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Abstract :
A dense grid of high- and very high resolution seismic data, together with piston cores and borehole
data providing time constraints, enables us to reconstruct the history of the Bourcart canyon head in the
western Mediterranean Sea during the last glacial/interglacial cycle. The canyon fill is composed of
confined channel–levee systems fed by a series of successively active shelf fluvial systems, originating
from the west and north. Most of the preserved infill corresponds to the interval between Marine Isotope
Stage (MIS) 3 and the early deglacial (19 cal ka BP). Its deposition was strongly controlled by a relative
sea level that impacted the direct fluvial/canyon connection. During a period of around 100 kyr between
MIS 6 and MIS 2, the canyon “prograded” by about 3 km. More precisely, several parasequences can
be identified within the canyon fill. They correspond to forced-regressed parasequences (linked to
punctuated sea-level falls) topped by a progradational-aggradational parasequence (linked to a
hypothetical 19-ka meltwater pulse (MWP)). The bounding surfaces between forced-regressed
parasequences are condensed intervals formed during intervals of relative sediment starvation due to
flooding episodes. The meandering pattern of the axial incision visible within the canyon head, which
can be traced landward up to the Agly paleo-river, is interpreted as the result of hyperpycnal flows
initiated in the river mouth in a context of increased rainfall and mountain glacier flushing during the
early deglacial.
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Graphical abstract :
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Highlights
► First detailed chronology of canyon head infill, which took place between 38 and 19 ka BP during the
last glacial cycle, ► Fluvial connection (in relation with sea-level changes) is the key controlling
parameter. ► The seismic stratigraphic motif consists in confined channel–levee systems with chaotic
infill, topped by fluvial facies. ► Large MTDs are related to Bond cycles.

1- Introduction
There are relatively few studies focusing on the relationship between canyon infill, fluvial delivery to
canyon heads and relative sea-level changes. Most of the textbooks on sequence stratigraphy (e.g.
(Posamentier et al., 1988); (Catuneanu, 2006)) include canyons in slope and deep-sea facies, which are
viewed as part of the lowstand (or falling stage) and transgressive systems tracts (Rasmussen, 1994,
1997). The Quaternary, and especially the last Glacial/Interglacial cycle, offers the possibility to
investigate precise processes that control fluvial/canyon connections, because most of the world’s
fluvial systems reached the shelf edge during the Last Glacial Maximum (LGM, between ca. 26.5
and 19 ka BP).
Several mechanisms have been proposed to explain the origin of canyons, which are common features
observed along modern (Quaternary) continental margins, as well as features that are buried in the
stratigraphic record. Two main processes (not necessarily mutually exclusive) are generally proposed
and have been the object of reviews and discussions (i.e. Mountain et al. (1996); Pratson and Coakley
(1996); Pratson et al. (1994)).

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive
publisher-authenticated version is available on the publisher Web site.

ACCEPTED MANUSCRIPT
1- Initiation of turbidity currents (and/or mass failure) at the mouth of a fluvial system
situated in the vicinity of the shelf edge. Daly (1936) was the first to introduce the idea

PT

of turbidity currents as the major factor in the formation and erosion of submarine
canyons in relation to sea-level variations. This mechanism of canyon formation

SC
RI

implies overloading through sediment accumulation at the river mouth (Pratson et al.,
1994) triggering mass failure and/ or the initiation of hyperpycnal flows within the river,
evolving into a turbidity current along the slope (Mulder et al., 2003; Normark and

NU

Piper, 1991). In the Gulf of Lions, Baztan et al. (2005) suggested that the connection

MA

of fluvial systems at some canyon heads during the Last Glacial Maximum resulted in
the formation of narrow (300 m wide) axial incisions, about 100 m deep, cutting across

ED

the thalweg of the main canyons. It was proposed that this process also accounts for
the broadening of the main canyon through the lateral collapse of the canyon rims,

PT

due to retrogressive slides triggered along the axial incision (Sultan et al., 2007).
Instead of direct sediment delivery from rivers, littoral drift can be the main source

CE

feeding canyon heads when the continental shelf is narrow or absent (Shepard, 1972;

AC

Shepard and Dill, 1977). This is the case of Mandji Island, in the vicinity of the Ogooue
River mouth on the Gabonese Margin (Cap Lopez Canyon, Biscara et al., (2011)), to
the North of Fraser Island on the east coast of Australia (Boyd et al., 2008), or for the
La Jolla canyon on the Californian margin (Covault et al., 2007). In these cases,
however, sediment transfer to the deep sea is channelized within several gullies,
rather than through a distinct axial incision meandering within a broad canyon.
2- Mass failure on the slope evolving through retrogressive erosion that may
eventually “capture” fluvial systems. This scenario was based on the observation by
Twichell and Roberts (1982) that some canyons cut across the shelf edge, whereas
others are confined to the continental slope, the former (and older) resulting from
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headward erosion of the second (younger) type. This idea was also developed by
Farre et al. (1983) who proposed a scenario with an initial phase dominated by slope

PT

failure, followed by the development of coarse-grained turbiditic flows fed by offshore
sands after the canyon head reaches the shelf edge. This “bottom-up” scenario has

SC
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been proposed to explain the origin of the Yoakum/Lavaca canyon system (Gulf of
Mexico) (Galloway et al., 1991), the Andǿya canyon (Norwegian Sea) (Laberg et al.,
2007) or the Bari canyon (Adriatic sea) (Ridente et al., 2007), which are not related to

NU

any river. This scenario was also proposed to explain the formation of canyons where buried

MA

paleovalleys exist on the shelf such as of the Otero River (Lo Iacono et al., 2013). Similarly,

the formation of some canyons of the Argentine Continental Margin is explained by

ED

headward retrogressive erosion, increased by strong contour currents (Lastras et al.,
2011). Headward erosion and lateral migration controlled by contour currents is also

PT

proposed as the mechanism at the origin of buried late Miocene canyons in the South

CE

China Sea (He et al., 2013).

AC

These two scenarios were reconciled by Pratson and Coakley (1996) who showed, through
numerical modeling, that retrogressive failure along the mid-slope can be triggered by
downslope currents initiated at the shelf edge (possibly at the river mouth) and flowing
along rills. In addition to these two general scenarios of canyon formation, fluid escape has
been proposed as an important mechanism in the initiation and/or evolution of some
canyons, such as the Benito canyon off the Equatorial Guinean coasts (Jobe et al., 2011) or
along the eastern margin of Japan, where pockmarks formed by release of hydrostatic
pressure during sea-level falls might be at the origin of the canyons (Nakajima et al., 2014),
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In any event, as already mentioned by Shepard (1981), it is likely that most canyons result
from a combination of various processes operating over long periods of time, interrupted by

PT

intervals of non-deposition or condensation. For instance, the history of the Tugela Canyon
on the east coast of South Africa is related to several phases of hinterland uplift, at the

SC
RI

origin of incisions, followed by pelagic infill and reworking by oceanic currents (Wiles et al.,
2013). In the Bay of Biscay, the Capbreton canyon that cuts across the broad Aquitaine
shelf displays a very meandering pattern and a distinct axial incision that is interpreted as

NU

being inherited from the period of connection of the canyon head with the Adour River

MA

(Gaudin et al., 2006). However, during the last decade, the canyon experienced distinct
morphological and sedimentological evolution due to massive transfer of sand eroded from

ED

the coastline during major storms (Mazières et al., 2013).

