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I

La surface de la Terre peut être considérée comme un vaste et complexe ensemble de différents systèmes d'acheminement des sédiments, que Romans et al. (2016) ont défini comme des systèmes dynamiques intégrés reliant l'érosion dans les bassins versants (source) aux dépôts dans les bassins marins profonds (puits). La somme des processus d'érosion, de transport et de dépôt régit les paysages terrestres à tout moment et tout endroit. Les principaux facteurs de contrôle (tectonique, climat, niveau de la mer, courants océaniques, etc.) qui influencent l'érosion, le transport et la dispersion des sédiments le long du trajet de la source au puits sont relativement bien compris. Cependant, ces processus fonctionnent à différentes échelles temporelles et spatiales, ce qui fait de leur compréhension approfondie et de leur couplage à l'échelle fine un défi majeur (Milliman and Syvitski, 1992 ;[START_REF] Allen | Time scales of tectonic landscapes and their sediment routing systems[END_REF]Hinderer, 2012 ;Romans et al., 2016).

Les successions de faciès sédimentaires constituent des archives de l'histoire de la Terre.

Les systèmes turbiditiques sont des accumulations de sédiments d'une importance particulière parce qu'ils correspondent aux dépôts terminaux des matériaux issus de l'érosion continentale. Ces édifices sédimentaires marins situés à la base du talus continental constituent des archives remarquables en raison de leur potentiel de préservation. L'étude de ces dépôts turbiditiques peut donc apporter des informations importantes pour dévoiler les modifications paléo-environnementales qui ont affecté la zone d'origine continentale (e.g., Romans et al., 2016).

Depuis la seconde moitié du XXe siècle, de nombreuses études menées sur les systèmes turbiditiques ont permis d'approfondir les connaissances sur les éléments architecturaux fondamentaux constituant ces accumulations sédimentaires et sur l'impact des variations climatiques quaternaires sur l'apport sédimentaire vers les bassins marins profonds (e.g., [START_REF] Normark | Growth patterns of deep-sea fans[END_REF][START_REF] Curray | Growth of the Bengal deep-sea fan and denudation in the Himalayas[END_REF][START_REF] Cremer | Cap-Ferret Fan, Atlantic Ocean. in 'Submarine fans and related turbidite systems[END_REF][START_REF] Damuth | Anatomy and growth pattern of Amazon deep-sea fan as revealed by long-range side-scan sonar (GLORIA) and high-resolution seismic studies[END_REF] ; [START_REF] Kenyon | Geometry of the younger sediment bodies of the Indus Fan[END_REF]Droz et al., 1996 ;Flood and Piper, 1997 ;Piper and Normark, 2001). L'architecture et l'évolution des systèmes turbiditiques ont d'abord été expliquées par un modèle conceptuel qui supposait que le flux sédimentaire était principalement contrôlé par les variations glacio-eustatiques du niveau de la mer (par exemple, les oscillations sur 100 000 ans du Quaternaire supérieur) (Vail et al., 1977 ;Shanmugam and Moiola, 1982 ;Shanmugam et al., 1985 ;Shanmugam et al., 1985 ;Kolla and Perlmutter, 1993;Posamentier and Kolla, 2003). Selon le principe de la stratigraphie séquentielle (Vail et al., 1977 ;Posamentier and Vail, 1988;Posamentier and Kolla, 2003), le transfert maximal de sédiments vers les fonds océaniques se produit principalement pendant les périodes de bas niveau de la mer (conditions glaciaires au Quaternaire) lorsque les rivières peuvent atteindre le rebord du plateau et apporter les sédiments directement au bassin profond via les canyons. En revanche, l'apport de sédiments diminue fortement au cours du réchauffement planétaire qui s'ensuit et de l'élévation du niveau de la mer qui en découle (conditions interglaciaires). Cependant, de nombreuses études ont démontré que ce modèle était trop simpliste, car il ne tenait pas compte des interactions complexes entre les divers facteurs INTRODUCTION de forçage qui influent sur la distribution des sédiments (e.g., Kolla and Perlmutter, 1993 ;[START_REF] Dennielou | Post-glacial persistence of turbiditic activity within the Rhône deep-sea turbidite system (Gulf of Lions, Western Mediterranean): Linking the outer shelf and the basin sedimentary records[END_REF]Covault and Graham, 2010). Des études plus récentes menées sur les systèmes turbiditiques aux basses latitudes (e.g., [START_REF] Weber | Active growth of the Bengal Fan during sea-level rise and highstand[END_REF]Prins and Postma, 2000 ;[START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]Picot et al., 2019) montrent que la sédimentation du domaine océanique profond peut persister, voire augmenter pendant des périodes de haut niveau marin. Ces résultats impliquent que la croissance des systèmes turbiditiques n'est pas seulement régie par les changements du niveau de la mer, mais aussi par les changements climatiques à haute fréquence qui ont un impact significatif sur le débit fluvial et le flux sédimentaire des rivières (Covault and Graham, 2010 ;Bonneau et al., 2014).

Malgré ces découvertes récentes, les systèmes turbiditiques des basses latitudes restent peu étudiés (Covault and Graham, 2010). Par exemple, la découverte récente d'un long système chenalisé au large de la Tanzanie (Bourget et al., 2008), très différent des autres systèmes des basses latitudes comme les systèmes turbiditiques de l'Amazone (Damuth and Flood, 1985) ou du Congo (Picot et al., 2016), souligne le fait que des recherches scientifiques supplémentaires sont nécessaires sur ces systèmes particuliers pour mieux identifier et comprendre leur développement temporel et les paramètres qui les contrôlent.

La présente thèse de doctorat se focalise sur le Canal du Mozambique, situé dans le sudouest de l'Océan Indien, et plus particulièrement sur le système turbiditique du Zambèze.

Ce système turbiditique est principalement alimenté par le fleuve Zambèze, qui est le quatrième plus grand fleuve d'Afrique et le plus grand fleuve de l'Océan Indien (Walford et al., 2005). Bien que considéré comme l'un des plus grands systèmes turbiditique au monde, très peu de recherches ont jusque là été conduites sur le système du Zambèze (Kolla et al., 1980a ;[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]Droz and Mougenot, 1987) et sa connaissance reste limitée.

Depuis le début de mon doctorat, les travaux d'une équipe de l'Institut Alfred Wegener de Brême qui avait acquis des données en 2005 et 2007 ont été publiés [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF][START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]Breitzke et al., 2017 ;Castelino et al., 2017a).

Les principaux facteurs de forçage contrôlant le transport et le dépôt des sédiments dans les systèmes turbiditiques ont été investigués dans de nombreux systèmes turbiditiques (e.g., [START_REF] Mutti | An integrated approach to the study of turbidite systems. in 'Seismic facies and sedimentary processes of submarine fans and turbidite systems[END_REF]Normark et al., 1993 ;[START_REF] Bellaiche | Morphostructure, growth patterns, and tectonic control of the Rhone and Nile deep-sea fans: a comparison[END_REF]. Cependant, une question importante qui se pose encore aujourd'hui est de comprendre la contribution relative de facteurs multiples sur la sédimentation. L'annexe D fournit le format A3 de certaines figures, principalement des lignes sismiques.

The Earth surface can be seen as a huge and complex collection of different sedimentrouting systems, which Romans et al. (2016) defined as integrated dynamical systems connecting erosion in mountain catchments to downstream deposition. A landscape on Earth at a certain time and place is governed by the sum of erosion, transport and deposition processes. The major controls (tectonic, climate, sea-level, oceanic currents, etc.) that influence erosion, transport, and dispersal of sediment along the source to sink path are relatively well understood. However, these processes operate on a range of temporal and spatial scales, making their thorough understanding and their coupling on fine-scale a major challenge for scientists (Milliman and Syvitski, 1992;[START_REF] Allen | Time scales of tectonic landscapes and their sediment routing systems[END_REF]Hinderer, 2012;Romans et al., 2016).

Sedimentary facies successions constitute records of the history of the Earth. Turbidite systems are especially important sediment accumulations because they correspond to the final deposition zone of material derived from continental erosion. These deposits found at the base of the continental slope deliver a remarkable archive because of their preservation potential. The study of such turbidite deposits can thus bring important information to reconstruct the paleo-environmental modifications that affected the continental source area (e.g., Romans et al., 2016).

Many studies carried out on turbidite fans since the second half of the 20th century have increased our knowledge on the fundamental architectural elements of turbidite systems and on the impact of Quaternary climate variations on the supply of sediment towards the deep marine basins (e.g., [START_REF] Normark | Growth patterns of deep-sea fans[END_REF][START_REF] Curray | Growth of the Bengal deep-sea fan and denudation in the Himalayas[END_REF][START_REF] Cremer | Cap-Ferret Fan, Atlantic Ocean. in 'Submarine fans and related turbidite systems[END_REF][START_REF] Damuth | Anatomy and growth pattern of Amazon deep-sea fan as revealed by long-range side-scan sonar (GLORIA) and high-resolution seismic studies[END_REF][START_REF] Kenyon | Geometry of the younger sediment bodies of the Indus Fan[END_REF]Droz et al., 1996;Flood and Piper, 1997;Piper and Normark, 2001). Initially, the architecture and evolution of turbidite systems was explained by a universal model which assumed that the sediment flux is mainly controlled by glacio-eustatic sea-level variations (e.g., the 100,000-year oscillations of the Late Quaternary) (Vail et al., 1977;Shanmugam and Moiola, 1982;Shanmugam et al., 1985;Kolla and Perlmutter, 1993;Posamentier and Kolla, 2003). According to the principle of sequence stratigraphy (Vail et al., 1977;Posamentier and Vail, 1988;Posamentier and Kolla, 2003), the maximum sediment transfer to the deep sea happens mainly during periods of low sea level (e.g., Quaternary ice ages) when the rivers are able to reach the shelf edge and deliver sediment directly to the deep basin. In contrast, the sediment input sharply decreases during succeeding global warming and the attendant rise in sea-level (i.e. leading to interglacial conditions). However, multiple studies have proven that this model is too simplistic as it fails to account for the complex interactions between various forcing factors that influence sediment distribution and it has been critically revisited in recent years (e.g., Covault and Graham, 2010;[START_REF] Dennielou | Post-glacial persistence of turbiditic activity within the Rhône deep-sea turbidite system (Gulf of Lions, Western Mediterranean): Linking the outer shelf and the basin sedimentary records[END_REF]Kolla and Perlmutter, 1993). More recent studies conducted on turbidite systems at low latitudes (e.g., [START_REF] Weber | Active growth of the Bengal Fan during sea-level rise and highstand[END_REF]Prins and Postma, 2000;[START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]Picot et al., 2019) demonstrated that the supply of sediments to the deep oceanic domain could persist, or even increase, during periods of high sea-level.

INTRODUCTION

These findings imply that the growth of turbidite systems is not only governed by sea-level changes but also by high-frequency climate changes that impacted the fluvial discharge and sediment flux from rivers (Covault and Graham, 2010;Bonneau et al., 2014).

Despite of these recent findings, there are only a limited number of studies conducted on low latitude turbidite systems (Covault and Graham, 2010). For example, the recent finding of a large-scale channelized system off Tanzania (Bourget et al., 2008), very different from other low latitude systems such as the Amazon (Damuth and Flood, 1985) or the Congo fans (Picot et al., 2016), highlights the fact that additional scientific research is necessary on these peculiar turbidite systems to further identify and to better understand their temporal development and controlling parameters.

This PhD study focuses on the Mozambique Channel situated in the southwest Indian

Ocean, and more specifically on the Zambezi turbidite system. This turbidite system is principally fed by the Zambezi River, which is the fourth largest river in Africa and the largest river flowing into the Indian Ocean (Walford et al., 2005). Despite being considered as one of the largest turbidite systems in the world, there was very little research done on the Zambezi turbidite system (Kolla et al., 1980a;[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]Droz and Mougenot, 1987) when I began my PhD and thus the knowledge remained limited for large parts of the Zambezi turbidite system. Since then, intensive work by a team of the Alfred Wegener Institute at Bremen that had acquired lots of data in 2005 and 2007 was published [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF][START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]Breitzke et al., 2017;Castelino et al., 2017a).

To date, much research has been done on different turbidite systems worldwide to identify the major forcing factors controlling sediment transport and deposition in turbidite systems (e.g. [START_REF] Mutti | An integrated approach to the study of turbidite systems. in 'Seismic facies and sedimentary processes of submarine fans and turbidite systems[END_REF]Normark et al., 1993;[START_REF] Bellaiche | Morphostructure, growth patterns, and tectonic control of the Rhone and Nile deep-sea fans: a comparison[END_REF]. However, an important ongoing question that still exists today is to understand the relative contribution of multiple factors on the sedimentation, i.e. how do these forcings interact? How are these interactions recorded in the deep-sea (sink)? The Mozambique Channel is under the influence of three forcing factors that are strongly present: the East African Rift System (tectonics), the Intertropical Convergence Zone (climate) and the intense bottom currents (hydrodynamic). Consequently, this study area is complex but ideal to decipher the relative importance of the various factors.

The present study has three main aims:

(1) to examine the different sedimentary geometries and the stratigraphic architecture of the Zambezi turbidite system since its initiation in Oligocene times,

(2) to establish a chronological framework for the Late Quaternary Zambezi turbidite system and

(3) to identify the main factors that control the sedimentation on the Mozambique margin and make the turbidite system so atypical.

Achievement of these main objectives will provide answers to the following questions:

• What sedimentary processes operate within the Mozambique Channel and Zambezi turbidite system? What and when are the conditions of transport and deposition of turbidity currents?

• What are the main forcing factors present in the Mozambique Channel? And what is their control on the spatial and temporal evolution of the Zambezi turbidite system?

• What is the impact of remobilization by bottom currents on the system?

This PhD was realized as part of the PAMELA (Passive Margin Exploration Laboratory)

project (Bourillet et al., 2013), which aims to improve our knowledge of passive continental margins, including the study of a complete sedimentary system from the source to the sink. This project is a scientific collaboration led by IFREMER (French Research Institute for Exploitation of the Sea) and TOTAL and includes numerous scientific partners:

the University of Western Brittany (UBO, Brittany, France), the University Pierre et Marie Curie (UPMC, Paris, France), the University of Rennes 1 (Brittany, France), the National Center for Scientific Research (CNRS, France) and the French Institute for Petroleum and New Energies (IFP-EN, France). My contribution is based on high-resolution multibeam bathymetry, seismic reflection data and sediment cores acquired during four oceanic surveys in the scope of the PAMELA project. Additionally, the framework of the PAMELA project made it possible to work on offshore seismic data from the MD163-MoBaMaSis oceanic cruise [START_REF] Reichert | MD 163 / MOBAMASIS cruise[END_REF] and industrial data made available by TOTAL.

The manuscript is subdivided into eight chapters and contains four appendices.

Following this introduction, the second and third chapters summarize the scientific context of the study. Chapter II is devoted to a bibliographic synthesis of the source to sink concept and details the controlling factors mainly at the source and the deposition in the sink compartment and more precisely general findings on turbidite systems and contourite systems.

Chapter III presents a state of the art on the knowledge of the Mozambique Channel and 

II

The source to sink system: concepts, controls and deep sea sedimentary systems

Le système "Source to Sink" (de la source au puits) : concepts, contrôles et systèmes sédimentaires profonds

II.1 Source to sink dynamics

Climate and tectonic processes that happen during Earth's history can create modifications of environmental variables, such as precipitation, sea-level, rock uplift and subsidence.

These environmental variations can induce changes at the Earth's surface by physical, biological and chemical processes that control the production, transportation or deposition of sediments (figure II.1). For example, an increase in precipitation could enhance water flow in a catchment area, possibly leading to more erosion and/or incision of alluvial deposits that promotes an aggradational response in the alluvial fan and an increase of sediment supply to the deep-water depositional systems. Such changes in supply and flux of sediment can potentially create recognizable sedimentary signals in the stratigraphic record of a sedimentary basin, thus allowing the reconstruction of paleo-environmental conditions and associated forcings from stratigraphy [START_REF] Allen | Time scales of tectonic landscapes and their sediment routing systems[END_REF]Romans et al., 2016). A sediment routing system is composed of three connected spatial zones each characterized by a dominant process: a source region that is dominated by erosional processes; a transfer zone dominated by sediment transport; and a sink region dominated by depositional processes [START_REF] Allen | Time scales of tectonic landscapes and their sediment routing systems[END_REF]Sømme et al., 2009;[START_REF] Allen | Dispersal and preservation of tectonically generated alluvial gravels in sedimentary basins[END_REF]. 

II.2 Modulation of erosion, transport and deposition: the role of tectonics and climate

Tectonic activity and climate change have a major impact on the source to sink system as both forcing factors determine the availability of sediments and the amount of accommodation (e.g., [START_REF] Densmore | Development and response of a coupled catchment fan system under changing tectonic and climatic forcing[END_REF].

II.2.1 Tectonics

Tectonic processes are important regulators in sediment routing systems, especially at long timescales ( 10 4 kyr), as they cause uplift of sediment in source regions, guide sediment transport pathways and drive subsidence in sedimentary basins (Romans et al., 2016;[START_REF] Allen | Sediment Routing Systems: The Fate of Sediment from Source to Sink[END_REF].

Tectonic activity controls the processes in the Earth's lithosphere which affects the vertical movement and geodynamic processes. Places where tectonic plates collide are typified by high mountains, which act as the engines for sediment [START_REF] Larsen | The contribution of mountains to global denudation[END_REF][START_REF] Willenbring | Earth is (mostly) flat, but mountains dominate global denudation: apportionment of the continental mass flux over millennial time scales, revisited[END_REF]. Tectonic subsidence of the lithosphere manages the accommodation and determines whether components of the source to sink system can be preserved over a long period of time [START_REF] Allen | Dispersal and preservation of tectonically generated alluvial gravels in sedimentary basins[END_REF]. Subsiding continental margins are prominent examples, such as at the Gulf of Lions where [START_REF] Rabineau | Paleo sea levels reconsidered from direct observation of paleoshoreline position during Glacial Maxima (for the last 500,000 yr)[END_REF] obtained subsidence rates of 250 m/Ma for the western shelf area at 70 km from the coast. These high subsidence rates are favorable for the accumulation and preservation of sediments, even when high sedimentation rates did occur along the margin [START_REF] Rabineau | Paleo sea levels reconsidered from direct observation of paleoshoreline position during Glacial Maxima (for the last 500,000 yr)[END_REF][START_REF] Rabineau | Quantifying subsidence and isostatic readjustment using sedimentary paleomarkers, example from the Gulf of Lion[END_REF]. Moreover, alluvial areas that experience tectonic subsidence can trap sediments onshore (e.g., Ganges-Brahmaputra river system, [START_REF] Goodbred | Holocene and modern sediment budgets for the Ganges-Brahmaputra river system: Evidence for highstand dispersal to flood-plain, shelf, and deep-sea depocenters[END_REF].

Topography induced by tectonic processes controls the morphology and can have a profound effect on the river drainage organization, and thus on the amount and supply rate of sediments towards the deep depositional basins. Larkin, 2001;[START_REF] Moore | The Zambezi River. Large rivers: geomorphology and management[END_REF].

Likewise, earthquakes, resulting from tectonic stress buildup, can trigger landslides that may dam mountain valleys [START_REF] Li | Seismic mountain building: Landslides associated with the 2008 Wenchuan earthquake in the context of a generalized model for earthquake volume balance[END_REF] or trigger submarine gravity flows which can significantly influence the routing of sediments on the continental slope or in deeper areas [START_REF] Heezen | Turbidity currents and submarine slumps, and the 1929 Grand Banks [Newfoundland] earthquake[END_REF][START_REF] Piper | The 1929 Grand Banks earthquake, slump and turbidity current[END_REF][START_REF] Talling | Large submarine landslides on continental slopes: geohazards, methane release, and climate change[END_REF].

Finally, tectonic related seafloor topography may deflect or guide sediment transfer to the deep depositional basin. This important role of pre-existing sea floor topography has been highlighted for the Makran convergent margin (Bourget et al., 2011), the California Continental Borderland [START_REF] Normark | Submarine canyon and fan systems of the California Continental Borderland[END_REF] and the Tanzanian margin (Fournier, 2016).

II.2.2 Climate

According to Milankovitch theory [START_REF] Milankovitch | Théorie mathématique des phénomènes thermiques produits par la radiation solaire[END_REF], long-term (> 10 3 kyr) climate changes are driven by variations in the Earth's orbit. The Earth's position relative to the sun changes as a consequence of cyclical variations in orbital eccentricity, obliquity and precession with periods of 100,41,[19][20][21][22][23]respectively (figure II.3 C to E). It is commonly accepted that these three cycles together create alternations in the amount of energy reaching the Earth's surface. The resulting heterogeneous latitudinal distribution of energy influences the global oceanic and atmospheric circulation pattern (e.g., [START_REF] Ruddiman | Pleistocene evolution: Northern hemisphere ice sheets and North Atlantic Ocean[END_REF][START_REF] Shackleton | An alternative astronomical calibration of the lower Pleistocene timescale based on ODP Site 677[END_REF][START_REF] Imbrie | Milankovitch theory viewed from Devils Hole[END_REF].

Stable isotope records from deep-sea sediments and ice cores (e.g., [START_REF] Emiliani | Pleistocene temperatures[END_REF][START_REF] Hays | Variations in the earth's orbit: pacemaker of the ice ages[END_REF][START_REF] Williams | Chronology of the Pleistocene oxygen isotope record: 0-1.88 my BP[END_REF][START_REF] Johnsen | Irregular glacial interstadials recorded in a new Greenland ice core[END_REF]Lisiecki and Raymo, 2005) have revealed that the onset of Pleistocene (i.e. last 2.6 Ma) glaciations occurred about three million years ago with the formation of permanent ice sheets at high northern latitudes [START_REF] Lambeck | Links between climate and sea levels for the past three million years[END_REF]. From about 3 Ma to 900 ka, ice-sheet growth and decay followed a cyclicity of 41 kyr (obliquity) (figure II.3A). After the Mid-Pleistocene Transition (MPT, THE SOURCE TO SINK SYSTEM ~900 ka) the amplitude of the glacial-interglacial variations became higher and the cyclicity changed to 100 kyr (figure II.3B) [START_REF] Ruddiman | Northern Hemisphere climate regimes during the past 3 Ma: possible tectonic connections[END_REF][START_REF] Imbrie | Oceanic response to orbital forcing in the late Quaternary: Observational and experimental strategies[END_REF][START_REF] Pierre | Paleoceanography of the western Mediterranean during the Pleistocene oxygen and carbon isotope records at Site 975[END_REF][START_REF] Raymo | The 41 kyr world: Milankovitch's other unsolved mystery[END_REF]. This change in climate dynamic goes together with glacial asymmetry: during approximately 60 to 90 kyr, the ice sheet gradually builds up to a maximum volume (i.e. glacial maximum), followed by rapid deglaciation of ~10 kyr durations [START_REF] Raymo | Global climate change: a three million year perspective[END_REF][START_REF] Ashkenazy | Are the 41 kyr glacial oscillations a linear response to Milankovitch forcing?[END_REF][START_REF] Liu | High-latitude influence on the eastern equatorial Pacific climate in the early Pleistocene epoch[END_REF][START_REF] Huybers | Glacial variability over the last two million years: an extended depthderived agemodel, continuous obliquity pacing, and the Pleistocene progression[END_REF]Lisiecki andRaymo, 2005).

