890 m (western flank) and 820 m (eastern flank) in height with flank
slopes of 20° and 10° respectively. Its head intersects the shelf edge at 110 m water depth.
This axial incision is well developed with a mean depth of 50 m and an average width of
300 m. It starts with a meandering morphology between 110 m and 450 m water depth and a
height of 60 m. Its path straightens and its height decreases between 450 m and 1400 m water
depth where the canyon is captured by the Lacaze-Duthiers canyon (58 km from the canyon

head) (Fig. 2). On the eastern flank of the canyon, semi-circular slump scars can be observed

(Fig. 5).



Lacaze-Duthiers canyon reaches a depth of 700 m with a good symmetry between the two
flanks; their slopes reach 20°. In this 8 km wide canyon (on average), the axial incision is
well defined between 500 and 1700 m water depth (Figs. 2 and 6). The incision shows an
average width of 1800 m, an average height of 150 m and an average thalweg azimuth of N
124°. The axial incision height decreases from 260 m (15 km from the head) to 80 m (70 km

from the head), with a mean value of 150 m.

The height of Cap Creus canyon reaches 500 m (eastern flank) and 800 m (western flank).
The flank slopes reach 15° and are erosive. The axial incision develops between 640 and 1700
m water depth (Figs. 2 and 7A). In the upper and middle parts of the canyon (between 120
and 640 m water depth) the incision is not visible (Figs. 2 and 7A). At 20 km from the canyon
head, the incision is about 100 m high and decreases to 50 m, 50 km seaward (Fig. 7C). The
morphology suggests that major slides affected the flanks and that the erosion has erased the
imprint of the axial incision in its upper course (Fig. 7). The axial incision is no more visible
at depths greater than 1700 m water depth where the canyon is affected by listric faults. These
faults, expressed in the bathymetry (Fig. 2), are rooted into the underlying Messinian salt

(Dos Reis, 2001; Dos Reis , this issue).

(i11))  Empty canyons

This type of canyon is characterized by abrupt flanks without any visible infilling deposits. It
is only represented by two canyon branches among all the studied canyons: the Lacaze-
Duthiers and the Cap Creus canyons, in the upper part of their course. Further downstream,
these empty canyons pass into incised canyons at about 15 km from the canyon head (Figs.

6A, 6C, 7A and 7C). The Lacaze-Duthiers canyon head, with a flank height of more than

10



400 m and a width of 4 km, illustrates this longitudinal transition. At the shelf edge they reach
and erode the seaward termination of the Last Glacial Maximum shoreface sands (Berné et
al., 1998b). This erosion retrogrades up to the 100 m contour line and induces a longitudinal
profile without any break in slope in the upper part (compare longitudinal profiles of Cap

Creus and Lacaze-Duthiers with profiles of Bourcart and Hérault canyons).

2- Stratigraphic correlation

We have extended downslope the interpretation of major discontinuities identified on
the outer shelf in order to relate canyon history to Quaternary glacial cycles. The main
discontinuities that we tracked are D-70, D-60, D-50 and D-40, that correspond to Marine
Isotope Stages (MIS) 2, 6, 8 and 10 respectively (Rabineau, 2001 and this issue). We will

examine successively very high resolution and high resolution multi-channel seismic data.

Seismic profiles across the upper course of the Bourcart canyon show that a large
incision existed during MIS 6 (Fig. 8). Between MIS 6 and MIS 2, a large volume of
sediment accumulated, especially in the canyon head, where it reaches up to 300 ms. The
canyon has been nearly completely filled afterwards then re-incised by the last eroding
episode that creates the axial incision visible on the sea floor. The second section (Fig. 8B) is
located seaward (Fig. 5A) and shows the same sequence but with a smaller volume of

deposited sediment between D-60 and D-70.

Multichannel depth-migrated seismic profiles illustrate the downslope evolution of the

main discontinuities : D-60 related to the glacial maxima and previously described in the very

11



high resolution seismic data, and underlying D-50 and D-40 (Figs. 9 and 10). The seaward
evolution of these discontinuities are observed along the Aude-Hérault interfluve, where the
sedimentation is not disturbed by the presence of the canyon (Fig. 9). In multichannel profile
6020 (Fig. 10-A, same location than profile sparker-5089 in Fig. 8B) we can see the evolution
of discontinuities (D70-LGM, D-60, D-50 and D-40) in the canyon, and a succession of large
fossil canyons, with a fossil axial incision (Fig. 10-B). Seawards, in the middle canyon, the

same sequences are shown on profile 6024 (Fig. 10-C).

