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Stratigraphic sequences S1 to S5 delimited by main reflectors D35 to D70 marked as defined by Jouet (2007). Red reflectors show the main conformities separating RPUs while the blue ones correspond to sandy prisms. From Frigola et al. (2012) Urlaub et al., 2013). Les rectangles représentent des carottes de sédiments avec une sédimentation de fond hémipélagique (en blanc) et un dépôt de glissement de terrain (en gris).

Les cercles noirs ouverts et remplis indiquent la position de l'échantillon. L'âge minimum est obtenu en prélevant un (a) ou plusieurs échantillons (b) de l'unité hémipélagique au-dessus du dépôt de glissement de terrain. L'âge maximum est obtenu lorsque les échantillons sont prélevés soit dans l'unité hémipélagique située en dessous de (c), soit dans (d) le dépôt de défaillance. Une vitesse de sédimentation linéaire moyenne pour la carotte basée sur un échantillon peut être significativement différente des vitesses de sédimentation temporaires réelles (e), qui peuvent être calculées lorsque plusieurs échantillons sont disponibles entre le sommet de la carotte et le sommet du dépôt de rupture. Les échantillons au-dessus du dépôt peuvent donner un âge trop jeune s'ils sont situés sur un haut local (f) et la bioturbation sur le dessus, ainsi que l'érosion à la base du dépôt de rupture (g), Jouet, 2007). Séquences stratigraphiques S1 à S5 délimitées par les réflecteurs principaux D35 à D70 marqués comme défini par Jouet (2007). Les réflecteurs rouges montrent les principales conformités séparant les RPU tandis que les réflecteurs bleus correspondent à des prismes sableux. D'après Frigola et al. (2012) (Dennielou et al., 2019) and the Balearic Abyssal Plain Megabed (Rothwell et al., 1998) Figure 4.11: Changes in the interaction of the MTD (a) when it translates on the well-stratified finegrained substrate, (b) when it crosses the coarse-grained canyon lobe deposits. Note that the deformation is confined to the upper part of the substrate also known as the "free-slip flow" in the first case while a significant strain is transferred to the subsurface in case of the coarse-grained substrate also known as the "no-slip flow" from [START_REF] Sobiesiak | Styles of basal interaction beneath mass transport deposits[END_REF] Rothwell et al. (2000). White boxes show the location of seismic profiles presented in Figures 2,3, 5 and 6. The dashed black line shows a proposed extent of the megabed based on sediment core evidence from [START_REF] Babonneau | Turbidite chronostratigraphy off Algiers, central Algerian margin: a key for reconstructing Holocene paleoearthquake cycles[END_REF] (2017 ; their Fig. 7). Note in the grey shaded area a sediment layer standing out in photos for its colour different from that of other encasing turbidity layers whose age is compatible with that of the BAP megabed (Tab. 2). Core identifier are: PSM-KS21 (http://igsn.org/BFBGX-86346); PSM-KS23: http://igsn.org/BFBGX-86348; PSM-KS27 : http://igsn.org/BFBGX-86352. .................. 141 features within the western slide area, similar to the ERIS; the basal surface of the landslides coincides with the transition between underlying low-amplitude and overlying high-amplitude reflectors. (e), (f): close-up view of a small-scale buried failure between horizon H4 and H5 shows similar characteristic as of the surficial MTDs, H5 marks the basal surface of the MTD and the MTD is later draped by horizon H4. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by 7 key reflectors (H1 to H6) delineating 7 seismic units (U1 to U7). See Fig. 1 for the location of the profile. ................ 
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Introduction (English)

1.1. General background Subaqueous landslides are prodigious in terms of size and volume as compared to their terrestrial counterparts [START_REF] Calvès | Giant fossil mass wasting off the coast of West India: The Nataraja submarine slide[END_REF]Hampton et al., 1996). In continental margins, submarine landslides are one of the most important phenomenon shaping the continental margins by redistributing sediments from upper slopes to deep oceans (Masson et al., 2006). Furthermore, in the deep sea, submarine landslides transport large volumes of organic carbon, which could prove to be one of the underrated factors for global carbon budget [START_REF] Azpiroz-Zabala | Newly recognized turbidity current structure can explain prolonged flushing of submarine canyons[END_REF]Smith et al., 2015;[START_REF] St-Onge | Isotopic constraints of sedimentary inputs and organic carbon burial rates in the Saguenay Fjord, Quebec[END_REF]. Most importantly, they can generate damaging tsunamis, posing a significant threat to densely populated coastal regions, global economies and the environment [START_REF] Bondevik | The Storegga Slide tsunami-comparing field observations with numerical simulations[END_REF]Heidarzadeh et al., 2018;Sassa and Takagawa, 2019;[START_REF] Tappin | The Sissano, Papua New Guinea tsunami of July 1998 -offshore evidence on the source mechanism[END_REF]. In passive margins, they are known to occur on incredibly flat slopes (2°) with a runout distance of up to 1000 km (Hühnerbach and Masson, 2004). Consequently, they can damage seafloor infrastructure, such as that used to recover oil and gas, or seafloor telecommunication cables, which carry more than 95% of global internet traffic (Carter et al., 2012;Talling et al., 2014). The most studied submarine landslide the Storegga landslide has a total volume of around 3500 km 3 [START_REF] Bondevik | Record-breaking height for 8000-year-old tsunami in the North Atlantic[END_REF]Bryn et al., 2005;[START_REF] Bugge | The Storegga Slide[END_REF][START_REF] Bugge | A giant three-stage submarine slide off Norway[END_REF]. For comparison, this is two orders of magnitude higher than the annual sediment flux of all the rivers in the world (Talling et al., 2014). Submarine landslides occur in a wide range of environments such as active margins [START_REF] Harders | Submarine slope failures along the convergent continental margin of the Middle America Trench[END_REF]Micallef et al., 2012;Völker et al., n.d.), passive margins [START_REF] Clarke | Morphology of Australia's Eastern Continental Slope and Related Tsunami Hazard[END_REF][START_REF] Georgiopoulou | Sahara Slide: Age, initiation, and processes of a giant submarine slide[END_REF]Hühnerbach and Masson, 2004;Krastel et al., 2018;Li et al., 2017;[START_REF] Piper | The sequence of events around the epicentre of the 1929 Grand Banks earthquake: initiation of debris flows and turbidity current inferred from sidescan sonar[END_REF], volcanic flanks (Le Friant et al., 2015;[START_REF] Lebas | Multiple widespread landslides during the long-term evolution of a volcanic island: Insights from high-resolution seismic data, Montserrat, Lesser Antilles[END_REF]Moore et al., 1989;Urgeles et al., 1997), lacustrine settings (Moernaut et al., 2017;Praet et al., 2017;[START_REF] Sammartini | An Atlas of Mass-Transport Deposits in Lakes[END_REF][START_REF] Strasser | Magnitudes and source areas of large prehistoric norhern Alpine earthquakes revealed by slope failures in lakes[END_REF], submarine canyons [START_REF] Greene | Submarine landslides in the Santa Barbara Channel as potential tsunami sources[END_REF][START_REF] Mountjoy | Shallow methane hydrate system controls ongoing, downslope sediment transport in a lowvelocity active submarine landslide complex, Hikurangi Margin, New Zealand[END_REF]Sultan et al., 2007), carbonate platforms (Principaud et al., 2014) and siliciclastic platforms (Silva et al., 2010).

A complete investigation of submarine landslides requires a vast amount of geophysical, sedimentological and geotechnical data to understand slide morphology, geometry of the failure and deposits, nature of the basal surface, slide length (Bull et al., 2009;Clare et al., 2018;Moscardelli and Wood, 2008). Owing to their presence in wide-range of environments, especially on the continental slopes and deep-water settings, their investigation with conventional remote sensing methods remain the biggest challenge in submarine landslide research. Until 2018, only 15% of the seafloor has been mapped using currently acceptable multibeam bathymetric measurements [START_REF] Mayer | The Nippon Foundation-GEBCO seabed 2030 project: The quest to see the world's oceans completely mapped by 2030[END_REF], a large part of the World's ocean remains unmapped. Recent advances in geophysical imaging techniques and involvement of the oil and gas industry in submarine landslide research gave rise to the discovery of numerous submarine landslides [START_REF] Bugge | A giant three-stage submarine slide off Norway[END_REF][START_REF] Calvès | Giant fossil mass wasting off the coast of West India: The Nataraja submarine slide[END_REF]. Geophysical techniques e.g. reflection seismic and sub-bottom profiler are used to image already known landslides. However, their precise triggers are unclear based on available data, total volumes are often poorly constrained based on relatively low-resolution legacy seismic data and coarse sample spacing, and the nature of the event is only partially understood through shallow sediment sampling.

Subaqueous landslides: processes, classifications, chronology

Subaqueous landslides distribute a large amount of material from the shelf or upper slope to the deep sea along the basal surfaces (Masson et al., 2006). Several classifications and schemes are proposed for these processes by which resulting deposit (mass transport deposit (MTD) or mass transport complex (MTC) makes its way to the deep sea (e.g. [START_REF] Martinsen | Mass movements[END_REF][START_REF] Mulder | Classification of offshore mass movements[END_REF][START_REF] Norem | An approach to the physics and the modeling of submarine flowslides[END_REF][START_REF] Prior | Submarine landslides-geometry and nomenclature[END_REF][START_REF] Varnes | Slope movement types and processes[END_REF]. More recently, Masson et al. (2006) Masson et al., 2006).

the deeper sub-seabed geological structures. More recently, 3D seismic techniques are employed to understand the overall basin evolution and emplacement of the mass transport deposits [START_REF] Cartwright | 3D seismic technology: The geological[END_REF][START_REF] Hart | Definition of subsurface stratigraphy, structure and rock properties from 3-D seismic data[END_REF].

Recent advancements in 3D seismic imaging have allowed imaging MTDs in full extent in the offshore environment within 10s of meters of spatial resolution (Frey Martinez et al., 2005;[START_REF] Hart | Definition of subsurface stratigraphy, structure and rock properties from 3-D seismic data[END_REF]Posamentier and Kolla, 2003) thus allowing to understand the internal structure of MTDs in details. With the increasing use of 3D data in academia, many new classification schemes were proposed such as frontally confined vs frontally emergent MTDs (Frey-Martínez et al., 2006), slope attached vs slope detached MTDs (Moscardelli and Wood, 2016). Bull et al. (2009) At the sediment core scale, [START_REF] Tripsanas | Submarine mass-transport facies: New perspectives on flow processes from cores on the eastern North American margin[END_REF] proposed a most comprehensive scheme to describe mass movement deposits using sediment core data to characterise mass wasting processes ranging from turbidity currents to debris flow to slides and slumps (Fig. 1.3). Authors showed that Bull et al., 2009). See text for detail.

in slides and slumps, there is generally an overall increase of the degree of deformation in lithofacies from the headwall to the toe of the slide. In certain cases, however, especially for local slides, allochthonous stratified sediments of similar lithology can also be observed surrounding autochthonous sediments. In the case of the debris flow and avalanches, there is no spatial variation in the lithofacies indicating that disintegration of the material takes place in the early stage of the failure, thus the type of the final mass movement depends on the nature of the sediment and slope gradient and is rather independent of its run-out distance. In the case of turbidity current author observed sorted sand and gravel deposits. The deposits of slides, debris avalanches and debris flows sometimes show transparent facies on seismic-reflection data [START_REF] Tripsanas | Submarine mass-transport facies: New perspectives on flow processes from cores on the eastern North American margin[END_REF], which often leads to the common misapplication of the term 'debris flow'. Therefore, careful attention must be paid while interpreting these deposits using seismic data and a more generalized term should be used such as MTD.

It is important to understand the chronology of subaqueous landslides to understand their causal mechanisms. Additionally, a robust temporal distribution of mass-movements can also be useful to understand the recurrence interval of large earthquakes, especially in settings where earthquakes are considered as primary triggers of mass movements [START_REF] Schnellmann | Prehistoric earthquake history revealed by lacustrine slump deposits[END_REF][START_REF] Strasser | Magnitudes and source areas of large prehistoric norhern Alpine earthquakes revealed by slope failures in lakes[END_REF]2007). Several authors have compared landslide frequency with sea-level changes (e.g. Maslin et al., 2004;Owen et al., 2007;Lee, 2009;Leynaud et al., 2009 Urgeles andCamerlenghi, 2013). Urlaub et al. (2013), rather described a temporally random distribution of ages of submarine landslides most likely due to small sample size or uncertainties due to sampling errors. Pope et al. (2015) further suggested focussing on a specific environment, and on a smaller number of welldated landslides to compare landslide frequency with sea level. Urlaub et al. (2013) suggested to take into account sedimentological processes and suggested a sampling strategy to collect sediment samples to date the slide events correctly and advised that samples for dating landslide events should be collected within the source or deposit area, for A linear average sedimentation rate for the core based on one sample can be significantly different from actual temporary sedimentation rates (e), which can be calculated when several samples between the top of the core and the top of the failure deposit are available. Samples above the deposit can give an age too young if located on a local high (f) and bioturbation on the top, as well as erosion at the base of the failed deposit (g), are possible sources of uncertainty to the estimated ages. example below or above the slide deposit (Fig. 1.4). In this case, the ages represent the minimum and maximum ages of the event. They suggested that uncertainties may arise from the time gap between landslide and sample age if the boundary between pre-failure material or the MTD and post-slide drape is disturbed by along-slope sediment transport and/or subsequent minor scarp failure or bioturbation. Therefore, attention must be paid regarding bottom-water currents and visual observations of bioturbation while subsampling the cores for dating slide events.

The ITN SLATE project

Since several decades, multiple international projects have addressed key issues related to submarine landslides such as STRATAFORM (1995)(1996)(1997)(1998)(1999)(2000)(2001) This PhD thesis was completed as part of The ITN SLATE project and places itself within the first two WPs and provides important results for the WP3.

Submarine landslides in the Western Mediterranean

In the European context, the Mediterranean Sea is one of the most vulnerable areas for marine geohazards due to a large number of densely populated cities in the coastal areas and the small size of the basin. It is a semi-enclosed basin with widespread occurrences of submarine landslides (Camerlenghi et al., 2012;[START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. This includes the well-known 1979 landslide-generated tsunami that struck the coast of the city of Antibes and Nice in the southern part of France (Dan et al., 2007;[START_REF] Sultan | Investigation of a possible submarine landslide at the Var delta front (Nice continental slope, southeast France)[END_REF][START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. Other examples include the destruction of the harbour of Herod the Great in A.D. 115 at Caesarea Maritima, Israel, the 1783 Scilla coastal landslide in Italy, the 1980 El-Asnam 7.3Ms earthquake and landslide, and the 2002 Stromboli volcano landslide (Urgeles and Camerlenghi, 2018 and references therein). Landslide deposits cover about 18% of Mediterranean seafloor [START_REF] Kuhlmann | Shelf architecture and submarine landsliding at Gela Basin (Strait of Sicily)[END_REF][START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. Since several decades, the Mediterranean coastline has undergone rapid development. Currently, about 160 million inhabitants share 46,000 km of coastline [START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. Furthermore, it hosts an increasingly developing marine infrastructure that includes the wind turbines, oil platforms, pipelines and submarine cables crucial to our day-to-day communications (Fig. 1.5). While these increasingly populated coastlines and rapidly developing offshore infrastructure provide ample opportunities and clean energy, they also face significant risk due to unavoidable natural hazards such as tsunamis, earthquakes, submarine landslides.

The Mediterranean Sea is a geologically complex area where within small vicinity diverse type of environments coexist such as active and passive margins, volcanic islands and large river deltas (Urgeles and Camerlenghi 2013 and references therein). This study focuses on the Gulf of Lions margin, which is a passive margin situated in the northwestern Mediterranean that extends down to the Balearic abyssal plane (BAP) in the deep western Mediterranean. Out of six large (>150 km 3 ) MTDs in the Mediterranean region, three are located in the GoL and the BAP. These are the Rhone Western, Eastern MTDs and an enigmatic megaturbidite in the BAP called as the BAP megaturbidite (Fig. 1.1). These three mass-transport events correspond to prodigious volumes of 200, 160 and 1000 km 3 , respectively. Despite being one of the best-studied margins in terms of climate variability (Bassetti et al., 2008;Frigola et al., 2012;Lombo Tombo et al., 2015;Rabineau et al., 2014;Sierro et al., 2009), source to sink [START_REF] Bonneau | Glacial erosion dynamics in a small mountainous watershed (Southern French Alps): A source-tosink approach[END_REF], ocean circulation [START_REF] Millot | Circulation in the Western Mediterranean Sea[END_REF], these MTDs were only described in the literature with a sparse availability of geophysical 30 [START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. The mass-movements highlighted in brown colour are investigated in this PhD thesis.

(at times only legacy seismic data) and sedimentological dataset. Despite the potential geohazards posed by these events, there were several open questions about the source, size, ages, and emplacement of these large mass transport events in the Western Mediterranean.

The recently acquired high-resolution seismic data during the campaign AMMED (Rabineau et al., 2013) made it possible to map in detail the source area of the MTDs in the GoL. Additional HR and novel deep-towed seismic data collected during the campaign PRISME2 (Cattaneo 2013a) allowed to fill the gaps in the pre-existing dataset and shed a light on the internal architecture of the MTDs.

Another campaign PRISME3 (Cattaneo 2013b), dedicated for investigating seafloor instabilities in the Western Mediterranean allowed acquiring piston cores and in-situ geotechnical data to understand in detail the post-slide dynamics and the nature of basal surfaces of the mass movements.

More recently, sub-bottom profiler data collected during two campaigns in the deep western Mediterranean basin, Westmedflux1 (Poort and Lucazeau 2016) and Westmedflux2 (Poort and Gorini 2018) allowed filling the gaps in the previously sparse dataset. The recent advances in the seismic imaging and availability of the dataset mentioned above provide extensive coverage of the GoL and BAP with a high-resolution dataset that allows comprehending slope instabilities using multidisciplinary approach incorporating geophysical, sedimentological, in-situ measurements and laboratory geotechnical data, which makes this PhD work one of a kind in the Gulf of Lions.

Aims, scientific questions and objectives of the PhD thesis

The overall aim of this thesis is to contribute to a better understanding of submarine landslides to refine the geohazard assessment in the central Mediterranean area. In particular, this study focuses on the two large MTDs, the Rhone Western and Eastern MTDs and the Balearic abyssal plane megaturbidite in the deep western Mediterranean basin. These deposits were described in the literature dating back to the 80s but the internal architecture of these events was never analysed in detail. This thesis integrates high to very high-resolution multichannel seismic data, sediment sampling for stratigraphic and geotechnical characterization and in situ measurement. This manuscript aims to answer some outstanding scientific questions that also cover the objectives of the PhD project.

The main scientific questions covered in this thesis are:

What are the morphological, seismic and sedimentological characters of submarine landslides and consequent deposits in the Gulf of Lions?

The precise identification of the morphology and sedimentological characters is one of the outstanding questions in the overall research of subaqueous mass movements. Even after several decades of research on this topic, MTDs remain still poorly imaged and they are simply highlighted as chaotic or transparent reflections in seismic data: therefore, their internal geometry mostly remains unknown with relatively few exceptions (e.g. Garziglia et al., 2010). Lithofacies from sediment cores often highlight complex geometry but these structures are often below resolution limits of currently available seismic techniques. Understanding the internal geometry of the deposits is imperative since it holds most of the kinematic indicators of slope failure. Furthermore, the 32 internal architecture of the submarine landslide can sometimes reveal kinematic indicators such as the runout and the flow acceleration which are crucial for assessing geohazards potential of a particular mass-movement [START_REF] Ford | Geostatistical characterization of internal structure of masstransport deposits from seismic reflection images and borehole logs[END_REF]. In the GoL, the earlier available literature focussed on the extent of the MTDs (Bellaiche et al., 1986;Bonnel et al., 2005;Droz, 1983;Droz et al., 2006;[START_REF] Gaullier | Corps gravitaires récents dans le bassin Nord-Baléares: géométrie et quantification[END_REF]Rothwell et al., 1998;Torres et al., 1997Torres et al., , 1995)). These MTDs were characterized by transparent seismic facies with no apparent internal structures.

Recently, Dennielou et al. (2019) highlighted some undisturbed tilted blocks in the proximal area and folded lithofacies within the MTD. The objectives of this manuscript are to further understand the internal architecture of the MTDs and their source areas using the newly available highresolution seismic data including novel ultra-high-resolution deep-towed multichannel seismic data, sediment cores and in-situ CPT measurements.

When did the submarine landslides occur in the Gulf of Lions?

Understanding the chronology of submarine landslides is important for several reasons: 1) precise ages of the landslides help to distinguish between periodic vs episodic events within the geological time scale, 2) since precise ages of submarine landslides are rarely available, it is difficult to draw any statistical conclusions on the impact of geological processes on submarine landslide occurrences and 3) accurate age determination also helps identify the context of sediment failure, for example, in conditions of relative sea-level stillstand or transition. In general, precise dating of submarine landslides helps to determine the environmental conditions during which the landslide occurred and hence shed a light on the processes governing the geological conditions at the time of landslide occurrence. Until recently, the precise ages of the submarine landslides in the GoL were unknown. Therefore, one of the specific objectives of this thesis is to provide precise ages of the failure events through radiocarbon and stable isotope dating.

Can we identify possible weak layers or any specific stratigraphic horizons along which slope failures took place?

A peculiarity of submarine landslides is that they can take place in a slope as gentle as 2° or less (e.g. [START_REF] Field | Earthquake-induced sediment failures on a 0.25 o slope, Klamath River delta, California[END_REF]Urlaub et al., 2015). In certain types of basal surfaces such as fine-grained sediments, they can propagate to more than 200 km. In the review of Locat et al. (2014), an attempt has been made to define and classify weak layers for submarine landslides. In summary, weak layers may be classified as inherited (keeping original depositional properties) or induced (affected by external factors such as earthquakes or hydrate dissociation). Often a good understanding of the lithology and mechanical properties of the slope help predetermine if certain lithofacies are more susceptible to failures. Unfortunately, these data are not available for all landslides, because in most cases weak layers are not sampled due to their depths in the stratigraphy. It is also possible that the characteristics of weak layers are altered during or after the emplacement, for example, because they are washed out during the failures, more rarely when sampled: in these cases, their original properties are altered and not preserved. Commonly, seismic data are used to identify possible weak layers by deducing their properties from their seismic reflection pattern. Although this method is not very effective, seismic imaging of weak layers can often guide to strategically sample weak layers or basal surfaces with currently available coring methods. Once the physical and mechanical properties of the weak layers are identified, they can be extrapolated to the entire study area using reflection seismic data. With the recent acquisition of high-resolution seismic data and sediment cores in the GoL, another objective of this manuscript is to understand the distribution of weak layers and glide planes. Furthermore, laboratory analysis aims to understand their physical and mechanical behaviour and infer what is their control on landslide retrogression.

Is there any potential role of climatic cycles in facilitating slope failures?

The Gulf of Lions is a well-studied margin in terms of climatic variability. Several studies highlighted the Milankovitch cyclicity altering sedimentation pattern on the upper slope of the GoL (Bassetti et al., 2008;[START_REF] Berné | The Impact of Quaternary Global Changes on Strata Formation: Exploration of the Shelf Edge in the Northwest Mediterranean Sea[END_REF]Frigola et al., 2012;[START_REF] Nizou | Records of Holocene climatic fluctuations and anthropogenic lead input in elemental distribution and radiogenic isotopes (Nd and Pb) in sediments of the Gulf of Lions (Southern France)[END_REF][START_REF] Pasquier | Organic matter isotopes reveal enhanced rainfall activity in Northwestern Mediterranean borderland during warm substages of the last 200 kyr[END_REF]Sierro et al., 2009), such as changes in sediment accumulation rates and lithology between glacio-eustatic cycles. However, the impact of these cycles on slope stability was never studied in detail. Lithological heterogeneity alone is known for facilitating slope failures in some margins. It is thus imperative to understand the behaviour of the slope in response to these glacio-eustatic cycles. Another objective of this manuscript is to understand if the late Quaternary eustatic changes resulted in the deposition of any weak layers. This could also help in understanding future geohazards posed by these events in light of the currently changing environment and rising sea levels.

What are the preconditioning factors and potential triggering mechanisms leading to slope failures in the GoL? Sultan et al. (2004) define preconditioning factors as the contributing factors to the initiation of the landslide and triggering mechanisms as an external stimulus in initiating a landslide.

Preconditioning factors include overall tectonic history, sediment properties, and fluid flow regime and trigger mechanisms include oversteepening of the slope, earthquake, storm-wave loading, rapid sediment accumulation and under-consolidation, free gas, gas hydrate dissociation, low tides, glacial loading and volcanic island processes (Locat and Lee, 2002;Sultan et al., 2004). In general, causes of the slope failures can be divided into two types: factors which increase the shear stress of the sediment and factors that decrease the shear strength of the sediment. This is expressed as the safety factor (F s ), which is given by the ratio of shear strength vs shear stress. If the safety factor becomes less than 1, slope failure is likely to occur. Locat and Lee (2002) suggested that at fast rates, some preconditioning factors may become a trigger mechanism for the failure. Therefore, a better understanding of short term triggers against the preconditioning factors is necessary. For example, if a slope is preconditioned for failure (e.g. F s = ~1), an external trigger might not be required to initiate the failure. In many cases, earthquakes are considered as an external trigger for submarine landslide initiation (e.g. Masson et al., 2006). However, in passive margins like the GoL, where instrumental records do not show any seismicity (Cara et al., 2015), earthquakes do not seem likely candidates in triggering a landslide at a first appreciation. It is, however, worth to consider that the instrumental record of seismicity is particularly short when compared to the history of a continental margin and non-glaciated passive margins might have become stable after the isostatic rebound after the last glacial maximum. Indeed, Brothers et al. (2013) suggest that glacio-eustatic sea-level fluctuations can lead to elevated seismicity. The final objective of this manuscript, therefore, is to understand if the landslides occurred under particular environmental conditions or random in time. This will allow to understand the likely preconditioning factors and triggering mechanisms which persisted in the time interval represented by those environmental conditions. [START_REF] Carminati | Mediterranean tectonics[END_REF].

Geological setting

The Gulf of Lions is an SW-NE oriented, young passive continental margin that formed after the Oligocene time, with the counter-clockwise rotation of Corso-Sardinian block during the opening of a micro-ocean (Fig. 1.6), the Liguro-Provençal basin [START_REF] Alvarez | Sardinia and Corsica: One microplate or two?[END_REF][START_REF] Gorini | Géodynamique d'une marge passive: le Golfe du Lion(Méditerranée occidentale)[END_REF][START_REF] Malinverno | Extension in the Tyrrhenian Sea and shortening in the Apennines as result of arc migration driven by sinking of the lithosphere[END_REF][START_REF] Zijderveld | Rotation of Sardinia: Palaeomagnetic evidence from Permian rocks[END_REF], in a context of convergence between Africa and Europe (Le Pichon et al., 1971). Due to its limited lateral extent, easy accessibility and availability of exceptional dataset owing to continuous exploration since the 80s, the GoL is one of the best-studied passive margins in the world (Berné and Gorini, 2005;Séranne, 1999;Steckler and Watts, 1980).

The margin is characterised by a wide continental shelf (∼70 km) that was sub-aerially exposed during the Last Glacial Maximum (LGM) about 21 ka ago and offers a continuous sedimentary record drilled on the upper slope by the PROMESS boreholes (Bassetti et al., 2008(Bassetti et al., , 2006;;Berné et al., 2007;Jouet, 2007;Rabineau et al., 2005). The present-day shelf break of the GoL occurs at water depths ranging from 120 to 170 m. Fifteen submarine canyons feed the distal Rhone Sedimentary System and incise the GoL continental slope down to 1000 m water depth, the major one being the Petit Rhone Canyon (PRC), which is fed by Alpine sediments through the largest river Rhone and its tributaries.

The sedimentary architecture of the GoL drastically changed during a major event known as the Messinian Salinity Crisis, when a major sea-level drop in the Mediterranean Sea at the end of the Miocene [START_REF] Barr | Late Tertiary channel system in northern Libya and its implication on Mediterranean sea level changes[END_REF][START_REF] Chumakov | GEOLOGICAL HISTORY OF THE MEDITERRANEAN AT THE END OF THE MIOCENE-THE BEGINNING OF THE PLIOCENE ACCORDING TO NEW DATA[END_REF]Hsu, 1973), due to the closure of the Gibraltar Strait (Hodell et al ., 1989;Krijgsman et al ., 1999) resulted in a km-scale thick evaporite deposition in the deep basin (Hsu, 1973). After reflooding of the basin during the Zanclean (5.33 Ma; Lofi et al., 2003;Roveri et al., 2008), a prograding and aggrading sedimentary prism of up to 3 km thick developed along with large subsidence (up to 250 m/Ma on the shelf, Dennielou et al., 2019;Leroux et al., 2014;Rabineau et al., 2006Rabineau et al., , 2014 and up to 500 m/Ma in the deep basin, Leroux et al., 2015;Rabineau et al., 2014) throughout the Plio-Quaternary time to form the present-day margin morphology (Dennielou et al., 2019;Leroux et al., 2014). Since then, the evolution of the deeper part of the GoL has mainly been controlled by syn-sedimentary salt tectonics and gravity-driven deformation of post-Plio-Quaternary strata tuned by relative sea-level fluctuations. The gravitydriven deformation above the salt layer, which forms a "décollement" surface, led to the development of extensional areas dominated by listric faults and grabens on the upper and lower slope (Fig. 1.7) and compressional areas in the deep basin driven by salt diapirs and domes (dos Reis et al., 2005).

The Pleistocene sedimentation in the GoL was mainly controlled by glacio-eustatic sea-level fluctuations related to the Milankovitch cyclicities (Bassetti et al., 2008;Frigola et al., 2012;[START_REF] Monaco | Contribution à l'étude géologique et sédimentologique du plateau continental du Roussillon (Golfe du Lion)[END_REF]Rabineau et al., 2005Rabineau et al., , 1998;;Sierro et al., 2009;Tesson and Gensous, 1998;Torres et al., 1995). During a major Quaternary reorganization called the Mid-Pleistocene Transition, the dominant climate cyclicity changed from 40 ka to 100 ka in frequency (Droz et al., 2006;Pena and Goldstein, 2014). These cycles were accompanied by a change in sea-level cycle amplitudes from (2005). 50 m to 100 m (Droz et al., 2006;Pena and Goldstein, 2014). Over the last 30 years by several authors proposed several stratigraphic models for these cycles (e.g. [START_REF] Aloïsi | Sur un modèle de sédimentation deltaïque: contribution à la connaissance des marges passives[END_REF][START_REF] Berné | The Impact of Quaternary Global Changes on Strata Formation: Exploration of the Shelf Edge in the Northwest Mediterranean Sea[END_REF]Lofi et al., 2003;[START_REF] Monaco | Contribution à l'étude géologique et sédimentologique du plateau continental du Roussillon (Golfe du Lion)[END_REF]Rabineau et al., 2005;[START_REF] Tesson | Stratigraphic organization of late pleistocene deposits of the western part of the Golfe du Lion shelf (Languedoc shelf), Western Mediterranean Sea, using high-resolution seismic and core data[END_REF][START_REF] Tesson | Late Quaternary deltaic lowstand wedges on the Rhône continental shelf, France[END_REF]. Most of the middle and outer continental shelf consists of prograding wedges that display internal reflections showing alternating low angle (<1°) and high angle (>4°) clinoforms. Based on shallow cores and stratigraphic modelling, this elementary "motif" was interpreted as the result of alternating deposition of high energy (sandy upper shore faces/delta fronts) and low energy (muddy lower shore faces or "offshore" deposits) during late Quaternary sea-level changes. After the Mid-Pleistocene, sedimentation in the GoL was mainly dominated by terrigenous deposition brought by the Alpine rivers (mainly Rhone) into the basin through turbiditic systems. In the Late Pleistocene, the evolution of the margin and canyons was driven by sea-level fluctuations with the development of thick forced-regressive sequences during sea-level falls bounded on the slope by condensed intervals deposited during highstands (Bassetti et al., 2006;Rabineau et al., 2006;Sierro et al., 2009). On the lower slope of the GoL, which is mainly fed by the PRC, sedimentation rates for the glacial and deglacial periods were documented in the order of 1-2 m/ka, while during the interglacial periods the sedimentation rates were in the range of 0.05 to 0.10 m/ka (Dennielou et al., 2019;Lombo Tombo et al., 2015;Sierro et al., 2009).

Overview of the PhD thesis

This PhD thesis consists of an introductory chapter (this one), a material and methods chapter (chapter 2) and five main chapters (chapters 3-7) tackling with different scientific questions and objectives of this thesis as mentioned in chapter 1.5. These chapters either have been published or Jouet, 2007). Stratigraphic sequences S1 to S5 delimited by main reflectors D35 to D70 marked as defined by Jouet (2007). Red reflectors show the main conformities separating RPUs while the blue ones correspond to sandy prisms. From Frigola et al. (2012).

are in preparation for submission to peer-reviewed international journals. The final Chapter 8 summarizes the main conclusions and proposes some open questions.

Chapter 2 consists of an overview of the study area and all the material and methods used during this thesis. The dataset is composed of multibeam bathymetry, high-resolution seismic data collected during several cruises in the GoL and sediment cores and Cone Penetration Tests performed during PRISME3 cruise. To avoid repetition, all material and methods used for individual chapters are grouped and presented in this chapter.

Chapter 3 focuses on morphology, internal architecture and dating of the slope failures in the Eastern part of the study area, the interfluve area of the Petit Rhone and Grand Rhone canyons. This chapter highlights the morphology of the slope failure that is dominated by staircase geometry indicative of a retrogressive failure on multiple glide planes over high-amplitude reflectors. We also provided precise dating of the emplacement of the MTD that dates back to 20 ka BP during the peak of the last glacial maximum. This chapter is published partly in the journal Geomorphology: "Badhani, S., [START_REF] Badhani | Morphology of retrogressive failures in the Eastern Rhone interfluve during the last glacial maximum (Gulf of Lions, Western Mediterranean)[END_REF]. Morphology of retrogressive failures in the Eastern Rhône interfluve during the last glacial maximum (Gulf of Lions, Western Mediterranean). Geomorphology, 351, p.106894." The sedimentological characters of the RWMTD were extensively investigated in the recent work of Dennielou et al. (2019); Chapter 4 thus focusses on the seismic geomorphology of the RWMTD.

An open question that remained for the RWMTD was the seismically transparent nature of the MTD when imaged with conventional HR seismic data even if sediment cores showed folded and contorted beds. To answer this question we used the recently acquired deep-towed multi-channel seismic data that shows remarkable improvement in the imaging of the RWMTD and allowed us to image important kinematic indicators that helped to create a conventional flow model of the RWMTD. This chapter is in preparation for the Geological Society of London special issue on Seismic Geomorphology.

The Balearic Abyssal Plain (BAP) megabed is the largest megabed in the Mediterranean. Its age is well constrained by multiple radiocarbon dates and biostratigraphy (Hoogakker et al., 2004;Rothwell et al., 2000), although the extent, initiation processes and source areas remained unclear.

In Chapter 5, we revisited the BAP megabed using newly available sub-bottom profiler data and piston cores. We show the internal architecture, sedimentological and mechanical properties of the BAP megabed. This chapter has been published as part of a special issue entitled "Subaqueous Mass Movements and their Consequences: Advances in Process, Understanding, Monitoring and Hazard Assessments" in Geological Society of London Special Publications: " Cattaneo, A., Badhani, S., Caradonna, C., Bellucci, M., Leroux, E., Babonneau, N., Garziglia, S., Poort, J., Akhmanov, G.G., Bayon, G. and Dennielou, B., 2020. The last glacial maximum Balearic Abyssal Plain megabed revisited. Geological Society, London, Special Publications, 500(1), pp.341-357." Chapter 6 uses a multidisciplinary approach to understand the nature of basal surfaces of recurrent mass wasting in the GoL triggered during the peak of the Last Glacial Maximum. We used a suite of conventional HR seismic, deep-towed seismic and piston cores, and its integration with in-situ measurements. Using these datasets, we demonstrated that the recurrence of landslides in the area is influenced by a lithological heterogeneity most likely tuned by climatic variabilities in the past.

We demonstrated that the recurring basal surfaces of the slope failures are composed of clay-rich sediments. This chapter has been published as part of a special issue entitled "Subaqueous Mass Movements and their Consequences: Advances in Process, Understanding, Monitoring and Hazard Assessments" in Geological Society of London Special Publications: "Badhani, S., [START_REF] Badhani | Integrated geophysical, sedimentological and geotechnical investigation of submarine landslides in the gulf of lions (Western mediterranean)[END_REF]. Integrated geophysical, sedimentological and geotechnical investigation of submarine landslides in the Gulf of Lions (Western Mediterranean). Geological Society,London,Special Publications,500(1), Chapter 7 synthesizes the role of environmental control on slope failures in the GoL. This chapter is divided into two parts. The first part focusses on the multidisciplinary analyses of the recurrent clay-rich basal surfaces that are influenced by the 100-kyr glacio-eustatic cycles. The newly available stable isotope data show that the basal surfaces were deposited during sea-level highstand periods. These recurrent basal surfaces show a strain-softening behaviour meaning that the shear strength of the basal surfaces drops upon shearing. The second part focusses on the temporal distribution of slope failures in the GoL to understand if any particular environmental conditions favour slope instabilities. This chapter is currently being prepared for submission to a peer-reviewed journal.

Chapter 8 presents the main results achieved during the three years of work and the answers to the scientific questions presented in the Introduction about 1) Morphological, seismic and sedimentological characters of submarine landslides; 2) Chronology, 3) preconditioning factors, and 4) Potential role of climatic forcing in facilitating slope failures. The perspectives present succinctly some open questions about seafloor instability in the GoL: the source of BAP megaturbidite, slope stability modelling and the role of hydrostatic pressure on the reactivation of the halokinetic extensional faults.

Chapitre 1.

Introduction (Français) 1.1. Contexte général

Les glissements de terrain subaquatiques sont extraordinaires en termes de taille et de volume par rapport à leurs homologues terrestres [START_REF] Calvès | Giant fossil mass wasting off the coast of West India: The Nataraja submarine slide[END_REF]Hampton et al., 1996). Dans les marges continentales, les glissements de terrain sous-marins sont l'un des phénomènes les plus importants qui façonnent les marges continentales en redistribuant les sédiments des pentes supérieures vers les océans profonds (Masson et al., 2006). En outre, les glissements de terrain sous-marins transportent vers le grand fond de grands volumes de carbone organique, ce qui pourrait s'avérer être l'un des facteurs sous-estimés du bilan mondial du carbone [START_REF] Azpiroz-Zabala | Newly recognized turbidity current structure can explain prolonged flushing of submarine canyons[END_REF]Smith et al., 2015 ;[START_REF] St-Onge | Isotopic constraints of sedimentary inputs and organic carbon burial rates in the Saguenay Fjord, Quebec[END_REF]. Plus important encore, ils peuvent provoquer des tsunamis dévastateurs, ce qui constitue une menace importante pour les régions côtières densément peuplées, les économies mondiales et l'impact environnementale [START_REF] Bondevik | The Storegga Slide tsunami-comparing field observations with numerical simulations[END_REF]Heidarzadeh et al., 2018 ;Sassa et Takagawa, 2019 ;[START_REF] Tappin | The Sissano, Papua New Guinea tsunami of July 1998 -offshore evidence on the source mechanism[END_REF]. Dans les marges passives, on sait que les glissements sous-marins se produisent sur des pentes extrêmement plates (2°, ou même 0.25°, Fields et al., 1982), avec une distance d'écoulement pouvant atteindre 1000 km (Hühnerbach et Masson, 2004). Par conséquent, elles peuvent endommager des infrastructures sur le fond marin, comme celles utilisées pour exploiter et transporter le pétrole et le gaz, ou les câbles de télécommunication du fond marin, qui acheminent plus de 95 % du trafic Internet mondial (Carter et al., 2012 ;Talling et al., 2014). Les glissements de terrain sous-marins se produisent dans une large gamme d'environnements tels que les marges actives [START_REF] Harders | Submarine slope failures along the convergent continental margin of the Middle America Trench[END_REF]Micallef et al., 2012 ;Völker et al., n.d.), les marges passives [START_REF] Clarke | Morphology of Australia's Eastern Continental Slope and Related Tsunami Hazard[END_REF][START_REF] Georgiopoulou | Sahara Slide: Age, initiation, and processes of a giant submarine slide[END_REF]Hühnerbach et Masson, 2004 ;Krastel et al., 2018 ;Li et al., 2017 ;[START_REF] Piper | The sequence of events around the epicentre of the 1929 Grand Banks earthquake: initiation of debris flows and turbidity current inferred from sidescan sonar[END_REF], les flancs volcaniques (Le Friant et al., 2015 ;[START_REF] Lebas | Multiple widespread landslides during the long-term evolution of a volcanic island: Insights from high-resolution seismic data, Montserrat, Lesser Antilles[END_REF]Moore et al., 1989 ;Urgeles et al., 1997), les milieux lacustres (Moernaut et al., 2017 ;Praet et al., 2017 ;[START_REF] Sammartini | An Atlas of Mass-Transport Deposits in Lakes[END_REF][START_REF] Strasser | Magnitudes and source areas of large prehistoric norhern Alpine earthquakes revealed by slope failures in lakes[END_REF], les canyons sous-marins [START_REF] Greene | Submarine landslides in the Santa Barbara Channel as potential tsunami sources[END_REF][START_REF] Mountjoy | Shallow methane hydrate system controls ongoing, downslope sediment transport in a lowvelocity active submarine landslide complex, Hikurangi Margin, New Zealand[END_REF]Sultan et al., 2007), les plateformes carbonatées (Principaud et al., 2014) et les plateformes silicico-lastiques (Silva et al., 2010). Le glissement de terrain sous-marin le plus étudié, le glissement de Storegga au large de la Norvège, a un volume total d'environ 3500 km 3 [START_REF] Bondevik | Record-breaking height for 8000-year-old tsunami in the North Atlantic[END_REF]Bryn et al., 2005 ;[START_REF] Bugge | The Storegga Slide[END_REF][START_REF] Bugge | A giant three-stage submarine slide off Norway[END_REF]. À titre de comparaison, ce volume est supérieur de deux ordres de grandeur au flux annuel de sédiments de l'ensemble des fleuves mondiaux (Talling et al., 2014).

Une étude complète des glissements de terrain sous-marins nécessite une importante quantité de données géophysiques, sédimentologiques et géotechniques pour comprendre la morphologie des glissements, la géométrie de la rupture et des dépôts, la nature de la surface de cisaillement, la longueur du glissement (Bull et al., 2009 ;Clare et al., 2018 ;Moscardelli et Wood, 2008). En raison de leur présence dans des environnements très variés, en particulier sur les pentes continentales et en eaux profondes, leur étude à l'aide de méthodes de télédétection conventionnelles reste le plus grand défi de la recherche sur les glissements de terrain sous-marins. Jusqu'en 2018, seuls 15 % des fonds marins ont été cartographiés de manière acceptable à l'aide de mesures bathymétriques multifaisceaux [START_REF] Mayer | The Nippon Foundation-GEBCO seabed 2030 project: The quest to see the world's oceans completely mapped by 2030[END_REF], une grande partie de l'océan mondial reste donc non cartographiée. Les progrès récents des techniques d'imagerie géophysique et l'implication de l'industrie pétrolière et gazière dans la recherche sur les glissements de terrain sous-marins ont donné lieu à la découverte de nombreux glissements [START_REF] Bugge | A giant three-stage submarine slide off Norway[END_REF][START_REF] Calvès | Giant fossil mass wasting off the coast of West India: The Nataraja submarine slide[END_REF]. Les techniques géophysiques, par exemple la sismique réflexion et le sondeur de sédiments, sont utilisées pour obtenir des images des glissements de terrain déjà connus. Cependant, leurs déclencheurs précis ne sont pas clairs d'après les données disponibles, les volumes totaux sont souvent mal estimés d'après les données sismiques anciennes à relativement faible résolution et échantillonnage spatial limité, et la nature des processus n'est que partiellement comprise grâce à l'échantillonnage des sédiments par des techniques qui prélèvent en général seulement quelques mètre/dizaine de mètre de sédiment par carottage.

Glissements de terrain subaquatiques : processus, classifications, chronologie

Les glissements de terrain subaquatiques distribuent une grande quantité de matériaux depuis le plateau ou la pente supérieure jusqu'aux profondeurs de la mer (Masson et al., 2006). Plusieurs classifications et schémas sont proposés pour ces processus qui produisent de dépôts de transport en masse (mass transport deposits, MTD) ou des complexes de transport en masse (mass transport complexes, MTC). Par exemple les processus de transfer de sédiment proposés par [START_REF] Martinsen | Mass movements[END_REF][START_REF] Mulder | Classification of offshore mass movements[END_REF][START_REF] Norem | An approach to the physics and the modeling of submarine flowslides[END_REF][START_REF] Prior | Submarine landslides-geometry and nomenclature[END_REF][START_REF] Varnes | Slope movement types and processes[END_REF]. Plus récemment, Masson et al. (2006) ont simplifié le système de classification des glissements de terrain subaquatiques (Fig. 1.1). Dans ce système, le glissement est considéré comme un mouvement d'une masse cohérente de sédiments délimitée par des plans de rupture distincts. Il est ensuite divisé en deux types : en translation, où la rupture se produit parallèlement aux plans de glissement, sans perturber la stratigraphie, et en rotation, où la rupture se produit le long d'une surface de cisaillement courbe. Les coulées de débris présentent un flux laminaire et cohésif de clastes dans une matrice à grains fins. L'avalanche de débris se produit sous la forme d'un écoulement rapide de fragments de roche sans cohésion avec dissipation d'énergie par contact des grains et courant de turbidité : un écoulement gravitationnel dans lequel les grains de sédiments sont maintenus en suspension par la turbulence du fluide.

Les techniques géophysiques sont les plus utilisées pour identifier les glissements de terrain sousmarins sur le fond marin. Des échosondeurs multifaisceaux sont utilisés pour représenter et comprendre la morphologie, ainsi que des sondeurs de sediments qui peuvent détecter les structures géologiques, la géométrie et la stratigraphie du sous-sol peu profond (jusqu'à environ 50 m sous le find mer). L'imagerie par sonar à balayage latéral peut aider à comprendre la morphologie et, en première approximation, le type de sédiments sur le fond marin. La technique de sismique réflexion 2D est utilisée pour imager les structures géologiques plus profindes du sous-sol marin. Plus récemment, des techniques de sismique 3D sont utilisées pour comprendre l'évolution globale des bassins et l'emplacement des dépôts de transport en masse [START_REF] Cartwright | 3D seismic technology: The geological[END_REF][START_REF] Hart | Definition of subsurface stratigraphy, structure and rock properties from 3-D seismic data[END_REF].

Les récents progrès en matière d'imagerie sismique 3D ont permis d'imager les MTD dans toute leur étendue dans l'environnement sous-marin à une résolution spatiale inférieure à 10 m (Frey Martinez et al., 2005 ;[START_REF] Hart | Definition of subsurface stratigraphy, structure and rock properties from 3-D seismic data[END_REF]Posamentier et Kolla, 2003), ce qui permet de comprendre en détail la structure interne des MTD. Avec l'utilisation croissante des données 3D dans les universités, de nombreux nouveaux systèmes de classification ont été proposés, tels que les MTD confinés au front par rapport aux MTD émergentes (Frey-Martínez et al., 2006), les MTD attachés à une pente par rapport aux MTD détachés de la pente (Moscardelli et Wood, 2016). Bull et al. (2009) répertorient une variété de structures internes observées dans les MTD à partir de données de réflexion sismique 3D et proposent un schéma de classification complet pour les indicateurs cinématiques du flux de masse de l'escarpement jusqu'à la base de la pente. Ils divisent l'ensemble des MTD en trois domaines morphologiques principaux : l'escarpement (ou tête du glissement) , le domaine de translation et le domaine d'accumulation (ou pied du glissement). Les chiffres en figure 3), la surface de cisaillement basale montre des rampes, des plats (4), des sillons ou rainures basales (5) et des striations (6), le corps interne de l'MTD montre des blocs translatés dans le corps du glissement (8) et des blocs translatés en dehors de l'MTD (9) et des blocs plissés [START_REF] Owen | Late Pleistocene submarine mass movements: occurrence and causes[END_REF]. La surface supérieure de la diapositive montre des sillons longitudinaux (11) et des zones de fluage secondaire (12). On observe surtout des indicateurs cinématiques liés à la compression dans le domaine des orteils, tels que les crêtes de pression (13), les systèmes de plissage et de chevauchement des blocs (14). À l'échelle des carottes de sédiments, [START_REF] Tripsanas | Submarine mass-transport facies: New perspectives on flow processes from cores on the eastern North American margin[END_REF] ont proposé un schéma très complet pour décrire les dépôts de glissements sous-marins pour reconstruire les processus de transport en masse allant des courants de turbidité à la coulée de débris en passant par les glissements et les affaissements (slumps) (Fig. 1.3). Les auteurs ont montré que dans les glissements et les effondrements il y a généralement une augmentation du degré de déformation des lithofacies entre la partie supérieure et la partie inférieure du glissement. Dans certains cas, cependant, en particulier pour les glissements locaux, on peut également observer des sédiments stratifiés allochtones de lithologie similaire autour des sédiments autochtones. Dans le cas des coulées de débris et des avalanches, il n'y a pas de variation spatiale majeure dans les lithofaciès, ce qui indique que la désintégration du matériau a lieu au début de la rupture. Le type de glissement final dépend donc de la nature du sédiment et du gradient de la pente et est plutôt indépendant de la distance d'écoulement. Les dépôts de glissements, d'avalanches de débris et de coulées de débris présentent Bull et al., 2009). Voir le texte pour plus de détails.

parfois un faciès transparent sur les données de sismique réflexion [START_REF] Tripsanas | Submarine mass-transport facies: New perspectives on flow processes from cores on the eastern North American margin[END_REF], ce qui conduit souvent à une application généralisée du terme "coulée de débris" sans preuve directe de vérité de terrain. Par conséquent, il convient d'être très attentif lors de l'interprétation de ces dépôts à l'aide de données sismiques et d'utiliser un terme plus général tel que MTD.

Il est important de comprendre la chronologie des glissements de terrain subaquatiques pour comprendre leurs mécanismes de causalité. En outre, la reconstruction de la distribution temporelle des dépôts de mouvements en masse peut également être utile pour comprendre l'intervalle de récurrence des grands séismes, en particulier dans les contextes où les séismes sont considérés comme les principaux déclencheurs des mouvements en masse [START_REF] Schnellmann | Prehistoric earthquake history revealed by lacustrine slump deposits[END_REF][START_REF] Strasser | Magnitudes and source areas of large prehistoric norhern Alpine earthquakes revealed by slope failures in lakes[END_REF]2007). Plusieurs auteurs ont comparé la fréquence des glissements de terrain avec les changements du niveau de la mer (par exemple, Maslin et al., 2004 ;Owen et al., 2007 ;Lee, 2009 Figure 1.3: Diagramme conceptuel de plusieurs types différents de ruptures de sédiments et de la distribution spatiale des associations de faciès de dépôts de transport de masse (d'après Tripsanas et al., 2008). Les chiffres romains indiquent les exemples utilisés dans [START_REF] Tripsanas | Submarine mass-transport facies: New perspectives on flow processes from cores on the eastern North American margin[END_REF] I : Glissement de terrain à forte déformation, II : Glissement de terrain transformé en coulée de débris cohésive. III : Avalanche de débris -Blocky MTD, IV : Glissements/écoulements à faible déformation, V : défaillances dans des canyons et des complexes de transport de masse, VI : Glissements et écoulements à l'échelle locale dans des canaux et des digues, VII : Glissements/écoulements et coulées de débris sur des deltas de rivières.

; Leynaud et al., 2009Urgeles et Camerlenghi, 2013). En revanche, Urlaub et al. (2013) ont décrit une distribution temporelle aléatoire des âges des glissements de terrain sous-marins vis-à-vis des fluctuaction glacio-eustatiques, probablement en raison de la petite taille de l'échantillon (nombre de glissements) ou des incertitudes dues aux erreurs d'échantillonnage (incertitude sur l'âge des glissements). Pope et al. (2015) ont suggéré de se concentrer sur un environnement spécifique et sur un nombre plus restreint de glissements de terrain bien datés pour comparer la fréquence des glissements de terrain avec le niveau de la mer. Urlaub et al. (2013) ont suggéré de prendre en compte les processus sédimentologiques et ont proposé une stratégie d'échantillonnage pour collecter des échantillons de sédiments afin de dater correctement les événements de glissement et ont conseillé que les échantillons pour la datation des événements de glissement de terrain soient collectés dans la zone de la source ou du dépôt, par exemple en dessous ou au-dessus du dépôt du glissement (Fig. 1.4). Dans ce cas, les âges représentent les âges minimum et maximum de l'événement. Ils ont suggéré qu'il peut exister des incertitudes entre l'âge du glissement de terrain et l'âge des échantillons si la limite entre le matériau avant la rupture ou le MTD et le drapage du glissement est perturbée lors du transport de sédiments le long de la pente et/ou par la rupture ou la bioturbation. Par conséquent, il convient de prêter Urlaub et al., 2013). Les rectangles représentent des carottes de sédiments avec une sédimentation de fond hémipélagique (en blanc) et un dépôt de glissement de terrain (en gris). Les cercles noirs ouverts et remplis indiquent la position de l'échantillon. L'âge minimum est obtenu en prélevant un (a) ou plusieurs échantillons (b) de l'unité hémipélagique au-dessus du dépôt de glissement de terrain. L'âge maximum est obtenu lorsque les échantillons sont prélevés soit dans l'unité hémipélagique située en dessous de (c), soit dans (d) le dépôt de défaillance. Une vitesse de sédimentation linéaire moyenne pour la carotte basée sur un échantillon peut être significativement différente des vitesses de sédimentation temporaires réelles (e), qui peuvent être calculées lorsque plusieurs échantillons sont disponibles entre le sommet de la carotte et le sommet du dépôt de rupture. Les échantillons au-dessus du dépôt peuvent donner un âge trop jeune s'ils sont situés sur un haut local (f) et la bioturbation sur le dessus, ainsi que l'érosion à la base du dépôt de rupture (g), sont des sources possibles d'incertitude quant aux âges estimés. attention aux courants marins profonds et aux observations visuelles de la bioturbation lors du souséchantillonnage des carottes pour la datation des glissements de terrain.

Le projet ITN SLATE

Depuis plusieurs décennies, de nombreux projets internationaux ont abordé les questions clés liées aux glissements de terrain sous-marins, tels que STRATAFORM (1995)(1996)(1997)(1998)(1999)(2000)(2001), COSTA (stabilité du talus continental, 2000COSTA (stabilité du talus continental, -2002)), UNESCO IGCP-640-S4SLIDE (2015-2020). Plus récemment, le projet européen ITN SLATE traite des multiples aspects des glissements de terrain sous-marins dans un contexte européen. Le projet ITN SLATE (Submarine Landslides and their impact on European continental margin) -financé par l'Union européenne dans le cadre du programme Horizon2020 -se concentre sur l'étude des glissements de terrain sous-marins et des géoaléas associés en tant que risques naturels importants qui menacent les infrastructures offshore et les régions côtières en Europe. Il est centré sur la formation de 15 chercheurs en début de carrière (ESR) avec un contrat de 3 ans pour réaliser une thèse de doctorat. Le projet est composé de trois Work Packages (WP) scientifiques traitant des différents aspects de l'étude des glissements de terrain sous-marins. WP1 : Comprendre les processus de pré-rupture, les tendances à long terme de l'évolution des pentes et les mécanismes de deformation ; WP2 : Comprendre la dynamique post-rupture et le potentiel tsunamigène ; WP3 -Risque de glissements de terrain sous-marins : impacts sur les opérations en mer et la gestion des zones côtières et des marges continentales européennes.

Cette thèse de doctorat a été réalisée dans le cadre du projet ITN SLATE et se place dans le cadre des deux premiers WP et fournit des résultats importants pour le WP3.