The global sea-level (eustasy) has oscillated in response to the transfer of large volumes of water between the ocean and the Northern Hemisphere ice sheets [START_REF] Lambeck | Links between climate and sea levels for the past three million years[END_REF].

It is evident that glacial (interglacial) periods correspond to a low (high) sea-level (figure II.3A): the increased (decreased) volume of water trapped in ice sheets decreases (increases) the volume of free water and therefore the eustatic level. Oxygen isotope records from deepsea sediments are commonly used as a proxy of global ice volume (e.g., [START_REF] Imbrie | The orbital theory of Pleistocene climate: support from a revised chronology of the marine d18O record[END_REF][START_REF] Shackleton | The 100,000-year ice-age cycle identified and found to lag temperature, carbon dioxide, and orbital eccentricity[END_REF]Waelbroeck et al., 2002;[START_REF] Siddall | Sea-level fluctuations during the last glacial cycle[END_REF]Grant et al., 2014). Furthermore, direct and accurate measurements of the former sea-level exist by measurements such as on coral reefs [START_REF] Chappell | Oxygen isotopes and sea level[END_REF][START_REF] Bard | Calibration of the 14C timescale over the past 30,000 years using mass spectrometric U-Th ages from Barbados corals[END_REF] and paleo-delta shorelines [START_REF] Rabineau | Paleo sea levels reconsidered from direct observation of paleoshoreline position during Glacial Maxima (for the last 500,000 yr)[END_REF]. These studies demonstrate that the Late Quaternary (last 0.5-1 Myr) is typified by eustatic cycles with a 100 kyr cyclicity and an amplitude of the order of 100 -130 m. These long cycles are superimposed by shorter cycles of 20 and 40 kyr that provoke sea-level changes of metric to decametric scale.

Regionally, the Pleistocene climatic regime results in specific variations in fluvial water and sediment discharge. At high latitude, the decay of ice sheets during deglaciations significantly increases the meltwater discharge of rivers. Such significant sedimentation volumes have been highlighted for example in the Mississippi Fan (Kolla and Perlmutter, 1993), the North American margin (Tripsanas et al., 2008), the Celtic-Armorican margin (Zaragosi et al., 2006;[START_REF] Toucanne | Reconstruction des transferts sédimentaires en provenance du système glaciaire de Mer d'Irlande et du paléofleuve Manche au cours des derniers cycles climatiques[END_REF]Toucanne et al., 2012) and the Var deep-sea fan [START_REF] Jorry | Turbiditic levee deposition in response to climate changes: the Var Sedimentary Ridge (Ligurian Sea)[END_REF]. Lower latitudes are dominated by monsoon-driven climate changes, where the intensification of the summer monsoon during interglacial intervals results in an increase of water and sediment discharges [START_REF] Rossignol-Strick | Mediterranean Quaternary sapropels, an immediate response of the African monsoon to variation of insolation[END_REF][START_REF] Tuenter | The response of the African summer monsoon to remote and local forcing due to precession and obliquity[END_REF][START_REF] Clift | The Asian monsoon: causes, history and effects[END_REF]. Turbidite deposition in the Nile and Tanzanian systems was linked to an increase in fluvial discharge under the influence of the African monsoon [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]Liu et al., 2016). Clift et al. (2008a), [START_REF] Clift | Sediment fluxes and buffering in the post-glacial indus basin[END_REF] and Prins et al. (2000) found that the Indus delta and Makran turbidite system were affected by the Asian monsoon intensification. [START_REF] Romans | Coarse-grained sediment delivery and distribution in the Holocene Santa Monica Basin, California: implications for evaluating source-to-sink flux at millennial time scales[END_REF] found that the Hueneme turbidite system was influenced by increased discharge of the Santa Clara River and Covault et al. (2010) demonstrated an increased fluvial discharge of the Santa Ana River in the Newport turbidite system as a result of an increase of the North American monsoon and frequency of El Niño-Southern Oscillation. Thus, climate changes superimposed on tectonic forcing can strongly influence the rate of sediment production and supply. 

II.2.3 Interaction of tectonic and climate processes

Despite numerous studies on continental margins and their associated sedimentary basins and synthesis at various time scales (Walford et al., 2005;[START_REF] Stoker | Cenozoic post-rift sedimentation off northwest Britain: Recording the detritus of episodic uplift on a passive continental margin[END_REF][START_REF] Guillocheau | Quantification and causes of the terrigeneous sediment budget at the scale of a continental margin: a new method applied to the Namibia-South Africa margin[END_REF], it remains difficult to isolate and quantify the relative impact of tectonics and climate on landscape evolution at long time scales [START_REF] Armitage | Transformation of tectonic and climatic signals from source to sedimentary archive[END_REF]. Understanding the interplay between tectonics, climate and sedimentary fluxes has been the subject of major debate since it has been shown that the Cenozoic global cooling is synchronous with an increase in sediment flux from land to ocean [START_REF] Molnar | Late Cenozoic uplift of mountain ranges and global climate change: chicken or egg?[END_REF][START_REF] Peizhen | Increased sedimentation rates and grain sizes 2-4 Myr ago due to the influence of climate change on erosion rates[END_REF][START_REF] Berger | Quaternary tectonic response to intensified glacial erosion in an orogenic wedge[END_REF][START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF][START_REF] Willenbring | Long-term stability of global erosion rates and weathering during late-Cenozoic cooling[END_REF]. Some studies claim the direct influence of climate on erosion [START_REF] Peizhen | Increased sedimentation rates and grain sizes 2-4 Myr ago due to the influence of climate change on erosion rates[END_REF], while others [START_REF] Molnar | Late Cenozoic uplift of mountain ranges and global climate change: chicken or egg?[END_REF][START_REF] Raymo | Global climate change: a three million year perspective[END_REF] argue that this global cooling results from the trapping of atmospheric CO 2 by tectonic processes that built orogenic systems (Chicken and Egg theory). For some others, the increase in sediment transfers at this time scale is only due to observational biases in the sedimentary record [START_REF] Willenbring | Long-term stability of global erosion rates and weathering during late-Cenozoic cooling[END_REF]. This ongoing debate reflects the challenge of quantifying land-sea transfer and identifying the forcings on erosion, transport and sedimentation.

II.3 From sediment transport to sediment accumulation in the sink compartment

The terminal position of terrigenous sediments in a source to sink system is commonly represented by a deep-marine turbidite system. The modern deep-marine deposits generally provide a good archive of past sediment fluxes in comparison to onshore components of the source to sink system [START_REF] Romans | Coarse-grained sediment delivery and distribution in the Holocene Santa Monica Basin, California: implications for evaluating source-to-sink flux at millennial time scales[END_REF]Covault et al., 2010). Turbidite systems have higher accumulation rates than adjacent pelagic sequences [START_REF] Stow | Sedimentary, tectonic, and sea-level controls. in 'Submarine fans and related turbidite systems[END_REF] and, therefore, provide important proxy information pertaining to past climates. These systems are important for the scientific community to understand Earth's past climate [START_REF] Pirmez | Growth of a submarine meandering channel-levee system on the Amazon Fan[END_REF].

There is also considerable interest from the economic community as turbidite deposits form deep-water hydrocarbon reservoirs [START_REF] Weimer | Introduction to the petroleum geology of deepwater settings[END_REF]. Turbidity currents are also known to damage or destroy seafloor infrastructures [START_REF] Heezen | Congo submarine canyon[END_REF][START_REF] Gennesseaux | Les glissements sous-marins de la pente continentale niçoise et la rupture de câbles en mer Ligure (Méditerranée occidentale)[END_REF][START_REF] Piper | The 1929 Grand Banks earthquake, slump and turbidity current[END_REF][START_REF] Carter | Insights into Submarine Geohazards from Breaks in Subsea Telecommunication Cables[END_REF][START_REF] Cattaneo | Searching for the seafloor signature of the 21 May 2003 Boumerdès earthquake offshore central Algeria[END_REF].

Deep marine environments are governed by both gravitational and bottom current processes, which are able to erode, transport and deposit sediments within the deep sea [START_REF] Stow | Deep seas. Sedimentary environments: Prousses, facies and stratigraphy[END_REF].

Turbidite system morphologies may, thus, be significantly modified by the combined action of downslope and alongslope sedimentary processes [START_REF] Mountain | Mesozoic and Cenozoic geology of the US Atlantic continental slope and rise[END_REF][START_REF] Stanley | Model for turbidite-to-contourite continuum and multiple process transport in deep marine settings: examples in the rock record[END_REF][START_REF] Massé | The interplay between turbidity and contour current processes on the Columbia Channel fan drift, Southern Brazil Basin[END_REF][START_REF] Faugères | Seismic features diagnostic of contourite drifts[END_REF][START_REF] Michels | Recognition of contour-current influence in mixed contourite-turbidite sequences of the western Weddell Sea, Antarctica[END_REF]; among others).

In the following sections, we provide information on the current understanding of morphology, sedimentary processes, and architectural elements of turbidite and contourite systems.

For complementary information readers are referred to the comprehensive bibliographical summaries that were presented in recent PhD manuscripts (e.g., [START_REF] Mansor | Avulsion process : stratigraphic and lithologic records -Application to the Amazon and Zaïre turbidite systems[END_REF][START_REF] Jegou | Étude de la transition chenal-levées-lobe dans les systèmes turbiditiques récents: application à l'éventail turbiditique de l[END_REF][START_REF] Picot | Cycles sédimentaires dans le système turbiditique du Congo : nature et origine[END_REF].

II.3.1 Gravitational flows and turbidite depositional systems

II.3.1.1 Gravitational flow

Sediment gravity flows are mixtures of sediment and fluid that flow downslope driven by the action of the gravity. They are the principal agents of transport of sediments from the shallower continental zone to the deep marine domain [START_REF] Middleton | Part I. Sediment gravity flows: mechanics of flow and deposition[END_REF]Piper and Normark, 2009). Four principal types of gravitational flow are defined: debris flows, grain flows, fluidized sediment flows and turbidity currents [START_REF] Middleton | Part I. Sediment gravity flows: mechanics of flow and deposition[END_REF].

A turbidity current consists of a head, a body and a tail, with a general decrease in sediment concentration backwards from the head (figure II.4) [START_REF] Kneller | The structure and fluid mechanics of turbidity currents: a review of some recent studies and their geological implications[END_REF]. The maximum of flow turbulence is found at the turbidity current head that is mainly erosional. It contains the highest concentration of sediment and is characterized by a gradual decrease in velocity towards the top. The coarser particles are concentrated at the base of the flow, while the finer fraction is distributed more homogenously [START_REF] Allen | Mixing at turbidity current heads, and its geological implications[END_REF][START_REF] Middleton | Part I. Sediment gravity flows: mechanics of flow and deposition[END_REF][START_REF] Peakall | A process model for the evolution, morphology, and architecture of sinuous submarine channels[END_REF]. The part behind the head is referred to as the body of the current.

The body could be divided into a dense basal layer (inner region) and a less dense region of mixed fluid (outer region). The current downstream velocity in the body has been shown

to be up to 30 to 40% faster than the head velocity and so material moves rapidly from the body into the current head [START_REF] Kneller | Velocity and turbulence structure of density currents and internal solitary waves: potential sediment transport and the formation of wave ripples in deep water[END_REF][START_REF] Simpson | Gravity Currents: In the Environment and the Laboratory[END_REF][START_REF] Kneller | Velocity structure, turbulence and fluid stresses in experimental gravity currents[END_REF].

II.3.1.2 Turbidites

It is widely accepted that turbidites are very common deposits in deep-water sedimentary systems (Stow and Mayall, 2000;[START_REF] Mulder | The physical character of subaqueous sedimentary density flows and their deposits[END_REF]. Turbidity currents construct in an incremental depositional manner sedimentary sequences called turbidites (Kuenen and Migliorini, 1950;[START_REF] Kuenen | Significant features of graded bedding[END_REF]. Ideally (however rarely observed), turbidites consist of a normally graded Bouma Sequence (figure II.5) that comprises five major units on top of an erosional contact [START_REF] Bouma | Sedimentology of some flysch deposits. Agraphic approach to facies interpretation 168[END_REF]. This sedimentary sequence consists of, from base to top, massive to graded sand (Ta), parallel laminated sand to silt (Tb), cross laminated sand and silt (Tc), parallel laminated sand to silt (Td) and laminated to homogenous mud (Te). The Bouma Sequence relates to deposition by low density turbidity currents with mixed coarse-and fine-grained sediments. Later, [START_REF] Lowe | Sediment gravity flows; II, Depositional models with special reference to the deposits of high-density turbidity currents[END_REF] refined the Ta unit for highdensity mainly coarse-grained currents, while [START_REF] Stow | Sequence of structures in fine-grained turbidites: comparison of recent deep-sea and ancient flysch sediments[END_REF] refined the Tc to Te units in the case of low-density mainly fine-grained turbidity currents.

II.3.1.3 Turbidite systems

Turbidity currents transfer sediment to the deep sea via a generally divergent (fan-shaped) network of submarine conduits (figure II.6). At the apex of the turbidite system is the canyon(s) that is (are) eroded on the continental slope. The canyon progressively decreases in depth and relief and leaves the turbidity currents overspill and construct lateral levees, leading to the development of channel-levee systems. In their way to the deepest portions of the turbidite system, the channels in turn become shallower, and terminal lobes are deposited [START_REF] Mutti | Turbidite Systems and Their Relations to Depositional Sequences[END_REF]Normark, 1987, 1991;Normark et al., 1993). 

II.3.1.3.a Submarine canyon

Submarine canyons present on the continental slope are the main conduits for funneling sediments from continental platforms to deep marine basins (figure II.7) [START_REF] Nittrouer | Transport of particles across continental shelves[END_REF][START_REF] Normark | Giant submarine canyons: Is size any clue to their importance in the rock record?[END_REF]. Globally, they occur on all continental margins and show a positive correlation with the slope gradients and the rate of sediment export from the coast [START_REF] Harris | Global distribution of large submarine canyons: Geomorphic differences between active and passive continental margins[END_REF].

Figure II.5: Facies models of coarse-grained turbidites [START_REF] Lowe | Sediment gravity flows; II, Depositional models with special reference to the deposits of high-density turbidity currents[END_REF], the Bouma Sequence [START_REF] Bouma | Sedimentology of some flysch deposits. Agraphic approach to facies interpretation 168[END_REF] and fine-grained turbidites [START_REF] Stow | Sequence of structures in fine-grained turbidites: comparison of recent deep-sea and ancient flysch sediments[END_REF]. Illustration from [START_REF] Shanmugam | 50 years of the turbidite paradigm (1950s-1990s): deep-water processes and facies models-a critical perspective[END_REF]. [START_REF] Babonneau | Mode de fonctionnement d'un chenal turbiditique méandriforme: Cas du système turbiditique actuel du Zaïre[END_REF].

THE SOURCE TO SINK SYSTEM

Canyons are formed by erosion processes and are generally characterized by steep V-shaped flanks [START_REF] Shepard | Submarine canyons: multiple causes and long-time persistence[END_REF]. They may be confined to the continental slope or be incised into the continental shelf where they could have a direct connection to onshore river mouths (Babonneau et al., 2002). Submarine canyons have a significant upstream-downstream gradient and can reach large dimensions (1000 -3000 m deep and up to 100 km wide) (figure II.8; [START_REF] Normark | Giant submarine canyons: Is size any clue to their importance in the rock record?[END_REF][START_REF] Harris | Global distribution of large submarine canyons: Geomorphic differences between active and passive continental margins[END_REF]. Canyons can be initiated in both the continental or oceanic domain. They can be formed due to fluvial erosion during emersion, retrogressive erosion due to sediment failure on the canyon flanks or progressive erosion by intense down-slope eroding sediment flows [START_REF] Shepard | Submarine canyons: multiple causes and long-time persistence[END_REF][START_REF] Farre | Breaching the shelfbreak: passage from youthful to mature phase in submarine canyon evolution[END_REF][START_REF] Pratson | Evolution, architecture and hierarchy of distributary deep-water deposits: a high-resolution outcrop investigation from the Permian Karoo Basin, South Africa[END_REF][START_REF] Pratson | Evolution, architecture and hierarchy of distributary deep-water deposits: a high-resolution outcrop investigation from the Permian Karoo Basin, South Africa[END_REF]. Active sediment transport in a submarine canyon is dependent on the proximity of the sediment source from the continent (riverine or littoral drift inputs) (Covault and Graham, 2010;[START_REF] Sweet | Connections between fluvial to shallow marine environments and submarine canyons: Implications for sediment transfer to deep water[END_REF]. Early studies based on sequence stratigraphy models suggested an on-off mechanism of a canyon linked to change in relative sea-level. It was formulated that canyon (transport) activity occurred mainly during the declining and low sea-levels. During high sea levels, canyons were assumed to be disconnected from river mouths (Posamentier et al., 1988;[START_REF] Weimer | Sequence stratigraphy of the Mississippi Fan (Plio-Pleistocene), Gulf of Mexico[END_REF]. However, some canyons remain connected to the sediment source regardless of sea-level and are thus continuously in active state (e.g., Gaoping canyon, SW Taiwan; Var canyon, SE France among others). A prominent example is the Congo canyon, where the canyon is incised across the broad shelf and so maintains connection with the terrestrial sediment source during high sea levels [START_REF] Kripounoff | Direct observation of intense turbidity activity in the Zaire submarine Valley by 4000 m depth[END_REF]Babonneau et al., 2002).

II.3.1.3.b Channel-levee system

At the end of a submarine canyon, channel-levee systems develop on the lower continental slope or abyssal plain where the slope gradients become lower. These features are defined by a central channel confined by levees and are maintained by by-pass, and erosional or depositional processes [START_REF] Meiburg | Turbidity currents and their deposits[END_REF]Normark et al., 1993) depending on flow concentration and channel gradient.

The channel is mostly dominated by erosional and transport processes upstream. Downstream, where the slope is decreasing (i.e. lower energy flows), it gradually changes to a depositional zone (Clark and Pickering, 1996;Deptuck et al., 2003;Wynn et al., 2007).

These channels can be very long (up to several thousand kilometers) and are variable in width and sinuosity [START_REF] Meiburg | Turbidity currents and their deposits[END_REF][START_REF] Twichell | Depositional patterns of the Mississippi Fan surface: evidence from GLORIA II and high-resolution seismic profiles[END_REF].

Levees are typically composed of fine-grained, thin-bedded sediments and generally show a decrease in height downstream (Mulder, 2011). Their shape can be described as a proximal constructive part with positive relief and a lateral prolongation that pinches out (Mulder, 2011). These suspended sediments are delivered on levees by successive spillover and flow stripping of the upper portion of turbidity currents that exceeds the levees height (figure II.9). The levees can grow rapidly due to continuous deposition of suspended load [START_REF] Piper | Turbidite depositional patterns and flow characteristics, Navy submarine fan, California Borderland[END_REF][START_REF] Hiscott | Basin-floor fans in the North Sea: sequence stratigraphic models vs. sedimentary facies: discussion[END_REF][START_REF] Peakall | A process model for the evolution, morphology, and architecture of sinuous submarine channels[END_REF][START_REF] Skene | Quantitative analysis of variations in depositional sequence thickness from submarine channel levees[END_REF].

Figure II.9: Levee construction by (A) flow stripping [START_REF] Piper | Turbidite depositional patterns and flow characteristics, Navy submarine fan, California Borderland[END_REF]) and (B) overspilling [START_REF] Hiscott | Basin-floor fans in the North Sea: sequence stratigraphic models vs. sedimentary facies: discussion[END_REF]. Bold arrows indicate the flow direction. Figure from [START_REF] Babonneau | Mode de fonctionnement d'un chenal turbiditique méandriforme: Cas du système turbiditique actuel du Zaïre[END_REF].

Channel-levee systems typically show a tree-like organization, linked to recurring lateral channel migrations. It is called constructive or aggradational (e.g., Amazon, [START_REF] Flood | Seismic facies and late Quaternary growth of Amazon submarine fan. in 'Seismic facies and sedimentary processes of submarine fans and turbidite systems[END_REF] if both the channel and levees tend to aggrade vertically and levees are well expressed (Figure II.10). A system is called erosive (e.g., Bengal, Hübscher et al., 1997;Congo, Babonneau, 2002) when channels are incised into underlying deposits and show only limited construction of levees.

II.3.1.3.c Terminal lobes

Lobes are formed in the final depositional zone of a turbidite system. They have an ovoid shape with a convex-upward topography and display low relief (generally less than 25 m) relative to the surrounding seafloor (figure II.11) (Mulder, 2011). Gravity flows undergo sorting when they are transported in the canyon/channel-levee environments. As the fine fraction gets washed out by spill-over processes (or by pirating action of bottom currents), the sediments of the gravity flow become progressively richer in coarse material. Because of this, the deposition of coarser sediment is favored in the terminal portions of the turbidite system [START_REF] Alexander | Observations on experimental, nonchannelized, highconcentration turbidity currents and variations in deposits around obstacles[END_REF]. However, fine-grained terminal lobes are known in some examples (e.g., in the Congo Fan, Picot et al., 2016).