PT

2- In this paper, we focus on the head of the Bourcart Canyon in the Gulf of Lions
(western Mediterranean). A large number of seismic profiles at different

CE

resolutions, as well as one long piston core and two boreholes (100 and 300 m

AC

deep), allow us to reconstruct the architecture and the history of the canyon
head during the last Glacial/Interglacial cycle in relation with the relative sealevel changes and the question of connection/disconnection of the fluvial
system(s). Geological

framework

The Bourcart canyon is located at the western end of the Gulf of Lions (Fig. 1). The canyon
starts at about 110 to 120 m water depth, 60 km from the present coastline. The Gulf of
Lions is a passive and prograding margin influenced by a significant subsidence rate (about
250 m/Myr at the shelf edge) (Rabineau et al., 2014) and high sediment supply, mainly from
the Rhone River. As a result, depositional sequences linked to Milankovitch and sub-orbital
Quaternary sea-level changes are well preserved at the shelf edge and along the upper
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continental slope (i.e.(Bassetti et al., 2008; Jouet et al., 2006; Rabineau et al., 2005;
Tesson et al., 2000). These units mainly consist in forced-regressive sequences, which

PT

thicken seaward and pinch out landward at a depth of 100 m. The continental slope is
deeply incised by numerous canyons, some with a depth in excess of 1000 m (Berné et al.,

SC
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1999). Among these, the Petit Rhone canyon to the east was, at least during the last glacial
cycle, the main conduit of sediment between the Rhone watershed and the Rhone Deep

NU

Sea Fan, which drains all the canyons from the central and western Gulf of Lions (Fig. 1).
Because of overall subsidence and high sediment supply, fossil canyons have been rapidly

MA

buried. Except for the Rhone canyon, most canyons were initiated around the Middle-Late
Pliocene and reached full development (similar in size to modern canyons) around the

ED

Pliocene-Quaternary transition (Lofi et al., 2003). This canyon evolution might be related to
the amplification of Glacial-Interglacial cycles at the end of the Pliocene (Lisiecki and

CE

PT

Raymo, 2005) and related sea-level changes.

3- Data set and Methodology

AC

3.1- Bathymetric data

The overall study area is covered by two multi-beam data sets acquired by R/V “Le Suroît”
during several cruises using Simrad EM300 and EM1000 systems. For the purpose of this
study, a Digital Terrain Model (DTM) with a grid spacing of 50 m was produced.

3.2- Seismic data
1500 km of high- and very high-resolution seismic profiles were acquired over the Bourcart
canyon head (about 50 km2; Fig. 2). This data set includes 24-fold multi-channel and single
channel seismic profiles. Multi-channel seismic data was acquired during the “Marion”
cruise aboard R/V “Le Suroît” using two SoderaTM mini-GI gun sources and a 24-channel
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(6.25 m, 8 hydrophones per trace) streamer. For higher resolution, we used SIG TM sparker
equipment (700 J power emission, 1.5 s shooting rate) and a hull-mounted, IXSEATM chirp

PT

sub-bottom profiler (20 to 50 ms pulse length, 2000-5200 Hz bandwidth) during several
cruises of R/V “Le Suroît”. These different systems give vertical resolutions in the order of

SC
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>3m, 1m and <1m, respectively. Seismic and borehole data were transferred to an
interpretation station (SMT Kingdom Suite™). Seismic interpretation was based on the
principle of seismic stratigraphy (Mitchum et al., 1977). Major seismic surfaces were plotted

NU

in a manual or semi-automated mode over the entire study area. For the correlation of

MA

these surfaces with borehole information, we used seismic velocity determined at sites
PRGL1 and PRGL2 by the Promess project (see below).

ED

3.3- Chrono-stratigraphic constraints

We used all the age controls from both PRGL1 and PRGL2 boreholes and from Images 5

PT

cores MD99-2349 and MD99-2348. P-wave sonic velocities were determined along cores

CE

by direct sonic velocity measurements using a Multi-Sensor Core Logger (MSCL,
GeotekTM), together with interval velocity analysis performed on multi-channel seismic data

AC

at the position of borehole PRGL1 (Dennielou, 2007). Sonic velocity analysis allowed us to
tie seismic surfaces to core and borehole data and thus to infer ages for each surface
thanks to robust chrono-stratigraphic constraints established for PRGL1 and MD99-2348
(Frigola et al., 2012; Jouet et al., 2006; Sierro et al., 2009). Analysis and dating on PRGL2
(Bassetti et al., 2008) and MD99-2349 (Jouet et al., 2006) were used as points of reference
or checkpoints while propagating seismic surfaces from PRGL1 and/or MD99-2348 to the
shelf.
In a first approach, seismic surfaces at the position of the borehole are considered as
timelines and can be propagated around and within the canyon head. We will discuss the
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precise chrono-stratigraphic significance of each type of seismic bounding surface in the
following section.
14

C

PT

In order to compare already published results from the Promess boreholes and new

SC
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dates from beachrock samples, all ages were re-calibrated using CALIB 7.0.2 with
Marine13 calibration (Stuiver and Reimer, 1993). It was corrected for a 400-year air-sea
reservoir age effect and performed at the Poznan Radiocarbon Laboratory. For the

NU

chronology of major climatic events, we used the lettered substages of Railsback et al.
(2015). The terminology for sub-orbital climatic events is based on the Greenland

MA

chronology (North Greenland Ice Core Project members, 2004), synchronized with the

ED

Mediterranean record by Sierro et al. (2009).

4- Results

PT

4.1- Shelf and slope morphology around the Bourcart canyon

CE

The morphology of our study area has already been studied by Baztan et al. (2005) and
Bassetti et al. (2006). The resolution of new swath bathymetric data sheds new light on

AC

several morphological features and the connection between canyons and fluvial systems.
The Bourcart canyon head (the upper part of the canyon, comprised between 120 and
500 m water depth) displays a deep (50-400 m) and broad (2-5 km) major incision indenting
the shelf along a distance of about 10 km (Figs. 3A and B). Both rims of the canyon are
indented by several slump scars. The bottom of the canyon head presents an axial incision
in the sense of Baztan et al. (2005), 50 m deep and 400-800 m wide (Figs. 3A and B).
Between about 230 m down to about 370 m water depth, the axial incision is markedly
meandering with a sinuosity index (ratio of the curvilinear length to the straight length) of
approximately 2. Beyond -370 m, the incision becomes almost straight, in relation to an
abrupt increase of the overall slope of the canyon as shown in Fig. 4.
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In the Gulf of Lions, the shelf-to-slope transition (the “shelf break”) is marked by an increase
of 0.1° to 1.5° of the overall gradient (Baztan et al., 2005). As it varies strongly between

PT

canyon heads and interfluves, we chose a value of 0.5° as the boundary between the two
domains. In most of the canyons in the Gulf of Lions, including the Bourcart canyon, the

SC
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shelf break is situated at a present water depth of about 120 m around the canyon head, in
contrast with a depth of about -160 m along the Bourcart/Herault interfluve, where the
smooth morphology is affected by several pockmarks (Fig. 3A). Further east, the four

NU

branches of the Herault canyon (labeled H1 to H4) display contrasted morphologies, with

MA

H2 and H3 incised by meandering axial incisions merging at about 500 m water depth
(Figs. 3A and C). In contrast, H1 and H4 do not display any axial incision, the upper part of

ED

H1 being largely infilled by sediment down to a depth of about 340 m, where a major slump
scar is visible (Fig. 3A).

PT

On the shelf, several distinct features are noticeable on swath bathymetric maps, also of

CE

interest for understanding the history of canyons and their connections with fluvial systems.
- Beach rocks- The most pronounced relief corresponds to the 7 km long “Pierres de

AC

Sete”, parallel to bathymetric contour lines (1 in Figs. 3A and B, Fig. 4). It culminates
at 90 m, about 21 m above the surrounding seafloor. This relief corresponds to
beachrocks formed by the cementation of littoral sands during the last glacial period
(Jouet et al., 2006). The precise nature and age of this feature will be discussed later.
- Seaward limit of “offshore sands”- All along the outer shelf in the Gulf of Lions, and
in particular in the Bourcart-Herault area, a distinct notch, parallel to contour lines, can
be traced at a water depth around 120 m (2 in Fig. 3A). This step corresponds to the
boundary between the upper (sandy) and lower (clayey) shoreface that formed in
response to the last forced regression, between Marine Isotope Stage (MIS) 3 and
MIS 2 (Bassetti et al., 2008). Interestingly, in our area this step corresponds to the
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pinch out of the axial incisions at the Bourcart canyon head. Upward of this boundary
and up to a water depth of about 80 to 90 m, a broad domain of relict sands (“offshore

PT

sands” in the sense of Emery (1968)), covers the outer continental shelf (3 in Figs. 3A
and B).