In summary we observe that:

(1) axial incisions show different patterns (from meandering to slightly sinuous) and
appear well developed on the present floor of Cap Creus, Lacaze-Duthiers, Bourcart-2,
Hérault-2 and Hérault-3 canyons. It is smoothed on the present floor of Pruvot and Bourcart-1
canyons and it is absent in Hérault-1, Hérault-4, and Sete canyons (infilled canyons) (Fig. 2),

(i) erosional structures related to fossil axial incisions are seen in multichannel seismic
profiles and correlate to the major discontinuities observed on the outer shelf,

(ii1) the multi-channel seismic data in the interfluve (Fig. 9) illustrate the evolution of
major discontinuities that show the progradation of the sediments in a zone not affected by the
presence of canyons,

(i1i1) the seismic data crossing the canyon show the infill of the upper canyon head (Fig.

8A) and the progressive widening and deepening of the canyon downslope (Figs. 8B and 10).
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Discussion

The submarine canyons in the Gulf of Lion have a complex history with phases of deposition
and of erosion. Two main erosive features, of very different dimensions, can be observed: (i)

the axial incision and (ii) the canyon's major valley.

The axial incision is defined as the downcutting of the canyon floor during
rejuvenation. The most probable mechanism for its formation is the erosion by turbidity
currents. They can be generated by: (a) direct connection with turbulent fluvial flow
(hyperpycnal turbidity current) or (b) the down slope evolution of mass wasting processes,
affecting sediment previously deposited at the shelf edge and/or slope (dilute turbidity

currents).

The first hypothesis (river connection) is favoured by the fact that axial incisions start
around 110 m water depth, which roughly corresponds to the sea level position during LGM
in the Gulf of Lion (Lambeck and Bard, 2000). The meandering shape of the axial incision
within the Bourcart canyon suggests the existence of maintained flows. Considering the
initiation of axial incisions (Fig. 5-A) and their length (more than 50 km), it is not possible
that they result from slope failure. Maar (1999) has shown that the conversion of failure-
generated land-slides to dilute turbidity currents is an inefficient process for erosion (in
Parsons et al., 2001). Only hyperpycnal plumes generated by flooding rivers (Mulder &
Syvitski, 1995) have the sufficient duration and magnitude for generating such axial incisions.

All the canyon heads where axial incisions are observed correspond to the seaward
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termination of streams whose retreat path during the post LGM sea-level rise is marked by

both erosion and sediment accumulation across the shelf (Berné et al., 2002).

This interpretation is supported by the fact that, during glacial periods, an important
continental run off (due to presence of glaciers in the Alps and Pyrenees) increased the direct

delivery of sediments to the canyon heads.

The period of activity of the axial incision can be accurately estimated in the Bourcart
canyon where it erodes a distinct notch which can be traced all around the continental shelf in
the Gulf of Lion (Berné et al., 1998b). This notch represents the seaward termination of
shoreface sands deposited during the forced regression induced by sea-level fall prior to the
LGM (Rabineau et al., 1998 ; Berné et al., 2002; Rabineau et al., this issue). This means that
the axial incision was still active during the LGM, when the forced regressive shoreface sands
were deposited. Only a thin veneer (<1 m) of post-glacial deposits, representing the
transgressive and highstand condensed deposits, covers the lowstand deposits on the outer

shelf (Got, 1973; Berné 1998a).

However slope instabilities are also observed on the flanks of the canyons, and bring
some sediment transported through the axial incision. In the Lacaze-Duthiers canyon (Berné
& Loubrieu, 1999), and the branches 2 and 3 of the Hérault canyon, the axial incision is in

continuity with canyon head where slump scars suggest a retrogressive mechanism (Fig. 6A).

In summary, we interpret the axial incision observed at the present sea floor as the

erosive path related to the passage of hyperpycnal turbidity currents, generated up-slope by

14



river connection during LGM. This erosion trigger mass wasting that affects the canyon's

major valley (flanks and head), as modeling by Pratson and Coakley (1996) suggested.