In general, the extension of terminal lobes can be approximated by a length of about 20 km, a width of about 10 km and a thickness of a few meters [START_REF] Pratson | Evolution, architecture and hierarchy of distributary deep-water deposits: a high-resolution outcrop investigation from the Permian Karoo Basin, South Africa[END_REF]. However, it can vary significantly depending on the extent of the turbidite system, the extent of the receiving sedimentary basin and the volume of supplied material [START_REF] Mutti | Turbidite Systems and Their Relations to Depositional Sequences[END_REF]. [START_REF] Babonneau | Mode de fonctionnement d'un chenal turbiditique méandriforme: Cas du système turbiditique actuel du Zaïre[END_REF]. The channel can be aggradational (seismic profile of the Amazon Fan, [START_REF] Flood | Seismic facies and late Quaternary growth of Amazon submarine fan. in 'Seismic facies and sedimentary processes of submarine fans and turbidite systems[END_REF] or incisional (seismic profile of the Bengal fairway system, Hübscher et al., 1997)

II.3.2 Ocean bottom currents and contourite depositional systems

Ocean bottom currents (e.g., tidal currents, eddies, waves, deep-sea storms, internal waves, dense bottom currents) can rework and redistribute sediments from turbidity currents flowing towards deep basin areas. As bottom currents are characterized by relative low energy, they typically sweep and redistribute the fine-grained fraction of turbidity currents to form contourites (figure II.12) (Mulder et al., 2008). In literature contourites are defined as: "the sediments deposited or substantially reworked by the persistent action of bottom currents" [START_REF] Stow | Fossil contourites: type example from an Oligocene palaeoslope system, Cyprus[END_REF]Rebesco et al., 2014). Contouritic processes are still poorly understood (at least the relationship between physical oceanography -short timescale-and the generation of sediment drift -long timescale-) and it is still a topic in development.

Bottom current processes may also induce obstructing topography influencing downslope processes and thus turbidite systems morphology. For example, deposits by bottom currents may constrain the turbiditic flow along certain turbidite channels or create depressions that reduce or stop turbiditic flow (figure II.13;[START_REF] Faugères | Seismic features diagnostic of contourite drifts[END_REF]Mulder et al., 2008). [START_REF] Faugères | Seismic features diagnostic of contourite drifts[END_REF].

II.3.2.1 Ocean bottom currents

Bottom current deposition is reported almost everywhere in the oceans from shallow [START_REF] Preu | Morphosedimentary and hydrographic features of the northern Argentine margin: the interplay between erosive, depositional and gravitational processes and its conceptual implications[END_REF][START_REF] Martorelli | Interaction of downslope and along-slope processes off Capo Vaticano (southern Tyrrhenian Sea, Italy), with particular reference to contourite-related landslides[END_REF] to deep-sea environments [START_REF] Faugères | Seismic features diagnostic of contourite drifts[END_REF]. However, the deep (thermohaline) circulation is the most important controlling process (see Rebesco et al., 2014 for a thorough review) and particularly contour currents (i.e. alongslope, parallel to a bathymetric contour) influence the deep-water turbiditic system [START_REF] Stow | Fossil contourites: type example from an Oligocene palaeoslope system, Cyprus[END_REF][START_REF] Rebesco | Contourite research: a field in full development[END_REF]Rebesco et al., 2014).

Whether a contour current is able to impact the seafloor by eroding and transporting sediment depends on the current velocity and the sediment type. The velocity of a current is highly variable in time and space, as it is influenced by the seafloor topography. Irregularities in the bottom topography deflect bottom currents and by focusing the flow, enhance their velocities. Where the contour current is plastered against the seafloor slope under the influence of Coriolis force, higher dip of the slope induces higher velocity flows [START_REF] Stow | The nature of contourite deposition[END_REF][START_REF] Faugères | Contour currents and contourite drifts[END_REF].

II.3.2.2 Contourite deposits

The standard lithologic facies of contourites (figure II.14) consist of homogenous mud, mottled silt and mud, and sand and silt facies that are organized in a bigradational sequence (coarsening upward/fining upward cycle) [START_REF] Gonthier | Contourite facies of the Faro drift, Gulf of Cadiz[END_REF][START_REF] Stow | Facies distribution and textural variation in Faro Drift contourites: velocity fluctuation and drift growth[END_REF][START_REF] Hernández-Molina | IODP Expedition 339 in the Gulf of Cadiz and off West Iberia: decoding the environmental significance of the Mediterranean outflow water and its global influence[END_REF]. The sediment can have a biogenic, terrigenous, volcanic or mixed composition [START_REF] Gonthier | Contourite facies of the Faro drift, Gulf of Cadiz[END_REF]Stow and Piper, 1984). Additionally, con-THE SOURCE TO SINK SYSTEM tourite deposits are characterized by continuous and homogeneous bioturbation which distinguishes them from hemipelagites and fine-grained turbidites [START_REF] Wetzel | Bioturbation and biogenic sedimentary structures in contourites[END_REF]. 

II.3.2.3 Contourite systems

Persistent action of along-slope processes generates features on the seafloor which are part of a Contourite Depositional Systems (CDS) [START_REF] Stow | Fossil contourites: type example from an Oligocene palaeoslope system, Cyprus[END_REF][START_REF] Hernández-Molina | Looking for clues to paleoceanographic imprints: a diagnosis of the Gulf of Cadiz contourite depositional systems[END_REF], 2009). Different erosional and depositional elements are defined that range from small bedforms to large sediment drifts.

II.3.2.3.a Contourite drifts

Along-slope currents can build thick and extensive accumulations of sediment, known as contourite drifts (figure II.15). These features have a distinct along-slope and elongated mounded shape. They are associated with large-scale erosional features, like contourite channels, concave-shaped moats and marginal valleys [START_REF] Hernández-Molina | Continental slope contourites[END_REF][START_REF] García | Contourite erosive features caused by the Mediterranean Outflow Water in the Gulf of Cadiz: Quaternary tectonic and oceanographic implications[END_REF]. They can have considerable dimensions, more than 100 km wide, several hundreds of km long, up to 2 km thick and have a relief up to 1.5 km relative to the surrounding seafloor (Rebesco et al., 2014).

The drift geometry may vary with the velocity and continuity of the bottom current, the morphology of the ocean floor and the amount and type of sedimentary inputs [START_REF] Faugères | Contourite drift types and their distribution in the North and South Atlantic Ocean basins[END_REF]. Consequently, different types of contourite accumulation have been defined. The most recent classification of sediment drifts is proposed by Rebesco et al. (2014) 

II.3.2.3.b Bedforms

A wide variety of erosional and depositional bedforms can be attributed to the influence of bottom currents. The size of the bedforms depends on the current flow velocity, the volume of sediment available and the sediment types (figure II.17). Low to moderate current velocities produce small-scale bedforms (e.g., lineations, ripples and grooves). Large-size bedforms, like sediment waves and large furrows, are found when higher flow velocities are expected. Bedforms that are longitudinal to the current flow are mainly erosional, while those with a transverse orientation are dominantly depositional [START_REF] Stow | Bedform-velocity matrix: the estimation of bottom current velocity from bedform observations[END_REF]. The western Indian Ocean and Mozambique Channel (white rectangles) [START_REF] Delaunay | Les mouvements verticaux de Madagascar (90-0 Ma): une analyse couplée des formes du relief et de l'enregistrement sédimentaire des marges ouest malgaches[END_REF]. (a) Physiographic map with main fracture zones (black lines) [START_REF] Amante | ETOPO1 arc-minute global relief model: procedures, data sources and analysis[END_REF]. (b) Free air gravity anomaly map with main sedimentary basins and fracture zones created during the break-up of the Gondwana [START_REF] Sandwell | New global marine gravity model from CryoSat-2 and Jason-1 reveals buried tectonic structure[END_REF].

III.1 Tectonic setting

The Mozambique Channel was created in the Early Jurassic-Early Cretaceous during the breakup of the Gondwana supercontinent and subsequent rifting that led to the opening of the western part of the Indian Ocean [START_REF] Salman | Development of the Mozambique and Ruvuma sedimentary basins, offshore Mozambique[END_REF]Leinweber and Jokat, 2012;Thompson et al., in press). Multiple rifting phases allowed the East Gondwana (Madagascar, Antarctica, India and Australia) to separate from the African block (ca. 165 Ma) and slide southward along the transform Davie Fracture Zone (figure III.1b). This southward motion was associated with the creation of the Somali Basin (north of Madagascar) and Mozambique Basin (east of Africa). The Davie Fracture Zone becomes inactive at around 120 Ma, marking the end of the migration of the Madagascar-Antarctica-India-Australia GEOLOGICAL CONTEXT block to the south [START_REF] Segoufin | Reconstructions de l'Ocean Indien Occidental pour les epoques des anomalies M21, M2 et 34; Paleoposition de Madagascar[END_REF][START_REF] Coffin | Reconstruction of Madagascar and Africa: evidence from the Davie fracture zone and western Somali basin[END_REF][START_REF] Cochran | Somali Basin, Chain Ridge, and origin of the Northern Somali Basin gravity and geoid low[END_REF][START_REF] Gaina | Tectonic interactions between India and Arabia since the Jurassic reconstructed from marine geophysics, ophiolite geology, and seismic tomography[END_REF]. During Early Cretaceous (ca. 136 Ma), the Australia-Antarctica block dissociated from the Madagascar-India block and migrated farther to the southeast [START_REF] Davis | New Somali Basin magnetic anomalies and a plate model for the early Indian Ocean[END_REF]Thompson, 2017). During Late Cretaceous (95 Ma) Madagascar underwent important volcanic activity when the Indian block separated from Madagascar and the northward movement of India generated the Mascarene Basin east of Madagascar [START_REF] Salman | Development of the Mozambique and Ruvuma sedimentary basins, offshore Mozambique[END_REF]. Madagascar acquired its current position at 88 Ma [START_REF] Reeves | The position of Madagascar within Gondwana and its movements during Gondwana dispersal[END_REF]Thompson, 2017). The East African continental margin underwent a period of stabilization (Paleocene and Eocene), until rifting resumed during the Neogene when the East African Rift System (EARS) developed [START_REF] Salman | Development of the Mozambique and Ruvuma sedimentary basins, offshore Mozambique[END_REF][START_REF] Calais | Kinematics of the East African Rift from GPS and earthquake slip vector data[END_REF][START_REF] Saria | Present-day kinematics of the East African Rift[END_REF][START_REF] Franke | The offshore East African Rift System: Structural framework at the toe of a juvenile rift[END_REF]. The EARS constitutes the boundary between the divergent Nubian and So-malian plates and delineates the Victoria and Rovuma microplates by two main continental branches (Le [START_REF] Gall | Neogene-Holocene rift propagation in central Tanzania: Morphostructural and aeromagnetic evidence from the Kilombero area[END_REF][START_REF] Calais | Kinematics of the East African Rift from GPS and earthquake slip vector data[END_REF]Saria et al., 2014) (figure III.2). The eastern branch initiated in the Oligocene and is characterized by high volcanic activity as far south as the North Tanzanian Divergence [START_REF] Dawson | Neogene tectonics and volcanicity in the North Tanzania sector of the Gregory Rift Valley: contrasts with the Kenya sector[END_REF][START_REF] Gall | Rift propagation at craton margin.: Distribution of faulting and volcanism in the North Tanzanian Divergence (East Africa) during Neogene times[END_REF]. The western branch is a magma-poor rift established since the Miocene. It is associated with important relief and comprises great lakes (Albert-Tanganyika-Rukwa-Malawi) within faultcontrolled rifting basins (e.g., [START_REF] Macgregor | History of the development of the East African Rift System: A series of interpreted maps through time[END_REF][START_REF] Muirhead | Rift evolution in regions of low magma input in East Africa[END_REF]. Rifting within the Malawi Rift is considered to have started at ~23 Ma based on thermochronology analyses [START_REF] Mortimer | Spatio-temporal trends in normal-fault segmentation recorded by low-temperature thermochronology: Livingstone fault scarp, Malawi Rift, East African Rift System[END_REF]. The easternmost branch of the North Tanzanian Divergence has a southward continuation offshore along the Mozambique coastline [START_REF] Mougenot | Seaward extension of the East African rift[END_REF][START_REF] Franke | The offshore East African Rift System: Structural framework at the toe of a juvenile rift[END_REF]. This offshore rift segment is characterized from north to south by Neogene extension superim-posed on earlier strike-slip structures [START_REF] Rabinowitz | The separation of Madagascar and Africa[END_REF][START_REF] Reeves | The position of Madagascar within Gondwana and its movements during Gondwana dispersal[END_REF][START_REF] Franke | The offshore East African Rift System: Structural framework at the toe of a juvenile rift[END_REF]. The prolongation of this offshore branch was recently argued by Courgeon et al. (2017) and Deville et al. (2018) (Fischer et al., 2016;Leinweber and Jokat, 2011;Zhang et al., 2011).

The central part of the Mozambique Channel is characterized by a cluster of seamounts including the Hall and the Jaguar banks, the Bassas da India atoll and the Europa platform (Iles Eparses). These steep sloped carbonate platforms are developed on top of volcanic edifices relating to the Oligocene to early Miocene volcanic episode (Jorry et al., 2016;Courgeon et al., 2016). Between 22°S and 26°S, the seafloor shows an elevated area because it has undergone structural doming during the late Miocene (Ponte, 2018). 

III.2 Climatic context III.2.1 Current climate

The current climate of the East Africa region is governed by the movement of the Intertropical Convergence Zone (ITCZ) (figure III.5). The ITCZ represents the ascending branches of the meridional overturning Hadley circulation and is a zone of low pressure where trade winds converge to form a zone of increased mean convection and precipitation [START_REF] Waliser | High resolution stratigraphy of marine Quaternary sequences[END_REF]. On seasonal timescales, the ITCZ migrates meridionally with the atmospheric overturning circulations that are driven by thermal conditions at the surface. The latter is affected by the amount of incoming solar radiation and by the circulations in the oceans [START_REF] Schneider | Migrations and dynamics of the intertropical convergence zone[END_REF]. The Zambezi catchment and the watersheds of Madagascar rivers get maximum precipitation during austral summer (December-February) when the ITCZ boundary migrates to the middle of the Zambezi catchment (e.g., Ziegler et al., 2013). 

III.2.2 Eastern African paleoclimate

There is still a general deficiency in the understanding of paleoclimate history for Africa as the available paleoclimate records from the African continent are often either continuous but relatively short (e.g., Talbot and Johannessen, 1992;Beuning et al., 1997;Thevenon et al., 2002;Johnson et al., 2002;Kristen et al., 2010) or long but fragmented due to active faulting, erosion, and non-deposition (e.g., Barker et al., 2002;Trauth et al., 2005).

These continental records have been recently complemented by sediment samples taken from long-lived lakes and paleolakes that provide long, continuous records of terrestrial climate. However, the availability of such high-resolution continental paleoclimate archives is limited and they are typically geographically dispersed (deMenocal, 2004). Hence, paleoclimate studies are commonly based on a single core (e.g., [START_REF] Schefuß | Forcing of wet phases in southeast Africa over the past 17,000 years[END_REF]Garcin et al., 2006;Brown et al., 2007;Lyons et al., 2015;Johnson et al., 2016;Castañeda et al., 2016). Consequently, the paleoclimate history of tropical and subtropical southeast Africa and the mechanisms that control rainfall and temperature remain highly debated.

In general, Eastern African climate is considered to have developed from warmer, wetter conditions in the Late Miocene and Early Pliocene than today (Cerling et al., 1997;Wolde-Gabriel et al., 2001) towards progressively cooler and drier climate over the past few million years (Bonnefille, 1983;Cerling, 1992;Potts, 1996;deMenocal, 2004;Trauth et al., 2005). (Johnson et al., 2016). This is supported by additional paleoclimate proxies that suggest lower lake levels with frequent water level changes before the MPT followed by overfilled lake conditions (reflecting wetter climate) that were interrupted by intervals of extreme drought until ~100 ka (Lyons et al., 2015). By correlating core results from Lake Malawi (11°S) with seismic data, Scholz et al. (2007) specified that these extreme drought periods occurred during insolation minima. This is consistent with previous research on the Pretoria Saltpan in South Africa (Partridge et al., 1997).

These results are, however, partly contradicted by vegetation and hydroclimate reconstructions of the Limpopo catchment area (~20°-24°S). Here, a long-term aridification was found between 1 and 0.6 Ma, followed by more humid conditions with no evidence of the extreme drought periods (Castañeda et al., 2016;Caley et al., 2018). In addition, precipitation proxies from a core from Lake Tanganyika (~6°S, figure III.2) indicate numerous abrupt changes in hydrology throughout the past 60 kyr (Tierney et al., 2008).

Finally, the importance of the glacial-interglacial variability during Late Pleistocene is contradicted by a recent Sahara dust reconstruction, which suggests that the Northern Hemisphere summer insolation is the primary driver of African climate [START_REF] Skonieczny | Monsoon-driven Saharan dust variability over the past 240,000 years[END_REF]. 

III.3 Oceanographic context

The oceanic circulation in the Mozambique Channel contributes to the greater Agulhas

Current system (figure III.7) that extends from north of Madagascar to the southernmost tip of South Africa (Lutjeharms, 2006). The Agulhas Current is considered as the strongest western-boundary current in the southern hemisphere and represents the conduit through which Indian Ocean waters are driven towards the South Atlantic Ocean (figure III.7A) (Gordon, 1986;Weijer et al., 1999).

The modern oceanic circulation pattern of the Mozambique Channel can be described as complex and dynamic as it consists of large surface gyres and deep oceanic currents.

III.3.1 Surface circulation

The surface waters of the West Indian Ocean (figure III.7B) are mainly fed by the South Equatorial Current (SEC). This shallow wind-driven flow reaches the Madagascar continent between 17°and 20°S where it splits into two branches, the Northeast and Southeast Madagascar Currents (NEMC and SEMC) (Schott et al., 2009) The eastern side of the channel is characterized by temporary clockwise (cyclonic) gyres that are related to the SEMC. These move from the southern tip of Madagascar in westerly or west-southwesterly direction towards the African continent (Quartly and Srokosz, 2004).

The oceanic circulation on the Mozambique continental shelf comprises a clockwise rotating inshore circulation system that redistributes most of the Zambezi River sediments along an inner and an outer mud-belt (figure III.9; Beiersdorf et al., 1980;Schulz et al., 2011). The inner mud belt transfers riverine sediments from the Zambezi Delta towards the narrow and shallower northeastern part of the shelf (between 17°and 18°S). Here, part of the sediments of the inner mud belt is spilled downslope. Due to the circular dynamic of the current system, the remaining part of material is transported southwestwards on the uppermost continental slope in the outer mud-belt (Schulz et al., 2011).

III.3.2 Deep circulation

Deeper circulation flows northward along the western margin of the Mozambique Channel and is driven by the Mozambique Undercurrent (MUC) and the Antarctic Bottom Water (Fierens et al., 2019, based on de Ruijter et al., 2002;Schulz et al., 2011;Uenzelmann-Neben et al., 2011;Halo et al., 2014;Raisson et al., 2016) 

III.4 Terrestrial sediments supply to the Mozambique Channel

The Mozambique Channel is fed by clastic inputs from several rivers coming from both Africa and Madagascar. The principal source of sediment to the Mozambique Basin is the Zambezi River that drains a large part of East Africa (figure III.12). With a catchment area of 1.3 x 10 6 km 2 the Zambezi River is the fourth largest river after the Congo, the Nile and the Niger on the African continent (Walford et al., 2005;Thomas and Shaw, 1988;Milliman and Farnsworth, 2011).

III.4.1 Madagascar Rivers

This river originates in central southern Africa and flows south-and eastwards through Angola, Namibia, Botswana, Zimbabwe, Tanzania, Malawi, Zambia and Mozambique. It drains major parts of the East African Rift System as well as the South African plateau. The Zambezi River has a length of 2,575 km, a sediment load of 48 x 10 6 t/yr and 990 km of this river has an elevation higher than 850 m above sea level (figure III.13; Nugent, 1990;Milliman and Syvitski, 1992). (1) the Upper Zambezi extends from the headwater to the Victoria Falls;

(2) the Middle Zambezi extends from the Victoria Falls to the Cahora Bassa gorge;

(3) the Lower Zambezi crosses the deltaic plain from the Cahora Bassa gorge to the mouth where it flows into the Mozambique Channel.

The following evolution of the Zambezi River catchment synthesizes several publications based on archaeological, biological and geological studies (mainly Thomas and Shaw, 1988;Moore and Larkin, 2001;Cotterill, 2006 andMoore et al., 2012). However, information remains fragmented and the timing of many geomorphological events is still not tightly constrained (Moore et al., 2012). Note that I used the modern river and catchment networks to establish the figures III.14 to III.16. However, when needed, drainage directions were approximately adjusted in accordance with what was proposed in literature. 

III.4.2.2.a Before 5 Ma

From Jurassic to Lower Cretaceous, the paleo-Zambezi River system consisted only of the Lower Zambezi and its confluent, the Shire River. The Upper Zambezi was part of the headwaters of the Paleo-Limpopo River system. Due to uplift along the Okavango-Kalahari-Zimbabwe (OKZ) Axis in Late Paleogene, the Upper Zambezi became part of an endoreic fluvio-lacustrine system (Okavango delta) within the Kalahari Basin (Moore and Larkin, 2001;Moore et al., 2009a).

During Early Oligocene, the Lower Zambezi captured the Luangwa River by headward erosion related to tectonically-induced topography changes initiated in the Late Cretaceous.

This resulted in the confluence of the Lower and Middle Zambezi rivers by the incision of the Cahora Bassa Gorge. Meanwhile, the Upper Zambezi River flowed southeastwards.

The headward erosion by the middle/lower Zambezi continued during the Miocene, whereby the Mana Pools Basin and Gwembe Trough were captured (figure III.14A) (Moore and Larkin, 2001;[START_REF] Moore | The Zambezi River. Large rivers: geomorphology and management[END_REF]Moore et al., 2012). This capture resulted in a two-fold increase in the size of the watershed. The redirection of the paleo-Chambeshi River started the incision of the Eastern Batoka gorge (Moore and Larkin, 2001;[START_REF] Moore | The Zambezi River. Large rivers: geomorphology and management[END_REF]Moore et al., 2012). (Thomas and Shaw, 1988;Moore and Larkin, 2001;Cotterill, 2006;Moore et al., 2012). (Thomas and Shaw, 1988;Moore and Larkin, 2001;Cotterill, 2006;Moore et al., 2012). C.f. = Chobe fault; L.f. = Linyanti fault. Dotted pattern: Catchment areas that are not discussed in literature.

III.4.2.
III.4.2.2.c Early Pleistocene (2.6 -1.4 Ma)

A regional pulse of tectonics during Early Pleistocene appears to have been of considerable impact (figure III.15A). The south-westerly propagation of the EARS caused an uplift along the Chobe Fault across the Upper Zambezi. Because of this, the Paleo-Chambeshi/Upper

Zambezi drainage system lost its connection with the Middle Zambezi and was diverted into northern Botswana to initiate the formation of the 990 to 1000 m deep Paleo-Lake Deception (Cotterill, 2006;Moore et al., 2009b;Moore et al., 2012). Furthermore, widespread tectonic activity in the upper reaches of the Paleo-Chambeshi River (southern Democratic Republic of Congo) deepened the Lufira depression, Kamalondo graben and Mweru graben (figure III.12) and simultaneous uplifted the Kundelungu and Upemba horsts (Cotterill, 2006;[START_REF] Flugel | The evolution of the Congo-Kalahari Watershed: African megageomorphology[END_REF]. This pulse of uplift of the Congo-Zambezi watershed around 2.2-1.4 Ma caused the Chambeshi headwaters to be separated from their lower portion to form the Proto-Kafue river. Because of the reduced drainage of the Proto-Kafue, the Paleo-Lake Deception contracted to a depth of 945 m, indicated in literature as the Paleo-Lake Makgadikgadi (Moore et al., 2012).