Glissements sous-marins en Méditerranée occidentale

Dans le contexte européen, la mer Méditerranée est l'une des zones les plus vulnérables aux géorisques marins en raison du grand nombre de villes à forte densité de population dans les zones côtières et de la petite taille du bassin. Il s'agit d'un bassin semi-fermé où les glissements de terrain sous-marins et les tsunamis associés sont fréquents (Camerlenghi et al., 2012 ;Urgeles et Camerlenghi 2013). Cela inclut le tsunami bien connu de 1979, provoqué par un glissement de terrain, qui a frappé la côte de la ville d'Antibes et de Nice dans le sud de la France (Dan et al., 2007 ;[START_REF] Sultan | Investigation of a possible submarine landslide at the Var delta front (Nice continental slope, southeast France)[END_REF]Urgeles et Camerlenghi, 2013). Parmi les autres exemples, citons la destruction du port d'Hérode le Grand à Césarée Maritima, en Israël, en 115 après J.-C., le glissement de terrain côtier de Scilla en Italie en 1783, le tremblement de terre et le glissement de terrain d'El-Asnam 7,3Ms en 1980 et le glissement de terrain du volcan Stromboli en 2002 (Urgeles et Camerlenghi, 2018 et références dans ce document). Les dépôts de glissements de terrain couvrent environ 18 % des fonds marins de la Méditerranée [START_REF] Kuhlmann | Shelf architecture and submarine landsliding at Gela Basin (Strait of Sicily)[END_REF]Urgeles et Camerlenghi, 2013).

Depuis plusieurs décennies, le littoral méditerranéen a connu un développement rapide. Actuellement, environ 160 millions d'habitants habitent le long de 46 000 km de côtes (Urgeles et Camerlenghi, 2013). En outre, il abrite des infrastructures marines de plus en plus développées qui comprennent les éoliennes, les plateformes pétrolières, les pipelines et les câbles sous-marins indispensables à nos communications quotidiennes (Fig. .5: Carte de la répartition des glissements de terrain, des principales villes côtières, des tsunamis enregistrés et des câbles de télécommunications en Méditerranée. La distribution des glissements de terrain sous-marins est utilisée à partir de la base de données d 'Urgeles et Camerlenghi (2013). Les mouvements de masse mis en évidence en couleur marron sont étudiés dans cette thèse de doctorat. (Bassetti et al., 2008 ;Frigola et al., 2012 ;Lombo Tombo et al., 2015 ;Rabineau et al., 2014 ;Sierro et al., 2009), de transport sédimentaire de la source au dépot [START_REF] Bonneau | Glacial erosion dynamics in a small mountainous watershed (Southern French Alps): A source-tosink approach[END_REF], de circulation océanique [START_REF] Millot | Circulation in the Western Mediterranean Sea[END_REF], Malanotte Rizzoli et al., 2014), ces MTD n'ont été décrites dans la littérature qu'avec une disponibilité limitée de données géophysiques (parfois seulement des données sismiques anciennes) et sédimentologiques. Malgré les géoaléas potentiels posés par les événements à l'origine de ces dépôts, plusieurs questions restent ouvertes sur la source, la taille, l'âge et l'emplacement de ces grands dépôts d'accumulation masse en Méditerranée occidentale.

Les données sismiques à haute résolution récemment acquises lors de la campagne AMMED (Rabineau et al., 2013) ont permis de cartographier en détail la zone d'origine des MTD dans le GoL. Des données sismiques supplémentaires de haute résolution et de nouvelles données sismiques tractée près du fond collectées au cours de la campagne PRISME2 (Cattaneo 2013a) ont permis de combler les lacunes dans l'ensemble de données préexistantes et de faire la lumière sur l'architecture interne des MTD. Une autre campagne PRISME3 (Cattaneo 2013b), consacrée à l'étude des instabilités des fonds marins en Méditerranée occidentale, a permis d'acquérir des carottes piston et des données géotechniques in-situ pour comprendre en détail la dynamique la nature des surfaces basales des mouvements de masse. Plus récemment, les données des sondeurs de sédiments recueillies au cours de deux campagnes dans le bassin profond de la Méditerranée occidentale, Westmedflux1 (Poort et Lucazeau 2016) et Westmedflux2 (Poort et Gorini 2018) ont permis d'autres aquisitions cruciales en terme de bathymétrie, sondeur de sédiment et carottes. Les progrès récents dans l'imagerie sismique et la disponibilité de l'ensemble de données mentionné cidessus fournissent une couverture étendue du GoL et du BAP avec un ensemble de données à haute résolution qui permet de comprendre les instabilités des pentes en utilisant une approche multidisciplinaire incorporant des mesures géophysiques, sédimentologiques, in-situ et des données géotechniques de laboratoire, ce qui rend ce travail de doctorat unique en son genre dans le Golfe du Lion.

1.5. Questions scientifiques et objectifs de la thèse de doctorat L'objectif général de cette thèse est de contribuer à une meilleure compréhension des glissements de terrain sous-marins afin d'affiner l'évaluation des géoaléas dans la zone centrale de la Méditerranée. En particulier, cette étude se concentre sur les deux grands MTD, le MTD du Rhône occidental et le MTD du Rhône oriental et la mégaturbidite du plan abyssal des Baléares dans le bassin profond de la Méditerranée occidentale. Ces dépôts ont été décrits dans la littérature datant des années 80, mais leur géometrie interne n'a jamais été analysée en détail. Cette thèse intègre des données sismiques multitraces de haute à très haute résolution, l'échantillonnage de sédiments pour la caractérisation stratigraphique et géotechnique et des mesures in-situ. Ce manuscrit vise à répondre aux questions scientifiques illustrées ici.

Les principales questions scientifiques abordées dans cette thèse sont les suivantes :

Quelles sont les caractéristiques morphologiques, sismiques et sédimentologiques des glissements de terrain sous-marins et des dépôts qui en résultent dans le golfe du Lion ? L'identification précise de la morphologie et des caractéristiques sédimentologiques est l'une des questions en suspens dans la recherche globale sur les mouvements de masse subaquatiques. Même après plusieurs décennies de recherche sur ce sujet, les MTD restent encore mal imagés et sont simplement mis en évidence comme des réflexions chaotiques ou transparentes dans les données sismiques : par conséquent, leur géométrie interne reste en grande partie inconnue à quelques exceptions près (par exemple Garziglia et al., 2010). Les lithofacies des carottes de sédiments mettent souvent en évidence une géométrie complexe, mais ces structures sont souvent en dessous des limites de résolution des techniques sismiques actuellement disponibles. Il est impératif de comprendre la géométrie interne des dépôts car elle contient la plupart des indicateurs cinématiques de la rupture des pentes. De plus, l'architecture interne du glissement de terrain sous-marin peut parfois révéler des indicateurs cinématiques tels que le runout et l'accélération du flux, qui sont cruciaux pour évaluer les géoaléas potentiels d'un mouvement de masse spécifique [START_REF] Ford | Geostatistical characterization of internal structure of masstransport deposits from seismic reflection images and borehole logs[END_REF]. Dans le GoL, la littérature disponible antérieurement se concentrait sur l'étendue des MTD (Bellaiche et al., 1986 ;Bonnel et al., 2005 ;Droz, 1983 ;Droz et al., 2006 ;[START_REF] Gaullier | Corps gravitaires récents dans le bassin Nord-Baléares: géométrie et quantification[END_REF]Rothwell et al., 1998 ;Torres et al., 1997Torres et al., , 1995)). Ces MTD étaient caractérisés par des faciès sismiques transparents sans structures internes apparentes. Récemment, Dennielou et al. (2019) ont mis en évidence des blocs inclinés non perturbés dans la zone proximale et des lithofacies plissées à l'intérieur des MTD. Les objectifs de ce manuscrit de thèse sont de mieux comprendre l'architecture interne des MTD et leurs zones d'origine en utilisant les données sismiques à haute résolution nouvellement disponibles, y compris les nouvelles données sismiques multitraces à ultra-haute résolution par engin tracté près du fond, les carottes de sédiments et les mesures de CPT in-situ.

Quand les glissements de terrain sous-marins se sont-ils produits dans le golfe du Lion ?

Il est important de comprendre la chronologie des glissements de terrain sous-marins pour plusieurs raisons : 1) l'âge précis des glissements de terrain permet de distinguer les événements périodiques des épisodes sur l'échelle des temps géologiques, 2) étant donné que l'on dispose rarement d'un âge précis des glissements de terrain sous-marins, il est difficile de tirer des conclusions statistiques sur l'impact des processus géologiques sur les glissements de terrain sous-marins et 3) la détermination précise de l'âge permet également d'identifier le contexte de la rupture des sédiments, par exemple, dans des conditions de niveau relatif de la mer stable ou en transition. En général, la datation précise des glissements de terrain sous-marins permet de déterminer les conditions environnementales dans lesquelles le glissement s'est produit et donc de mettre en lumière les processus régissant les conditions géologiques au moment de l'apparition du glissement. Jusqu'à récemment, l'âge précis des glissements de terrain sous-marins dans le GoL était inconnu. Par conséquent, l'un des objectifs spécifiques de cette thèse est de fournir les âges précis des événements de rupture grâce à la datation au radiocarbone et aux isotopes stables.

Pouvons-nous identifier d'éventuelles couches faibles ou des horizons stratigraphiques spécifiques le long desquels des ruptures de pente ont eu lieu ?

Une particularité des glissements de terrain sous-marins est qu'ils peuvent se produire sur une pente aussi faible que 2° ou moins (par exemple, [START_REF] Field | Earthquake-induced sediment failures on a 0.25 o slope, Klamath River delta, California[END_REF]Urlaub et al., 2015). Dans certains types de surfaces basales comme les sédiments à taille de grain fin, ils peuvent se propager sur plus de 1000 km. Locat et al. (2014) on a essayé de définir et de classer les couches faibles pour les glissements de terrain sous-marins. En résumé, les couches faibles peuvent être classées comme héritées (en conservant les propriétés du dépôt d'origine) ou induites (affectées par des facteurs externes tels que les tremblements de terre ou la dissociation des hydrates). Souvent, une bonne compréhension de la lithologie et des propriétés mécaniques de la pente aide à déterminer si certains lithofaciès sont plus susceptibles de se rompre. Malheureusement, ces données ne sont pas disponibles pour tous les glissements de terrain, car dans la plupart des cas, les couches faibles ne sont pas échantillonnées en raison de leur profondeur dans la stratigraphie. Il est également possible que les caractéristiques des couches faibles soient altérées pendant ou après la mise en place des glissements, par exemple parce qu'elles sont lessivées lors des ruptures, plus rarement lors de l'échantillonnage : dans ces cas, leurs propriétés originales sont altérées et non préservées.

Généralement, les données sismiques sont utilisées pour identifier d'éventuelles couches faibles en déduisant leurs propriétés de leur modèle de réflexion sismique. Bien que cette méthode ne soit pas très efficace, l'imagerie sismique des couches faibles peut souvent servir de guide pour échantillonner stratégiquement les couches faibles ou les surfaces basales avec les méthodes de carottage actuellement disponibles. Une fois que les propriétés physiques et mécaniques des couches faibles sont identifiées, elles peuvent être extrapolées à l'ensemble de la zone d'étude à l'aide des données de sismique réflexion. Avec l'acquisition récente de données sismiques à haute résolution et de carottes de sédiments dans le GoL, un autre objectif de ce manuscrit est de comprendre la distribution des couches faibles et des plans de glissement. En outre, l'analyse en laboratoire vise à comprendre leur comportement physique et mécanique et à déduire quel est leur contrôle sur la régression des glissements de terrain.

Les cycles climatiques ont-ils un rôle potentiel à jouer pour faciliter les ruptures de pente ?

Le Golfe du Lion est une marge bien étudiée en termes de variabilité climatique. Plusieurs études ont mis en évidence la cyclicité de Milankovitch impactant le motif dominant de sédimentation sur la pente supérieure du GoL (Bassetti et al., 2008 ;[START_REF] Berné | The Impact of Quaternary Global Changes on Strata Formation: Exploration of the Shelf Edge in the Northwest Mediterranean Sea[END_REF]Frigola et al., 2012 ;[START_REF] Nizou | Records of Holocene climatic fluctuations and anthropogenic lead input in elemental distribution and radiogenic isotopes (Nd and Pb) in sediments of the Gulf of Lions (Southern France)[END_REF][START_REF] Pasquier | Organic matter isotopes reveal enhanced rainfall activity in Northwestern Mediterranean borderland during warm substages of the last 200 kyr[END_REF]Sierro et al., 2009), comme les changements dans les taux d'accumulation des sédiments et la lithologie entre les cycles glacio-eustatiques. Cependant, l'impact de ces cycles sur la stabilité des pentes n'a jamais été étudié en détail. Seule l'hétérogénéité lithologique est connue comme facilitant les ruptures de pente dans certaines marges. Il est donc impératif de comprendre le comportement de la pente en réponse à ces cycles glacio-eustatiques. Un autre objectif de ce manuscrit est de comprendre si les changements eustatiques du Quaternaire terminal ont entraîné le dépôt de couches faibles. Cela pourrait également aider à comprendre les géoaléas futurs liés à la présence de ces dépôts à la lumière du changement climatique actuels et de l'élévation du niveau de la mer.

Quels sont les facteurs préalables et les mécanismes de déclenchement potentiels qui conduisent à des ruptures de pente dans le GoL ? Sultan et al. (2004) définissent les facteurs de préconditionnement comme les facteurs contribuant au déclenchement des glissements de terrain et les mécanismes de déclenchement comme un stimulus externe dans le déclenchement d'un glissement de terrain. Les facteurs de préconditionnement comprennent l'histoire tectonique, les propriétés des sédiments et le régime d'écoulement des fluides ; les mécanismes de déclenchement comprennent une pente importante du fond marin, les tremblements de terre, l'influence des tempêtes, l'accumulation rapide et la sousconsolidation des sédiments, la présence de gaz libre, la dissociation des hydrates de gaz, le'action des marées, la charge glaciaire et les processus insulaires volcaniques (Locat et Lee, 2002 ;Sultan et al., 2004). En général, les causes des ruptures de pente peuvent être divisées en deux types : les facteurs qui augmentent la contrainte de cisaillement des sédiments et les facteurs qui diminuent la résistance au cisaillement des sédiments. Ceci est exprimé par le facteur de sécurité (Fs), qui est donné par le rapport entre la résistance au cisaillement et la contrainte de cisaillement. Si le facteur de sécurité devient inférieur à 1, une rupture de pente est susceptible de se produire. Locat et Lee (2002) ont suggéré que pour des taux de sédimentation importants , certains facteurs de préconditionnement peuvent devenir un mécanisme de déclenchement de la rupture. Il est donc nécessaire de mieux comprendre les mécanismes de déclenchement à court terme par rapport aux facteurs de préconditionnement. Par exemple, si une pente est préconditionnée pour une rupture (par exemple Fs = ~1), un mécanisme externe pourrait ne pas être nécessaire pour causer la rupture. Dans de nombreux cas, les tremblements de terre sont considérés comme un mécanisme externe pour le déclenchement d'un glissement de terrain sous-marin (par exemple, Masson et al., 2006). Cependant, dans les marges passives comme le GoL, où les enregistrements instrumentaux ne montrent aucune sismicité (Cara et al., 2015), les tremblements de terre ne semblent pas être des candidats probables au déclenchement d'un glissement de terrain à première vue. Il convient toutefois de considérer que l'enregistrement instrumental de la sismicité est particulièrement court par rapport à l'histoire d'une marge continentale et que les marges passives non glaciaires pourraient être devenues stables après le rebond isostatique après le dernier maximum glaciaire. En effet, Brothers et al. (2013) suggèrent que les fluctuations glacio-eustatiques du niveau de la mer peuvent entraîner une sismicité élevée. L'objectif final de ce manuscrit est donc de comprendre si les glissements de terrain se sont produits dans des conditions environnementales particulières ou de manière aléatoire dans le temps. Cela permettra de comprendre les facteurs de préconditionnement probables et les mécanismes de déclenchement qui ont persisté dans l'intervalle de temps représenté par ces conditions environnementales.

Contexte géologique

Le Golfe du Lion est une jeune marge continentale passive orientée SW-NE qui s'est formée après l'époque oligocène, avec la rotation dans le sens inverse des aiguilles d'une montre du bloc corsosarde lors de l'ouverture d'un micro-océan (Fig. 1.6), le bassin liguro-provençal [START_REF] Alvarez | Sardinia and Corsica: One microplate or two?[END_REF][START_REF] Gorini | Géodynamique d'une marge passive: le Golfe du Lion(Méditerranée occidentale)[END_REF][START_REF] Malinverno | Extension in the Tyrrhenian Sea and shortening in the Apennines as result of arc migration driven by sinking of the lithosphere[END_REF][START_REF] Zijderveld | Rotation of Sardinia: Palaeomagnetic evidence from Permian rocks[END_REF], dans un contexte de convergence entre l'Afrique et l'Europe (Le Pichon et al., 1971). En raison de son étendue latérale limitée, de son facilité d'accès et de la disponibilité d'un ensemble de données exceptionnelles grâce à une exploration continue depuis les années 80, le GoL est l'une des marges passives les mieux étudiées au monde (Berné et Gorini, 2005 ;Séranne, 1999 ;Steckler et Watts, 1980). La marge est caractérisée par un large plateau continental (∼70 km) en exposition subaérienne pendant le dernier maximum glaciaire (LGM) il y a environ 21 ka et offre un enregistrement sédimentaire continu sur le haut du bassin versant par les forages PROMESS (Bassetti et al., 2008(Bassetti et al., , 2006 ; ;Berné et al., 2007 ;Jouet, 2007 ;Rabineau et al., 2005). Actuellement, la rupture de pente du plateau continental du [START_REF] Carminati | Mediterranean tectonics[END_REF].
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L'architecture sédimentaire du GoL a changé radicalement lors d'un événement majeur connu sous le nom de crise Messinienne de la salinité, lorsqu'une chute importante du niveau de la mer en Méditerranée à la fin du Miocène [START_REF] Barr | Late Tertiary channel system in northern Libya and its implication on Mediterranean sea level changes[END_REF][START_REF] Chumakov | GEOLOGICAL HISTORY OF THE MEDITERRANEAN AT THE END OF THE MIOCENE-THE BEGINNING OF THE PLIOCENE ACCORDING TO NEW DATA[END_REF]Hsu, 1973), due à la fermeture du détroit de Gibraltar (Hodell et al ., 1989 ;Krijgsman et al ., 1999) a entraîné un dépôt d'évaporite d'une épaisseur d'un kilomètre dans le bassin profond (Hsu, 1973). Après la réinondation du bassin pendant le Zanclean (5,33 Ma ;Lofi et al., 2003 ;Roveri et al., 2008), un prisme sédimentaire de progradation et d'aggradation d'une épaisseur allant jusqu'à 3 km s'est développé en même temps qu'une forte subsidence (jusqu'à 250 m/Ma sur le plateau, Dennielou et al, 2019 ;Leroux et al., 2014 ;Rabineau et al., 2006Rabineau et al., , 2014 et jusqu'à 500 m/Ma dans le bassin profond, Leroux et al., 2015 ;Rabineau et al., 2014) tout au long du Plio-Quaternaire pour former la morphologie actuelle de la marge (Dennielou et al., 2019 ;Leroux et al., 2014). Depuis lors, l'évolution de la partie la plus profonde du GoL a été principalement contrôlée par la tectonique syn-sédimentaire du sel et la déformation gravitationnelle des strates post-plio-quaternaires, ajustée par les fluctuations relatives du niveau de la mer. La déformation gravitationnelle au-dessus de la couche de sel, qui forme une surface de "décollement", a conduit au développement de zones d'extension dominées par des failles listriques et des grabens sur les parties supérieures et inférieures du talus (Fig. 1.7) et de zones de compression dans le bassin profond, entraînées par des diapirs et des dômes de sel (dos Reis et al., 2005).

La sédimentation du Pléistocène dans le GoL a été principalement contrôlée par les fluctuations glacio-eustiques du niveau de la mer liées aux cyclicités de Milankovitch (Bassetti et al., 2008 ;Frigola et al., 2012 ;[START_REF] Monaco | Contribution à l'étude géologique et sédimentologique du plateau continental du Roussillon (Golfe du Lion)[END_REF]Rabineau et al., 2005Rabineau et al., , 1998 ; ;Sierro et al., 2009 ;Tesson et Gensous, 1998 ;Torres et al., 1995). Au cours d'une importante réorganisation du Quaternaire appelée la transition du Pléistocène moyen, la cyclicité climatique dominante est passée d'une période de 40 ka à 100 ka (Droz et al., 2006 ;Pena et Goldstein, 2014). Ces cycles se sont accompagnés d'un changement des amplitudes du cycle du niveau de la mer de 50 m à 100 m (Droz et al., 2006 ;Pena et Goldstein, 2014). Au cours des 30 dernières années, plusieurs auteurs ont proposé des modèles stratigraphiques pour ces cycles (par exemple [START_REF] Aloïsi | Sur un modèle de sédimentation deltaïque: contribution à la connaissance des marges passives[END_REF][START_REF] Berné | The Impact of Quaternary Global Changes on Strata Formation: Exploration of the Shelf Edge in the Northwest Mediterranean Sea[END_REF]Lofi et al., 2003 ;[START_REF] Monaco | Contribution à l'étude géologique et sédimentologique du plateau continental du Roussillon (Golfe du Lion)[END_REF]Rabineau et al., 2005 ;[START_REF] Tesson | Stratigraphic organization of late pleistocene deposits of the western part of the Golfe du Lion shelf (Languedoc shelf), Western Mediterranean Sea, using high-resolution seismic and core data[END_REF][START_REF] Tesson | Late Quaternary deltaic lowstand wedges on the Rhône continental shelf, France[END_REF]. La plus grande partie du plateau continental moyen et extérieur est constituée de prisme de progradation qui présentent des réflexions internes montrant des clinoformes alternant à faible angle (<1°) et à angle élevé (>4°). Sur la base de carottes courtes et d'une modélisation stratigraphique, ce "motif" élémentaire a été interprété comme le résultat d'une alternance de dépôts de haute énergie (faciès côtières supérieures sableuses/fronts deltaïques) et de basse énergie (faces côtières inférieures (modifié d'après Jouet, 2007). Séquences stratigraphiques S1 à S5 délimitées par les réflecteurs principaux D35 à D70 marqués comme défini par Jouet (2007). Les réflecteurs rouges montrent les principales conformités séparant les RPU tandis que les réflecteurs bleus correspondent à des prismes sableux. D'après Frigola et al. (2012).

boueuses ou dépôts "offshore") pendant les changements du niveau de la mer à la fin du Quaternaire. Après le Pléistocène moyen, la sédimentation dans le GoL a été principalement dominée par des dépôts terrigènes apportés par les rivières alpines (principalement le Rhône) dans le bassin par le biais de systèmes turbiditiques. Au Pléistocène tardif, l'évolution de la marge et des canyons a été déterminée par les fluctuations du niveau de la mer avec le développement d'épaisses séquences de régression forcée lors des chutes du niveau de la mer, délimitées sur la pente par des intervalles condensés déposés lors des hauts-plateaux (Bassetti et al., 2006 ;Rabineau et al., 2006 ;Sierro et al., 2009). Sur la pente inférieure du GoL, qui est principalement alimentée par la PRC, les taux de sédimentation pour les périodes glaciaires et déglaciaires ont été documentés de l'ordre de 1-2 m/ka, tandis que pendant les périodes interglaciaires, les taux de sédimentation étaient de l'ordre de 0,05 à 0,10 m/ka (Dennielou et al., 2019 ;Lombo Tombo et al., 2015 ;Sierro et al., 2009). 1.7. Aperçu de la thèse de doctorat Cette thèse de doctorat comprend un chapitre d'introduction (celui-ci), un chapitre sur le matériel et les méthodes (chapitre 2) et cinq chapitres principaux (chapitres 3 à 7) traitant des différentes questions scientifiques et des objectifs de cette thèse, comme mentionné dans la section 1.5. Ces chapitres ont été publiés ou sont en préparation pour être soumis à des revues internationales à comité de lecture. Le dernier chapitre 8 résume les principales conclusions et propose quelques questions ouvertes.

Le chapitre 2 consiste en un aperçu du domaine d'étude et de l'ensemble des donnéeset des méthodes utilisés au cours de cette thèse. L'ensemble des données est composé de données bathymétriques multifaisceaux, de données sismiques à haute résolution collectées au cours de plusieurs campagnes océanographiques dans le GoL et de carottes de sédiments et de tests de pénétration des cônes effectués au cours de la campagne PRISME3. Pour éviter les répétitions, toutes les données et les méthodes utilisés pour les différents chapitres sont regroupés et présentés dans ce chapitre.

Le chapitre 3 se concentre sur la morphologie, l'architecture interne et la datation des ruptures de pente dans la partie orientale de la zone d'étude, la zone d'interfluve des canyons du Petit Rhône et du Grand Rhône. Ce chapitre met en évidence la morphologie de la rupture de pente qui est dominée par une géométrie en marches d'escalier indiquant une rupture rétrograde sur plusieurs plans de glissement sur des réflecteurs de grande amplitude. La datation précise de l'emplacement du MTD remonte à 20 ka BP lors du pic du dernier maximum glaciaire. Ce chapitre est publié en partie dans la revue Geomorphology : "Badhani, S., Cattaneo, A., Dennielou, B., Leroux, E., Colin, F., Thomas, Y., Jouet, G., Rabineau, M. and Droz, L., 2020. Morphology Le megabed de la plaine abyssale des Baléares (BAP) est le plus grand megabed de la Méditerranée. Son âge est bien limité par les multiples dates radiocarbones et la biostratigraphie (Hoogakker et al., 2004 ;Rothwell et al., 2000), bien que l'étendue, les processus d'initiation et les zones sources restent flous. Dans le chapitre 5, nous avons réexaminé le megabed de BAP en utilisant les données nouvellement disponibles des sondeur de sédiments et des carottes piston. Nous montrons l'architecture interne, les propriétés sédimentologiques et mécaniques du megabed du BAP. Ce chapitre a été publié dans le cadre d'un numéro spécial intitulé "Subaqueous Mass Movements and their Consequences: Advances in Process, Understanding, Monitoring and Hazard Assessments" in Geological Society of London Special Publications: " Cattaneo, A., Badhani, S., Caradonna, C., Bellucci, M., Leroux, E., Babonneau, N., Garziglia, S., Poort, J., Akhmanov, G.G., Bayon, G. and Dennielou, B., 2020. The last glacial maximum Balearic Abyssal Plain megabed revisited. Geological Society, London, Special Publications, 500 (1), pp.341-357." Le chapitre 6 utilise une approche multidisciplinaire pour comprendre la nature des surfaces de cisaillement potentiel à la base des dépôts d'accumulation en masse récurrente dans le GoL et déclenchée lors du pic des derniers maximum glaciaires. Les données utilisées sont : sismiques HR conventionnelles, sismiques tractée près du fond et carottes piston et leur intégration avec des mesures in-situ. En utilisant ces de données, on démontre que la récurrence des glissements de terrain dans la région est influencée par une hétérogénéité lithologique très probablement influencé par les variabilités climatiques du passé. Les surfaces de cisaillement récurrentes des ruptures de pente sont composées de sédiments riches en argile. Ce chapitre a été publié dans le cadre d'un numéro spécial intitulé "Subaqueous Mass Movements and their Consequences: Advances in Process, Understanding, Monitoring and Hazard Assessments" in Geological Society of London Special Publications: "Badhani, S., Cattaneo, A., Collico, S., Urgeles, R., Dennielou, B., Leroux, E., Colin, F., Garziglia, S., Rabineau, M. and Droz, L., 2020. Integrated geophysical, sedimentological 

and geotechnical investigation of submarine landslides in the Gulf of Lions (Western Mediterranean). Geological

Society, London, Special Publications, 500 (1), pp.359-376." Le chapitre 7 synthétise le rôle du contrôle environnemental sur les ruptures de pente dans le GoL.

Ce chapitre est divisé en deux parties. La première partie se concentre sur les analyses multidisciplinaires des surfaces de cisaillement récurrentes riches en argile qui sont influencées par les cycles glacio-eustatiques de 100000 ans. Les nouvelles données disponibles sur les isotopes stables montrent que les surfaces de cisaillement se sont déposées pendant les périodes de haut niveau marin. Ces surfaces de cisaillement récurrentes présentent un comportement de baisse de résistance à la déformation, ce qui signifie que la résistance au cisaillement des surfaces basales diminue. La deuxième partie se concentre sur la distribution temporelle des ruptures de pente dans le golfe du Lion afin de comprendre si des conditions environnementales particulières favorisent l'instabilité des pentes. Ce chapitre est actuellement en cours de préparation pour être soumis à une revue à comité de lecture.

Le chapitre 8 présente les principaux résultats obtenus au cours des trois années de travail et les réponses aux questions scientifiques présentées dans l'introduction concernant 1) les caractéristiques morphologiques, sismiques et sédimentologiques des glissements de terrain sousmarins ; 2) la chronologie, 3) les facteurs de préconditionnement, et 4) le rôle potentiel du forçage climatique dans la facilitation des ruptures de pente. Les perspectives présentent succinctement quelques questions ouvertes sur l'instabilité des fonds marins dans le GoL : la source de la mégaturbidite du BAP, la modélisation de la stabilité des pentes et le rôle de la pression hydrostatique sur la réactivation des failles d'extension halocinétiques.

Chapter 2.

Study area, data and methods

Study area

The study area is located in the lower slope of the Gulf of Lions (GoL) within the Rhone turbiditic fan extending to the Balearic Abyssal Plain (BAP) from the water depth of 800 m to 2500 m. The Rhone turbiditic fan is known for its high sediment accumulation from the riverine inputs mainly from the Rhone river. In this study, an especial focus is given to the lower slope of the GoL which is subjected to several small-scale instabilities, listric faults related to halokinesis and two large mass transport deposits (MTDs) and the presence of an enigmatic large megabed. For this study, we utilize a large database of multidisciplinary data collected over the last few decades which includes multibeam bathymetry, high to very high-resolution seismic data (including novel deeptowed multi-channel seismic data), 12 sediment cores and 8 in-situ CPTu measurements that are summarised in the following sections of this chapter.

Multibeam bathymetry

Multi-beam bathymetric data were collected in the GoL since 1997 during several oceanographic campaigns. In this study, we used two bathymetric datasets: an EMODNET 115 m resolution grid (www.emodnet-bathymetry.eu, 2018) and recent 25-100 m resolution bathymetric grids that were acquired using hull-mounted multibeam systems during the oceanographic campaigns listed in Table 2.1. The high-resolution bathymetric data were merged and gridded at a final grid size of 25 m using ArcMap 10.3. during PROGRES cruise (Droz, 2003), a mini-GI source and digital 72 channels streamer with 6.25 m trace spacing during AM-MED-1 cruise (Rabineau et al., 2013) and PRISME2 cruise (Cattaneo 2013a). The processing sequence for the 2D HR MCS data includes quality control, filtering, binning, band-pass filtering, constant seawater velocity (1500 ms -1 ) normal move out, stacking, and seawater velocity post-stack time migration. Seismic data from cruise PROGRES were processed using Ifremer software SISPEED and data from cruises AM-MED-1 and PRISME2 were processed using Solid-QC, which is an upgraded version of software SISPEED. 

Sub-bottom profiler data

Sub-bottom profiles (SBP) were collected during several French oceanographic campaigns and checked for quality control with Ifremer software QC SUBOP (Table 2.1). Successive processing steps were applied onboard: correlation (signal compression), correction of the spherical divergence, compensation of the movements of the ship (pitch, roll and heave), calculation of the location of the source and receptors and correction for the delay. The import of sub-bottom data in the Kingdom database was performed in amplitude, and the envelope was computed for each SEG-Y file.

In-situ CPTu data

Five in-situ geotechnical measurements were carried out using the Penfeld seabed rig with a standard CPTu cone developed at Ifremer (Garziglia et al., 2010;Sultan et al., 2007), out of which two are used in this study. Penfeld penetrometer provides a continuous measurement of the tip resistance (q c ), sleeve friction (f s ) and induced excess pore pressure (Δ u2 ) at a standard rate of 2 cm s -1 down to 30 m below seafloor (mbsf). The corrected tip resistance (qt) is calculated using the measured excess pore pressure (Δ u2 ) values.

Values of peak undrained shear strength (𝑆𝑆𝑆𝑆) were calculated from:

𝑆𝑆𝑆𝑆 = (𝑞𝑞 𝑡𝑡 -𝜎𝜎 𝑣𝑣0 ) 𝑁𝑁 𝑘𝑘𝑡𝑡 (1) 
Where 𝜎𝜎 𝑣𝑣0 is vertical effective stress and 𝑁𝑁 𝑘𝑘𝑘𝑘 is a cone factor typically varying from 10 to 20.

Following Low et al. (2010), a minimum and a maximum value of 𝑆𝑆𝑆𝑆 were calculated using a 𝑁𝑁 𝑘𝑘𝑘𝑘 value of 10 and 20.

Sensitivity values were derived using: (2)

The overconsolidation ratio (OCR) can be calculated as the ratio between the preconsolidation stress (σ′ p ) and the vertical effective stress (σ′ v ).

𝑂𝑂𝑂𝑂𝑂𝑂 = 𝜎𝜎′ 𝑝𝑝 𝜎𝜎′ 𝑣𝑣 (3) 
Soil type from CPTu data is derived from Qt/Fr, where soil type 1 = sensitive, fine-grained, 2 = organic soils-peats, 3 = clay to silty clay, 4 = clayey silt to silty clay and 5 = silty sand to sandy silt (after Robertson 1990). 

Sediment cores: physical and chemical properties

For lithological characterization of sedimentary facies, age estimation and geotechnical analyses eight sediment cores between 10 to 22 m were acquired in the lower slope of the GoL during the PRISME3 campaign (Fig. 2.3; Table 2.3). The cores were collected using a Calypso piston corer onboard R/V Pourquoi Pas? A systematic protocol similar to IODP was followed for the core analysis, which consisted of the following steps: Cutting the cores into 1-m long sections -Multisensor core logger -XCT -selection of whole-round samples for geotechnical measurementscore splitting -visual description of archive half -photo of archive half -XRF -Vane shear test, celerimeter and moisture content. Geotek Multi-Sensor Core Logger (MSCL) was used partially onboard and partially at Ifremer-Brest to measure the P-wave velocity, the Gamma density and the magnetic susceptibility on 1m long whole core sections. This was done at 1cm step for all cores acquired during the PRISME3 campaign. The X-ray radiography of the sediment cores was carried out using a Geotek MSCL-XCT. The scanning was first performed on the whole round section for quality control and then performed on the half sections for better imaging.

X-ray fluorescence (XRF)

Semi-quantitative geochemical compositions for major elements were measured using an Avaatech XRF Core Scanner (Avaatech XRF Technology, 2016) at Ifremer-Brest. The measurements were done on split cores at an interval of 1-cm with a counting time of 10 sec. The chemical elements were detected by using two acceleration voltages of 10 kV and 30 kV.

2.6. Sediment cores: sedimentological and chronological analyses

Grain size measurement

Grain-size analyses on the core PSM3-CS050 were performed at ICM Barcelona. First, the samples are treated with 20% H2O2 and pyrophosphate to remove organic matter, and to avoid particle flocculation. After treatment, the grain size fraction < 2mm is analyzed with a Horiba LA950 Laser Diffraction particle size analyzer (Horiba Ltd., Kyoto, Japan) and the grain size distribution determined as volume percentage. The fraction > 2mm is sieved and weighted and the results integrated with those of the particle size analyzer and presented as %weight via in-house developed software.

Radiocarbon dating

To obtain accurate ages of the slide events building up the MTDs, each core was carefully subsampled in the post-slide hemipelagic drape to avoid contamination from reworked sediments, such as turbiditic deposits or bioturbation. Hence, these samples provide a minimum age for failure.

Nine radiocarbon dates were determined by accelerator mass spectrometry (AMS). Dates were obtained from handpicked monospecific planktonic foraminifera (Globigerina bulloides) extracted from the hemipelagic sediments and were analyzed at the Beta Analytics, London, UK.

Conventional 14C years BP were converted into calibrated calendar ages with CALIB V7.1 (Stuiver et al., 2017) using the marine calibration curve Marine13 curve (Reimer et al., 2013) with a reservoir correction (ΔR) value of 48 ± 101 years and reported in this study with 2 σ errors (Table 2.4). The vane shear test is a simple method to measure undrained peak and residual shear strength of cohesive sediment. Vane shear tests were carried out on core PSM3-CS050 at 10 cm interval avoiding granular sediment e.g. thin-bedded turbidites of silty sediments since the test is only applicable for cohesive sediment. The test procedure involves inserting a rod with vanes mounted to it then the rod is rotated constantly until 180°. The peak shear strength (Su p ) is the maximum shear strength and the residual shear strength (Su r ) is the minimum shear strength until the end of the test.

Celerimeter

Celerimeter tests were conducted at 15-cm interval together with the vane shear tests to cross-check the errors in the P-wave velocity measurements obtained during the MSCL. The celerimeter is composed of a fork, with source and receiver are separated by 7 cm.

Water content

During the laboratory geotechnical tests, water content was measured at a 25-cm interval by oven drying a 1-cm slice of half core at 105° for 24 hours. The samples are weighed before (W w ) and after (W d ) drying to obtain the water content of the samples.

The water content (W) is calculated as

𝑊𝑊 = (𝑊𝑊 𝑤𝑤 -𝑊𝑊 𝑑𝑑 ) 𝑊𝑊 𝑑𝑑 (4)

Fall cone test

Fall cone test provides a rapid method to determine the Atterberg limits i.e. liquid limit (LL) and plastic limit (PL) of the remoulded samples. The fall cone tests were carried out on core PSM3-CS049, CS050 and CS051 at ICM Barcelona using Geonor fall cone device. The method consists of mixing and remoulding the sediment sample with a spatula to break the internal structure. Then the remoulded sample is placed in a wooden cup and excess sediment is removed to give a smooth level surface. Then the cone is locked in the raised position and the supporting assembly is lowered down so that the tip of the cone just touches the surface of the soil. When the cone is in the correct position it is released for about 5 seconds and reading on the gauge is recorded. This process is repeated several times by remoulding the sample by adding more water each time until the penetration crosses 10 mm. The liquid limit is defined as the water content of the soil, which allows the cone to penetrate exactly 10 mm. The test is repeated multiple times by mixing more water until the cone penetration exceeds 10 mm to get a linear curve. For plastic limit, the sample is rolled with palm on a paper until it starts to form cracks, moisture content at that moment is the plastic limit of the soil.

Oedometer test

To evaluate the consolidation history of the sediments, uniaxial incremental loading oedometer tests were conducted on whole-round samples taken at different sub-bottom depths. For this purpose, specimens of 1.5 cm height and 5 cm diameter were trimmed and incrementally subjected to normal loads from 4.9 to 1,962 kPa (ASTM 2004a).

Direct shear test

Fourteen direct shear tests were conducted at Marum geotechnical laboratory using a Giesa GmbH direct shear device (Table 2.5, Fig. 2.4). The sample cell is a stack of two steel plates which houses the cylindrical sample. The test consists of consolidating the sample by applying normal load (equivalent to the in-situ effective stresses) to the top face of the sample with a vertical ram. For cores above the basal surfaces, the in-situ effective stresses are calculated using the depth of the sample in the core and the density of the sediment. For samples below the basal surfaces, we used the pre-consolidation stresses calculated from oedometer tests. The sample is then allowed to consolidate overnight and allowed to drain at the top and bottom faces. After complete dissipation of the excess pore pressure, the samples were sheared at a constant shear rate of 0. 

Introduction

Submarine landslides are one of the widespread phenomena known to shape the continental margins (Posamentier and Kolla, 2003). They redistribute large volumes of sediment from the shelf or the upper slopes to the lower slope or deep basin. Furthermore, they can be far larger than any terrestrial landslide and threaten offshore infrastructure. Most importantly, they pose a risk to increasingly populated coastlines by triggering devastating tsunamis (Bryn et al., 2005(Bryn et al., , 2003;;Kvalstad et al., 2005;Tappin et al., 1999). The most recent example of a submarine landslide triggered tsunami came to public attention when an earthquake of magnitude Mw 7.5 most likely caused a submarine landslide off Sulawesi, Indonesia. This resulted in a tsunami with a wave height of about seven metres, killing more than 4000 people and displacing about 200,000 inhabitants (Carvajal et al., 2019;Heidarzadeh et al., 2018;Sassa and Takagawa, 2019).

Submarine landslides can disintegrate and transport a large amount of slope-forming sediments, where the shear failure occurs along one or several planes (Eckel, 1958;Hampton et al., 1996;Schuster and Krizek, 1978). Due to their locations in deepwater settings, direct observation of submarine landslides and their deposits is difficult. Therefore, geophysical techniques namely multibeam bathymetry, reflection seismic are used to investigate submarine landslides. In reflection seismic data submarine landslide deposits are generally referred to as mass transport deposits (MTDs) and mass transport complexes (Alves, 2015;Frey Martinez et al., 2005). MTDs usually cover areas exceeding thousands of square kilometres and have volumes in hundreds of cubic kilometres, depositing slide material hundreds of kilometres from their source areas, on the continental shelf or upper slope, onto the deep oceans (Bull et al., 2009;Frey Martinez et al., 2005;Gee et al., 2006;Masson et al., 2006;McAdoo et al., 2000;Shipp et al., 2004;Solow et al., 2009).

Despite the large sizes and volumes of sediments involved in the failure events, their link with local or global forcing is still a matter of debate (Hampton et al., 1996;Hühnerbach and Masson, 2004;Lee, 2009;Pope et al., 2015;Solow et al., 2009;Sultan et al., 2004;ten Brink et al., 2009;[START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]Urlaub et al., 2013). However, various authors (e.g. Locat and Lee, 2002 and references therein;Sultan et al., 2004;[START_REF] Vanneste | Submarine landslides and their consequences: what Do We know, what can We Do?[END_REF] suggest that their occurrence is commonly controlled by one or a combination of favourable preconditioning factors and trigger mechanisms such as slope over-steepening, earthquakes, storm-wave loading, rapid sediment accumulation and under-consolidation, gas charging, gas hydrate dissociation, low tides, glacial loading, and volcanic island processes.

The Gulf of Lions (GoL) presents two large surficial MTDs with volumes exceeding 100 km 3 .

These MTDs have been called by several names in previous studies, such as "Eastern and Western Debris Flows" (Bonnel et al., 2005;Droz et al., 2001;Lastras, 2007) or "Eastern and Western MTDs" (Droz et al., 2006), or more recently "Rhone Eastern Mass-Transport Deposit (REMTD)" and "the Rhone Western Mass-transport Deposit (RWMTD)" (Dennielou et al., 2019). To allow an easy correlation and comparison between the two studies, we follow the nomenclature of Dennielou et al. (2019).

The REMTD and RWMTD have previously been mapped and described in detail (Dennielou et al., 2019;Droz et al., 2006;Droz and Bellaiche, 1985); however, due to the lack of high-resolution data on the upper continental slope of the GoL margin, little attention has been paid to the source of the REMTD. This study, therefore, focuses on analyzing and characterizing the source area of the REMTD, which we hereafter refer to as the "Eastern Rhone Interfluve Slide (ERIS)". The ERIS and REMTD together form the Eastern Rhone Interfluve Slide Complex (ERISC). We present for the first time a detailed mapping of the ERISC with the combination of high-resolution multibeam bathymetry, high-resolution multi-channel seismic, sub-bottom profiler, and newly acquired sediment core data from the ERISC. We aim to 1) identify the morphological and sedimentological characteristics of ERIS, 2) establish a chronological framework for the failed sedimentary units based on direct and indirect dating methods and 3) identify the presence of potential weak layers.

The detailed mapping of the ERISC is complementary to the submarine landslide archive that currently exists for the Mediterranean region (e.g. [START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. Even if the collection of landslide parameters is not always conducive to fully understand the triggering mechanisms of seafloor instabilities (e.g., Hühnerbach and Masson, 2004), Clare et al. (2018) suggest that the widening of landslide database is a key to improve knowledge and an important contribution to tackle outstanding scientific questions on hazard mitigation, especially if the measured parameters are consistently acquired.

Results

Morphology

Overall morphology of the study area

The slope of the continental margin dips progressively from 6° to 1° for water depths leading from 200 m to 1500 m, respectively. Our study area, the interfluve of the PRC and Grand Rhone Canyon (GRC), is characterised by a gentle slope of 1.8° and an area of about 1000 km 2 comparable to an open slope environment. The newly-acquired multi-beam bathymetric data show the seafloor morphology of the interfluve area in greater detail than what has been published previously (Berné et al., 2002;Droz and Bellaiche, 1985;Torres et al., 1995). Our data show multiple distinct features related to mass-wasting processes such as slide scars, faulting activity, or seafloor spreading (Fig. 3.2,Fig. 3.3b). The most prominent features in the study area are the NNW-SSE oriented lobate and trapezoidal-shaped scarps in the bathymetry (black dashed lines in Fig. 3.2) that we interpret as a suite of submarine landslides within the Eastern Rhone Interfluve Slide Complex.

At a water depth of 1750 m, within the toe area of the ERIS, two SW-NE oriented linear depressions incise the seafloor (Figs. 3.2a, b and 3.3), previously interpreted as normal faults (dos Reis et al., 2005). However, we observe that these depressions are marked by significantly low-standing hanging block (∼30-40 m) bounded by normal faults that face opposite to each other (Figs. 3.2a and 3.3). Therefore, we interpret these depressions as fault grabens and refer to them hereafter as the Northern Graben (NG) and the Southern Graben (SG). The SG is about six km wide and extends over approximately 100 km in the SW-NE direction, crosscutting the entire Petit Rhone fan. (Fig.

3.3).

The NG shows a strike similar to that of SG, but it is limited to the west by the Eastern levee of the PRC. The northern scarp of SG displays a step-like morphology with a net slip of about 20-30 m, however, the southern wall shows gentler slopes of ∼5° as compared to the 10-25° of that of the northern wall. The NG shows very steep scarps in the bathymetric data reaching up to 30° and creating almost an arcuate-shaped geometry comparable to a slope failure on the eastern levee (Figs. 3.2a,d and 3.3). Additionally, its location coincides with the foot of the ERIS. The NG shows a maximum net offset of 150 m where it coincides with the eastern levee of the PRC, however, the average offset of the faults is about 50 m and the average width is approximately seven km. 

The Eastern Rhone Interfluve Slide (ERIS)

The ERIS consists of four main headwall scarps (named HS1 to HS4) and several secondary scarps (Fig. 3.2a-c). The average height of the headwall scarps ranges from 30 m to 70 m, but it exceeds 100 m in the area where the slide complex merges with the grabens, towards the eastern levee of the Petit Rhone Canyon. The headwalls are nested in a staircase style, with evidence of four major and several minor slide scarps with exposed glides planes (Fig. 3.2a, c). This geomorphological pattern is reminiscent of retrogressive failures such as reported in the Storegga landslide complex (Baeten et al., 2014;Bryn et al., 2005). The source area of the ERIS exceeds 700 km², covering almost 70% area of the interfluve. The headwall scarps of the slides have an irregular geometry, at times mimicking the shape of the previous scarps. The uppermost headwall of the slide (HS1) is located at a water depth of 700 m, only seven km away from the shelf-break. A minor failure scarp observed attached to the headwall scarp HS1 is interpreted as a secondary failure scar of the HS1. The upper part of the HS1 is only 2.5 km wide, but it widens to about 25 km at 1700 m water depth. The average width of the slide is 20 km and the slide deposits (i.e. REMTD) are mapped as far as 200 km away from the source area (Droz and Bellaiche, 1985;Torres et al., 1997). Overall, a slope gradient of 1.8° characterises the Rhone interfluve; however, the slide scarps show a steep morphology with local slopes reaching up to 25-30°. The lowermost headwall scarp HS4 is located at 1700 m water depth, aligned perpendicularly with the NG. It extends 30 km towards the Grand Rhone sedimentary ridge, coinciding with the NG and showing a horseshoe-shaped landslide headwall morphology (Fig.

3.2a

). The average area, the height of headwall scarp, the width of failure and volume of mobilized material of each slide scarp are summarized in Table 3.1. The total volume of mobilized material from the source area based on the geometry of each headwall scarp and of their respective height accounts to approximately 110 km 3 (Table 3.1). The deposit area of the ERIS (i.e. REMTD) is characterised by a smooth morphology. The sediment flow pathways of the mass-transport are mostly unnoticeable in the bathymetric data, most likely due to the post-slide sedimentary drape (Dennielou et al., 2019) and lack of high-resolution data in the deposit area (Fig. 3.1,Fig. 3.2a). The overall flow direction of the REMTD is towards the southeast (Droz, 1983). In the newly-acquired high-resolution bathymetry, we observe few slide blocks of 10 m-25 m height and a bulge in the bathymetric data indicating minor pathway of the REMTD limited to the distal reach of the NG (Figs. 3.2a and 3.3 a). At a water depth of 2000 m, south of the SG, we observe a 250-km 2 plateau of undisturbed sediments, previously described as "butte témoin" by Droz (1983). This plateau is located between the PRC (towards the west) and a steep scarp of 80 m height (towards the east). About two km east of the plateau, we observe an N-S oriented linear sediment ridge, which we interpret as the remnant of the failure. At the western ends of both grabens, we observe a breach of the eastern levee of the PRC (Fig. 3.3b), coinciding with the headwall scar HS2, suggesting that a significant amount of canyon-sourced turbidites have most likely overflowed and been deposited together within the REMTD.

Sub-seafloor architecture

Seismic stratigraphy of the study area

Our study focuses on the mass-wasting processes within the upper part of Plio-Quaternary sediments. In this section, we describe the identified units and key reflectors that will let us discuss specific mass-wasting features we observe in a relative stratigraphic framework used in this study.

For a detailed stratigraphic framework of the GoL, we refer to Droz et al. (2006) and Torres et al. (1995). Seven seismic Units (U1 to U7, youngest to oldest, Figs. 3.4-3.7) are identified in the study area based on their reflection pattern and the erosional or depositional nature of contact with underlying sequences. The high-amplitude reflectors (H1-H7, top to bottom) at their bases define the boundaries of the units, which have been observed and picked extensively throughout the study area. Parallel, moderate to high-amplitude reflection packages in the whole study area characterise U1 to U7. The seismic units, in general, show a decreasing upward trend in internal reflection amplitudes. The contacts between seismic units are smooth and regular, except U7, which lies unconformably on the underlying sediments showing a rough morphology at its base. The average thickness of U2, U5, U6 and U7 is about 50 ms, while for U1, U3, and U4 it is about 100 ms.

Four types of seismic facies are observed in the seismic sections (Table 3.2): 1) Moderate to highamplitude well-stratified facies interpreted as turbiditic levee facies (Droz et al., 2006), 2) highamplitude reflection packages (HARPs), similar to the ones observed in the Amazon Fan (Pirmez et al., 1997) interpreted here as coarse-grained material deposited within paleo-Rhone channel thalweg (Damuth, 1980;Droz et al., 2006), 3) Chaotic reflections interpreted as slide deposits (Droz et al., 2006) and 4) Acoustically transparent facies typical of REMTD and RWMTD (Dennielou et al., 2019;Droz et al., 2006) Table 3.2: Summary of properties and interpretation of the seismic facies encountered in the study area. 
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Slides and failure planes

The dip seismic profile AM-MED18 shows the internal structure of the eastern side of the ERIS (Fig. 3.4). The source area is characterised by three distinct morphological steps of 30, 70 and 120 ms height, which correspond to the headwall scarps HS2, HS3 and HS4 respectively (Figs. 3.2a and 3.4). The scarps HS2 and HS3 truncate the seismic units U1 and U2 respectively, while scarp HS4 truncates units U6 to U1. Scarp HS4 coincides with the listric fault delineating the Northern Graben, which truncates the seismic units U3 and U4 (Fig. 3.4). The reflectors H2 and H3 mark the base units U2 and U3 that are truncated by the headwall scarps HS2 and HS3. The headwall scarps HS2

and HS3 cut through well-stratified sediments without crosscutting the underlying high-amplitude reflections, suggesting that the glide planes of the failures lie above the high-amplitude reflectors.

Interestingly, the glide planes of each failure have a similar dip as the seismic sequences, suggesting that the slides occurred parallel to the bedding surfaces and it is worth noting that the truncated facies mainly consist of low-amplitude reflections (Fig. 3.4,Fig. 3.5a). This implies a strong stratigraphic control on the basal surfaces of the slide scars. Additionally, the basal reflectors display a reverse polarity with respect to the seafloor (Fig. 3.4). The amplitude of the reflections changes laterally at times but follows the normal trend of reversed polarity.

The strike profile AM-MED17 (Fig. 3.5a) crosses the sidewalls of the failure HS2. The sidewall of the failure is marked by the truncation of low-amplitude reflections over the high-amplitude basal surface H2. The profile images 30-ms thick slide deposits characterised by chaotic to transparent acoustic facies typical for mass-transport deposits that we interpret as the results of uppermost failure (HS1) within the ERIS complex. These deposits distinctly contrast from the undisturbed, well-stratified turbiditic levee sediments.

Towards the western part of the ERIS, the uppermost failure appears like a transition of wellstratified sediments to chaotic reflections, with partly intact internal reflections above basal surface H1 (Fig. 3.5a, b). Of particular interest within the uppermost unit (U1) is the hummocky surface expressions, with downslope-dipping high-amplitude reflections showing "ridge and trough" morphology, which is particularly well identified showing reflection hyperbolae within the subbottom profiler data (Fig. 3.5a inset). Based on their seismic character and repetitive patterns of ridges and troughs oriented perpendicular to the direction of movement in the bathymetric data (Fig.

3.3b

), we interpret these reflections as seafloor spreading similar to that observed within the Storegga slide complex (Micallef et al., 2007). Similar to the glide planes of failures originating from HS2 and HS3, the seafloor spreading observed in our data occurs locally above the highamplitude reflector (H1 in this case).

Within the ERIS headwall area, we observe several erosional disruptions in the strata within the well-stratified facies, especially within unit U5, between reflectors H4 and H5 (Fig. 3.5a, b). These disruptions only affect unit U5, where a thinning of the entire unit of average thickness 100-ms to less than 50 ms is observed. In the areas of reduced thicknesses, we observe seismic facies related to slide deposits above the high-amplitude reflections. These disturbances occur locally in the areas of high relief approximately 200 ms below the seafloor. We attribute these disturbances as a result of local slope failure related to an oversteepened slope that has been inherited from the morphology of the underlying sediments. 

Internal seismic structure of the Rhone Eastern Mass-Transport Deposits (REMTD)

The REMTD appears as a body of transparent seismic reflections with low penetration in the subbottom profiler data (Figs. In the most distal area (in the deep basin), where the MTD pinches out to the seafloor, we observe ∼5-ms high and 50-m long patches of transparent reflections in the sub-bottom profiles following the REMTD (Fig. 3.7b). As these patches appear individually over the basal surface of the MTD and are detached from the main MTD body, we interpret these patches as the "out-runner blocks", similar to that observed in the Nigerian continental slope (Nissen et al., 1999).

Buried MTDs

Within the Pleistocene sediments, we observe two buried MTDs that we refer to as "shallow MTD (SMTD)" and "deep-seated MTD (DSMTD)". The SMTD is observed within unit U4 between uneven at places, eroding the underlying strata (Figs. 3.4, 3.5a). The western part of the DSMTD is dominated by kilometre-scale rotated blocks identified by steeply dipping reflections (Fig. 3.5a).

Next to the rotated blocks, we observe a 50-ms high and 1-km wide rafted block.

Faults

The entire GoL is dissected by several steeply dipping, low-amplitude anomalies interrupting the seismic reflections of the well-layered sediments and interpreted as normal faults. Faults in the GoL have been previously mapped and documented in detail using HR seismic and multibeam bathymetric data (dos Reis et al., 2015(dos Reis et al., , 2005)). dos Reis et al. (2015) reported the faults in the GoL as shelf-parallel, basinward-dipping and listric, rooted in the Messinian evaporite sequence. At least fifteen such faults have been documented in our study area, at times facing opposite to each other to form grabens that we named "Northern Graben (NG)" and "Southern Graben (SG)" (Fig. 3.8).

These grabens have a dominant SW-NE trend and offsets in the range of 10-100 ms. In some cases, the faults have impacted the seafloor morphology and created bathymetric steps, therefore suggesting an active syn-sedimentary salt tectonics until today. In addition to the SW-NE trending faults, we observe a local N-S trending fault along the undisturbed plateau offsetting the shallow strata down to 300 msbsf (Figs. 3.6, 3.7a).