SC
RI

- Sand ridges- the offshore sands are reworked into transgressive E-W-oriented sand
ridges (3 in Figs. 3A and B), up to 9 m high and several km in length (Bassetti et al.,

time when water depth was < 50 m.

NU

2006). According to these authors, the ridges formed around 12,000 cal years BP, at a

MA

- “Shelf Valley Complexes” (SVC)- This concept was proposed by (Swift, 1973) and
further developed by Swift et al. (1991), to describe the landward shift of depo-center

ED

estuary mouths in response to relative sea-level rise. The resulting morphology of this
process consists of levee-like shoals (topographic highs), paired with a shelf valley

PT

(topographic low; Fig. 3C). This concept is important in the Gulf of Lions because it
allows us to recognize the retreat path of river mouths (from bathymetric maps) as

CE

elongated topographic highs and/or lows, roughly perpendicular to the contour lines.

AC

SVC1 and SVC2 (Fig. 3C) have been mapped landward, where they form
distributaries of the Rhone transgressive fluvial system (Berné et al., 2007; Gensous
and Tesson, 2003).
- “Incised valleys”- Despite the fact that valleys are incised by definition (Blum and
Törnqvist, (2000), the term of incised valley is commonly used to describe elongated
erosional features formed by fluvial erosion. In our study area, a major incised valley,
oriented WNW-ESE, 6 km wide and up to 18 m deep, is visible to the west of the
Bourcart canyon (“western incised valley” in Fig. 3B). Seismic profiles show that it
carves across forced-regressed deposits of MIS 3-MIS 2 (Fig. 5). This incised valley is
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tentatively linked to the Tet-Agly paleo-valley mapped by Tesson et al. (2011; 2015)
on the inner and middle shelf (down to a present water depth of about 90 m).

PT

In summary, the study area provides some evidence of the presence of streams

SC
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reaching the shelf edge. The seaward terminations of these features (either shelf valley
complexes or incised valleys) are in continuity, at the shelf edge, with meandering axial
incisions within the Bourcart, Herault 1 and Herault 2 canyons (Fig. 3). In contrast,

NU

canyons without axial incisions (Herault 3 and 4) do not exhibit any remnant of a fluvial
system from MIS 3-MIS 2 at the shelf edge (Fig. 3).This observation strongly suggests a

MA

genetic link between meandering axial incisions and fluvial connections.

4.2- Interpretation of seismic data and correlation with core/borehole data

ED

We used here the principles and terminology of seismic stratigraphy (Mitchum et al., 1977)

PT

to describe seismic surfaces and facies. Regarding gravity deposits within the Bourcart

et al., 1997).

CE

canyon head, we used the terms defined and ground-truthed during ODP leg 155 (Normark

AC

4.2.1- Seismic surfaces and their chronostratigraphic constraints

A hierarchy of seismic bounding surfaces is observed in the study area for the interval
corresponding to the last ca. 120 kyr, with major seismic bounding surfaces linked to
100 kyr glacial-interglacial cycles and second-order surfaces linked to sub-orbital
climate/sea-level changes. These surfaces have been dated at the position of cores and
boreholes (Bassetti et al., 2008; Bassetti et al., 2006; Jouet et al., 2006; Sierro et al., 2009).
They may represent a relatively important time span in the case of condensed or erosive
intervals, so it is more relevant for this study to assign them a significance in terms of
climatic/sea-level change events. Their main characteristics, age at the position of
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cores/boreholes, and relations with climate/sea-level changes are summarized below and in
Figures 6, 7 and Table 1.

PT

Major bounding surfaces linked to 100 kyr glacial/interglacial cycles

SC
RI

Major bounding surfaces are sequence boundaries on the shelf and maximum flooding
surfaces on the continental slope.

-The sequence boundaries (or maximum regressive surfaces in the sense of

NU

Catuneanu et al., (2009)), labeled with an "s", formed during the last (MIS 2) and

MA

penultimate (MIS 6.a) Glacial Maxima (D70s and D60s, respectively) (Table 1, Figs. 6, 7
and 8). These surfaces are very pronounced shelfal erosion surfaces, with topset

ED

terminations. Seaward, they become progressively conformable near or beyond the shelf
edge, where they lose any distinct seismic character. The correlative conformity of the LGM

PT

sequence boundary (D70s) is dated at about 20 cal ka BP near the shelf edge (Jouet et al.,
2006). D60s is the sequence boundary of MIS 6.a. Its correlative conformity is situated at

CE

73 m below the seafloor at the position of borehole PRGL1 (Sierro et al., 2009),

AC

immediately below the maximum flooding surface of MIS 5.e (see below).
-The Maximum Flooding Surfaces (MFS), labeled with an "m" (respectively D70m,
merged with the seafloor in the study area, and D60m) are the most distinguishable seismic
surfaces on the continental slope, where they display distinct high amplitude, continuous
reflections with toplap and onlap terminations (Table 1, Figs. 6, 7 and 8). These outer
shelf/upper slope surfaces are called MFS because they are synchronous with the downlap
surfaces formed on the inner shelf at the time when the coastline reached its maximum
landward position (Posamentier and Allen, 1999), i.e. during MIS 1 and MIS 5.e. They are
condensed intervals because deposition shifted landward during warm interglacials, with
coarser grain-size due to winnowing (Sierro et al., 2009).
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Note that, at the seismic resolution scale, sequence boundaries and maximum flooding
surfaces merge on the outer shelf, except at the position of incised valley fills or

PT

transgressive sand ridges.

SC
RI

Seismic surfaces linked to sub-orbital climate and sea-level changes
In addition to 100 kyr cycles, the sea-level history during MIS 3-MIS 2 was strongly marked
by rapid warming and cooling events, named Dansgaard-Oescheger events. These

NU

millennial-scale climatic events are bundled into so-called Bond cycles ended by Heinrich
events in the North Atlantic (Bond et al., 1993). Outside the Atlantic realm, these cold

MA

events are called Heinrich Stadials (HS). The sea-level changes linked to these rapid
climate changes are in the order of 15-35 m (i.e. (Arz et al., 2007; Shackleton, 2000; Siddall

ED

et al., 2008)), with slow sea-level falls (ended by Heinrich events) followed by rapid sea-

PT

level rises (ibid.). These falls and rises are at the origin of distinct seismic surfaces,
correlated with core and borehole data, and are interpreted as regressive erosion surfaces

CE

(labeled with an r) and flooding surfaces (labeled with an f), respectively (Figs. 7 and 8). Of
particular interest for this study are surfaces that formed between ca. 40 and 18 ka BP,

AC

which are well preserved in and around the canyon head, and which were propagated over
the entire study area thanks to the dense seismic coverage.
Flooding surfaces. At the position of hole PRGL1, D63f, D64f and D65f are high-amplitude
reflections with distinct toplap and onlap terminations (Figs. 7, 8 and Table 1). On the cores
they correspond to relatively coarse-grained, condensed intervals about 5 to 30 cm thick.
These are rich in micro-fauna typical of warm to temperate intervals and have a
sedimentation rate in the order of 0.1m/kyr (compared to 2.5m/kyr for cold intervals (Sierro
et al., 2009). They are linked to the longest warm Greenland Interstadials 8, 4 and 2,
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respectively (Sierro et al., 2009)). These surfaces are mapable over the upper slope and in
the canyon head. Updip, they merge with the underlying regressive erosion surfaces.