It is here important to note that although the drainage basin during Early Pleistocene (figure [START_REF] Simms | Preliminary report on the sediments of Lake Patrick. The Middle Stone Age of Zambia, South Central Africa[END_REF]Moore et al., 2012). In Middle Pleistocene, this paleo-lake breached and became a north flank tributary of the Middle Zambezi (Cotterill, 2006). The loss of the Kafue River as a tributary of the Upper Zambezi caused further contraction of the Lake Makgadikgadi to the 936 m deep Paleo-Lake Thamalakane (Moore et al., 2012). In Mid-Pleistocene (0.6 -0.1 Ma) the Upper Cuando lost its connection with the Upper Zambezi due to tectonic activity and a Paleo-Lake Bulozi was initiated (min. age of 500 ka) on the Upper Zambezi. The latter reduced again the dimension of the Paleo-Lake Thamalakane to a depth of 920 m. The narrowing of the paleo-lake together with the breaching of the Chobe fault scarp, led to the reconnection of the Upper and Middle Zambezi (figure III.15B; Moore and Larkin, 2001;Moore et al., 2012). By doing so, the paleo-lake was only sustained by the Okavango and Cuando rivers. Finally, tectonic displacement along the Linyanti Fault across the Cuando River caused this river to deflect to the northeast and link with the Upper Zambezi. This river network was sustained until the beginning of Late Pleistocene (Moore and Larkin, 2001;[START_REF] Bufford | Geometry and faults tectonic activity of the Okavango Rift Zone, Botswana: Evidence from magnetotelluric and electrical resistivity tomography imaging[END_REF]. The loss of connection between the Upper Zambezi and the paleo-lake in the Makgadikgadi Basin could be an indication for an increase of sediment flux towards the Mozambique Channel.

III
III.4.2.2.e From Late Pleistocene (~0.1 Ma)

Shoreline features of the paleo-lake in the Makgadikgadi Basin in northern Botswana have shown a wide range in ages, varying from >52,000 years to 10,230 years BP (Thomas and Shaw, 1991). These results can be interpreted in terms of periodic desiccation and refill of (Thomas and Shaw, 1988;Moore and Larkin, 2001;Cotterill, 2006;Moore et al., 2012). C.f.: Chobe fault; L.f.: Linyanti fault. Dotted pattern: Catchment areas that are not discussed in literature.

III.5

The sedimentation in the Mozambique Channel

III.5.1 The Mozambique platform and continental slope

The Mozambique shelf off the Zambezi River mouth is approximately 100 km wide and widens to 150 km off Beira (figure III.17). Towards the northeast and southwest, this broad continental shelf with gently deepening continental slope turns into narrow shelves with steep upper continental slopes. The shelf-edge depth varies from 120 m water depth in the south to less than 50 m water depth along the narrowest margin in the north [START_REF] Ulrich | Untersuchungen zur Morphologie des Schelfrandes vor Mozambique nordöstlich der Sambesi-Mündung[END_REF]Droz and Mougenot, 1987).

The Mozambique margin records a total sedimentary thickness of ~6 second two-way travel time (stwt, ~12 km) (Ponte, 2018;Ponte et al., 2018) starting in the Early Cretaceous (figure III.18). The current Zambezi system was established from Oligocene times when the Zambezi Delta progradation was initiated. Since then, large quantities of sediment have been drained from the Zambezi watershed causing a substantial progradation of the Mozambique shelf and the generation of a continental slope that gradually becomes steeper (Walford et al., 2005;Ponte et al., 2018). During Pleistocene times, the continental margin progradation was most important and mass transport activity was common (Ponte et al., 2018).

The vast amounts of sediments discharged onto the Mozambican continental shelf by the Zambezi River is reflected by the very high mean sedimentation rate registered for the last climate cycle (about 1 m/kyr for the last 120 kyr) by IODP drilling U1477 retrieved on the upper slope downstream of the Zambezi Delta (figure III.17; Leg 361, Hall et al., 2016).

Yet, the Zambezi River outlet shows no current direct connection to the abyssal plain and sediment transport pathways over the shelf are unfocused and difficult to determine (Schulz et al., 2011;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]. Beiersdorf et al. (1980) described a 185 m deep incised valley under the present-day continental shelf (Chinde-Zambezi paleo-valley, figure III.17).

This valley would have transported sediment towards the Mozambique continental slope during Marine Isotopic Stage 2 (MIS2) when parts of the shelf were sub-aerially exposed.

It turned inactive and became infilled with sediment during the following MIS1 sea-level rise. The ancient morphology of the Chinde-Zambezi paleo-valley is identified close to the river mouth but its extension towards the slope is not known (Beiersdorf et al., 1980;Schulz et al., 2011). During the present high sea-level stand, most of the Zambezi River sediments are redistributed within a clockwise rotating inshore circulation system that includes an inner and an outer mud belt (Section III.3.1 and figure III.9; Beiersdorf et al., 1980;Schulz et al., 2011).

Several channels with a northwest-southeast orientation have been identified on the Mozambican continental slope (figure III.17; [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF][START_REF] Castelino | Response of Cenozoic turbidite system to tectonic activity and sea-level change off the Zambezi Delta[END_REF]. These channels lack a connection back up to the shelf edge (figure III.17 ). These authors suggest that the Zambezi Valley would be fed by terrigenous input during periods of high sea-level, when the inner mud belt delivers material towards the northeastern part of the Mozambican shelf (Beiersdorf et al., 1980;Schulz et al., 2011). During periods of lowered sea-level, the Zambezi sediments are the sea-level reaches a threshold at -100 m a connection to the Chinde-Zambezi paleo-valley (Beiersdorf et al., 1980) is established and allows the inputs to be funneled towards the upper parts of the Zambezi Valley and help direct feeding of the fan.

The results of my study will bring new constraints on this sediment delivery pattern (Chapter VI).

III.5.2 Deep turbidite system

The Mozambique margin gets linked to the deepest portions of the Mozambique Basin by the long and curvilinear Zambezi Valley that constitutes the main morphologic feature of the Zambezi Fan. 

III.5.2.1 Present day morphology and sediment distribution

At present, the submarine valley is disconnected from the Mozambican shelf break and only appears 280 km eastward from the Zambezi River outlet (figure III.17; Schulz et al., 2011;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]. The Zambezi Valley has an NW-SE orientation in its upper portion, transverse to the Mozambique Margin. It deflects towards the south when it approaches the Davie Ridge and passes through the EARS-related Miocene fault zone that is still active today (Courgeon et al., 2017, Deville et al., 2018). The valley flows thereon between the Eparses carbonate platforms (Courgeon et al., 2016) to the west and the Madagascar margin et al., 1980a). [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF] subdivided this distal depositional area into a middle and outer fan. The middle fan is defined as the area where the valley expands into several distributive channels and where sand deposits predominate. The outer fan is placed in the most distal part of the Mozambique Basin where distributary channels are absent and finer grained sediments are recognized.

III.5.2.2 Architectural evolution since the Oligocene

The architecture of the Zambezi Fan was poorly known, except for the feeding axes of the fan. Droz and Mougenot (1987) 

III.6 Evidence of deposition and erosion by bottom currents in the Mozambique Channel

In the wide environment of the Mozambique Channel, and southward towards the South African margin, several sedimentary structures associated with oceanic currents have been reported.

During Neogene to Late Pleistocene, plastered drifts are developed north of Madagascar at the narrow Amirante Passage and east of the Madagascar Ridge [START_REF] Johnson | Neogene sedimentation and erosion in the Amirante Passage, western Indian Ocean. Deep Sea Research Part A[END_REF]McCave et al., 2005). This work is based mainly on acoustic data (bathymetric data, high-and very high-resolution seismic data) and sedimentological data (sediment cores) that were acquired during four cruises: PTOLEMEE (Jorry, 2014), PAMELA-MOZ1 (Olu, 2014), PAMELA-MOZ2 (Robin and Droz, 2014) and PAMELA-MOZ4 (Jouet and Deville, 2015). These cruises were carried out as part of the PAMELA (PAssive Margin Exploration LAboratories, 2013-2019)

project (Bourillet et al., 2013) (see Chapter I).

All together, these data made it possible to carry out a multiscale study, providing observations at decametric to millimetric vertical resolutions, and enabling to describe the Zambezi turbidite system at different time scales (figure IV.1).

Table IV.1 gives an overview of my contribution to the analyses. The multibeam bathymetry is a standard technique to map large areas rapidly and accurately and is commonly used to provide high-resolution records of the morphology and nature of the seafloor of turbidite systems (e.g., Amazon Channel, [START_REF] Pirmez | Morphology and structure of Amazon Channel[END_REF]Congo Fan, Babonneau et al., 2002;and Cap Timiris Canyon, Antobreh and Krastel, 2006). at the mid-depth. These parameters are subsequently used to calculate the cross-sectional area of the valley and thalweg that are approximated by a triangular shape and a rectangular form respectively and calculated from the formula given in figure IV.4c. The measurements were done similar to those described for previous studies, e.g., Congo Fan (Babonneau et al., 2002), Amazon Fan (Pirmez and Imran, 2003), Tanzanian Fan (Bourget et al., 2008 andFournier, 2016) and North Atlantic Mid-Ocean Channel (NAMOC; Hesse et al., 1987).

Results are presented in Chapter V.

IV.1.2.2 Morphometrics of bedforms

A wide part of the southern Mozambique Channel outside the turbidite system is covered by large sediment bedforms characterized by a succession of crests and troughs. In order to study these bedforms I used the morphological parameters (wave length, WL; wave height, WH; crest length, LC) shown in figure IV.5. Results are presented in Chapter V. 

IV.2 Seismic reflection data

Seismic reflection is based on the propagation of elastic waves. A seismic source generates an acoustic wave that propagates through the water column and the subsurface (figure IV.6). At each variation of acoustic impedance (which is the product of seismic velocity, v and density, ρ), a portion of the incident wave energy is reflected towards the surface and recorded by the seismic streamer hydrophones. The higher the difference in acoustic impedance between two media, the higher the reflection coefficient will be and the stronger the reflector will appear in the seismic profile [START_REF] Reynolds | An introduction to applied and environmental geophysics. 3th edition[END_REF]. Seismic reflection profiling involves the measurement of the two-way travel time (TWT, expressed in seconds), which is the difference in time between the emission and acquisition of the signal. The different TWT registered along a traveled route are displayed by a two-dimensional seismic section that can be geologically interpreted [START_REF] Nouzé | Les sismiques : des outils essentiels pour l'étude des structures océaniques[END_REF]. The seismic method is an important method to understand the different geometries, morphologies, and sedimentary processes and is classically used to study the long-term (highresolution multichannel seismics) or recent (very-high resolution sub-bottom profiles) architectural evolution of turbidite systems (e.g., the Bengal Fan [START_REF] Curray | The Bengal Fan: morphology, geometry, stratigraphy, history and processes[END_REF], the Congo Fan (Droz et al., 2003), the Niger submarine delta (Adeogba et al., 2005), or the Nile deep-sea fan [START_REF] Loncke | The Nile deepsea fan: an example of interacting sedimentation, salt tectonics, and inherited subsalt paleotopographic features[END_REF]). 

IV.2.1 Acquisition systems and data processing

IV.2.1.1 High-resolution multichannel seismics

During the PTOLEMEE and the PAMELA-MOZ2 cruises, data were acquired with a seismic streamer of 24 traces with an average spacing between each trace of 12.5 m. A seismic streamer with 48 traces (inter-spacing of 6.25 m) was used during PAMELA-MOZ4. The 600 m long seismic streamer was towed behind the ship with traction speed of 8 to 10 knots.

Table IV.3 summarizes the acquisition parameters of the seismic data.

On board, the raw data were initially integrated into Qc-SISPEED © (PTO, MOZ1, MOZ2)

and SolidQC © (MOZ4) softwares (Ifremer). These softwares allow performing a quality control of navigation and seismic data. Subsequently, SEGD to SEGY data conversion, binning, stack and migration were performed. The seismic profiles image the sediment cover up to ca. 2-3 seconds two-way travel time (TWT), depending on the nature of geological deposits and the bathymetry. Time (stwt) to depth (m) conversions were performed by using approximate sound velocities of 2000 m/s in the sediments and 1500 m/s in sea water. Table IV.3: Principal acquisition parameters of the high-resolution multichannel seismic system used during the PTOLEMEE, PAMELA-MOZ2 and PAMELA-MOZ4 cuises.

IV.2.1.2 Sub-bottom profiler data

To determine the distribution and the nature of shallow subsurface deposits, sub-bottom seismic profiles were acquired with an IXSEA ® ECHOES 3500 profiler system at speed varying from 8 to 10 knots. A 1.8 -5.3 kHz source sweep (chirp configuration) was transmitted with a sweep length of 80 ms. This frequency range ensures that sediment layers as close as 0.3 m can be resolved.

The sub-bottom data were controlled on-board for the quality of acquisition using Qc-SUBOP © software developed by Ifremer.

First, the acquisition parameters, auxiliary sensors data, noise and signal levels of each raw file were checked by: ( 1 

IV.2.1.3 Additional seismic data

Because PAMELA seismic data are very limited on the Mozambican slope E-NE of the Iles Eparses, the dataset was complemented with seismic data from the MD163-MoBaMaSiS expedition [START_REF] Reichert | MD 163 / MOBAMASIS cruise[END_REF] and from Total (figure IV.9).

In the northeastern part of the Mozambique Channel I also consulted the MD40-MACAMO seismic dataset [START_REF] Mougenot | MACAMO-MD40 cruise[END_REF]. However, as the location of these profiles are most often incorrect, I did not use these data for seismic interpretation. 

IV.2.2 Seismic interpretation

Seismic interpretation was performed following seismic stratigraphy principles [START_REF] Mitchum | Seismic stratigraphy and global changes of sea level: Part 6. Stratigraphic interpretation of seismic reflection patterns in depositional sequences: Section 2. Application of seismic reflection configuration to stratigraphic interpretation[END_REF]. This approach involves the recognition and correlation of seismic sequences complemented by an analysis of the seismic facies. A seismic sequence is a genetic succession of concordant reflections, bounded at its top and base by unconformities or their correlative conformities. The limits of these sequences are recognized by reflection terminations (onlap, downlap, erosional truncation, and toplap, figure IV.10). The geometry of reflectors within an individual seismic sequence is described using seismic facies analysis. (1977).

The data (navigation and SEGY seismic files) were imported into the IHS Kingdom Suite ® software that was used to display and analyze the data. Distribution maps were constructed using ArcGIS ® v10.3.1 using the World Mercator map projection.

The stratigraphic framework established by Ponte (2018) served as a basis for the presented seismic study. Locally, modifications were made to the age model to fit with our observations.

IV.3 Sedimentological data

The sedimentological study is based on 12 sediment cores, retrieved along the Mozambique Channel (table IV.4). One additional core (MOZ2-KS06) located on the flank of the valley was used principally for age control purposes.

Table IV.4: Characteristics of the cores studied in this PhD.

IV.3.1 Sampling of soft sediment

The sediment cores analyzed in this PhD study (table IV.4 and figure IV.12) were acquired by piston core sampler system on the R/V l'Atalante (PAMELA-MOZ1 and PAMELA-MOZ2) and on the R/V Pourquoi Pas? (PAMELA-MOZ4).

IV.3.1.1 Piston coring systems

During the PAMELA-MOZ1 and PAMELA-MOZ2 cruises, sediment samples were collected using a Küllenberg coring system (figure IV.13) that was limited to 20 m long cores.

During PAMELA-MOZ4, the Calypso coring system, a giant Küllenberg piston-type corer, was used on board the R/V Pourquoi Pas?

The gravity piston corers consist of lead weights and a trigger arm sit on top of a steel core barrel. An additional PVC pipe is placed inside the steel core. When the cable-deployed system is lowered to the seafloor the counterweight that is suspended at the end of the trigger arm strikes the sediment surface first. This triggers a free-fall of the corer from a short distance. Under its own mass, the heavy tube plunges vertically into the seafloor and gets filled with sediments. The internal piston produces a weak vacuum in the steel tube, which causes coring of the sediment without disturbing the sediment layers. A seal on the bottom of the device retains the sediment sample during retrieval. 

IV.3.1.2 Depth correcting of piston cores

During coring, a deformation may happen in the form of over-or under-sampling. A plastic response of sediment to a vertical stress could cause thickening (or thinning) of sedimentary layers resulting from excessive (deficient) sedimentary material into the corer [START_REF] Skinner | Analysis and modelling of gravity-and piston coring based on soil mechanics[END_REF][START_REF] Széréméta | Oversampling of sedimentary series collected by giant piston corer: Evidence and corrections based on 3.5-kHz chirp profiles[END_REF]. In order to monitor the relative movements of the corer and piston and be able to evaluate the potential deformations, the corer was equipped with accelerometers. CINEMA © software (Ifremer, Bourillet et al., 2007) was used to process the accelerometer data. This allowed confirming the generally good quality (i.e. very little depth disturbance) of cores acquired during the various campaigns.

For core MOZ4-CSF20, for which we needed an age model as accurate as possible (and therefore based on as accurate as possible depths) (see Chapter VI), the core artifacts were corrected based on the results of the CINEMA © software analysis. We used two linear equations to correct the core depth (figure IV.14).

IV.3.2 Performed analyses

The cores collected during the oceanic campaigns were systematically analyzed on-board by the scientific team according to the protocol detailed in figure IV.15. (Bourillet et al., 2007). These datapoints were corrected using two different linear equations. The red color highlight the depth interval (0-72 cm) that was corrected by y=0.3467x+0.6499. The black color shows the depth interval (72-1100 cm) corrected with the y=0.934x-0.3822 relation. Additional (more specific) analysis tailored to the PhD objectives, were carried out afterwards onshore, in the Ifremer laboratory in Brest (table IV.5). Data are presented in Chapter VI.

IV.3.2.1 Sedimentological methods

IV.3.2.1.a Description and radioscopy

The individual one-meter-sections of the different cores were described and digitally photographed to produce synthetic descriptive logs (see Appendix B). This characterization is supported by radioscopy (rX) images collected with a Geotek ® Standard X-ray CT System (XCT) [START_REF] Geotek | MSCL-S: Multi-Sensor Core Logger[END_REF] using a sampling step of 5 mm. This non-destructive method shows in detail the internal structures of the sediment cores that are hardly visible (to invisible) by the naked eye. In the framework of this study, this method helps to differentiate the turbiditic sequences from the pelagic deposits and to determine precisely their total thickness.

IV.3.2.1.b Multi-Sensor Core Logger

Physical properties were measured on whole core sections using a Geotek ® Standard Multi-Sensor Core Logger (MSCL-S; Geotek, 2017). The P-wave velocity, gamma-density and magnetic susceptibility properties were measured simultaneously at high resolution (sampling step of 1 cm). These measurements are of fundamental interest as they reflect changes in lithology, grain-size distribution and terrigenous and biogenic sediments and thereby provide an indication of the paleoclimate (Weber et al., 1997a). The density estimations (gamma density) are used to calculate the terrigenous flux. The MSCL-S was equipped with a spectrophotometer CM-2600d of Konica Minolta ® (Konica [START_REF] Minolta | Spectrophotometer CM-2600d[END_REF] for determining the Commission International de l'Eclairage (CIE) luminosity (L*), green-red chromaticity (a*) and yellow-blue chromaticity (b*) color indices at 1 cm resolution. Measurements were carried out with a measurement area of 8 mm and using a daylight illuminant (D65) and 10°viewing angle (specular component excluded) [START_REF] Debret | Spectrocolorimetric interpretation of sedimentary dynamics: the new "Q7/4 diagram[END_REF]. These measurements were performed directly from the split surface of the cores. During the PhD study, I focused on the a* parameter of the spectrophotometric results, which is a good indicator for the color differences in the piston cores.

IV.3.2.1.c Grain-size analyses

Grain size analyses were performed on 521 samples at selected depth intervals of the sediment cores to characterize the main sedimentary facies and processes. Grain size is an important environmental proxy as it directly dependent on sediment provenance, the dynamical conditions of transport and depositional conditions [START_REF] Syvitski | Principles, methods and application of particle size analysis[END_REF]. Bulk samples were measured in the Ifremer laboratory (Brest) using a Malvern ® Mastersizer 3000 laser diffraction particle size analyzer coupled to a Hydro LV wet dispersant unit (Malvern Panalytical, 2016). Particle-size distributions are described by D-values (D10, D50 and D90).

The D50, or the median, is the diameter where half of the population lies below. Similarly, 10 percent of the distribution lies below the D10 value, and 90 percent of the particles are finer then the D90 value.

IV.3.2.2 Geochemical methods

IV.3.2.2.a X-ray fluorescence spectrometer

Semi-quantitative determinations of geochemical profiles for major elements were acquired by an Avaatech ® XRF Core Scanner (Avaatech XRF Technology, 2016) on board the research vessels. These relatively fast measurements were done on each piston core and performed every centimeter with a counting time of 10 sec. The chemical elements (Al, Si, Ca, Ti, Fe) were detected by using two acceleration voltages (10 kV and 30 kV, respectively).

The Al/Si and Fe/Ti ratios reflect variations in sediment delivery, while Ca/Fe is indicative of biogenic primary productivity and, by extension, of past climate variability (see Richter et al., 2006;Rothwell et al., 2006;Govin et al., 2012 for thorough reviews).

XRF quantitative measurements were performed to obtain quantitative elemental composition information on ten samples that were selected at specific core depths from core MOZ4-CSF20. The sediment samples were first dried at 65°C before they were pulverised into powder. Thereafter, the powder was compressed into a flat, round pellet. Based on Wavelength Dispersive X-ray Fluorescence (WDXRF) technology, analyses were conducted using Ifremer's S8 Tiger from Bruker ® (Bruker, 2019). This spectrometer uses a Rh X-ray anode tube to excite the elements with three different sizes of collimator (0.17, 0.23 or 0.46 µm), five different analyzing crystals (PET, LiF200, LiF220, XS-55, Ge) and two kinds of detectors (scintillation and gas filled detector). Measurements were performed under vacuum circumstances to limit the absorption of signal by the environment. The results of measurements are used to calculate the total-CaO concentrations along the depth of the core, needed to determine the terrigenous flux.