A close relationship seems to exist between the fault scarps and the failure planes of the ERIS.

Especially at the toe of the ERIS, the scarp of the Northern Graben superimpose with the slide scar HS3 and HS4 where it forms a 50-100 ms high scarp (Figs. 3.4, 3.6, 3.8). To the west, the contact of the fault grabens with the Eastern levee of the Rhone canyon is characterised by truncations of the fan levees indicative of failure and collapse of the levee (Figs. 3.3a, b and 3.8). We observe that the scarps are only visible at the western and easternmost parts of the ERIS, likely due to the alteration of the seafloor morphology after the deposition of the REMTD. Additionally, the eastward extent of the NG towards the GRC forms an elongated rupture in the bathymetry similar to that observed in slope failures. We thus interpret these scarps as the eastward extent of the ERIS complex (Figs. 3.2a and 3.3). -Lithofacies L1 is composed of foraminifera and calcareous nannoplankton oozes that correspond to pelagic-hemipelagic sedimentation during the Holocene period (Fig. 3.9).

Lithology and age of sediment cores

-Lithofacies L2 is composed of laminated clay with silt to very fine sand laminae interpreted as turbidites deposited by spillover from the Rhone valley (Dennielou et al., 2019).

-Lithofacies L3 is composed of stiff mud of generally higher bulk density than the background values (1.85-1.90 g.cm-3). This lithofacies at times show colour banding corresponding to laminae and few silt layers characteristics of lithofacies in the Rhone fan (Dennielou et al., 2019; Lombo of cracks. Based on the similarities observed in other studies in the study area (e.g. Bonnel et al., 2005;Dennielou et al., 2019Dennielou et al., , 2006;;Lombo Tombo et al., 2015), we associate the lithofacies L3 to REMTD.

Core PSM3-CS41 was collected on the undisturbed plateau at 1996 m water depth and penetrated 19.33 m deep (Fig. 3.9). This core was acquired on the topographic high and samples only the background sediments, hence serves as a reference core for the study area. At the top, it presents 6 cm lithofacies L1. From 6 cm to the bottom of the core it presents lithofacies L2. The lithological uniformity of the core is well represented by the gamma density curve with bulk density falling between the background values 1.85-1.95 g.cm -3 .

Core PSM3-CS42 is 9.29 m long and was collected at 2015 m water depth, one km east from core PSM3-CS41. The uppermost 20 cm of the core is composed of lithofacies L1. From 20 cm to 3.7 m, the core is composed of lithofacies L2. From 3.7 m to the bottom of the core it presents lithofacies L3. Sediments are highly deformed with steeply inclined and sometimes folded coloured bands. The inclination of the colour bands fluctuates through the core. The upper 3.7 m of the core is characterised by uniform bulk density lower than 1.9 g.cm -3 , while below 3.7 m the bulk density values increase to 1.95-2.0 g.cm -3 and fluctuate throughout to the bottom of the core. (Dennielou et al., 2019) and the Balearic Abyssal Plain Megabed (Rothwell et al., 1998).

Radiocarbon dating at the base of lithofacies L2, i.e. post-slide sediments within the undisturbed plateau, eastern PRC flank and the fault graben yield a 2 σ age between 20 and 21.8 ka cal BP, with an average median age of 20.85 ka cal. BP (Fig. 3.9). The post-slide sediments dated in the cores at the base of the ERIS within the Southern Graben (core PSM3-CS46) and on the undisturbed plateau (core PSM3-CS42) yield a 2 σ age between 21 and 21.8 ka cal BP, with an average median age of 21.4 ka cal BP. However, this does not discard the possibility of multiple stages of sliding within this time. We suggest that the younger ages at the eastern flank of the PRC (at the base of lithofacies L2 within the core PSM3-CS047, Fig. 3.9) relate to a younger failure ca 1 ka later than the main slide event. Our results coincide with the emplacement of RWMTD at 21 ka cal BP (Dennielou et al., 2019), suggesting a synchronous age for both MTDs (Fig. 3.10).

Our results are in general agreement with the previous studies that the sedimentation rates for the Holocene fall in the range of 0.05 to 0.10 m.ka -1 whereas the sedimentation rates for the onset of the interglacial period, which concerns laminations of muddy to silty clay material that is interpreted as fine-grained turbidites, the sedimentation rates exceed 1 m.ka -1 .

Discussion

Emplacement, kinematics and timing of failures in the Eastern Rhone Interfluve

Multiple headwall scarps HS1-HS4 in the ERIS complex suggest multiple failures in the source area. The presence of the REMTD facies within the uppermost headwalls in the seismic data (Figs.

3.4, 3.5a) and the presence of several flat-lying glide planes suggest a retrogressive translational propagation of the failure, meaning that the failure started at the toe of the ERIS and propagated stepwise towards the shelf along the high-amplitude reflectors. Our results are consistent with previously published evidence that the overall flow direction of REMTD was towards the southeast due to the inherited topography of the Rhone Fan (Droz et al., 2006); however, the better resolution of the newly-available data allows us to reconstruct more finely the slide flow based on small-scale morphological features resulting from the failure (Fig. 3.11).

The basal ramp observed at the toe of the ERIS (Fig. 3.6) is a crucial kinematic indicator of the flow direction of the REMTD. Our observation is in agreement with the general observation that the ramps trend perpendicular to the flow direction of the failed mass (Alves, 2015;Bull et al., 2009;Gawthorpe and Clemmey, 1985;Trincardi and Argnani, 1990). We suggest that the presence of the N-S oriented fault next to the undisturbed plateau (Figs. . This evidence suggests that the emplacement of the REMTD was highly fluid and mobile, such as in the case of a debris flow (Lastras et al., 2005). These arguments in addition to the presence of transparent seismic facies within the REMTD are in agreement with the previous studies on submarine debris flow (e.g.

BIG'95 debris flow, Lastras et al., 2005). Additionally, the large width of the REMTD suggests that it must have transformed downslope into a more fluidic flow that allowed it to spread laterally.

We observe a frontally confined pressure ridge at the western boundary of the REMTD (Fig. 3.7c).

Pressure ridges are typical within the lobes of debris flows (Moscardelli and Wood, 2008) and provide information about the flow direction of the MTDs. However, considering that the pressure ridge occurred on a stratigraphic level much lower than the REMTD and it is not located in the direction of the main pathway of the REMTD, we discard a genetic link of the pressure ridge relating to the REMTD. Gamboa and Alves (2016) suggested that pressure ridges are common within mini-basins surrounded by buried salt-related structures. Similarly, the pressure ridge in the study area occurs within a mini basin bounded by a buried diapir in the south and a buried roll-over anticline in the north (Fig. 3.8). Therefore, the emplacement of this pressure ridge was likely controlled by the growth of the underlying salt structures, by analogy to what suggested for the Brazilian Margin [START_REF] Gamboa | Distribution and characterization of failed (mega)blocks along salt ridges, southeast Brazil: implications for vertical fluid flow on continental margins[END_REF]Gamboa and Alves, 2016).

The recurrence of the MTDs (REMTD, SMTD, and DSMTD) at different stratigraphic intervals suggests a long history of mass-wasting in the GoL. The DSMTD has been previously described as the result of a westward shift of the paleo-Rhone valley during the Mid-Pleistocene that coincide with the occurrence of a major unconformity (∼450 ka, Bellaiche et al., 1986;Droz, 1983;Droz et al., 2006;Torres et al., 1995). As for the SMTD, it has never been dated with direct or indirect methods. Based on the average sedimentation rates and its stratigraphic placement, we estimate that the SMTD was most likely emplaced around 350 ka. The REMTD, on the other hand, has been directly dated, for the first time, using AMS radiocarbon dating. Radiocarbon dating of the post-REMTD sediments confirms that it was emplaced between 21 and 21.8 ka cal BP (Figs. 3.9, 3.10).

The ERISC took place before 21.4 ka cal BP, during the peak of the LGM, while the sea-level was 120 m lower than today. Within the resolution limits of geophysical data, we do not find evidence of multiple failure events. However, MTD lithofacies found on the Rhone levee (core PSM-CS047; 

The significance of the high-amplitude horizons in the ERIS

Glide planes of the ERIS, as well as the SMTD and pressure ridge, coincide with high-amplitude reversed polarity bedding planes showing a strong stratigraphic control on the failures (Figs. 3.4-3.6, 3.7c). In the Western Mediterranean, repetition of these high-amplitude reflectors in the last six sedimentary sequences is attributed to 100 kyr-glacio-eustatic cycles in the upper slope successions in the GoL (Jouet et al., 2006;Rabineau et al., 2005;Sierro et al., 2009), in the Adriatic Sea (Ridente et al., 2009) and in the Tyrrhenian Sea [START_REF] Toucanne | Tracking rainfall in the northern Mediterranean borderlands during sapropel deposition[END_REF]. Especially in the GoL, the cyclicity expressed by the superposition of high-amplitude reflectors is widely reported as a result of deposition of condensed sections (Torres et al., 1995;Jouet et al., 2006;Rabineau et al., 2006Rabineau et al., , 2005;;Riboulot et al., 2014;Sierro et al., 2009). Condensed sections are described as hard grounds representing long periods of geological time (Baraboshkin, 2009;Cattaneo and Steel, 2003;Crews et al., 2000;Loutit et al., 1988). In the GoL, these successions of condensed sections formed during periods of sea-level highstand, when sources of terrigenous sediments from the Alpine rivers shifted landwards. During highstands, deltaic sediments were trapped in the flooded inner shelf and hemipelagic sedimentation led to the preferential accumulation of pelagic skeletal fractions in the lower slope (Frigola et al., 2012). We, therefore, suggest that the higher fractions of pelagic skeletal material as observed in the condensed sections in the PROMESS borehole (Jouet, 2007;Riboulot et al., 2014;Sierro et al., 2009), most likely create high bulk porosities in the sediments and eventually explain the reversed polarities identified in our seismic data 3.7c).

Submarine landslides can take place at slopes as gentle as 1° along potential weak layers, when the shear stress becomes significantly higher than the shear strength (Fields et al., 1982;Urlaub et al., 2015Urlaub et al., , 2018)). Weak layers consist of sediments that have strengths lower than the adjacent layers to provide a potential focus for the development of the surface of rupture (sensu Locat et al., 2014).

In high-latitude settings, as in the case of the Storegga slide complex, lithological contrast has been invoked as the main reason for developing weak layers, where contouritic and hemipelagic sediments are interbedded with glacigenic debris-flow deposits (Laberg and Camerlenghi, 2008).

Also in mid-latitude deepwater environments, such contrast in lithology exists. Dan et al. (2009) invoked that lithological contrast of marine mud and thin-bedded turbidites could become an important predisposing factor to emplace major failures on the slopes. Condensed sections are composed of clayey sediments that are abundant of microfossils and could represent a significant contrast in lithology. They show higher shear strength than the overlying sequences and are well accepted as glide plane of the failure rather than to have acted as a weak layer, as proposed in the Ursa Basin (Sawyer et al., 2009;Sawyer and Hodelka, 2016) and the Adriatic Sea (Sultan et al., 2008). The turbiditic sequences sandwiched between the condensed sections within the ERIS complex most likely control the localisation of potential weak layers, especially because coarsergrained materials (such as turbidites) are prone to liquefaction even in case of a mild seismic loading (Dan et al., 2009). This could explain why a variety of mass movements occur extensively over the high-amplitude horizons at several stratigraphic levels in the study area 3.7c).

Conclusions

The Gulf of Lions is a passive margin of about 200 km length and 70 km width with main sediment supply from the Rhone River depositing alpine sediments on the Rhone delta. The slope of the GoL is dissected by fifteen submarine canyons, the largest one being the Petit Rhone Canyon. Seafloor instability in the GoL occurs in canyon heads and flanks, but also in the interfluve slope areas and the levees of the main submarine valleys. Previous studies highlighted the presence of several large surficial MTDs with volumes exceeding 100 km 3 . We presented here details on the REMTD that was emplaced 21.4 ka during the peak of the Last Glacial Maximum. The newly available highresolution geophysical data allowed a detailed investigation of the source of the REMTD that we referred to as the Eastern Rhone Interfluve Slide. The combination of a diversified geophysical dataset provides insights into the slope failure processes that can be summarised in the following points.

• The overall morphology of the ERIS is dominated by staircase geometry indicative of a retrogressive failure on multiple glide planes, extending from a water depth of 500 m-2000 m.

• Preconditioning of the ERIS by localization of weak layers may have been favoured by rapidly accumulated turbiditic sequences sandwiched between reversed polarity strong reflectors interpreted as condensed sections, which were most likely deposited during the sea-level highstands.

• The location of landslide scars seems to be associated with the presence of listric faults rooted in the Messinian evaporite layer acting as a décollement surface, driven by the gravitational gliding of post-Messinian strata.

Chapter 4.

Deep-towed seismic experiment reveals the internal structure of a large "transparent" mass transport deposit 102

Abstract

To better understand the threat posed by subaqueous mass movements it is imperative to understand the internal structure of their deposits that hold most of the small-scale kinematic indicators.

Seismic investigations of subaqueous landslide deposits often show chaotic and transparent reflections, while outcrop mapping and sediment cores show complex geology within these deposits. This suggests that the kinematic indicators are often beyond the resolution limits of 

Introduction

Submarine landslides alter continental margin architecture by mobilizing a large amount of sediments downslope (Hampton et al., 1996;Posamentier and Kolla, 2003;Masson et al., 2006).

They can displace voluminous (> 100 km 3 ) amount of sediments up to hundreds of kilometres covering areas of thousands of km 2 (Hampton et al., 1996;Masson et al., 2006;Talling et al., 2014).

Furthermore, submarine landslides hold a high hazard potential for tsunamigenic risks, which can be devastating to increasingly populated coastlines and offshore infrastructure (Bryn et al., 2005(Bryn et al., , 2003;;Kvalstad et al., 2005;Tappin et al., 1999;[START_REF] Brink | Evaluation of tsunami sources with the potential to impact the US Atlantic and Gulf coasts[END_REF].

In the majority of the cases, submarine landslide deposits or the mass transport deposits (MTDs)

show acoustically transparent or chaotic signatures in classical 2D seismic data (Damuth, 1980), which makes interpretation of internal structure difficult. When available, 3D seismic data show complex geology within these deposits, although at a vertical scale of ~10 m. Outcrop analyses of fossil MTDs that often show important kinematic indicators at sub-metric scales such as folding and faulting, contorted lithologies and slide blocks [START_REF] Ogata | Meso-scale kinematic indicators in exhumed mass transport deposits: definitions and implications[END_REF](Ogata et al., , 2014)). However, it lacks stratal continuity due to geological deformation of the outcrops and vegetation. To better understand the failure dynamics and emplacement of subaqueous mass-movements, it is imperative to characterize the internal structure of the MTDs that preserve important kinematic indicators of the failure (Bull et al., 2009). However, this is only possible when the internal structure of the MTD is within the seismic resolution [START_REF] Ford | Geostatistical characterization of internal structure of masstransport deposits from seismic reflection images and borehole logs[END_REF].

The Rhone Western Mass Transport Deposit (RWMTD) in the Gulf of Lions (GoL) is a classic example of a large transparent MTD of 160 km 3 (Dennielou et al., 2019). It was emplaced due to a translational failure that occurred during the Last Glacial Maximum around 21 ka (Dennielou et al., 2019;Badhani et al., 2020). The RWMTD has been studied for several decades using a variety of data including 2D seismic, multibeam bathymetry, sediment cores etc. The seismic profiles always show transparent facies in the deposit, leading to an interpretation of the deposit as a homogeneous debris flow (Bellaiche et al., 1986;Droz et al., 2006), contrasting to lithofacies from sediment cores that often reveal complex folded and contorted beds (Dennielou et al., 2019) 

The Rhone Western Mass Transport Deposit

The Rhone Western Mass Transport Deposit was already mentioned or mapped, partially or totally in several studies since the 80s (e.g. Droz et al. 1985[START_REF] Gaullier | Corps gravitaires récents dans le bassin Nord-Baléares: géométrie et quantification[END_REF]and Bonnel et al. 2005).

Most recently, Dennielou et al., 2019 showed a detailed mapping as well as lithofacies and radiocarbon dating of the RWMTD using high-resolution data that provide detailed investigation on the source, extent, ages and trigger mechanisms. The RWMTD is partly overlapped by more recent deposits that are the Rhone Neofan, the PRLSR (Droz et al., 2006) and some deposits at the outlet of La Fonera canyon (Droz et al., 2001) and shows a faint expression on the seabed. The most obvious morphological evidence lies in the occurrence of NE-SW oriented slide scars in the proximal area at the base of the slope and on the side of the Rhone fan (Dennielou et al., 2019). The RWMTD is about 40 km wide in the proximal area, 50 km in the medial area and gradually narrows down to 5 km in the most distal area. The run-out distance of the RWMTD is 180 km, surface area of 6800 km 2 , and the H/L ratio is 0.004 (Dennielou et al., 2019). SYSIF can obtain a maximum vertical resolution of 0.6 m and up to 1.5 m horizontally, as compared to the MCS data that provides a vertical and horizontal resolution of 5 m and 10 m respectively. SBP data provide higher resolution limits than the two datasets used in this study, however, due to a large Fresnel width; it shows multiple 3D artefacts in the form of reflection hyperbolae. The calculated Fresnel width for SYSIF data is 1 m, which reduces 3D artefacts significantly. This allows us to image mass-movement features in unprecedented detail. Seismic facies are defined based on the observation of the seismic data available (Fig. 3).

Sediment core

Sediment core MD01-2438 was collected in the distal part of the RWMTD during MD123/Geoscience1 (TURON Jean-Louis (2001) MD 123 / GEOSCIENCES 1 cruise, RV Marion Dufresne, https://doi.org/10.17600/1200050 ) campaign using a Calypso piston corer aboard R/V The overall morphology of the MTD base is controlled by the inherited geological structures of the GoL slope. Which is dissected by several steeply dipping listric faults in the proximal and intermediate part creating large (~50 m) topographic steps on the slope (Fig. 1a). The distal part shows gentler slopes followed by the MTD, some pre-existing channels that are later filled by the RWMTD. 

Proximal area

In the proximal part, the SYSIF data images the RWMTD in great detail (Fig. 4). We observe several seismic facies from continuous high-amplitude reflectors (CHR) to semi-continuous (high to low amplitude) reflections (SCH and SCL) to chaotic (CR) and transparent reflections (TR).

Depending on their continuity, they can be interpreted as slide blocks within the MTD (mostly for CHR, SCH and SCL facies). Downslope, a fault scarp cut through the strata creating a sharp step of ca. 100 m (Fig. 3d). Following the fault scarp, the thickness of the MTD significantly increases to about 50 ms as compared to the average thickness of about 25 ms upslope. We observe a sharp variation in the internal architecture of the MTD downslope, the MTD shows a dominance of transparent facies with the sparse presence of semi-continuous reflections (Fig. 4d).

The majority of the sliding occurred above well-stratified sediment packages. A continuous highamplitude reverse-polarity reflector defines the basal surface of the RWMTD (BS-1, Fig. 4). BS-1 is cut discordantly across the bedding creating a step-down ramp (Fig. 4b) (Bull et al., 2009;Alves 2015). The MTD then translated over the flat section (sensu [START_REF] Lucente | Anatomy and emplacement mechanism of a large submarine slide within a Miocene foredeep in the northern Apennines[END_REF], the reflector below the previous basal surface. Since the basal shear surface cut down the section, the erosion is interpreted to be extensional in the sense of Gawthorpe and Clemmey, (1985). The older basal surface (BS-2) can be followed up to 10 km downslope showing similar characteristics as the previous basal surface (i.e. continuous, high-amplitude and reverse polarity). South of the fault scarp, we also observe changes in the style of basal surface deformation. In most parts of this domain, the basal surface seems completely eroded and washed out. The only remnants of the basal surface that are present are the concave down patches of ~500 m long (Fig. 4d).

Translational or intermediate area

There is a gradual change in the internal architecture of the RWMTD from the proximal to the translational domain. We observe little to no variations in the internal architecture of the MTD within the upper part of the translational domain. Mostly transparent facies are observed within this domain. However, transparent facies are often interbedded with semi-continuous low to high amplitude reflections with chaotic facies (Figs. 5a-e). The MTD shows a variable thickness ranging from 15 to 60 ms (Figs. 5,6). At times, the rafted blocks interact with the basal surface, especially around the ramps. For instance, we observe a tightly folded rafted block situated next to a ramp facing against the MTD flow direction (Fig. 5c), serving as a morphological barrier. The frontal portions of many of such rafted blocks are characterized by tight folds, which occur directly above the ramp on the basal surface (Figs. 5c,e,6a). The MTD shows a smooth morphology in the upper parts of the Rhone turbiditic slope that is characterized by well-stratified sediments showing high to low-amplitude parallel, continuous reflections seismic reflections (Figs. 5a-d). As the MTD propagates submarine valley of the prolongation of the Sète canyon network (Figs. 6b-d) the sub-seafloor shows a rough morphology, seismic data in this area show variable amplitude, discontinuous reflections. This area of the seafloor is interpreted to be dominated by the presence of coarse-grained material. This also affects the seismic facies of the RWMTD, which becomes more chaotic in the area of coarse-grained subseafloor. In the areas of chaotic facies within the MTD, we observe a substantial erosion of the underlying sediments (Figs. 6b-d). Therefore, it is likely that in these particular areas, the eroded substrate is often entrained with the MTD.

In the area of high chaotic reflections in multichannel seismic data, SYSIF data shows multiple continuous to semi-continuous reflections mostly forming folds while dipping bi-directionally and sometimes dipping towards the slope (Fig. 6b). Southward, the MTD fills the depression formed by the Sète canyon network, and the MTD is characterized mainly by acoustically transparent facies in the MCS data in these parts (Fig. 6c). Downslope, the MTD evolves as a transition of chaotic to transparent facies in the MCS data (Fig. 6c).

The basal surface shows a variety of expressions in the translational domain. In the upper part, within the Rhone turbiditic levee, the basal surface is mostly a continuous prominent reflector (Fig. 5a) that can be followed in the entire upper part with some punctuation and erosion at the base (e.g. Fig. 5a). We observe several instances in the translational part where the basal surface is eroded.

For instance, Figure 6b shows the truncation of the basal surface, few reflectors that are observed within the MTD that follow the basal surface erosion. These reflectors show similar characteristics as of the basal surface (e.g. reverse polarity, high-amplitude) and thus are interpreted as the entrainment of the substrate in the MTD. Another example is in an area where steep slope breaks in front of a topographic high (Fig. 5d). The basal surface in this area is highly eroded, with MTD eroding up to 30 ms (~22 m) of the substrate, forming a series of ramps and flats suggesting that the MTD eroded several stratigraphic units. In the area of Sète canyon network, the basal surface of the MTD was emplaced above a bathymetrically complex seabed as inferred by the presence of chaotic sub-seafloor (Figs. 6c-d). The basal surface in this area shows very erosive behaviour as suggested by numerous truncations (Fig. 6c). 

Distal area

The distal domain of the RWMTD is mainly characterized by transparent facies in the MCS and SBP data (Fig. 7). We do however observe some internal reflection especially around the uplifted morphology around salt domes and at the termination of the MTD, where it shows some internal chaotic reflections within the MCS data (Figs. 7b-c) and reflection hyperbolae in SBP data (Fig. 7d). The MTD shows a variable thickness from 50 ms in the uppermost part of the distal area to 0 112 113 ms where it pinches out to the salt dome due to elevated morphology. According to the isopach map, the MTD flows around the salt dome in south-eastern direction to finally form a very narrow lens (9 km, compared to 50 km in translational part; Figs. 7c,d) bounded by a series of multiple eroded sediment packages and salt dome on the northern side.

The basal surface shows rather less deformational features as compared to the translational part. It does however show some ramps and flats where the MTD interacts with the salt domes, similar to the morphological high in the translational domain (Fig. 7a). In the most distal termination, where the MTD forms a narrow lens, The MTD presents several ramps aligned in step-like fashion (Figs. 7c,d). According to the flow direction of the MTD these ramps are formed in an oblique direction to the flow, which is a common feature related to ramp formation as observed by Alves, Trincardi etc. Furthermore, we note the highly erosive nature of the RWMTD throughout, there may be more instances of MTD eroding the substrate that are not properly imaged in the MCS data.

In-situ geotechnical properties of the RWMTD

The PENFELD penetrometer test CPTu PMF-1104 (Fig. 8) was performed within the RWMTD.

The uppermost 6.5 m of the profile is characterised by a quasi-linear increase in tip resistance (q t ), sleeve friction (f s ) and pore pressure (Δ u2 ) values, typical for undisturbed seafloor sediments. Below 6.5 m, down to the bottom of the profile, no clear trend is observed. This section of the CPTu profile shows intervals of drops in Δ u2 , together with elevated q t and f s values, which is interpreted as the presence of coarse-grained sediments (e.g. clayey silt dominant in the GoL, represented by grey intervals in Fig. 8). We observe a quasi-linear increment in shear strength and sensitivity, while OCR values remain mostly constant until the bottom of the profile. In general, the RWMTD is slightly overconsolidated and shows a normal sensitivity and shear strength as compared with the post-slide sediments. Dufresne and is 8 m long. It shows the lithological expression of the RWMTD in its distal part (Fig. 9). The RWMTD in this core is observed from 1 m to the bottom of the core. The RWMTD lithofacies are composed of stiff mud with alternating dark and light colour bands. These coloured bands are interpreted as sulphide-rich laminae and few silt layers characteristics of lithofacies in the Rhone fan (Dennielou et al., 2019;Lombo Tombo et al., 2015). The MTD is divided into two parts in the core: the upper 3.8 m consisting of highly folded coloured laminae of fine-grained silt and the lower 3.2 m consisting of unidirectional inclined curvilinear laminae of alternating dark and light coloured clayey to fine-grained silt material. Dennielou et al. (2019) reported RWMTD as much denser (>2 g•cm-3) and stiffer than the background sediments in the GoL. Unfortunately, the core data could not be directly correlated with seismic data due to a substantial gap (13 km) between the core location and seismic profile. Bull et al., 2009). With the help of SYSIF data, we identify three main types of kinematic indicators within the RWMTD that are widely observed from the proximal to the distal zone: 1) blocks/megaclasts and folds within the RWMTD (Fig. 10; Table 1), 2) interaction of MTD with the basal surface (Fig. 11) and 3) ramps and flats (Fig. 12). Depending on the location of the MTD on the slope and deep basin, the expression of the basal shear surface varies accordingly. In the well-stratified portions of the slope, which is composed of clays to clayey silts marked by reversed polarity high-amplitude reflections in the seismic data. The MTD -in most cases -translated over these high-amplitude reflectors without disturbing the underlying strata (e.g. Fig. 11a). In contrast, in the areas of the coarse-grained substrate, most likely consisting of coarse silt to fine sands, such as in the area of Sète canyon prolongation, the basal surface shows more erosive, discontinuous erosion of the seafloor (Fig. 11b). In certain cases, the MTD erodes the substrate forming sharply truncated ramps and flats. We observe mainly four types of ramps from the proximal to the distal area: 1) ramps facing the flow direction of the MTD in the proximal part or backward facing ramps, these ramps are also described as step-down ramps (Bull et al., 2009) since the erosion steps down from the original stratigraphy (Fig. 12a), 2) ramps and flats formed on the morphological highs and slope breaks (Fig. 12b), 3) ramps facing against the flow direction or forward-facing ramps also termed as step-up ramps (Bull et al., 2009), since the erosion steps up from the original basal surface (Fig. 12c) and 4) oblique step-like ramps formed by narrow channelized flow in the most distal part of the RWMTD (Fig. 12d).

Figure 4.11: Changes in the interaction of the MTD (a) when it translates on the well-stratified fine-grained substrate, (b) when it crosses the coarse-grained canyon lobe deposits. Note that the deformation is confined to the upper part of the substrate also known as the "free-slip flow" in the first case while a significant strain is transferred to the subsurface in case of the coarse-grained substrate also known as the "no-slip flow" from [START_REF] Sobiesiak | Styles of basal interaction beneath mass transport deposits[END_REF].

Discussion

Interpretation of MTD kinematics

Several blocks have been identified in the SYSIF data showing varied shapes, sizes and their internal seismic architecture. We attribute these facies to mass-movement features with varying degree of deformation, which attests sediment disaggregation and lack of stratal continuity most likely due to folding and squeezing during the deformation. In the proximal zone, several blocks are identified keeping their original stratigraphy, showing a minimum degree of deformation in the form of folding and faulting. Within the translational zone of the MTD, folded blocks interbedded within the MTD represent the remnant of the ripped substrate that translated a certain distance and deposited further away from their source. These observations fit quite well in case of stratigraphic barriers in the form of a ramp (Fig. 10 g) or undulating substrate (Fig. 10h). In these cases, the folded blocks seem resting on the substrate and being pushed against the strata, generating tight folds in the blocks (e.g. Figs. 10f-h). Following the criteria of Bull et al. (2009), these reflections are interpreted as "upright folds", suggesting a nominal translation of blocks. In the distal zone, blocks and folds are scarcely present. This could be due to the fact that SYSIF data do not cover the distal area of the RWMTD; nevertheless, when compared with transparent or chaotic seismic facies of MCS data with SYSIF data, we observe several dispersed clasts in both proximal and translational domain. Therefore, it is possible that the distal domain of the RWMTD also consists of folded and faulted clasts that are not well-imaged in the seismic and sub-bottom profiler data. blocks in the sense of Bull et al. (2009). However, it is not clear whether these blocks originated from the original slide mass or the parts of the ripped up substrate that travelled a long distance and were mixed up with the MTD. Given the high level of homogenisation observed from the transparent reflections, we assume that these rafted blocks originate from the eroded substrate nearby. 

Overall emplacement and downflow evolution of the RWMTD

In the proximal part, we observe multiple folded blocks showing undisturbed stratigraphy, suggesting less deformation of the blocks (Fig. 12). Even if these kinematic indicators are not strong enough to comment on the flow behaviour, whether it was block-dominated or matrix-dominated, we show that the folded blocks in the proximal area are less deformed than the ones observed in the distal part of the MTD (Tab. 3a). This might be due to the fact that the blocks in the proximal part went through less frictional shearing and most of the deformation was extensional in nature. This can also be attested by the presence of backwards-facing or step-down ramps, that are only present in the proximal area of the MTD and show an extensional behaviour of the MTD (Tab. 2, Fig. 12).

Based on the higher frequency of blocks present in the proximal part of the RWMTD we interpret the evolution of the deposits as visco-plastic in nature. In the proximal area of the RWMTD, the basal surface shows no signs of shear strain (Fig. 11a, 12). For the most part, MTD translated over reverse polarity high-amplitude reflector suggesting a free slip flow, which most likely resulted due to hydroplaning at the base of the failed material. 12). The basal shear surface shows several forward-facing ramps suggesting a compressive action of the RWMTD (Tab. 2, Fig. 12). However, these compressional zones are only localised around the ramps.

In the distal part, the RWMTD follows a predefined narrow path because of the morphology of the basin that is highly influenced by the presence of salt domes and other salt-related features. We were able to image a few forward-facing ramps and a series of ramps and flats (Figs. 7c,d), attesting the high erosivity of the RWMTD even at its pinch-out. There is no visible record of blocks in the most distal part of the MTD in the seismic data. This could either be due to homogenisation of the internal fabric of the sediments or because it is not well resolved, however, Core-MD2438 (Fig. 9)

shows several folded and contorted beds in the RWMTD suggesting that even if only partly a significant block dominated portion persisted perhaps encased within the matrix.

4.5.3. How deep towed seismic data improve our understanding of the emplacement of the RWMTD?

GoL slope presents numerous slope failures at different stratigraphic levels within the Plio-Quaternary sequence, suggesting a long history of mass movements in the GoL (Badhani et al. 2019;Dennielou et al. 2019Droz et al., 2006, Torres et al., 1994). Newly collected deep-towed seismic data show several blocks, folds, basal shear surface erosion and ramps and flats (Figs. 3-123 12). In-situ measurements within the RWMTD confirm several closely spaced sediment layers with high tip resistance and coarse-grained beds suggested by negative peaks in pore pressure between 20 and 30 m (Fig. 8), which contrasts with homogenized material such as debris-flow deposits that show an overall constant CPT profile with small-scale irregularities (Garziglia et al. 2010).

Furthermore, few contorted stratified layers have been observed in core MD2438 (Fig. 9). This suggests that RWMTD is not homogeneous as previously thought based on transparent seismic facies in the conventional seismic data. The degree of sediment disintegration in the proximal area is most likely lower than previously considered (Badhani et al., 2020;Dennielou et al., 2019). The SYSIF transect on the RWMTD shows that the degree of sediment disintegration increases as the failed mass propagates further downslope as evidenced by overturning of folds embedded within the MTD, which has also been observed in case of the neighbouring Big'95 debris flow (Lastras et al. 2005).

In of outcrop measurements (Ogata et al., 2014). SYSIF data provide for the first time a mean to compare outcrop data to seismic images of deepwater modern MTDs without having to upscale the former.

Conclusions

The Rhone Western mass transport deposit (RWMTD) is a large transparent MTD of 160 km 3 and 200 km runout distance. Until recently, RWTMD was described as a homogenous, seismically transparent body with no evidence of a particular internal structure. We showed here a complete transect with the help of deep-towed multichannel seismic data, which can highlight sub-metric scale images of the RWMTD. The MTD is divided into three morpho-domains, proximal, translational and distal. Various kinematic indicators were identified such as blocks, folds, basal surface erosion and ramps and flats. The observations regarding the kinematic indicators are summarized as:

• The blocks show different size, shapes and internal structure depending on the morphodomains. The blocks in the proximal zones appear undisturbed (maintaining their stratigraphy), larger in size. In the translational zone, blocks show varied shapes and sizes, with an overall agreement toward sediment disaggregation. At times folded and squeezed against the ramps. Due to lack of coverage of SYSIF data in the distal domain, we were not able to image blocks in the distal zone, however, when compared to the seismic facies, blocks may exist in the distal domain.

• The interaction of the RWMTD with the basal shear surface depended on the lithology, the fine-grained basal surface shows a free-slip flow with minium erosion while the coarsegrained basal surface shows a no-slip type flow in which the erosion propagates to the deeper parts of the basal shear surface. • We observe mainly four types of ramps in the entire length of the MTD. Backward facing ramps (step-down ramps) occur in the proximal zone showing extensional behaviour of the MTD. Ramps and flats on the morphological highs show the changes in the behaviour of the MTD on the slope breaks. Forward-facing (step-up) ramps show contractional behaviour of the MTD in the translational zone. Oblique step-like ramps show the erosional behaviour of the MTD when the slide mass was funnelled through the low-lying parts of the seafloor between the salt domes.

An overall conceptual emplacement model was proposed that highlights that a significant portion of the MTD consisted of block dominated portion. A significant homogenisation took place towards the mid-length of the MTD as suggested by transparent reflections in the seismic data.

Chapter 5.

The Anomalously thick (up to tens of metres), acoustically transparent sedimentary layers known as megabeds or megaturbidites are found in at least three deep basins of the Mediterranean Sea: the Balearic Abyssal Plain (Rothwell et al., 1998), the Ionian Sea (Cita and Aloisi, 2000;Hieke et al., 2003) and the Herodotus Basin in the Eastern Mediterranean (Reeder et al., 2000). These deposits have volumes equivalent to some of the largest mass movements documented worldwide, often over 100 km 3 (Fildes, 2013 and references therein). The term megaturbidite indicates a turbidite (i.e. a fining-upward, sand/silt/clay bed accumulated from a waning, semi-laden turbulent flow;

Mutti 1992) that has a thickness larger than the average surrounding turbidite beds above and below, a peculiar composition and a basinwide extent (Bouma, 1987). Typically, megabeds are recognized in abyssal plain settings. In some cases, megabeds are capped by a thick (pluri-metric) accumulation of dominantly structureless, homogeneous silty clay without microfossil content (also referred to as homogenite) (Cita et al., 1984;[START_REF] Kastens | Tsunami-induced sediment transport in the abyssal Mediterranean Sea[END_REF]. In this study, we use the term 'megabed', because the terms 'megaturbidite' and 'homogenite', though describing sedimentary facies, are also genetically connoted and correspond to the HmTu (homogenite-turbidite) couplet of genetically linked deposits (e.g. Campos et al., 2014). The reason to study megabeds is two-fold. Firstly, despite their massive appearance, detailed information on the sedimentary structures is scarce in the literature, inhibiting a clear interpretation of the associated sedimentary processes at the origin of these anomalously large event deposits. Secondly, they may be diagnostic of major catastrophic events, as their triggering is usually attributed to major external events, including large earthquakes and tsunamis, or they may themselves have triggered tsunamis (e.g. Talling et al. 2014). The emplacement of such a megabed could impact important deep-sea benthic communities as a result of a widespread and rapid burial of the seafloor over hundreds of square kilometres as well as the prolonged (several months' long) effects of turbid waters during the settling of suspended fine sediments. Following the 12 January 2010 Haiti earthquake (Mw 7.0), a 600 m-thick nepheloid layer took two months to settle after the initial event (McHugh et al., 2011).

As megabeds typically form widespread, low-relief deposits that blanket broad basin topography, their identification from seafloor data is challenging. As a result, their identification is usually based on the recognition of extensive acoustically transparent layers in sub-bottom profiles -a diagnostic echo-facies signature that results from the generally homogeneous nature of the deposits (Cita et al., 1984;Damuth, 1980). Several hypotheses have been proposed that associate their mechanisms of origin with catastrophic high magnitude events (e.g. volcanic activity, earthquakes and tsunamis). Recent studies have proposed scenarios where multiple sedimentary processes contribute to the emplacement of megabeds (e.g. Mulder et al., 2009;[START_REF] San Pedro | Origin and chronology of the Augias deposit in the Ionian Sea (Central Mediterranean Sea), based on new regional sedimentological data[END_REF] or have resulted in the revision of previous age estimates for event timing. For instance, more accurate age dating linked the Augias megabed in the Ionian Sea to the large historical earthquake of AD 365 on the island of Crete (Polonia et al., 2013;[START_REF] San Pedro | Origin and chronology of the Augias deposit in the Ionian Sea (Central Mediterranean Sea), based on new regional sedimentological data[END_REF]Vigliotti, 2008), rather than to the previously assumed trigger -the Santorini volcanic eruption (3.5 ka BP; Cita et al., 1984). Given their prodigious volumes, it is remarkable that there are still so many unanswered questions about nature and processes related to these megabeds.

Although the discovery of megabeds dates back to the early 1980s [START_REF] Kastens | Tsunami-induced sediment transport in the abyssal Mediterranean Sea[END_REF], there are still questions concerning megabeds that relate to (1) determining the precise recurrence times of these deposits when present in superimposed layers, with important implications for the reconstruction of past catastrophic events; (2) the physical and mechanical characteristics of these deposits to more strictly constrain the sedimentary processes that led to these exceptional sediment accumulation events and their impact on benthic communities; and (3) the sedimentary and geochemical sources of the sediment that formed the megabeds. The Balearic Abyssal Plain (BAP) megabed, the largest megabed in the Mediterranean, is a perfect example of a puzzling deposit.

While its age is well constrained by multiple radiocarbon dates and biostratigraphy (Hoogakker et al., 2004;Rothwell et al., 1998), the initiation processes and source areas remain far from clear, even on a regional basis (Droz et al., 2006;Rothwell et al., 2000Rothwell et al., , 1998)). Remarkably, a deposit with an estimated volume of 500-600 km 3 has no obvious source, especially given the extent of marine geological studies around the Western Mediterranean in recent years (e.g. Badhani et al., 2020;Dennielou et al., 2019). To understand the hazard posed by these large sediment transport events, it is important to address these uncertainties. Where did they come from? How did they initiate?

What is their full spatial extent? What process(es) explain their emplacement and are multiple phases of activity involved? These questions are particularly important given the dense coastal populations that border confined Mediterranean basins, such as the Balearic Abyssal Plain, and because megabed emplacement is not a one-off event in these settings. Stacked megabeds have been observed in seismic data, indicating that these are recurrent events both in Quaternary sediment (e.g. in the Ionian Abyssal Plain, Hieke et al. 2003; in the Marmara Sea, Beck et al. 2007) and in ancient deposits (e.g. in the Northern Apennines, Amy and Talling 2006;in Argentina, Fallgatter et al. 2016).

Sub-bottom seismic profile datasets are important for near-surface structural and sedimentological analysis. This is why we present a basin-wide analysis of the newly available sub-bottom profile data and a comparison with, in part, already published analysis of sediment cores that have sampled the BAP megabed. We present an extensive (though not comprehensive, because the vast area of the BAP is scarcely covered by geophysical surveys, see Fig. 5.1) view of the geometry, terminations, bounding surfaces and internal geometries of the megabed. We also set up the first steps to match seismic data to core data to reconstruct the sedimentary processes at the origin of the megabed, based on integrated and complementary new evidence. This study aims to highlight details in the seismic images of the BAP megabed that unveil aspects of the sedimentary processes at its origin and source; in particular, we present detailed diagnostic features of the sedimentary processes, including evidence of localized basal erosion, considerations on the nature and internal variability of the megabed indicative of possible flow transformations and some results on the mechanical properties of the homogenite part.

Background

The BAP is the largest abyssal plain of the Mediterranean with an area of about 77 000 km 2 and may be identified by the 2800 m isobath (Rothwell et al. 1998(Rothwell et al. , 2000)). Rothwell et al. (2000). White boxes show the location of seismic profiles presented in Figures 2,3, 5 and 6. The dashed black line shows a proposed extent of the megabed based on sediment core evidence from [START_REF] Babonneau | Turbidite chronostratigraphy off Algiers, central Algerian margin: a key for reconstructing Holocene paleoearthquake cycles[END_REF] and this study.

The most striking morphological feature of the BAP is the presence of a thick Messinian evaporite layer, generating salt walls and diapirs at the seafloor (Stanley et al. 1974). Another key feature of the BAP is a thick layer identified in the abyssal plain by its acoustically transparent signature in sub-bottom profiles, known as a 'megaturbidite' (Rothwell et al. 1998), which extends over the entire abyssal plain and reaches a thickness of 8-10 m in the centre of the basin (Rothwell et al. 1998(Rothwell et al. , 2000)). The longest core records of the BAP megabed are the giant Calypso piston cores recovered during the PALAEOFLUX campaign in 1995 (Rothwell and Balut 1995; Table 1). These piston cores of up to 32 m in length were recovered along a NNE-SSW transect and were located about 120 km apart from each other (Fig. 5.1). They were dated to reconstruct the stratigraphic history of the accumulation, which accounts for up to 150 kyr and is constituted by about 90% of turbiditic successions and only 10% of hemipelagites (Rothwell et al. 2000(Rothwell et al. , 2006;;Hoogakker et al. 2004;Clare et al. 2014). Turbidite bases towards the northern part of the BAP are thicker and coarser in grain size, indicating a more likely provenance from the north, according to Hoogakker et al. (2004). The attribution of the age of the megabed is based on ten radiocarbon ages above and below the megabed in cores MD95-LC01, -LCO2, -LC04, -LC05 and -LC06 (Rothwell et al. 1998). Another characteristic feature of sedimentary bodies, and their expression as seismic units, is the geometry of pinchout terminations. Two contrasting styles of megabed termination exist on two opposite sides of the abyssal plain (Fig. 5.3). Towards the west, the pinchout of the BAP megabed seems to reach the offset of 15 000 m, but it goes gradually further west beyond an area with salt domes (offset 1000 m in Fig. 5.3a). Towards the east, the termination of the acoustically transparent unit is against the Sardinia margin, which is relatively steep with a slope angle exceeding 11° (Deiana et al. 2016). The termination is abrupt, passing from about 10 m in thickness to zero, and masked by the hyperbolae of the Sardinia margin (Fig. 5.3b, c). In this latter case, the termination (Fig. 5.4c). The three echo-facies cannot be identified thoroughly over the entire extent of the megabed.

Sediment character of the BAP megabed

The lithology and sedimentary structures of the BAP megabed from the literature were compared with the new observations on core WMF2-KF11. Table 1 shows the identification of the BAP megabed, its grain-size divisions and thickness in ten cores: five MD81 cores published in Rothwell et al. (1998), three PSM cores presented in [START_REF] Babonneau | Turbidite chronostratigraphy off Algiers, central Algerian margin: a key for reconstructing Holocene paleoearthquake cycles[END_REF] and two WMF2 cores presented in this study (Poort and Gorini 2018). The presence of the BAP megabed is also suggested in two additional WMF cores (Poort and Lucazeau 2016). In general, cores located within the limits identified by Rothwell et al. (1998) and reaching the megabed present an overall bipartite lithology with a normally graded, sandy to silty base capped by a homogeneous clay unit that can be several The megabed likely represents a ponded megaturbidite, which resulted from a steady, long-lived turbidity current as suggested in the existing literature (e.g. Rothwell et al. 1998Rothwell et al. , 2000;;Clare et al. 2014). Planar laminae formed as a result of grain flow at the head of the turbidity current. The rest of the flow settled out due to low-density turbulent suspension, and/or gel strength and/or excess pore pressure.

A transect of sediment cores offshore the Algerian margin (PSM3-KS21, PSM3-KS23 and PSM3-KS27; Fig. 5.8), fully described in Babonneau et al. (2017, fig. 5.7), shows a sedimentary succession of fining-upward, sandy/silty layers (turbidites) alternating with thin mud layers (hemipelagites). A mud layer is distinctive in photographs due to its grey colour being different from that of other encasing layers. The age constraints above and below the grey bed [START_REF] Babonneau | Turbidite chronostratigraphy off Algiers, central Algerian margin: a key for reconstructing Holocene paleoearthquake cycles[END_REF]; Table 5.2) suggest that it is possible to identify it as the distal expression of the BAP megabed. This identification of the BAP megabed in distal cores goes up to 200 km beyond the pinchout of the megabed, as is visible in seismic lines, and suggests that other cores, such as cores WMF-KF10 and -KF11 south of the Balearic Islands, could also contain the same layer (Fig. 5.1; Table 5.1).

Mechanical properties of the BAP megabed in core WMF2-KF11

A marked change in both density and Vp profiles occurs at 2.28 m in core WMF2-KF11 (Fig. 5.9).

This change is reflected by YSRs higher than 1 above 2.28 m and lower than 1 below 2. 

Discussion

Overall distribution of the BAP megabed and inference on sources

The BAP megabed is reported in the literature as extending in the BAP identified by the 2800 m isobath over a surface of 60 000 km 2 for a volume of 500 km 3 (Rothwell et al. 1998) and, successively, over a surface of 77 000 km 2 for a volume of 600 km 3 (Rothwell et al. 2000;Hoogakker et al. 2004). We find, thanks to the identification of a distal correlation of the megabed to the west (Fig. 5.8), that the megabed extends 200 km further along the central Algerian basin (Fig. 1, dashed lines). The resulting extent would thus be up to 90 000-100 000 km 2 , while the total volume would not be affected much by this extension and would be up to 640 km 3 because of the limited thickness of this part of the megabed (<1 m; Fig. 5.8).

Beyond its considerable size, the importance of the information from the analysis of the BAP megabed consists of its exceptional state of preservation and basinwide extent. The BAP megabed has preserved much detail that is missing in many other more ancient settings, but unfortunately, the extent of the dataset is limited and uneven. Core data (Table 5.1) show that the megabed thickness is at its maximum in the deepest central part of the BAP (core LC04). The contrasting styles of the megabed terminations, with a gradual pinchout towards the west and an abrupt termination with significant thickness to the east, could be related to the distance from the source or an enhanced effect of ponding with possibly oblique reflection against the steep Sardinia margin (sensu Kneller et al. 1991).

As in the case of several ancient megabeds in outcrops, the provenance problem cannot be solved simply by a single argument. The sediment provenance of the Oligocene Numidian megabed has been debated and attributed to European sources based on zircon analysis (Fildes et al. 2010), to African provenance (Thomas et al. 2010) or, again, African based on a series of argumentations, including palaeogeographical reconstructions (Stow et al. 2010). The case of the BAP megabed could be theoretically simpler because palaeogeography during the Last Glacial Maximum can be inferred with a higher degree of certainty and corresponds to the present setting of the megabed with a sea-level lowered by about 120 m during the Last Glacial Maximum (Fig. 5.7c, modified from Clare et al. 2014). Nevertheless, the solution is not easy and several independent bodies of evidence have to be explored, possibly with the support of future geochemical investigations. The 5.4.5. Internal structure of BAP megabed and inferred sedimentary processes Hoogakker et al. (2004) and Rothwell et al. (2006) found that over the last 130 kyr over 90% of the sediment accumulation in the BAP was composed of turbidites and that the overall amount of erosion was negligible, allowing a rather continuous record of hemipelagites. By analysing the subbottom profiles in detail, we found that the base of the BAP megabed could be, in part, an exception to this general rule, and we think that this fact could be interesting for reconstructions of the sedimentary processes. Even though the interpretation of the erosional base of turbidite beds is far from straightforward (Eggenhuisen et al. 2011), the evidence of seismic reflector truncations and, in particular, the location of zones of enhanced basal erosion could suggest areas of the BAP impacted by stronger turbidity flows in the centre of the BAP (Fig. 5.4). The distribution of the erosional areas in available profiles suggests that the area of erosion is oriented roughly north-south or NE-SW; this orientation may represent a direction of axial transport of the main initial flow in the deepest part of the basin.

The notion of turbidity currents running very long distances down to the abyssal plains has been demonstrated in several cases, both in recent and older case studies (e.g. Zuffa et al. 2000;Clare et al. 2014). Zúñiga et al. (2007) demonstrated that turbidity currents originating from the continental margins surrounding the BAP can reach the centre of the basin also during sea-level highstands as has happened in the present one. An implication in the long distance of a turbiditic flow is the series of flow transformations that could occur along the turbidity flow path (Haughton et al. 2009;Talling 2013;Fallgatter et al. 2016). The tripartite structure of the megabed found in seismic profiles and sediment cores might reflect flow transformations, even if, given the scarce spatial coverage of the data, it is difficult to reconstruct a continuous scenario of flow evolution. We agree with former interpretations of sediment cores (e.g. Rothwell et al. 2000;Clare et al. 2014) in considering the megabed as a single event, and we think that the presence/absence of tripartition in echo-facies could be due to changes in flow velocity possibly linked to seafloor irregularities, such as the presence of salt domes.

Finally, the homogenite shows peculiar physical and geotechnical properties, in particular the consolidation state (underconsolidated). The megabed appears to be composed of sediment that has remained underconsolidated since its deposition. Water incorporation during the flow may explain the underconsolidated state of the sediments during tens of years after rapid deposition. However, since burial has ensued over the last c. 20 kyr, one might expect this characteristic signature to have been erased upon consolidation unless the transport and depositional processes gave the deposit an atypical structure (a combination of particle arrangement and bounding). This under consolidation could be suggestive of extremely rapid and water-saturated deposition of the megabed, with the clay on top acting as a seal, and could further support the hypothesis of a relatively rapid accumulation from a single event. In situ tests, such as the cone penetration test (undrained) (CPTU)

with measurement of excess pore pressure, could thus help confirm this observation.

Conclusions

A large deposit sitting on the Balearic Abyssal Plain -originally mapped using the extent of the acoustically transparent reflection -has been redefined and remapped to discover that it is larger than previously thought. The Balearic Plain megabed is one of the most known examples of megabeds in abyssal plains and an analogue to megabeds studied in the outcrop of ancient rocks. It occupies the whole abyssal plain over an extent of at least 77000 km 2 , but likely up to 90000-100000 km 2 , with a thickness of 8-10 m in the centre of the basin and a volume of up to 640 km 3 that is comparable to giant landslide deposits. The megabed is affected by faults and halokinetic deformation (salt domes) suggesting recent tectonic activity (post-Last Glacial Maximum) based on the age of the deformed megabed.

The internal geometry of the BAP megabed presents three faint but distinctive echo-facies from bottom to top, which correspond tentatively to the three sedimentary facies identified in cores possibly linked to flow transformations within a single event bed. The analysis of new data in the area evidenced some potentially diagnostic details of its geophysical appearance -in particular, the presence of an abrupt pinchout on the eastern Sardinian margin contrasting with the gradual pinchout towards the west. This suggests that there could have been some reflected turbidite pattern against the Sardinia margin.

In the central area of the abyssal plain, the basal layer of the BAP megabed shows evidence of the erosional truncation of underlying deposits, which might indicate enhanced erosion of turbiditic flows and/or proximity of sedimentary sources; however, a composite source from several margins cannot be discarded, due to the present state of knowledge. Further work on the geochemistry of sediment cores could help to identify the source areas and, thus, the geographical location of the predisposing mechanisms that influenced the deposition of the Western Mediterranean megabed and will further enhance the understanding of geohazards in the Mediterranean region.

Chapter 6.

Integrated geophysical, sedimentological and geotechnical investigation of submarine landslides in the Gulf of Lions (Western Mediterranean)

Introduction

Submarine landslides have been widely recognised on passive and active continental margins, in a wide range of environments, including submarine canyons (Micallef et al., 2012;Sultan et al., 2007), carbonate platforms (Principaud et al., 2014), siliciclastic platforms (Silva et al., 2010) and volcanic islands (Le Friant et al., 2015;Moore et al., 1989;Urgeles et al., 1997). These landforms have a profound effect on shaping margin's architecture (Posamentier and Kolla, 2003), providing useful insights into the evolution of continental margins, along with providing constraints on palaeoseismicity (Brooks, 2016;Moernaut et al., 2017;Praet et al., 2017;St-Onge et al., 2004).

Submarine landslides are regarded as important marine geological processes given their widespread occurrences and potentially large volumes (>103 km 3 ; Hampton et al. 1996; Masson et al. 2006; Talling et al. 2014), that can redistribute the significant amount of sediments from the shelf or the upper slopes of the margins to the lower slopes or the surrounding deep basin. Moreover, submarine landslides can be two to three orders of magnitude larger, in terms of volume, than their terrestrial counterparts (Hampton et al., 1996;Masson et al., 2006), and therefore threaten offshore infrastructure. Submarine landslides also hold a high hazard potential for tsunamigenic risks, which can be devastating to increasingly populated coastlines (Bryn et al., 2005(Bryn et al., , 2003;;Carvajal et al., 2019;Heidarzadeh et al., 2018;Kvalstad et al., 2005;Sassa and Takagawa, 2019;Tappin et al., 1999).

Often the failure surface (i.e., the basal surface or glide plane) over which the mass movement of sediments occurs develops at the base of a weak layer and follow stratigraphic horizons (Baeten et al. 2014). Landslide basal surfaces are identified on seismic profiles by high-amplitude reflections (Baeten et al., 2014). To understand mass wasting processes and to correctly perform geohazard assessments, identification and analysis of weak layers and basal surfaces is imperative (Kvalstad et al., 2005;[START_REF] L'heureux | Identification of Weak Layers and Their Role for the Stability of Slopes at Finneidfjord, Northern Norway[END_REF]Lastras et al., 2004). Due to alteration in physical properties during failure or due to the occurrence of thick post-failure sedimentary sequences, weak layers and basal surfaces are rarely penetrated using current coring techniques. Therefore, only a few studies have reported information about failure-related weak layers and basal surfaces of submarine landslides (e.g. Kvalstad et al. 2005;Dan et al. 2007;[START_REF] L'heureux | Identification of Weak Layers and Their Role for the Stability of Slopes at Finneidfjord, Northern Norway[END_REF]Baeten et al. 2014;Miramontes et al. 2018;Urlaub et al. 2018) Submarine landslides in the Gulf of Lions (GoL) are widespread from the upper slope to the deep basin, within the canyon flanks and in the interfluves of major canyons (Fig. 1). The two main submarine landslides present in the GoL are the Eastern Rhône Interfluve Slide (ERIS, Badhani et al. 2019) and an unnamed slide complex on the western side of the Petit Rhone Canyon (PRC, Dennielou et al. 2019) that we refer to as the Western Slide in this paper. Their resulting MTDs, the Rhone Eastern MTD (REMTD) and the Rhone Western MTD (RWMTD) have previously been described in detail in many studies (Bonnel et al., 2005;Dennielou et al., 2019;Droz et al., 2006Droz et al., , 2001;;Droz and Bellaiche, 1985;Torres et al., 1997). However, due to the lack of high-resolution multidisciplinary datasets, such as high-resolution seismic, sediment cores, in-situ geotechnical measurements, a detailed analysis of weak layers and preconditioning factors was never performed.