PT

Regressive erosion surfaces. The surfaces labeled D63r, D64r and D65r are better

SC
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observed on the outer shelf and upper slope (including the upper canyon head) where they
are distinct erosion surfaces (Figs. 6, 7, 8 and Table 1). They correspond to the most
pronounced sea-level falls during the coldest stadials, which were terminated by Heinrich

NU

Stadials 4, 3 and 2, respectively (Hemming, 2004).

Finally, D67 was introduced as a timeline with no distinct expression along the slope and in

MA

the canyon head, but with high amplitude on the shelf, where it was used to pre-date some

ED

buried channels (Figs. 6, 7, 8 and Table 1).

The position of various seismic surfaces with respect to a composite sea-level curve is

PT

summarized in figure 8. Note that the age of each surface can vary slightly depending on its
position because erosion/condensation does not occur simultaneously along the same

CE

surface. Between bounding surfaces, seismic units (U1 to U3) have been defined, as well

AC

as sub-units within U2 (U2a to U2c; Table 1).
Age of the sea-floor. By definition, seafloor sediment corresponds to the present-day
conditions of sedimentation. However, several studies have shown that a condensed
interval covers the outer shelf and the continental slope (including the Bourcart canyon
head) in our study area (i.e. (Bassetti et al., 2006; Jouet et al., 2006)). This interval, from a
few centimeters to about 1 m thick, consists of sand resulting from the winnowing of the
seafloor by dense water cascades (Gaudin et al., 2006), wind-driven currents generated by
SE storms (Bassetti et al., 2006; Jouet et al., 2006) and the Liguro-Provencal geostrophic
current (Sierro et al., 2009). This condensed interval overlies consolidated silts and clays
dated between 15 and 20 ka BP by the same authors. The situation is similar on the outer
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shelf, with the exception of episodically mobile sand dunes that cannibalize the lowstand
shoreface sands (Bassetti et al., 2006). In summary, most of the outer shelf and continental

PT

slope represent, at the seismic resolution scale, a condensed interval that initiated around

4.2.2- Time constraints from beach rocks

SC
RI

17 cal ka BP, when depo-centers shifted landward during the global deglacial sea-level rise.

In addition to direct time constraints obtained from borehole and core data, we used the age

NU

of formation of the “Pierres de Sete” beachrocks to postdate some events. The samples
dredged from the top of the Pierres de Sete (90-91 m water depth) are composed of lithified

MA

coarse sands. Quartz grains are dominant but some dark gray siltstone or marl-detrital
grains (1 mm diameter) are common or even dominant and constitute coarser (1-5 cm

ED

thick) intervals. This siltstone characterizes the sediment from the Agly River that flows from
the NE rim of the Pyrenees Mountains (Fig. 1; (Berger et al., 1993)).

PT

The cement consists of sparry calcite, with 10 m long crystals, arranged in isopachous

CE

and palisadic rims around the grains. Diffractometric analyses indicate that these grains are
mainly magnesian calcite ranging from 14 to 26 mole % MgCO 3, similar to the composition

AC

of other Mediterranean beachrocks (Alexandersson, 1972). This suggests a one-stage
rapid cementation within the groundwater table, in the vicinity of the sea.
The AMS-dating of cements of the lower and upper part of a 10 cm sample give
respectively the ages of 18,882 (± 92) and 17,896 (± 114) a cal BP (Table 2). The beach
rocks are stratigraphically above the most recent fluvial/canyon incisions (Fig. 5B) and
therefore postdate the last connection between the rivers and the canyon head.
4.2.3- Internal seismic facies and their lithologic significance

The canyon head displays three major seismic facies, organized into different geomorphic
features:
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Parallel, medium- to high-amplitude, continuous reflections (seismic facies 1) correspond to

the most ubiquitous seismic facies (Fig. 9A). They form thick (from a few meters to several

PT

tens of meters) seismic sequences; in some cases, the reflections have a sigmoidal shape
on both sides of buried channels, forming channel-levee systems from a few hundred

SC
RI

meters to 2 km wide, confined within the canyon head (see below). Piston and interface
cores retrieved from the shallowest part of this seismic facies exhibit, below <1m of
unconsolidated (and probably mobile) Holocene mud drape, stiff clayey silts with

NU

intercalated sand beds interpreted as turbidites and hemipelagites (Gaudin et al., 2006).

MA

The sand fraction contains a large variety of shallow water (reworked) species.
High-amplitude, chaotic seismic facies and (buried) channels (seismic facies 2)

ED

Several buried channelized features are observed throughout the canyon head. The infill of
these channels is generally a distinct chaotic seismic facies (Fig. 9A) (high-amplitude, low

PT

continuity, sometimes hyperbolic reflections) very similar to the High Amplitude Reflections

CE

(HAR) described in deep-sea fans (i.e. on the Amazon fan, Flood et al. (1991)). When
visible, the infill of the recent axial incision also presents a similar chaotic seismic facies

AC

(Fig. 9B). Shallow cores within the infill consist of structureless sandy mud or, more rarely,
muddy sand (Gaudin et al., 2006). These channels appear as both erosional and
depositional (aggradational) features, forming distinct channel-levee systems together with
parallel seismic facies.
Medium- to low-amplitude, structureless or chaotic seismic facies (Mass Transport DepositsMTDs) (seismic facies 3)

A very distinct seismic facies corresponds to medium- to low-amplitude, structureless or
chaotic reflections (Fig. 9C). On strike sections, they form sub-horizontal units from a few
meters to more than 20 m thick, separated from parallel/continuous seismic facies by highamplitude bounding surfaces, the lower surface being generally erosional (Fig. 9C). These
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sediment bodies have not been reached by cores, but they can be confidently interpreted
as mass transport deposits (MTDs), similar to those described for instance on the

PT

Mississippi (Weimer, 1989) and Amazon fans (Piper et al., 1997) or in outcrops in Italy (Di
Celma et al., 2013; 2014). In general, such seismic facies correspond either to slumped

SC
RI

deposits or to the product of laminar gravity flows, such as debrites (i.e., on the Amazon
Fan, Normark et al. (1997). These features are particularly developed beneath the western
terrace of the canyon head, where three main MTDs can be recognized (Fig. 10). The two

NU

main MTDs (labelled MTD2 and MTD3) are large enough to be mapped. They are 1.2 to

MA

2 km wide, 6 km long, with their long axis oriented in the same direction as the canyon
(NNW/SSE). They terminate updip at a depth of -180 m and pinch out seaward at a depth

ED

of 450 m (Fig. 11).

Lateral accretional/aggradational seismic facies

PT

In addition to the three major seismic facies/geomorphic features that are localized within

CE

the canyon head, the outer shelf displays a distinct type of incised channel, truncating
forced- regressed shoreface deposits of the MIS 3/MIS 2 (Fig. 12A). Instead of being

AC

chaotic, the infill displays lateral accretion and aggradation geometries (Fig. 12A). This
facies is restricted at present water depths comprised between 100 and 120 m (Fig. 12B).
In some cases, it overlies very deeply incised channels with chaotic seismic facies,
suggesting

a

genetic

link

between

these

two

facies

(Fig.

12B).

This

lateral

accretional/aggradational seismic facies might be interpreted either as:
-

the infill of an ancient sinuous axial incision, as observed in confined channel
systems offshore of Angola (Lateral Accretion Packages, LAPs, Abreu et al.
(2003)), or

-

the infill of a fluvial or deltaic meandering distributary.
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4.3- Distribution and ages of buried channels
The dense grid of 2D-seismic profiles allows us to map the main buried geomorphic

PT

features in the canyon head and around the canyon rims. A network of 13 buried channels
was identified within the Bourcart canyon head. However, on the shelf and landward of the

SC
RI

100 m contour line, it was impossible to track buried channels on seismic profiles, either
because of the high amount of ensuing erosion and/or because of low incision due to a
lower gradient.