Formation of the canyon's major valley

The canyons' major valleys in the Gulf of Lion, with subregular flanks of more than 700
m height, can not be the result of a single erosive episode (as already discussed by Shepard
(1936)). Their flanks are five time greater than the height of the active feeder channels of the
largest deep sea fans in the world that are, for instance, 195 m, 200 m, 100 and 50 m, for the
Indus, the Amazon, the Rhone and the Mississippi channels, respectively (Clark & Pickering

1996).

We showed that the axial incision induces instabilities on canyons flanks through
erosion. Fig. 11 shows the interpretation of structures observed in Fig. 8-B. In the vicinity of
the axial incision we observe perturbed, stretched and eroded sediments related to the axial
incision activity. This perturbation triggers major slumps as observed on the western flank
(Fig. 11). Those slumps have eroded a large amount of sediments that have been subsequently

transported downslope via the axial incision.

We propose a scenario for the evolution of the upper Bourcart canyon (Fig. 12) based
on seismic data from Fig. 8. This evolution is explained through time between D60 and D70-

LGM discontinuity.

i) The start point (Fig. 12-A-1) is a fossil incised stage, related to low sea level (D-60)

during the glacial maximum of isotopic stage 6.
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ii) During the next step, the canyon head is partially filled with sediments from the river
plumes and benthic boundary layers (Fig. 12-A-2). In this stage sediment fill and the canyon
are stable, as we can see in the conformable reflectors from the infilled Hérault branch (Fig.
4-B) and in the sediments olders than —and not affected by- the axial incision (Fig. 8).

iii) In the 3™ step, the lowering of sea level brings the shoreline near the canyon head,
and an early river connection is established. The sediment input increases and turbidity
currents start to erode the floor of the canyon (Fig. 12-A-3).

iiii) During the last stage of lowering of sea level and LGM, sedimentation rate increase
around canyons heads because of sea-level fall that shortens the distance between rivers and
the shelf edge. When the shoreline is close to the canyon head, hyperpycnal turbidity currents
erode the floor of the canyon generating the axial incision (Fig. 12-A-4). During this stage the
undercutting of the floor by axial incision triggers slides and creates small failures and sliding
surfaces in the sedimentary filling; those destabilizations induce in turn instabilities and
retrogressive slumps along the main flanks of the canyons (Fig. 11). The re-mobilized

sediments are drained by the turbidity currents downslope.

If no stream connects to the canyon head during the minimum stage of sea level, no

axial incision occurs and sediment fill remains stable (Fig. 12-A2).

Using the interpretation of multichannel seismic data (Fig. 10-C) we are able to
reconstruct the canyon evolution through time, from 400 000 years to present (Fig. 13). We
show that the gradual widening and deepening of the middle canyon (cycle after cycle, during

each glacial maximum) is related to the activity of axial incision.
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Together with the widening and deepening of the canyon's major valley (as a
consequence of the recurrent axial incision activity during each glacial maximum) (Fig. 8-A
and Fig. 13) the upper-most canyon head (Fig. 8-B) is infilled as a consequence of the overall

progradation of the margin.
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Conclusion

This work demonstrates the presence of an axial incision in most submarine canyons in
the western part of the Gulf of Lion. The height of these axial incisions ranges from 40 to 150
m. They create a small axial erosive path within the erosive canyon's major valley, bounded by

flanks of more than 700 meters in height.

-The axial incision, observed at the present sea floor, is an erosive minor feature
observed in most canyons and interpreted as the imprint of hyperpycnal turbidity currents that
eroded the floor of canyons and drained sediments downslope during connection to active

rivers during the Last Glacial Maximum.

-The minor erosion related to the axial incision, however, has a key influence on canyon
evolution as it triggers mass wasting of different sizes that affect the canyon's major valley

(head and flanks) (Fig. 11).

-Axial incisions and associated discontinuities are correlated to major erosional surfaces
related to 100 000 years glacioeustatic —interglacial/glacial- cycle (Rabineau, 2001 and this
issue). Therefore axial incision show recurrent activity corresponding to 100 000 years glacial

cycles for the last 400 000 years.