The overarching aim of this study is to analyse for the first time a suite of a multidisciplinary dataset to better understand the distribution and characters of seafloor instabilities in the GoL. Specifically, the objective of this chapter is to use very high-resolution seismic, sedimentological data and insitu geotechnical measurements to analyse the basal surfaces of the slope failures in the GoL.

Geological Setting

The GoL (Fig. 6.1) is a SW-NE orientated passive margin that is described by a wide continental shelf of ~70 km, which was sub-aerially exposed during the Last Glacial Maximum (LGM) about 21 ka ago (Bassetti et al., 2008;Berné et al., 2007;Jouet, 2007;Rabineau et al., 2005). Sedimentary succession composing the distal Rhone Sedimentary System originates from fifteen distinct submarine canyons. The major canyon feeding the Rhone Sedimentary System is the PRC, located in the central part of the study area (Fig. 6.1), which is fed by Alpine sediments through the Rhone River and its tributaries. During the Messinian Salinity Crisis (~5.33 Ma ago, Lofi et al. 2003;Roveri et al. 2008), a major drop in the Mediterranean sea level led to a basin-wide accumulation of a km-scale thick evaporite succession (Hsu, 1973). This changed the sedimentary architecture of the GoL drastically. Since then, syn-sedimentary salt tectonics and gravity-driven deformation of Pliocene and Quaternary strata mainly control the evolution of the deeper part of the GoL (dos Reis et al., 2005). As a result of the gravity-driven deformation above the salt layer, which acts as a "décollement" surface, several extensional areas developed, where listric faults and grabens predominate in the upper and lower slopes (Fig. 6.1) and formed compressional areas in the deep basin driven by salt diapirs and domes (dos Reis et al., 2005). Subsequent glacio-eustatic sea-level fluctuations related to the Milankovitch cyclicities mostly control the Pleistocene sedimentation in the GoL (Bassetti et al., 2008;Rabineau et al., 2005Rabineau et al., , 1998;;Tesson and Gensous, 1998). After the Mid-Pleistocene, sedimentation within the GoL mainly consisted of terrigenous sediments from the Alpine rivers (mainly Rhone River) delivered to the basin through turbiditic systems. The lower slope of the GoL (1500-2000 m water depth) is mainly fed by the PRC (Lombo Tombo et al., 2015). Sedimentation rates in the lower slopes during the glacial and deglacial periods were reported to be of the order of 1-3 m/ka (Sierro et al. 2009;Dennielou et al. 2019). During the interglacial periods, the sedimentation rates were much lower falling in the range of 0.05 to 0.10 m/ka (Dennielou et al., 2019;Lombo Tombo et al., 2015;Sierro et al., 2009).

Within the GoL, immediately at the foot of the slope, two large submarine landslides, the ERIS and Western Slide complex extends from 1800 m to 2300 m on the western side of the PRC (Dennielou et al., 2019). The ERIS consists of successive headwall scarps of 30-120 m height aligned in a staircase style and the Western landslide consists of several scarps parallel to the slope whose heights reach 50-100 m (Fig. 6.2). The resulting deposits, the REMTD and RWMTD have surface areas exceeding 6500 km 2 , volumes greater than 100 km 3 and an extremely long run out of more than 200 km (Droz et al., 2006). Both landslides occurred during the peak of the last glacial maximum (21 ka cal BP) suggesting a common trigger behind the failure (Badhani et al., 2019;Dennielou et al., 2019). Badhani et al. (2019) showed repeated slope failures above high-amplitude horizons at different stratigraphic levels, indicating control of specific sediment type on the failure.

Results

Morphology and internal structure of seafloor instabilities in the GoL

The GoL slope extends from water depths of 500 to 1200 m. The slope is mainly characterised by three types of geomorphologic features: 1) sinuous elongated valleys that incise the seafloor down to several hundred meters interpreted as submarine canyons, 2) irregular, arcuate, curved breaks in the bathymetry interpreted as submarine landslide headwall scarps and 3) strike parallel linear breaks in the bathymetry interpreted as faults (Fig. 6.2).

The subsurface architecture of the study area is mainly characterised by parallel, well-stratified reflections related to the Petit Rhone channel levee complex (Fig. Additionally, we observe a small MTD (Shallow MTD, Fig. 6.4) between horizon H3 and H4, similar to the ERIS, the basal surface of the shallow MTD lies on top of the high-amplitude reflector H4 (Fig. 6.4).

The source area of the RWMTD is unfortunately not fully covered by our seismic data.

Nevertheless, we observe a similar trend of failures in the area covered within the Western Slide Area. Seismic data show that similar to the ERIS, the basal shear surface of the RWMTD also lies above the high-amplitude reflector H1 (Figs. 6.5a, b). The RWMTD propagated translationally above the high-amplitude reflector H1′ (marked with a black dashed line in Fig. 6.3) in the proximal part. After the erosion of the basal surface H1′, further downslope the MTD propagated above reflector H1 (Fig. 6.3). The seismic profile PSM2-117A is located on the main pathway of the MTD (Fig. 6.2, 6.3). However, between offset 10 to 20 km, where the slope angles become steeper, the RWMTD gradually thins to less than five ms in thickness. At places, especially between 15 to 20 km offset (Fig. 6.3) the RWMTD completely disappears, most likely due to steeper slope angles refraining deposition of failed sediments. Nevertheless, since the seismic profile is located at the main pathway of the MTD, a significant amount of MTD likely propagated over horizon H1.

Sediment cores

Three sediment cores were recovered on the western side of the Rhone submarine valley in the turbiditic levees (Figs. 6.6, 6.7). Cores PSM3-CS049 and PSM3-CS051 were recovered downslope and upslope the fault scarp, respectively. Core PSM3-CS050 was strategically retrieved at the fault scarp to sample the basal surface in the area of sediment removal due to fault reactivation (Fig.

6.6c

). Lithological observations on the sediment cores may be classified into three lithofacies (L1 to L3; Fig. 6.7):

Lithofacies L1 is composed of light grey foraminifera and calcareous nanoplankton oozes that correspond to hemipelagic-pelagic sedimentation during the sea-level highstands (Badhani et al.

2019; Dennielou et al. 2019).

Lithofacies L2 is composed of laminated clay with silt to very fine sand laminae interpreted as turbidites deposited by spillover from the Rhone valley (Dennielou et al., 2019).

Lithofacies L3 is composed of stiff mud of generally higher bulk density than the background values (1.85-1.90 g cm 3 ). Based on the similarities observed in other studies in the same area (e.g. Bonnel et al. 2005;Dennielou et al. 2019Dennielou et al. , 2006;;Lombo Tombo et al. 2015), we associate the lithofacies L3 to mass transport deposits. These lithofacies at times show colour banding corresponding to laminae and few silt layers characteristics of the Rhodanian fan lithofacies (Dennielou et al., 2019;Lombo Tombo et al., 2015). g cm -3 and 1550 m s -1 , respectively). This unit shows Ca/Fe ratios in the range of 3-5 (Fig. 6.7).

From 1.5 m to 7 m, the core is composed of lithofacies L2, where higher gamma density, Vp and Ca/Fe ratios values than the background values are observed (Fig. 6.7). From 7 m to the bottom of The peak shear strength (Fig. 6.8b) obtained from vane shear tests tends to increase linearly with depth, from 8 kPa at the seafloor to 20 kPa down to the base of the core. Peaks in shear strength at 7.5 m and 8.6 m interrupt this trend, as the shear strength increases to 23 kPa and 44 kPa, respectively. When compared with the global shear strength trends for passive margins (Sawyer and DeVore, 2015), shear strengths measured on core PSM3-CS050 generally fall in the higher end of the plot, especially within the peaks in the shear strength at 7.5 m and between 8.6 to 10.5 m (Fig. 6.8b).

Core PSM3-CS049

Core PSM3-CS049 is 9.2 m long and was collected at 2096 m water depth at the footwall of the fault within the RWMTD (Fig. 6.2). The uppermost 0.80 m of sediments show clay-rich material of low gamma density and Vp (Fig. 6.7), that relate to lithofacies L1. Between 0.80 to 6.75 m, we observe frequent silty turbidites embedded within hemipelagic sediments, which we consider corresponding to lithofacies L2. The gamma density and Vp values in this interval are higher as compared to lithofacies L1. Between 6.35-6.65 m, we observe a fine to medium sand layer most likely related to an event bed such as a coarse-grained turbidite after the main failure event. This sand layer coincides with an interval of high values of gamma density (2.05 g cm -3 ) and Vp (>1.7 m s -1 , Fig. 6.7). Below 6.75 m to the bottom of the core, we observe folded coloured bands most likely associated with the RWMTD. We thus attribute this sediment interval to the lithofacies L3.

The gamma density and Vp values within this interval are higher than in lithofacies L2. Radiocarbon dating at the base of lithofacies L2 in core PSM3-CS049 yields a 2σ age between 21 and 21.7 ka cal BP, with an average median age of 21.4 ka cal. BP (at the peak of the LGM, Fig. 6.7).

In-situ geotechnical properties from CPTu PMF-1102

CPTu PMF-1102 (Fig. 6.9) was performed in the area of sediment removal due to fault activity and coincides with core PSM3-CS050 (Figs. 6.6, 6.7). The uppermost 7.5 m of sediments show a quasilinear increase in the corrected tip resistance (qt), sleeve friction (fs) and the induced excess pore pressure (Δu2), which correlates with values of reference CPTu measurements performed away from failure area (grey curve in Fig. 6.9). This sediment interval is described by a predominance of turbidites intercalated with hemipelagic sediments (Fig. 6.7). Below 7.5 m, we observe a sharp increase in qt, fs and Δu2 values, as well as an increase in the shear strength profile (Fig. 6.9).

Interestingly, below 7.5 m, until the bottom of the measurements, sediments are classified as finegrained sediments, which is in agreement with the grain-size distribution curve of coinciding core PSM3-CS050 (Fig. 6.8a). Also, a peak in the over consolidation ratio (OCR) profile, is observed at the same depth, indicating that sediments are overconsolidated. Below 7.5 m, OCR ratios decrease gradually, but remain above the value of 1, indicating that sediments are slightly overconsolidated.

Shear strength values also show increased values at the basal surface and there seems to be a good fit between the values obtained from CPT and laboratory vane shear test. The entire sensitivity profile is dominated by low to moderately sensitive sediments, especially at the basal surface sensitivity values decrease to a value of 2.

Sedimentological, geotechnical and geophysical properties of basal surfaces

With the help of combined geophysical, sedimentological and in-situ geotechnical properties of the GoL slope, we characterised the lithofacies within the study area. Mainly two types of genetically different sediments exist in the study area: 1) hemipelagic to pelagic fine-grained clay-rich sediments likely representing sea level high stand or interglacial period, 2) silty turbiditic sediments interbedded with hemipelagic intervals likely representing sea level lowstands or glacial and deglacial periods. The lithofacies L1 is characterised by fine-grained material of low Ca/Fe ratios (Fig. 6.7). This lithofacies most likely deposited after the Holocene and represent present-day conditions (Dennielou et al. 2019). The glacial and deglacial conditions in the study area could be represented by the frequent occurrence of silty turbidites within lithofacies L2, showing that the river sources rapidly deposited these sediments close to the present-day shelf break. This lithofacies is represented by high Ca/Fe ratios in cores PSM3-CS050 and 51 (Fig. 6.7). Radiocarbon dating on top of the MTD, within the turbiditic sediments, shows that these lithofacies L1 and L2 (Fig 6 .7)

were deposited after the failure event during the LGM (Fig. 6.7). Most slope failures in the GoL occur bedding parallel over high amplitude reflectors, that are sometimes interpreted as impressions of condensed sections formed during the sea-level highstands in the upper slope setting (Sierro et al., 2009). High-resolution seismic data clearly show that in the western side of the PRC the basal surface of the failure at the fault scarp lies below these units at a depth of ~7.5 m (Fig. 6.6). At the basal surface in core PSM3-CS050, we observed sediment type similar to what is observed within lithofacies L1 (clay-rich hemipelagic sediments). This lithofacies as well shows more clayey sediments than the overlying turbiditic sequence (Fig. 6.8a), suggesting a less energetic environment or a time interval characterised by small volume turbidity currents that could be ascribed to highstand conditions. Also, the basal shear surface of the RWMTD in core PSM3-CS051 lies below lithofacies L1 and L2, although on a younger stratigraphic level (Fig. 6.7). Visual description of core PSM3-CS051 shows that the basal surface of the RWMTD is in a sediment interval with fewer turbidites if compared to overlying and underlying intervals (below 4.8 m, Fig.

6.7).

Core PSM3-CS051 and 50 are located in distinct stratigraphic units, core 51 penetrated basal surface of the RWMTD and core 50 penetrated the basal surface of the small failure on the fault scarp (Figs. 6.6, 6.7). With the help of gamma density, Vp and Ca/Fe signatures of core PSM3-CS050 and 51, we were able to correlate the basal surface of the RWMTD and the failure at the fault scarp (Fig. 6.7). This allows us to extrapolate the detailed analysis of sediment core PSM3-CS050 to the Western Slide Area. It is interesting to note that both basal surfaces consist of higher fractions of clay-rich sediments. Similarly, on the eastern side of the PRC, successive headwall scarps of the ERIS and the shallow MTD took place over high-amplitude reflectors (Fig. 6.4) that are interpreted to have deposited during highstands (Badhani et al. 2019). Sediment core PSM3-CS050 shows a good example where failure mostly affects turbiditic successions, even if the core is located in an area of limited sediment remobilisation (Fig. 6.6) and is not representative of large scale failures (e.g. REMTD and RWMTD). We observe a similar process of failure over the highamplitude reflectors throughout the Plio-Quaternary strata in the GoL. Therefore, it is likely that the failure surfaces in the GoL are influenced by climatic forcing related to Milankovitch cyclicity tuning the number and volume of turbiditic flows in the Rhone system and forming surfaces of significantly different mechanical properties in the sedimentary column. The inference of increased turbiditic deposits during glacial and deglacial times is based on evidence from the nearby Var turbiditic system [START_REF] Jorry | Turbiditic levee deposition in response to climate changes: the Var Sedimentary Ridge (Ligurian Sea)[END_REF]. We suggest that this could also be extrapolated to the entire GoL where a majority of failures took place bedding parallel over clay-rich sediments deposited during the highstand periods (Figs. 6. 3-6.6).

Many studies have pointed out the role of lithological heterogeneities in enhancing seafloor instabilities (e.g. Laberg & Camerlenghi 2008;[START_REF] L'heureux | Identification of Weak Layers and Their Role for the Stability of Slopes at Finneidfjord, Northern Norway[END_REF]. We point out that the interface between clay-rich hemipelagic successions and overlying turbiditic sequences is critical.

In-situ geotechnical measurements show that the sediments below the basal surface of the failure on the fault scarp show higher shear strength, OCR, and low sensitivity values than the background values (Fig. 6.9). This is consistent with laboratory vane shear measurements for the basal surface of the failure at the fault scarp (Fig. 6.8). However, it should be noted that these elevated values of shear strength measurement could be due to the removal of sediments above the basal surface during the failure at the fault scarp. Nevertheless, several processes can induce slope instabilities where lithological heterogeneity within the strata exists such as liquefaction potential of coarse-grained material and excess pore pressure generation in presence of very high sedimentation rates such as in the GoL during several lowstands (Dennielou et al., 2019;Kettner and Syvitski, 2009;Lombo Tombo et al., 2015;Sierro et al., 2009). Dan et al. (2009) showed that coarser-grained materials (such as turbidites) are prone to liquefaction even in case of a mild seismic loading. Lafuerza et al.

(2014) and Hornbach et al. (2015) demonstrated that in a sediment column, excess pore pressure resides in coarse-grained intervals while fine-grained intervals show very low permeability and act as seals generating weak layers at the boundary between coarse-grained and fine-grained sediments.

This may potentially imply that also in deep-water environments such as the GoL, even if not significant, lithological heterogeneity exists and most likely control the localisation of potential weak layers. This may explain the recurrence of failures over clay-rich hemipelagic sediments identified at several stratigraphic levels in the .

Variations in sediment grain-size also occur in multiple settings around the globe e.g. volcanic flanks (Brunet et al., 2016;Hornbach et al., 2015;Lafuerza et al., 2014); passive margins (Sawyer et al., 2009); glacial margins (Laberg and Camerlenghi, 2008). With the example provided from the GoL, we further support the evidence that lithological heterogeneity within the sediment successions is a key to localisation of seafloor instability. The identification of this stratigraphic control as a major predisposing factor for seafloor instability allows a better assessment by understanding the causes of recurrent failures.

Conclusions

The GoL is a passive margin of about 200 km length and 70 km width with main sediment supply from the Rhone River supplying Alpine sediments to the Rhone delta. Previous studies highlighted two large surficial submarine landslides with resulting volumes exceeding 100 km 3 . The combination of deep-towed seismic, sedimentological data and in-situ measurements allowed us to analyse the basal surface of the slope failures in greater detail. We showed that the basal surfaces of the recurring slope failures consist of clay-rich sediments as compared to turbiditic deposits that dominate the GoL margin. It is evident that a greater degree of lithological heterogeneity promotes slope failure in the GoL most likely related to higher liquefaction potential of coarser-grained material, excess pore pressure and maybe resulting variation in sediment strength. However, further analysis is necessary to confirm if these factors influence slope stability in the GoL.

Chapter 7.

Overall discussion on the possible environmental controls on preconditioning and triggering of submarine slope failures in the Western Mediterranean where the shear failure occurs along with one or several basal planes (Eckel, 1958;Hampton et al., 1996;Schuster and Krizek, 1978). Several authors debate their abundance in a particular climatic period in the geological time e.g. in the Mediterranean region Urgeles and Camerlenghi 2013 showed a higher frequency of submarine landslide occurrence after and during the last deglaciation, suggesting an influence of glacial environment on the triggering of slope instabilities. At high latitudes, the most studied Storegga landslide occurred around 8 kyrs suggesting a link between landslide occurrence and major climatic events or post-glacial sea-level rise [START_REF] Bondevik | Green mosses date the Storegga tsunami to the chilliest decades of the 8.2 ka cold event[END_REF][START_REF] Dawson | Relative timing of the Storegga submarine slide, methane release, and climate change during the 8.2 ka cold event[END_REF][START_REF] Smith | Sea level rise and submarine mass failures on open continental margins[END_REF]. [START_REF] Gatter | A multi-disciplinary investigation of the AFEN slide: The relationship between contourites and submarine landslides[END_REF] showed that the changes in climatic conditions from glacial to interglacial preconditioned the slope towards failure by inducing lithological heterogeneity in case of the Afen slide Off Shetland Islands. However, these are only a few examples available in the literature to draw any statistical conclusion on the impact of climatic variations on submarine landslide occurrences. Indeed, Urlaub et al. ( 2013) described a temporally random distribution of ages of submarine landslides most likely due to small sample size and uncertainties due to sampling errors. Besides, due to the lack of resolution to correctly identify all MTDs in the deep-water environment (Badhani et al., 2020a;Clare et al., 2018;[START_REF] Ford | Geostatistical characterization of internal structure of masstransport deposits from seismic reflection images and borehole logs[END_REF].

The Gulf of Lions (GoL) is one of the best-studied passive margins in the world due to its limited extent. The PRGL1-4 borehole drilled in the upper slope of the Gulf of Lions shows pronounced 100-kyr glacial-interglacial cycles since the last 500 kyrs (Frigola et al., 2012;Sierro et al., 2009), that are correlated to high-amplitude reflections in the seismic data (Jouet, 2007;Jouet et al., 2006;Rabineau et al., 2005). In the lower slope of the GoL, multiple large scale MTDs are observed along the high-amplitude seismic reflections making up the basal surfaces of large submarine landslides (Badhani et al., 2020b). Badhani et al. (2020a) showed a higher portion of fine-grained sediment within these basal surfaces contrasting to coarse-grained turbiditic sediment deposited after the emplacement of the MTDs. The changes in the glacial-interglacial environmental conditions likely caused the lithological heterogeneity within the strata. However, due to the lack of well-constrained ages and mechanical properties of the basal surfaces, a little attention has been paid to the stratigraphy and the nature of the basal surfaces in previous studies.

The overarching aim of this chapter is to analyse the impact of glacio-eustatic cycles on seafloor instabilities in the GoL. The particular objectives are 1) to understand the sedimentological, geochemical and mechanical properties of sediments deposited during the different phases of the sea-level curve and their contribution towards the preconditioning of the slope failures and 2) to study the temporal distribution of slope failures in the GoL to understand if any particular environmental conditions favour slope instabilities. We use a multidisciplinary dataset including geophysical, newly acquired sedimentological stable isotope and geotechnical data to analyse the seafloor instabilities in the GoL. A particular emphasis is given to the two basal surfaces sampled in sediment cores PSM3-CS051 and PSM3-CS050. 169

Background

The GoL (Fig. 7.1) is a passive margin where the 100-kyr glacio-eustatic cycles have a clear expression (Frigola et al., 2012;Sierro et al., 2009). These glacio-eustatic cycles are represented by the superposition of several seismic sequences separated by major discontinuities marked by highamplitude reflections in the seismic data (Jouet, 2007;Jouet et al., 2006;Rabineau et al., 2006Rabineau et al., , 2005;;Riboulot et al., 2014). The composite record of core MD99-2348 and borehole PRGL1-4 on the upper slope of the GoL shows a continuous sediment record of the past 500 kyrs corresponding to last five glacial cycles (Frigola et al., 2012). Detailed sedimentological analyses showed that these glacial cycles are marked by a change of lithology of the borehole, where the glacial periods show lower silt to clay ratio and the interglacial periods are marked by higher silt to clay ratio with pronounced sandy intervals.

The lower slope of the GoL, especially the Rhone turbiditic levee-channel system, also shows cyclicity of high-amplitude seismic reflection, although the origin of this cyclicity is not confirmed with direct measurements to date and could be linked to mixed autocyclic (levee height and spill out) and allocyclic (climatic) parameters as in the case of the nearby Var system [START_REF] Jorry | Turbiditic levee deposition in response to climate changes: the Var Sedimentary Ridge (Ligurian Sea)[END_REF]. Badhani et al. (2020b) postulated with the help of seismic data that these high-amplitude reflections represent the signature of glacio-eustatic cycles on the lower slope. The authors showed that within the eastern interfluve of the Petit Rhone Canyon (PRC), a majority of the slope failures took place above high-amplitude reverse-polarity seismic reflections. This includes a large submarine landslide (the Eastern Rhone Interfluve Slide, ERIS) with multiple stacked headwall scarps. The failure affected several stratigraphic levels in a staircase geometry, where the basal surface of each failure step coincided with a high-amplitude reflector. For the submarine landslide on top of the uppermost high-amplitude reflector, the radiocarbon dating at the base of the post-slide drape showed an age of 20-21 kyrs, during the peak of the last glacial maximum (Badhani et al., 2020b(Badhani et al., , 2020a;;Dennielou et al., 2019). Badhani et al. (2020a), with the help of sedimentological and in situ geotechnical measurements, demonstrated that the basal surfaces of the landslides consist of stiff clay-rich sediment remarkably different from the turbiditic sediments deposited during the deglaciation period following the emplacement of the failures.

Results

Seismic geomorphology

The seismic stratigraphy of the Plio-Quaternary strata of the GoL slope is characterised by at least six seismic sequences of alternating high to low amplitude seismic reflections (Fig. 7.2). The highamplitude reflections (H1-H7, top to bottom), the base of each seismic sequence define the boundaries of the units, which have been observed and picked systematically throughout the study area. Several mass-wasting related features have been identified on both sides of the PRC. In particular, Badhani et al. (2020bBadhani et al. ( , 2020a) ) identified several translational failures occurring on the high-amplitude reflections in the entire GoL. We observe a similar pattern of failure on the western side of the PRC. In the headwall area of the RWMTD (Fig. 7.2c and d), we observe truncation of low amplitude reflections, the RWMTD was then translated on high-amplitude reflection H1 without disturbing underlying sediments (Fig.

7.3b

). We observed another buried failure between horizons H4 and H5, similar to the buried MTD on the eastern side of the PRC: this buried MTD occurred on the high-amplitude reflection H5 and draped by H4 (Fig. 7.2b, e and f).

Additionally, the basal surfaces of all the failures display a reverse polarity relative to the seafloor (Fig. 7.2). The amplitude of the reflections changes laterally at times but always presents reversed polarity (see Fig. 3.4 for example).

Basal surface: sedimentology, physical, geochemical, mechanical properties and chronology

Based on the core-seismic correlation it is evident that core PSM3-CS051 sampled the basal surface-1 (BS1; seismic horizon H1). Core PSM3-CS050 is located at the fault scarp and was collected to sample the high-amplitude reflector H2. Although the core does not completely penetrate the reflector H2, it touches the upper part of the H2, that we call as basal surface-2 (BS2; seismic horizon H2' for simplicity). Here we show the sedimentology, physical and geochemical properties of the sampled basal surfaces. For the detailed lithological properties of the study area see Badhani et al., (2020a).

BS1 is observed in core PSM3-CS051 at a depth of about 5 mbsf. Below the basal surface, we observe a slight increase in gamma density values, although the values remain mostly constant throughout the core (Fig. 7.3a). Water-content of the sediment increases towards the basal surface from 30 to 40%, this observation is also attested by liquid limit and plastic limit of the sediments, although they are only available for the basal surface. The water content of the sediments falls closer to the liquid limit. XRF data show a sharp decrease in Ca/Fe ratio from 4 to 2 just below the basal surface which is in contrast with K counts that increase by 75%. In core PSM3-CS050 (Fig. 7.3b),

BS2 is observed at about 7 mbsf. The sediments in the basal surface show a gradual decrease in gamma density and P wave velocity. The water content of the sediments increases from 40% to 60%. XRF data show a sharp decrease in Ca/Fe ratio and K counts similar to the basal surface 1.

Drained direct shear test results are shown as a function of shear stress vs horizontal displacement in Figure 7.4(a). BS2 shows a distinct peak at significantly higher shear strength between 100 to 160 kPa followed by significant drops in shear stress (red line in Fig. 7.4a). BS1 shows a similar trend of decreasing shear strength after the first peak between 60 to 120 kPa (blue line in Fig. 7.4a).

The turbiditic sediments (green line) on the other hand are characterised by peak values of shear strength between 20 to 40 kPa without a subsequent drop in shear strength. This pattern of BS1 and BS2 sediment could be attributed to strain-softening of the sediment after the generation of failure surface upon shearing.

Chronology of the sediment cores:

The age model for the cores PSM3-CS051 and PSM3-CS050 shows that the upper 4.8 m and 7.5 m of sediments are a continuous record of the last deglaciation after the last 20 ka, respectively (Fig.

7.5)

. In these sections of the cores, isotope data closely match the reference data of the composite record of core MD99-2348 and PRGL 1-4 borehole (Sierro et al., 2009). Badhani et al. (2020b) attributed these sediments as the post slide drape in the study area. Below the basal surface, the sediments show lower values of δ 18 O in both sediment cores suggesting a warmer climate. The δ 18 O signatures in core PSM3-CS051 below 4.8 m down to the core bottom match closely to MIS5a-d signatures of the reference data (Sierro et al., 2009). It is confirmed from the seismic data that the core PSM3-CS050 touches the seismic reflector H2' owing to the remobilization of sediments due to fault movement (Badhani et al., 2020a). The δ 18 O signatures of PSM3-CS050 below the basal surface to the bottom of the core show warm climate signatures and match closely to the MIS7 of reference curves (Sierro et al., 2009). Grain size distribution shows that the intervals below the basal surface contain a larger portion of finer-grained material confirming the hemipelagic nature of the sediment such as during the sea-level highstands (Badhani et al., 2020a). On the contrary, the lithofacies corresponding to colder climate signatures show a dominance of coarser-grained material of fine silt size.

7.4. Discussion and conclusion 7.4.1. Basal surface: nature and processes

The basal surfaces are marked with a high amplitude reflection pattern in the seismic data. We observe a pronounced cyclicity of seismic reflection pattern where the glide planes of a majority of submarine landslides coincide with repeated high-amplitude reflectors (Fig. 7.2). Additionally, the glide planes of the two buried MTDs on the eastern and western levee of the PRC also coincide with high-amplitude reflectors H5 and H4, respectively (Fig. 7.2). Therefore, it is evident that this phenomenon persisted since the onset of the 100-kyr glacio-eustatic cycles in the GoL.

The data presented from the GoL suggest that the two sampled basal surfaces were deposited during the interglacial periods (Fig. 7.5). The basal surface 1 was deposited during the MIS5 and the basal surface 2 was deposited during the MIS7 (Fig. 7.5). The availability of this chronological reconstruction enables the comparison with other records in the area, and in particular with the PROMESS PRGL1-4 borehole drilled in the upper continental slope of the GoL, in the interfluve between the Aude and Hérault canyons in 298 m water depth (Frigola et al., 2012;Sierro et al., 2009). Although the physical correlation of seismic reflections is not possible among the study area and the PRGL1-4 borehole due to the presence of canyon incisions, the age correlation is possible.

In this was a correlation is possible among the seismic reflection pattern in the open slope sediment of PRGL1-4 site and the turbiditic levees of the two sediment cores located 100 km downslope in ca 1900 m water depth. In both cases, the seismic units show a pattern marked by alternating high amplitude reflections with lower amplitude seismic units. We compare here these two similar seismic stratigraphic patterns to infer the processes responsible for the emplacement of MTDs within this seismic stratigraphic motif.

In the PRGL1-4 open slope site, the seismic pattern has been interpreted as a set of stacked sequences linked with sea-level fluctuations (Frigola et al., 2012). The alternating seismic units correspond to changes in lithology. In the upper slope, from the PRGL1-4 lithology, the highamplitude reflectors are interpreted as sea-level highstand reflectors and mark the erosional unconformities, these known to consist of sand-rich coarse-grained sediment. While the rest of the strata show where the glacial periods show lower silt to clay ratio (Frigola et al., 2012;Sierro et al., 2009).

In the turbiditic levees sampled by the PSM3-CS051 and PSM3-CS050 cores, the lithology corresponding to high-amplitude seismic facies consist of clay-rich sediment (Badhani et al., 2020a). Although this has to be noted that the polarity of the seismic reflections is reversed as compared to the seafloor. This is attributed to low density and low P-wave velocities creating a negative acoustic impedance within the strata (Badhani et al., 2020b(Badhani et al., , 2020a)). We showed that the majority of the basal surfaces in the turbiditic levee coincide with these basal surfaces which consist of fine-grained clay-rich sediment. The rest of the sediment (70% of successions) constituted by alternating laminated mud within coarser-grained beds and interpreted as thin-bedded turbidites and hemipelagites constituting the turbiditic levees. Frigola et al. (2012) attribute this change in lithology downslope to the development of oceanographic processes that developed on the flooded shelf during the interglacial periods. These processes include the Northern Current that sweeps the shelf edge and the upper slope and the dense shelf water cascading that contributes to the accumulation of fines and organic matter on the lower slope.

During the highstand periods, when the riverine inputs migrate shorewards, the lower slope of the GoL receives a majority of the sediment of pelagic to hemipelagic nature. The typical physical (Sierro et al., 2009) as a function of age (kyrs), (b) core PSM3-CS051 and (c) as a function of depth (m) before matching and (d) after matching. (e) Sea-level curve from [START_REF] Grant | Sea-level variability over five glacial cycles[END_REF].

properties of the sampled basal surfaces are similar (in terms of lithology, sediment properties) to open slope clayey sediment (marine mud) that show high porosity, low density, low Vp, high plasticity and moisture content (Fig. 7.3). In general, these sediments are characterized by high cohesiveness due to the presence of higher clay fraction. Drained direct shear tests show that these basal surfaces have a strain-softening behaviour, meaning that the shear strength of the sediments drops significantly after the development of initial shear surface (Fig. 7.4). On the contrary, low amplitude seismic units made of thin-bedded turbidites show relatively constant shear stress values.

Strain softening behaviour is commonly observed in clayey sediments, the most common reasons cited for strain-softening behaviour are grain-reorganization between the clay particles upon shearing and crushing of microfossils within the sediment. Geochemical data shows higher K counts in the sediments below the basal surface in cores PSM3-CS050 and PSM3-CS051 (Fig. 7.3). High K is a good indicator of detrital clay mineral such as illite within the sediment [START_REF] Montero-Serrano | Changes in precipitation regimes over North America during the Holocene as recorded by mineralogy and geochemistry of Gulf of Mexico sediments[END_REF]. Even if semi-quantitative XRF proxies cannot be considered very reliable for clay mineral detection, this observation is further confirmed by [START_REF] Chamley | Recherches sur la sédimentation argileuse en Méditerranée[END_REF] and later by [START_REF] Pont | Medium-term changes in suspended sediment delivery to the ocean: Consequences of catchment heterogeneity and river management (Rhône River, France)[END_REF] that sediments supplied by Rhone River to the GoL are rich in primary minerals like illite and chlorite originating from crystalline host rocks of the Alps. Illite is a dioctahedral mineral characterized by the presence of K cations, it comprises a combination of two tetrahedral sheets and one intercalated octahedral sheet [START_REF] Fagel | Chapter Four Clay Minerals, Deep Circulation and Climate[END_REF]. [START_REF] Müller-Vonmoos | The shearing behaviour of clays[END_REF] showed that the shear behaviour of illite, with its thin and highly charged particles, depends strongly on the counterions and the shear strength decreases noticeably through the repulsion of the sheets.

Therefore, it is very likely that the presence of illite in the basal surface induces strain-softening behaviour.

Many studies show the role of strain-softening behaviour on the development of the shear zone in the slide prone areas (e.g. [START_REF] Hyndman | The concentration of deep sea gas hydrates from downhole electrical resistivity logs and laboratory data[END_REF]Locat et al., 2014). [START_REF] Germanovich | Dynamic growth of slip surfaces in catastrophic landslides[END_REF] and [START_REF] Puzrin | Significance of the actual nonlinear slope geometry for catastrophic failure in submarine landslides[END_REF] proposed that in strain-softening materials the shear strength within the shear band drops from its peak to residual value, and may become lower than the gravitational shear stress, which causes loading downslope and unloading upslope of the sliding layer. More recently, Miramontes et al. (2018) demonstrated with the help of slope stability modelling that undercutting of the slope with strain-softening layer could trigger a significant slope failure along the shear zone created within the strain-softening material. We find a striking resemblance between the GoL and the work of Miramontes et al. (2018). In our case, we observe that the recurrent basal surfaces of the failures show a strain-softening behaviour and the fault at the toe of the slide area might have provided an external stimulus to facilitate the failure.

Impact of climatic variability on slope instability

Direct measurements such as radiocarbon dating and Oxygen isotopes at the base of landslide drape provide an accurate age of the slide event. When these measurements are not available, post-slide drape in the seismic data can be used to infer the ages of the slide events using stratigraphic correlations. Radiocarbon dating at the bottom of the post-slide drape provides coinciding ages of the RWMTD, REMTD and BAP megaturbidite at the peak of last glacial maximum suggesting that the failures were triggered during the sea-level lowstands (Fig. 7.6b; Badhani et al., 2020bBadhani et al., , 2020a;;Dennielou et al., 2019). Seismic profiles show that the high-amplitude reflectors H3 and H4 drape the small-scale buried MTDs on the western and eastern levees of the PRC, suggesting that these small failures took place before the sea level highstands (Fig. 7.2).

We show that the clay-rich basal surfaces of the MTDs were deposited during the sea-level highstand of the MIS5 and MIS7 (Figs. 7.3,7.5). This suggests a potential role of climatic variability as a primary pre-conditioning factor for the emplacement of these large MTDs in the Western Mediterranean. Several studies have reported the potential relationship between climatically tuned sea-level changes and landslide frequency [START_REF] Kremer | Possible climate preconditioning on submarine landslides along a convergent margin, nankai trough (NE Pacific)[END_REF]Lee, 2009;Leynaud et al., 2009;Owen et al., 2007). [START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF] highlighted an increase in landslide activity in the Mediterranean region during and after the LGM. Brothers et al. (2013) proposed a direct link between sea-level induced seismicity and slope failures. Even if some uncertainties remain on dating accuracies (Pope et al., 2015;Urlaub et al., 2013), and with limited sample dates a statistic analysis, it is difficult to directly demonstrate a causal link between climatic forcing and seafloor instabilities. Lee (2009) discussed the geological processes affecting slope stability during the different phases of the sea-level curve in the context of Atlantic Ocean margins and suggested that slope instability is enhanced during the end of the glaciation period (Fig. 7.6a).

The major factors that play a major role in slope instability during the end of glaciation and the beginning of deglaciation include: 1) high sediment rate and sediment accumulating on slope via canyon overspill and turbidites, 2) high pore pressure and 3) slope seismicity.

Rapid sedimentation can govern the stress and strength conditions on a slope over time, leading to failure, once a critical amount of preconditioning is reached (Stoecklin et al., 2017). The Rhone fan during the end of the last glacial period received sediment load up to 5 times the present-day during early phases of glaciers melting (Kettner and Syvitski, 2009;Lombo Tombo et al., 2015;Sierro et al., 2009). For instance, up to 25 m of sediments were deposited within 12 kyrs between 30-18 kyrs on the upper slope (Sierro et al., 2009) and 4 m of sediment were deposited in the Rhone turbiditic valley within 1.4 kyrs at the end of the LGM (Lombo Tombo et al., 2015). Additionally, belowaverage bulk density (<1.9 g.cm -3 ) may suggest an under-consolidated state of the turbiditic units (Badhani et al., 2020a) that were deposited until the onset of the interglacial period. Slope failure analysis at the Bourcart Canyon head shows that sediment loading with only two meters of sediment rapidly accumulated can generate significant slope failure (Sultan et al., 2007). Even if the morphology and sedimentary processes on the fan levees and at the base of the slope are different from those of canyon heads, it is possible to assume that the much thicker accumulation on the open slope and fan levees must have favoured the failure. This forcing is further suggested by the age of the REMTD and RWMTD around 20-21 kyrs cal BP (Fig. 7.6b), exactly during the maximum lowstand and before the onset of sea-level rise (Clark et al., 2004;Lambeck et al., 2014), when rivers and canyons were connected to the shelf edge, maximum sediment loading occurred on the upper slope and maximum sediment was transferred to the rise and onto basin fans. Additionally, we show that the small buried MTDs on the western and eastern side of the PRC were emplaced during the sea-level lowstand. Therefore, it is likely that the threshold between shear strength and stress under high accumulation rates could be reached, particularly because it can generate excess pore pressure and develop weak layers (Leynaud et al., 2007;Locat et al., 2014). In our case sedimentation rates, in the order of 1-2 m.ky -1 (Lombo Tombo et al., 2015; Sierro et al., 2009) are not extreme like on glaciated margins (Hjelstuen et al., 2004), prodeltas (Fanget et al., 2013;[START_REF] Zhou | Modern sediment characteristics and accumulation rates from the delta front to prodelta of the Yellow River (Huanghe)[END_REF] or even on deep-sea turbiditic channel mouth lobes (Dennielou et al., 2017;Rabouille et al., 2017). However, sub-seafloor architecture at places (especially within the ERIS headwall area, Badhani et al., 2020b) reveals steep slopes inheriting morphologies of previous failures accompanied by local slope failures (e.g. Fig. 7.2a). The concurrence of over-steepening and low shear strength and under-consolidation by high sediment accumulation could constitute an aggravating factor for sliding. In addition to sediment loading and over-steepening, the occurrence of potential weak layers like silt layers may be determinant in the trigger of sliding (Dan et al., 2009;Locat et al., 2014). For example, the porous silt layers occurring in the leveed turbiditic facies (Fig. 7.3) may have promoted an increase in excess pore pressure and have favoured sliding, particularly because they are sandwiched between clay-rich, less permeable layers.

Seismicity is evoked as an ultimate triggering factor for a majority of subaerial and subaqueous landslides (Masson et al., 2006). It is evident that during earthquakes, soil layers are subjected to multi-directional cyclic stresses with different amplitudes and frequencies that lead to cyclic deformations and changes in stress-strain and strength properties of soil layers (sensu [START_REF] Ansal | The cyclic behaviour of soils and effects of geotechnical factors in microzonation[END_REF]. Being a passive margin, large earthquakes (>4 Mw) have never been recorded in the GoL since the instrumental records exist (Cara et al., 2015). However, this does not mean that the large earthquakes did not occur in the GoL in the geological time scales, it is likely that at the time of deglaciation melting, the margin experienced increasing seismicity as a consequence of isostatic readjustment (Brothers et al., 2013;Lee, 2009). The Grand Banks earthquake of 1929 in the eastern Canadian margin is one of the classic examples of passive margin earthquakes, which triggered a tsunamigenic submarine landslide [START_REF] Løvholt | Modelling the 1929 grand banks slump and landslide tsunami[END_REF][START_REF] Piper | Sediment slides and turbidity currents on the Laurentian Fan: sidescan sonar investigations near the epicenter of the 1929 Grand Banks earthquake[END_REF]. Even if at the moment no comprehensible model exists that explains passive margin earthquakes [START_REF] Wolin | Mineral, Virginia, earthquake illustrates seismicity of a passive-aggressive margin[END_REF],

given the coinciding ages of the three large MTDs in the Western Mediterranean, a regional trigger such as an earthquake does not seem too vague, especially, in presence of liquefiable silty sediments sandwiched between strain-softening weak layers throughout the slope.

Another factor that could contribute to seafloor instabilities in the GoL is the gravitational gliding of post-Messinian strata related to halokinesis. Listric faults related to salt-sediment interactions extend from the base of the Plio-Quaternary (ca. two km deep). The majority of the faults reach the seafloor corresponding to escarpments with vertical offsets exceeding 20 m (dos Reis et al., 2005), suggesting an ongoing slope steepening due to salt-sediment interaction. Growth strata at the footwall of the NG and SG clearly show that the faults were most likely active at the time of emplacement of ERIS (Fig. 7.2a). Therefore, a slip of the main growth fault may likely have resulted in a regional steepening of the seafloor and most importantly exposing the strata at the toe of the ERIS. In either case, the growth fault controls the location of the headwall scarps and with a slip of about 100 m an external trigger might not have been required, a high-sedimentation rate coupled with high slope angles might have been sufficient to initiate the failure (Stoecklin et al., 2017).

Considering the coinciding ages of RWMTD (Dennielou et al., 2019) and REMTD (this study) at the peak of the LGM, and the presence of the faults crosscutting the entire GoL, we suggest that the growth faults located at the toe of the ERIS in presence of preferential failure planes and high sedimentation rates most likely favoured the emplacement of these large MTDs. Vertical movements of listric faults due to isostatic rebound may likely occur preferentially during the lowstand and be positive feedback of sediment loading on the Rhone fan. Although the rate of vertical movements is not quantified, we suggest that it can be considered as a further factor for sediment instability that adds up to high sediment accumulation.

Chapter 8.

Conclusions and perspectives (English)

Conclusions

The main objectives of this work were to assess seafloor instabilities in the Gulf of Lions, Western

Mediterranean. We used a newly available high-resolution geophysical data, sediment cores, and in-situ and laboratory geotechnical data acquired during several campaigns in the last years. The main outcomes of this work and new scientific questions raised during this PhD thesis are summarized in this chapter. Which is in agreement with the sedimentological characters of the MTDs that display multiple tightly folded and at times contorted sediment layers.

Chronology of major seafloor instabilities and adjacent turbidite deposits

The Gulf of Lions presents multiple mass movement features throughout the Plio-Quaternary strata suggesting a long history of seafloor instability. The RWMTD, REMTD and the BAP megaturbidite have been dated using radiocarbon dating. Radiocarbon dating at the base of postslide sediments shows that the three MTDs were emplaced at ca. 20-21 ka during the peak of the Last Glacial Maximum. The Deep-seated MTD on the Eastern Rhone Interfluve has been previously described as the result of a westward shift of the paleo-Rhone valley during the Mid-Pleistocene that coincide with the occurrence of a major unconformity (∼450 ka, Bellaiche et al., 1986;Droz, 1983;Droz et al., 2006;Torres et al., 1995). As for the smaller MTDs on both sides of the PRC -through the seismic correlation -these MTDs were likely emplaced during the onset of interglacial periods. Although, landslide frequency could not be estimated due to large uncertainty in dating methods.

Weak layers, preconditioning factors and potential trigger mechanisms

The GoL slope shows a typical passive margin behaviour where large submarine landslides occur on slope angles as gentle as 2°. Our study highlights a primary preconditioning factor for slope failures as the lithological heterogeneity where the basal surfaces of the landslides consist of the clay-rich sediments deposited during the highstands. Seismic profiles in the landslide areas show that the majority of the slides took place over these clay-rich reverse polarity high-amplitude 184 reflectors. Secondly, these clay-rich successions show a strain-softening behaviour, where the sediments show a significant reduction in shear strength with increasing strain, contrasting to the background turbiditic sediments. It is therefore plausible that preconditioning of the slope failures by localization of weak layers may have been favoured by rapidly accumulated turbiditic sequences deposited during lowstand sandwiched between reversed polarity high-amplitude reflectors that are deposited during the sea-level highstands.

The three large MTDs in the GoL and BAP were emplaced at 20 ka can BP, during the peak of the Last Glacial Maximum. The coinciding ages of the MTDs suggest that they share a common trigger of basin-wide scale. Even if the source of the BAP megaturbidite remains unknown, it can be considered that the climatic conditions were the same in the entire western Mediterranean.

Therefore, considering the coinciding ages of these MTDs at the peak of the LGM, it is likely that high-sedimentation rates most likely favoured the emplacement of these mass movements.

Especially in presence of the faults crosscutting the entire GoL. Vertical movements of listric faults due to isostatic rebound may likely occur preferentially during the lowstand and be positive feedback of sediment loading on the Rhone fan.

Potential role of climatic forcing in facilitating slope failures

In this thesis, we have highlighted that the architecture of the slope changes drastically in the different phases of the glacio-eustatic cycles. During the lowstand periods, when the Petit Rhone canyon (PRC) is connected to the river sources, the slope mainly receives coarse-grained sediments from the turbidites from the PRC through canyon overspills. During the highstand periods when the river sources move towards the shores, the sedimentation accumulation rate decreases significantly and the slope receives sediments of pelagic to hemipelagic nature that consists of a major part of fines. This creates a lithological heterogeneity on the slope, which we have attributed to creating basal surfaces of the landslides. Besides, mechanical properties of the basal surfaces show a strainsoftening behaviour which is known for creating shear bands prone to failures. Additionally, the changes in the sedimentation rates, especially high sedimentation rates during the deglaciation times are known to generate excess pore pressure in the sediment column and eventually triggering slides.

Radiocarbon dates show that the three largest MTDs were emplaced during the period of lowest sea-level (Fig. 8.1). Through seismic signatures, we also identified that the buried MTDs on the western and eastern side of the PRC were triggered before the sea-level highstand. This suggests that the sea-level fluctuation is directly or indirectly related to the emplacement of these MTDs.

Although further modelling is required to demonstrate this in the GoL. 

Perspectives

This study brought forward major progress in the knowledge of the seafloor instabilities in an already well-studied passive margin Gulf of Lions. However, several outstanding questions remain open. To further understand seafloor instabilities in settings like the GoL.

The source of the Balearic Abyssal Plain megaturbidite

In this thesis, we have highlighted that the entire volume of the BAP megaturbidite is about 10% larger than previously mapped. We have shown that the internal geometry of the BAP megabed presents three faint but distinctive echo-facies from bottom to top that correspond tentatively to the three sedimentary faces identified in cores possibly linked to flow transformations within a single event bed. Although, one major question that remains unanswered is the initiation process and the source of the megabed, especially given its remarkable volume of 600 km 3 . Further work on the geochemistry of the sediment cores could help identify the source areas and thus the geographic location of predisposing mechanisms that influenced the deposition of the Western Mediterranean megabed, and improve the understanding of geohazard in the Mediterranean region.

Slope stability modelling

This PhD thesis puts forward the discussion of climatic cycles and their role on seafloor instabilities.

We have shown that the basal surfaces of the submarine landslides are composed of clay-rich material that is deposited during highstand periods that shows a strain-softening behaviour. The ages of the failures in the GoL coincide with the peak of the last glacial maximum, this suggests that they share a common trigger. We have proposed several mechanisms that could trigger the landslides at the time of lowermost sea level. However, we were not able to demonstrate it with the help of slope stability model. With the availability of multidisciplinary data, especially geotechnical laboratory analysis and well-constrained stratigraphy and geometry (Fig. 8.1) of the slope, the next step in the advancement of this work would be to test the present hypothesis using a slope stability model similar to Miramontes et al. (2018). The idea would be to assess the slope stability and the safety factor of the slope during the last lowstand (time of high accumulation) with the presence of recurrent strain-softening layers in the stratigraphic column. The obvious presence of the regional fault scarp would serve as an external trigger.

The Gulf of Lions margin is dissected by several listric faults rooted in the Messinian salt. From the seismic data, we observe that these faults steepen the slope continuously and trigger several small MTDs. Since the recent MTDs in the GoL were emplaced during the peak of the LGM when the sea level was 120 m lower than present-day conditions suggesting a lower hydrostatic pressure on the underlying strata. Therefore, it is imperative to understand the role of the lowering of the sea level on the reactivation of these faults through numerical modelling to better understand the geological processes behind the failures in the GoL. Glacial Maximum). Le MTD profond de l'interfluve oriental du Rhône a été précédemment décrit comme le résultat d'un déplacement vers l'ouest de la vallée du paléo-Rhône pendant le Pléistocène moyen qui coïncide avec l'apparition d'une discordance majeure (∼450 ka, Bellaiche et al., 1986 ;Droz, 1983 ;Droz et al., 2006 ;Torres et al., 1995). Quant aux plus petites MTD des deux côtés de 

Perspectives

Cette étude a permis de faire des progrès majeurs dans la connaissance des instabilités des fonds marins d'une marge passive déjà fortement étudiée, le Golfe du Lion. Toutefois, plusieurs questions restent en suspens pour mieux comprendre les instabilités des fonds marins dans des contextes comme celui du Golfe du Lion.

8.2.1. La source de la mégaturbidite de la plaine abyssale des Baléares Dans cette thèse, j'ai souligné que le volume total de la mégaturbidite du BAP est environ 10 % plus grand que celui qui a été cartographié précédemment. J'ai montré que la géométrie interne de la mégaturbidite du BAP présente, de bas en haut, trois écho-faciès faibles mais distincts qui correspondent aux trois faciès sédimentaires identifiées dans des carottes et liées probablement à des transformations de flux au sein d'un même événement. Cependant, une question majeure reste sans réponse : le processus d'initiation et la source de la mégaturbidite, surtout au vu de son volume remarquable de 600 km 3 . Des travaux supplémentaires sur la géochimie des carottes sédimentaires pourraient aider à identifier les zones sources et donc la localisation géographique des mécanismes de prédisposition qui ont influencé le dépôt de la mégaturbidite de la Méditerranée occidentale, et améliorer la compréhension des géoaléas dans la région méditerranéenne.

Modélisation de la stabilité des pentes

Cette thèse de doctorat met en avant la discussion des cycles climatiques et leur rôle sur les instabilités des fonds marins. J'ai montré que les surfaces à la base des glissements de terrain sousmarins sont composées de matériaux riches en argile qui se déposent pendant les périodes de haute niveau marin et qui présentent un comportement de baisse de résistance à la déformation, constituat des surface de cisaillement potentielles. L'âge des instabilités sédimentaires dans le GoL coïncide avec le pic du dernier maximum glaciaire, ce qui suggère qu'elles partagent un mécanisme de déclenchement commun. Nous avons proposé plusieurs mécanismes qui pourraient déclencher les glissements de terrain au moment où le niveau marin est le plus bas. Cependant, nous n'avons pas pu le démontrer à l'aide d'un modèle de stabilité de pente. Avec l'aide de données multidisciplinaires, en particulier l'analyse géotechnique en laboratoire et une stratigraphie et une géométrie du talus mieux définie (Fig. 8.1), la prochaine étape de ce travail serait de tester l'hypothèse actuelle en utilisant un modèle de stabilité du talus similaire à celui de Miramontes et al. (2018). L'idée serait d'évaluer la stabilité le facteur de sécurité de la pente pendant le dernier bas niveau marin (période de forte accumulation) avec la présence de couches récurrentes de faible [START_REF] Grant | Sea-level variability over five glacial cycles[END_REF] avec les chronologies des instabilités sédimentaires dans le GoL. (c) Taux de sédimentation sur la pente supérieure du golfe du Lion (d'après Sierro et al., 2009).

196 résistance à la déformation dans la colonne stratigraphique. La présence évidente de l'escarpement de la faille régionale servirait de mécanisme de déclenchement externe. 

Rôle de la pression hydrostatique sur la réactivation des failles d'extension halocinétiques

✔ ✔ ✔ ✔ ✔ ✔ a b s t r a c t
The Gulf of Lions (NW Mediterranean Sea) is a SW-NE oriented passive continental margin formed since the Oligocene. It presents small to large scale mass movement features suggesting a long history of seafloor instability. Of particular interest are the two surficial large mass-transport deposits along the Rhone turbiditic levee, known as the Rhone Eastern and Western Mass-Transport Deposits (REMTD and RWMTD). With the help of the recently acquired multi-beam bathymetric, sub-bottom profiler, highresolution seismic and sedimentological data, we investigate the morphology, timing, kinematics, and possible triggering mechanisms of the source area of the REMTD, which we refer to as the Eastern Rhone Interfluve Slide (ERIS). ERIS has an estimated run-out distance of approximately 200 km. It covers an area of about 700 km 2 and the volume of the mobilized material is approximately 110 km 3 . Our data reveal four individual glide planes within the ERIS complex which were most likely generated by retrogressive failures. The basal surfaces of the ERIS coincide with high-amplitude seismic reflectors similar to those previously interpreted as the expression of condensed sections on the upper slope. The turbiditic sequences sandwiched between the condensed sections likely control the localisation of potential weak layers favouring the failures. AMS radiocarbon dating yields an age of approximately 21 ka cal BP for the failures, which falls within the peak of the Last Glacial Maximum. The toe area of the ERIS is incised by several active listric faults rooted in the Messinian strata, which control the location of the slide scarps.

The combination of several factors such as slope steepening, halokinesis, and excess pore pressure generation due to rapid turbiditic sedimentation during the Last Glacial Maximum are considered as the possible candidates for the triggering of the failures in the investigated slope. © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Submarine landslides are one of the widespread phenomena known to shape the continental margins (Posamentier and Kolla, 2003). They redistribute large volumes of sediment from the shelf or the upper slopes to the lower slope or deep basin. Furthermore, they can be far larger than any terrestrial landslide and threaten offshore infrastructure. Most importantly, they pose a risk to increasingly populated coastlines by triggering devastating tsunamis (Bryn et al., 2005(Bryn et al., , 2003;;Kvalstad et al., 2005;Tappin et al., 1999). The most recent example of a submarine landslide triggered tsunami came to public attention when an earthquake of magnitude Mw 7.5 most likely caused a submarine landslide off Sulawesi, Indonesia. This resulted in a tsunami with a wave height of about seven metres, killing more than 4000 people and displacing about 200,000 inhabitants (Carvajal et al., 2019;Heidarzadeh et al., 2018;Sassa and Takagawa, 2019).

Submarine landslides can disintegrate and transport a large amount of slope-forming sediments, where the shear failure occurs along one or several planes (Eckel, 1958;Hampton et al., 1996;Schuster and Krizek, 1978). Due to their locations in deepwater settings, direct observation of submarine landslides and their deposits is difficult. Therefore, geophysical techniques namely multibeam bathymetry, reflection seismic are used to investigate submarine landslides. In reflection seismic data submarine landslide deposits are generally referred to as mass transport deposits (MTDs) and mass transport complexes (Alves, 2015;Frey Martinez et al., 2005). MTDs usually cover areas exceeding thousands of square kilometres and have volumes in hundreds of cubic kilometres, depositing slide material hundreds of kilometres from their source areas, on the continental shelf or upper slope, onto the deep oceans (Bull et al., 2009;Frey Martinez et al., 2005;Gee et al., 2006;Masson et al., 2006;McAdoo et al., 2000;Shipp et al., 2004;Solow et al., 2009). In spite of the large sizes and volumes of sediments involved in the failure events, their link with local or global forcing is still a matter of debate (Hampton et al., 1996;Hühnerbach and Masson, 2004;Lee, 2009;Pope et al., 2015;Solow et al., 2009;Sultan et al., 2004;ten Brink et al., 2009;[START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]Urlaub et al., 2013). However, various authors (e.g. Locat and Lee, 2002 and references therein;Sultan et al., 2004;[START_REF] Vanneste | Submarine landslides and their consequences: what Do We know, what can We Do?[END_REF] suggest that their occurrence is commonly controlled by one or a combination of favourable preconditioning factors and trigger mechanisms such as slope over-steepening, earthquakes, storm-wave loading, rapid sediment accumulation and under-consolidation, gas charging, gas hydrate dissociation, low tides, glacial loading, and volcanic island processes.