NU

On the basis of the available time constraints and considering their stratigraphic and

MA

geographic position, three groups of channels were identified.

ED

Group 1 (Figs. 13A and 14A) includes buried channels located in the central part of the
canyon head. On the basis of seismic correlations, a first phase of formation of confined

PT

channel-levees appears immediately below surface D63f (Fig. 13B). Evidence of renewed
channel-levee functioning appears around or after surface D64r, which corresponds to a

CE

distinct erosion surface on the shelf as well as in the shallowest part of the canyon head.

AC

These channel-levee systems are connected to shelf fluvial erosions and were active until
ca. 19 cal ka BP, which corresponds to the beginning of the period of deposition and
cementation at the top of the channels.
Group 2 (Figs. 13A and 14B) comprises four buried channels, located on the eastern side
of the canyon head. The channels have the same seismic characters as those of group 1,
but they are smaller and were active only during a short interval between 22.5 and 21.5 cal
ka BP (surfaces D67 and D70s) (Fig. 13A).
Group 3 (Figs. 13A and 14C), comprises four channels located on the western side of the
Bourcart canyon head. They display a distinct channel-levee organization embedded
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between D70s and the seafloor. They are younger than 21.5 cal ka BP and older than the
axial incision (which cuts through them; Fig. 13A) i.e. ca. 19 cal ka BP (see below).

PT

The most recent channel (Fig. 14D) is the axial incision described in section 5.1. It

SC
RI

corresponds to the last phase of incision before the disconnection of the canyon head from
the fluvial system(s). It formed earlier than 21.5 cal ka BP, as it cuts across seismic surface
D70s. The axial incision was no longer active around 19 cal ka BP, as demonstrated by the

NU

time constraint from the beachrocks (Fig. 3 and 5).

The central channels represent the first phase of fluvial/canyon connection, starting around

MA

40 ka cal BP, when global sea-level was in the order of -95 m (Fig. 14A to 14D). A possible
connection during MIS 4 (around 60 ka BP) cannot be ruled out, but temporal resolution is

ED

very low for this interval (see discussion). The period of disconnection is around 19 cal ka

PT

BP, in relation with an increased rate of sea-level rise following the LGM.

CE

4.4- Quantitative estimates of the geomorphic evolution of the canyon head
during the last glacial cycle

AC

Major seismic surfaces defined in section 5.2 were mapped throughout the canyon head
using SMT Kingdom Suite™ software. From this interpretation, several isobath maps were
computed within a polygon covering an area of 98 km 2, ranging from 100 m to about 400 m
water depth. The isopach maps of the seismic units bounded by these surfaces were also
computed.
4.4.1- Preserved sediment volumes in the Bourcart canyon head

The volume of sediment preserved in the canyon head during the last Glacial/Deglacial
period (between seismic surface D60m and the modern sea floor) is ca. 7.04 km3. More
precisely, 3 isopach maps were computed to highlight canyon evolution in relation with
major phases of relative sea-level changes (Fig. 15).
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A- The preserved sediment volume corresponding to the interval between MIS 5.e (131 ka
BP) and IS8 (37 cal ka BP) (seismic unit 1) are mainly concentrated in the deepest part of

PT

the study area (beyond 140 m present water depth), along the thalweg of the MIS 6 canyon
(Fig. 15A). This unit is 35-50 m thick on average, with a volume of ca. 1.04 km3, i.e. 15% of

SC
RI

the total preserved volume for the last cycle (deposited in 94 kyr).

B- Seismic unit 2 corresponds to the interval deposited between IS8 and the end of the

NU

LGM (Fig. 15B). This unit is up to 100 m thick, with a volume of ca. 3.48 km3, accounting for
50% of all the sediment preserved during the last glacial cycle. It can be divided into three

MA

sub-units (U2a, U2b, and U2c) that account respectively for 12, 12 and 26% of the
preserved sediment volume. U2a and U2b are topped by D64f and D65f, respectively, the

ED

flooding surfaces following phases of sea-level falls are terminated by Heinrich Stadials 3

MTD3, respectively).

PT

and 2, respectively. The upper parts of these two units display major MTDs (MTD2 and

CE

C- The upper seismic unit U3 corresponds to the interval between the LGM sequence
boundary (D70s) and the cessation of sedimentation at the canyon head, around 17 cal ka

AC

BP (Fig. 15C). It reaches up to 90 m in thickness, especially along the western flank of the
canyon, probably in relation with a source from the west. The erosional impact of the axial
incision is clearly visible on the isopach map. The total volume of this interval spanning
4,500 years is ca. 2.52 km3, accounting for 35% of the overall preserved deposits. This unit
is marked both by aggrading turbiditic channels topped by lateral accretional/aggradational
seismic facies, and overall progradation (despite the fact that it formed in a context of
relative sea-level rise) due to the infill of the available space of the canyon head.
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4.4.2- Paleogeographic evolution of the canyon head

Along each seismic surface, the “200 m” water depth contour line roughly represents, after

PT

correction of the subsidence, the shelf edge. The comparison of this 200-m contour line at
different periods shows a seaward migration of the canyon head of about 3 km between

SC
RI

MIS 5.e and the present day (about 131 kyr) (Fig. 16). During the same time interval, the
canyon rims remained at the same position despite local mass failures.

NU

5- Discussion

MA

5.1- Chronology of fluvial-canyon connections in the Bourcart canyon head
On the basis of chrono-stratigraphic correlations with borehole and core data, the history of

ED

the fluvial connections with the Bourcart canyon head during the last glacial cycle can be
summarized as follow:

PT

1- Episodic connection during MIS 3 occurred, during a pronounced sea-level fall

CE

that terminated around 40 ka BP, at the time of HS4 (Fig. 17). This event
corresponds to the lowest sea level during the entire MIS 3 and coincides in the

AC

canyon head with an early phase of formation of buried channel-levees. They are
topped by D63f which is, in the canyon head, a conformable surface
corresponding probably to a condensed level due to fluvial disconnection, in
response to the rapid sea-level rise (of about 30 m according to Arz et al., (2007))
that occurred during IS8. Such a condensed interval formed along the nearby
canyon interfluve, as described at borehole PRGL1 by Sierro et al. (2009). We
cannot exclude an earlier connection during MIS 4, but very little sediment from
this period is preserved in the canyon head, preventing any precise stratigraphic
correlation.
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2- Major and continuous connections of several fluvial systems occurred
during MIS 2. Channel-levee development in the canyon head resumed during

PT

two phases of sea-level fall, contemporaneous with surface D64r (around 28 ka
cal BP) and D70s, the sequence boundary of the Last Glacial Maximum dated

SC
RI

around 21.5 ka cal BP. The first period marks the onset of MIS 2 and an
acceleration of global sea-level fall, with an eastern fluvial system reaching the
canyon head. D64r is also the lower boundary of MTD2, one of the two major

NU

mass transport deposits observed in the canyon head. It marks the low sea-level

MA

reached at HS3, whereas the second MTD (MTD3) marks the lowest sea-level at
HS2.