IV.3.2.2.b Total organic content

Cores MOZ1-KSF30 and MOZ2-KS11 (retrieved from the Zambezi Valley right border, cf.

figure IV.12) were analyzed for their total organic carbon (TOC). Measurements were done using the Shimadzu ® Total organic carbonate (TOC-L CSH) analyzer with a NDIR (Non-Dispersive Infra-Red) sensor. Samples (1 g) were taken with a step size of 20 cm, dried (50°C), crushed and decarbonized using à HCl (4%). The final TOC content was calculated by subtracting the Inorganic Carbon (IC) content from the Total Carbon (TC) content. IC was detected on a sample that was acidificated by phosphoric acid and TC was determined on a sample that underwent catalytic oxidation by combustion at 680 °C.

IV.3.2.2.c Neodymium isotopes

To asses variations in sediment provenance and transport of Mozambique Channel sediments, 25 samples were analyzed for their Neodymium isotopic composition (εNd). Samples were taken at selected depth intervals on 7 different cores (table IV.5). The dried fine-grained fractions (typically ~0.5 g) were crushed using an agate mortar and pestle. All carbonate, FeMn oxide and organic components were removed using a sequential leaching procedure (see details in Bayon et al., 2002), after which the clay fraction (<2 µm) was separated by repeated centrifugation. The terrigenous fraction of each sediment sample was digested by alkaline fusion (Bayon et al., 2009). Prior to analyses, the Nd fractions were isolated by ion chromatography (see details in Bayon et al., 2012). Isotopic measurements were performed at the Pôle Spectrometrie Ocean, Brest (France), using a Neptune ™ High Resolution Multicollector ICP-MS (Thermo Fisher Scientific , 2016). Mass bias corrections on Nd were made with the exponential law, using 146 Nd/ 144 Nd = 0.7219. Nd isotopic compositions were determined using sample-standard bracketing, by analyzing JNdi-1 standard solutions every two samples. Mass-bias corrected values for 143 Nd/ 144 Nd were normalized to a JNdi-1 value of 143 Nd/ 144 Nd = 0.512115 (Tanaka et al., 2000). Replicate x 10 4 , using ( 143 Nd/ 144 Nd) CHUR = 0.512638 (Jacobsen and Wasserburg, 1980).

IV.3.2.3 Stratigraphic methods

To establish an accurate chronostratigraphic framework for each of the sediment cores, special attention was given to sample only the hemipelagic sediment intervals. Unlike turbidite deposits, these hemipelagic layers are not contaminated by reworked material and represent intervals of continuous sedimentation.

IV.3.2.3.a δ 18 O analyses

As natural variations of the ratio 18 O/ 16 O (δ 18 O) occur due to evaporation and precipitation, the oxygen (O) isotope ratio is commonly used as a tracer for paleoclimate conditions [START_REF] Shackleton | Oxygen isotopes, ice volume and sea level[END_REF]Lisiecki and Raymo, 2005) ing Terminations (glacial-interglacial transitions) (Railsback et al., 2015). The age model for each core was then obtained by performing a linear interpolation using the Analyserie © software [START_REF] Paillard | Macintosh program performs time-series analysis[END_REF].

As cores MOZ1-KS26 and MOZ4-CS22 were taken at the same location, their results are combined to establish a composite age model. As the upper part of the δ 18 O record corresponds to MOZ1-KS26 data, this name is used in the text and figures that follow to denote this composite record.

Sampling and analysis was performed on core MOZ4-CS26 (same location as MOZ2-KS11). However, this core has not been investigated further as the results were of lower quality as those of MOZ2-KS11 and did not add supplementary information. 

IV.3.2.3.b Radiocarbon dating

Core stratigraphy has been completed by radiocarbon dating, which is a reliable and wellestablished method for dating marine sediments that are deposited over the last 40,000 years. Twenty seven samples were selected from the upper core sections of 9 cores (table IV.5) for radiocarbon dating. The samples were dried and wet-sieved at 63 µm. Approximately 10 mg of G. ruber or bulk planktonic foraminifera in the 250-315 µm fraction were hand-picked. Well-preserved, large planktonic foraminifera that are formed in the surface ocean mixed layer are preferred for radiocarbon dating as they are sufficiently abundant and have the initial radiocarbon age (or reservoir age) as the surface ocean. The reservoir age of surface Indian Ocean water (or the delay in the incorporation of atmospheric carbon into marine waters) is inferred from radiocarbon measurements in prebomb known-age shells and coral from the tropical SW Indian Ocean (Southon et al., 2002). They are calculated according to the uncalibration-convolution process of Soulet (2015), giving a current re-gional reservoir age of 426 ± 76 14 C years. Due to the lack of knowledge about changes of this regional reservoir age through time, this value was used to correct all 14 C ages from this study. Analyses were performed at the BETA Analytic ® laboratory (USA). Radiocarbon ages were first corrected for reservoir age and then calibrated to calendar age using the IntCal13 calibration curve (Reimer et al., 2013). 1998).

IV
The constraining acme zones (i.e. intervals of single species dominance of the flora) are (after [START_REF] Weaver | High resolution stratigraphy of marine Quaternary sequences[END_REF]Shipboard Scientific Party, 1998):

• E. huxleyi: 1 -4/5
• Small forms of Gephyrocapsa: top 6 -base 8

• Gephyrocapsa caribbeanica: base 8 -base 15

• Small forms of Gephyrocapsa: base 15 -base 25

• Gephyrocapsa caribbeanica: base 25 -top 30

• Small forms of Gephyrocapsa (ss Gartner): base 30 -top 44 Specific markers were also defined by first occurrence (FO) and last occurrences (LO) of calcareous nannofossil species (after Thierstein et al., 1977;[START_REF] Sato | Coccolith biostratigraphy on the Arabian Sea[END_REF]Shipboard Scientific Party, 1998;Reale and Monechi, 2005):

• FO Emiliania huxleyi: MIS 8 (difficult to approximate the absolute age of 260 ka, given the small size of these coccoliths and their scarcity near the FO).

• LO Pseudoemiliania lacunosa: 460 ka ( MIS12)

• LO Reticulofenestra asanoi: ca. 900 ka (MIS 23)

• FO R. asanoi: diachronous events according to regions, close to 1.1 Ma (MIS 33)

• LO Helicosphaera sellii: ca. The definition of age models enables to assess the dynamics of sediment deposition within the turbidite system by calculating the rates of sediment deposition, turbidite recurrence time and terrigenous flux.

For all individual cores the sediment accumulation rates (cm kyr -1 ) were calculated for each marine isotope stage separately. For this the thickness of the sedimentary deposit (cm) was divided by the duration of the MIS stages (kyr).

Additionally, turbidite recurrence times were estimated by dividing the duration of each isotope stage (kyr) by the number of turbidites that occur during these MIS.

Terrigenous supplies were only quantified for core MOZ4-CSF20 by the calculation of the mass accumulation rates (MAR or terrigenous flux). A particularly critical parameter for this calculation is the thickness of sedimentary intervals and thus the preservation of dimensions of the piston core. Therefore, the coring artefacts were first corrected based on the CINEMA © software developed at Ifremer (Bourillet et al., 2007) (Section IV.3.1.2, figure

IV.14). Subsequently, the MAR were calculated for glacial and interglacial periods according to the following formula:

MAR = LSR * DBD * (1 -carbonate content)
With the MAR in g cm -2 kyr -1 , LSR = Linear Sedimentation Rate in cm kyr -1 and DBD = Dry Bulk Density in g cm -3 . The latter has been calculated with the formula:

DBD = 2.65 * (1.024 -D wet )/(1.024 -2.65)
where 2.65 is the mean grain density (in g cm -3 ) and 1.024 is the interstitial water density (in g cm -3 ) (Cremer et al., 1992). The wet bulk density (D wet ) is derived from gamma-ray attenuation density measurements.

V

Geomorphology and inferred recent sedimentary processes 

V.1 Scientific issues

A good understanding of the recent evolution of the Zambezi turbidite system requires defining the morphology of this sedimentary system as accurately as possible. As yet, the knowledge of the geomorphological characters of the Zambezi system was still very patchy (Kolla et al., 1980a,b;Wiles et al., 2017a,b;Breitzke et al., 2017;Castelino et al., 2017a) and, for some regions, was altogether deficient.

Previous researches on the geomorphology of the Zambezi turbidite system had focused on the morphology and sediment distribution of the downstream part of the Zambezi Valley and the distal Zambezi system based on bathymetric data and sub-bottom profiles (Kolla et al., 1980a,b;Breitzke et al., 2017;[START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]. Based on low-resolution bathymetric data and sub-bottom profiles, Kolla et al. (1980a,b) proposed four broad topographical zones based on morphology and acoustic character. Kolla et al. (1980a,b) It is important to stress that these studies were executed on limited spatial domains and that the complete upstream-downstream morphological evolution and sediment distribution of the Zambezi Valley was lacking.

V.2 Summary of the main results

My study investigates the present-day morphology and the Late Quaternary subsurface sediment distribution of the Zambezi turbidite system, providing for the first time a complete upstream-downstream knowledge of the 2000 km long atypical Zambezi Fan.

Results of this study were published in 2019 in Geomorphology (Fierens et al., 2019: "Late Quaternary geomorphology and sedimentary processes in the Zambezi turbidite system (Mozambique Channel)"). I summarize here the main findings brought by the analysis of 32,750 km of high-resolution multibeam bathymetric and very high-resolution seismic data (sub-bottom profiles). Note that the sub-bottom profiles echo-facies were interpreted in term of sediments or sedimentary processes by comparison with literature (mainly Damuth and Olson, 2015) and published cores or drillings (mainly Simpson, 1974;[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]. However, direct information on sediment composition over the turbidite system will be given in Chapter VI.

This geomorphological study revealed that the Zambezi turbidite system combines two distinct depositional systems (figure V.1): A. The Zambezi Fan is a channelized fan that consists of the Zambezi Valley, its Madagascan tributaries (mainly the Tsiribihina Valley) and an extensive distal depositional area.

Evidence of intense erosion observed along the entire length of the Zambezi Valley and the depositional area indicates that erosive processes were widely active in the recent (current?) time.

-Morphometric analysis revealed that the Zambezi Valley is deeply incised in the Mozambique Channel and is more than three times as large and deep (up to 750 m high and 50 km wide) as the great Tanzanian and North Atlantic Mid-Ocean channels (Hesse et al., 1987;Bourget et al., 2008;Fournier, 2016).

-The valley includes a U-shaped thalweg with several generations of incisions attesting to successive episodes of erosion by turbidity currents, and an over-sized V-shaped valley that appears far too deep and wide to have been shaped by turbidity currents.

-Echo facies suggest that the sediments on the floor of the Zambezi Valley are dominantly coarse-grained and overbank fine-grained levee deposits are sparse, at least partly due to the present deep entrenchment of the Zambezi Valley. phology. This western part of the Zambezi turbidite system will be better described at the scale of the multichannel seismic data (Chapter VII).

Hence, this study highlighted the atypical geomorphology of the Zambezi Fan and the widespread occurrence of erosional evidences. The erosional features may be partly explained by turbidity currents (thalweg incisions, erosional channels on the distal depositional area) as observed in other more "classical" turbidite systems (e.g., Congo, Picot et al., 2016;Amazon, Damuth and Flood, 1985). However, some characteristics (e.g., the wideness of the valley and flank erosion) cannot be explained by the activity of turbidity currents and are suggested to be caused by the deep circulation.

The followings points highlight the influence of bottom-currents on sediment distribution in the Zambezi Fan (figure V.2):

• The present-day absence or scarcity of turbidity currents in the Zambezi Valley is suggested by moorings that did not register any turbidity events during the period November 2014/December 2015 [START_REF] Miramontes | The influence of bottom currents on the Zambezi Valley morphology (Mozambique Channel, SW Indian Ocean): In situ current observations and hydrodynamic modelling[END_REF]. This is possibly the combined result of the absence of direct connection between the Zambezi River and Valley, and of pirating processes by southward moving eddies (Mozambique Current) on the Mozambique upper slope, as proposed by Wiles et al. (2013) in the Tugela Canyon (Southwestern Mozambique Channel). It probably contributed to the input starvation the Zambezi Valley for the benefit of the ponded basin.

• The scarcity of fine-grained turbidites in the Zambezi Fan is thought to be partly explained by winnowing of the upper fine-grained portion of turbidity currents by bottom currents in accordance with [START_REF] Shanmugam | Process sedimentology and reservoir quality of deep-marine bottom-current reworked sands (sandy contourites): an example from the Gulf of Mexico[END_REF]. Oceanic currents transport the fine-grained sediments elsewhere in the distal basin, or even further outside the system. Combined with the great depth of the valley, the winnowing of fines prevents any possibility for the turbidity current to overspill. Where fine-grained turbidites have been possibly identified, their occurrence can be explained by modifications of turbidity current dynamic (hydraulic jump?) by local topographical changes.

• The widespread occurrence of sediment waves on the western side of the Zambezi Fan, not deposited by turbidity currents flowing in the Zambezi Valley (Kolla et al., 1980a;Breitzke et al., 2017), is another evidence of the deposition and seafloor shaping by bottom currents. These bedforms have been related to the influence of AABW by Kolla et al. (1980a,b) and confirmed by Breitzke et al. (2017), suggesting a western origin of sediments.

• Subsurface contourite drifts are described by [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] Since Kuenen and Migliorini (1950) published the concept of turbidite sedimentation, turbidite systems have been the subject of numerous studies around the world. Turbidite systems are the most important clastic accumulations in the deep sea and are major targets for hydrocarbon exploration (Weimer and Link, 1991;Normark et al., 1993;Stow and Mayall, 2000;Pettingill and Weimer, 2002). Several types of turbidite accumulations are known in the deep sea and are associated with a diverse variety of sedimentary processes. Typically, they comprise aggrading channelized fans with lateral levees that funnel sediments towards the distal portions of margins (e.g. the Amazon Fan, Damuth and Flood, 1985;the Congo Fan, Babonneau et al., 2002;the Bengal Fan, Curray et al., 2003;the Monterey Fan, Klaucke et al., 2004). Ponded turbidites infill salt-, mud-or fault-related mini-basins without associated channelized fans (e.g. Gulf of Mexico, [START_REF] Winker | High-resolution seismic stratigraphy of a late Pleistocene submarine fan ponded by salt-withdrawal mini-basins on the Gulf of Mexico continental slope[END_REF][START_REF] Prather | Classification, lithologic calibration, and stratigraphic succession of seismic facies of intraslope basins, deep-water Gulf of Mexico[END_REF]Madof et al., 2009;Fangliao Fan, Hsiung et al., 2018). Between these two end-members, some transient fans are known, which have a transitory upstream ponded depocenter that accumulates inputs until the topographic low is infilled leading to the supply of a farther down-slope fan (e.g. Niger Delta, Adeogba et al., 2005;Villafranca Fan, Gamberi and Rovere, 2011;Tanzanian fan, Fournier, 2016;Kaoping Fan, Hsiung et al., 2018).

Whatever the type of turbidite accumulation, it is widely acknowledged that the development of turbidite systems is controlled by multiple forcing factors, such as tectonics, climate, sea-level (SL) changes, sediment flux, topographic compensation, turbidity currents dynamics, etc. Nonetheless, the respective role, and interaction of these factors, remains poorly understood [START_REF] Winkler | Control factors on turbidite sedimentation in a deep-sea trench setting.-The example of the Schlieren Flysch (Upper Maastrichtian-Lower Eocene, Central Switserland)[END_REF]Covault and Graham, 2010;Hinderer, 2012;Romans et al., 2016). Consequently, open questions persist concerning sedimentary distribution on continental margins and the delivery mechanisms to deep-water environments.

Since the advances in bathymetry, acoustic imagery and seismic data technologies in the mid-twentieth century, several deep-sea projects investigated the turbidite systems of the African margins (e.g. Droz Contents lists available at ScienceDirect et al., 1996;Babonneau et al., 2002;Antobreh and Krastel, 2006;Ducassou et al., 2007;Bourget et al., 2008;Fournier, 2016;Picot et al., 2016). Nevertheless, deep-sea depositional systems on the eastern African margins remain poorly studied. Initial research on the Zambezi turbidite system was undertaken in the 1980's by Kolla et al. (1980a[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]. The Zambezi turbidite system is considered one of the largest turbidite systems in the world and was fed mainly by inputs of the Zambezi River (Fig. 1A). With a catchment area of 1.4 × 10 6 km 2 the Zambezi River is the fourth largest river after the Congo, the Nile and the Niger on the African continent with a sediment load of 48 × 10 6 t/yr (Milliman and Syvitski, 1992). Kolla et al. (1980a[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF] proposed 3 main subdivisions in the Zambezi Fan: inner-, mid-and outerfan based on micromorphology and acoustic character. Furthermore, Droz and Mougenot (1987) argued the different evolution stages of the Mozambique Fan that became active since the Oligocene. More recently, scientific interest has increased considerably for the Zambezi turbidite system and new results based on higher resolution data sets were presented. Specific attention was paid to the transport of sediments on the upper margin (Schulz et al., 2011) and their delivery to the abyssal plain [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF], the morphological character of the Zambezi Valley [START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF] and the influence of bottom currents on the seafloor morphology (Breitzke et al., 2017). Despite this recently increasing interest, knowledge remains limited for large parts of the Zambezi turbidite system. [START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF] suggested that large dimensions of the Zambezi Valley result from periods of increased fluvial input associated with the Zambezi River catchment 2017) described a large variety of morphological current-controlled bedforms and linked them to the flow paths of Antarctic Bottom Water (AABW, Fig. 2) and North Atlantic Deep Water (NADW, Fig. 2). However, these authors' hypotheses are all based on limited surface mapping, with focus on the continental slope [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] and the downstream portion of the Zambezi Valley (Breitzke et al., 2017;[START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]. This contribution provides the most complete geomorphological study of the Zambezi turbidite system. It is based on spatially extensive bathymetric and very high-resolution seismic data that allow for the first time to understand the recent morpho-sedimentary evolution of the entire Zambezi Valley from the upper portion to the terminal lobes. Accurate slope and size evolutions of the valley result from a continuous along-valley survey and numerous transects. This study strengthens the peculiarity of the Zambezi turbidite system among other large turbidite systems. Sub-bottom profiles bring high quality images of the subsurface sediments and more especially provide new insights into the upper portion of the turbidite system, highlighting the variety of sedimentary processes shaping the Zambezi turbidite system. The predominance of coarse-grained deposits in the whole system, from the upper canyon to the distal lobes, demonstrates enhanced reservoir potential from a hydrocarbon exploration point of view. Occurrence of bedforms, erosional features and over-sized V-shaped valley morphology as described in this study, are among the major diagnostic criteria for identification of the influence of bottom currents on the system. The findings of this paper allow to amend and refine sedimentary models of turbiditic systems controlled by along slope currents, useful for the interpretation of subsurface data, and thus provide significant impact for the hydrocarbon industry.

Regional settings

Main features in the Mozambique Channel

The Mozambique Channel (between Mozambique and Madagascar) and its southward extension, the Mozambique Basin, are located in the western part of the Indian Ocean (Fig. 1).

The Mozambique Channel was created in the Early Jurassic-Early Cretaceous when Africa and Antarctic separated during the breakup of the supercontinent Gondwana (Leinweber and Jokat, 2012;Mahanjane, 2014). The study area comprises several volcanic and structural features inherited from this geodynamic evolution. The Davie Ridge (Fig. 1B) is a prominent N-S trending bathymetrical high along which the Madagascar continent has drifted southwards [START_REF] Piqué | L'évolution géologique de Madagascar et la dislocation du Gondwana: une introduction[END_REF]. About 80 km off the Mozambican coast, the Beira High (Fig. 1B) forms a prominent basement high, which is interpreted to be a continental fragment (Mahanjane, 2012;Mueller et al., 2016). This crustal structure served as a morphological barrier for sediments originating from the Mozambique margin and is now buried. The Mozambique and Madagascar Ridges (Fig. 1B) are aseismic plateaus, located in the extension of the Mozambique and Madagascar margins, respectively. Their continental or oceanic nature is still under debate (Leinweber and Jokat, 2011;Zhang et al., 2011;Fischer et al., 2016). In the central part of the Mozambique Channel, isolated carbonate platforms are present, known as the Iles Eparses (Bassas da India Atoll, Europa Island, Jaguar and Hall banks), which are developed on top of volcanic edifices (Courgeon et al., 2016;Jorry et al., 2016). Together with the Mozambican continental slope and the Zambezi Valley, they enclose a confined basin that is referred to as the lntermediate Basin in this paper (see Section 4.1). This basin is also partly constrained by contourite ridges of considerable thickness (N1200 m) that are deposited from Oligocene to Early Miocene and during the Neogene (Fig. 1B, Raisson et al., 2016). These thick and extended deposits attest of the strength of oceanic currents and the contribution of contouritic sedimentation in the Mozambique Channel.

The Zambezi Valley is long and curvilinear and links the Mozambique margin to the deepest portions of the Mozambique Basin. The valley lacks a present-day direct connection to the Mozambique continental shelf. However, during the Last Glacial Maximum, the Mozambican shelf was incised by the Chinde-Zambezi paleo-valley (Beiersdorf et al., 1980) that funneled Zambezi inputs towards gullies and channels of the Mozambique continental slope [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]. The supposed upstream prolongation of the valley to the shelf break is located 200 km northeastwards from the Zambezi River outlet. The Zambezi Valley is transverse to the Mozambique Margin in its upper portion, NW-SE along the Oligocene and Miocene contouritic ridges (Raisson et al., 2016) that control its course. The valley deflects towards the south when it approaches the Davie Ridge and passes through a Miocene fault zone, still active today (hatched in Fig. 1B Blue: PTOLEMEE (Jorry, 2014). Orange: PAMELA-MOZ1 (Olu, 2014). Green: PAMELA-MOZ2 (Robin and Droz, 2014). Red: PAMELA-MOZ4 (Jouet and Deville, 2015). Black lines: Previous data used by Breitzke et al. (2017) and [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF][START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]. Pink polygon: approximation of the extent of data used by Kolla et al. (1980a[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Eparses carbonate platforms (Courgeon et al., 2016). At around 22°S, the Zambezi Valley merges with the Tsiribihina Valley, which originates from the Madagascar margin. The submarine valley ends in the Mozambique Basin (Fig. 1B) in the form of a distal coarse-grained depositional area [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]. Between 21°S and 25°S, the valley flows on an area that underwent a structural doming during the Late Miocene that affected the Cretaceous to Pliocene sediments and resulted in the confinement of turbidites upstream the structural dome (Ponte, 2018).