The Gulf of Lions (GoL) presents two large surficial MTDs with volumes exceeding 100 km 3 . These MTDs have been called by several names in previous studies, such as "Eastern and Western Debris Flows" (Bonnel et al., 2005;Droz et al., 2001;Lastras, 2007) or "Eastern and Western MTDs" (Droz et al., 2006), or more recently "Rhone Eastern Mass-Transport Deposit (REMTD)" and "the Rhone Western Mass-transport Deposit (RWMTD)" (Dennielou et al., 2019). To allow an easy correlation and comparison between the two studies, we follow the nomenclature of Dennielou et al. (2019).

The REMTD and RWMTD have previously been mapped and described in detail (Dennielou et al., 2019;Droz et al., 2006;Droz and Bellaiche, 1985); however, due to the lack of high-resolution data on the upper continental slope of the GoL margin, little attention has been paid to the source of the REMTD. This study therefore focuses on analyzing and characterizing the source area of the REMTD, which we hereafter refer to as the "Eastern Rhone Interfluve Slide (ERIS)". The ERIS and REMTD together form the Eastern Rhone Interfluve Slide Complex (ERISC). We present for the first time a detailed mapping of the ERISC with the combination of highresolution multibeam bathymetry, high-resolution multi-channel seismic, sub-bottom profiler, and newly acquired sediment core data from the ERISC. We aim to 1) identify the morphological and sedimentological characteristics of ERIS, 2) establish a chronological framework for the failed sedimentary units based on direct and indirect dating methods, 3) identify the presence of potential weak layers, and 4) identify possible trigger mechanisms responsible for the occurrence of the ERIS. The detailed mapping of the ERISC is complementary to the submarine landslide archive that currently exists for the Mediterranean region (e.g. [START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. Even if the collection of landslide parameters is not always conducive to fully understand the triggering mechanisms of seafloor instabilities (e.g., Hühnerbach and Masson, 2004), Clare et al. (2018) suggest that the widening of landslide database is a key to improve knowledge and an important contribution to tackle outstanding scientific questions on hazard mitigation, especially if the measured parameters are consistently acquired.

Geological setting

The Gulf of Lions (Fig. 1) is a SW-NE oriented, young passive continental margin that formed after the Oligocene time, with the rotation of Corso-Sardinian block, in a context of convergence between Africa and Europe (Le Pichon et al., 1971). Due to its limited lateral extent and easy accessibility, the GoL is one of the best-studied passive margins in the world (Berné and Gorini, 2005;Séranne, 1999;Steckler and Watts, 1980). The margin is characterised by a wide continental shelf (∼70 km) that was sub-aerially exposed during the Last Glacial Maximum (LGM) about 21 ka ago and offers a continuous sedimentary record drilled on the upper slope by the PROMESS boreholes (Bassetti et al., 2008(Bassetti et al., , 2006;;Berné et al., 2007;Jouet, 2007;Rabineau et al., 2005). Being a passive margin, earthquakes greater than four Mw have never been recorded in the GoL since records exist (Cara et al., 2015). The present-day shelf break of the GoL occurs at water depths ranging from 120 to 170 m. Fifteen submarine canyons feed the distal Rhone Sedimentary System and incise the GoL continental slope down to 1000 m water depth, the major one being the Petit Rhone Canyon (PRC), which is fed by alpine sediments through the largest river Rhone and its tributaries.

The sedimentary architecture of the GoL drastically changed during a major event known as the Messinian Salinity Crisis, when a major sea-level drop in the Mediterranean Sea resulted in a kmscale thick evaporite deposition in the deep basin (Hsu, 1973). After reflooding of the basin during the Zanclean (5.33 Ma; Lofi et al., 2003;Roveri et al., 2008), a prograding and aggrading sedimentary prism of up to 3 km thick developed along with a large subsidence (up to 250 m/Ma on the shelf, Dennielou et al., 2019;Leroux et al., 2014;Rabineau et al., 2006Rabineau et al., , 2014 and upto 500 m/Ma in the deep basin, Leroux et al., 2015;Rabineau et al., 2014) throughout the Plio-Quaternary time to form the present-day margin morphology (Dennielou et al., 2019;Leroux et al., 2014). Since then, the evolution of the deeper part of the GoL has mainly been controlled by syn-sedimentary salt tectonics and gravity-driven deformation of post-Plio-Quaternary strata tuned by relative sea-level fluctuations. The gravity-driven deformation above the salt layer, which forms a "décollement" surface, led to the development of extensional areas dominated by listric faults and grabens on the upper and lower slope (Fig. 1) and compressional areas in the deep basin driven by salt diapirs and domes (dos Reis et al., 2005).

The Pleistocene sedimentation in the GoL was mainly controlled by glacio-eustatic sea-level fluctuations related to the Milankovitch cyclicities (Bassetti et al., 2008;Torres et al., 1995;Rabineau et al., 2005Rabineau et al., , 1998;;Tesson and Gensous, 1998). During a major Quaternary reorganization called the Mid-Pleistocene Transition, the dominant climate cyclicity changed from 40 ka to 100 ka in frequency (Droz and Bellaiche, 1985;Pena and Goldstein, 2014). These cycles were accompanied by a change in sea-level cycle amplitudes from 50 m to 100 m (Droz et al., 2006;Pena and Goldstein, 2014). After the Mid-Pleistocene, sedimentation in the GoL was mainly dominated by terrigenous deposition brought by the Alpine rivers (mainly Rhone) into the basin through turbiditic systems. In the Late Pleistocene, the evolution of the margin and canyons was driven by sea-level fluctuations with the development of thick forced-regressive sequences during sea-level falls bounded on the slope by condensed intervals deposited during highstands (Bassetti et al., 2006;Rabineau et al., 2006;Sierro et al., 2009). On the lower slope of the GoL, which is mainly fed by the PRC, sedimentation rates for the glacial and deglacial periods were documented in the order of 1-2 m/ka, while during the interglacial periods the sedimentation rates were in the range of 0.05 to 0.10 m/ka (Dennielou et al., 2019;Lombo Tombo et al., 2015;Sierro et al., 2009).

Material and methods

Multi-beam bathymetric data were collected in the GoL since 1997 during several oceanographic campaigns listed in Table 1. In this study, we used two bathymetric datasets: an EMODNET 115 m resolution grid (Fig. 1; www.emodnet-bathymetry.eu, 2018) and Le Suroit EM300 (Berné and Dennielou, 2008) recent 25-100 m resolution bathymetric grids (Figs. 2 a and 3 a, b) that were acquired using hull-mounted multibeam systems during the oceanographic campaigns listed in Table 1. The high-resolution bathymetric data were merged and gridded at a final grid size of 25 m using ArcMap 10.3 (www.arcgis.com).

High-resolution (HR) multi-channel seismic (MCS) reflection data used in this study were acquired using generator-injector (GI) source, analogue 24 channels streamer and 6.25 m trace spacing during PROGRES cruise (Droz, 2003) and a mini-GI source and digital 72 channels streamer with 6.25 m trace spacing during AM- MED-1 cruise (Rabineau et al., 2013). The processing sequence for the 2D HR MCS data includes quality control, filtering, binning, band-pass filtering, constant seawater velocity (1500 ms -1 ) normal move out, stacking, and seawater velocity post-stack time migration. Seismic data from cruises PROGRES and AM-MED-1 were processed using Ifremer in-house softwares SISPEED and Solid-QC, respectively. Sub-bottom profiles (SBP) were collected during several French oceanographic campaigns and checked for quality control with Ifremer software QC SUBOP (Table 1). A typical problem when imaging submarine landslides is the presence of diffraction hyperbolae generated at the edges of landslide scarps and steep slopes (see for example mic profiles collected during AM-MED-1 cruise show low frequency and low amplitude artefacts 40 ms below the seafloor, particularly in the areas of transparent reflections (Fig. 6). These artefacts are common in marine seismic acquisition and are associated to bubble pulse artefacts that are produced due to oscillations of the air bubble generated by an airgun. We have paid a special attention to these artefacts to avoid misinterpretation of seismic data.

For lithological characterization and age estimation of sedimentary facies, we used four sediment cores of 10-20 m long (PSM3-CS041, 42, 46 and 47), collected during cruise PRISME 3 (Cattaneo, 2013a) in the toe area of the ERIS using a Calypso Piston corer. Identification of lithofacies is based on visual description performed onboard. Geotek ® Multi-Sensor Core Logger (MSCL) was used for gamma-density measurements at 1-cm interval. To obtain accurate ages of the slide events building up the REMTD, each core was carefully subsampled in the post-slide hemipelagic drape to avoid contamination from reworked sediments, such as turbiditic deposits or bioturbation. Hence, these samples provide a minimum age for failure. Nine radiocarbon dates were determined by accelerator mass spectrometry (AMS). Dates were obtained from handpicked monospecific planktonic foraminifera (Globigerina bulloides) extracted from the hemipelagic sediments and were analyzed at the Beta Analytics, London, UK. Conventional 14 C years BP were converted into calibrated calendar ages with CALIB V7.1 (Stuiver et al., 2017) using the marine calibration curve Marine13 curve (Reimer et al., 2013) with a reservoir correction ( R) value of 48 ± 101 years and reported in this study with 2 errors (Table 2). We used the same calibration procedure presented in (Dennielou et al., 2019) to allow for an easy comparison. All datasets were finally integrated and imported to the IHS Kingdom Software ® for further joint interpretation. 

Results

Morphology

Overall morphology of the study area

The slope of the continental margin dips progressively from 6 • to 1 • for water depths leading from 200 m to 1500 m, respectively. Our study area, the interfluve of the PRC and Grand Rhone Canyon (GRC), is characterised by a gentle slope of 1.8 • and an area of about 1000 km 2 comparable to an open slope environment. The newly-acquired multi-beam bathymetric data show the seafloor morphology of the interfluve area in greater detail than what has been published previously (Berné et al., 2002;Droz and Bellaiche, 1985;Torres et al., 1995). Our data show multiple distinct features related to mass-wasting processes such as slide scars, faulting activity, or seafloor spreading (Figs. 2 and3b). The most prominent features in the study area are the NNW-SSE oriented lobate and trapezoidal-shaped scarps in the bathymetry (black dashed lines in Fig. 2) that we interpret as a suite of submarine landslides within the Eastern Rhone Interfluve Slide Complex.

At a water depth of 1750 m, within the toe area of the ERIS, two SW-NE oriented linear depressions incise the seafloor (Figs. 2a, b and3), previously interpreted as normal faults (dos Reis et al., 2005). However, we observe that these depressions are marked by significantly low-standing hanging block (∼30-40 m) bounded by normal faults that face opposite to each other (Figs. 2a and3). Therefore, we interpret these depressions as fault grabens and refer to them hereafter as the Northern Graben (NG) and the Southern Graben (SG). The SG is about six km wide and extends over approximately 100 km in the SW-NE direction, crosscutting the entire Petit Rhone fan. (Fig. 3). The NG shows a strike similar to that of SG, but it is limited to the west by the Eastern levee of the PRC. The northern scarp of SG displays a step-like morphology with a net slip of about 20-30 m, however, the southern wall shows gentler slopes of ∼5 • as compared to the 10-25 • of that of the northern wall. The NG shows very steep scarps in the bathymetric data reaching up to and3). Additionally, its location coincides with the foot of the ERIS. The NG shows a maximum net offset of 150 m where it coincides with the eastern levee of the PRC, however, the average offset of the faults is about 50 m and the average width is approximately seven km.

The Eastern Rhone Interfluve Slide (ERIS)

The ERIS consists of four main headwall scarps (named HS1 to HS4) and several secondary scarps (Fig. 2a-c). The average height of the headwall scarps ranges from 30 m to 70 m, but it exceeds 100 m in the area where the slide complex merges with the grabens, towards the eastern levee of the Petit Rhone Canyon. The headwalls are nested in a staircase style, with evidence of four major and several minor slide scarps with exposed glides planes (Fig. 2a,c). This geomorphological pattern is reminiscent of retrogressive failures such as reported in the Storegga landslide complex (Baeten et al., 2014;Bryn et al., 2005). The source area of the ERIS exceeds 700 km 2 , covering almost 70 % area of the interfluve.

The headwall scarps of the slides have an irregular geometry, at times mimicking the shape of the previous scarps. The uppermost headwall of the slide (HS1) is located at a water depth of 700 m, only seven km away from the shelf-break. A minor failure scarp observed attached to the headwall scarp HS1 is interpreted as a secondary failure scar of the HS1. The upper part of the HS1 is only 2.5 km wide, but it widens to about 25 km at 1700 m water depth. The average width of the slide is 20 km and the slide deposits (i.e. REMTD) are mapped as far as 200 km away from the source area (Droz and Bellaiche, 1985;Torres et al., 1997). Overall, a slope gradient of 1.8 • characterises the Rhone interfluve; however, the slide scarps show a steep morphology with local slopes reaching up to 25-30 • . The lowermost headwall scarp HS4 is located at 1700 m water depth, aligned perpendicularly with the NG. It extends 30 km towards the Grand Rhone sedimentary ridge, coinciding with the NG and showing a horseshoe-shaped landslide headwall morphology (Fig. 2a). The average area, height of headwall scarp, width of failure and volume of mobilized material of each slide scarp are summarized in Table 3. The total volume of mobilized material from the source area based on the geometry of each headwall scarp and of their respective height accounts to approximately 110 km 3 (Table 3).

The deposit area of the ERIS (i.e. REMTD) is characterised by a smooth morphology. The sediment flow pathways of the mass-transport are mostly unnoticeable in the bathymetric data, most likely due to the post-slide sedimentary drape (Dennielou et al., 2019) and lack of high-resolution data in the deposit area (Figs. 1 and2a). The overall flow direction of the REMTD is towards the southeast (Droz, 1983). In the newly-acquired high-resolution bathymetry, we observe few slide blocks of 10 m-25 m height and a bulge in the bathymetric data indicating minor pathway of the REMTD limited to the distal reach of the NG (Figs. 2a and3 a). At a water depth of 2000 m, south of the SG, we observe a 250-km 2 plateau of undisturbed sediments, previously described as "butte témoin" by Droz (1983). This plateau is located between the PRC (towards the west) and a steep scarp of 80 m height (towards the east). About two km east of the plateau, we observe an N-S ori-ented linear sediment ridge, which we interpret as the remnant of the failure. At the western ends of both grabens, we observe a breach of the eastern levee of the PRC (Fig. 3b), coinciding with the headwall scar HS2, suggesting that a significant amount of canyonsourced turbidites have most likely overflowed and been deposited together within the REMTD.

Sub-seafloor architecture

Seismic stratigraphy of the study area

Our study focuses on the mass-wasting processes within the upper part of Plio-Quaternary sediments. In this section, we describe the identified units and key reflectors that will let us discuss specific mass-wasting features we observe in a relative stratigraphic framework used in this study. For a detailed stratigraphic framework of the GoL, we refer to Droz et al. (2006) and Torres et al. (1995).

Seven seismic Units (U1 to U7, youngest to oldest, Figs. 4567) are identified in the study area based on their reflection pattern and the erosional or depositional nature of contact with underlying sequences. The high-amplitude reflectors (H1-H7, top to bottom) at their bases define the boundaries of the units, which have been observed and picked extensively throughout the study area. Parallel, moderate to high-amplitude reflection packages in the whole study area characterise U1 to U7. The seismic units, in general, show a decreasing upward trend in internal reflection amplitudes. The contacts between seismic units are smooth and regular, except U7, which lies unconformably on the underlying sediments showing a rough morphology at its base. The average thickness of U2, U5, U6 and U7 is about 50 ms, while for U1, U3, and U4 it is about 100 ms.

Four types of seismic facies are observed in the seismic sections (Table 4): 1) Moderate to high-amplitude well-stratified facies interpreted as turbiditic levee facies (Droz et al., 2006), 2) high-amplitude reflection packages (HARPs), similar to the ones observed in the Amazon Fan (Pirmez et al., 1997) interpreted here as coarse-grained material deposited within paleo-Rhone channel thalweg (Damuth, 1980;Droz et al., 2006), 3) Chaotic reflections interpreted as slide deposits (Droz et al., 2006) and 4) Acoustically transparent facies typical of REMTD and RWMTD (Dennielou et al., 2019;Droz et al., 2006) 

Slides and failure planes

The dip seismic profile AM-MED18 shows the internal structure of the eastern side of the ERIS (Fig. 4). The source area is characterised by three distinct morphological steps of 30, 70 and 120 ms height, which correspond to the headwall scarps HS2, HS3 and HS4 respectively (Figs. 2a and4). The scarps HS2 and HS3 truncate the seismic units U1 and U2 respectively, while scarp HS4 truncates units U6 to U1. Scarp HS4 coincides with the listric fault delineating the Northern Graben, which truncates the seismic units U3 and U4 (Fig. 4). The reflectors H2 and H3 mark the base units U2 and U3 that are truncated by the headwall scarps HS2 and HS3. The headwall scarps HS2 and HS3 cut through well-stratified sediments without crosscutting the underlying high-amplitude reflections, suggesting that the glide planes of the failures lie above the high-amplitude reflectors.

Interestingly, the glide planes of each failure have a similar dip as the seismic sequences, suggesting that the slides occurred parallel to the bedding surfaces and it is worth noting that the truncated facies mainly consist of low-amplitude reflections (Figs. 4 and5a). This implies a strong stratigraphic control on the basal surfaces of the slide scars. Additionally, the basal reflectors display a reverse polarity with respect to the seafloor (Fig. 4). The amplitude of the reflections changes laterally at times but follows the normal trend of reversed polarity.

The strike profile AM-MED17 (Fig. 5a) crosses the sidewalls of the failure HS2. The sidewall of the failure is marked by the truncation of low-amplitude reflections over the high-amplitude basal surface H2. The profile clearly images 30-ms thick slide deposits characterised by chaotic to transparent acoustic facies typical for mass-transport deposits that we interpret as the results of uppermost failure (HS1) within the ERIS complex. These deposits distinctly contrast from the undisturbed, well-stratified turbiditic levee sediments.

Towards the western part of the ERIS, the uppermost failure appears like a transition of well-stratified sediments to chaotic reflections, with partly intact internal reflections above basal surface H1 (Fig. 5a,b). Of particular interest within the uppermost unit (U1) is the hummocky surface expressions, with downslopedipping high-amplitude reflections showing "ridge and trough" morphology, which is particularly well identified showing reflection hyperbolae within the sub-bottom profiler data (Fig. 5a inset). Based on their seismic character and repetitive patterns of ridges and troughs oriented perpendicular to the direction of movement in the bathymetric data (Fig. 3b), we interpret these reflections as seafloor spreading similar to that observed within the Storegga slide complex (Micallef et al., 2007). Similar to the glide planes of failures originating from HS2 and HS3, the seafloor spreading observed in our data occurs locally above the high-amplitude reflector (H1 in this case).

Within the ERIS headwall area, we observe several erosional disruptions in the strata within the well-stratified facies, especially within unit U5, between reflectors H4 and H5 (Fig. 5a,b). These disruptions only affect unit U5, where a thinning of the entire unit of average thickness 100-ms to less than 50 ms is observed. In the areas of reduced thicknesses, we observe seismic facies related to slide deposits above the high-amplitude reflections. These disturbances occur locally in the areas of high relief approximately 200 ms below the seafloor. We attribute these disturbances as a result of local slope failure related to an oversteepened slope that has been inherited from the morphology of the underlying sediments.

Internal seismic structure of the Rhone Eastern Mass-Transport Deposits (REMTD)

The REMTD appears as a body of transparent seismic reflections with low penetration in the sub-bottom profiler data (Figs. 6 and 7a,b). The REMTD seismic facies are homogeneous in most parts of the study area with very low to absent internal reflections or structures. It infills the seafloor depressions predating REMTD imaged in the study area (Fig. 7a). The average thickness of the REMTD is ∼100 ms, with a maximum thickness of 150 ms in the depressions of the underlying strata. We observe several cases in the toe area of the ERIS, where the REMTD erodes the basal surfaces leaving behind the remnants in the form of basal ramps (Fig. 6).

At water depths between 2000-2200 m, along the western boundary of the REMTD, we recognize transformations in the structural style of the strata above reflector H4 (Fig. 7c). The proximal part of this area shows extensional features in the form of displaced and scattered blocks. The middle part consists of highly deformed and rotated blocks. The deformation becomes more apparent towards the front, with an increase in the degree of rotation. The frontal part of the area shows a compressional character with rather preserved stratigraphy in the form of pressure ridges with more than six individual blocks pushed upward from their original stratigraphy: we interpret these blocks as "pop-up blocks".

In the most distal area (in the deep basin), where the MTD pinches out to the seafloor, we observe ∼5-ms high and 50-m long patches of transparent reflections in the sub-bottom profiles following the REMTD (Fig. 7b). As these patches appear individually over the basal surface of the MTD and are detached from the main MTD body, we interpret these patches as the "out-runner blocks", similar to that observed in the Nigerian continental slope (Nissen et al., 1999).

Buried MTDs

Within the Pleistocene sediments, we observe two buried MTDs that we refer to as "shallow MTD (SMTD)" and "deep-seated MTD (DSMTD)". The SMTD is observed within unit U4 between reflectors H3 and H4 (Figs. 4 and 5a). It displays well-stratified sediments at places but is mainly characterised by disturbed to chaotic seismic facies (Figs. 4 and 5a). As for ERIS, it is interesting to note that the glide plane of failure of the SMTD also occurs on top of a high-amplitude horizon H4, without disturbing the underlying sediments (Figs. 4 and5a). The average thickness of SMTD is approximately 40 ms; however, at the middle part of the SMTD, it crosses a local topographic high on which SMTD thins out to only five ms, healing the previous topography of the local high (Figs. 4 and5a). The SMTD is observed locally, and the deposits are not found out of the interfluve. This suggests an origin of the SMTD linked to a local slide with a very short run out distance, compared to that of the ERIS.

The DSMTD is observed 300 ms below the seafloor (Figs. 45678) and is separated by about 150 ms thick sediments from SMTD. It covers a minimum area of about 3000 km 2 , with an estimated minimum volume of about 400 km 3 (Droz, 1983). The headwall scarp of DSMTD has not been mapped because of limitations in data coverage towards the north. However, based on its geome-try, we infer a headwall location of DSMTD somewhere near the present-day shelf break, along the eastern levee of the PRC. DSMTD has a highly variable thickness ranging from 200 ms in the proximal area to 20-30 ms in the distal area. DSMTD deposits are mapped at least 100 km from the source area. The internal architecture of the DSMTD shows chaotic facies in the seismic data (Figs. 4 and 5a). In places, notably in the proximal area, the top boundary of the DSMTD is irregular showing ridge and troughs, appearing like mounds in the seismic profiles, which we interpret as coherent slide blocks and rafted blocks (Figs. 4 and5). The basal surface of DSMTD is marked by a package of well-stratified sediments lying on the high-amplitude reflections of the paleo-canyon of the Petit Rhone fan (Torres et al., 1995). The contact of DSMTD with the underlying strata is uneven at places, eroding the underlying strata (Figs. 4 and5a). The western part of the DSMTD is dominated by kilometre-scale rotated blocks identified by steeply dipping reflections (Fig. 5a). Next to the rotated blocks, we observe a 50-ms high and 1-km wide rafted block.

Faults

The entire GoL is dissected by several steeply dipping, lowamplitude anomalies interrupting the seismic reflections of the well-layered sediments and interpreted as normal faults. Faults in the GoL have been previously mapped and documented in detail using HR seismic and multibeam bathymetric data (dos Reis et al., 2015(dos Reis et al., , 2005)). dos Reis et al. (2015) reported the faults in the GoL as shelf-parallel, basinward-dipping and listric, rooted in the Messinian evaporite sequence. At least fifteen such faults have been documented in our study area, at times facing opposite to each other to form grabens that we named "Northern Graben (NG)" and "Southern Graben (SG)" (Fig. 8). These grabens have a dominant SW-NE trend and offsets in the range of 10-100 ms. In some cases, the faults have impacted the seafloor morphology and created bathymetric steps, therefore suggesting an active syN-Sedimentary salt tectonics until today. In addition to the SW-NE trending faults, we observe a local N-S trending fault along the undisturbed plateau offsetting the shallow strata down to 300 msbsf (Figs. 6 and7a).

A close relationship seems to exist between the fault scarps and the failure planes of the ERIS. Especially at the toe of the ERIS, the scarp of the Northern Graben superimpose with the slide scar HS3 and HS4 where it forms a 50-100 ms high scarp (Figs. 4,6,8). To the west, the contact of the fault grabens with the Eastern levee of the Rhone canyon is characterised by truncations of the fan levees indicative of failure and collapse of the levee (Figs. 3a, b and8). We observe that the scarps are only visible at the western and easternmost parts of the ERIS, likely due to the alteration of the seafloor morphology after the deposition of the REMTD. Additionally, the eastward extent of the NG towards the GRC forms an elongated rupture in the bathymetry similar to that observed in slope fail-ures. We thus interpret these scarps as the eastward extent of the ERIS complex (Figs. 2a and3). -Lithofacies L1 is composed of foraminifera and calcareous nannoplankton oozes that correspond to pelagic-hemipelagic sedimentation during the Holocene period (Fig. 9). -Lithofacies L2 is composed of laminated clay with silt to very fine sand laminae interpreted as turbidites deposited by spillover from the Rhone valley (Dennielou et al., 2019). -Lithofacies L3 is composed of stiff mud of generally higher bulk density than the background values (1.85-1.90 g.cm -3 ). This lithofacies at times show colour banding corresponding to laminae and few silt layers characteristics of lithofacies in the Rhone fan (Dennielou et al., 2019;Lombo Tombo et al., 2015). The laminae are highly deformed and folded and show, at places, signatures of cracks. Based on the similarities observed in other studies in the study area (e.g. Bonnel et al., 2005;Dennielou et al., 2019Dennielou et al., , 2006;;Lombo Tombo et al., 2015), we associate the lithofacies L3 to REMTD.

Core PSM3-CS41 was collected on the undisturbed plateau at 1996 m water depth and penetrated 19.33 m deep (Fig. 9). This core was acquired on the topographic high and samples only the background sediments, hence serves as a reference core for the study area. At the top, it presents 6 cm lithofacies L1. From 6 cm to the bottom of the core it presents lithofacies L2. The lithological uniformity of the core is well represented by the gamma density curve with bulk density falling between the background values 1.85-1.95 g.cm -3 .

Core PSM3-CS42 is 9.29 m long and was collected at 2015 m water depth, one km east from core PSM3-CS41. The uppermost 20 cm of the core is composed of lithofacies L1. From 20 cm to 3.7 m, the core is composed of lithofacies L2. From 3.7 m to the bottom of the core it presents lithofacies L3. Sediments are highly deformed with steeply inclined and sometimes folded coloured bands. The inclination of the colour bands fluctuates through the core. The upper 3.7 m of the core is characterised by uniform bulk density lower than 1.9 g.cm -3 , while below 3.7 m the bulk density values increase to 1.95-2.0 g.cm -3 and fluctuate throughout to the bottom of the core. Core PSM3-CS46 was collected at 1985 m water depth and is 9.07 m long. The uppermost seven cm of the core is composed of lithofacies L1. From seven cm to 7.02 m, the core is composed of lithofacies L2 with silty laminae occurring every few cms. The frequency of the laminae decreases towards the top. From 7.02 m to the bottom of the core, below a sharp, erosive contact, the core presents lithofacies L3. The bulk density values for the top 7.02 m vary from 1.75 to 1.9 g.cm -3 and gradually increase to 2.05 g.cm -3 from 7.02 m towards the bottom of the core.

Core PSM3-CS47 is 10.87 m long and is located at the eastern flank of the PRC at a water depth of 1810 m. From the top to five cm, the core presents lithofacies L1. From five cm to 7.75 m, the core presents lithofacies L2. Similar to the core PSM3-CS46, this (Dennielou et al., 2019) and the Balearic Abyssal Plain Megabed (Rothwell et al., 1998).

part of the core shows frequent appearance of silty to sandy turbidites. However, the turbidites in this unit show erosive bases and are fining upwards. Below 7.75 m to the bottom of the core, the sediments show lithofacies L3. The bulk density values are well below the background values of 1.8-1.9 g.cm -3 throughout the core. The upper part of the core (down to 7.75 m) is characterised by density fluctuations whereas the lower part shows more stable values that generally increase towards the bottom of the core. However, the bulk density values for the entire core remain lower than the mean values observed in the other sediment cores.

Radiocarbon dating at the base of lithofacies L2, i.e. post-slide sediments within the undisturbed plateau, eastern PRC flank and the fault graben yield a 2 age between 20 and 21.8 ka cal BP, with an average median age of 20.85 ka cal. BP (Fig. 9). The postslide sediments dated in the cores at the base of the ERIS within the Southern Graben (core PSM3-CS46) and on the undisturbed plateau (core PSM3-CS42) yield a 2 age between 21 and 21.8 ka cal BP, with an average median age of 21.4 ka cal BP. However, this does not discard the possibility of multiple stages of sliding within this time. We suggest that the younger ages at the eastern flank of the PRC (at the base of lithofacies L2 within the core PSM3-CS047, Fig. 9) relate to a younger failure ca 1 ka later than the main slide event.

Our results coincide with the emplacement of RWMTD at 21 ka cal BP (Dennielou et al., 2019), suggesting a synchronous age for both MTDs (Fig. 10).

Our results are in general agreement with the previous studies that the sedimentation rates for the Holocene fall in the range of 0.05 to 0.10 m.ka -1 whereas the sedimentation rates for the onset of the interglacial period, which concerns laminations of muddy to silty clay material that is interpreted as fine-grained turbidites, the sedimentation rates exceed 1 m.ka -1 .

Discussion

Emplacement, kinematics and timing of failures in the Eastern Rhone Interfluve

Multiple headwall scarps HS1-HS4 in the ERIS complex suggest multiple failures in the source area. The presence of the REMTD facies within the uppermost headwalls in the seismic data (Figs. 4 and 5a) and the presence of several flat-lying glide planes suggest a retrogressive translational propagation of the failure, meaning that the failure started at the toe of the ERIS and propagated stepwise towards the shelf along the high-amplitude reflectors. Our results are consistent with previously published evi-dence that the overall flow direction of REMTD was towards the southeast due to the inherited topography of the Rhone Fan (Droz et al., 2006); however, the better resolution of the newly-available data allows us to reconstruct more finely the slide flow based on small-scale morphological features resulting from the failure (Fig. 11).

The basal ramp observed at the toe of the ERIS (Fig. 6) is a crucial kinematic indicator of the flow direction of the REMTD. Our observation is in agreement with the general observation that the ramps trend perpendicular to the flow direction of the failed mass (Alves, 2015;Bull et al., 2009;Gawthorpe and Clemmey, 1985;Trincardi and Argnani, 1990). We suggest that the presence of the N-S oriented fault next to the undisturbed plateau (Figs. 2a,a) have most likely funnelled and channelised the flow of the failed sediments, eventually enhancing the erosion of the seafloor. Alves et al. (2014) suggested that the presence of basal ramps is a key indicator relating to the combined effect of the erosional power of the MTD and seafloor morphology. Since the ERISC occurred in a gentle slope of 1.8 • , we suggest that basal ramps at the toe of the ERIS show an erosional tendency of the mass movement. The minor topographic highs along the grabens (Fig. 3a,11) suggest the deposition of failed sediments originating from the levee collapse during the major slide event or at a later stage.

Similar to other large MTDs around the world (e.g. RWMTD, Dennielou et al., 2019;BIG'95 debris flow, Lastras et al., 2005;Sahara landslide, Li et al., 2017), the REMTD has a long runout distance of about 200 km and an average width of 50 km. It filled the topographic depressions forming a smooth seafloor and shows very little to no reflections in the seismic data along with its transparent facies in the sub-bottom profiler data (Figs. 1, 2a, 7 a, b). This evidence suggests that the emplacement of the REMTD was highly fluid and mobile, such as in the case of a debris flow (Lastras et al., 2005). These arguments in addition to the presence of transparent seismic facies within the REMTD are in agreement with the previous studies on submarine debris flow (e.g. BIG'95 debris flow, Lastras et al., 2005). Additionally, the large width of the REMTD suggests that it must have transformed downslope into a more fluidic flow that allowed it to spread laterally.

We observe a frontally confined pressure ridge at the western boundary of the REMTD (Fig. 7c). Pressure ridges are typical within the lobes of debris flows (Moscardelli and Wood, 2008) and provide information about the flow direction of the MTDs. However, considering that the pressure ridge occurred on a stratigraphic level much lower than the REMTD and it is not located in the direction of the main pathway of the REMTD, we discard a genetic link of the pressure ridge relating to the REMTD. Gamboa and Alves (2016) suggested that pressure ridges are common within minibasins surrounded by buried salt-related structures. Similarly, the pressure ridge in the study area occurs within a minibasin bounded by a buried diapir in the south and a buried roll-over anticline in the north (Fig. 8). Therefore, the emplacement of this pressure ridge was likely controlled by the growth of the underlying salt structures, by analogy to what suggested for the Brazilian Margin [START_REF] Gamboa | Distribution and characterization of failed (mega)blocks along salt ridges, southeast Brazil: implications for vertical fluid flow on continental margins[END_REF]Gamboa and Alves, 2016).

The recurrence of the MTDs (REMTD, SMTD, and DSMTD) at different stratigraphic intervals suggests a long history of masswasting in the GoL. The DSMTD has been previously described as the result of a westward shift of the paleo-Rhone valley during the Mid-Pleistocene that coincide with the occurrence of a major unconformity (∼450 ka, Bellaiche et al., 1986;Droz, 1983;Droz et al., 2006;Torres et al., 1995). As for the SMTD, it has never been dated with direct or indirect methods. Based on the average sedimentation rates and its stratigraphic placement, we estimate that the SMTD was most likely emplaced around 350 ka. The REMTD, on the other hand has been directly dated, for the first time, using AMS radiocarbon dating. Radiocarbon dating of the post-REMTD sediments confirms that it was emplaced between 21 and 21.8 ka cal BP (Figs. 9 and 10).

The ERISC took place before 21.4 ka cal BP, during the peak of the LGM, while the sea-level was 120 m lower than today. Within the resolution limits of geophysical data, we do not find evidence of multiple failure events. However, MTD lithofacies found on the Rhone levee (core PSM-CS047; Fig. 9) were deposited ca. 1 ka after the REMTD. This suggests that mass-wasting occurred over a long period of time, although not always in big volumes. Overall, the age of the emplacement of the REMTD from our study is coeval with the emplacement of the RWMTD (21.5 ka cal BP; Dennielou et al., 2019) and within dating uncertainties with the mega-turbidite in the Balearic Abyssal Plain (21.95 ka cal BP; Rothwell et al., 1998), suggesting a common trigger (Fig. 10).

The significance of the high-amplitude horizons in the ERIS

Glide planes of the ERIS, as well as the SMTD and pressure ridge, coincide with high-amplitude reversed polarity bedding planes showing a strong stratigraphic control on the failures (Figs. 4567c). In the Western Mediterranean, repetition of these high-amplitude reflectors in the last six sedimentary sequences is attributed to 100 kyr-glacio-eustatic cycles in the upper slope successions in the GoL (Jouet et al., 2006;Rabineau et al., 2005;Sierro et al., 2009), in the Adriatic Sea (Ridente et al., 2009) and in the Tyrrhenian Sea [START_REF] Toucanne | Tracking rainfall in the northern Mediterranean borderlands during sapropel deposition[END_REF]. Especially in the GoL, the cyclicity expressed by the superposition of high-amplitude reflectors is widely reported as a result of deposition of condensed sections (Torres et al., 1995;Jouet et al., 2006;Rabineau et al., 2006Rabineau et al., , 2005;;Riboulot et al., 2014;Sierro et al., 2009). Condensed sections are described as hard grounds representing long periods of geological time (Baraboshkin, 2009;Cattaneo and Steel, 2003;Crews et al., 2000;Loutit et al., 1988). In the GoL, these successions of condensed sections formed during periods of sea-level highstand, when sources of terrigenous sediments from the Alpine rivers shifted landwards. During highstands, deltaic sediments were trapped in the flooded inner shelf and hemipelagic sedimentation led to the preferential accumulation of pelagic skeletal fractions in the lower slope (Frigola et al., 2012). We therefore suggest that the higher fractions of pelagic skeletal material as observed in the condensed sections in the PROMESS borehole (Jouet, 2007;Riboulot et al., 2014;Sierro et al., 2009), most likely create high bulk porosities in the sediments and eventually explain the reversed polarities identified in our seismic data 7c).

Submarine landslides can take place at slopes as gentle as 1 • along potential weak layers, when the shear stress becomes significantly higher than the shear strength (Fields et al., 1982;Urlaub et al., 2015Urlaub et al., , 2018)). Weak layers consist of sediments that have strengths lower than the adjacent layers to provide a potential focus for the development of the surface of rupture (sensu Locat et al., 2014). In high-latitude settings, as in the case of the Storegga slide complex, lithological contrast has been invoked as the main reason for developing weak layers, where contouritic and hemipelagic sediments are interbedded with glacigenic debris flow deposits (Laberg and Camerlenghi, 2008). Also in mid-latitude deepwater environments such contrast in lithology exists. Dan et al. (2009) invoked that lithological contrast of marine mud and thin-bedded turbidites could become an important predisposing factor in order to emplace major failures on the slopes. Condensed sections are composed of clayey sediments that are abundant of microfossils and could represent a significant contrast in lithology. They show higher shear strength than the overlying sequences and are well accepted as glide plane of the failure rather than to have acted as a weak layer, as proposed in the Ursa Basin (Sawyer et al., 2009;Sawyer and Hodelka, 2016) and in the Adriatic Sea (Sultan et al., 2008). The turbiditic sequences sandwiched between the condensed sections within the ERIS complex most likely control the localisation of potential weak layers, especially because coarser-grained materials (such as turbidites) are prone to liquefaction even in case of a mild seismic loading (Dan et al., 2009). This could explain why a variety of mass movements occur extensively over the high-amplitude horizons at several stratigraphic levels in the study area 7c).

Preconditioning and trigger mechanisms

The potential relationship between sea-level and landslide frequency has long been in the debate (Lee, 2007.;Leynaud et al., 2009;Owen et al., 2007;Urlaub et al., 2013). [START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF] highlighted an increase in landslide activity in the Mediterranean region during and after the LGM. Besides, Brothers et al. (2013) proposed a direct link between sea-level induced seismicity and slope failures. Even if some uncertainties remain on dating accuracies (Urlaub et al., 2013), and with limited analysis, it is difficult to directly demonstrate a causal link between climatic forcing and seafloor instabilities. Considering the synchronicity in the ages of multiple MTDs, we suggest that it should not be discarded that the sea-level fall during the LGM directly or indirectly played a major role in the emplacement of these large MTDs in the Western Mediterranean. Therefore, we discuss the likelihood of large-scale triggers that may have induced slope instabilities and eventually favoured emplacement of these large MTDs (especially REMTD and RWMTD) in the GoL.

Rapid sedimentation and excess pore-pressure generation: Rapid sedimentation can govern the stress and strength conditions on a slope over time, leading to failure, once a critical amount of preconditioning is reached (Stoecklin et al., 2017). The Rhone fan during the end of the last glacial period received sediment load up to 5 times the present-day during early phases of glaciers melting (Kettner and Syvitski, 2009;Lombo Tombo et al., 2015;Sierro et al., 2009). For instance, up to 25 m of sediments were deposited within 12 ka between 30-18 ka on the upper slope (Sierro et al., 2009) and four m of sediment were deposited in the Rhone turbiditic valley within 1.4 ka at the end of the LGM (Lombo Tombo et al., 2015).

Additionally, below-average bulk density (<1.9 g.cm -3 ) may suggest an under-consolidated state of the turbiditic units (Lithofacies L2; Fig. 9) that were deposited until the onset of interglacial period. Slope failure analysis at the Bourcart Canyon head show that sediment loading with only two m of sediment rapidly accumulated can generate significant slope failure (Sultan et al., 2007). Even if the morphology and sedimentary processes on the fan levees and at the base of the slope are different from those of canyon heads. One can assume that the much thicker accumulation on the open slope and fan levees must have favoured the failure. This forcing is further suggested by the age of the REMTD, between 20-21.7 ka cal BP (Fig. 10), exactly during the maximum lowstand and before the onset of sea-level rise (Clark et al., 2004;Lambeck et al., 2014), when rivers and canyons were connected to the shelf edge, maximum sediment loading occurred on the upper slope and maximum sediment was transferred to the rise and onto basin fans. The threshold between shear strength and stress under high accumulation rates could likely be reached, particularly because it can generate excess pore pressure and develop weak layers (Leynaud et al., 2007;Locat et al., 2014). In our case sedimentation rates, in the order of 1-2 m.ky -1 (Lombo Tombo et al., 2015; Sierro et al., 2009) are not extreme like on glaciated margins (Hjelstuen et al., 2004), prodeltas (Fanget et al., 2013;[START_REF] Zhou | Modern sediment characteristics and accumulation rates from the delta front to prodelta of the Yellow River (Huanghe)[END_REF] or even on deep-sea turbiditic channel mouth lobes (Dennielou et al., 2017;Rabouille et al., 2017). However, sub-seafloor architecture at places (especially within the ERIS headwall area) reveals steep slopes inheriting topographies of previous failures accompanied by local slope failures (e.g. Figs. 5a,b). The concurrence of over-steepening and low shear strength and under-consolidation by high sediment accumulation could constitute an aggravating factor for sliding. In addition to sediment loading and over-steepening, the occurrence of potential weak layers like silt layers may be determinant in the trigger of sliding (Dan et al., 2009;Locat et al., 2014). Therefore the porous silt layers occurring in the leveed turbiditic facies (Fig. 9) may have promoted an increase in excess pore pressure and have favoured sliding, particularly because they are sandwiched between clayrich, less permeable layers.

Gravitational gliding of post-Messinian strata related to halokinesis: In the Gulf of Lions listric faults related to salt-sediment interactions extend from the base of the Plio-Quaternary (ca. two km deep). The majority of the faults reach the seafloor corresponding to escarpments with vertical offsets exceeding 20 m (dos Reis et al., 2005), suggesting an ongoing slope steepening due to saltsediment interaction. Growth strata at the footwall of the NG and SG clearly show that the faults were most likely active at the time of emplacement of ERIS (Figs. 4,6,8). Therefore, an aseismic slip of the main growth fault may likely have resulted in a regional steepening of the seafloor and most importantly exposing the strata at the toe of the ERIS. In either case, the growth fault controls the location of the headwall scarps and with a slip of about 100 m an external trigger might not have been required, a high-sedimentation rate coupled with high slope angles might have been enough to initiate the failure (Stoecklin et al., 2017).

Considering the coinciding ages of RWMTD (Dennielou et al., 2019) and REMTD (this study) at the peak of the LGM, and the presence of the faults crosscutting the entire GoL, we suggest that the growth faults located at the toe of the ERIS in presence of preferential failure planes and high-sedimentation rates most likely favoured the emplacement of the slide. Vertical movements of listric faults due to isostatic rebound may likely occur preferentially during the lowstand and be a positive feedback of sediment loading on the Rhone fan. Although the rate of vertical movements is not quantified, we suggest that it can be definitely considered as a further factor for sediment instability that adds up to high sediment accumulation.

Conclusions

The Gulf of Lions is a passive margin of about 200 km length and 70 km width with main sediment supply from the Rhone River depositing alpine sediments on the Rhone delta. The slope of the GoL is dissected by fifteen submarine canyons, the largest one being the Petit Rhone Canyon. Seafloor instability in the GoL occurs in canyon heads and flanks, but also in the interfluve slope areas and the levees of the main submarine valleys. Previous studies highlighted the presence of several large surficial MTDs with volumes exceeding 100 km 3 . We presented here details on the REMTD that was emplaced 21.4 ka during the peak of the Last Glacial Maximum. The newly available high-resolution geophysical data allowed a detailed investigation of the source of the REMTD that we referred to as the Eastern Rhone Interfluve Slide. The combination of a diversified geophysical dataset provides insights into the slope failure processes that can be summarised in the following points.

• The overall morphology of the ERIS is dominated by staircase geometry indicative of a retrogressive failure on multiple glide planes, extending from a water depth of 500 m-2000 m. • Preconditioning of the ERIS by localization of weak layers may have been favoured by rapidly accumulated turbiditic sequences sandwiched between reversed polarity strong reflectors interpreted as condensed sections, which were most likely deposited during the sea-level highstands. • The location of landslide scars seems to be associated with the presence of listric faults rooted in the Messinian evaporite layer acting as a décollement surface, driven by the gravitational gliding of post-Messinian strata. • The triggering mechanism responsible for the emplacement of the slide is not yet clear, but a combination of processes such as local and regional slope steepening due to halokinesis and excess pore pressure generation due to rapid sediment accumulation likely affect the slope stability.

Abstract: Megabeds are thick sedimentary layers extending over thousands of square kilometres in deep-sea basins and are thought to result from large slope failures triggered by major external events. Such deposits have been found in at least three areas of the Mediterranean Sea. Although their discovery dates back to the early 1980s, many questions remain concerning their initiation, source area, extent and the nature of their emplacement. One of the largest previously documented megabeds was emplaced during the Last Glacial Maximum across the Balearic Abyssal Plain, with a thickness of 8-10 m in water depths of up to 2800 m. New 3.5 kHz sub-bottom profiles and sediment cores provide greater constraints on the lateral variability of the megabed and allow it to be mapped beyond previous estimates, with a revised areal extent of 90 000-100 000 km 2 . The megabed terminations show a gradual pinchout to the west and an abrupt eastward termination against the steep Sardinia margin. The megabed presents, in seismic profiles and sediment cores, a tripartite subdivision, which most likely corresponds to the changes in flow regimes across the basin, with a central area of sandy facies and an erosional base oriented NNE-SSW; this allows renewed discussions about the sources and triggers of the megabed.

Anomalously thick (up to tens of metres), acoustically transparent sedimentary layers known as megabeds or megaturbidites are found in at least three deep basins of the Mediterranean Sea: the Balearic Abyssal Plain (Rothwell et al. 1998), the Ionian Sea (Cita and Aloisi 2000;Hieke et al. 2003) and the Herodotus Basin in the Eastern Mediterranean (Reeder et al. 2000). These deposits have volumes equivalent to some of the largest mass movements documented worldwide, often in excess of 100 km 3 (Fildes 2013 and references therein). The term megaturbidite indicates a turbidite (i.e. a fining-upward, sand/silt/clay bed accumulated from a waning, semi-laden turbulent flow; Mutti 1992) that has a thickness larger than the average surrounding turbidite beds above and below, a peculiar composition and a basinwide extent (Bouma 1987). Typically, megabeds are recognized in abyssal plain settings. In some cases, megabeds are capped by a thick (pluri-metric) accumulation of dominantly structureless, homogeneous From: Georgiopoulou, A., Amy, L. A., Benetti, S., Chaytor, J. D., Clare, M. A., Gamboa, D., Haughton, P. D. W., Moernaut, J. and Mountjoy, J. J. (eds) 2020. Subaqueous Mass Movements and their Consequences: Advances in Process Understanding, Monitoring and Hazard Assessments. Geological Society, London, Special Publications, 500, 341-357. First published online May 14, 2020, https://doi.org/10.1144/SP500-2019-188 © 2020 The Author(s). Published by The Geological Society of London. All rights reserved. For permissions: http://www.geolsoc.org.uk/permissions. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics silty clay without microfossil content (also referred to as homogenite) [START_REF] Kastens | Tsunami-induced sediment transport in the abyssal Mediterranean Sea[END_REF]Cita et al. 1984). In this study, we use the term 'megabed', because the terms 'megaturbidite' and 'homogenite', though describing sedimentary facies, are also genetically connoted and correspond to the HmTu (homogenite-turbidite) couplet of genetically linked deposits (e.g. Campos et al. 2013). The reason to study megabeds is two-fold. Firstly, in spite of their massive appearance, detailed information on the sedimentary structures is scarce in the literature, inhibiting a clear interpretation of the associated sedimentary processes at the origin of these anomalously large event deposits. Secondly, they may be diagnostic of major catastrophic events, as their triggering is usually attributed to major external events, including large earthquakes and tsunamis, or they may themselves have triggered tsunamis (e.g. Talling et al. 2014). The emplacement of such a megabed could impact important deep-sea benthic communities as a result of a widespread and rapid burial of the seafloor over hundreds of square kilometres as well as the prolonged (several months' long) effects of turbid waters during the settling of suspended fine sediments. Following the 12 January 2010 Haiti earthquake (M w 7.0), a 600 m-thick nepheloid layer took two months to settle after the initial event (McHugh et al. 2011).

As megabeds typically form widespread, lowrelief deposits that blanket broad basin topography, their identification from seafloor data is challenging. As a result, their identification is usually based on the recognition of extensive acoustically transparent layers in sub-bottom profilesa diagnostic echo-facies signature that results from the generally homogeneous nature of the deposits (Damuth 1980;Cita et al. 1984). Several hypotheses have been proposed that associate their mechanisms of origin with catastrophic high magnitude events (e.g. volcanic activity, earthquakes and tsunamis). Recent studies have proposed scenarios where multiple sedimentary processes contribute to the emplacement of megabeds (e.g. Mulder et al. 2009;[START_REF] San Pedro | Origin and chronology of the Augias deposit in the Ionian Sea (Central Mediterranean Sea), based on new regional sedimentological data[END_REF] or have resulted in the revision of previous age estimates for event timing. For instance, more accurate age dating linked the Augias megabed in the Ionian Sea to the large historical earthquake of AD 365 on the island of Crete (Vigliotti 2008;Polonia et al. 2013;[START_REF] San Pedro | Origin and chronology of the Augias deposit in the Ionian Sea (Central Mediterranean Sea), based on new regional sedimentological data[END_REF], rather than to the previously assumed triggerthe Santorini volcanic eruption (3.5 ka BP;Cita et al. 1984). Given their prodigious volumes, it is remarkable that there are still so many unanswered questions about the nature and processes related to these megabeds.

Although the discovery of megabeds dates back to the early 1980s [START_REF] Kastens | Tsunami-induced sediment transport in the abyssal Mediterranean Sea[END_REF], there are still questions concerning megabeds that relate to (1) determining the precise recurrence times of these deposits when present in superimposed layers, with important implications for the reconstruction of past catastrophic events; (2) the physical and mechanical characteristics of these deposits to more strictly constrain the sedimentary processes that led to these exceptional sediment accumulation events and their impact on benthic communities; and (3) the sedimentary and geochemical sources of the sediment that formed the megabeds. The Balearic Abyssal Plain (BAP) megabed, the largest megabed in the Mediterranean, is a perfect example of a puzzling deposit. While its age is well constrained by multiple radiocarbon dates and biostratigraphy (Rothwell et al. 1998;Hoogakker et al. 2004), the initiation processes and source areas remain far from clear, even on a regional basis (Rothwell et al. 1998(Rothwell et al. , 2000;;Droz et al. 2006). It is remarkable that a deposit with an estimated volume of 500-600 km 3 has no obvious source, especially given the extent of marine geological studies around the Western Mediterranean in recent years (e.g. Badhani et al. 2019;Dennielou et al. 2019). In order to understand the hazard posed by these large sediment transport events, it is important to address these uncertainties. Where did they come from? How did they initiate? What is their full spatial extent? What process(es) explain their emplacement and are multiple phases of activity involved? These questions are particularly important given the dense coastal populations that border confined Mediterranean basins, such as the Balearic Abyssal Plain, and because megabed emplacement is not a one-off event in these settings. Stacked megabeds have been observed in seismic data, indicating that these are recurrent events both in Quaternary sediment (e.g. in the Ionian Abyssal Plain, Hieke et al. 2003;in the Marmara Sea, Beck et al. 2007) and in ancient deposits (e.g. in the Northern Apennines, Amy and Talling 2006;in Argentina, Fallgatter et al. 2016).

Sub-bottom seismic profile datasets are important for near-surface structural and sedimentological analysis. This is why we present a basinwide analysis of the newly available sub-bottom profile data and a comparison with, in part, already published analysis of sediment cores that have sampled the BAP megabed. We present an extensive (though not comprehensive, because the vast area of the BAP is scarcely covered by geophysical surveys, see Fig. 1) view of the geometry, terminations, bounding surfaces and internal geometries of the megabed. We also set up the first steps to match seismic data to core data in order to reconstruct the sedimentary processes at the origin of the megabed, based on integrated and complementary new evidence. The aim of this study is to highlight details in the seismic images of the BAP megabed that unveil aspects of the sedimentary processes at its origin and source; in particular, we present detailed diagnostic features of the sedimentary processes, including evidence of localized basal erosion, considerations on the nature and internal variability of the megabed indicative of possible flow transformations and some results on the mechanical properties of the homogenite part.

Background

The Western Mediterranean Basin formed behind a Miocene volcanic arc with the clockwise rotation of the Corsica-Sardinia block and the opening of the Provençal Basin (Réhault et al. 1984). It is the youngest part of the Mediterranean formed from the late Oligocene to the present (Mauffret et al. 2004). The BAP is the largest abyssal plain of the Mediterranean with an area of about 77 000 km 2 and may be identified by the 2800 m isobath (Rothwell et al. 1998(Rothwell et al. , 2000)). It is surrounded by the passive margins of the Gulf of Lions and the Ligurian Sea with the Rhone and Var fans to the north, the Algerian margin to the south, the Balearic margin and the Valencia fan to the west and the Sardinian-Corsican margin to the east; the continental shelves vary from the 200 km-wide Gulf of Lions to less than 50 km along Corsica, Sardinia and North Africa (Rothwell et al. 1998;Hoogakker et al. 2004;Zúñiga et al. 2007). Sources for turbidity currents have been documented from several of these continental margins and include earthquake-triggered events associated with tsunami waves, such as the 2003 Boumerdès event (Cattaneo et al. 2012).

The most striking morphological feature of the BAP is the presence of a thick Messinian evaporite layer, generating salt walls and diapirs at the seafloor (Stanley et al. 1974). Another key feature of the BAP is a thick layer identified in the abyssal plain by its acoustically transparent signature in sub-bottom profiles, known as a 'megaturbidite' (Rothwell et al. 1998), which extends over the entire abyssal plain and reaches a thickness of 8-10 m in the centre of the basin (Rothwell et al. 1998(Rothwell et al. , 2000)). The longest core records of the BAP megabed are the giant Calypso piston cores recovered during the PALAE-OFLUX campaign in 1995 (Rothwell and Balut 1995; Table 1). These piston cores of up to 32 m in length were recovered along a NNE-SSW transect and were located about 120 km apart from each other (Fig. 1). They were dated to reconstruct the stratigraphic history of the accumulation, which accounts for up to 150 kyr and is constituted by about 90% of turbiditic successions and only 10% of hemipelagites (Rothwell et al. 2000(Rothwell et al. , 2006;;Hoogakker et al. 2004;Clare et al. 2014). Turbidite bases towards the northern part of the BAP are thicker and coarser in grain size, indicating a more likely provenance from the north, according to Hoogakker et al. (2004). The attribution of the age of the megabed is based on ten radiocarbon ages above and below the megabed in cores MD95-LC01, -LCO2, -LC04, -LC05 and -LC06 (Rothwell et al. 1998). Dennielou et al. (2019) performed a recalibration of the five dates on top of the megabed following Reimer et al. (2013) and obtained a 2-sigma age of between 20.3 and 20.9 cal ka BP with a median probability of 20.6 cal ka BP, placing it within the Last Glacial Maximum.