ED

3- The cessation of turbiditic activity is post-dated by the “Pierres de Sete”
beachrocks that formed between 19 and 18 cal ka BP. There is some evidence of

PT

an early phase of rapid sea-level rise after the LGM, between ca. 20 and 19 ka
BP, followed by a period of stillstand or slow rise between ca. 19-18 ka BP

CE

(Lambeck et al., 2014; Yokoyama et al., 2000). The rapid rise of sea level, called

AC

Meltwater Pulse 19 k (Clark et al., 2004; Hanebuth et al., 2009) might explain
fluvial/canyon disconnection, whereas the period of stillstand would have favored
thecementation of a transgressive shoreline (located landward with respect to the
LGM shoreline). The early phase of global sea-level rise is at the origin of a
sediment wedge forming an aggradational/progradational parasequence that
accounts for 35% of the total canyon infill, deposited in only 4.5 kyr (seismic unit
U3). The fact that progradation kept pace with sea-level rise can be explained by
the increased flux of sediment delivered during this early deglacial phase of
mountain glacier melting, as also observed in the Rhone canyon (Lombo Tombo
et al., 2015).
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5.2- Hyperpycnal flows in the Bourcart canyon head during LGM
The (meandering) axial incision observed in the Bourcart canyon head (and other

PT

canyon heads such as the Herault 1 and 2) pinches out at a present water depth of
120 m; this implies that it was directly connected to the Agly River when the relative

SC
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seal level (RSL) was in the order of -115 m, at the time of activity of the axial incision.
The very shallow water depth of the axial incision during its activity also implies that
the high-density turbulent gravity flows at the origin of the turbiditic channel had to be

Mulder

and

Syvitski,

1995)

that

plunged

downslope,

generating

MA

1997;

NU

generated in the river, or at the river mouth, as a hyperpycnal flow (Mulder et al.,

depositional/erosional meanders and confined levees by overbank flow. A similar

ED

process was proposed by Chiang and Yu (2008) to explain the meandering of the
Kaoping Canyon off SW Taiwan where hyperpycnal flows are presently monitored

PT

(see the review by Puig et al. (2014)). Note, however, that some hyperpycnal flows
have been observed in canyons without meandering patterns, such as in the Golo

CE

systems (Gervais et al., 2006), the Var canyon (Khripounoff et al., 2009) or the Eel

AC

canyon (Drexler et al., 2006; Imran and Syvitski, 2000). However, in the case of the
Var, where hyperpycnal flows were monitored over a 2-year period (Khripounoff et
al., 2012), the absence of meanders in the canyon head might be explained by the
fact that it is carved into very consolidated Messinian and Pliocene deposits (Savoye
and Piper, 1991) It can be also noted that the lack of precise (multi-beam)
bathymetric data in several canyon heads where hyperpycnal flows have been
recorded (e.g.(Kineke et al., 2000)) prevents any further interpretation of the genetic
link between such turbidity flows and meanders.
Today, rivers such as the Tech, Aude and Agly are known for catastrophic flash
floods and the delivery of large amounts of sediment to the sea, despite damming
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and civil engineering work in the coastal plain. During the onset of the Deglaciation,
global warming, increased rainfall and flushing of sediments eroded by mountain

PT

glaciers favored the formation of such hyperpycnal flows within the Mediterranean
fluvial systems. The presence of pebbles of fluvial origin within the paleo-Bourcart

SC
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canyon head, situated 5 km from our study area (Bassetti et al., 2008), is further
evidence of the capacity of small Mediterranean coastal streams to transport large
amounts of sediment of all sizes to the shelf edge during catastrophic events, despite

NU

the low gradient (0.1°) and long distance (about 60 km at this time) from the foothills

MA

of the mountains.

In the nearby Petit Rhone canyon, turbidites interpreted as hyperpycnites (Mulder et al.,

ED

2003) have been cored (Lombo Tombo et al., 2015), suggesting that this process occurred
at the end of the LGM. These authors showed that the hyperpycnal processes started

PT

before 20 cal ka BP (the age at the bottom of their studied cores) and ceased around 19.5

CE

cal ka BP, i.e. when the river was disconnected from the canyon head. In the Bourcart
canyon, the period of activity of the axial incision is about the same, between 21.5 and 19

AC

ka. If the Rhone experienced hyperpycnal processes during or at the end of the LGM, it is
likely that the small rivers of the western rim of the Gulf of Lions (especially the Tet, Tech
and Agly), which are typical Mediterranean mountain rivers with flash floods occurring
during fall and spring, were prone to generating hyperpycnal flows, as modeled for the
modern Tet river by Kettner and Syvitski (2009).

5.3- Relation between MTDs and Bond Cycles
Bond cycles (Alley, 1998) are bundles of millennial-scale climate changes (called
Dansgaard-Oeschger cycles) initially described in the North Atlantic for the last glaciation
within a prolonged cooling trend, marked by “abrupt shifts to markedly warm interstadials”
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(Bond et al., 1993). Their coldest part is marked by a Heinrich event (Fig. 17). These cycles
are important from a stratigraphic point of view because the rapid warmings correspond to

PT

important (10-30 m) and rapid (up to 4 cm.yr-1) periods of sea-level rise, lasting less than
500 years (Arz et al., 2007; Siddall et al., 2003). As mentioned previously, seismic surfaces
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D63f, D64f and D65f are the flooding surfaces bounding the three major regressive
parasequences related to the Bond Cycles of the last glacial period, between 40 and 25 cal
ka BP. They were identified at the position of borehole PRGL1 (Sierro et al., 2009) and

NU

PRGL2 (Bassetti et al., 2008) and mapped throughout the study area. In contrast with

MA

classical parasequences (Van Wagoner et al., 1990), which form within transgressive
systems tracts, these parasequences are downstepping parasequences formed within the

ED

falling stage systems tract (in the sense of Plint and Nummedal, 2000), during an overall
sea-level fall. The fact that the two major MTDs (MTD2 and MTD3) observed in the canyon

PT

head are situated immediately below flooding surfaces D64f and D65f suggests that they
occurred at the end of the phases of sea-level fall of the respective Bond cycles, the

CE

flooding surfaces representing condensed intervals due to decreased sediment

AC

accumulation (Fig. 17). These phases of sea-level falls are prone to slope failure because
the sediment accumulation rate progressively increased during each Bond cycle, in relation
with the decreasing distance of sediment sources. Very large sediment delivery of
unconsolidated fine-grained sediment is therefore the primary explanation for slope failure
by oversteepening of the canyon flanks at the end of phases of pulsed sea-level fall. An
additional factor might be the lowering of the storm-wave base (and related storm-triggered
mass wasting), and possibly the exsolution of free gas contained in organic-rich clinoforms
of the shelf-edge deltas. This latter process has been demonstrated to be an important
factor in the formation of pockmarks situated along the Bourcart/Herault interfluve (Lafuerza
et al., 2009; Riboulot et al., 2014).
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6- Concluding remarks
The direct connection of the Bourcart canyon with a river was temporarily established as

PT

early as ca. 40 ka BP, but most of the strata preserved in the canyon head were deposited
between ca. 28 and 19 cal ka BP. This period corresponds to a drastic increase of the

SC
RI

sediment accumulation rate, which accounts for 73% of the preserved sediments deposited
during the last glacial cycle. From our study, several local and general conclusions can be

influence of sea-level and climate changes:

NU

drawn about the complex relationships between canyon fills, fluvial systems, and the

MA

1- Canyons can be depositional systems. From a geological perspective, canyons
situated along (deltaic) subsiding margins with high sediment supply are, in the long

ED

term, depositional features and not only “by-pass” zones. During the last glacial cycle,
the Bourcart canyon head shifted seaward by about 3 km. This is the result of the

PT

overall depositional (not erosional) nature of this canyon, and of the overall

CE

progradation of the margin, which was rebuilt and migrated about 50 km after the end
of the Messinian Salinity Crisis (Lofi et al., 2003). Similar observations of canyon

AC

upbuilding and outbuilding have been made elsewhere, for instance on the Ebro
Margin (Field and Gardner, 1990; Gerber et al., 2009) or the Gabon Margin
(Rasmussen, 1994; 1997).
2- The penultimate sequence boundary (MIS 6.a) forms the major erosion surface
underlying the Bourcart canyon fill. It is overlain by both forced-regressive and
progradational/aggradational parasequences linked to glacio-eustatic Bond cycles
(ca. 7 kyr) formed successively during the Last Glacial Maximum. These
parasequences display confined channel-levees and are topped by MTDs deposited
at the end of each cycle (in relation with increased sediment flux at that time). The
bounding surfaces between these parasequences are condensed surfaces linked to
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sediment starvation. Interestingly, a similar stratigraphic motif is observed on
outcrops from uplifted Pliocene-early Pleistocene canyons of the Marche-Apennine

PT

and Abruzzi foredeep (Di Celma, 2011; Di Celma et al., 2010; 2014). A similar
architecture is likely to exist in other canyons around the world, at least for periods

SC
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dominated by Glacial/Interglacial cycles (Ice House World) where both climate and
sea level are important controlling parameters.