Previous studies have already defined some subsurface sedimentary features in the Mozambique Channel (Fig. 1B). [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] stated that the base of the Beira High terrace is delineated by a moat and a separated sediment drift. Downstream from the Zambezi Valley, the distal coarse-grained deep-sea depositional area (Kolla et al., 1980a[START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]) is flanked on its western side by large-scale seafloor bedforms (Breitzke et al., 2017). These bedforms are called sediment waves, a generic term provided by [START_REF] Wynn | Sedimentary processes in the Selvage sediment-wave field, NE Atlantic: new insights into the formation of sediment waves by turbidity currents[END_REF] describing large-scale deep-water depositional bedforms that may be generated beneath along slope-flowing bottom currents or downslope-flowing turbidity currents. Finally, in addition to the Oligocene-Miocene contourite ridges (Raisson et al., 2016), several contourite drifts have been identified on top of the Mozambique Ridge (Raillard, 1990;Thompson, 2017). Sedimentary core data was previously retrieved from the study area (Fig. 1B) and indicated mainly a terrigenous origin of the Quaternary sediments (Simpson et al., 1974;Kolla et al., 1980a;Hall et al., 2016).

Hydrodynamic settings

The Mozambique Channel is a very dynamic area characterized by large surface gyres and intense deep circulation (Fig. 2). The modern surface circulation in the Mozambique Channel is dominated by a train of deep-reaching anticyclonic eddies with a large diameter (over 300 km). These counter clockwise (anticyclonic) features propagate southward and generate a poleward flow of about 15 Sv (1 Sv = 10 6 m 3 /s) along the Mozambique margin, generally described in the literature as the Mozambique Current (De Ruijter et al., 2002). This Mozambique Current was established in the Early Miocene (Walford et al., 2005). Temporary clockwise (cyclonic) gyres occur southwest of Madagascar and can proceed in westerly or west-southwesterly direction towards the African continent (Quartly and Srokosz, 2004).

Deeper circulation flows northward along the western margin of the Channel and is driven by the Mozambique Undercurrent (MUC) and Antarctic Bottom Water (AABW) (Fig. 2) (De Ruijter et al., 2002;[START_REF] Wiles | A new pathway for deep water exchange between the Natal Valley and Mozambique Basin?[END_REF]. The MUC includes the Antarctic Intermediate Water (AAIW) between 800 m and 1500 m and the North Atlantic Deep Water (NADW) from 2000 m to 3500 m depth. The AAIW together with the upper portion of the NADW pass northwards along the northern part of the Davie Ridge before flowing across it into the Somali Basin (De Ruijter et al., 2002;Donohue and Toole, 2003;Van Aken et al., 2004;Breitzke et al., 2017). The decreasing depth of the seafloor around 20°S causes a segregation of the lower portion of the NADW that is deflected southward along the Madagascar margin (Van Aken et al., 2004). Depths below 4000 m are characterized by the northward flowing Antarctic Bottom Water Current (AABW). Where the bathymetry becomes shallower (around 25°S) the AABW deflects towards the east then south forming a weaker return current at the eastern side of the Mozambique Basin (De Ruijter et al., 2002;Donohue and Toole, 2003). 

Data and methods

This study is based on a total of 32,750 km of multibeam bathymetric data and very high-resolution sub-bottom profiles (Fig. 3) that were collected simultaneously, at a speed varying from 8 to 10 knots, throughout four different surveys (Table 1) as part of the PAMELA (Passive Margin Exploration Laboratory) research project (Bourillet et al., 2013).

Bathymetric data

Multibeam data acquisition parameters are summarized in Table 1. Bathymetric data were processed using Ifremer's software CARAIBES™ and later gridded to obtain digital terrain models (DTM) (WGS84) with a resolution between 30 m and 75 m depending on depth range. In order to fill the gaps, the GEBCO global bathymetric grid (GEBCO, 2014) with a spatial resolution of 30 arc-seconds was added to the bathymetric data set. ArcGIS™ v10.3.1 was used to display the bathymetric DTM's using World Mercator as map projection. Finally, the bathymetric data were superimposed on a slope raster (or vice-versa).

Sub-bottom profiler data

Very high-resolution seismic reflection profiles were collected using an IXSEA ECHOES 3500 sub-bottom profiler system operating in a chirp configuration . Data were processed using Ifremer's QC Subop software and displayed by HIS Kingdom Suite software. Chirp data provide a penetration up to 100 ms twt (75 m), depending on seafloor roughness and sediment composition, with a vertical resolution of 0.3 m. In order to provide an estimate for the subsurface sediments depths and thicknesses, the seismic velocity is approximated to 1500 m/s to convert two-way times (s) to depth (m) for both sea water and subsurface strata.

From sub-bottom data, superficial echo facies were derived, classified and compiled to produce an acoustic facies map by interpolation between the survey lines. The limits between the echo facies are not sharp, except locally, and generally correspond to progressive variations of amplitudes, frequencies or continuity of the sub-bottom reflections. In addition, the density of chirp sub-bottom data is generally low and interpolation is missing high-resolution changes. Taking these uncertainties into account, the produced echo facies map (see Section 4.3) is necessarily an approximation of the distribution of the echo classes in the Mozambique Channel.

Nomenclature of used morphological terms

Zambezi Fan and Zambezi turbidite system

The turbidite systems are usually given the name of the rivers that feed the systems. Concerning the Zambezi River inputs, they are distributed all along the Mozambican margin (see Section 4). A part of these inputs is used to construct the Zambezi Fan (or channelized fan), characterized by the Zambezi Valley with its tributaries (southern branch, Serpa Pinto, Tsiribihina), the distal distributaries and the depositional area. The other part is feeding the canyons and channels that funnel sediments towards the lntermediate Basin. Therefore, the Zambezi turbidite system is the combination of these two very different depositional systems.

Zambezi Valley

The Zambezi Valley shows a particular cross-sectional shape consisting of a V-shaped upper portion and a U-shaped lower portion, denominated the thalweg (Fig. 4A), separated by main slope changes (Fig. 4B). The U-shaped portion is limited laterally by highly sloping flanks (~15%), while the V-shaped portion is characterized by gentler sloping flanks (~3%). Outside the valley, the valley borders (see Fig. 4A,B) are flat to very gently sloping (~0.7%) with possibly some bedforms.

Measurements of morphological parameters

Morphometrics of the valley and thalweg

In order to fully quantify the morphological specificities of the Zambezi Valley and be able to compare its dimensions with valleys of other well-known turbidite systems (see Section 5.1), measurements were performed on the U-shaped lower portion as well as the V-shaped upper portion, as shown in Fig. 4B. When the slope changes marking the valley and thalweg limits are not at the same depth on the right and left hand sides of the valley, thalweg relief (Rt) and valley relief (Rv) were measured at the mid-depth (see for example Rv in Fig. 4B).

The cross-sectional areas of the upper portion of the valley and the thalweg were approximated using a triangular shape and a rectangular form, respectively (Fig. 4C). The valley and thalweg cross-sectional areas (respectively Av and At) are calculated from the formula given in Fig. 4C. The measurements were done similar to those described for previous studies, e.g. Congo Fan (Babonneau et al., 2002), Amazon Fan (Pirmez and Imran, 2003), Tanzanian Fan (Bourget et al., 2008 andFournier, 2016) and North Atlantic Mid-Ocean Channel (NAMOC; Hesse et al., 1987).

Morphometrics of bedforms

Between the Iles Eparses and the Zambezi Valley, from approximately S20°to S25°, the sea floor is covered by large bedforms characterized by a succession of crests and troughs (see Section 4.3). In order to typify these bedforms we used morphological parameters (wavelength, WL; wave height, WH; crest length, LC) defined in Fig. 5.

Results and interpretation

Regional scale morphological character

The Mozambique Channel approximates a rectangular trough with a North-to-South direction and varies in width between 430 km at 17°S and 1300 km at 28°S. It is characterized by a North to South bathymetric variability (Fig. 6): the bowl-shape encountered in the North (profile d, Fig. 6B) changes to a flat-bottomed shape to the South where the basin is bounded by the Mozambique and Madagascar Ridges (profile h, Fig. 6B). The Mozambique margin can be subdivided into 3 different morphological parts (depth transects a to c, Fig. 6C) based on main slope changes. The most upstream portion has a concave shape with a substantial decrease in slope percentage (from 2.1% to 0.11% in profile b, Fig. 6C). At approximately 950 km (profile a) and 750 km (profile c), seaward, a significant increase in slope gradient (from 0.11% to 0.6-0.7%) is observed over a distance of 100 to 200 km at approximately 3500 m water depth. This slope increase limits the Mozambique Basin northwards and probably corresponds to the southward limit of the area that was uplifted during the Miocene (Ponte, 2018). At the most distal part of the basin, the seafloor becomes smoother and more regular with a lower slope gradient (0.16% to 0.03%, profile a, Fig. 6C). The Zambezi Valley appears as a very long (N1200 km from the shelf break), very wide V-shaped valley (up to 53 km wide at the apex of the "V") with an up to 15 km wide U-shaped thalweg (Fig. 7; see also Fig. 4). The V-shaped valley is up to 750 m deep and has a slightly sinuous course at the regional scale. At a regional scale, the longitudinal depth profile along the Zambezi Valley and its down-fan prolongation (Figs. 7C,8) shows that the valley floor is at grade. However, from km ~900 to km ~1600, a ca. 700 km long abnormal sea floor elevation is observed. This elevation begins 200 km upstream the present-day Zambezi Valley mouth. It is found more downstream than the Miocene structural dome identified by Ponte (2018) (Figs. 1B and6C) and therefore probably do not refer to this tectonic morphology. It is rather interpreted as a sedimentary accumulation inside the valley. However, without information on the internal structure of this accumulation we cannot definitively prove this interpretation. If our hypothesis is correct, it could indicate that the valley mouth, previously located about 200 km upstream, prograded southwards since this elevation was created.

At higher resolution (Fig. 8), the slope of the valley floor generally decreases downstream (from 0.36 to 0.05%), through successive slope changes. The slope increases at two principal areas, i.e. from 0.16 to 0.19% around the confluence with the Tsiribihina Valley (~800 km) and from 0.08 to 0.21% (~1350 km). Down profile, the Zambezi Valley flares out and turns into an area with very low longitudinal slopes (0.05%). Near the confluence with the Serpa Pinto paleo-valley (Fig. 8) and in the area where faults crosses the valley (Deville et al., 2018), an abrupt 80 m depth change attests the presence of a possible knickpoint. This slope variability suggests that the valley floor alternates areas of erosion and deposition and that the valley is currently not at equilibrium. Transverse profiles (Fig. 7B) show a significant widening of the U-shaped valley after the confluence with the Serpa Pinto Valley and Tsiribihina Valley.

The morphological variabilities of both the thalweg and valley are emphasized by the downstream evolution of width, relief, aspect ratio and cross-sectional areas (Fig. 9), based on nine measurements for the valley and 34 for the thalweg (Fig. 4D). Fig. 9 clearly shows that the valley and the thalweg widths and reliefs evolve independently until the distance of about 1200 km (i.e. after cross-section 12 in Fig. 7B) where the upper V-shape of the valley disappears and only the thalweg remains (cross-section 13 in Fig. 7B). This area corresponds to the present-day mouth of the Zambezi Valley and the beginning of the wide erosional/depositional area of the distal Zambezi fan. 4.2.1.1. Thalweg evolution. The thalweg averages 7 km in width, although it varies between 4 and 15 km (Fig. 9B). The most important increases of width occurs at the confluence with Serpa Pinto Valley (+ 3 km with regards to the average value) and at about 1200 km where the thalweg widens rapidly (+ 8 km compared to the average). The most significant width decrease occurs at about km 770, i.e. 15 km upstream the confluence with the Tsiribihina Valley.

The average relief of the thalweg is 181 m (Fig. 9C) but shows a very high variability from 100 m to 290 m. Two main relief increases are observed at 450 and 880 km associated with either the knickpoint of the fault zone or with the along-valley slope increase (0.19%) at about 930 km. A decrease of thalweg relief to 100 m is observed at the same position as the width decrease to 5 km (km 770, Fig. 9B) and a main decrease to 56 m is observed at the end of the relief profile accompanying the widening of the distal portion of the Zambezi Valley.

Cross-sectional area of the thalweg is 1 km 2 on average (Fig. 9E) and shows a similar variability to that of the relief curve (Fig. 9C). Numerous zones with increased area are observed, especially where the Serpa Pinto paleo-valley joins the Zambezi Valley (2.3 km 2 ). The most important decrease to 0.5 km 2 occurs around km 770 correlative to low relief and width (Fig. 9B andC). 4.2.1.2. Valley evolution. Width and relief of the valley are significantly higher than the thalweg (up to +45 km in width and 580 m in relief) and show a two-step increase until km 950 (Fig. 9C) and km 1050 (Fig. 9B), respectively. Further downstream the valley relief shows an abrupt decrease. The valley approaches the size of the thalweg at the beginning of the profiles until about 250 km and at the end of the profiles at about 1200 km. The variability of these parameters is rather low, but possibly underestimated because of the small number of measurements (n = 9). The valley is characterized by average width of 30 km and relief of 470 m. A significant increase of these parameters (from 10 to 30 km in width and from 150 to 600 m in relief) is observed around 400 km in the area of the Serpa Pinto confluence and fault zone. The parameters then increase more progressively up to 53 km in width and 758 m in relief after the Tsiribihina confluence.

The average valley cross-sectional area is 9 km 2 (Fig. 9E) and shows a similar evolution to that of the width curve (Fig. 9B) with a maximum of 16 km 2 between 850 and 1050 km.

The Tsiribihina Valley

The lower course of the Tsiribihina Valley (Fig. 10), the main tributary originating from the Madagascan margin, shows different morphological characteristics compared to the Zambezi Valley: higher sinuosity, lower width (2 to 3 km) and higher average slope (0.28%). The longitudinal depth profile along the valley (Fig. 10A) is marked by 3 main knickpoints, indicating that the Tsiribihina Valley is not at an equilibrium state. The two most upstream knickpoints may be related to direction changes in meanders. The last one corresponds to the junction with the Zambezi Valley marked by a 17 m high scarp, indicating that the Tsiribihina Valley is a perched valley (Fig. 10A).

Subsurface sediment distribution in the Mozambique Channel

Four principal acoustic echo classes (stratified, transparent, opaque and hyperbolic, Table 2) have been recognized by examining the seafloor echo (sharp or prolonged) and the continuity, amplitude, 

Acoustic facies and inferred sediments

Stratified facies (class S) are characterized by continuous and parallel reflections that usually can be distinguished down to a depth of several tens of meters. This facies class suggests the presence of layered sedimentary deposits and can represent pelagic or hemipelagic sedimentation, turbidite deposits or contourites [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]Damuth and Olson, 2015;Miramontes et al., 2016). This echo facies class is subdivided into 4 different sub-classes (S1 to S4) based on clear differences in reflection frequency and amplitude.

-Sub-class S1 is defined by a continuous and sharp seafloor reflection along with several distinct, continuous, parallel sub-bottom reflections that show lateral variability in amplitude (Figs. 11A,12,13A).

It is associated with areas of relatively smooth flat-lying to slightly undulated seafloor. This acoustic signature partly resembles to type 1A facies proposed by Damuth and Olson (2015) and is interpreted as dominantly hemipelagic to pelagic sediments where infrequent interbeds of silt and/or sand can occur [START_REF] Damuth | Quaternary sedimentation processes in the South China Basin as revealed by echo-character mapping and piston-corestudies. The tectonic and geologic evolution of southeast Asian seas and islands[END_REF], and references therein). It is mainly observed along the Mozambique and Madagascar upper margins (Fig. 11A). Considering that the continental slope domain of the Mozambique margin is cut by numerous valleys that extend southeastwards until the Iles Eparses (Fig. 1; [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF], the coarser interbeds could represent sheetlike turbidite deposits. -Sub-class S2 is often found when the surface morphology is undulated. It comprises a distinct, continuous bottom echo with parallel, high-frequency and low amplitude sub-bottom reflections (Fig. 11A). This echo class, similar to echo type IB and 4 described by Damuth and Olson (2015), can represent hemipelagic to pelagic sedimentation or migrating sediment waves created by bottom currents. -Sub-class S3 is observed on flat-lying seafloor and consists of a distinct, continuous seafloor echo together with numerous distinct, parallel, high-amplitude sub-bottom reflections (see Figs. 11A,12C and 13D). It resembles to type IA defined by Damuth and Olson (2015) and can be interpreted as turbidite deposits. -Sub-class S4 is found at the right hand side of the most downstream portion of the Zambezi Valley and southern part of the study area (Damuth, 1980, and references therein). The variation of amplitude in this sub-class may represent alternation in grain size in gravity deposits or alternation of hemipelagic deposits with coarse-grained sediments [START_REF] Biscara | Le système turbiditique de l'Ogooué (Gabon, Marge Ouest[END_REF].

The transparent facies (class T) (Figs. 11,12) are characterized by the absence of reflections and are observed as lens-shaped depositional units. It corresponds to type 5 of Damuth and Olson (2015). This echo class is dominantly found in the southern part of the studied area in the Mozambique Basin at the end of the Zambezi Valley, where it shows a high-amplitude bottom reflection and transparent bodies limited by very high-amplitude sub-bottom reflections. This facies corresponds to coarse-grained sand as evidenced by cores VM14-79, VM14-80, VM19-219 and VM20-197 reported by Kolla et al. (1980a) (Fig. 11A) and is interpreted as stacked-up terminal lobes.

Locally, this echo facies class is also recognized on the Mozambique margin. When located on the upper slope, the transparent acoustic response is interpreted as slide deposits, while for the other areas turbidite sheets are considered [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF].

The opaque echo facies (class O) shows semi-to very-prolonged bottom echoes with no sub-bottom reflections (Fig. 11A,13). It resembles to the echo type 3 defined by Damuth and Olson (2015). This facies is dominantly found along the Zambezi and Tsiribihina Valley floors where coarse to very coarse sediments have been recovered during Leg 25 DSDP drillings (site-243, Simpson et al., 1974) and cores VM19-212, VM20-195, VM20-193 and VM34-147 (Kolla et al., 1980a) (see Fig. 11A for locations of drillings and cores). Furthermore, difficulties to core the Zambezi Valley floor with traditional Kullenberg coring system and recovery of some gravel (PAMELA-MOZ2 survey, Robin and Droz, 2014) attest of the coarse-grained composition of sediments at the seafloor.

The hyperbolic facies (class H) (Figs. 11A,13) is defined by large single or regular overlapping hyperbolic reflections with varying vortex depth characterized by strong surface echo (echo types 7 and 8 of Damuth and Olson, 2015). Sub-bottom reflections are generally absent, but discontinuous parallel reflections can be locally observed. These hyperbolae are generally artefacts due to steep slopes or microrelief of the seafloor or may represent very short wavelength sediment waves.

Sediment distribution, morphology and tentative process-based interpretation

Despite the approximations of the echo facies distribution (the variability of the echo classes is illustrated in Figs. 12 and13) in relation to the size of the study area and the generally low density of the data (see Section 3.2), the studied area appears organized as three main sedimentary systems at regional scale (Fig. 11B): (i) the Zambezi Fan appears mainly coarse-grained and is dominated by its long valley with opaque facies (class O) that ends up at a wide channelized and transparent zone (class T) characteristic of terminal lobes. Stratified facies (S3 and S4) interpreted as fine-grained turbidites (overflow of turbidity currents or channel-levee systems) are restricted to 6 zones of limited areal extent; (ii) close to the Mozambique and Madagascar margins, the sediments are mainly stratified (S1) and are supposed to relate to hemipelagic or contouritic sediments with episodic turbiditic contribution essentially from the Mozambique margin; (iii) to the west of the Zambezi Fan, the area is dominated by hyperbolic and stratified (S2) facies interpreted as contour current bedforms, as already observed by Kolla et al. (1980a) and in more detail by Breitzke et al. (2017).

4.3.2.1. The Zambezi Fan. Examining the high-resolution bathymetric data, the main morphological characteristic of the Zambezi Valley is that it suffered from erosion all along its course. Erosion resulted in a thalweg affected by several generations of incisions. These incisions are illustrated from North to South, in the upstream portion of the valley (Figs. 14 and15), in the faulted zone (Fig. 16), in the confluence area with the Tsiribihina Valley (Fig. 17) and in the lowermost portion of the system (Figs. 18,19).

Data acquired upstream the Zambezi Valley illustrate the morphology of the confluence area of two main tributaries, called the Northern and Southern branches, which converge to form the Zambezi Valley (Fig. 14). The confluence is located at 180 km off the Mozambique shelf break (see Fig. 4 for location of the 0 km reference point). The Northern branch is wider (4 to 6.5 km) and deeper (180 m) than the Southern branch (4 km wide and 135 m deep). At the confluence the Northern branch valley floor lies 40 m deeper than the Southern branch valley floor (profile 4, Fig. 14) indicating that the Northern branch is currently the most active tributary of the Zambezi Valley. Downstream the confluence, the Zambezi Valley widens to 7.5 km (profile 5, Fig. 14).

The valley floor of the Northern branch hosts significant erosional features, contrarily to the valley floor of the Southern branch that is relatively smooth and regular in the area of the confluence. These erosional features are mainly ovoid asymmetrical forms that evoke amalgamated scour marks. The updip scarp of the most upstream scour observed is 50 m high (profile 1, Fig. 14), attesting to the strength of the erosional process that created these features. A long lasting erosion may also result in such high scarp. Successive incisions resulted in a double thalweg at the tributaries confluence (profile 4, Fig. 14). Large slide scars (e.g. 2.8 × 2.9 km) are observed mainly at the confluence and at the left flank of the Southern branch and attests of active instability processes. Smaller scars (1 km × 1 km) on the left flank of the Northern branch evoke smaller slides associated to the proximity of the thalweg.

About 30 km downstream in a wide meander curves, the thalweg exhibits polyphased incisions (e.g. Fig. 15). The asymmetrical crosssection of the thalweg (i.e., steep slope at the outer bend associated with incisions to gentle slope of the inner bend) suggests preferential deposition inside the meander and erosion at the outer bend. The along-thalweg depth profile (profile 1, Fig. 15) shows an irregularly decreasing slope, with a 20 m high scarp. At this location, the Zambezi thalweg has a width of about 5 km (profiles 2 and 3, Fig. 15).