-The canyon's major valley can not be the result of a single erosive episode. The
widening, deepening of the canyon's major valley is the consequence of the recurrent erosive

activity of the axial incision during each glacial maximum (Fig.13).
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The scenario proposed in this paper should not be applied directly to all types of
margins. The study area shows a combination of local conditions: a prograding margin with
high sediment load, shelf of 50 km (average slope <0.57°), a low continental slope (1.5°) and
highstand deposits trapped in the inner shelf, so that river connection and major canyon

activity only occur around glacial maxima.
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Figure Captions

Figure 1: General bathymetric map of the western Gulf of Lion showing the three main
physiographic areas: the continental shelf (0.1°) the continental slope (1.5°) and the rise
(0.9°). The plain bold line is the shelf break. The dashed line is the slope break. The doted
line is the Last Glacial Maximum shoreface. CCC: Cap Creus Canyon; LDC: Lacaze-Duthiers
Canyon; PVC: Pruvot Canyon; BCC: Bourcart Canyon; HRC: Hérault Canyon; STC: Séte

Canyon; MAC: Marty Canyon.

Figure 2: Simplified and shaded bathymetric map of the western Gulf of Lion showing the
different types of canyon. Dots represent an incision that has been smoothered. The different
branches of canyons are numbered in a clockwise direction. Boxes show the position of

figures presented in this paper.

Figure 3: Sketch of a canyon showing the difference between the canyon's major valley and
the axial incision. In frame B we can see some of the measured parameters: WFH; canyon's
major valley west flank height, EFH; canyon's major valley east flank height, MVW;
canyon's major valley width, and the axial incision height and width. The axial incision
potential infill quantifies the minimum amount of material eroded from the canyon floor and

transported downslope through the axial incision.

Figure 4: Hérault Canyon head. A) detailed bathymetric map of Branches H1, H2 and H3

(see Fig. 2 for location) with the position of Sparker seismic lines. B) Seismic line across
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branch H1 showing an infilled canyon. C) Seismic line across H2 and H3 showing

infilled/incised branches with axial incisions.

Figure 5: Incised head of Bourcart Canyon (BCC2). A) detailed bathymetric map (see Fig. 2
for location) with the position of sparker seismic lines showed in Fig. 8. B) Longitudinal
profile along BCC2 canyon, showing the evolution of the depth of the thalweg with the
distance from the head, the height of the canyon's major valley flanks and the height of the

axial incision flanks.

Figure 6: Lacaze-Duthiers Canyon. A) detailed bathymetric map (see Fig. 2 for location) with
the position of the seismic line showed in B. B) GI-Gun seismic profile (with a resolution of
about 20 m) across the canyon showing an infilled/incised canyon. C) Longitudinal profile
along canyon, showing the evolution of the depth of the thalweg with respect to the distance
from the head, the height of the canyon's major valley flanks and the height of the axial

incision flanks.

Figure-7: Cap Creus Canyon. A) detailed bathymetric map (see Fig. 2 for location) with the
position of the seismic line showed in B. B) GI-Gun seismic profile (with a resolution of
about 20 m) across the canyon showing an incision. C) Longitudinal profile along the canyon,
showing the evolution of the depth of the thalweg with respect to the distance from the head,

the height of the canyon's major valley flanks and the height of the axial incision flanks.

Figure-8: Interpretation of Sparker seismic lines from CALMAR-99 cruise (see location in

Fig. 5) A) 5083 line in the uppermost canyon head where the progradation of the margin is
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expressed in the progressive filling of the canyon's major valley, B) 5089 line located 3km
downslope of frame A, showing the consequences of the axial incision activity on its flanks

and on the main canyon flanks.

Figure 9: A and C) Multichannel seismic line 6012 from MARION cruise showing the
evolution of main discontinuities (D-70, D-60, D-50 and D-40) in the BCC-HRC interfluve,
where the sedimentation is not perturbed by the existence of the canyons (see Fig. 2 for
location). B) Simplified sea level curve (Waelbroeck et al., 2002) showing the successive

lowstands related with incised stages ( D-40, D-50, D-60 and LGM).

Figure 10: Depth migrated seismic lines 6020 and 6024 A) line 6020 (same location as
sparker line 5086 from Fig. 8-B), B) Zoom from line 6020 showing fossil axial incisions
associated with main discontinuities and C) line 6024, seaward in the middle canyon (see Fig.

2 for location), showing the deepest and widest canyon seismic expression.