3- Hyperpycnal flows during the early Deglaciation are the most likely process for

NU

explaining the presence of meanders directly connected to paleo-fluvial channels at

MA

the Bourcart and Herault canyon heads (and elsewhere in the Gulf of Lions). During
the onset of the Deglaciation, global warming, increased rainfall and flushing of
sediments eroded by mountain glaciers favored the formation of such hyperpycnal

ED

flows within the Mediterranean fluvial systems such as the Po (Asioli et al., 2001) and

PT

the Rhone (Lombo Tombo et al., 2015).
4- Shallow-water confined channel-levee systems form the bulk of the canyon head

CE

infill. Increasing accommodation and high sediment fluxes due to deglacial sea-level

AC

rise favored the deposition and preservation of shallow-water confined channel-levee
systems. Because of the overall progradational nature of these deposits, 2D seismic
profiles display deeply incised channels with chaotic seismic facies (gravity deposits
within a turbiditic channel) topped by aggradational/progradational facies of unknown
origin (fluvio-deltaic or turbiditic). More generally, such a stratigraphic motif is likely to
be preserved in other Quaternary canyons and in the rock record.
5- The canyon/river dilemma. The large number of canyons along continental margins,
if compared to relatively limited numbers of large rivers onshore, has fueled the idea
that the origin of several canyons is not linked to the presence of fluvial systems. At
least in the case of the Gulf of Lions, this discrepancy can be explained by the fact
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that all canyons are not active simultaneously during each (glacio-) eustatic cycle.
Canyons connected during or around the Last Glacial Maximum are identifiable, in

PT

our study area and elsewhere (Lastras et al., 2009), by the presence of (often
meandering) axial incisions cutting across the main thalweg of the canyon. In
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contrast, canyon heads that were not connected to fluvial systems experienced,
during the same time interval, hemipelagic sedimentation fed by sediment plumes
transported by the general anti-clockwise circulation, or starvation (and formation of

NU

condensed intervals). The shift of shelf-edge delta-lobes during one single glacio-

MA

eustatic cycle, or different fluvial pathways during subsequent eustatic cycles, are at
the origin of the large number of canyons indenting the margin. This does not apply to

ED

some very large fluvial systems, where very high sediment fluxes can maintain
fluvial/canyon connections over a longer period through retrogressive failure. As a

PT

result, such systems deeply incised the shelf (Rhone, Danube, Mississippi, Ganges-

CE

Brahmaputra...) or even remained connected during the entire eustatic cycle (Congo).
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AC

Figure 1: Physiographic map of the Gulf of Lions (contour line spacing is 5 m on the continental
shelf and 50 m on the slope). Major canyons are represented: Lacaze-Duthiers canyon (LDC),
Bourcart canyon (BC), Herault canyon (HC), Sete canyon (SC) and Petit Rhone canyon (PRC).
Please note that borehole PRGL1 and core MD99 2348 are at the same location.
Figure 2: Seismic data set used for interpretation in this study and positions of cores/boreholes
(blue dots). Red lines represent seismic profiles displayed in this study.
Figure 3: Shaded swath bathymetric map of the study area. A- General map of the study area, B
and C- Close-up views of the Bourcart and Herault canyon heads. 1- “Pierres de Sete” beachrocks.
2- Seaward limit of the offshore sands. 3- E-W oriented relict sand ridges. H1 to H4 correspond to
the four distributaries of the Herault canyon. SVC 1 and 2: Shelf Valley Complexes left by fluvial
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retreat during the Deglacial sea-level rise. In Fig. 3C, the dashed and dotted lines correspond to the
retreat path of shelf valley complex 2. Note that canyons displaying a meandering axial incision
(Bourcart and H2-H3 canyons) are all connected to a fluvial system visible on the shelf morphology.

PT

See explanations in section 5.1.

SC
RI

Figure 4: Morphology of the Bourcart canyon head area (A) and curvilinear gradient along the
fluvial/axial incision (B). The curvilinear gradient of the axial incision (and of the adjacent continental
shelf) can be separated into four distinct domains: a (in gray): on the continental shelf, the average

NU

slope is 0.1°; b (in green): canyon rim; the average slope is 2.1°; c (in red): meandering axial
incision where the average slope is 0.9° and the sinuosity index about 2; d (in blue): linear axial

MA

incision with an average slope of 1.4°. The transition between the meandering and linear axial
incision is marked by a gradient increase. Beachrocks formed after fluvial disconnection (see

ED

section 5.2.2 for details).

Figure 5: Seismic sparker profiles (A:1040 and B:1020, position in Fig.2) on the west rim of the

PT

Bourcart canyon head, across the Western Incised Valley. Note the distinct erosional nature of the

CE

present-day sea floor (with toplap terminations) at the position of the ancient river path. Seismic
surfaces are defined in section 5.2.1.

AC

Figure 6: Multi-channel seismic dip section (Marion12; location in Fig. 2) along the Bourcart/Herault
interfluve. Colored lines are the major seismic surfaces identified in the study area (D67 being an
additional timeline without stratigraphic significance). Their ages were determined at the position of
borehole PRGL1 (from Sierro et al., 2009) and, to a lesser extent, borehole PRGL2 (from Bassetti et
al., 2008) and core MD99-2349 (from Jouet et al., 2007). Conventional ages of these authors have
been re-calibrated with Calib 7.0.2 (Stuiver and Reimer, 2013). The sketch illustrates the “r” and “f”
(”s” and “m” for the major bounding surfaces linked to 100 kyr glacial/interglacial cycles) surfaces on
the shelf and on the slope (further details in section 5.2.1).
Figure 7: Time constraints of seismic surfaces from hole PRGL1. A: Multi-channel (Stack20R) and
B Chirp seismic profile (Calim167) at the position of the borehole. Oxygen isotope ratios, sand
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fraction (>63µm) and Ti/Ca ratio are given at the position of the borehole. Depth is given thanks to
the reconstruction of the P-wave velocity and then its conversion from millisecond two-way travel
time to meters below seafloor. P-wave velocities from PRGL 1 were altered by strong sediment

PT

degassing. The climatic events corresponding to the variations in those parameters are highlighted

SC
RI

in red for the warmer events and blue for the cold ones. High sand fractions correspond to
condensed intervals during interglacials (MIS1 and MIS5.e) and to the most pronounced
interstadials (IS16, 14 or 8). They correspond well with low δO18 values (warmer periods). All

NU

seismic surfaces are drawn on both seismic profiles. Note the presence of high amplitude
reflections between D60m and D63f (especially on profile A). They correspond to Interstadials 16,

MA

12 and 14.