Data and methods

Sub-bottom profiles

All available sub-bottom data within the interest area were integrated in a single Kingdom database for interpretation, including, in particular, the newly acquired data during the WestMedFlux surveys (Poort and Lucazeau 2016;Poort and Gorini 2018;Figs 2-5) but also the datasets from the PROGRES (Droz 2003) and SARDINIA (Aslanian and Olivet 2006;Fig. 3) campaigns. Some profiles from the AM-MED survey (Rabineau et al. 2013) were also integrated. Successive processing steps were applied onboard: correlation (signal compression), correction of the spherical divergence, compensation of the movements of the ship (pitch, roll and heave), calculation of the location of the source and receptors and correction for the delay. The import of subbottom data in the Kingdom database was performed in amplitude, and the envelope was computed for each SEG-Y file. The locations of the cores were also loaded into the database so that they could be correlated with the seismic data (Table 1).

Sediment cores

Sediment cores reaching the top or the entire BAP megabed are summarized in Table 1, including cores presented in the literature and in this study (Figs 6 and7). In most cases, the identification of the BAP megabed is based on two criteria for 2) but also on sedimentary facies characteristics, mainly the sediment colour (different from the adjacent beds) and the homogeneous structureless texture (Fig. 8). Sediment core WMF2-KF11 was positioned on seismic profile WMF2016-AT006 by adopting a velocity of 1529 ms -1 based on an averaged value of the Multi Sensor Core Logger data (P-wave velocity) measured on the whole core (Fig. 6). 2). Geotechnical analyses were performed on core WMF2-KF11 (Fig. 9). They included measurements on the freshly opened core (water content, vane shear, P-wave velocity with a celerimeter). Values of compressional wave velocities, undrained shear strength (peak and residual) and water content were measured on split sections of core WMF2-KF11 using devices and approaches as reported in Miramontes et al. (2018). Four oedometer tests with incremental loading were also carried out on preserved samples from the same core, two within the megabed and two in overlying sediments, to determine the recompression (Cr), compression (Cc) and swelling (Cs) indices as well as the yield stress ratio (YSR) of the sediments.

Results

Expression and variability of the BAP megabed in sub-bottom profiles

With the available bathymetric and seismic reflection datasets, it is difficult to have an exhaustive view of the lateral variability of the BAP megabed due to the lack of complete coverage of the abyssal plain. The BAP is characterized by variable morphologies and structures linked to the halokinesis of Messinian evaporites, creating a highly variable seafloor landscape. To account for such variability, we present here some evidence of the expression of the megabed in distinct sectors of the abyssal plain, including megabed terminations (Fig. 3), erosion at the base of the megabed (Fig. 4) and internal subdivisions (Figs 567). The BAP megabed is identifiable as an acoustically transparent layer all over the area outlined by a black line in Figure 1 and corresponds to the limits of this layer according to Rothwell et al. (1998Rothwell et al. ( , 2000)), i.e. to the 2800 m isobath. Sub-bottom profile WMF2016-AT010 shows the laterally continuous, acoustically transparent unit of the BAP megabed less than 10 m below the seafloor, with gentle folds following the geometry of underlying strata and a gradual pinchout of the unit towards the west (Fig. 2a). In sub-bottom profile WMF2018-AT141A, however, the same acoustically transparent layer still presents a good degree of lateral continuity but with an accentuated effect of deformation due to the presence of salt domes; it is also possible to lose the lateral continuity of the layer and find it beyond the highest salt domes (see Fig. 3a towards the west). In Figure 2b, sub-bottom profile WMF2016-AT0016_T215750 shows the presence of faults in the central part of the basin, which are most likely linked to salt dome movements, displacing the megabed by several metres either in distinct locations (Fig. 2b, towards the west) or in sets of narrowly spaced faults (Fig. 2b, towards the east). By appreciating the geometry of the BAP megabed and that of the underlying strata, it is possible to deduce that the halokinetic deformation postdates the emplacement of the megabed. Another characteristic feature of sedimentary bodies, and of their expression as seismic units, is the geometry of pinchout terminations. Two contrasting styles of megabed termination exist on two opposite sides of the abyssal plain (Fig. 3). Towards the west, the pinchout of the BAP megabed seems to reach the offset of 15 000 m, but it actually goes gradually further west beyond an area with salt domes (offset 1000 m in Fig. 3a). Towards the east, the termination of the acoustically transparent unit is against the Sardinia margin, which is relatively steep with a slope angle exceeding 11°(Deiana et al. 2016). The termination is abrupt, passing from about 10 m in thickness to zero, and masked by the hyperbolae of the Sardinia margin (Fig. 3b,c). In this latter case, the termination is reminiscent of the first identifications of 'homogenites' in the Eastern Mediterranean by [START_REF] Kastens | Tsunami-induced sediment transport in the abyssal Mediterranean Sea[END_REF], who described these deposits as lying flat within each basin with abrupt terminations against the steep basin walls. The megabed thickness does not decrease gradually towards the west; instead, values irregularly increase towards the centre of the basin due to deformation by salt domes (Fig. 3b).

The contact of the megabed with the underlying strata is conformable in the majority of the analysed seismic lines (Figs 2 and6), but it is irregular in a part of the central area of the BAP (Fig. 4). A diagnostic indicator of the processes generating turbidite beds is the erosional nature of the basal surfaces of the beds. Figure 4a, b presents evidence of seismic reflectors truncated below the base of the megabed; we interpret these features, present mostly in the area within the dashed blue line in Figure 4c, as localized erosional features. An alternative interpretation might suggest that these features have resulted from fluid escape, but this is unlikely because of the lack of evidence of vertical anomalies in the seismic profiles that could be identified as fluid escape chimneys. Other sub-bottom profiles in this central-western area of the abyssal plain show similar features.

Far from being fully homogeneous, the dominantly acoustically transparent megabed also presents a certain variability in its acoustic response. We summarize this variability in three slightly differentiated seismic echo-facies (Damuth 1980;Fig. 5). Echo-facies I, below the top of the megabed, presents faint discontinuous and very low amplitude reflectors. Echo-facies II is dominantly transparent, but it is topped by a discontinuous seismic reflector mappable in several areas where the megabed is relatively thick. Finally, echo-facies III is characterized by a discontinuous base and top showing medium-amplitude discontinuous reflectors; it also occurs in association with local erosional features (Fig. 4b). Echo-facies III is present at the base of the megabed, where it reaches a thickness exceeding c. 10 m in the central area of the abyssal plain (Fig. 4c). The three echo-facies cannot be identified thoroughly over the entire extent of the megabed.

Sediment character of the BAP megabed

The lithology and sedimentary structures of the BAP megabed from the literature were compared with the new observations on core WMF2-KF11. Table 1 shows the identification of the BAP megabed, its grain-size divisions and thickness in (2017) and two WMF2 cores presented in this study (Poort and Gorini 2018). The presence of the BAP megabed is also suggested in two additional WMF cores (Poort and Lucazeau 2016). In general, cores located within the limits identified by Rothwell et al. (1998) and reaching the megabed present an overall bipartite lithology with a normally graded, sandy to silty base capped by a homogeneous clay unit that can be several metres thick.

The megabed can thus be described as a HmTu couplet, since it is composed of two distinct components (Campos et al. 2013; see also McHugh et al. 2006).

Sediment core WMF2-KF11 was collected at 2848 m water depth in the central part of the Balearic Abyssal Plain. It is 5.92 m long and presents brownish-yellow silty clay with foraminifera and shell fragments in the upper c. 30 cm, gradually passing to alternating very thin to medium thick, normally graded sandstones and olive-grey silty clays down to 2.28 mbsf (Figs 6b, d and7). This interval is interpreted as alternating turbidites and hemipelagites. The rest of the core down to 5.92 mbsf is composed of homogeneous dark grey silty clay (2.28-4.50 mbsf ), dark grey clayey silt with sub-millimetric laminae (4.50-5.25 mbsf ) and dark grey structureless, possibly normally graded, silt. The entire interval from 2.28 to 5.92 mbsf is interpreted as part of the BAP megabed and includes the Hm division (2.28-4.50 mbsf ) and part of the Tu division (sensu Campos et al. 2013). By using a conversion velocity of 1529 m s -1 based on Multi Sensor Core Logger (MSCL) data (Fig. 6c), the core was projected on the sub-bottom profile WMF2016-AT016 (Fig. 6a). It is possible to tentatively correlate the three echo-facies to sedimentary facies: echo-facies III would correspond to sandy turbidite facies, echofacies II to silty turbidite facies, and echo-facies I to homogenite facies.

The same tripartition of sedimentary facies within the megabed in core WMF2-KF11 is also visible in core LC05, which is from the southwestern sector of the BAP (Fig. 7). The megabed presents a sharp and irregular (eroded) base and an upper gradational and bioturbated contact. Its grain size is coarse sand to clay with positive grading, although negative grading may exist in the coarse fraction at the base. There is an overall upward-fining trend to the homogeneous mud unit at the top, with a slight grain-size break at the transition from silt to mud (Fig. 7b). The sedimentary structures include a mostly massive basal division with faint planar lamination, which may include planar intrabed contacts at the base and a transition into cross-bedded, climbing ripples and convolute laminae (Fig. 7b). It is likely that the megabed represents a ponded megaturbidite, which resulted from a steady, long-lived turbidity current as suggested in the existing literature (e.g. Rothwell et al. 1998Rothwell et al. , 2000;;Clare et al. 2014). Planar laminae formed as a result of grain flow at the head of the turbidity current. The rest of the flow settled out due to low density turbulent suspension, and/or gel strength and/or excess pore pressure.

A transect of sediment cores offshore the Algerian margin (PSM3-KS21, PSM3-KS23 and PSM3-KS27; Fig. 8), fully described in Babonneau et al. (2017, fig. 7), shows a sedimentary succession of fining-upward, sandy/silty layers (turbidites) alternating with thin mud layers (hemipelagites). A mud layer is distinctive in photographs due to its grey colour being different from that of other encasing layers. The age constraints above and below the grey bed [START_REF] Babonneau | Turbidite chronostratigraphy off Algiers, central Algerian margin: a key for reconstructing Holocene paleoearthquake cycles[END_REF]; Table 2) suggest that it is possible to identify it as the distal expression of the BAP megabed. This identification of the BAP megabed in distal cores goes up to 200 km beyond the pinchout of the megabed, as is visible in seismic lines, and suggests that other cores, such as cores WMF-KF10 and -KF11 south of the Balearic Islands, could also contain the same layer (Fig. 1; Table 1).

Mechanical properties of the BAP megabed in core WMF2-KF11

A marked change in both density and V p profiles occurs at 2.28 m in core WMF2-KF11 (Fig. 9). This change is reflected by YSRs higher than 1 above 2.28 m and lower than 1 below 2.28 m. However, apart from the recompression indices, the other indices determined from oedometer tests do not show a clear change; this contrasts with the values of undrained shear strength (S u ), which decrease abruptly below 2.28 m (Fig. 9). Comparisons with the trends generally exhibited by normally consolidated sediments (S u = 0.2 σ′v or 0. 

Discussion

Overall distribution of the BAP megabed and inference on sources

The BAP megabed is reported in the literature as extending in the BAP identified by the 2800 m isobath over a surface of 60 000 km 2 for a volume

PSM-KS21

PSM-KS23 PSM-KS27 7). Note that a distinct sediment layer (grey shaded area) can be seen in the photographs, with its colour being different from that of other encasing turbidity layers; its age is compatible with that of the BAP megabed (Table 2). The core identifiers are PSM-KS21 (http://igsn. org/BFBGX-86346), PSM-KS23 (http://igsn.org/BFBGX-86348 and PSM-KS27 (http://igsn.org/BFBGX-86352).

of 500 km 3 (Rothwell et al. 1998) and, successively, over a surface of 77 000 km 2 for a volume of 600 km 3 (Rothwell et al. 2000;Hoogakker et al. 2004). We find, thanks to the identification of a distal correlation of the megabed to the west (Fig. 8), that the megabed extends 200 km further along the central Algerian basin (Fig. 1, dashed lines). The resulting extent would thus be up to 90 000-100 000 km 2 , while the total volume would not be affected much by this extension and would be up to 640 km 3 because of the limited thickness of this part of the megabed (,1 m; Fig. 8).

Beyond its considerable size, the importance of the information from the analysis of the BAP megabed consists in its exceptional state of preservation and basinwide extent. The BAP megabed has preserved much detail that is missing in many other more ancient settings, but unfortunately the extent of the dataset is limited and uneven. Core data (Table 1) show that the megabed thickness is at its maximum in the deepest central part of the BAP (core LC04). The contrasting styles of the megabed terminations, with a gradual pinchout towards the west and an abrupt termination with significant thickness to the east, could be related to the distance from the source or to an enhanced effect of ponding with possibly oblique reflection against the steep Sardinia margin (sensu Kneller et al. 1991).

As in the case of several ancient megabeds in outcrops, the provenance problem cannot be solved simply by a single argument. The sediment provenance of the Oligocene Numidian megabed has been debated and attributed to European sources based on zircon analysis (Fildes et al. 2010), to African provenance (Thomas et al. 2010) or, again, African based on a series of argumentations, including palaeogeographical reconstructions (Stow et al. 2010). The case of the BAP megabed could be theoretically simpler, because palaeogeography during the Last Glacial Maximum can be inferred with a higher degree of certainty and corresponds to the present setting of the megabed with a sea-level lowered by about 120 m during the Last Glacial Maximum (Fig. 7c, modified from Clare et al. 2014). Nevertheless, the solution is not easy and several independent bodies of evidence have to be explored, possibly with the support of future geochemical investigations. The location of historical seismicity, concentrated Fig. 9. Physical and geotechnical parameters measured in core WMF2-KF11. From left to right: density from Multi Sensor Core Logger (MSCL) data (black line) and from water content on discrete samples (blue dots); P-wave velocity from MSCL data (black line) and discrete measurements on half core via celerimeter (blue dots); derived parameters from oedometer testsyield stress ratios (YSRs) and recompression, compression and swelling indices; and undrained shear strength (Su) measured by the Vane test in the half corenormally consolidated sediment would fall within the black and red lines. Note the abrupt change of several parameters at 2.28 mbsf. The grey shading corresponds to the depth of the homogenite part of the BAP megabed (2.28-4.50 mbsf), whereas the yellow shading is the silty/sandy portion of the megabed sampled by the core.

in three sectors (Ligurian, Pyrenean and Algerian margins), could suggest possible source areas of mobilized sediment following major earthquakes (Fig. 7c).

Internal structure of BAP megabed and inferred sedimentary processes Hoogakker et al. (2004) and Rothwell et al. (2006) found that over the last 130 kyr over 90% of the sediment accumulation in the BAP was composed of turbidites and that the overall amount of erosion was negligible, allowing a rather continuous record of hemipelagites. By analysing the sub-bottom profiles in detail, we found that the base of the BAP megabed could be, in part, an exception to this general rule, and we think that this fact could be interesting for reconstructions of the sedimentary processes. Even though the interpretation of the erosional base of turbidite beds is far from straightforward (Eggenhuisen et al. 2011), the evidence of seismic reflector truncations and, in particular, the location of zones of enhanced basal erosion could suggest areas of the BAP impacted by stronger turbidity flows in the centre of the BAP (Fig. 4). The distribution of the erosional areas in available profiles suggests that the area of erosion is oriented roughly north-south or NE-SW; it is possible that this orientation represents a direction of axial transport of the main initial flow in the deepest part of the basin.

The notion of turbidity currents running very long distances down to the abyssal plains has been demonstrated in several cases, both in recent and older case studies (e.g. Zuffa et al. 2000;Clare et al. 2014). Zúñiga et al. (2007) demonstrated that turbidity currents originating from the continental margins surrounding the BAP can reach the centre of the basin also during sea-level highstands as has happened in the present one. An implication in the long distance of a turbiditic flow is the series of flow transformations that could occur along the turbidity flow path (Haughton et al. 2009;Talling 2013;Fallgatter et al. 2016). The tripartite structure of the megabed found in seismic profiles and in sediment cores might reflect flow transformations, even if, given the scarce spatial coverage of the data, it is difficult to reconstruct a continuous scenario of flow evolution. We agree with former interpretations of sediment cores (e.g. Rothwell et al. 2000;Clare et al. 2014) in considering the megabed as a single event, and we think that the presence/absence of tripartition in echo-facies could be due to changes in flow velocity possibly linked to seafloor irregularities, such as the presence of salt domes.

Finally, the homogenite shows peculiar physical and geotechnical properties, in particular the consolidation state (underconsolidated). The megabed appears to be composed of sediment that has remained underconsolidated since its deposition. Water incorporation during the flow may explain the underconsolidated state of the sediments during tens of years after rapid deposition. However, since burial has ensued over the last c. 20 kyr, one might expect this characteristic signature to have been erased upon consolidation, unless the transport and depositional processes gave the deposit an atypical structure (a combination of particle arrangement and bounding). This underconsolidation could be suggestive of an extremely rapid and water-saturated deposition of the megabed, with the clay on top acting as a seal, and could further support the hypothesis of a relatively rapid accumulation from a single event. In situ tests, such as the cone penetration test (undrained) (CPTU) with measurement of excess pore pressure, could thus help confirm this observation.

Conclusions

A large deposit sitting on the Balearic Abyssal Plainoriginally mapped using the extent of the acoustically transparent reflectionhas been redefined and remapped to discover that it is larger than previously thought. The Balearic Plain megabed is one of the most known examples of megabeds in abyssal plains and an analogue to megabeds studied in the outcrop of ancient rocks. It occupies the whole abyssal plain over an extent of at least 77 000 km 2 , but likely up to 90 000-100 000 km 2 , with a thickness of 8-10 m in the centre of the basin and a volume of up to 640 km 3 that is comparable to giant landslide deposits. The megabed is affected by faults and halokinetic deformation (salt domes) suggesting recent tectonic activity (post-Last Glacial Maximum) based on the age of the deformed megabed.

The internal geometry of the BAP megabed presents three faint but distinctive echo-facies from bottom to top, which correspond tentatively to the three sedimentary facies identified in cores possibly linked to flow transformations within a single event bed. The analysis of new data in the area evidenced some potentially diagnostic details of its geophysical appearancein particular, the presence of an abrupt pinchout on the eastern Sardinian margin contrasting with the gradual pinchout towards the west. This suggests that there could have been some reflected turbidite pattern against the Sardinia margin.

In the central area of the abyssal plain, the basal layer of the BAP megabed shows evidence of the erosional truncation of underlying deposits, which might indicate enhanced erosion of turbiditic flows and/or proximity of sedimentary sources; however, a composite source from several margins cannot be discarded, due to the present state of knowledge.

Further work on the geochemistry of sediment cores could help to identify the source areas and, thus, the geographical location of the predisposing mechanisms that influenced the deposition of the Western Mediterranean megabed and will further enhance the understanding of geohazards in the Mediterranean region.

Integrated geophysical, sedimentological and geotechnical investigation of submarine landslides in the Gulf of Lions (Western Mediterranean) Shray Badhani Abstract: The Gulf of Lions presents recurring mass-transport deposits (MTDs) within the Plio-Quaternary sediments, suggesting a long history of mass movements. The two large, surficial MTDs are located on the eastern and western levee of the Rhone canyon over an area exceeding 6000 km 2 and volumes exceeding 100 km 3 . Both MTDs were emplaced 21 ka ago (peak of the Last Glacial Maximum), suggesting a common trigger. Here, we present a multidisciplinary high-resolution geophysical, sedimentological and in-situ geotechnical study of the source and deposit areas of both MTDs to characterize distinct expressions of sediment deformation as well as their spatial and chronological distributions. We show the internal structure of mass movements and resulting MTDs with unprecedented details that were previously represented in the conventional seismic data as transparent and chaotic facies. The combination of multidisciplinary approaches shows new insights into the nature of basal surfaces of the slope failures. In particular, we show that the basal surfaces of the failures consist of clay-rich material contrasting with the overlying turbiditic deposits, suggesting that a strong lithological heterogeneity exists within the strata. We suggest that this change in lithology between clay-rich sediments and turbiditic sequences most likely controls the localization of weak layers and landslide basal surfaces. Supplementary material: Sediment cores are curated at IFREMER core repository in Plouzané (France); core data related to this article are available at: http://igsn.org/BFBGX-87813 (core PSM3-CS049: IGSN BFBGX-87813); http://igsn.org/BFBGX-87814 (core PSM3-CS050: IGSN BFBGX-87814); http://igsn.org/ BFBGX-87815 (core PSM3-CS051: IGSN BFBGX-87815) Submarine landslides have been widely recognized on passive and active continental margins, in a wide range of environments, including submarine canyons (Sultan et al. 2007a;Micallef et al. 2012), carbonate platforms (Principaud et al. 2014), siliciclastic platforms (Silva et al. 2010) and volcanic islands (Moore et al. 1989;Urgeles et al. 1997;Le Friant et al. 2015). These landforms have a profound effect on the shaping of margin architecture (Posamentier and Kolla 2003), providing useful insights into the evolution of continental margins, along with providing constraints on palaeoseismicity (St-Onge et al. 2004;Brooks 2016;Moernaut et al. 2017;Praet et al. 2017). Submarine landslides are regarded as important marine geological processes given their widespread occurrences and potentially large volumes (.10 3 km 3 ; Hampton et al. 1996;Masson et al. 2006;Talling et al. 2014), and are able to redistribute significant amounts of sediments from the shelf or the upper slopes of the margins to the lower slopes or the surrounding deep basin. Moreover, submarine landslides can be two to From: Georgiopoulou, A., Amy, L. A., Benetti, S., Chaytor, J. D., Clare, M. A., Gamboa, D., Haughton, P. D. W., Moernaut, J. and Mountjoy, J. J. (eds) 2020. Subaqueous Mass Movements and their Consequences: Advances in Process Understanding, Monitoring and Hazard Assessments. Geological Society, London, Special Publications, 500, 359-376. First published online May 14, 2020, https://doi.org/10.1144/SP500-2019-175 © 2020 The Author(s). Published by The Geological Society of London. All rights reserved. For permissions: http://www.geolsoc.org.uk/permissions. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics three orders of magnitude larger, in terms of volume, than their terrestrial counterparts (Hampton et al. 1996;Masson et al. 2006), and therefore threaten offshore infrastructure. Submarine landslides also hold a high hazard potential for tsunamigenic risks, which can be devastating to increasingly populated coastlines (Tappin et al. 1999;Bryn et al. 2003Bryn et al. , 2005;;Kvalstad et al. 2005;Heidarzadeh et al. 2018;Carvajal et al. 2019;Sassa and Takagawa 2019).

Owing to their locations in deep-water environments, direct observation of submarine landslides and their deposits is difficult. Therefore, geophysical techniques are used to observe submarine landslides, such as multibeam bathymetry and reflection seismic, and often sediment cores are collected to ground truth geophysical data. In reflection seismic data, submarine landslide deposits are generally referred to as mass-transport deposits (MTDs) and mass transport complexes (Alves 2015). MTDs in the seismic data are often defined by acoustically transparent or chaotic facies (Damuth 1980). However, outcrop examples often show a complex internal geometry including seismic-scale folding and faulting, contorted lithologies and slide blocks within the MTDs that can be used as kinematic indicators (Ogata et al. 2014[START_REF] Ogata | Meso-scale kinematic indicators in exhumed mass transport deposits: definitions and implications[END_REF].

Often the failure surface (i.e. the basal surface or glide plane) over which the mass movement of sediments occurs develops at the base of a weak layer and follows stratigraphic horizons (Baeten et al. 2014). Landslide basal surfaces are identified on seismic profiles by high-amplitude reflections (Baeten et al. 2014). In order to understand mass wasting processes and to correctly perform geohazard assessments, identification and analysis of weak layers and basal surfaces is imperative (Lastras et al. 2004;Kvalstad et al. 2005;[START_REF] L'heureux | Identification of Weak Layers and Their Role for the Stability of Slopes at Finneidfjord, Northern Norway[END_REF]Locat et al. 2014). Owing to alteration in physical properties during failure or the occurrence of thick post-failure sedimentary sequences, weak layers and basal surfaces are rarely penetrated using current coring techniques. Therefore, only a few studies have reported information about failure-related weak layers and basal surfaces of submarine landslides (e.g. Kvalstad et al. 2005;Dan et al. 2007;[START_REF] L'heureux | Identification of Weak Layers and Their Role for the Stability of Slopes at Finneidfjord, Northern Norway[END_REF]Baeten et al. 2014;Locat et al. 2014;Miramontes et al. 2018;Urlaub et al. 2018).

Submarine landslides in the Gulf of Lions (GoL) are widespread from the upper slope to the deep basin, within the canyon flanks and in the interfluves of major canyons (Fig. 1). The two main submarine landslides present in the GoL are the Eastern Rhône Interfluve Slide (ERIS, Badhani et al. 2019) and an unnamed slide complex on the western side of the Petit Rhone Canyon (PRC, Dennielou et al. 2019) that we refer to as the Western Slide in this paper. Their resulting MTDs, the Rhone Eastern MTD (REMTD) and the Rhone Western MTD (RWMTD) have previously been described in detail in many studies (Droz and Bellaiche 1985;Torres et al. 1997;Droz et al. 2001Droz et al. , 2006;;Bonnel et al. 2005;Dennielou et al. 2019). However, owing to the lack of a high-resolution multidisciplinary dataset, such as high-resolution seismic, sediment cores and in-situ geotechnical measurements, a detailed analysis of weak layers and preconditioning factors was never performed. The overarching aim of this study was to analyse for the first time a suite of multidisciplinary datasets to better understand the distribution and characteristics of seafloor instabilities in the GoL. Specifically, the objectives of this study were: (1) to use deep-towed multichannel seismic data to image the internal structure of the mass-wasting products, previously imaged as seismically transparent or chaotic intervals in conventional seismic data; and (2) to use very high-resolution seismic, sedimentological data and in-situ geotechnical measurements to analyse the basal surfaces of the slope failures in the GoL.

Geological setting

The GoL (Fig. 1) is a SW-NE-orientated passive margin that is described by a wide continental shelf of c. 70 km, which was subaerially exposed during the Last Glacial Maximum (LGM) about 21 ka ago (Rabineau et al. 2005;Berné et al. 2007;Jouet 2007;Bassetti et al. 2008). Sedimentary succession composing the distal Rhone Sedimentary System originates from 15 distinct submarine canyons. The major canyon feeding the Rhone Sedimentary System is the PRC, located in the central part of the study area (Fig. 1), which is fed by Alpine sediments through the Rhone River and its tributaries.

During the Messinian Salinity Crisis (c. 5.33 Ma ago; Lofi et al. 2003;Roveri et al. 2008), a major drop in the Mediterranean sea-level led to a basin-wide accumulation of a kilometre-scale-thick evaporite succession (Hsu 1973). This changed the sedimentary architecture of the GoL drastically. Since then, syn-sedimentary salt tectonics and gravity-driven deformation of Pliocene and Quaternary strata mainly control the evolution of the deeper part of the GoL (dos Reis et al. 2005). As a result of the gravity-driven deformation above the salt layer, which acts as a 'décollement' surface, several extensional areas developed, where listric faults and grabens predominate in the upper and lower slopes (Fig. 1), and formed compressional areas in the deep basin driven by salt diapirs and domes (dos Reis et al. 2005). Subsequent glacio-eustatic sealevel fluctuations related to the Milankovitch cycles mostly control the Pleistocene sedimentation in the GoL (Rabineau et al. 1998(Rabineau et al. , 2005;;Tesson and Gensous 1998;Bassetti et al. 2008). After the Mid-Pleistocene, sedimentation within the GoL mainly consisted of terrigenous sediments from the Alpine rivers (mainly Rhone River) delivered to the basin through turbiditic systems. The lower slope of the GoL (1500-2000 m water depth) is mainly fed by the PRC (Lombo Tombo et al. 2015). Sedimentation rates in the lower slopes during the glacial and deglacial periods were reported to be of the order of 1-3 m ka -1 (Sierro et al. 2009;Dennielou et al. 2019). During the interglacial periods, the sedimentation rates were much lower, falling in the range of 0.05-0.10 m ka -1 (Sierro et al. 2009;Lombo Tombo et al. 2015;Dennielou et al. 2019).

Within the GoL, immediately at the foot of the slope, two large submarine landslides, the ERIS and the Western Slide, have been recognized and investigated by Bellaiche et al. (1986), Droz et al. (2006), Dennielou et al. (2019) and Badhani et al. (2019). The ERIS extends from the shelf break (c. 120 m) to the water depth of 1500 m on the eastern side of the PRC (Badhani et al. 2019), and the Western Slide complex extends from 1800 to 2300 m on the western side of the PRC (Dennielou et al. 2019). The ERIS consists of successive headwall scarps of 30-120 m height aligned in a staircase style and the Western landslide consists of several scarps parallel to the slope whose heights reach 50-100 m (Fig. 2). The resulting deposits, the REMTD and RWMTD, have surface areas exceeding 6500 km 2 , volumes greater than 100 km 3 and an extremely long run out of more than 200 km (Droz et al. 2006). Both landslides occurred during the peak of the LGM (21 ka cal BP), suggesting a common trigger behind the failure (Badhani et al. 2019;Dennielou et al. 2019). Badhani et al. (2019) showed repeated slope failures above high-amplitude horizons at different stratigraphic levels, indicating control of specific sediment type on the failure.

Material and methods

Geophysical data

To characterize the morphology of the study area, we use an openly available European Marine Observation and Data Network (EMODnet) 115 m resolution multibeam bathymetry (Fig. 1 

Sediment cores

Lithological characterization and age estimation of sedimentary facies were based on three sediment cores -PSM3-CS049, 50 and 51collected during cruise PRISME 3 (Cattaneo 2013b) on the GoL slope using a Calypso Piston corer. These cores respectively penetrated 9.20, 11.26 and 22 65 m deep (Fig. 7), and were corrected for true depth using Ifremer software CINEMA 2 based on accelerometer measurements performed during coring. Identification of lithofacies is based on the visual description, which was performed partially onboard and partially at Ifremer-Brest. Geotek ® Multi-Sensor Core Logger was used for gamma-density and p-wave velocity (V p ) measurements at 1 cm intervals (Fig. 7). Bulk X-ray fluorescence was measured with the Avaatech X-ray fluorescence core scanner on split cores at 1 cm intervals (Fig. 7). Grain-size analysis was performed on core PSM3-CS050 using a laser diffractometer device at CSIC-ICM, Barcelona in2019 (Fig. 8a). Vane shear tests on sediment core PSM3-CS050 at 10 cm interval were performed at Ifremer-Brest (Fig. 8b).

Three radiocarbon dates (Fig. 7) were determined by accelerator mass spectrometry on core PSM3-CS049. Dates were obtained from handpicked monospecific planktonic foraminifera (Globigerina bulloides) extracted from the hemipelagic sediments and were analysed at Beta Analytics, London, UK. Conventional 14 C ages were converted into calibrated calendar ages with CALIB V7.1 (Stuiver et al. 2017) using the Marine13 curve for calibration (Reimer et al. 2013) with a reservoir correction (ΔR) value of 48 + 101 years and reported in this study with an error of two standard deviations (Table 1).

In-situ geotechnical measurements

Five in-situ geotechnical measurements were carried out using the Penfeld seabed rig with a standard CPTu cone developed at Ifremer (Sultan et al. 2007b;Garziglia et al. 2010), of which two were used in this study (Fig. 9). The Penfeld penetrometer provides a continuous measurement of the tip resistance (q c ), sleeve friction (f s ) and induced excess pore pressure (Δ u2 ) at a standard rate of 2 cm s -1 down to 30 m below the seafloor (mbsf ). The corrected tip resistance (q t ) is calculated using the measured excess pore pressure (Δ u2 ) values.

Values of peak undrained shear strength (S u ) were calculated from:

S u = (q t -σ v0 ) N kt (1)
where σ v0 is the vertical effective stress and N kt is a cone factor typically varying from 10 to 20. Following Low et al. (2010), a minimum and a maximum value of S u were calculated using a N kt value of 10 and 20. Sensitivity values were derived using:

St = S u f s (2)
where f s is sleeve friction. The overconsolidation ratio (OCR) can be calculated as the ratio between the preconsolidation stress (σ′ p ) and the vertical effective stress (σ′ v ).

OCR = σ ′ p σ ′ v (3)

Results

Morphology and internal structure of seafloor instabilities in the GoL

The GoL slope extends from a water depth of 500 to 1200 m. The slope is mainly characterized by three types of geomorphological features: (1) sinuous elongated valleys that incise the seafloor down to several hundred metres, interpreted as submarine canyons;

(2) irregular, arcuate, curved breaks in the bathymetry, interpreted as submarine landslide headwall scarps; and (3) strike-parallel linear breaks in the bathymetry, interpreted as faults (Fig. 2).

The subsurface architecture of the study area is mainly characterized by parallel, well-stratified reflections related to the Petit Rhone channel levee complex (Fig. 3). Several steep-dipping, lowamplitude anomalies interrupt the seismic reflections of the well-stratified sediments and are interpreted as normal listric faults (Figs 3,6). The lack of penetration of our seismic data until the base of faults prevents us from clearly imaging the origin of the faults. Nevertheless, dos Reis et al. (2005) demonstrated that a majority of listric faults in the GoL are rooted in the Messinian strata and are attributed to the gliding of post-Messinian sediments over the evaporite décollement surface. The architecture of the entire GoL slope is characterized by a morphology that is controlled by structural movements owing to these listric faults. At times these faults reach the seafloor, suggesting an ongoing fault activity that contributes to continuous steepening of the slope (e.g. Figs 2,3 & 6). In particular, the southernmost fault in the seismic profile PSM2-117A shows a displacement of more than 150 ms, creating a small-scale failure on the seafloor, exposing the strata until Horizon H2′ (Figs 3 & 6).

Seismic profile AM-MED18 partially shows the internal structure of the ERIS (Fig. 4). Part of the source area shows two morphological steps of 30 and 70 ms height, which correspond to headwall scarps of the slide complex (Fig. 4). The basal surfaces of two failure steps of the ERIS imaged in the seismic data lie above the high-amplitude reflectors H2 and H3 (Fig. 4). Additionally, we observe a small MTD (shallow MTD, Fig. 4) between horizons H3 and H4, similar to the ERIS; the basal surface of the shallow MTD lies on top of the high-amplitude reflector H4 (Fig. 4).

The source area of the RWMTD is unfortunately not fully covered by our seismic data. Nevertheless, we observe a similar trend of failures in the area covered within the Western Slide area. Seismic data show that, similar to the ERIS, the basal shear surface of the RWMTD also lies above the highamplitude reflector H1 (Fig. 5a,b). The RWMTD propagated translationally above the high-amplitude reflector H1′ (marked with a black dashed line in Fig. 3) in the proximal part. After the erosion of the basal surface H1′, further downslope the MTD propagated above reflector H1 (Fig. 3). The seismic profile PSM2-117A is located on the main pathway of the MTD (Figs 2,3). However, between offset 10 and 20 km, where the slope angles become steeper, the RWMTD gradually thins to less than 5 ms in thickness. In places, especially between 15 and 20 km offset (Fig. 3), the RWMTD completely disappears, most likely owing to steeper slope angles preventing deposition of failed sediments. Nevertheless, since the seismic profile is located at the main pathway of the MTD, it is likely that a significant amount of MTD propagated over horizon H1.

We observe a small-scale failure at 150 msbsf (ms below seafloor) between horizons H4 and H5 (Fig. 3). In the conventional HR seismic data, the source area of this failure is defined by chaotic reflections typical of slump facies (Fig. 3). However, in the deep-towed seismic profile, the internal structure of the failure is imaged with unprecedented detail (Fig. 6b,e). The source area of the failure is characterized by a sharp truncation of well-stratified sediments of around 30 ms thickness and translation of slide blocks with well-preserved internal reflections. It is interesting to note that the basal surface of this failure also occurs above the high-amplitude reflector H5 (Fig. 6b). The deposit area of the failure seems to be buttressed against the pre-existing strata, partially faulting and folding the strata. The resulting MTD from this failure seems to be of frontally emergent type that overflowed the pre-existing strata after generating a compressional zone by folding and faulting the strata (Fig. 6e). The source and the The internal structure of the REMTD and RWMTD is defined by transparent acoustic facies in conventional HR seismic profiles (Figs 3 & 4). Also in the deep-towed seismic profile, the REMTD shows transparent facies (Fig. 6a).

However, about 1 km south of the fault scarp, within the hanging wall, we observe some kilometre-scale irregular blocks of high-amplitude internal reflections within the MTD (Fig. 6d). These reflections do not seem to be associated with the processing artefacts, as they tend to mimic the seafloor. Therefore, we attribute these internal reflections to the slide blocks within the REMTD (Fig. 6d). Gamma density (g.cm ) 

Sediment cores

Three sediment cores were recovered on the western side of the Rhone submarine valley in the turbiditic levees (Figs 6 & 7). Cores PSM3-CS049 and PSM3-CS051 were recovered downslope and upslope the fault scarp, respectively. Core PSM3-CS050 was strategically retrieved at the fault scarp in order to sample the basal surface in the area of sediment removal owing to fault reactivation (Fig. 6c).

Lithological observations on the sediment cores may be classified into three lithofacies (L1-L3; Fig. 7):

• lithofacies L1 is composed of light grey foraminifera and calcareous nanoplankton oozes that correspond to hemipelagic-pelagic sedimentation during the sea-level highstands (Badhani et al. 2019;Dennielou et al. 2019). • lithofacies L2 is composed of laminated clay with silt to very fine sand laminae interpreted as turbidites deposited by spillover from the Rhone valley (Dennielou et al. 2019). • lithofacies L3 is composed of stiff mud of generally higher bulk density than the background values (1.85-1.90 g cm -3 ). Based on the similarities observed in other studies in the same area (e.g. Bonnel et al. 2005;Lombo Tombo et al. 2015;Dennielou et al. 2019Dennielou et al. , 2006)), we associate the lithofacies L3 with mass transport deposits. These lithofacies at times show colour banding corresponding to laminae and a few silt layers characteristic of the Rhodanian fan lithofacies (Lombo Tombo et al. 2015;Dennielou et al. 2019).

Core PSM3-CS051

Core PSM3-CS051 is 22.65 m long and was collected at the footwall of the fault at a water depth of 2033 m (Fig. 7). The core is located in the area of a steep slope where we observe an absence of MTD in the seismic profile (Fig. 3). The substrate erosion (horizon H1′) upslope allowed penetration of high-amplitude reflector H1 (Figs 3 & 6). The uppermost 0.85 m of the core corresponds to lithofacies L1, showing lower gamma density and Ca/ Fe ratio than average values. Below 0.85 m until the bottom of the core, the core displays lithofacies L2, typically consisting of frequent alternating silty turbidites. The gamma density and Ca/Fe ratio values are above average until 4.8 m (Fig. 7). Below 4.8 m, we observe a sharp decrease in Ca/Fe ratio, with values remaining constant until the bottom of the core, whereas the gamma density values are close to average (1.8 g cm -3 ). We observe an interval of fine-grained material of dark grey colour with less frequent turbidites between 4.8 and 9.5 m. Upon correlation with seismic data (Fig. 6), we observe that this interval lies at the basal surface H1.

Core PSM3-CS050

Core PSM3-CS050 (Fig. 7) is 11.26 m long and was collected at 2073 m water depth, at the fault scarp where the high-amplitude reflector H2 has been exposed owing to removal of material related to faulting activity (Figs 3 & 6). The uppermost 1.50 m of the core is composed of lithofacies L1 and the gamma density and V p values within this interval are lower than the background values (1.8 g cm -3 and 1550 m s -1 , respectively). This unit shows Ca/ Fe ratios in the range of 3-5 (Fig. 7). From 1.5 to 7 m, the core is composed of lithofacies L2, where higher gamma density, V p and Ca/Fe ratios values than the background values are observed (Fig. 7).

From 7 m to the bottom of the core, it presents light greyish clayey material typical of lithofacies L1. Between 9.5 and 10.25 m, we observe few thinbedded turbidites (Fig. 7), which are consistent with the higher gamma density and V p values. Otherwise, within this interval gamma density, V p and Ca/Fe ratio values are below average. Grain-size distribution (Fig. 8a) shows the presence of higher fine-grained material within the upper 1.5 m. Between 1.5 and 7 m, the grain-size distribution curve underlines a distribution of clayey to fine sand material in mostly equal percentages. Below 7 m, the grain-size distribution plot shows a higher percentage of clay-sized particles, except between 9.5 and 10.25 m, where we observe a broad distribution of particle size from clay to silt, most likely owing to the presence of thin-bedded turbidites (Fig. 7).

The peak shear strength (Fig. 8b) obtained from vane shear tests tends to increase linearly with depth, from 8 kPa at the seafloor to 20 kPa down to the base of the core. Peaks in shear strength at 7.5 and 8.6 m interrupt this trend, as the shear strength increases to 23 and 44 kPa, respectively. When compared with the global shear strength trends for passive margins (Sawyer and DeVore 2015), shear strengths measured on core PSM3-CS050 generally fall at the higher end of the plot, especially within the peaks in the shear strength at 7.5 m and between 8.6 and 10.5 m (Fig. 8b).

Core PSM3-CS049

Core PSM3-CS049 is 9.2 m long and was collected at 2096 m water depth at the footwall of the fault within the RWMTD (Fig. 2). The uppermost 0.80 m of sediments shows clay-rich material of low gamma density and V p (Fig. 7), which relate to lithofacies L1. Between 0.80 and 6.75 m, we observe frequent silty turbidites embedded within hemipelagic sediments, which we consider as corresponding to lithofacies L2. The gamma density and V p values in this interval are higher compared with lithofacies L1. Between 6.35 and 6.65 m, we observe a fine to medium sand layer most likely related to an event bed such as a coarse-grained turbidite after the main failure event. This sand layer coincides with an interval of high values of gamma density (2.05 g cm -3 ) and V p (.1.7 m s -1 , Fig. 7). Below 6.75 m to the bottom of the core, we observe folded coloured bands most likely associated with the RWMTD. We thus attribute this sediment interval to lithofacies L3. The gamma density and V p values within this interval are higher than in lithofacies L2. Radiocarbon dating at the base of lithofacies L2 in core PSM3-CS049 yields a 2σ age between 21 and 21.7 cal ka BP, with an average median age of 21.4 cal ka BP (at the peak of the LGM, Fig. 7; Table 1).

In-situ geotechnical measurements

CPTu PMF-1102. CPTu PMF-1102 (Fig. 9a) was performed in the area of sediment removal owing to fault activity and coincides with core PSM3-CS050 (Figs 6 & 7). The uppermost 7.5 m of sediments shows a quasi-linear increase in the corrected tip resistance (q t ), sleeve friction (f s ) and induced excess pore pressure (Δ u2 ), which correlates with values of reference CPTu measurements performed away from the failure area (grey curve in Fig. 9). This sediment interval is described by a predominance of turbidites intercalated with hemipelagic sediments (Fig. 7). Below 7.5 m, we observe a sharp increase in q t , f s and Δ u2 values, as well as an increase in the shear strength profile (Fig. 9a). Interestingly, below 7.5 m, until the bottom of the measurements, sediments are classified as fine-grained sediments, which is in agreement with the grain-size distribution curve of coinciding core PSM3-CS050 (Fig. 8a). Also, a peak in the OCR profile is observed at the same depth, indicating that sediments are overconsolidated. Below 7.5 m, OCR ratios decrease gradually, but remain above the value of 1, indicating that sediments are slightly overconsolidated. Shear strength values also show increased values at the basal surface and there seems to be a good fit between the values obtained from CPT and laboratory vane shear test. The entire sensitivity profile is dominated by low to moderately sensitive sediments. In particular, at the basal surface sensitivity values decrease to a value of 2.

CPTu PMF-1104. CPTu PMF-1104 (Fig. 9b) was performed within the RWMTD. Similar to CPTu PMF-1102, the uppermost 6.5 m of the profile is characterized by undeformed sediments, which show a quasi-linear increase in q t , f s and Δ u2 values, typical for undisturbed seafloor sediments. Below 6.5 m, and extending to the bottom of the profile, no clear trend can be seen. This could be attributed to the presence of silty layers within the MTD, which is evident with the drop of pore pressure where we observe peaks in the cone tip resistance (represented by grey intervals in Fig. 9b). We observe a quasi-linear increment in shear strength and sensitivity, while OCR values remain mostly constant until the bottom of the profile. In general, the RWMTD is slightly overconsolidated and shows a normal sensitivity and shear strength as compared with the post-slide sediments.

Discussion

Internal structure of mass movement products in the GoL Our data highlight recurring slope failures at different stratigraphic levels within the Plio-Quaternary sequence , suggesting a long history of mass movements in the GoL (Badhani et al. 2019;Dennielou et al. 2019). Previous studies claimed a seismically homogeneous character of the surficial MTDs (Badhani et al. 2019;Dennielou et al. 2019). Newly collected deep-towed seismic data show few internal structures in the proximal part of the MTD at the hanging wall of the fault (Fig. 6). Coinciding in-situ measurements within the RWMTD confirm several closely spaced sediment layers with high tip resistance and coarse-grained beds suggested by negative peaks in pore pressure between 20 and 30 m (Fig. 9b), which contrasts with homogenized material such as debris flow deposits that show an overall constant CPT profile with small-scale irregularities (Garziglia et al. 2010). In addition, few contorted stratified layers have been observed in core PSM3-CS049 (Fig. 7). This suggests that RWMTD is not very homogeneous as previously thought based on transparent seismic facies and that the degree of sediment disintegration in the proximal area is most likely lower than previously considered (Badhani et al. 2019;Dennielou et al. 2019). One can argue that the degree of sediment disintegration increases as the MTD propagates further downslope, such as in the case of the Big'95 debris flow (Lastras et al. 2005). However, for the RWMTD, this could not be demonstrated owing to a lack of ground truth information in the distal part of the MTD.

In addition, in the subsurface we were able to image a small-scale landslide with intact slide blocks of 30 ms height, which kept their stratigraphy after the sliding (Fig. 6b) and were represented as chaotic reflections in the conventional HR seismic data (Fig. 3). The intact slide blocks within the failure area suggest less deformation of strata during a local failure related to slope steepening owing to halokinesis (dos Reis et al. 2005) that did not progress into a full dynamic slide (Alves 2015). Therefore, we suggest that the chaotic reflections in the conventional seismic data can be imaged if the source and streamer are towed close to the seafloor in order to avoid diffractions from scattered blocks within the MTD.

Based on our observation, we suggest that the chaotic reflections in the MTDs (e.g. Figs 3 & 6b,c) and transparent reflections in the debris flow deposits (e.g. RWMTD; Figs 3 & 6a) are generated owing to a lack of resolution of the conventional seismic data, which is not able to resolve scattered blocks embedded within the transported mass. This is important because with the previously available conventional seismic data most of the kinematic indicators (Frey-Martínez et al. 2006;Bull et al. 2009;Moscardelli and Wood 2016) of the sliding are ignored or poorly understood. Therefore, a better resolution of seismic data, such as deep-towed seismic data, especially when coupled with in-situ measurements as presented in this study, will allow us to better understand large-scale, complex events in order to constrain seafloor instabilities in deep-water environments such as the GoL.

Sedimentological, geotechnical and geophysical properties of basal surfaces

With the help of combined geophysical, sedimentological and in-situ geotechnical properties of the GoL slope, we characterized the lithofacies within the study area. Mainly two types of genetically different sediments exist in the study area: (1) hemipelagic to pelagic fine-grained clay-rich sediments likely representing a sea-level highstand or interglacial period; and (2) silty turbiditic sediments interbedded with hemipelagic intervals probably representing sea-level lowstands or glacial and deglacial periods. The lithofacies L1 is characterized by fine-grained material of low Ca/Fe ratios (Fig. 7). This lithofacies was most likely deposited after the Holocene and represents present-day conditions (Dennielou et al. 2019). The glacial and deglacial conditions in the study area could be represented by the frequent occurrence of silty turbidites within lithofacies L2, showing that the river sources rapidly deposited these sediments close to the present-day shelf break. This lithofacies is represented by high Ca/Fe ratios in cores PSM3-CS050 and 51 (Fig. 7). Radiocarbon dating on top of the MTD within the turbiditic sediments shows that these lithofacies L1 and L2 (Fig. 7) were deposited after the failure event during the LGM (Fig. 7). Most slope failures in the GoL occur bedding parallel over high-amplitude reflectors, which are sometimes interpreted as impressions of condensed sections formed during the sea-level highstands in the upper slope setting (Sierro et al. 2009). High-resolution seismic data clearly show that on the western side of the PRC the basal surface of the failure at the fault scarp lies below these units at a depth of c. 7.5 m (Fig. 6). At the basal surface in core PSM3-CS050, we observe sediment type similar to that within lithofacies L1 (clay-rich hemipelagic sediments). This lithofacies also shows more clayey sediments than the overlying turbiditic sequence (Fig. 8a), suggesting a less energetic environment or a time interval characterized by smallvolume turbidity currents that could be ascribed to highstand conditions. Also, the basal shear surface of the RWMTD in core PSM3-CS051 lies below lithofacies L1 and L2, although on a younger stratigraphic level (Fig. 7). Visual description of core PSM3-CS051 shows that the basal surface of the RWMTD is in a sediment interval with fewer turbidites if compared with overlying and underlying intervals (below 4.8 m, Fig. 7).

Core PSM3-CS051 and -50 are located in distinct stratigraphic units. Core 51 penetrated the basal surface of the RWMTD and core 50 penetrated the basal surface of the small failure on the fault scarp (Figs 6 & 7). With the help of gamma density, V p and Ca/Fe signatures of cores PSM3-CS050 and -51, we were able to correlate the basal surface of the RWMTD and the failure at the fault scarp (Fig. 7). This allowed us to extrapolate the detailed analysis on sediment core PSM3-CS050 to the Western Slide area. It is interesting to note that both basal surfaces consist of higher fractions of clay-rich sediments. Similarly, on the eastern side of the PRC, successive headwall scarps of the ERIS and the shallow MTD took place over high-amplitude reflectors (Fig. 4) that are interpreted to have deposited during highstands (Badhani et al. 2019). Sediment core PSM3-CS050 shows a good example where failure mostly affects turbiditic successions, even if the core is located in an area of limited sediment remobilization (Fig. 6) and is not representative of large-scale failures (e.g. REMTD and RWMTD). We observe a similar process of failure over the high-amplitude reflectors throughout the Plio-Quaternary strata in the GoL. Therefore, it is likely that the failure surfaces in the GoL are influenced by climatic forcing related to Milankovitch cyclicity tuning the number and volume of turbiditic flows in the Rhone system and forming surfaces of significantly different mechanical properties in the sedimentary column. The inference of increased turbiditic deposits during glacial and deglacial times is based on evidence from the nearby Var turbiditic system [START_REF] Jorry | Turbiditic levee deposition in response to climate changes: the Var Sedimentary Ridge (Ligurian Sea)[END_REF]. We suggest that this could also be extrapolated to the entire GoL where a majority of failures took place, bedding parallel over clay-rich sediments deposited during the highstand periods .

Many studies have pointed out the role of lithological heterogeneities in enhancing seafloor instabilities (e.g. Laberg and Camerlenghi 2008;[START_REF] L'heureux | Identification of Weak Layers and Their Role for the Stability of Slopes at Finneidfjord, Northern Norway[END_REF]. We point out that the interface between clay-rich hemipelagic successions and overlying turbiditic sequences is critical. In-situ geotechnical measurements show that the sediments below the basal surface of the failure on the fault scarp show higher shear strength and OCR, and lower sensitivity values than the background values (Fig. 9a,b). This is consistent with laboratory vane shear measurements for the basal surface of the failure at the fault scarp (Fig. 8). However, it should be noted that these elevated values of shear strength measurement could be due to the removal of sediments above the basal surface during the failure at the fault scarp. Nevertheless, several processes can induce slope instabilities where lithological heterogeneity within the strata exists such as the liquefaction potential of coarse-grained material and excess pore pressure generation in the presence of very high sedimentation rates such as in the GoL during several lowstands (Kettner and Syvitski 2009;Sierro et al. 2009;Lombo Tombo et al. 2015;Dennielou et al. 2019). Dan et al. (2009) showed that coarsergrained materials (such as turbidites) are prone to liquefaction even in cases of mild seismic loading. Lafuerza et al. (2014) and Hornbach et al. (2015) demonstrated that, in the sediment column, excess pore pressure resides in coarse-grained intervals while fine-grained intervals show very low permeability and act as seals generating weak layers at the boundary between coarse-grained and finegrained sediments. This may potentially imply that also in deep-water environments such as the GoL, even if not significant, lithological heterogeneity exists and most likely controls the localization of potential weak layers. This may explain the recurrence of failures over clay-rich hemipelagic sediments identified at several stratigraphic levels in the GoL .

Variations in sediment grain size also occur in multiple settings around the globe, e.g. volcanic flanks (Lafuerza et al. 2014;Hornbach et al. 2015;Brunet et al. 2016), passive margins (Sawyer et al. 2009) and glacial margins (Laberg and Camerlenghi 2008). With the example provided by the GoL, we further support the evidence that lithological heterogeneity within the sediment successions is a key to localization of seafloor instability. The identification of this stratigraphic control as a major predisposing factor for seafloor instability allows better assessment by understanding the causes of recurrent failures.