Further downstream (Fig. 16), where the Zambezi Valley approaches the Davie Ridge and turns from North-West-South-East to North-South, the thalweg shows comparable polyphased incisions to those found more upstream (Fig. 15). However, scours are less numerous. Upstream, the thalweg is 7 km wide and shows two incisions separated by a medium high. The thalweg narrows locally to 5 km where the valley crosses the northward extension of the faulted area described by Deville et al. (2018) (Fig. 1). On the right hand side of the valley, normal faults with up to 100 m offset are observed on seismic profiles (Fig. 16C) and provoke the collapse of the western valley border. Faults A and B are still well expressed on the bathymetric map in the collapsed area. Inside the valley however, the faults are hardly recognized, possibly because of later erosion.

Inside the valley, the prolongations of the faults are barely observed, except that of fault A, which is expressed by small-scale topographic perturbations on the medium high between thalweg incisions. This is probably due to the fact that faults offsets have been erased by incisions, indicating that the observed thalweg incisions post-date the activity of these faults. As it is being supposed that the faults remained active (or were reactivated) very recently (Deville et al., 2018), we can infer that the thalweg incisions are currently active.

Incisions are still present at 780 km from the 0 reference point at the shelf break (see Fig. 4) where the Tsiribihina Valley joins the Zambezi Valley (Fig. 17A). The 17 m scarp separating both valleys (Fig. 10A) and the perched position of the Tsiribihina Valley emphasizes either that the Zambezi Valley was submitted to erosive flows after the occurrence of the confluence, or that the Tsiribihina Valley is fairly recent and has not yet acquired an equilibrium state.

As classically observed in meandering valleys (e.g. [START_REF] Dietrich | Flow and sediment transport in a sand bedded meander[END_REF][START_REF] Dietrich | Bed load transport in a river meander[END_REF] and in link with turbidity current behavior, the identified morphologic features and slopes of the Tsiribihina flanks are different on the outer and inner bends of the meanders (profiles 4 to 9, Figs. 10,17B). Slide scars are predominant on the outer bends, indicating privileged erosion and instability processes and resulting in steep valley flanks. In contrast, the inner bends mainly show lineations parallel to the thalweg, have terraced or less steep flanks and are a privileged site of deposition. In the upstream portion of the Tsiribihina Valley, however, slide scars occur on both sides, and dominantly on the inner bend resulting in a steep inner valley flank (profiles 1 to 3, Figs. 10,17B). This indicates that, locally, instabilities may not be related to turbidity current behavior (or that current behavior is different).

The right hand-side of the Tsiribihina Valley, north of 21°40'S, shows slightly arcuate bedforms (green lines in Fig. 17B) that are ca. 5 m high, and have an average wavelength of 750 m. These bedforms are oriented NW-SE, i.e. oblique to the valley course and to lineations (blue lines in Fig. 17B) that are found on and parallel to the flanks of the Zambezi Valley. Owing to their orientations and sizes (Fig. 17B), we suggest that the bedforms on the right-hand side of the Tsiribihina Valley are sediment waves created by overflow of turbidity currents by analogy to other deep-sea fans (e.g. [START_REF] Migeon | Dunes géantes et levées sédimentaires en domaine marin profond: approches morphologique, sismique et sédimentologique: Implications pour la reconnaissance des processus de transport et de dépôt des sédiments et pour la formation de corps sableux en domaine profond[END_REF][START_REF] Normark | Variability in form and growth of sediment waves on turbidite channel levees[END_REF][START_REF] Babonneau | The Kramis deep-sea fan off western Algeria: Role of sediment waves in turbiditic levee growth[END_REF]. Due to high slopes of the flanks, the Zambezi flanks lineations are imaged as hyperbolic echoes masking any strata on sub-bottom profiles. However, owing to their orientation parallel to the flanks, these lineations are suggested to be outcropping strata resulting from the erosion of the flanks. Such lineations are identified from km 550 to km 1100. 4.3.2.2. The mouth of the Zambezi-Tsiribihina valley: the main depositional/ erosional area of the fan. The distal portion of the turbidite system is mainly characterized by transparent echo facies (class T, Figs. 11A, 18), which are organized as superposed lens-shaped depositional units. They are interpreted as coarse-grained terminal lobes (see Section 4.3.1) extending along 700 km from the end of the opaque facies of the Zambezi Valley to the south and 420 km laterally. To the south and west of the transparent echo facies zone mainly hyperbolic echoes dominate; this delineates the southern and western extent of the terminal lobes (Fig. 11A). The position of this boundary is supported by sediments collected at DSDP Site 248 (Leg 25, Schlich and Saint-Maur-des-Fossés, 1974), DSDP site 250 ( Leg 26, Davies et al., 1974) and core VM29-79 (Kolla et al., 1980a), which register no more coarse sediments but only fine-grained clay deposits (for position of cores and drillings, see Fig. 11A).

A channel-levee system is identified to the west of the southern limit of the Zambezi Valley opaque facies. A seismic profile crossing the system obliquely (Fig. 18C) clearly shows sedimentary structures classically encountered in aggradational deep-sea fans (e.g. Amazon Fan, Flood et al., 1997), i.e. stratified, wedge-shaped levees and a higher amplitude channel fill. On the bathymetric map (Fig. 18B) this channellevee system is parallel to and truncated by the Zambezi thalweg. It therefore appears to be an ancient feature related to the Zambezi Valley. The crests of the levees appear dismantled by E-W oriented incisions and the outer part of the western levee shows a scalloped shape. These E-W orientated features are conform to those observed by Breitzke et al. (2017) more westwards, and are believed to be due to Intense erosion in the distal area, observed off the mouth of the Zambezi Valley, is manifest as northeast-southwest oriented, elongate, channel-like incisions (incisions A to C, Fig. 19). Analysis shows that incised distributary channels are numerous across the depositional area (Figs. 11B and18A), mainly diverging radially from the end of the opaque facies of the Zambezi Valley, but some incisions are clearly not connected to the Zambezi distributaries.

In Fig. 19, at 240 km from the valley mouth, the most recent pathway (C3) is 1 to 1.5 km wide, shows an irregular axial depth profile bounded updip by a 45 m high scarp (profile 1, Fig. 19) and is up to 60 m deep in cross-sections (profiles 2 and 3, Fig. 19). Erosional channel-like features, up to N100 m deep, are also observed (Fig. 18D) some tens of kilometers downstream from those of Fig. 19.

These characteristics observed at N1450 km from the shelf break attest to powerful erosional processes affecting the distal portion of the system, at least until 4500 m water depth. 4.3.2.3. The Intermediate Basin: another sink for the Zambezi inputs. The Mozambique margin is characterized by the draping S1 stratified facies, which can be interpreted mainly as hemipelagic or contouritic sediments (Fig. 11). This echo facies has the particularity to show lateral variations of reflections from low to very high amplitude. The high amplitude levels could relate to thin sheet-like coarse-grained turbidites that accumulate in the area southwest of the Zambezi Valley in the socalled lntermediate Basin (for location see Fig. 6). [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] proposed a network of canyons and channels issuing from the Mozambique margin that could feed these turbidites.

Southeastwards, to the northeast of the Iles Eparses, a zone with S3 stratified facies (Fig. 11A) with an infilling (i.e. onlapping) configuration, is interpreted as ponded tubidites that accumulated recently, locally between and on fossil sediment waves (see Fig. 20). This type of turbidite accumulation is also observed (but not mapped in Fig. 11) in numerous narrow elongated depressions between sediment waves (see Fig. 21). Taking into account that the Zambezi Valley is too deeply incised (N600 m, Fig. 9) and moreover that this S3 zone is located very far from the valley (110 to 190 km, depending on the relative location of the valley), we favor the hypothesis that these turbidites originate from the portion of the Mozambique margin facing the Zambezi delta (solid blue arrows in Fig. 11B).

The Mozambique margin is also characterized by several up to 20 m thick bodies of transparent facies (class T), interpreted as mass movement deposits (Fig. 12A to E). These are infrequent on sub-bottom profiles in the studied area, but widespread instabilities are known at the shelf break (Cattaneo et al., 2017;Ponte, 2018). 2) suggesting the presence of turbidite sediments (Damuth and Olson, 2015). Chirp analysis shows that these turbidites drape the sediment waves, which therefore appear fossilized (Fig. 20). Turbidites are usually onlapping on reliefs, and do not drape topographic highs as observed here. However, a vertical exaggeration of the profile closer to 1:1 (Fig. 20D) shows that the morphology is nearly flat, i.e. easy to be overflowed by turbidity currents. These bedforms that are located inside a wide area where Breitzke et al. (2017) proposed the development of "arcuate bedforms" and could represent local straighter parts of a wider arcuate feature.

4.3.2.4.2. Sub-circular bedforms. Sediment waves characterized with dominant N-S and E-W orientations are identified at 100 km east of Bassas da India and 30 km west of the Zambezi Valley at a water depth of about 3000 m (Fig. 21). The whole of elements is part of a larger circular complex, wherein the central portion predominantly consists of N-S features and the external portions are mainly composed of E-W orientated elements. Examination of morphological relationships of both wave directions suggests that the E-W oriented features are a second generation. The N-S oriented sediment waves have an average wavelength (WL) of 3.2 km and average height (WH) of 59 m. Their crests are slightly sinuous and can longitudinally be followed over an average length (LC) of 10.4 km. The second generation (E-W) features are smaller with an average wavelength (WL) of 2.1 km, an average height (WH) of 33 m and an average crest length (LC) of 5.8 km. On subbottom chirp seismic profiles (profiles 1 and 2, Fig. 21), these sediment waves show a distinct bottom echo with continuous internal reflections with high frequency and low amplitude (echo facies S2 in Table 2). This together with the draping and wavy configuration of reflections points to a hemipelagic nature of sediments reworked by bottom currents and therefore to contourites. This type of bedforms is referred to "irregular elongated and sub-circular depressions" by Breitzke et al. (2017).

4.3.2.4.3. Polygonal sediment waves. Seventy five kilometers southeast of Europa Island along the west flank of the Zambezi Valley (location in Fig. 11B), an area of sediment waves with no dominant orientation is observed (Fig. 22). The sediment waves extend over an area larger than 9000 km 2 and can be described as rather symmetrical polygonal features developed upon a local high (Fig. 22,profile A). These symmetrically shaped morphologies are smaller than the previous ones (average WH = 28 m, WL = 1.7 km and LC = 2.2 km). The sediments show a distinct bottom echo with several internal weak reflections (echo sub-class S2, Table 2). Showing no preferential direction, these bedforms suggest the occurrence of multi-directional bottom currents shaping the seafloor. They have been described as "small/ medium-size bedforms with conformable sub-bottom reflections (W5)" by Breitzke et al. (2017). 2). The NW-SE dominant bedforms appears to belong to the "large steeped-sided beforms with hyperbolic refection pattern (W3)" of Breitzke et al. (2017), while the area dominated by NNW-SSE bedforms could refer to the "arcuate bedforms" proposed by these authors.

Discussion

The Zambezi turbidite system comprises a channelized fan (with a wide and deep rectilinear, eroded valley and a coarse-grained distal depositional/erosional area) and a ponded semi-confined fan (Fig. 24) currently separated from the river outlet by 200 km and 90 km, respectively. In contrast to transient fans (e.g. Gamberi and Rovere, 2011) and ponded basins (e.g. Madof et al., 2009), the lateral association of a ponded semi-confined fan with a channelized fan linked to the outputs of the same river has not yet, to our knowledge, been documented. From 400 km downstream, the relief of the Zambezi thalweg is higher in average than other turbidite systems especially from 600 km downstream and shows a greater variability. In contrast, from 200 to 400 km, the relief of the Zambezi thalweg is closer to that of the Amazon Fan. The width of the Zambezi thalweg is higher than for more "classical" Congo fan (permanently connected valley with incised channels and levees) and Amazon fan (disconnected during high SL and connected, aggradational during low SL) and generally closer to the Tanzanian channel and NAMOC, which are disconnected during high SL and connected and erosional during low SL. The Zambezi thalweg aspect ratio (R/W) plotted as a function of average downchannel slope (Fig. 25C) also indicates a clear affinity with these systems. In the classification of Piper and Normark (2001) both the Tanzanian Channel and NAMOC belong to "type 4" fans [START_REF] Skene | Late Cenozoic evolution of Laurentian Fan: development of a glacially-fed submarine fan[END_REF]Bourget et al., 2008) that are characterized by high mainly muddy sediment inputs delivered by river or by glacier plumes. In contrast, the Congo and Amazon fans refer to "type 3" fans (Piper and Normark, 2001) that are fed by large rivers with high volume, muddy to sandy sediment supply.

As for the Zambezi Valley, (i.e. the V + U-shaped conduct, see Section 3.4), the width and relief are not comparable with other systems where such differentiation between a thalweg and a valley does not exist. Fig. 25 demonstrates the significant difference in relief and width between the Zambezi Valley and the Tanzanian Channel and NAMOC systems; the Zambezi Valley being, on average, 200 m greater in relief and 10 km greater in width.

Formative origins of the atypical Zambezi Valley

The differences in relief and width of the valley and thalweg of the Zambezi Valley could indicate that the shaping agents of both features do not refer to similar processes. The size (cross-sectional area, Fig. 9E) of the thalweg and the presence of several generations of incisions on the floor (Figs. 14 to 16) are coherent with the hypothesis of an erosional activity of turbidity currents.

In contrast the relief and width of the entire valley, with flanks affected by lineations parallel to the valley evoking outcropping strata (e.g. Fig. 17), appears far too high to be entirely shaped and maintained solely by turbidity currents. Therefore, the exceptional dimensions of the valley are suggested to refer to other, probably combined, causes such as the age of the valley in link with the feeding evolution of the fan, the imposed stability of the valley course by physiographic constraints and the flank erosion by powerful bottom circulation.

The N-S portion of the valley is a composite feature that was initiated during the Oligocene (Droz and Mougenot, 1987;Ponte, 2018), in link with the feeding by Serpa Pinto Valley and remained active after the Miocene shift to the NW-SE upper portion of the Zambezi Valley. The longer activity duration of the N-S portion of the valley is a possible cause for its great relief from 400 km to 850 km (Fig. 9C). It must be noticed that the Serpa Pinto confluence is located near a faulted zone (Figs. 1,16) (Deville et al., 2018) and faulting could have had a role on the valley relief. However, the impact of the fault zone is only observed locally in the valley around 450 km (Fig. 16) and therefore it is considered as not responsible to the drastic increase of the valley relief. In addition, downstream the Serpa Pinto confluence, the Zambezi Valley is constrained by lateral morpho-tectonic features, i.e. the southern portion of the Davie Ridge and the Madagascar margin to the east and the carbonate platforms (Iles Eparses and seamounts) to the west. Similarly, Fournier (2016) attributes the large width of the Tanzanian Channel (Fig. 25B) to the confinement by tectonic features resulting in Fig. 23. Bathymetric map and its interpretation of anastomosed sediment waves observed 230 km south of the Iles Eparses (location in Fig. 11B). A and B: depth profiles; 1 and 2: chirp profiles. Fig. 24. Synthetic sedimentary organization of the Mozambique Channel and Zambezi turbidite system, from bathymetric and sub-bottom reflection studies and from literature (adapted to the Zambezi turbidite system from a sketch by Gamberi and Rovere, 2011). The Zambezi River inputs are transferred to the turbidite system in two ways, either by (A) a channelized fan (the so-called Zambezi Fan) that transfers the sediments towards the South about 1200 km downstream and by (B) the ponded fan mainly limited downstream by a coutouritic ridge that generally limit the turbidites deposition to the so-called lntermediate Basin. Channels that flow towards the Southwest (see Fig. 1 Breitzke et al., 2017) is a further evidence of bottom current activity in the area. These bedforms are all located in areas where the mean velocities are lower than 10 cm/s (Fig. 26B), which are favorable to deposition by bottom currents (Miramontes, 2016). Generation of large sediment waves by bottom currents in unconfined settings is, for example, also found in the eastern Equatorial Pacific [START_REF] Lonsdale | Stratigraphic controls on a saltwithdrawal intraslope minibasin, north-central Green Canyon, Gulf of Mexico: Implications for misinterpreting sea level change[END_REF], in the Argentine Basin [START_REF] Flood | Mud waves in the Argentine Basin and their relationship to regional bottom circulation patterns[END_REF], in the western South Atlantic [START_REF] Cunningham | Evidence for westward-flowing Weddell Sea deep water in the Falkland Trough, western South Atlantic[END_REF] and offshore NW-Svalbard [START_REF] Hustoft | Gas hydrate reservoir and active methaneventing province in sediments onb 20 Ma young oceanic crust in the Fram Strait, offshore NW-Svalbard[END_REF][START_REF] Forwick | The Kongsfjorden Channel System offshore NW Svalbard: downslope sedimentary processes in a contour-currentdominated setting[END_REF]. 

Turbiditic overflows from the Zambezi Valley?

Fine-grained levee deposits are scarcely observed close to the Zambezi Valley. A possible explanation for this is the winnowing of the upper fine-grained portion of turbidity currents by the strong, deep oceanic currents that flow inside the valley (Figs. 2,26). This pirating process was also invoked in the Tugela Fan (Natal Valley, South Africa) to explain the stunted development of the fan (Wiles et al., 2013).

In the Zambezi Fan, only 4 zones of S3 or S4 echo facies (interpreted as fine-grained turbidites, Fig. 11B) are present at the right-hand side (western) and at the mouth of the Zambezi Valley. Breitzke et al. (2017) propose that the echo facies S3 on the righthand side of the valley just downstream of the Tsiribihina confluence results from overflow of turbidity currents from the Zambezi Valley. However, at this location turbidity currents should be ≥750 m thick to be able to overflow from the valley (Fig. 9C). Direct information on turbidity current thicknesses in the Zambezi Fan is lacking. However, turbidity currents thicknesses of 100 to 400 m are classically reported in the literature [START_REF] Nelson | The Astoria Fan: an elongate type fan[END_REF]Damuth and Flood, 1985;[START_REF] Nakajima | Channel-levee complexes, terminal deep-sea fan and sediment wave fields associated with the Toyama Deep-Sea Channel system in the Japan Sea[END_REF][START_REF] Migeon | Dunes géantes et levées sédimentaires en domaine marin profond: approches morphologique, sismique et sédimentologique: Implications pour la reconnaissance des processus de transport et de dépôt des sédiments et pour la formation de corps sableux en domaine profond[END_REF][START_REF] Migeon | Detailed seismic-reflection and sedimentary study of turbidite sediment waves on the Var Sedimentary Ridge (SE France): significance for sediment transport and deposition and for the mechanisms of sediment-wave construction[END_REF]Babonneau et al., 2002;[START_REF] Ercilla | The Magdalena Turbidite System (Caribbean Sea): present-day morphology and architecture model[END_REF][START_REF] Curray | The Bengal Fan: morphology, geometry, stratigraphy, history and processes[END_REF]Deptuck et al., 2003;Pirmez and Imran, 2003;Bourget et al., 2011;[START_REF] Babonneau | The Kramis deep-sea fan off western Algeria: Role of sediment waves in turbiditic levee growth[END_REF]. Higher thicknesses (600 to 1000 m) are not frequently reported [START_REF] Normark | Sediment waves on the Monterey Fan levee: a preliminary physical interpretation[END_REF][START_REF] Stow | A physical model for the transport and sorting of finegrained sediment by turbidity currents[END_REF][START_REF] Piper | Processes of late Quaternary turbidity current flow and deposition on the Var deep-sea fan, north-west Mediterranean Sea[END_REF][START_REF] Mitchell | Bedrock erosion by sedimentary flows in submarine canyons[END_REF].

A minimum thickness of 600 m (i.e. relief of the valley) is estimated in the Tsiribihina Valley ca. 80 km upstream the confluence, where sediment waves of turbiditic origin are observed and testify of overflow processes (Fig. 17).

The knickpoint found at the junction with the Zambezi Valley (Fig. 10A, zoom) might cause a hydraulic jump that could thicken the current by 1.5 [START_REF] Muck | Upslope flow of turbidity currents: a comparison among field observations, theory, and laboratory models[END_REF] to 900 m, which is sufficient for local deposition of fine-grained levee sediments by overflow. Another mechanism that could enhance the resulting current thickness is the interaction or addition of turbiditic flows at the Zambezi and Tsiribihina confluence, as described by [START_REF] Babonneau | The Kramis deep-sea fan off western Algeria: Role of sediment waves in turbiditic levee growth[END_REF] in the Kramis Fan.

Other zones of fine-grained stratified deposits are encountered distally where the Zambezi Valley widens and shallows to about 50 m (Fig. 11,19A). On the right hand side of the valley, an ancient rather classical channel-levee system (Fig. 18B) attests to a previous (not dated) phase when aggradational and overflow processes where more active than today, which is dominated by erosional processes. On the left hand side of the valley, two other zones of fine-grained turbidites possibly relate to inputs from southern Madagascar.

Supply of the Zambezi fan and Mozambican ponded fan

Canyons observed on the upper slope (Jouet and Deville, 2015) and valleys identified on the lower slope by [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] appear under-sized and barely compatible with the high sediment load of the Zambezi River (48 × 10 6 t/yr, Milliman and Syvitski, 1992). Therefore, the connections and paleo-connections from the river to the different elements of the turbidite systems are still not understood.

According to Schulz et al. (2011), and based on sediment rates calculated from cores on the Mozambican slope, the channelized and ponded semi-confined fans would alternate their activity as a function of the relative sea-level: the channelized fan would be fed by the Zambezi inputs during periods of high sea-level, when the littoral drift transports the inputs towards the Northeast and deposit the inner belt on the shelf (Beiersdorf et al., 1980;Schulz et al., 2011); the ponded fan would be supplied during periods of low sea-level through the canyons and channels on the continental slope facing the Zambezi delta. Contradictorily, [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] propose that, during high sea-levels, sediments of the present-day inner mud belt are dominantly transported towards the Angoche Basin (Fig. 1), i.e. further north than the hypothesis of Schulz et al. ( 2011) and can therefore more difficultly feed the Zambezi Valley. [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] suggest that the Zambezi Valley would be supplied during lowering of sea-levels. These contradictory assumptions on the timing of feeding of the northwestern and southeastern parts of the margin (Schulz et al., 2011;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] show that the question of the feeding time of both fans is not resolved yet. Moreover, very high sediment rate (average of about 1 m/ky for the last 120 ky) calculated at IODP Core U1477 (Fig. 11A) on the upper Mozambique slope in the extension of the Zambezi delta (Leg 361, Hall et al., 2016) suggests that this area remained a preferential site of deposition during low and high sea-levels of the last climatic cycle. However, a Holocene sediment rate of 0.2 m/ky was calculated from a PAMELA core (Jouet and Deville, 2015) close to U1477, indicating that supply to this part of the margin varied drastically and that a more detailed stratigraphy of core U1477 is needed to specify the supply of the Mozambican slope during high and low sea-levels.