Figure 8: Correspondence between seismic surfaces described in this study, sea-level and climatic

ED

events during the last 150 kyr. The composite sea-level curve is based on Grant et al., 2012 (red;
from 150 to ≈60 kyr), Arz et al., 2007 (black; from ≈60 to ≈20 kyr) and Lambeck et al., 2014 (green;

PT

for the last ≈20 kyr) in order to better represent the variability of high-frequency sea-level changes
and their link with seismic surfaces. A: Composite sea-level curve with climatic event terminologies

CE

according to Railsback et al., 2015 (for MIS and Terminations) and to Sierro et al., 2009 (for

AC

Heinrich stadials (HS) and Interstadials (IS)). In addition, sequence boundaries (D60s and D70s)
and the maximum flooding surface (D60m) are presented. B: Focus on the last 50 kyr with the
regressive erosion surfaces corresponding to Heinrich stadials (low sea-level) and the flooding
surfaces in phase with the following Interstadial (higher sea-level). The gray rectangle highlights the
period of beachrock cementation.
Figure 9: Seismic facies in the Bourcart canyon infill (position in Fig. 2). A: Channel-levee system
with (1) parallel or sigmoid, medium to high-amplitude, continuous reflections interpreted as
turbidites along the levees and (2) high-amplitude, chaotic reflections within the channel (HARs)
(line Stch80) B: HARs within the meanders of the axial incision (line 1021); C: Mass transport
deposits (MTDs (3)) incased within turbidite/hemipelagite. Note the erosional nature of the lower
bounding surface (line 5078).
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Figure 10: Uninterpreted and interpreted seismic profile (sparker line 5080, position Fig. 11) across
the Bourcart canyon fill. Seismic surfaces have been propagated from borehole PRGL1. Three
mass transport deposits (MTD1, 2 and 3) can be recognized. MTD2 and MTD3 have been mapped

PT

(Fig. 11).

represents the position of seismic line in Figure 10.
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RI

Figure 11: Position of the two main MTDs (MTD2 and MTD3) in the Bourcart Canyon Head. A-A’

Figure 12: Channelized systems topped by a lateral accretion/aggradation seismic facies A:

NU

Confined channel-levee system with aggradation/lateral accretion in green, levees in red and

MA

chaotic facies in dark coloring (Line 1022). B: Profile and its line drawing crossing the beachrocks
and displaying three channels and their aggradation/lateral accretion seismic facies (line

ED

STACK13R, position in Fig. 2).

Figure 13: A: Localization of the buried channels on a profile (sparker profile 5072) perpendicular to

PT

the canyon head and B: its line drawing. Note that the surfaces on both rims of the canyon are “r”
(erosion surfaces from the interfluve) but merged with “f” in the infill of the canyon (flooding surface;

CE

section 5.2.1 for more details). C: Close-up view of the initiation of sigmoidal channel-levees around
37 cal ka BP (surface D63f). The dark shade shows the chaotic facies. Note, within the buried

AC

channels the transition between HAR and fluvial/estuarine seismic facies above roughly
corresponds to the time of formation of the sequence boundary (D70s), i.e. 21.5 cal ka BP. For
group description refer to the section 5.3. The position of D70s in the Bourcart canyon head is not
precisely known.
Figure 14: Evolution of the fluvial connections with the Bourcart canyon head. The time frames
mentioned for each group correspond to the broadest time spans on the basis of possible
stratigraphic correlations. Regarding group 1, an early connection around 39 ka is possible, but
more evidence for direct connection is observed after ca 27 ka. Red lines are the active fluvial
systems while the gray lines represent the inactive/buried fluvial systems. Note that the -160 m
contour line is thicker in order to highlight the canyon incision.
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Figure 15: Isopach maps of the three major seismic units infilling the Bourcart canyon head during
the last glacial/interglacial cycle. The time spans corresponding to the boundaries of these seismic
units are represented, together with their duration in kyr. 17 ka corresponds to the “age of the

PT

seafloor’”, considering that sedimentation stopped around this time in the canyon head. Note that

SC
RI

the ages of seismic surfaces were determined from correlation with core data and may slightly vary
laterally.

Figure 16: “Progradation” of the Bourcart canyon head during the last glacial cycle. This map

NU

represents the position of the “200 m contour line” (with respect to present sea-level) at various
stages of the last glacial cycle. An average subsidence rate of 250 m/Myr (Rabineau et al., 2014)

MA

was applied to correct the position of the contour lines.

Figure 17: Synthetic summary of the last ca. 100 kyr Bourcart canyon infill, and its relation with

ED

shelf-edge sequences (not at scale). The scenario is described in the text (section 5.4.1). The sea-

PT

level curve is simplified from figure 8B.

Table 1: Summary of the main characteristics of seismic surfaces used in this study. Their seismic

CE

characteristics, depth on PRGL1, ages and corresponding climato-eustatic events are given. Ages
at the position of cores and boreholes are first given in conventional 14C age from the age model of

AC

Sierro et al. (2009) on PRGL1 and MD99-2348. The calibrated ages have then been updated with
CALIB 7.0.2 software corrected for an air-sea reservoir effect of 400 years (Stuiver and Reimer,
1993). Ages older than ca. 40 cal ka BP are determined by correlations between proxies of hole
PRGL1 and the NGRIP and SPECMAP data (Sierro et al., 2009).
Table 2: Characteristics of both beachrock samples. The lower sample (sample 2) corresponds to
the onset of cementation starting at about 19 cal ka BP. The upper sample marks out the end of
cementation at almost 18 cal ka BP. The calibrated ages of the cemented beachrock samples have
been updated thanks to CALIB 7.0.2 software corrected for an air-sea reservoir effect of 400 years
(Stuiver and Reimer, 1993).
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Table 1
Depth
at the Conventional
Corresponding
Characteristics position 14C age (yr Calibrated
climatoon interfluve
on
BP; from
age (yr
eustatic
(PRGL1)
PRGL Sierro et al.,
BP)
events
1
2009)
(mbsf)
HighAbout
amplitude,
0
17,000
MIS1
conformable
cal BP

Characteristics
on shelf

Characteristics on
canyon head

Seafloor/D70m

Highamplitude,
conformable

High-amplitude,
conformable

D70s

High
amplitude,
unconformity

High to moderate
amplitude

Low amplitude

12.5

D67

High
amplitude

Difficult to track

Very low
amplitude

14

D64f

High-amplitude,
Merged with
conformable,
erosion
immediately above
surface (D64r)
MTD2

D63f

Merged with
erosion
surface (D63r)

D60s

SC
RI

NU

Highamplitude,
conformable

Low amplitude

High-amplitude,
conformable

Highamplitude,
conformable

19,100 ± 75

22,534 ±
93

-

20,900 ± 100

24,667 ±
198

Interstadial 2

≈25,000

Heinrich
Stadial 2
(HS2)

27

Seismic
units

Unit 3

U2c

24,100 ± 100

27,775 ±
90

Interstadial 4

≈28,000

HS3

U2b Unit
2

U2a

Highamplitude,
Merged with D63f Low amplitude
toplap
terminations
Merged with
HighHigh-amplitude,
erosion
amplitude,
conformable
surface (D60s)
conformable
Highamplitude,
Merged with D60m Low amplitude
toplap
terminations

AC

D60m

LGM

Low amplitude

Clear erosion
surface in the
upper canyon
head, merged with
D64f downdip

CE

D64r

Highamplitude,
toplap
terminations

D63r

Merged with D65f

19

18,150 ± 50

21,486.5
± 111.5

MA

Highamplitude,
toplap
terminations

Highamplitude,
conformable

ED

D65r

High-amplitude,
Merged with
conformable,
erosion
immediately above
surface (D65r)
MTD3

PT

D65f

PT

Surfaces

37,037 ±
600

Interstadial 8

≈40,000

HS4

71.5

≈131,000

MIS 5.e

73

≈140,000

MIS 6.a

36.5

33,350 ± 400

Unit 1
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Table 2
Conventional
14C age (a
BP)

1 sigma Calibrated
age (a BP; from
Calib 7.0.2)

Sample 1 (upper
part of the "Pierre
de Sète")

Cemented
littoral sand

Poz42577

15,110 ± 80

17,896 ± 114

Sample 2 (lower
part of the" Pierre
de Sète")

Cemented
littoral sand

Poz42578

SC
RI

PT

Lab no.

18,882 ± 92

CE

PT

ED

MA

NU

16,050 ± 90

AC

Beachrocks
(Pierre de
Sete)

Characteristic
on shelf

56