Conclusions

The Gulf of Lions is a passive margin of about 200 km length and 70 km width with main sediment supply from the Rhone River supplying Alpine sediments to the Rhone delta. Previous studies highlighted two large surficial submarine landslides with resulting volumes exceeding 100 km 3 . We presented here the internal structure of mass transport deposit and small-scale slope failures with unprecedented detail using newly available very highresolution deep-towed seismic data for the first time in the GoL. We showed an example of failure that consisted of slid blocks and folded and faulted strata with preserved stratigraphy that were previously imaged as 'transparent' or 'chaotic' reflections in the conventional reflection seismic data. The combination of deep-towed seismic, sedimentological data and in-situ measurements allowed us to analyse the basal surface of the slope failures in greater detail. We showed that the basal surfaces of the recurring slope failures consist of clay-rich sediments as compared with turbiditic deposits that dominate the GoL margin. It is evident that the greater degree of lithological heterogeneity promotes slope failure in the GoL most likely related to higher liquefaction potential of coarser-grained material, excess pore pressure and maybe resulting variation in sediment strength. However, further analysis is necessary to confirm if these factors influence slope stability in the GoL. The overall morphology of the slope failures is controlled by the presence of multiple listric faults rooted in the Messinian strata. The higher resolution of newly available geophysical data, especially deep-towed seismic lines, show the internal structure of the mass-wasting deposits in unprecedented detail. Radiocarbon dating on top of the studied mass transport deposits yields an age of about 20 kyrs, suggesting a potential role of sea-level lowering during the last glacial maximum. The main preconditioning factor that affects slope stability in the GoL is the presence of clayrich sediments within the basal surfaces of the failures that show strain-softening behaviour. The exact triggering mechanism responsible for the emplacement of these large mass transport deposits is not yet clear, but a combination of processes such as local and regional slope steepening due to halokinesis and excess pore pressure generation due to rapid sediment accumulation likely affect the slope stability.
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Mots clés: Glissements de terrain sous-marins, dépôts de transport de masse, Méditerranée occidentale, forçage climatique, surface basale argileuse Résumé: Le golfe du Lion (GoL) est une marge passive d'environ 200 km de long et 70 km de large qui s'étend d'ouest en est du sud de la côte française jusqu'à la plaine abyssale des Baléares (BAP) dans la Méditerranée occidentale. Le talus du golfe du Lion est découpé par quinze canyons sous-marins, le plus grand étant le canyon du Petit Rhône qui canalise les sédiments apportés par le fleuve Rhône à travers le delta du Rhône. Les déstabilisations des fonds marins dans le GoL se produisent à l'embouchure et le long des flancs des canyons, mais aussi dans les zones de pente d'interfluve et les levées des principales vallées sous-marines. Cette thèse de doctorat vise à comprendre les processus de mise en place des trois plus grands dépôt d'accumulation en masse du GoL : ceux du Rhône occidental, du Rhône oriental et de la mégaturbidite de la plaine abyssale des Baléares. J' utilise un nouvel ensemble multidisciplinaires de données comprenant des données géophysiques, sédimentologiques, géotechniques in-situ et de laboratoire. La zone d'étude est caractérisée par de multiples escarpements de glissements. La morphologie des glissements est contrôlée par la présence de plusieurs failles listriques enracinées dans les couches messiniennes. La très haute résolution des données géophysiques nouvellement acquises, entre autre avec des engins tractés près du fond, montre la structure interne des glissements avec un niveau de détail sans précédent. La datation au radiocarbone des glissements de terrain étudiés donne un âge d'environ 20 kyrs, ce qui suggère un rôle potentiel de l'abaissement du niveau marin pendant le dernier maximum glaciaire. Le principal facteur de préconditionnement qui affecte la stabilité des fonds marins dans le GoL est la présence de sédiments riches en argile le long des surfaces à la base des glissements, qui présentent un comportement de baisse de resistance à la déformation et agissent comme possibles plans de cisaillement. Le mécanisme exact de déclenchement responsable de la mise en place de ces grands glissements n'est pas encore clair, mais une combinaison de processus tels que l'augmentation locale et régionale de la pente due à l'halocinèse et la génération d'un excès de pression interstitielle due à l'accumulation rapide de sédiments affecte probablement la stabilité de la pente.
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 111328142815361 Figure 1.1: Classification of submarine landslide types (from Masson et al., 2006). .................... 25 Figure 1.2: Schematic diagram showing representative internal structure and kinematic indicators found within submarine landslides and mass-transport deposits (from Bull et al., 2009). See text for detail. .............................................................................................................................................. 26 Figure 1.3: Sampling strategies for radiocarbon dating of submarine landslides (from Urlaub et al., 2013). The rectangles represent sediment cores with hemipelagic background sedimentation (white) and a landslide deposit (grey). Open and filled black circles indicate the position of the sample. Minimum age is obtained by taking one (a) or several samples (b) from the hemipelagic unit above the landslide deposit. Maximum age is obtained when samples are either taken from the hemipelagic unit below (c) or within (d) the failure deposit. A linear average sedimentation rate for the core based on one sample can be significantly different from actual temporary sedimentation rates (e), which can be calculated when several samples between the top of the core and the top of the failure deposit are available. Samples above the deposit can give an age too young if located on a local high (f) and bioturbation on the top, as well as erosion at the base of the failed deposit (g), are possible sources of uncertainty to the estimated ages. ................................................................... 28 Figure 1.4: Conceptual diagram of several different types of sediment failures and the spatial distribution of the mass transport deposit facies associations (from Tripsanas et al., 2008 and references therein). Roman numerals indicate the examples used in Tripsanas et al. (2008) I: Highdeformation landslide, II: Landslide transformed into cohesive debris flow. III: Debris avalanche -Blocky MTD, IV: Low-deformation slides/slumps, V: failures in canyons and mass-transport complexes, VI: Local-scale slides and slumps in channels and levees, VII: Slumps/slides and debris flows on river deltas. ...................................................................................................................... 28 Figure 1.5: Map of landslide distribution, major coastal cities, recorded tsunami occurrence and telecom cables in the Mediterranean Sea. Distribution of submarine landslides are used from the database of Urgeles and Camerlenghi (2013). The mass-movements highlighted in brown colour are investigated in this PhD thesis. ................................................................................................ 30 Figure 1.6: a) palaeogeodynamics of the Mediterranean Sea at about 45 Ma. The Alps were continuous with the Betics to Gibraltar, consuming an ocean located to the west and b) present geodynamic framework. There are four subduction zones with variable active rates in the Mediterranean realm: the westwards-directed Apennines-Maghrebides; the westwards-directed Carpathians; the north-eastwards-directed Dinarides-Hellenides-Taurides; and the southeastwards-directed Alps. The Apennines-Maghrebides subduction-related back-arc basin of the western Mediterranean stretched and scattered into segmented basins most of the products of the Alps-Betics orogen. From Carminati and Doglioni (2005). .......................................................... 34 Figure 1.7: Schematic model of subsidence-dominated deformation that generated the Sète-Marti sub-basin (western Rhodanian Grabens Domain). Initial conditions are shown in a. In b, extensiondominated deformation due to overburden translation over the Messinian detachment salt layer. In
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  Figure 3.11: Geomorphological interpretation map of the study area. REMTD: Rhone Eastern Mass Transport Deposit, NG: Northern Graben, SG: Southern Graben. Thick black arrows indicate probable main pathways of the REMTD. Active and buried faults are modified after dos Reis et al. (2005). ............................................................................................................................................ 96 Figure 4.1: a) Bathymetric map of the Rhone Western mass transport deposit and b) isopach map of the MTD including the location fo the seismic transact and core location. ............................. 104 Figure 4.2: Comparison of the dataset a) multi-channel conventional seismic, b) 3.5 kHz sub-bottom profiler and c) deep-towed multi-channel seismic profile. Note that the three profiles are acquired in the same location. .................................................................................................................... 105 Figure 4.3: Comparison of seismic facies observed in the SBP, MCS and SYSIF data as shown in Figure 2. ....................................................................................................................................... 106
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 51 Figure 4.12: (a) Conceptual evolution model of Rhone Western mass transport deposit highlighting key kinematic indicators identified in the SYSIF data (inspired from Caradona et al., 2020), proposed mechanism for (b) backwards-facing ramp / step-down ramps in the proximal domain and (c) forward-facing / step-up ramp in the translational domain, (d) changes in the behaviour of the interaction of the MTD with the underlying material when it crosses coarse-grained substrate, (e) erosional tendency of the MTD when it crosses a morphological high situated next to the slope break and (f) MTD behaviour when it translates on the well-stratified fine-grained portion of the slope. ............................................................................................................................................. 120 Figure 5.1: General bathymetric map of the Balearic abyssal plain (BAP) with location of seismic surveys (colour lines, see the graphic legend to identify the name of the cruise) and sediment cores (red dots) mentioned or presented in this study. The continuous black line represent the indicative areal coverage of the BAP megabed as proposed byRothwell et al. (2000). White boxes show the

  Figure 5.2: Sub-Bottom Profiles from campaigns WestMedFlux (2016) with images of the BAP megabed identifiable as an acoustically transparent layer. (a) Profile WMF2016-AT010_T120939 shows the acoustically transparent unit of the BAP megabed less thant 10 m below the seafloor with gentle folds following the geometry of underlying strata and a gradual pinch-out of the unit towards the SouthWest. (b) Profile WMF2016-AT010_T215750 shows in the central part of the basin the presence of faults displacing the megabed. .................................................................................. 134 Figure 5.3: (a) Profile WMF2018-AT141A with evidence of the pinch-out of the BAP megabed towards the west beyond salt domes. The lateral termination of the megabed seems to be at offset 15000, but it actually goes further west (offset 1000). (b) Profile SARDINIA2006209 with abrupt eastward termination of the BAP megabed on the steep Sardinian margin testified by diffraction hyperbolae and thickness variability due to the presence of salt domes towards NW. (c) Profile SARDINIA2006172 with a detail of the abrupt eastward termination against the Sardinia margin. ..................................................................................................................................................... 135 Figure 5.4: SBP profile WMF2018-AT143A in a sector where the BAP megabed is relatively isopach by folded by salt diapirs and cut by vertical faults showing metric displacement (a). The pop-up image (b) shows evidence of erosion at the base of the BAP megabed with apparent truncation of seismic reflectors.(c) Map with location of the seismic profile. The dashed blue line shows the area with occurrence of seismic reflector truncations at the base of the megabed. ..... 136 Figure 5.5: (a) Profile WMF2016-AT012 where the BAP megabed is dissected by several vertical faults (location in Fig. 1). (b) The pop-up image shows three distinct echo-facies within the BAP megabed: I faint discontinous and very low amplitude reflectors echo-facies, II dominantly transparent echo-facies topped by a discontinuous but mappable reflector, III basal unit with a discontinuous base and top showing medium-amplitude discontinuous reflectors. (c) Legend of the echo-facies. .................................................................................................................................. 137 Figure 5.6: (a) Portion of SBP profile WMF2016-AT016 at the site of sediment core WMF2-KF11 (Location in Fig. 1). (b, d) Core WMF2-KF11 photo. Note the 4 intervals in blue where whole core samples for oedometer tests were reserved: two within the homogeneous clay of the megabed, two in overlying layers characterised by alternating thin beds of sand and silt with dominant hemipelagic silty clay (the latter two samples are from fine grained sediment). (c) P-wave velocity log of the core showing a clear identification of three lithological units. .................................................... 138 Figure 5.7: (a) Lithological log of sediment cores LC05 (only the upper ca. 13 m, modified from Clare et al., 2014) and WMF2-KF11. Note that the majority of the sedimentary succession is represented by turbidites. (b) Synthetic sedimentary structures of the megabed. (c) Map showing the possible sources of the megabed (arrows, modified from Clare et al., 2014), thickness value of the megabed (from Tab. 1) and earthquake epicentres of Mw>2 from the ESMC Catalogue http://www.emsc-csem.org. ......................................................................................................... 140
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 59 Figure 5.9: Physical and geotechnical parameters measured on core WMF2-KF11. From left to right: Density form Multi Sensor Core Logger (MSCL, black line) and from water content on discrete samples (blue dots); P-wave velocity from MSCL (black line) and discrete measurements on half core via celerimeter (blue dots); Derived parameters from oedometric tests Yield Stress Ratios (YSR) and Recompression, Compression and Swelling Indices; Undrained shear strength (Su) measured by Vane test in the half core: normally consolidated sediment would fall within the black and red lines. Note the abrupt change of several parameters at 2.28 mbsf. The grey shadow correspond to the depth of the homogenite part of the BAP megabed (2.28-4.50 mbsf), whereas in yellow is the silty/sandy portion of the megabed sampled by the core. ....................................... 142 Figure 6.1: EMODnet bathymetric map of the GoL margin highlighting the distribution of main sedimentary and mass movement features (black lines: headwall of submarine landslides and mass transport deposits; yellow line: present-day thalweg of the Petit Rhone Canyon; green lines: thalwegs of the main submarine canyons; blue line: shelf break; white dashed polygon: raft (salt) domain dominated by listric faults). ............................................................................................. 151 Figure 6.2: High-resolution multibeam bathymetric map of the source area of the landslides (see Fig. 6.1 for location). Landslide headwalls are highlighted with dashed black lines and active faults related to Messinian salt are highlighted with blue lines. Solid black lines represent locations of the seismic profiles shown in Figures 6.3, 6.4 and 6.5a and b. In the inset, black circles and light blue rectangles respectively represent the locations of the sediment cores and the in-situ geotechnical measurements acquired during PRISME3 cruise (see Figs. 6.7, 6.9). .......................................... 153 Figure 6.3: NS oriented seismic profile crossing the western slide area showing the internal architecture of the study area. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by seven key high-amplitude reflectors (H1 to H6). See Figure 6 for a focus on the central part of the profile (Offset 17-21km). ...................................................................................................................................................... 154 Figure 6.4: NNW-SSE oriented Seismic profile AM-MED018 crossing the eastern part of the ERIS. It illustrates two headwall scarps (HS2& HS3) showing particularly sharp truncation and transparent unit interpreted as a buried MTD. Headwall scarps of the landslides are represented by sharp truncations of well-stratified sediments disappearing downslope. The basal surface of the MTD corresponds to the prolongation of a sharp contact between underlying low amplitude reflectors and overlying high amplitude reflectors. ...................................................................... 155
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  Figure 7.3: (a) Seismic profile crossing the eastern part of the ERIS showing the sharp truncation of the headwall scarps, the REMTD and two buried MTDs -shallow MTD and deep-seated MTD (highlighted with blue and green colour, respectively). Note that horizons H1, H2 and H3 represent the basal surfaces of the top 3 failures of the ERIS. (b): Seismic profile showing the internal architecture of the western slide area, high-amplitude horizon H1 marks the basal surface of the RWMTD. (c), (d): Seismic profiles showing examples of headwall scarps and other erosional features within the western slide area, similar to the ERIS; the basal surface of the landslides coincides with the transition between underlying low-amplitude and overlying high-amplitude reflectors. (e), (f): close-up view of a small-scale buried failure between horizon H4 and H5 shows similar characteristic as of the surficial MTDs, H5 marks the basal surface of the MTD and the MTD is later draped by horizon H4. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by 7 key reflectors (H1 to H6) delineating 7 seismic units (U1 to U7). See Fig. 1 for the location of the profile. ................
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 7 Figure 7.4: X-ray, lithology, gamma density, Vp, water content (with liquid limit in grey and plastic limits in red) Ca/Fe ratio, normalised K counts, and δ18O of core (a) PSM3-CS051 and (b) PSM3-CS050, (c) legends and symbols and (d) cartoon of the profile with core locations. ...................
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 7 Figure 7.5: (a) Drained shear strength profiles (y-axis) of basal surface 1 (in blue), basal surface (in red) and turbidites (in green) plotted as a function of displacement (x-axis). (b) Mohr-Coulomb envelops of the samples showing cohesion and friction angles. (c) symbols used in figures 5(a). (d) conceptual figure showing strain-softening and elastoplastic behaviour of the sediments note that the basal surfaces reminisce closely with strain-softening type behaviour and turbidite show an elastoplastic behaviour. ................................................................................................................ 174 Figure 7.6: Correlation of δ18O values between (a) composite record of MD99-2348 and PRGL 1-4 borehole (Sierro et al., 2009) as a function of age (kyrs), (b) core PSM3-CS051 and (c) as a function of depth (m) before matching and (d) after matching. (e) Sea-level curve from Grant et al. (2014). .......................................................................................................................................... 176 8. Figure 7.7: Correlation of δ18O values between (a) composite record of MD99-2348 and PRGL 1-4 borehole (Sierro et al., 2009) as a function of age (kyrs), (b) core PSM3-CS051 and (c) as a function of depth (m) before matching and (d) after matching. (e) Sea-level curve from Grant et al. (2014). .......................................................................................................................................... 176 Figure 7.8: (a) Factors affecting slope stability and their intensity during the glacio-eustatic cycle (modified after Lee 2009). (b) Comparison of radiocarbon dates at the base of the post MTD drape
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  simplified the classification system of subaqueous mass movements (Fig.1.1).In which slide is referred to as a movement of a coherent mass of sediment bounded by distinct failure planes, it is further divided into two types: translational, where failure takes place parallel to the glide planes, without disturbing the stratigraphy and rotational, where the failure takes place along a curved shear surface. Debris flows have a laminar, cohesive flow of clasts in a fine-grained matrix. Debris avalanche occurs as a rapid flow of cohesionless rock fragments with energy dissipation by grain contact and turbidity current: a gravity flow in which sediment grains are maintained in suspension by fluid turbulence. Geophysical techniques are mostly used to identify submarine landslides on the seafloor. Multibeam echo sounders are used to represent and understand the morphology together with subbottom profilers that can detect shallow subsurface (up to 50 m) geological structures, geometry and stratigraphy. Side-scan sonar imagery can help to understand the morphology and at first approximation the sediment type on the seafloor. 2D reflection seismic technique is used to image

Figure 1 . 1 :

 11 Figure 1.1: Classification of submarine landslide types (fromMasson et al., 2006).

  catalogue a variety of internal structures seen in MTDs from 3D seismic reflection data and propose a comprehensive classification scheme for kinematic indicators of mass-flow from the headwall to the toe domain. They divide the entire MTD into three main morpho domains: headwall, translational and toe domain, the numbers indicate the location of particular kinematic indicators in the overall morpho domain of the MTD corresponding to Figure 1.2. The main kinematic indicators observed in the headwall domain are the headwall scarps (1) and extensional blocks (2) with intact stratigraphy. The translational domain shows a variety of kinematic indicators such as sidewall scarps visible in the bathymetry (3), the basal shear surface shows ramps, flats (4), basal grooves (5) and striations (6), the internal MTD body shows translated (8) and outrunner blocks (9) and folded blocks (10). The top surface of the slide shows longitudinal shears (11) and secondary flow fabrics (12). Mostly compression related kinematic indicators are observed in the toe domain such as pressure ridges (13), fold and thrust systems and pop-blocks (14).

Figure 1 .

 1 Figure 1.2: Schematic diagram showing representative internal structure and kinematic indicators found within submarine landslides and mass-transport deposits (fromBull et al., 2009). See text for detail.
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 14 Figure 1.4: Conceptual diagram of several different types of sediment failures and the spatial distribution of the mass transport deposit facies associations (from Tripsanas et al., 2008 and references therein). Roman numerals indicate the examples used in Tripsanas et al. (2008) I: High-deformation landslide, II: Landslide transformed into cohesive debris flow. III: Debris avalanche -Blocky MTD, IV: Low-deformation slides/slumps, V: failures in canyons and mass-transport complexes, VI: Local-scale slides and slumps in channels and levees, VII: Slumps/slides and debris flows on river deltas.
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 13 Figure 1.3: Sampling strategies for radiocarbon dating of submarine landslides (fromUrlaub et al., 2013).The rectangles represent sediment cores with hemipelagic background sedimentation (white) and a landslide deposit (grey). Open and filled black circles indicate the position of the sample. Minimum age is obtained by taking one (a) or several samples (b) from the hemipelagic unit above the landslide deposit. Maximum age is obtained when samples are either taken from the hemipelagic unit below (c) or within (d) the failure deposit.A linear average sedimentation rate for the core based on one sample can be significantly different from actual temporary sedimentation rates (e), which can be calculated when several samples between the top of the core and the top of the failure deposit are available. Samples above the deposit can give an age too young if located on a local high (f) and bioturbation on the top, as well as erosion at the base of the failed deposit (g), are possible sources of uncertainty to the estimated ages.

  , COSTA (Continental slope Stability, 2000-2002) UNESCO IGCP-640-S4SLIDE (2015-2020). More recently, the Europe wide ITN SLATE project deals with multiple aspects of submarine landslides within the European context. The ITN SLATE project (Submarine Landslides and their impact on European continental margin) -financed by the European Union under Horizon2020 program -focuses on investigating submarine landslides and associated geohazards as important natural risks that threaten offshore infrastructures and coastal regions in Europe. It is centred on the formation of 15 Early Stage Researchers (ESR) with a 3-year contract to complete a PhD dissertation. The project is composed of three scientific Work Packages (WP) dealing with different aspects of submarine landslide investigation. WP1: Understanding pre-failure processes, long-term trends in slope evolution and failure mechanisms; WP2: Understanding post-failure dynamics and tsunamigenic potential; WP3 -Hazard from submarine landslides: impacts on offshore operations and management of European coastal areas and continental margins.

Figure 1 .

 1 Figure 1.5: Map of landslide distribution, major coastal cities, recorded tsunami occurrence and telecom cables in the Mediterranean Sea. Distribution of submarine landslides are used from the database of[START_REF] Urgeles | Submarine landslides of the Mediterranean Sea: trigger mechanisms, dynamics, and frequency-magnitude distribution[END_REF]. The mass-movements highlighted in brown colour are investigated in this PhD thesis.

Figure 1 .

 1 Figure 1.6: a) palaeogeodynamics of the Mediterranean Sea at about 45 Ma. The Alps were continuous with the Betics to Gibraltar, consuming an ocean located to the west and b) present geodynamic framework. There are four subduction zones with variable active rates in the Mediterranean realm: the westwards-directed Apennines-Maghrebides; the westwards-directed Carpathians; the north-eastwards-directed Dinarides-Hellenides-Taurides; and the south-eastwards-directed Alps. The Apennines-Maghrebides subductionrelated back-arc basin of the western Mediterranean stretched and scattered into segmented basins most of the products of the Alps-Betics orogen. From[START_REF] Carminati | Mediterranean tectonics[END_REF].

Figure 1 .

 1 Figure 1.7: Schematic model of subsidence-dominated deformation that generated the Sète-Marti sub-basin (western Rhodanian Grabens Domain). Initial conditions are shown in a. In b, extension-dominated deformation due to overburden translation over the Messinian detachment salt layer. In c, as salt is largely evacuated rollovers subside, generating sediment accommodation space for sediments. From dos Reis et al. (2005).

Figure 1 .

 1 Figure 1.8: a) Bathymetric map of the Gulf of Lion with location of borehole PRGL1-4 in the interfluve separating Aude and Herault submarine canyons, AC and HC, respectively. The dominant component of the general circulation is shown by the geostrophic Northern Current (NC), which flows southwestward along the slope and occasionally penetrates over the outer shelf, blue arrows. b) Part of high-resolution seismic reflection profile P-1036a crossing the borehole location in a NW-SE direction across the outer shelf and upper slope (modified fromJouet, 2007). Stratigraphic sequences S1 to S5 delimited by main reflectors D35 to D70 marked as defined byJouet (2007). Red reflectors show the main conformities separating RPUs while the blue ones correspond to sandy prisms. FromFrigola et al. (2012).
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 11 Figure 1.1: Classification des types de glissements sous-marins (d'aprèsMasson et al., 2006).

1. 2

 2 indiquent l'emplacement d'indicateurs cinématiques particuliers dans la représentation générale morphologique d'un MTD présentée en figure 1.2. Les principaux indicateurs cinématiques observés dans le domaine de l'escarpement sont les cicatrices ou loupes d'arrachement (1) et les blocs d'extension (2) avec une stratigraphie intacte en dehors de la zone d'évacuation. Le domaine translationnel montre une variété d'indicateurs cinématiques tels que des cicatrices des escarpements secondaires ou latéraux visibles dans la bathymétrie (

Figure 1 .

 1 Figure 1.2: Schéma montrant la structure interne représentative et les indicateurs cinématiques trouvés dans les glissements sous-marins et les dépôts de transport de masse (d'aprèsBull et al., 2009). Voir le texte pour plus de détails.

Figure 1 .

 1 Figure 1.4: Stratégies d'échantillonnage pour la datation au radiocarbone des glissements de terrain sousmarins (d'aprèsUrlaub et al., 2013). Les rectangles représentent des carottes de sédiments avec une sédimentation de fond hémipélagique (en blanc) et un dépôt de glissement de terrain (en gris). Les cercles noirs ouverts et remplis indiquent la position de l'échantillon. L'âge minimum est obtenu en prélevant un (a) ou plusieurs échantillons (b) de l'unité hémipélagique au-dessus du dépôt de glissement de terrain. L'âge maximum est obtenu lorsque les échantillons sont prélevés soit dans l'unité hémipélagique située en dessous de (c), soit dans (d) le dépôt de défaillance. Une vitesse de sédimentation linéaire moyenne pour la carotte basée sur un échantillon peut être significativement différente des vitesses de sédimentation temporaires réelles (e), qui peuvent être calculées lorsque plusieurs échantillons sont disponibles entre le sommet de la carotte et le sommet du dépôt de rupture. Les échantillons au-dessus du dépôt peuvent donner un âge trop jeune s'ils sont situés sur un haut local (f) et la bioturbation sur le dessus, ainsi que l'érosion à la base du dépôt de rupture (g), sont des sources possibles d'incertitude quant aux âges estimés.

  1.5). Si ces côtes de plus en plus peuplées et ces infrastructures offshores en développement rapide offrent de nombreuses possibilités et une énergie propre, elles sont également confrontées à des risques importants dus à des catastrophes naturelles inévitables telles que les tsunamis, les tremblements de terre et les glissements de terrain sous-marins (voir par exemple D'amico et al., 2017). La mer Méditerranée est une zone géologiquement complexe où coexistent, à faible distance, divers types d'environnements tels que des marges actives et passives, des îles volcaniques et de grands deltas fluviaux (Urgeles et Camerlenghi 2013 et références dans ce document). Cette étude se concentre sur la marge du Golfe du Lion, qui est une marge passive située dans le nord-ouest de la Méditerranée et qui s'étend jusqu'au plan abyssal des Baléares (BAP) dans la Méditerranée profonde occidentale. Sur les six grands (>150 km 3 ) MTD de la région méditerranéenne, trois sont situés dans le Golfe du Lion (GoL, Gulf of Lions) et la plaine abyssale des Baléares (BAP, Balearic Abyssal Plain). Il s'agit des MTD du Rhône occidental et oriental et d'une énigmatique mégaturbidite appelée mégaturbidite du BAP (Fig. 1.1). Ces trois dépôt sous-marins d'accumulation en masse, ou gravitaires, correspondent à des volumes prodigieux de 200, 160 et 1000 km 3 , respectivement. Bien que le GoL constitue l'une des marges les mieux étudiées en termes de variabilité climatique

Figure 1

 1 Figure1.5: Carte de la répartition des glissements de terrain, des principales villes côtières, des tsunamis enregistrés et des câbles de télécommunications en Méditerranée. La distribution des glissements de terrain sous-marins est utilisée à partir de la base de données d'Urgeles et Camerlenghi (2013). Les mouvements de masse mis en évidence en couleur marron sont étudiés dans cette thèse de doctorat.

  GoL se produit à des profondeurs d'eau allant de 120 à 170 m. Quinze canyons sous-marins alimentent le système sédimentaire distal du Rhône et incisent le talus continental du GoL jusqu'à une profondeur d'eau de 1000 m, le principal étant le Canyon du Petit Rhône (PRC), qui est alimenté par des sédiments alpins par le fleuve du Rhône et ses affluents.

Figure 1 .

 1 Figure 1.6: a) la paléogéodynamique de la mer Méditerranée à environ 45 Ma. Les Alpes étaient continues avec les Bétiques jusqu'à Gibraltar, consommant un océan situé à l'ouest. b) cadre géodynamique actuel. Il existe quatre zones de subduction à taux d'activité variable dans le domaine méditerranéen : les Apennins et les Maghrébins orientés vers l'ouest, les Carpates orientées vers l'ouest, les Dinarides, les Hellénides et les Taurides orientés vers le nord-est et les Alpes orientées vers le sud-est. Le bassin arrière de la Méditerranée occidentale, lié à la subduction des Apennins et des Maghrébins, s'étend et se disperse en bassins segmentés, la plupart des produits de l'orogène Alpes-Bétiques. D'après[START_REF] Carminati | Mediterranean tectonics[END_REF].

Figure 1 .

 1 Figure 1.7: Modèle schématique de la déformation dominée par la subsidence qui a généré le sous-bassin de Sète-Marti (domaine de Grabens en Rhodanie occidentale). Les conditions initiales sont illustrées en a. En b, la déformation dominée par l'extension due à la translation des morts-terrains sur la couche de sel de détachement messinienne. En c, comme le sel est en grande partie évacué, les renversements s'affaissent, générant un espace d'accommodation des sédiments. D'après dos Reis et al. (2005).

Figure 1 .

 1 Figure 1.8: a) Carte bathymétrique du Golfe du Lion avec localisation du forage PRGL1-4 dans l'interfluve séparant les canyons sous-marins de l'Aude et de l'Hérault, respectivement AC et HC. La composante dominante de la circulation générale est représentée par le courant géostrophique du Nord (NC), qui s'écoule vers le sud-ouest le long du talus et pénètre occasionnellement au-dessus du plateau extérieur, flèches bleues. b) Partie du profil de sismique réflexion haute résolution P-1036a traversant l'emplacement du trou de forage dans une direction NO-SE à travers le plateau extérieur et le haut du talus(modifié d'après Jouet, 2007). Séquences stratigraphiques S1 à S5 délimitées par les réflecteurs principaux D35 à D70 marqués comme défini parJouet (2007). Les réflecteurs rouges montrent les principales conformités séparant les RPU tandis que les réflecteurs bleus correspondent à des prismes sableux. D'aprèsFrigola et al. (2012).
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 1 Figure 2.1: Bathymetric map of the study area highlighting multichannel data used in this thesis.

2. 3

 3 .2. Deep-towed very high-resolution multichannel seismic data Two-dimensional deep-towed multichannel very high-resolution seismic data (Fig.6) were acquired for the first time in the GoL during the PRISME2 campaign (Cattaneo 2013a) using Ifremer's in-house acquisition system SYSIF (Système Sismique de Fond;Ker et al. 2010; Marsset et al. 2014). It consists of an open-cavity acoustic source and a specially developed streamer that is towed at a constant altitude above the seafloor (50-100 m). The source consists of a Janus-Helmholtz transducer that emits a 100 ms sweep signal in the 220-1050 Hz frequency bandwidth.The multichannel streamer is composed of 52 digital hydrophones spaced by 2 m (offsets 10-112 m). The processing of the data includes a reconstruction of the variable streamer geometry, a deconvolution of the seismic signal by the source signature and a Kirchhoff pre-stack depth migration. SYSIF can obtain a maximum vertical resolution of 0.6 m and up to 1.5 m horizontally, which allows us to image mass-movement features in unprecedented detail.

Figure 2 . 2 :

 22 Figure 2.2: Bathymetric map highlighing sub-bottom profiler data used in this thesis.

  133 µm/second by displacing the lower plate horizontally relative to the top plate by an electric motor, inducing planar shear deformation in the sample. For further information about the Giesa direct shear device and testing procedure reader is referred to Ikari et al. (2015).

Figure 2 . 4 :

 24 Figure 2.4: Schematic of direct shear device used to measure drained direct shear strength of the samples.

Chapter 3 .

 3 Morphology of retrogressive failures in the Eastern Rhone interfluve during the last glacial maximum (Gulf of Lions, Western Mediterranean) Resumé Le golfe du Lion (nord-ouest de la Méditerranée) est une marge continentale passive orientée SW-NE, formée depuis l'Oligocène. Elle présente des caractéristiques glissement de terrain à petite et grande échelle qui suggèrent une longue histoire d'instabilité des fonds marins. Les deux grands glissements superficiels le long de la levées turbiditique du Rhône, connus sous le nom glissement du Rhône oriental et occidental (REMTD et RWMTD), sont particulièrement intéressants. À l'aide de la bathymétrie multifaisceaux, du sondeur de sédiment, des données sismiques et sédimentologiques à haute résolution récemment acquises, nous étudions la morphologie, la chronologie, la cinématique et les éventuels mécanismes de déclenchement de la zone source du REMTD, que nous appelons le glissement d'interfluve du Rhône oriental (ERIS). ERIS a une distance d'écoulement estimée à environ 200 km. Il couvre une surface d'environ 700 km2 et le volume du matériel mobilisé est d'environ 110 km3. Nos données révèlent quatre plans de glissement individuels dans le complexe ERIS qui sont très probablement été générés par des défaillances rétrogrades. Les surfaces basales de l'ERIS coïncident avec des réflecteurs sismiques de haute amplitude, similaires à ceux précédemment interprétés comme l'expression de couches condensées sur la pente supérieure. Les séquences turbiditiques prises en étau entre les couches condensées contrôlent probablement la localisation des couches faibles potentielles qui favorisent les ruptures. La datation au radiocarbone AMS donne un âge d'environ 21 ka cal BP pour les ruptures, ce qui correspond au pic du dernier maximum glaciaire. La base de l'ERIS est incisée par plusieurs failles listriques actives enracinées dans les strates messiniennes, qui contrôlent la localisation des cicatrices de glissement.

Figure 3 . 1 :

 31 Figure 3.1: EMODNET bathymetric map of Gulf of Lions margin highlighting the distribution of main sedimentary and mass movement features (black dashed lines: sedimentary deposits; white lines: Mass Transport Deposits; green lines: thalweg of main submarine canyons; blue line: shelf break; solid black line: headwall of submarine landslides; blue dashed line: upslope limit of Messinian evaporites; red dashed rounded polygon: raft domain dominated by listric faults; yellow dashed polygon: compression area dominated by salt diapirs). Gulf of Lions canyons (Berné et al., 2002): CC: Cap de Creus, LD: Lacaze Duthier, P: Pruvost, Bc: Bourcart, He: Herault, S: Sète, CL: Catherine Laurence, M: Marti, PR: Petit-Rhone, GR: Grand-Rhone, Ms: Marseille, PL: Planier, C: Cassidaigne. REMTD: Rhone Eastern Mass Transport Deposit, RWMTD: Rhone Western Mass Transport Deposit. Limits of sedimentary bodies are from Droz et al. (2006); Messinian evaporite limits are from dos Reis et al. (2005).

Figure 3 .

 3 Figure 3.2: a) High-resolution multibeam bathymetric map of the source area of the Eastern Rhone Interfluve Slide Complex (ERISC) highlighting multiple retrogressive headwall scarps and associated sidewall scarps marked with dashed black lines. Red circles represent the locations of sediment cores acquired during PRISME3 cruise. Solid black lines represent locations of the seismic profiles shown in Figures 3, 4, 5a, b and 7. Black rectangles represent locations and extent of Figs. 2b and 3a. b) Seafloor gradient map of the study area. c) Bathymetric profile A-A' illustrates the locations of four individual headwalls and the Northern Graben and d) Bathymetric profile B-B' shows morphologic expressions of the fault scarps towards the eastern part of the study area.

Figure 3 .

 3 Figure 3.3: a) Three dimensional view of the toe area of the ERIS showing morphology of the fault grabens and a small slide lobe likely originating from the levee collapse. Vertical exaggeration 10x. b) high-resolution bathymetric map of seabed morphology surrounding toe area of the ERIS showing areas dominated by seafloor spreading, collapse of Petit Rhone Canyon levees and several scarps representing active faults as well as grabens.

Figure 3 .

 3 Figure 3.4: a) Uninterpreted and b) interpreted dip seismic profile AM-MED018 (NNW-SSE) crossing the eastern part of the ERIS. It illustrates the sharp truncation of the headwall scarps, the surficial MTD (REMTD) and two buried MTDs -shallow MTD and deep-seated MTD (highlighted with blue and green color, respectively). Insets 1 and 2 show blow-ups of headwall scars HS2 and HS3 in the sub-bottom profiles marked by sharp truncations of well-stratified sediments overlain by transparent reflections interpreted as MTD. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by 7 key reflectors (H1 to H6) delineating 7 seismic units (U1 to U7). These key reflectors and seismic units are shown with same respective colors and names in Figs. 5, 6, 7c and 8. Note the reversed polarity of horizon H4 with respect to the seafloor. See Fig. 2 for the location of the profile.

Figure 3 .

 3 Figure 3.5: a) Strike seismic profile AM-MED17 (oriented WSW-ENE) crossing the source area of the ERISC (in its proximal part). The profile images the sidewalls of headwall scar HS2 showing truncation of seismic unit U2, the Shallow Mass Transport Deposit (SMTD, blue rounded polygon, between H3 and H4) and the Deep-Seated Mass Transport Deposit (DSMTD, green rounded polygon, below 2.2 s twtt). The left part of the profile shows transition of well-stratified sediments to chaotic reflections with intact internal reflections representing seafloor spreading above H1. The inset shows coinciding sub-bottom profile showing hummocky morphology with reflection hyperbolae, b) NW-SE oriented strike perpendicular seismic profile AM-MED04 shows a small-scale failure within seismic unit U5. See Fig. 2 for the location of the line.

  3.6, 3.7a, b). The REMTD seismic facies are homogeneous in most parts of the study area with very low to absent internal reflections or structures. It infills the seafloor depressions predating REMTD imaged in the study area (Fig.3.7a). The average thickness of the REMTD is ∼100 ms, with a maximum thickness of 150 ms in the depressions of the underlying strata. We observe several cases in the toe area of the ERIS, where the REMTD erodes the basal surfaces leaving behind the remnants in the form of basal ramps (Fig.3.6).At water depths between 2000-2200 m, along the western boundary of the REMTD, we recognize transformations in the structural style of the strata above reflector H4 (Fig.3.7c). The proximal part of this area shows extensional features in the form of displaced and scattered blocks. The middle part consists of highly deformed and rotated blocks. The deformation becomes more apparent towards the front, with an increase in the degree of rotation. The frontal part of the area shows a compressional character with rather preserved stratigraphy in the form of pressure ridges with more than six individual blocks pushed upward from their original stratigraphy: we interpret these blocks as "pop-up blocks".

Figure 3 .

 3 Figure 3.6: SW-NE oriented, strike seismic profile AM-MED19 crossing the toe area of the ERISC about 25 km downslope of AM-MED17. The profile images sharp truncation of well-stratified seismic units at several levels indicative of failure surfaces. Note that the SMTD is not imaged in the profile suggesting a short run out of this landslide. The DSMTD is limited to two patches (marked by dashed green line) of 50-100 ms thickness. The eastern and western parts of the profile are disturbed by normal faults. See Fig. 2 for the location of the profiles.

Figure 3 .Figure 3

 33 Figure 3.7: a) Seismic profiles Progres 060 and 061 (SW-NE oriented) showing a trologansect through the REMTD. The color scale of the seismic profile has been adapted for better visualization of the seismic data. b) NW-SE oriented sub-bottom profile crossing the southern limit of the REMTD showing patches of transparent facies interpreted as out runner blocks. c) Extract of seismic profile AM-MED4e (NNW-SSE) through the compression ridge. d) Multibeam bathymetric map of the study area with profile locations.

Four

  sediment cores were recovered east of the Rhone submarine valley in the turbiditic levees; two in areas with a smooth bathymetry (PSM-CS041 & 42), two in areas with seafloor affected by masswasting (PSM-CS046 & 47). Lithological observations may be summarized into three lithofacies (L1 to L3; Fig. 3.9):

Figure 3 .

 3 Figure 3.9: a) Gamma density and lithofacies of sediment cores (from left to right, PSM3-CS047, 46, 42 and 41) collected at the toe of the Rhone Eastern Mass Transport Deposit (REMTD). b) Sub-bottom profile crossing the Southern Graben indicating the position and penetration of sediment cores (solid red rectangles). c) Location map of the sediment cores and the sub-bottom profile. WR: whole round samples collected for mechanical properties analysis (no lithostratigraphic description).

  Core PSM3-CS46 was collected at 1985 m water depth and is 9.07 m long. The uppermost seven cm of the core is composed of lithofacies L1. From seven cm to 7.02 m, the core is composed of lithofacies L2 with silty laminae occurring every few cms. The frequency of the laminae decreases towards the top. From 7.02 m to the bottom of the core, below a sharp, erosive contact, the core presents lithofacies L3. The bulk density values for the top 7.02 m vary from 1.75 to 1.9 g.cm -3 and gradually increase to 2.05 g.cm -3 from 7.02 m towards the bottom of the core.Core PSM3-CS47 is 10.87 m long and is located at the eastern flank of the PRC at a water depth of 1810 m. From the top to five cm, the core presents lithofacies L1. From five cm to 7.75 m, the core presents lithofacies L2. Similar to the core PSM3-CS46, this part of the core shows the frequent appearance of silty to sandy turbidites. However, the turbidites in this unit show erosive bases and are fining upwards. Below 7.75 m to the bottom of the core, the sediments show lithofacies L3. The bulk density values are well below the background values of 1.8-1.9 g.cm -3 throughout the core.The upper part of the core (down to 7.75 m) is characterised by density fluctuations whereas the lower part shows more stable values that generally increase towards the bottom of the core.However, the bulk density values for the entire core remain lower than the mean values observed in the other sediment cores.
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 310 Figure 3.10: Comparison of radiocarbon dates at the base of the post MTD drape on top of the REMTD (this study), RWMTD(Dennielou et al., 2019) and the Balearic Abyssal Plain Megabed(Rothwell et al., 1998).

  3.2a, b) have most likely funnelled and channelised the flow of the failed sediments, eventually enhancing the erosion of the seafloor.Alves et al. (2014) suggested that the presence of basal ramps is a key indicator relating to the combined effect of the erosional power of the MTD and seafloor morphology. Since the ERISC occurred in a gentle slope of 1.8°, we suggest that basal ramps at the toe of the ERIS show an erosional tendency of the mass movement. The minor topographic highs along the grabens (Figs.3.3a, 3.11) suggest the deposition of failed sediments originating from the levee collapse during the major slide event or at a later stage. Similar to other large MTDs around the world (e.g. RWMTD, Dennielou et al., 2019; BIG'95 debris flow, Lastras et al., 2005; Sahara landslide, Li et al., 2017), the REMTD has a long runout distance of about 200 km and an average width of 50 km. It filled the topographic depressions forming asmooth seafloor and shows very little to no reflections in the seismic data along with its transparent facies in the sub-bottom profiler data (Figs.3.1, 3.2a, 3.7 a, b)

Figure 3 .

 3 Figure 3.11: Geomorphological interpretation map of the study area. REMTD: Rhone Eastern Mass Transport Deposit, NG: Northern Graben, SG: Southern Graben. Thick black arrows indicate probable main pathways of the REMTD. Active and buried faults are modified after dos Reis et al. (2005).

Fig. 3 .

 3 Fig.3.9) were deposited ca. 1 ka after the REMTD. This suggests that mass-wasting occurred over a long period, although not always in big volumes. Overall, the age of the emplacement of the REMTD from our study is coeval with the emplacement of the RWMTD (21.5 ka cal BP;Dennielou et al., 2019) and within dating uncertainties with the mega-turbidite in the Balearic Abyssal Plain (21.95 ka cal BP;Rothwell et al., 1998), suggesting a common trigger (Fig.3.10).

  conventional seismic imaging techniques. To overcome this issue, a deep-towed multi-channel seismic experiment was carried out, in which the proximity of the source to the seafloor significantly improves the lateral and vertical resolution and in turn improves seismic imaging. Here we present the results of the first deep-towed multi-channel seismic experiment carried out in the Gulf of Lions within the "transparent" Rhone Western mass transport deposit. Our data show the internal structure of the mass transport deposit in unprecedented detail. We highlight several crucial kinematic indicators such as the presence of blocks, rafts, ramps and types of basal surface erosion within the deposit. These observations together helped us to propose a conceptual evolution model of the deposit and improved our understanding of seafloor instabilities in the Gulf of Lions. Résumé Pour mieux comprendre la menace posée par les glissements sous-marins, il est impératif de comprendre la structure interne de leurs dépôts qui contiennent la plupart des indicateurs cinématiques à petite échelle. Les études sismiques des glissements de terrain sous-marins montrent souvent des réflexions chaotiques et transparentes, tandis que la cartographie des affleurements et les carottes de sédiments montrent une géologie complexe au sein de ces dépôts. Cela suggère que les indicateurs cinématiques sont souvent inaccessibles auxrésolutions des méthodes conventionnelles d'imagerie sismique. Pour surmonter ce problème, une acquisitionsismique multitraces remorquée en fond de mera été réalisée, pour laquelle la proximité de la source avec le fond marin améliore considérablement les résolutions latérale et verticale, ce quiaméliore à son tour l'imagerie sismique. Nous présentons ici les résultats de la première acquisition sismique multitraces remroquée en fond de mer réalisée dans le golfe du Lion, dans le glissement "transparent" du Rhône occiendental. Nos données montrent la structure interne du gisement de transport de masse avec un niveau de détail sans précédent. Nous mettons en évidence plusieurs indicateurs cinématiques cruciaux tels que la présence de blocs, de radeaux, de rampes et d'érosion de la surface de cisaillement à l'intérieur du glissement. L'ensemble de ces observations nous a permis de proposer un modèle conceptuel d'évolution du glissement et d'améliorer notre compréhension des instabilités du fond marin dans le golfe du Lion.

  suggesting a blockdominated MTD. The overarching aim of this paper is to better understand the internal architecture of the RWMTD, we do this by carrying out a deep-towed multi-channel seismic acquisition by placing very high-resolution source and 52-channel streamer close to the seafloor. We analyse the internal architecture of RWMTD from a transect of deep-towed seismic data. The main objectives of this paper are to 1) understand the kinematic indicators of the RWMTD from the newly available deep-towed seismic data, 2) utilize these kinematic indicators to propose a conceptual flow model of the MTD and 3) illustrate the potential of deep-towed seismic data in imaging internal architecture of mass wasting products.

Figure 4

 4 Figure 4.1: a) Bathymetric map of the Rhone Western mass transport deposit and b) isopach map of the MTD including the location fo the seismic transact and core location.

4. 3 .

 3 Figure 4.2: Comparison of the dataset a) multi-channel conventional seismic, b) 3.5 kHz sub-bottom profiler and c) deep-towed multichannel seismic profile. Note that the three profiles are acquired in the same location.

Figure 4 . 3 :

 43 Figure 4.3: Comparison of seismic facies observed in the SBP, MCS and SYSIF data as shown in Figure 2.

Figure 2

 2 Figure 2 shows an example of the source area of the RWMTD imaged with three different seismic techniques: SBP data show a transition of well-stratified continuous seismic facies to completely transparent facies with multiple hyperbolae. In the MCS profile, the source area is imaged with better penetration. The profile shows a transition of well-bedded facies to chaotic to semitransparent facies. However, some low-amplitude reflections are visible in the chaotic part. When compared with SYSIF data, features within the chaotic and transparent part of the MCS data are imaged in much more detail. SYSIF data show enhanced frequencies within the undisturbed part and images a series of faults and folded blocks with preserved stratigraphy that were otherwise imaged as chaotic reflections in MCS or transparent reflections with multiple hyperbolae in SBP data.

Figure 4

 4 Figure 4.4: (a) to (d) SYSIF data highlighting the internal architecture of the seismic facies in the proximal domain of the RWMTD, (e) location of the seismic profile in the isopach map.

Figure 4

 4 Figure 4.5: (a) to (e) SYSIF data highlighting the internal architecture of the seismic facies in the translational domain of the RWMTD, (f) location of the seismic profile in the isopach map and (g) shows the zoomed portion of the rectangles in Figure 5(b).

Figure 4

 4 Figure 4.6: (a), (b), (d) SYSIF data and (c) MCS data highlighting the internal architecture of the RWMTD in the translational domain of the RWMTD, (e) location of the seismic profile in the isopach map. Figures 6 (b) and (d) shows the zoomed portion of the rectangles in Figure 6 (c).

Figure 4

 4 Figure 4.7: Figure 1.4: (a) to (c) MCS data, (d) SBP data highlighting the internal architecture of the RWMTD in the distal zone and (e) location of the seismic profile in the isopach map.

Figure 4

 4 Figure 4.8: From left to right: corrected cone resistance (qt) and reference qt (grey line), sleeve friction (fs), excess pore pressure (Δu2), peak undrained shear strength (Su, minimum, grey lines and maximum, black lines), sensitivity (St) and overconsolidation ratio (OCR) and soil type. See Figure 1(a) for CPTu location.4.4.3. Lithological expressions of the RWMTD from Core 2348

  4.4.4. Kinematic indicators of mass-flow recorded in the SYSIF data Kinematic indicators are geological structures or feature which records information related to the type and direction of motion of the MTDs at the time of emplacement that provides information about the initiation, dynamic evolution and cessation of slope failures (sensu

Figure 4

 4 Figure 4.9: Lithofacies of sediment core MD01-2438 collected in the distal part of the RWMTD. See Figure 1(a) for the location of the core.

Figure 4 .

 4 Figure 4.10: (a) to (i) compilation of different types of blocks identified in the SYSIF data.

  we observe a tightly folded rafted block situated next to a ramp facing against the MTD flow direction (Fig.5c), serving as a morphological barrier. The frontal portions of many of such rafted blocks are characterized by tight folds, which occur directly above the ramp on the basal shear surface(Figs. 5c, e, 6a). This suggests entrainment of undeformed material within the MTD in the form of folds. Folds in the translational area: These reflectors are interpreted as large-scale rafted

Figure 4 .

 4 Figure 4.12: (a) Conceptual evolution model of Rhone Western mass transport deposit highlighting key kinematic indicators identified in the SYSIF data (inspired from Caradona et al., 2020), proposed mechanism for (b) backwards-facing ramp / step-down ramps in the proximal domain and (c) forward-facing / step-up ramp in the translational domain, (d) changes in the behaviour of the interaction of the MTD with the underlying material when it crosses coarse-grained substrate, (e) erosional tendency of the MTD when it crosses a morphological high situated next to the slope break and (f) MTD behaviour when it translates on the well-stratified fine-grained portion of the slope.

  Bull et al. (2009) made a clear distinction between upright and recumbent folds according to their location within the MTD, the former being in the proximal zone. Seismic data show an increased degree of transparency in the seismic facies as the MTD progressed downslope, suggesting increased matrix component in the flow. Therefore, it is likely that sediment disintegration resulted in homogenisation of the failed mass (de Lima Rodrigues et al., 2020). Even if only localised, folded blocks are present throughout the length of the RWMTD. This key information, not available from conventional seismic reflection surveys, helps determine the actual nature of the failure. The tight folds and overturning of the folded blocks suggest an increased deformation of the failed mass as it progressed downslope (e.g. Figs. 10).

  Dennielou et al. (2019) attributed hydroplaning and shear wetting as the primary mechanism behind a long (200 km) run out of the MTD. The basal shear surface shows complex behaviour in the translational zone. It evolves from free slip to no-slip flow from the well-stratified portion of the slope and towards the coarse-grained channel lobe deposits, suggesting a significant strain developed at the base of the MTD, which resulted in irregular erosion of the substrate (Figs.11b,

  deep-water environments, 2D VHR seismic acquisitions performed at the sea surface suffer from major limitations such as the recording of out-of-plane reflections due to a large first Fresnel zone and a lack of penetration. Deep-towed acquisitions allow overcoming these issues by placing a VHR source close to the seafloor. As a result, the practical vertical and lateral resolutions of SYSIF data are 0.65 m and 1.6 m respectively. Based on our observation, we suggest that the chaotic reflections from slump deposits in conventional seismic data and transparent reflections in the debris flow deposits are generated owing to a lack of resolution of the conventional seismic data, which is not able to resolve scattered blocks embedded within the transported mass. With the previously available conventional seismic data, most of the internal architecture of the RWMTD was poorly imaged. The understanding of the internal architecture of an MTD is imperative to understand the kinematic indicators since they help decipher the nature of slope failure, sediment properties and flow regimes. Most importantly, they can also constrain flow kinematics such as runout distance and flow acceleration, which plays a large role in governing the geohazard potential of an event(Ford and Camerlenghi 2019). Therefore, significant improvement in imaging mass wasting products by SYSIF data allowed us to better understand kinematic indicators of the RWMTD, this will eventually help to constrain seafloor instabilities in deep-water environments such as the GoL and other margins. Another issue in better understanding subaqueous mass movements is the lack of integration of geophysical observations from modern MTDs and outcrop examples of fossil and exhumed MTDs. Geophysical measurements provide continuous 2D/3D imaging of modern MTDs within a vertical resolution of ~5-10 m, where small scale kinematic indicators are often unnoticed. Outcrop examples, on the other hand, show a clear picture of kinematic indicators within the cm-scale resolution, although often lacking continuity. Their integration most of the times requires upscaling

  Last Glacial Maximum Balearic Abyssal Plain megabed revisited 128 Abstract Megabeds are thick sedimentary layers extending over thousands of square kilometres in deep-sea basins and are thought to result from large slope failures triggered by major external events. Such deposits have been found in at least three areas of the Mediterranean Sea. Although their discovery dates back to the early 1980s, many questions remain concerning their initiation, source area, extent and the nature of their emplacement. One of the largest previously documented megabeds was emplaced during the Last Glacial Maximum across the Balearic Abyssal Plain, with a thickness of 8-10 m in water depths of up to 2800 m. New 3.5 kHz sub-bottom profiles and sediment cores provide greater constraints on the lateral variability of the megabed and allow it to be mapped beyond previous estimates, with a revised areal extent of 90 000-100 000 km 2 . The megabed terminations show a gradual pinchout to the west and an abrupt eastward termination against the steep Sardinia margin. The megabed presents, in seismic profiles and sediment cores, a tripartite subdivision, which most likely corresponds to the changes in flow regimes across the basin, with a central area of sandy facies and an erosional base oriented NNE-SSW; this allows renewed discussions about the sources and triggers of the megabed.RésuméLes mégabeds sont d'épaisses couches sédimentaires qui s'étendent sur des milliers de kilomètres carrés dans les bassins profonds et l'on pense qu'ils sont le résultat d'importantes ruptures de pente déclenchées par des événements externes majeurs. De tels dépôts ont été découverts dans au moins trois zones de la mer Méditerranée. Bien que leur découverte remonte au début des années 1980, de nombreuses questions subsistent concernant leur initiation, leur zone d'origine, leur étendue et la nature de leur emplacement. L'un des plus grands mégabeds précédemment étudié a été mis en place lors du dernier maximum glaciaire dans la plaine abyssale des Baléares, avec une épaisseur de 8 à 5.1. Introduction

  It is surrounded by the passive margins of the Gulf of Lions and the Ligurian Sea with the Rhone and Var fans to the north, the Algerian margin to the south, the Balearic margin and the Valencia fan to the west and the Sardinian-Corsican margin to the east; the continental shelves vary from the 200 km-wide Gulf of Lions to less than 50 km along Corsica, Sardinia and North Africa(Rothwell et al. 1998; Hoogakker et al. 2004; Zúñiga et al. 2007). Sources for turbidity currents have been documented from several of these continental margins and include earthquake-triggered events associated with tsunami waves, such as the 2003 Boumerdès event(Cattaneo et al. 2012).

Figure 5 . 1 :

 51 Figure 5.1: General bathymetric map of the Balearic abyssal plain (BAP) with location of seismic surveys (colour lines, see the graphic legend to identify the name of the cruise) and sediment cores (red dots) mentioned or presented in this study. The continuous black line represent the indicative areal coverage of the BAP megabed as proposed byRothwell et al. (2000). White boxes show the location of seismic profiles presented in Figures2, 3, 5 and 6. The dashed black line shows a proposed extent of the megabed based on sediment core evidence from[START_REF] Babonneau | Turbidite chronostratigraphy off Algiers, central Algerian margin: a key for reconstructing Holocene paleoearthquake cycles[END_REF] and this study.

1 .

 1 Dennielou et al. (2019) performed a recalibration of the five dates on top of the megabed followingReimer et al. (2013) and obtained a 2-sigma age of between 20.3 and 20.9 cal ka BP with a median probability of 20.6 cal ka BP, placing it within the Last Glacial Maximum. Expression and variability of the BAP megabed in sub-bottom profiles With the available bathymetric and seismic reflection datasets, it is difficult to have an exhaustive view of the lateral variability of the BAP megabed due to the lack of complete coverage of the abyssal plain. The BAP is characterized by variable morphologies and structures linked to the halokinesis of Messinian evaporites, creating a highly variable seafloor landscape. To account for such variability, we present here some evidence of the expression of the megabed in distinct sectors of the abyssal plain, including megabed terminations (Fig.5.3), erosion at the base of the megabed (Fig.5.4) and internal subdivisions(Figs 5.5, 5.6, 5.7). The BAP megabed is identifiable as an acoustically transparent layer all over the area outlined by a black line in Figure5.1 and corresponds to the limits of this layer according toRothwell et al. (1998Rothwell et al. ( , 2000)), i.e. to the 2800 m isobath. Subbottom profile WMF2016-AT010 shows the laterally continuous, acoustically transparent unit of the BAP megabed less than 10 m below the seafloor, with gentle folds following the geometry of underlying strata and a gradual pinchout of the unit towards the west (Fig.5.2a). In sub-bottom profile WMF2018-AT141A, however, the same acoustically transparent layer still presents a good degree of lateral continuity but with an accentuated effect of deformation due to the presence of salt domes; it is also possible to lose the lateral continuity of the layer and find it beyond the highest salt domes (see Fig.5.3a towards the west). In Figure5.2b, sub-bottom profile WMF2016-AT0016_T215750 shows the presence of faults in the central part of the basin, which are most likely linked to salt dome movements, displacing the megabed by several metres either in distinct locations (Fig.5.2b, towards the west) or in sets of narrowly spaced faults (Fig.5.2b, towards the east). By appreciating the geometry of the BAP megabed and that of the underlying strata, it is possible to deduce that the halokinetic deformation postdates the emplacement of the megabed.

Figure 5

 5 Figure 5.2: Sub-Bottom Profiles from campaigns WestMedFlux (2016) with images of the BAP megabed identifiable as an acoustically transparent layer. (a) Profile WMF2016-AT010_T120939 shows the acoustically transparent unit of the BAP megabed less thant 10 m below the seafloor with gentle folds following the geometry of underlying strata and a gradual pinch-out of the unit towards the SouthWest. (b) Profile WMF2016-AT010_T215750 shows in the central part of the basin the presence of faults displacing the megabed.

Figure 5 . 3 :

 53 Figure 5.3: (a) Profile WMF2018-AT141A with evidence of the pinch-out of the BAP megabed towards the west beyond salt domes. The lateral termination of the megabed seems to be at offset 15000, but it actually goes further west (offset 1000). (b) Profile SARDINIA2006209 with abrupt eastward termination of the BAP megabed on the steep Sardinian margin testified by diffraction hyperbolae and thickness variability due to the presence of salt domes towards NW. (c) Profile SARDINIA2006172 with a detail of the abrupt eastward termination against the Sardinia margin.

Figure 5

 5 Figure 5.5: (a) Profile WMF2016-AT012 where the BAP megabed is dissected by several vertical faults (location in Fig. 1). (b) The pop-up image shows three distinct echo-facies within the BAP megabed: I faint discontinous and very low amplitude reflectors echo-facies, II dominantly transparent echo-facies topped by a discontinuous but mappable reflector, III basal unit with a discontinuous base and top showing mediumamplitude discontinuous reflectors. (c) Legend of the echo-facies.