Figure-11: Detail of line 5089 (see location in Fig. 8-B) showing the role of the axial
incision. We show that the axial incision induces instabilities in canyons through erosion. In
the vicinity of the axial incision we observe perturbed stretched and eroded sediments related
to the axial incision activity. This perturbation triggers major slumps as observed on the
western flank. Those slumps have eroded a large amount of sediments that have been
subsequently transported downslope via the axial incision. We show that the axial incision is

the mechanism that controls the deepening and widening of canyons' major valleys.
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Figure-12: A) Simplified scenario for the evolution of the Bourcart canyon through time with
phases of deposition and erosion, line 5083 is located in the uppermost canyon head and line
5089 is located 3 km downslope (see location in Fig. 5). A-1) Inherited stage from previous
lower sea level; A-2) early filling of the canyon from head to slope during phases of lowering
of sea-level; A-3) early incised stage related with lowstand and A-4) axial incision at
lowstand with a river connection and turbidity currents, the incision erodes previously
deposited triggering slides in flanks and head, the re-mobilized sediments are drained
downslope during connection stage; A-1) and so forth... B) Sea level curve (Waelbroeck et
al., 2002) showing the relation between sea level and sedimentation/erosion periods for the

last cycle (from D-60 to LGM)

Figure 13: A) Sea level curve (Waelbroeck et al., 2002) showing the successive lowstand
related with incised stages ( D-40, D-50, D-60 and LGM). B) Simplified scenario for the
evolution of the middle canyon through successive lower sea levels. Step by step we show the
progressive widening and deepening of the canyon (in its middle course). Each step is related

to incised stages from lowstands.

Figure 14: Sea level curve (Waelbroeck et al., 2002) showing the successive lowstands
related with incision stages ( D-40, D-50, D-60 and LGM) and the simplified scenario for
canyon evolution related with Quaternary glacial/interglacial 100,000yrs cycles for the last

400 000 yrs.
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Table

Table 1: Morphometric data for the submarine canyons of the Western Gulf of Lion. Values
obtained from the analysis of cross sections perpendiculars to the thalweg. Ranges are defined
in a seaward direction. The parameters are: Az; azimuth; WFH; west flank height, EFH; east
flank height, FsAH; flanks average height, AW; canyon's major valley average width, W/H;
canyon's major valley width/height ratio. Axial incisions volumes are also summarized. The
estimated volume quantifies the minimum material eroded from the canyon floor and
transported downslope through the axial incision (the total sediment volume removed is 11.4
km®). Value obtained for the Lacaze-Duthiers canyon suggests that this canyon had a

particularly important activity.
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Az | Depthrange | Thalweg | Canyon | Sinuosity [ WFH(max) | EFH(max) FsAH AW (max) W/H | Vol
©) (m) length length (m) (m) (m) (m) (km®)
(m) (km)

CC-CANYON 120 120-1850 106 91 1.16 339 (830) 279 (513) 309 6405 (13856) 30 -

CC-INCISION 640-1650 - - - - - 100 1400 - 2.28
(range 150-35) (range 1800-950)

LD-CANYON 124 110-1850 105 89 1.18 407 (788) 435 (768) 416 8134 (13278) 27 -

LD-INCISION 500-1700 - - - - - 150 1800 - 6.20
(range 240-60) (range 2400-1100)

PR-CANYON 136 124-1340 42 36 1.16 235(393) 181 (345) 208 3369 (5609) 22 -
BC2-CANYON 150 110-1690 68 62 1.09 361(8957) 269 (828) 315 4685 (7300) 22 -
BC2-INCISION 110-1700 - - - - - 50 900 - -

(range 80-10) (range 1400-500)
HR2-CANYON 159 110-470 7,2 7 1.3 132 (231) 154 (420) 143 2435 (3035) 21 -
HR3-CANYON 158 110-767 23 20 1.1 285 (770) 308 (770) 297 4545 (6652) 22 -
HR2and3-INCISION 110-1800 - - - - - 40 700 2.02
(range 20-100) (range 1200-450)
HR4-CANYON 148 130-1913 64 53 1.20 265 (425) 345 (670) 298 10829 (6200) 23 -

ST1-CANYON - 154-1057 15 12 1.22 338 (720) 224 (457) 323 5554 (7184) 24 -

ST2-CANYON 150 158-2116 88 74 1.18 626 (1065) 299 (620) 470 6423 (9442) 18 -

Table 1, Baztan et al.
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