  28 m. However, apart from the recompression indices, the other indices determined from oedometer tests do not show a clear change; this contrasts with the values of undrained shear strength (Su), which decrease abruptly below 2.28 m (Fig. 5.9). Comparisons with the trends generally exhibited by normally consolidated sediments (Su = 0.2 σ′v or 0.3 σ′v; e.g. Garziglia et al. 2010) can be reconciled with YSR values to indicate that below 2.28 m the sediment is underconsolidated.

Figure 5

 5 Figure 5.7: (a) Lithological log of sediment cores LC05 (only the upper ca. 13 m, modified from Clare et al., 2014) and WMF2-KF11. Note that the majority of the sedimentary succession is represented by turbidites. (b) Synthetic sedimentary structures of the megabed. (c) Map showing the possible sources of the megabed (arrows, modified from Clare et al., 2014), thickness value of the megabed (from Tab. 1) and earthquake epicentres of Mw>2 from the ESMC Catalogue http://www.emsc-csem.org.

Figure 5 . 8 :

 58 Figure 5.8: Transect of sediment cores PSM3-KS21, -KS23 and -KS27 offshore the Algerian margin. Only the upper part of the cores is visible, see the whole correlation in Babonneau et al. (2017 ; their Fig. 7). Note in the grey shaded area a sediment layer standing out in photos for its colour different from that of other encasing turbidity layers whose age is compatible with that of the BAP megabed (Tab. 2). Core identifier are: PSM-KS21 (http://igsn.org/BFBGX-86346); PSM-KS23: http://igsn.org/BFBGX-86348; PSM-KS27 : http://igsn.org/BFBGX-86352.

  location of historical seismicity, concentrated in three sectors (Ligurian, Pyrenean and Algerian margins), could suggest possible source areas of mobilized sediment following major earthquakes (Fig. 5.7c).
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 59 Figure 5.9: Physical and geotechnical parameters measured on core WMF2-KF11. From left to right: Density form Multi Sensor Core Logger (MSCL, black line) and from water content on discrete samples (blue dots); P-wave velocity from MSCL (black line) and discrete measurements on half core via celerimeter (blue dots); Derived parameters from oedometric tests Yield Stress Ratios (YSR) and Recompression, Compression and Swelling Indices; Undrained shear strength (Su) measured by Vane test in the half core: normally consolidated sediment would fall within the black and red lines. Note the abrupt change of several parameters at 2.28 mbsf. The grey shadow correspond to the depth of the homogenite part of the BAP megabed (2.28-4.50 mbsf), whereas in yellow is the silty/sandy portion of the megabed sampled by the core.
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 61 Figure 6.1: EMODnet bathymetric map of the GoL margin highlighting the distribution of main sedimentary and mass movement features (black lines: headwall of submarine landslides and mass transport deposits; yellow line: present-day thalweg of the Petit Rhone Canyon; green lines: thalwegs of the main submarine canyons; blue line: shelf break; white dashed polygon: raft (salt) domain dominated by listric faults).

the

  Western Slide have been recognized and investigated byBellaiche et al. (1986),Droz et al. (2006),Dennielou et al. (2019) andBadhani et al. (2019). The ERIS extends from the shelf break (~120 m) to the water depths 1500 m on the eastern side of the PRC(Badhani et al. 2019), and 

  6.3). Several steep dipping, lowamplitude anomalies interrupt the seismic reflections of the well-stratified sediments and interpreted as normal listric faults(Figs. 6.3, 6.6). The lack of penetration of our seismic data until the base of faults refrains us from clearly imaging the origin of the faults. Nevertheless, dosReis et al. (2005) demonstrated that a majority of listric faults in the GoL are rooted in the Messinian strata and are attributed to the gliding of post-Messinian sediments over the evaporite décollement surface. The architecture of the entire GoL slope is characterised by a morphology that is controlled by structural movements due to these listric faults. At times these faults reach the seafloor suggesting an ongoing fault activity that contributes to continuous steepening of the slope (e.g. Figs.6.2, 6.3 and 6.6). Especially the southernmost fault in the seismic profile PSM2-117A shows a displacement of more than 150 ms creating a small-scale failure on the seafloor exposing the strata until Horizon H2′(Figs. 6.3 and 6.6).

Figure 6

 6 Figure 6.2: High-resolution multibeam bathymetric map of the source area of the landslides (see Fig. 6.1 for location). Landslide headwalls are highlighted with dashed black lines and active faults related to Messinian salt are highlighted with blue lines. Solid black lines represent locations of the seismic profiles shown in Figures 6.3, 6.4 and 6.5a and b. In the inset, black circles and light blue rectangles respectively represent the locations of the sediment cores and the in-situ geotechnical measurements acquired during PRISME3 cruise (seeFigs. 6.7, 6.9).
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 63 Figure 6.3: NS oriented seismic profile crossing the western slide area showing the internal architecture of the study area. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by seven key high-amplitude reflectors (H1 to H6). See Figure 6 for a focus on the central part of the profile (Offset 17-21km).

Figure 6

 6 Figure 6.4: NNW-SSE oriented Seismic profile AM-MED018 crossing the eastern part of the ERIS. It illustrates two headwall scarps (HS2& HS3) showing particularly sharp truncation and transparent unit interpreted as a buried MTD. Headwall scarps of the landslides are represented by sharp truncations of wellstratified sediments disappearing downslope. The basal surface of the MTD corresponds to the prolongation of a sharp contact between underlying low amplitude reflectors and overlying high amplitude reflectors.

Figure 6

 6 Figure 6.5: 5a and b Seismic profiles showing examples of headwall scarps and other erosional features within the western slide area, similar to the ERIS, the basal surface of the landslides coincide with the transition between underlying low and overlying high-amplitude reflectors.

Figure 6

 6 Figure 6.6: (a) NS oriented very high-resolution seismic profile corresponding to a focus of Figure 6.3 (see location on Fig. 6.1). The internal architecture of the study area is dominated by wellstratified reflectors sometimes interrupted downstream headwall scarps. Note the presence of internal reflections within the transparent RWMTD facies. Red and blue rectangles show the location of sediment cores and in-situ measurements, respectively, (b) blow-up of the small slope failure shows ~30 ms high slide blocks with intact internal reflections. Note that seismic facies in this area was previously interpreted as chaotic on the conventional high-resolution seismic data, (c) zoom at the fault scarp showing the location of core PSM3-CS050, (d) zoom of the RWMTD at the hanging wall showing slide blocks within the MTD and (e) blow-up of the deposit area of the slope failure, which is identified by frontal buttressing of the slide deposit against the unfailed material, as shown by folded strata in the frontal part.
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 67 Figure 6.7: Gamma density, Vp, Ca/Fe ratio, sediment photos and lithofacies of sediment cores (from left to right, PSM3-CS051, 50 and 49) collected in the western slide area and the RWMTD. See Fig. 6 for core locations.

Figure 6

 6 Figure 6.8: (a) grain-size distribution and (b) Vane shear strength measurements of core PSM3-CS050.

Figure 6 . 9 :

 69 Figure 6.9: From left to right: corrected cone resistance (qt) and reference qt (grey line), sleeve friction (fs), excess pore pressure (Δu2), peak undrained shear strength (Su) from CPTu (min grey lines and max black lines) and from laboratory vane shear test on core PSM3-CS050 (red diamonds), undrained shear strength (Su), sensitivity (St) and overconsolidation ratio (OCR) and soil type from CPTu. Soil type from CPTu data is derived from Qt/Fr, where soil type 1 = sensitive, fine-grained, 2 = organic soils-peats, 3 = clay to silty clay, 4 = clayey silt to silty clay and 5 = silty sand to sandy silt (after Robertson 1990): The dashed black line represent the basal surface of the small. See Fig. 6.6 for CPTu locations.
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 71 Figure 7.1: (a) Bathymetry of the Gulf of Lions with major the large mass transport deposits (REMTD and RWMTD) marked with green lines and corresponding headwall scarps marked with red lines. (b) zoom of the study area with locations of seismic profiles and sediment cores.

Figure 7 .

 7 Figure7.2 summarises the main mass-wasting features in the GoL. In the eastern side of the PRC, within the Eastern Rhone Interfluve slide, we observe several stacked headwall scarps. We observe a strong stratigraphic control on the glide planes of each failure step where the slides occurred parallel to the high-amplitude reflections H2 and H3, truncating the low-amplitude seismic reflections bounded within these reflectors. A buried MTD is observed within the eastern side of the canyon between reflectors H3 and H4 called as the SMTD. Similar to the surficial ERIS, the glide plane of failure of the SMTD also occurs on top of a high-amplitude horizon H4, without disturbing the underlying sediments (Fig.7.2a). It is interesting to note that the SMTD is immediately draped by the high-amplitude reflection H3.

Figure 7

 7 Figure 7.2: (a) Seismic profile crossing the eastern part of the ERIS showing the sharp truncation of the headwall scarps, the REMTD and two buried MTDs -shallow MTD and deep-seated MTD (highlighted with blue and green colour, respectively). Note that horizons H1, H2 and H3 represent the basal surfaces of the top 3 failures of the ERIS. (b): Seismic profile showing the internal architecture of the western slide area, high-amplitude horizon H1 marks the basal surface of the RWMTD. (c), (d): Seismic profiles showing examples of headwall scarps and other erosional features within the western slide area, similar to the ERIS; the basal surface of the landslides coincides with the transition between underlying lowamplitude and overlying high-amplitude reflectors. (e), (f): close-up view of a small-scale buried failure between horizon H4 and H5 shows similar characteristic as of the surficial MTDs, H5 marks the basal surface of the MTD and the MTD is later draped by horizon H4. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by 7 key reflectors (H1 to H6) delineating 7 seismic units (U1 to U7). See Fig.1for the location of the profile.

Figure 7

 7 Figure 7.4: X-ray, lithology, gamma density, Vp, water content (with liquid limit in grey and plastic limits in red) Ca/Fe ratio, normalised K counts, and δ18O of core (a) PSM3-CS051 and (b) PSM3-CS050, (c) legends and symbols and (d) cartoon of the profile with core locations.

Figure 7

 7 Figure 7.5: (a) Drained shear strength profiles (y-axis) of basal surface 1 (in blue), basal surface 2 (in red) and turbidites (in green) plotted as a function of displacement (x-axis). (b) Mohr-Coulomb envelops of the samples showing cohesion and friction angles. (c) symbols used in figures 5(a). (d) conceptual figure showing strain-softening and elastoplastic behaviour of the sediments note that the basal surfaces reminisce closely with strain-softening type behaviour and turbidite show an elastoplastic behaviour.
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 76 Figure 7.6: Correlation of δ18O values between (a) composite record of MD99-2348 and PRGL 1-4 borehole(Sierro et al., 2009) as a function of age (kyrs), (b) core PSM3-CS051 and (c) as a function of depth (m) before matching and (d) after matching. (e) Sea-level curve from[START_REF] Grant | Sea-level variability over five glacial cycles[END_REF].

Figure 7

 7 Figure 7.8: (a) Factors affecting slope stability and their intensity during the glacio-eustatic cycle (modified after Lee 2009). (b) Comparison of radiocarbon dates at the base of the post MTD drape on top of the REMTD, RWMTD and the BAP Megabed. (c) ages of the landslides plotted with the sea-level curve during the LGM.

8. 1 . 1 .

 11 Morphological, seismic and sedimentological characters of submarine landslides and consequent deposits in the Gulf of Lions With the help of newly available geophysical and sedimentological data, we were able to image the Rhone Eastern and Western mass transport deposits (REMTD and RWMTD) and their source areas located in the Eastern and Western levees of the Petit Rhone Canyon, respectively. The source area of the REMTD is dominated by staircase geometry indicative of a retrogressive failure on multiple glide planes, extending from a water depth of 500 m-2000 m. The source area of the RWMTD, on the other hand, does not show clearly defined headwall scarps, most likely due to post-failure alteration of morphology owing to the presence of multiple canyons in the area. The deposits display a faint signature in the bathymetric dataset due to a ~5 m thick post slide drape. Contrasting to previous interpretations, the internal architecture of the MTDs when imaged with the novel deep-towed multi-channel seismic data shows a complex morphology displaying multiple slide blocks, rafted blocks and several indicators of basal surface erosion.
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 81 Figure 8.1: (a) Conceptual scheme of overall sedimentation pattern with sea-level fluctuation and temporal distribution of the MTDs in the Gulf of Lions (not to scale). (b) Sea-level curve (from[START_REF] Grant | Sea-level variability over five glacial cycles[END_REF] with the timings of failures in the GoL. (c) Sedimentation rate in the upper slope of the GoL (fromSierro et al., 2009).
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 82 Figure 8.2: Proposed slope stability model for the Gulf of Lions

  192 la PRC -grâce à la corrélation sismique -ces MTD ont probablement été mises en place au début des périodes interglaciaires. Cependant, la fréquence des glissements de terrain n'a pas pu être estimée en raison de l'incertutude des méthodes de datation et du manque d'échantillons des dépôts d'accumulation en masse plus anciens identifiables dans les profils sismiques de l'incertutude des méthodes de datation et du manque d'échantillons des dépôts d'accumulation en masse plus anciens identifiables dans les profils sismiques. 8.1.3. Couches de faiblesse, facteurs de préconditionnement et mécanismes de déclenchement potentiels La pente du GoL montre un comportement typique de marge passive où de grands glissements sousmarins se produisent le long de pentes d'inclinaison même aussi faible que 2°. Mon étude met en évidence un facteur de préconditionnement primaire pour les ruptures de pente comme l'hétérogénéité lithologique, où les surfaces de cisaillement des glissements sont constituées de sédiments riches en argile déposés pendant les hauts niveaux marins. Les profils sismiques dans les zones de glissement montrent que la majorité des glissements ont eu lieu sur ces réflections de haute amplitude à polarité inversée riches en argile. En plus, ces successions de couches riches en argile présentent un comportement de baisse de résistance à la déformation, où les sédiments montrent une réduction significative de la résistance au cisaillement avec l'augmentation de la contrainte, contrastant avec les sédiments turbiditiques encaissant. Il est donc plausible que le préconditionnement local à la ruptures des couches faibles ait été favorisé par des séquences turbiditiques rapidement accumulées, déposées au cours des périodes de bas niveau marin, entre des réflections de haute amplitude à polarité inversée qui sont déposés au cours des périodes de haut niveau marin.Les trois grands dépôts d'accumulation en masse du GoL et du BAP ont été estimés à 20 ka BP, pendant le pic du dernier maximum glaciaire. La proximité temporelle suggère qu'ils partagent un mécanisme de déclenchement commun ou enregistrent des conditions particulièrement favorables à l'instabilité sédimentaire à l'échelle du bassin. Même si la source de la mégaturbidite du BAP reste inconnue, on peut considérer que les conditions climatiques étaient les mêmes dans toute la Méditerranée occidentale septentrionale. Par conséquent, compte tenu des âges coïncidant de ces dépôts au pic du LGM, il est probable que des taux de sédimentation élevés ont très probablement favorisé le déclanchement de ces glissements, surtout en présence des failles traversant l'ensemble du GOL. Les mouvements verticaux des failles listriques dus au rebond isostatique pourrait se produire préférentiellement au cours du bas niveau marin et constituer une rétroaction positive de la charge sédimentaire sur le delta du Rhône.8.1.4. Rôle potentiel du forçage climatique dans la facilitation des ruptures de penteDans cette thèse, j'ai souligné que l'architecture de la pente change radicalement au cours des différentes phases des cycles glacio-eustatiques. Pendant les périodes de bas niveau marin, lorsque le canyon sous-marin du Petit Rhône (PRC) est relié aux sources du fleuve, le versant reçoit principalement des sédiments grossiers provenant des turbidites du PRC par les débordements du canyon. Pendant les périodes de haut niveau marin, lorsque les sources du fleuve se déplacent vers la côte, le taux d'accumulation de sédiments diminue de manière significative et la pente reçoit des sédiments de nature pélagique à hémipélagique qui sont constitués en grande partie de sédiments fins. Cela crée une hétérogénéité lithologique sur la pente. J'ai attribuée à ces hétérogénéité la création des surfaces de cisaillement potentiel à la base des glissements. En outre, les sédiments prélévés près des surfaces de cisaillement présentent un comportement de baisse de résistance à la déformation qui est connu pour créer des zone de faiblesse sujettes à la rupture. En outre, des variations des les taux de sédimentation, en particulier les taux de sédimentation élevés pendant les périodes de déglaciation, sont connus pour générer une surpression dans la colonne sédimentaire et déclencher des glissements. Les datations au radiocarbone montrent que les trois plus grands dépôts d'accumulation en masse ont été mises en place pendant la période où le niveau de la mer était le plus bas (Fig.8.1). Grâce aux signatures sismiques et à l'extrapolation de la chronologie, j'ai également deduit que les MTD enfouis à l'ouest et à l'est du PRC ont été mis en place avant la montée du niveau marin. Cela suggère que la fluctuation du niveau de la mer est directement ou indirectement liée à l'emplacement de ces MTD, bien qu'une modélisation plus poussée soit nécessaire pour le démontrer dans le GoL.
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 81 Figure 8.1: a) Schéma conceptuel du schéma global de sédimentation avec la fluctuation du niveau de la mer et la distribution temporelle des MTD dans le golfe du Lion (non à l'échelle). b) Courbe du niveau de la mer (d'après[START_REF] Grant | Sea-level variability over five glacial cycles[END_REF] avec les chronologies des instabilités sédimentaires dans le GoL. (c) Taux de sédimentation sur la pente supérieure du golfe duLion (d'après Sierro et al., 2009).

  La marge du golfe du Lion est disséquée par plusieurs failles listriques enracinées dans le sel Messinien. D'après les données sismiques, on observe que ces failles accentuent la pente et déclenchent plusieurs petits MTD. Les MTD récents dans le GoL ont éeu lieu pendant le pic du LGM lorsque le niveau de la mer était 120 m plus bas qu'actuellement, ce qui suggère une pression hydrostatique plus faible sur les strates sous-jacentes. Par conséquent, il serait très intéressant de comprendre le rôle de la chute du niveau marin sur la réactivation de ces failles par le biais de modélisations numériques afin de mieux comprendre les processus géologiques à l'origine des failles dans le GoL.

Figure 8

 8 Figure 8.2: Proposition d'un modèle de stabilité des pentes pour le golfe du Lion.
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Fig. 1 .

 1 Fig. 1. EMODNET bathymetric map of Gulf of Lions margin highlighting the distribution of main sedimentary and mass movement features (black dashed lines: sedimentary deposits; white lines: Mass Transport Deposits; green lines: thalweg of main submarine canyons; blue line: shelf break; solid black line: headwall of submarine landslides; blue dashed line: upslope limit of Messinian evaporites; red dashed rounded polygon: raft domain dominated by listric faults; yellow dashed polygon: compression area dominated by salt diapirs). Gulf of Lions canyons (Berné et al., 2002): CC: Cap de Creus, LD: Lacaze Duthier, P: Pruvost, Bc: Bourcart, He: Herault, S: Sète, CL: Catherine Laurence, M: Marti, PR: Petit-Rhone, GR: Grand-Rhone, Ms: Marseille, PL: Planier, C: Cassidaigne. REMTD: Rhone Eastern Mass Transport Deposit, RWMTD: Rhone Western Mass Transport Deposit. Limits of sedimentary bodies are from Droz et al. (2006); Messinian evaporite limits are from dos Reis et al. (2005).

Fig. 2 .

 2 Fig. 2. a) High-resolution multibeam bathymetric map of the source area of the Eastern Rhone Interfluve Slide Complex (ERISC) highlighting multiple retrogressive headwall scarps and associated sidewall scarps marked with dashed black lines. Red circles represent the locations of sediment cores acquired during PRISME3 cruise. Solid black lines represent locations of the seismic profiles shown in Figs. 3-5a, b and 7 . Black rectangles represent locations and extent of Figs. 2b and 3 a, b) Seafloor gradient map of the study area. c) Bathymetric profile A-A' illustrates the locations of four individual headwalls and the Northern Graben and d) Bathymetric profile B-B' shows morphologic expressions of the fault scarps towards the eastern part of the study area.

Fig. 3 .

 3 Fig. 3. a) Three-dimensional view of the toe area of the ERIS showing morphology of the fault grabens and a small slide lobe likely originating from the levee collapse. Vertical exaggeration 10 × . b) high-resolution bathymetric map of seabed morphology surrounding toe area of the ERIS showing areas dominated by seafloor spreading, collapse of Petit Rhone Canyon levees and several scarps representing active faults as well as grabens.

  Fig. 4. a) Uninterpreted and b) interpreted dip seismic profile AM-MED018 (NNW-SSE) crossing the eastern part of the ERIS. It illustrates the sharp truncation of the headwall scarps, the surficial MTD (REMTD) and two buried MTDs -shallow MTD and deep-seated MTD (highlighted with blue and green colour, respectively). Insets 1 and 2 show blow-ups of headwall scars HS2 and HS3 in the sub-bottom profiles marked by sharp truncations of well-stratified sediments overlain by transparent reflections interpreted as MTD. Solid black lines represent prominent faults imaged in the seismic profile. The seismic stratigraphy of the study area is highlighted by seven key reflectors (H1 to H6) delineating 7 seismic units (U1 to U7). These key reflectors and seismic units are shown with the same respective colours and names in Figs. 5,6, 7c and 8 . Note the reversed polarity of horizon H4 with respect to the seafloor. See Fig. 2 for the location of the profile.

Fig. 5 .

 5 Fig. 5. a) Strike seismic profile AM-MED17 (oriented WSW-ENE) crossing the source area of the ERISC (in its proximal part). The profile images the sidewalls of headwall scar HS2 showing truncation of seismic unit U2, the Shallow Mass Transport Deposit (SMTD, blue rounded polygon, between H3 and H4) and the Deep-Seated Mass Transport Deposit (DSMTD, green rounded polygon, below 2.2 s twtt). The left part of the profile shows a transition of well-stratified sediments to chaotic reflections with intact internal reflections representing seafloor spreading above H1. The inset shows coinciding sub-bottom profile showing hummocky morphology with reflection hyperbolae, b) NW-SE oriented strike perpendicular seismic profile AM-MED04 shows a small-scale failure within seismic unit U5. See Fig. 2 for the location of the line.

Fig. 6 .

 6 Fig. 6. SW-NE oriented, strike seismic profile AM-MED19 crossing the toe area of the ERISC about 25 km downslope of AM-MED17. The profile images sharp truncation of well-stratified seismic units at several levels indicative of failure surfaces. Note that the SMTD is not imaged in the profile suggesting a short run out of this landslide. The DSMTD is limited to two patches (marked by the dashed green line) of 50-100 ms thickness. The eastern and western parts of the profile are disturbed by normal faults. See Fig. 2 for the location of the profiles.

Fig. 7 .

 7 Fig. 7. a) Seismic profiles Progres 060 and 061 (SW-NE oriented) showing a transect through the REMTD. The colour scale of the seismic profile has been adapted for better visualization of the seismic data. b) NW-SE oriented sub-bottom profile crossing the southern limit of the REMTD showing patches of transparent facies interpreted as outrunner blocks. c) Extract of seismic profile AM-MED4e (NNW-SSE) through the compression ridge. d) Multibeam bathymetric map of the study area with profile locations.

Fig. 8 .

 8 Fig. 8. Seismic profile AM-MED4e (NNW-SSE) crossing the study area showing NG and SG grabens formed by faults rooted to the base of the Messinian salt. Zoom of the fault scarps in inset 1 and 2 show recent scarps of height 100 ms and 40 ms respectively. See Fig. 2 for the location of the profile.

4. 3 .

 3 Lithology and age of sediment cores Four sediment cores were recovered east of the Rhone submarine valley in the turbiditic levees; two in areas with a smooth bathymetry (PSM-CS041 & 42), two in areas with seafloor affected by mass-wasting (PSM-CS046 & 47). Lithological observations may be summarized into three lithofacies (L1 to L3; Fig. 9):

Fig. 9 .

 9 Fig. 9. a) Gamma density and lithofacies of sediment cores (from left to right, PSM3-CS047, 46, 42 and 41) collected at the toe of the Rhone Eastern Mass Transport Deposit (REMTD). b) Sub-bottom profile crossing the Southern Graben indicating the position and penetration of sediment cores (solid red rectangles). c) Location map of the sediment cores and the sub-bottom profile. WR: whole round samples collected for mechanical properties analysis (no lithostratigraphic description).

Fig. 10 .

 10 Fig. 10. Comparison of radiocarbon dates at the base of the post MTD drape on top of the REMTD (this study), RWMTD(Dennielou et al., 2019) and the Balearic Abyssal Plain Megabed(Rothwell et al., 1998).

Fig. 11 .

 11 Fig. 11. Geomorphological interpretation map of the study area. REMTD: Rhone Eastern Mass Transport Deposit, NG: Northern Graben, SG: Southern Graben. Thick black arrows indicate probable main pathways of the REMTD. Active and buried faults are modified after dos Reis et al. (2005).
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Fig. 1 .

 1 Fig. 1. General bathymetric map of the Balearic Abyssal Plain (BAP) with the location of seismic surveys (coloured lines; see the graphic legend to identify the name of the cruise) and sediment cores (red dots) mentioned or presented in this study. The continuous black line represents the indicative areal coverage of the BAP megabed as proposed by Rothwell et al. (2000). The white boxes show the location of the seismic profiles presented in Figures 2-6. The dashed black line shows the proposed extent of the megabed based on sediment core evidence from Babonneau et al. (2017) and this study.

  cores in the central part of the abyssal plain: (1) the identification of a turbidite layer outpacing in thickness the encasing successions of alternating hemipelagites and thin-bedded turbidites; and (2) the attribution to a comparable age range as that reported by Rothwell et al. (1998) and recalibrated by Dennielou et al. (2019). Grey, homogeneous mud beds identified in cores PSM-KS21 (c. 8.8 mbsf (metres below seafloor)), PSM-KS23 (c. 5 mbsf) and PSM-KS27 (c. 11 mbsf ) are correlated to the BAP megabed mainly based on age attribution (Table

Fig. 2 .

 2 Fig. 2. Sub-bottom profiles from campaign WestMedFlux (Poort and Lucazeau 2016) with images of the BAP megabed identifiable as an acoustically transparent layer: (a) profile WMF2016-AT010_T120939 shows the acoustically transparent unit of the BAP megabed less than 10 m below the seafloor, with gentle folds following the geometry of underlying strata and a gradual pinchout of the unit towards the SW; (b) profile WMF2016-AT0016_T215750 shows the presence of faults displacing the megabed in the central part of the basin.

Fig. 3 .

 3 Fig. 3. (a) Profile WMF2018-AT141A with evidence of the pinchout of the BAP megabed towards the west beyond the salt domes. The lateral termination of the megabed seems to reach the offset of 15 000 m, but it actually goes further west (offset 1000 m). (b) Profile SARDINIA2006209 with abrupt eastward termination of the BAP megabed on the steep Sardinia margin testified by diffraction hyperbolae and thickness variability due to the presence of salt domes towards the NW. (c) Profile SARDINIA2006172 with a detail of the abrupt eastward termination against the Sardinia margin.

Fig. 4 .

 4 Fig. 4. Sub-bottom profile (SBP) WMF2018-AT143A in a sector where the BAP megabed is relatively isopach, folded by salt diapirs and cut by vertical faults showing metric displacement (a). (b) Map with location of the seismic profile (white square). The dashed blue line shows the area with the occurrence of seismic reflector truncations at the base of the megabed. The pop-up image (c) shows evidence of erosion at the base of the BAP megabed with apparent truncation of seismic reflectors.

Fig. 5 .

 5 Fig. 5. (a) Profile WMF2_AT0012_T202450 where the BAP megabed is dissected by several vertical faults (location in Fig. 1). (b) The pop-up image shows three distinct echo-facies within the BAP megabed: I, faint discontinuous and very low amplitude reflectors echo-facies; II, dominantly transparent echo-facies topped by a discontinuous but mappable reflector; and III, basal unit with a discontinuous base and top showing medium-amplitude discontinuous reflectors. (c) Legend of the echo-facies.

Fig. 6 .

 6 Fig. 6. (a) Portion of SBP WMF2016-AT016 at the site of sediment core WMF2-KF11 (location in Fig. 1). The core identifier for WMF2-KF11 is http://igsn.org/BFBGX-134138. (b, d) Photographs of core WMF2-KF11. Note the four intervals in blue where whole core samples for oedometer tests were reserved: two within the homogeneous clay of the megabed and two in overlying layers characterized by alternating thin beds of sand and silt with dominant hemipelagic silty clay (the latter two samples were from fine-grained sediment). (c) P-wave velocity log of the core showing clear identification of three lithological units.

Fig. 8 .

 8 Fig. 8. Transect of sediment cores PSM3-KS21, -KS23 and -KS27 offshore the Algerian margin. Only the upper part of the cores is visible; see the whole correlation in Babonneau et al. (2017, fig.7). Note that a distinct sediment layer (grey shaded area) can be seen in the photographs, with its colour being different from that of other encasing turbidity layers; its age is compatible with that of the BAP megabed (Table2). The core identifiers are PSM-KS21 (http://igsn. org/BFBGX-86346), PSM-KS23 (http://igsn.org/BFBGX-86348 and PSM-KS27 (http://igsn.org/BFBGX-86352).

Fig. 1 .

 1 Fig. 2

  metry.eu) and a high-resolution (HR) bathymetry with 25 m resolution acquired during several French cruises (for details see Dennielou et al. 2019). The 2D multichannel seismic (MCS) reflection data (Figs 3-5) used in this study were acquired during two surveys, PRISME2 onboard R/V L'Atalante (Cattaneo 2013a) and AM-MED onboard R/V Le Suroit (Rabineau et al. 2013). The processing sequence for the 2D HR MCS data includes quality control, filtering, binning (6.25 m), band-pass filtering (15-30-375-400 Hz), seawater velocity (1500 m s -1 ) normal move-out, stacking and seawater velocity post-stack Kirchoff time migration. Two-dimensional deep-towed multichannel very high-resolution seismic data (Fig. 6) were acquired for the first time in the GoL during the PRISME2 campaign (Cattaneo 2013a) using Ifremer's in-house acquisition system SYSIF (Système Sismique de Fond; Ker et al. 2010; Marsset et al. 2014). It consists of an open-cavity acoustic source and a specially developed streamer that is towed at a constant altitude above the seafloor (50-100 m). The source consists of a Janus-Helmholtz transducer that emits a 100 ms sweep signal in the 220-1050 Hz frequency bandwidth. The multichannel streamer is composed of 52 digital hydrophones spaced by 2 m (offsets 10-112 m). The processing of the data includes a reconstruction of the variable streamer geometry, a deconvolution of the seismic signal by the source signature and a Kirchhoff pre-stack depth migration. SYSIF can obtain a maximum vertical resolution of 0.6 m and up to 1.5 m horizontally, which allows us to image mass-movement features in unprecedented detail.

Fig. 2 .

 2 Fig. 2. High-resolution multibeam bathymetric map of the source area of the landslides (see Fig. 1 for location). Landslide headwalls are highlighted with dashed black lines and active faults related to Messinian salt are highlighted with blue lines. Solid black lines represent locations of the seismic profiles shown in Figures 3, 4 and 5a, b. In the inset, black circles and light blue rectangles respectively represent the locations of the sediment cores and the in-situ geotechnical measurements acquired during PRISME3 cruise (see Figs 7 & 9). REMTD, Rhone Eastern Mass Transport Deposit; RWMTD, Rhone Western Mass Transport Deposit.

Fig. 3 .

 3 Fig. 6

Fig. 4 .

 4 Fig. 4. NNW-SSE-oriented seismic profile AM-MED018 crossing the eastern part of the ERIS. It illustrates two headwall scarps (HS2 and HS3) showing particularly sharp truncation and a transparent unit interpreted as a buried MTD. Headwall scarps of the landslides are represented by sharp truncations of well-stratified sediments disappearing downslope. The basal surface of the MTD corresponds to the prolongation of a sharp contact between underlying low amplitude reflectors and overlying high amplitude reflectors. REMTD, Rhone Eastern Mass Transport Deposit.

Fig. 5 .

 5 Fig. 5. (a, b) Seismic profiles showing examples of headwall scarps and other erosional features within the western slide area, similar to the ERIS; the basal surface of the landslides coincides with the transition between underlying low-amplitude and overlying high-amplitude reflectors. RWMTD, Rhone Western Mass Transport Deposit.

Fig. 6 .

 6 Fig. 6. (a) North-south-oriented very high-resolution seismic profile corresponding to a focus of Figure 3 (see location on Fig. 1). The internal architecture of the study area is dominated by well-stratified seismic reflections. Note the presence of internal reflections within the transparent Rhone Western Mass Transport Deposit (RWMTD) facies. Red and blue rectangles show the location of sediment cores and in-situ measurements, respectively. (b) Close-up of the small slope failure shows c. 30 ms-high slide blocks with intact internal reflections. Note that the seismic facies in this area was previously interpreted as chaotic on the conventional high-resolution seismic data. (c) Zoom at the fault scarp showing the location of core PSM3-CS050. (d) Zoom of the RWMTD at the hanging wall showing slide blocks within the MTD. (e) Close-up of the deposit area of the slope failure, which is identified by frontal buttressing of the slide deposit against the unfailed material, as shown by folded strata in the frontal part.

Fig. 7 .

 7 Fig. 7. Gamma density, V p , Ca/Fe ratio, sediment photos and lithofacies of sediment cores (from left to right, PSM3-CS051, -50 and -49) collected in the western slide area and the RWMTD. See Figure 6 for core locations.

Fig. 8 .

 8 Fig. 8. (a) Grain-size distribution and (b) vane shear strength measurements of core PSM3-CS050.

Fig. 9 .

 9 Fig. 9. (a, b)From left to right: corrected cone resistance (q t ) and reference q t (grey line), sleeve friction (f s ), excess pore pressure (Δ u2 ), peak undrained shear strength (S u ) from CPTu (minimum, grey lines and maximum, black lines) and from laboratory vane shear test on core PSM3-CS050 (red diamonds only for (a), undrained shear strength (S u ), sensitivity (St) and overconsolidation ratio (OCR) and soil type from CPTu. Soil type from CPTu data is derived from Q t /F r, where soil type 1 = sensitive, fine-grained, 2 = organic soils-peats, 3 = clay to silty clay, 4 = clayey silt to silty clay and 5 = silty sand to sandy silt (afterRobertson 1990). The dashed black line represents the basal surface of the small failure and the green dashed line represents the RWMTD top. See Figure6for CPTu locations.

Title:

  Seafloor instabilities in the Gulf of Lions, Western Mediterranean Keywords: Submarine landslides, mass transport deposits, western Mediterranean, climatic forcing, clayey basal surface Abstract: The Gulf of Lions (GoL) is a passive margin of about 200 km length and 70 km width that extends in W-E direction from the Southern French coast to the Balearic abyssal plain (BAP) in the deep western Mediterranean. The slope of the GoL is dissected by fifteen submarine canyons, the largest one being the Petit Rhone Canyon that funnels sediment supplied by the Rhone River through the Rhone delta. Seafloor instability in the GoL occurs in canyon heads and flanks, but also in the interfluve slope areas and in the levees of the main submarine valleys. This PhD thesis aims at understanding the emplacement processes of the three largest mass transport deposits in the GoL: the Rhone Western and Eastern Mass Transport Deposits, and the BAP megaturbidite located in the abyssal plain. I present a newly available multidisciplinary dataset including geophysical, sedimentological, in-situ and laboratory geotechnical data. The study area is characterized by multiple headwall scarps.
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le chapitre 4 se

  concentre donc sur la géomorphologie sismique de la RWMTD. Une question qui reste ouverte pour le RWMTD est la nature sismiquement transparente du MTD lorsqu'il est imagé avec des données sismiques conventionnelles HR, même si les carottes de sédiments montrent des couches

	of retrogressive failures in the Eastern Rhône interfluve during the last glacial maximum (Gulf of Lions, Western Mediterranean). Geomorphology, 351, p.106894." Les caractéristiques sédimentologiques de la RWMTD ADD EXPLANATION OF ACRONYM multitraces récemment acquises par engin tracté près du fond (SYSIF) qui montrent une amélioration remarquable de l'imagerie de la RWMTD et ont permis d'obtenir des images d'importants indicateurs cinématiques qui ont contribué à créer un modèle d'écoulement conventionnel de la RWMTD. Ce chapitre est en préparation pour le numéro spécial de la HERE) ont été largement étudiées dans les travaux récents de Dennielou et al. (2019) ; pliés et déformées. Pour répondre à cette question, nous avons utilisé les données sismiques Geological Society of London sur la Seismic Geomorphology.

Table 2 . 1 :

 21 Oceanographic campaigns and data used in this study.

	Cruise	Year	Vessel	Data/attributes		Reference
	PRISME2	2013	L'Atalante	EM122,	710,	HR	(Cattaneo,
				seismic, 3.5 kHz SBP,	2013a)
				SYSIF			
	PRISME3	2013	Pourquoi	3.5 kHz SBP, Calypso	(Cattaneo,
			pas?	piston cores			2013b)
	AM-MED-1	2013	Le Suroit	EM300, HR seismic		(Rabineau et al.,
							2013)
	SEEPGOL	2007	Le Suroit	EM300, 2-5.2 kHz SBP (Rabineau	and
							Aslanian, 2007)
	PROGRESS	2003	Le Suroit	EM300, HR seismic, 2-	(Droz, 2003)
				5.2 kHz SBP		
	CALMAR97	1997	L'Atalante	EM12			(Loubrieu, 1997)

Table 2 .

 2 2: List of Penfeld measurements acquired during the PRISME3 campaign.

	Station name	Latitude	Longitude	Tool
	PSM3PFM07-01	42.333789	5.067252	Penfeld CPTu
	PSM3PFM07-02	42.333773	5.072033	Penfeld CPTu
	PSM3PFM07-03	42.33347	5.077793	Penfeld CPTu
	PSM3PFM07-04	42.33355	5.084802	Penfeld CPTu
	PSM3PFM09-01	42.317499	4.942384	Penfeld CPTu
	PSM3PFM09-02	42.327468	4.942105	Penfeld CPTu
	PSM3PFM09-03	42.344033	4.973412	Penfeld CPTu
	PSM3PFM11-01	42.28261	4.735283	Penfeld CPTu
	PSM3PFM11-02	42.277128	4.734905	Penfeld CPTu
	PSM3PFM11-03	42.274752	4.734804	Penfeld CPTu
	PSM3PFM11-04	42.270392	4.734484	Penfeld CPTu
	PSM3PFM11-05	42.26624	4.7342	Penfeld CPTu
	PSM3PFM12-01	42.39011	4.857292	Penfeld CPTu

Table 2 .
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	Core name	Latitude	Longitude	Length (m)	Water depth (m)
	PSM3CS041	42.333781	5.067269	19.34	1977
	PSM3CS042	42.333466	5.077808	9.33	2018
	PSM3CS046	42.344039	4.973417	9.15	1985
	PSM3CS047	42.327462	4.775416	10.78	1810
	PSM3CS048	42.317513	4.942405	10.32	1801

3: List of cores used in this study.

Figure 2.3: Bathymetric map highlighting locations of sediment cores and in-situ measurements used in this study.

Table 2 .

 2 4: Radiocarbon dating carried out on sediment cores.

	Core-section-depth	Lab	14 C age	Calibrated age	Sampled
	(m)	reference		(2σ)	material
	PSM3-CS042-S01-				
	0.15				

Table 2 .

 2 

	1	PSM3-CS049-42-46	0.133	2.67
	2	PSM3-CS049-155-159	0.133	13.671
	3	PSM3-CS049-353-357	0.133	31.1346

5: List of direct shear tests carried out on core samples Number Sample Shear velocity (µm/s) Vertical effective stress (kPa) 1 : Pre-consolidation stress from oedometer tests

Table 3 .

 3 1: Headwall height, length, area and volumes of the different failure steps of the Eastern Rhone Interfluve Slide (ERIS).

	Headwall	Headwall	Evacuation	Average area	Average
		height (m)	length (km)	(km 2 )	volume (km 3 )
	HS1	60	38	650	39
	HS2	30	25	380	15.2
	HS3	50	20	350	31.3
	HS4	70	16	140	9.8
	SS	50	8	35	1.75
	Eastern	150	10	165	9.75
	extension				
	Total				106.8

Table 4 . 1 :

 41 Compilation of availability, degree of deformation, length, height, seismic signature of the blocks observed in the seismic data from the proximal to the distal domain of the RWMTD.

Table 4

 4 

.2: Compilation of the seismic examples, description, presence in the morpho-domains and possible interpretation of the ramps from the proximal to the distal domain of the RWMTD.

  RésuméLe golfe du Lion est une marge passive avec de multiples grands glissement de terrain. Des études antérieures ont mis en évidence de multiples rupture translationnelles sur les levées est et ouest du canyon du Petit Rhône. Une majorité des surfaces de cisaillement de ces ruptures de pente coïncident avec des réflexions sismiques de forte amplitude, ce qui suggère un contrôle stratigraphique important des ruptures de pente. Les surfaces de cisaillement échantillonnées sont constituées en plus grande partie de matériaux argileux, ce qui contraste avec les strates globales qui sont constituées de turbidites en couches minces. Dans cette étude, nous utilisons un ensemble de données nouvellement disponibles sur les propriétés mécaniques des sédiments et des données isotopiques stables récemment recueillies pour étudier la nature géomécanique et l'âge précis des surfaces basales des failles. Nos résultats montrent que les surfaces de cisaillement des failles sont constituées de sédiments riches en argile et à forte teneur en illite, qui présentent un comportement de baisse de résistance à la deformation par cisaillement. En outre, les nouvelles datation isotopiques de l'oxygène montrent que ces surfaces de cisaillement se sont déposées pendant les

climats chauds, c'est-à-dire pendant les hauts niveaux marins, lorsque les sources fluviales se sont déplacées vers la côte. Les sédiments turbiditiques déposés pendant les bas niveau marins présentent en revanche un comportement élastoplastique dans les expérience de cisaillement. Cela montre une forte maîtrise des cycles glacio-eustatiques lors du préconditionnement de la pente vers les ruptures. En outre, la datation au radiocarbone montre que les trois grands glissements de terrain dans le golfe du Lion ont été mis en place pendant le dernier maximum glaciaire, ce qui suggère un contrôle supplémentaire du forçage climatique dans la facilitation des ruptures de pente.

7.1. Introduction

Submarine landslides can disintegrate and transport a large amount of slope-forming sediments,

Table 1

 1 Oceanographic campaigns and data used in this study.

	Cruise	Year	Vessel	Data/attributes	Reference
	PRISME2	2013	L'Atalante	EM122, 710, HR seismic, 3.5 kHz SBP	(Cattaneo, 2013b)
	PRISME3	2013	Pourquoi pas?	3.5 kHz SBP, Calypso piston cores	(Cattaneo, 2013a)
	AM-MED-1	2013	Le Suroit	EM300, HR seismic	(Rabineau et al., 2013)
	SEEPGOL	2007	Le Suroit	EM300, 2-5.2 kHz SBP	(Rabineau and Aslanian, 2007)
	PROGRESS	2003	Le Suroit	EM300, HR seismic, 2-5.2 kHz SBP	(Droz, 2003)
	CALMAR97	1997	L'Atalante	EM12	(Loubrieu, 1997)
	GMO1	2001	Le Suroit	EM300	(Cochonat, 2001)
	GMO2-CARNAC	2002	Le Suroit	EM300	(Sultan and Voisset, 2002)
	MARION	2000	Le Suroit	EM300	(Berné, 2000)
	RHOSOS	2008			

Table 2

 2 Radiocarbon dating carried out on sediment cores.

	Core-section-depth (m)	Lab reference	14 C age	Calibrated age (2) a	Sampled material

Table 3

 3 Headwall height, length, area and volumes of the different failure steps of the Eastern Rhone Interfluve Slide (ERIS).

	Headwall	Headwall height (m)	Evacuation length (km)	Average area (km 2 )	Average volume (km 3 )
	HS1	60	38	650	39
	HS2	30	25	380	15.2
	HS3	50	20	350	31.3
	HS4	70	16	140	9.8
	SS	50	8	35	1.75
	Eastern extension	150	10	165	9.75
	Total				106.8
	30 • and creating almost an arcuate-shaped geometry comparable		
	to a slope failure on the eastern levee (Figs. 2a, d			

Table 4

 4 Summary of properties and interpretation of the seismic facies encountered in the study area.

	Facies illustration	Reflection pattern	Continuity	Amplitude	Boundaries	Depositional	Sedimentological
					(upper/lower)	environment	interpretation
	1	Parallel to sub-parallel	Continuous,	Moderate to low	Concordant	Upper-middle	Hemipelagic
			semi-continuous,			slope	nannofossil ooze,
			truncating				turbidites
	2	Sub-parallel, irregular	Variable,	High	Discordant	Channel thalweg	Coarse-grained
		or hummocky	discontinuous				channel deposits
	3	Chaotic, hummocky	Discontinuous	Low to medium	Erosive	Upper-middle	Slump deposits
					(downlap/rough)	slope	
	4	Transparent	Discontinuous	Low	Concordant to	Middle-lower slope	Debris flow
					erosive		deposits

Table 1 .

 1 Sediment cores in the Balearic Abyssal Plain with entire or partial recovery of the megabed, including the coordinates, water depth, basin sector, distribution of sediment facies within the megabed and megabed thickness , Balearic Abyssal Plain. Cores MD81-come from campaign PALEOFLUX(Rothwell and Balut 1995), cores PSM-come from campaign PRISME(Sultan 2007) and cores WMF-and WMF2-come from campaigns WestMedFlux(Poort and Lucazeau 2016) and WestMedFlux2(Poort and Gorini 2018), respectively.

	Total	megabed	thickness (m)	8.3	7.7	10.6	5.4	5.7	0.1	0.3	1.0	.2.39	.3.64	maybe 0.4	maybe 0.8
	Base	megabed	(mbsf )	22.8	16.4	16.8	11.4	20.2	8.9	5.2	11.5	.6.99	.5.92	4.3	3.8
	Top sand of	megabed	(mbsf )	21.8	/	/	10.9	19.2	/	/	/	?	?	?	?
	Top silt of	megabed	(mbsf )	19.7	15.0	14.4	10.2	19.0	/	/	/	?	?	?	?
	Top megabed	(clay) (mbsf )		14.5	8.7	6.2	6.0	14.5	8.8	4.9	10.5	4.6	2.28	3.9?	3.0?
	Megabed	sampled	(Y/N)	Y	Y	Y	Y	Y	Y	Y	Y	Y	Y	?	?
	Location within the	BAP		Abyssal Plain	Abyssal Plain	Abyssal Plain	Abyssal Plain	Abyssal Plain	Algerian Margin	Algerian Margin	Algerian Margin	East of Minorca	East of Minorca	South of Majorca	South of Majorca
	Water	depth	(m)	2845	2860	2855	2845	2845	2779	2775	2791	2848	2848	2795	2796
	Lon. E			6°53.23′	6°22.58′	6°06.64′	5°29.95′	7°11.09′	2°42.127′	2°59.526′	3°24.317′	5°32.448′	6°09.609′	2°20.883′	2°23.578′
	Core name Lat. N			MD81-LC01 40°15.82′	MD81-LC02 39°31.88′	MD81-LC04 38°39.01′	MD81-LC05 38°00.92′	MD81-LC06 38°00.66′	PSM-KS21 37°09.953′	PSM-KS23 37°27.093′	PSM-KS27 37°18.102′	WMF2-KF02 38°56.766′	WMF2-KF11 39°37.168′	WMF-KF10 37°52.797′	WMF-KF11 37°49.109′

BAP

Table 2 .

 2 List of radiocarbon agesCore is for Beta Analytic. Age min. and age max. correspond to the calibrated ages (2σ; cal years BP) calculated by the CALIB program with the calibration curve Marine 13(Reimer et al. 

				(2017)	(2017)			
	Source			Babonneau et al.	Babonneau et al.	This study	This study	This study
	Age max.	(cal years	BP)	19 881	18 521	12 031	17 385	20 325
	Age min.	(cal years	BP)	19 383	17 806	11 250	16 595	19 652
	+							
	Error			90	80	30	50	60
	Sample Foram. species Lab. code Age ( 14 C	interval (cm) years)		PSM-KS21 837-838 Globigerinoides ruber Poz-68081 16 790	PSM-KS23 423-424.5 Globigerinoides ruber Poz-68119 15 270	WMF2-KF11 1.51-1.52 Globigerina bulloides Beta-508507 10 530	WMF2-KF11 2.02-2.03 Globigerina bulloides Beta-508508 14 450	WMF2-KF11 2.10-2.11 Globigerina bulloides Beta-508509 17 030	Lab. code 'Poz' indicates measurements by Poznan Radiocarbon Laboratory (Poland), while 'Beta' 2013), with a reservoir age of 400 years.

  3 σ′v; e.g. Garziglia et al. 2010) can be reconciled with YSR values to indicate that below 2.28 m the sediment is underconsolidated.
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Table 1 .

 1 Radiocarbon dating carried out on sediment core PSM3-CS049Core-section-depth (m) Laboratory reference no. 14 C age (years BP) Calibrated age Sampled material

	PSM3-CS049-S07-6.12	510580	17 540 + 50	20 935-20 295 Globigerina bulloides
	PSM3-CS049-S07-6.25	508505	18 100 + 60	21 723-20 974 Globigerina bulloides
	PSM3-CS049-S07-6.64	508506	18 150 + 60	21 785-21 038 Globigerina bulloides
	q (MPa)			St (-)

t f (kPa)

2.6.3. Stable isotope measurementsTo constrain the stratigraphy of the study area, we carried out stable isotope (Oxygen) measurements core PSM3-CS050 and CS051 at 20 cm interval using monospecific planktonic foraminifera (Globigerina bulloides) of size fraction between 150-250 μm. To extract the foraminifera, one-centimetre thick sediment samples were taken from the working half of the cores.Isotopic analyses were done at the Plateforme Isotopes Stables of the University of WesternBritanny in Plouzané using a Kiel IV device connected to a MAT 253 mass spectrometer from ThermoScientific. The δ 18 O curve of borehole PRGL1-4 from the upper slope of the GoL(Sierro et al., 2009; Frigola et al., 2012) was used as a reference to construct the age model of the study area.

m dans des profondeurs d'eau allant jusqu'à 2800 m. De nouveaux profils de sondeur de sédiments, à une fréquence de 3,5 kHz, et de nouvelles carottes de sédiments permettent de contraindre plus précisement la variabilité latérale du mégabed et permettent de le cartographier au-delà des estimations précédentes, avec une étendue révisée de 90 000 à 100 000 km2. Les terminaisons des mégabeds montrent un pincement progressif à l'ouest et une terminaison abrupte vers l'est contre la marge escarpée de la Sardaigne. Le mégabed présente, dans les profils sismiques et les carottes de sédiments, une subdivision tripartite, qui correspond très probablement aux changements des régimes d'écoulement dans le bassin, avec une zone centrale de faciès sableux et une base d'érosion orientée NNE-SSW ; cela permet d'alimenter les discussions sur les sources et les déclencheurs du mégabed.

http://igsn.org/BFBGX-

Acknowledgements

Acknowledgement

We thank the captains, crew and science parties of the PRISME-2 and PRISME-3 campaigns onboard R/V L'Atalante and R/V Pourquoi pas?, respectively for their support during the campaigns. The PhD of Shray Badhani is funded by the European Union's Horizon 2020 research and innovation programme under the Marie-Skłodowska-Curie grant via project ITN-SLATE (grant agreement No 721403). Sylvain Bermel, Mathilde Pitel Roudot and Arnaud Gaillot are thanked for their help on GIS data processing. This study has been greatly benefitted from several fruitful discussions with Shane Murphy, Jacques Déverchère and Elodie Lebas. We also thank Tiago M. Alves and an anonymous reviewer for their comments that significantly improved our manuscript.

Acknowledgements We thank the captains, crew and science parties of campaigns WESTMEDFLUX (R/ V L'Atalante 2016, https://doi.org/10.17600/16000600), WESTMEDFLUX2 (R/V L'Atalante 2018, https://doi. org/10.17600/18000402), AM-MED (R/V Le Suroit, 2013, https://doi.org/10.17600/13020050), PRISME (R/V L'Atalante 2007, https://doi.org/10.17600/ 7010090), SARDINIA (R/V L'Atalante, 2006, https:// doi.org/10.17600/6010150 and PROGRES (R/V Le Suroit 2003, https://doi.org/10.17600/3020080). We thank core repositories BOSCORF (NOC, Southampton, UK) and CREAM (IFREMER, Géosciences Marines, Brest, France) and their staff for support in core maintenance/handling and assistance with analytical techniques. This contribution would not have been possible without the valuable suggestions and encouragement of reviewers C. McHugh and A. Fildani and the scientific guidance and perseverance of Guest Editor A. Georgiopoulou.

Acknowledgements We thank the captains, crew and science parties of the PRISME-2 and PRISME-3 campaigns onboard R/V L'Atalante and R/V Pourquoi pas?, respectively for their support during the campaigns. Elena Martinez Planchart (ICM, Barcelona) is thanked for carrying out grain-size analysis on sediment core PSM3-CS050. We thank Nabil Sultan for discussions on CPTu data interpretation. We are also grateful to reviewers Samantha Clarke and Sara Lafuerza and editor Lawrence Amy for providing insightful reviews that significantly improved this manuscript.

Funding This project has received funding from the European Union's Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement no. 721403 (ITN SLATE project, PhD of SB).

Funding This work and the PhD of Shray Badhani are funded by the European Union's Horizon 2020 research and innovation programme under the Marie-Skłodowska-Curie grant via project ITN SLATE (grant agreement no. 721403).

Data availability

Sediment cores are curated at IFREMER core repository in Plouzané (France). Core data related to this article can be requested at:

Core PSM3-CS041: IGSN BFBGX-87805 (http://igsn.org/BFBGX-87805) Core PSM3-CS042: IGSN BFBGX-87806 (http://igsn.org/BFBGX-87806) Core PSM3-CS046: IGSN BFBGX-87810 (http://igsn.org/BFBGX-87810) Core PSM3-CS047: IGSN BFBGX-87811 (http://igsn.org/BFBGX-87811)

metres thick. The megabed can thus be described as a HmTu couplet since it is composed of two distinct components (Campos et al. 2013; see also McHugh et al. 2006).

Sediment core WMF2-KF11 was collected at 2848 m water depth in the central part of the Balearic Abyssal Plain. It is 5.92 m long and presents brownish-yellow silty clay with foraminifera and shell fragments in the upper c. 30 cm, gradually passing to alternating very thin to medium-thick, normally graded sandstones and olive-grey silty clays down to 2.28 mbsf (Figs 5.6b,d and 5.7). This interval is interpreted as alternating turbidites and hemipelagites. The rest of the core down to 5.92 mbsf is composed of homogeneous dark grey silty clay (2.28-4.50 mbsf), dark grey clayey silt 

Abstract

The Gulf of Lions presents recurring mass-transport deposits (MTDs) within the Plio-Quaternary sediments suggesting a long history of mass movements. The two large, surficial MTDs are located on the eastern and western levee of the Rhone canyon over an area exceeding 6000 km 2 and volumes exceeding 100 km 3 . Both MTDs were emplaced 21 ka ago (peak of the Last Glacial Maximum), suggesting a common trigger. Here, we present a multidisciplinary high-resolution geophysical, sedimentological and in-situ geotechnical study of the source and deposit areas of both MTDs to characterise distinct expressions of sediment deformation as well as their spatial and chronological distributions. The combination of multidisciplinary approaches shows new insights into the nature of basal surfaces of the slope failures. In particular, we show that the basal surfaces of the failures consist of clay-rich material contrasting with the overlying turbiditic deposits, suggesting that a strong lithological heterogeneity exists within the strata. We suggest that this change in lithology between clay-rich sediments and turbiditic sequences most likely control the localisation of weak layers and landslide basal surfaces.

Resumé

Le golfe du Lion présente de manière récurrente des glissement de terrain (MTD) dans les sédiments du Plio-Quaternaire, ce qui suggère une longue histoire de glissements de terrain. Les deux grands MTD superficiels sont situés sur les levées est et ouest du canyon du Rhône, sur une superficie de plus de 6000 km 2 et des volumes supérieurs à 100 km 3 Sedimentological data related to these cores can be requested through the links provided in the table below. 
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The Last Glacial Maximum Balearic Abyssal Plain megabed revisited