In the present state of this study, the stratigraphic relationships (synchronicity or diachronism?) between the Zambezi fan and the ponded fan is unknown and our results do not bring decisive arguments to choose between these previous findings (Schulz et al., 2011;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]. Incisions of the Zambezi thalweg (Figs. 14 to 17) are arguments towards recently (currently?) active turbidity currents in the Zambezi Valley, in agreement with the proposition of Schulz et al. (2011). In contrast, moorings in the distal Zambezi Valley (MLP5 and MLP8, Miramontes et al., 2019) did not registered turbidity currents over two years (November 2014 to January 2017), indicating a present-day inactivity of the Zambezi Fan, or at least that the Zambezi Fan is not presently a very active fan, favoring the hypothesis of [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] of a low supply during high stand of sea-level. Moreover, in addition to the shelf circulation that probably influence the feeding of both fans, the Mozambique Current formed on the upper Mozambican slope by southward moving eddies (Walford et al., 2005), probably also contributed to the feeding of the ponded fan by pirating inputs of the Zambezi Valley during high and low sea-level stands. This pirating process was also proposed by Wiles et al. (2013) in the Tugela Canyon (Natal Valley).

Additional sedimentological, architectural and stratigraphical information is needed to conclude on the question of the timing of sediment supply to the Zambezi turbidite system.

Conclusions

The Zambezi turbidite system consists in two architecturally different fans, for which the respective timing of feeding and activity (either erosional or depositional) is not yet established. The Zambezi Fan is a channelized fan mainly composed of the Zambezi Valley, its Madagascan tributaries and a wide distal depositional area. A ponded semi-confined fan (in the Intermediate Basin) is present on the Mozambique rise, westwards from the Zambezi Valley. Main results from this bathymetric and high-resolution seismic study are:

• The Zambezi Fan is a multiple sources fan in which the precise contribution of the Zambezi and Madagascar rivers is not yet quantified. Evidences of intense erosion observed along the entire length of the Zambezi Valley and depositional area indicate that erosive processes were widely active in the recent (current?) time. The Zambezi Valley is composed of a U-shaped thalweg with dimensions comparable to the Tanzanian Channel and NAMOC and an over-sized V-shaped valley more than three times as deep and wide compared to the thalweg. These extreme proportions of the thalweg and valley suggest erosive processes from both turbidity currents in the thalweg and oceanic bottom currents on the upper flanks of the valley. • Presently, the deep entrenchment of the Zambezi Valley limits the overflow of turbidity currents and fine-grained sediments (levees) are mostly absent. The principal sediment accumulation occurs distally from the mouth of the Zambezi Valley and consists mainly of coarse-grained terminal lobes. A single channel-levee system at the mouth of the Zambezi Valley witnesses an "anomalous" aggradational growth pattern in the distal Zambezi Fan. This episode of aggradational deposition, although not accurately dated, is older than the present-day thalweg. • The semi-confined fan (in the lntermediate Basin) is infilled with sheet-like, coarse-grained turbidites and ponded, fine-grained turbidites.

The Zambezi turibidite system, therefore, appears unique in terms of (i) association of 2 separated maybe alternating depocenters, (ii) exceptionally great dimensions of the Zambezi Valley, (iii) recent (current?) widespread erosion and (iv) mainly coarse-grained deposits in the valley and depositional area. These specificities are thought to be largely controlled by erosion/deposition activity of combined turbiditic and oceanic currents. 

Résumé

VI.1 Unresolved scientific issues

In most large turbidite systems (e.g., Bengal Fan: Weber and Reilly, 2018; Nile deep-sea fan: [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]Congo Fan: Picot et al., 2019) extensive sedimentary and stratigraphical datasets are available, which allowed to constrain the origin and age of depositional processes and to establish an interpretation of depositional environments with their forcing mechanisms.

Despite composing one of the largest known turbidite systems in the world, there is, to date, limited sedimentary and stratigraphical data available from the Mozambique Channel. Most sediment-based studies in the Mozambique Channel have concentrated on the Mozambican platform and studied the last glacial-interglacial transition (Just et al., 2014;Schulz et al., 2011;van der Lubbe et al., 2014). One longer sediment record (spanning the last ~200 kyr) was acquired from the Mozambique platform during the IODP leg 361 (U1477, Hall et al., 2016), but a detailed stratigraphy is not yet established for this core.

Only Kolla et al. (1980a,b) presented a dataset of 30 piston cores (10 m long max.) collected from the deepest turbidite system between 20°S-40°S. The major limitation of Kolla's study is the lack of detailed descriptions of sediments and precise stratigraphy.

As such, the objective of our study was twofold:

(1) to make a detailed description of the main sedimentary facies and their interpretation in terms of depositional environments, and

(2) to construct a high-resolution chronostratigraphic framework of the Zambezi turbidite system. Specifically, this study attempted to find answers to the following questions: How is sediment dispersal in the Zambezi depositional system over a series of glacial and interglacial periods? and what is the role of forcing factors (e.g., climate, eustacy and tectonics) on the temporal distribution and depositional patterns of detrital sediment?

VI.2 Summary of the main results

The results of this work are synthesised in a manuscript entitled "Controls on detrital sedimentation in the Zambezi depositional system (Western Indian Ocean) during the Quaternary" that will be soon submitted to Sedimentology. These results are based on the sedimentological and geochemical analyses of 11 piston cores collected from the Mozambique Channel at five specific environmental settings (Zambezi slope, Zambezi Intermediate Basin, Zambezi Valley, Zambezi Lower Fan and Madagascar Margin) (see Appendix B for photographs and synthetic logs of cores).

Our high-resolution sedimentary record, spanning the last 700 kyr, demonstrates that turbidite occurence is low. Nevertheless, in the absence of turbidite deposits, the detrital sediment input to the Mozambique Channel could be deduced from distinct color variability of the hemipelagic facies.

Turbidite deposition occurred irrespective of glacial or interglacial periods, and by extension, of lowstand or highstand sea-level conditions. Hence, it highlights that there is no genetic link between the temporal distribution of turbidite deposition and evolving sea-level conditions over the studied period. This finding is in strong disagreement with the sediment dispersal patterns, forced by the combination of varying sea-level and oceanographic conditions on the Mozambique shelf, recently proposed by Schulz et al. (2011), van der Lubbe et al. ( 2014) and [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] for the last glacial-interglacial transition.

In contrast, a detailed reconstruction of the terrigenous flux over the last 150 kyr suggests that sediment transferred by the Zambezi River on the Mozambican continental slope is favored during maxima in local summer insolation. This suggests that monsoon-related precipitation was the main forcing for continent-ocean sediment transfer in the Zambezi depositional system over the studied period. Nevertheless, if climate and precipitation control the sediment export to the basin, they did not control the initiation of turbidity currents.

Indeed, the occurrence of turbidite deposits do not match with the timing for enhanced terrigenous flux off the Zambezi River. Turbidites of the Mozambique Channel can thus be interpreted to be mainly formed by typical fully turbulent, low density, mixed sediment turbidity currents (see Piper and Normark, 2009 for a thorough review) that transform (i.e. liquefaction) failed sediment (e.g., slides, debris flow from retrogressive failures) from the continental slope.

The studied cores contain yellowish beige and olive to dark grey hemipelagic facies. Because of its low total organic content and very low sedimentation rates, this yellowish beige facies is interpreted as biogenic-dominated sedimentation and is thought to represent the background oceanic sedimentation. Since it is enriched in iron and aluminum (relative to calcium), the olive to dark grey facies highlight terrigenous-dominated input. This facies shows moderate to high sedimentation rates and is associated to terrigenous turbidites.

Those determinations allowed defining an on-off evolution of the distal Zambezi Fan in conjunction with a temporal increase of terrigenous inputs in the proximal Intermediate Basin over the last 700 kyr: "On" mode Zambezi Fan (figure VI.1a): ≥ ~700 -644 ± 3 ka and 550 ± 20 -356 ± 42 ka • The distal parts of the Zambezi depositional system are dominated by olive to dark grey-terrigenous facies with the occurrence of fine-grained, and thick, massive sandy turbidites.

• Olive to dark grey-terrigenous facies in association with fine-grained turbidites are only registered in the more proximal location of the Intermediate Basin. Distally in this basin, sediments are dominated by the yellowish beige-biogenic facies, implying that the detrital inputs are rather restricted.

"Off" mode Zambezi Fan (figure VI.1b): 644 ± 3 -550 ± 20 ka and 356 ± 42 ka -Present • The occurrence of only yellowish beige-biogenic facies with the absence of turbidites evidences a cessation of terrigenous deposition in the distal Zambezi Fan.

• The proximal Intermediate Basin demonstrates an increase in turbidite activity coinciding with more distal deposition of detrital inputs. This suggests a significant increase in the input of terrigenous material. This on-off evolution of the Zambezi Fan demonstrates a northward shift of the depocenter, from the distal Zambezi Fan to the proximal Intermediate Basin. Based on the data presented in this study, it is not possible to constrain the precise forcing for the depocenter change.

Yet, it can be said that this change requires the cessation of the feeding of the upper Zambezi Valley and, more generally, the southward rerouting of the Zambezi terrigenous flux to the Intermediate Basin. This suggests that the cause for the depocenter shift is located upstream of the upper Zambezi Valley and can be caused by a significant change in the location of the Zambezi delta though time or by rerouting of the sediments on the continental shelf under changing oceanographic conditions. Considering the dominance of climate changes over sea-level in the transfer of Zambezi sediments from source to sink, the climate evolution (from arid to more humid conditions over the last 1.3 Myr;Lyons et al., 2015;Johnson et al., 2016) could only explain the increase of terrigenous inputs in the Intermediate Basin at 356 ± 42 ka. However, it cannot explain the attendant cessation of the feeding of the upper Zambezi Valley, at least without a significant change in the location of the Zambezi delta.

Consequently, it seems reasonable to assume a southward migration of the Zambezi delta as the main forcing for northward shift of the depocenter at 356 ± 42 ka. The forcing for the delta migrations may stem from complex origins, in which both autocyclic and allocyclic controls may play a role. In this study the possibility that drainage evolution observed in the Zambezi catchment throughout the Pleistocene (Moore and Larkin, 2001;Moore et al., 2012) could cause delta migrations was tested with neodymium isotopic ratios. A remarkable homogeneity (εNd of -14.4 ± 1.8) was found over the last 700 kyr, independently of sediment types (yellowish beige and dark grey). Considering the high variability in εNd of the potential sources in SE Africa (Van der Lubbe et al., 2016) our data suggest that the expected delta migration was not linked to the evolution of the Zambezi River catchment.

VI.3 Article: "Controls on detrital sedimentation in the Zambezi depositional system (Western Indian Ocean) during the Quaternary " , Fierens et al. (to be finalized and to be submitted)

Introduction

The largest turbidite systems are formed along passive continental margins and are located seaward from large river systems. They are currently a major focus of industry and academic research because they are targets for oil exploration (Shanmugam and Moiola, 1988;Weimer and Link, 1991;Clark and Pickering, 1996;Stow and Mayall, 2000;Pettingill and Weimer, 2002;Mayall et al., 2006) and can hold a potential record of past terrestrial environmental changes (Hesse and Khodabakhsh;1998, Bouma, 2001;;Piper et al., 2007;Clift et al., 2008;[START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF][START_REF] Toucanne | Activity of the turbidite levees of the Celtic-Armorican margin (Bay of Biscay) during the last 30,000 years: imprints of the last European deglaciation and Heinrich events[END_REF]Toucanne et al., , 2012;;Covault et al., 2010;Bonneau et al., 2014). The main forcing factors that influence sedimentary distribution and flux in turbidite systems have been identified for a long time (tectonics, climate, sea-level, hydrodynamics, deep currents, etc.), though their exact role and interplay remains debated (see Hinderer, 2012and/or Romans et al., 2016 for thorough reviews). Initially, the architecture and evolution of turbidite systems and, more generally, the sedimentation on the margins was globally envisioned to be mainly controlled by glacio-eustatic sea-level variations (Vail et al., 1977;Shanmugam and Moiola, 1982;Shanmugam et al., 1985). According to the principle of sequence stratigraphy, the turbidite system develops mainly during sea-level fall and lowstand when the rivers are able to reach the shelf edge and deliver sediment directly to the deep basin (e.g., Vail et al., 1977;Posamentier and Kolla, 2003). However, an increasing number of studies provide evidence that in specific climatic conditions (at both high-and low-latitude) the growth of turbidite systems is also governed by climate that modulates the fluvial discharge and sediment flux from rivers (e.g., Covault and Graham, 2010 for a thorough review). At high latitudes, maximal sediment flux occurs during deglacial sea-level rise when sediment discharge increases in response to the decay of ice sheets (Kolla and Permuttler, 1993;[START_REF] Skene | Late Quaternary stratigraphy of Laurentian Fan: a record of events off the eastern Canadian continental margin during the late deglacial period[END_REF]Zaragosi et al., 2006;Tripsanas et al., 2008;[START_REF] Toucanne | Activity of the turbidite levees of the Celtic-Armorican margin (Bay of Biscay) during the last 30,000 years: imprints of the last European deglaciation and Heinrich events[END_REF]Toucanne et al., , 2012)). At lower latitudes, the intensification of the summer monsoon during interglacial intervals results in higher water and sediment discharges to the ocean, which cause higher turbidity current activity in the deep sea despite sea-level highstand conditions [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]Prins et al., 2000;Bourget et al., 2010;Liu et al., 2016). Despite being one of the largest turbidite systems in the world, there has been little research done on the Zambezi turbidite system. The study of the Zambezi turbidite system started during the eighties by Kolla et al. (1980a, b), who did a regional study on the sediment distribution patterns and physiography. This was followed by the research of Droz and Mougenot (1987) that focused on the various evolution stages of the Mozambique Fan since the Oligocene. More recently, studies focused on the geomorphological character of the Zambezi Channel (e.g., Wiles et al. 2017a, b;Breitzke et al, 2017;Castelino et al., 2017;Flemming and Kudrass, 2018;Fierens et al., 2019), but despite increasing research efforts, the knowledge of the sedimentation in the Mozambique Channel is still very patchy.

The only recent sedimentary data acquired in the Mozambique Channel are predominantly concentrated on the Mozambican platform and only allow the study of the last glacialinterglacial transition (Just et al., 2014;Schulz et al., 2011;van der Lubbe et al., 2014).

In this paper, we fill the gap between geomorphic studies (e.g., [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]Fierens et al., 2019) and long-term geological reconstructions (Walford et al., 2005) by addressing which forcing factors contribute to the temporal distribution and depositional patterns of terrigenous sediment of the Zambezi turbidite system over the last 700,000 years. Specifically, we have analyzed geochemical, sedimentological and stratigraphic characteristics of CHAPTER VI 129 11 piston cores located at five strategic localities in the Mozambique Channel. Our results demonstrate a strong influence of climate in the development of the sedimentary system. Additionally, at a longer time scale, distal-to-proximal shifts in depocenter are recognized of which the control mechanism remains unclear. and 1300 km at 28°S (Breitzke et al., 2017). The Mozambique Channel formed during the break-up of the Gondwana supercontinent in Early Jurassic to Early Cretaceous, when the Africa and Antarctica continental blocks separated (Thompson et al., in press). Madagascar drifted southward relative to Africa along the proto-Davie Fracture Zone to its present position (Leinweber and Jokat, 2012;Mahanjane, 2014). This breakup led to the formation of the N-S trending Davie Ridge (south of 9°S) and the Mozambique and Madagascar Ridges that are located in the southern extension of the Mozambican and Madagascan margins, respectively. The central part of the Mozambique Channel is occupied by multiple isolated carbonate platforms known as the Iles Eparses (Jorry et al., 2016). These small and flat coral platforms are developed on volcanic edifices from Paleocene to Early Miocene (Courgeon et al., 2016). The Zambezi turbidite system covers a major part of the Mozambique Channel. The principal source of sediment to this turbidite system is the Zambezi River (figure VI.2), which is the fourth largest river in Africa and the largest flowing into the Western Indian Ocean (Walford et al., 2005). It has a catchment area of 1.3x10 6 km 2 , total suspended sediment of 48 Mt.yr -1 and drains major parts of the East African Rift System as well as the South African plateau (Thomas and Shaw, 1988;Milliman and Farnsworth, 2011). Walford et al. (2005) defined a long term (120 Ma) record of sediment supply of the Zambezi River towards the Mozambique margin using a two-dimensional seismic reflection survey. These authors propose a possible relationship between increasing sediment flux during Pliocene and an enlargement of the Zambezi watershed area. It is important to note, however, that the Zambezi River drainage reorganization during the Plio-Pleistocene is very complex (Nugent, 1990;Thomas and Shaw, 1991;Moore and Larkin, 2001;Cotterill, 2006;Moore and Cotterill, 2010;Moore et al., 2012) and is still very much debated. The Zambezi turbidite system consists of two very different depositional systems: the Zambezi Fan (figure VI.3) and the Intermediate Basin (figure VI.4) (Fierens et al., 2019). The Zambezi Fan is characterized by the Zambezi Valley with its tributaries (e.g., Tsiribihina Valley) and by its distal distributaries and depositional area. The Zambezi submarine valley is wide, mostly rectilinear and originates in the north from the Mozambique margin [START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]. At present, the submarine valley is disconnected from the Mozambican shelf break and only appears 280 km eastward from the Zambezi River outlet (Schulz et al, 2011;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]Fierens et al., 2019). The upstream part has a NW-SE orientation, which is transverse to the Mozambican margin. Further to the east, the Davie Ridge forms a morphological barrier making the valley change its direction to an N-S trend (Schulz et al., 2011). The Zambezi Valley merges with the Tsiribihina Valley, which originates from the Madagascar margin, at around 22°S. The Zambezi Valley is included in the inner fan by [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF] (zone I in figure VI.2b). At around 25 °S, the submarine valley ends in the Mozambique Basin where lobe deposits accumulate [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF]Fierens et al., 2019). [START_REF] Kolla | Morphology and Quaternary sedimentation of the Mozambique Fan and environs, southwestern Indian Oceans[END_REF] 

Regional setting

Oceanography and climate

A complex and dynamic oceanic circulation pattern characterizes the Mozambique Channel, consisting of large surface gyres and deep oceanic currents (figure VI.2a). Along the Mozambique margin, a train of deep-reaching anticyclonic eddies propagate southward.

These eddies appear to be over 300 km wide and cause a net poleward transport of about 15x10 6 m 3 /sec in the upper 1500 m (de Ruijter et al., 2002;Schouten et al., 2003). The eastern side of the channel is characterized by temporary cyclonic eddies that move from the southern tip of Madagascar in west-southwesterly direction (Quartly and Szokosz, 2004).

The deep oceanic circulation is composed of the Antarctic Bottom Water (AABW) and North Atlantic Deep Water (NADW) and the Antarctic Intermediate Water (AAIW). The AABW (below 4000 m) and NADW (2000 m -3500 m) flow in a northward direction along the western margin of the Mozambique Channel. At 25°S, the bathymetry becomes shallower and the AABW gets deflected towards the east and south. Similarly, the lower portion of the NADW gets deflected towards the south due to decreasing topographic depths at 20°S. The upper part of the NADW forms together with the AAIW (800 m -1500 m) the Mozambique Undercurrent (MUC), which has a mean northward speed of 4.6 cm/s (1500 m) and 4.5 cm/s (2500 m) (Ridderinkhof and de Ruijter, 2003). This undercurrent continues flowing northwards, crosses the Davie Ridge and flows into the Somalie Basin (de Ruijter et al., 2002;Donohue and Toole, 2003;Ridderinkhof and de Ruijter, 2003;Van Aken et al., 2004;Breitzke et al., 2017).

The climate of the East Africa region is governed by the movement of the Intertropical Convergence Zone (ITCZ). On seasonal timescales, the ITCZ migrates meridionally in response to changes in the overhead position of the sun and causing an equatorial zone of humid climate with a high degree of inter-annual rainfall variability. The Zambezi catchment (and the watersheds of Madagascar rivers) gets maximum precipitation during austral summer (December-February) when the ITCZ boundary migrates to the northern half of the Zambezi Catchment (Ziegler et al., 2013).

The available paleoclimate records from the African continent are often either relatively short (e.g., Talbot and Johannessen, 1992;Beuning et al., 1997, Thevenon et al., 2002;Johnson et al. 2002;Kristen et al., 2010) or long but fragmented (e.g., Barker et al., 2002;Trauth et al., 2005). These can be complemented by sediment samples taken from long-lived lakes and paleolakes that provide long, continuous records of terrestrial climate. However, the availability of such high resolution continental paleoclimate archives is limited and they are typically geographically dispersed (Demenocal, 2004). Hence, paleoclimate studies are commonly based on a single core (e.g., Schefuß et al., 2005;Garcin et al., 2006;Brown et al., 2007;Lyons et al., 2015;Johnson et al., 2016;Castañeda et al., 2016). Consequently, the climate history of tropical and subtropical southeast Africa and the mechanisms that control rainfall and temperature are still highly debated.

In general, Eastern African climate is considered to have developed from warmer, wetter conditions in the late Miocene and early Pliocene (Cerling et al., 1997;Woldegabriel et al., 2001) towards progressively cooler and drier climate over the past few million years (Bonnefille, 1983;Cerling, 1992;Potts, 1996;Demenocal, 2004;Trauth et al., 2005). This long term change towards more arid conditions is punctuated with step-like shifts in periodicity and amplitude of glacial-interglacial changes. Throughout the Late Neogene the African monsoon climate varied at periodicities of 23-19 kyr (orbital precession), which was superimposed to high-latitude glacial cycles of 41 ka after ~1.8-1.6 Ma, and of 100 ka after ~1.2-0.8 Ma (Demenocal, 2004). This general assumption is not supported by the core data from Lake Malawi (~10°to 14°S, figure VI.2a), the southernmost lake in the West African Rift Valley. This lake could persist through severe and prolonged arid periods as it is one of the deepest and oldest lakes in the world, making a continuous 1.3-Myr continental record possible (Lyons et al., 2015;Johnson et al, 2016). Based on temperature and aridity records from Lake Malawi, Johnson et al. ( 2016) confirmed the 41-kyr climate periodicity prior to the mid-Pleistocene transition (MPT; ~900 kyr). After the MPT, the environment became progressively more humid with strong 100-kyr cycles consisting of warm, wet interglacial periods and cool, dry glacial intervals (Johnson et al., 2016). This is supported by additional paleoclimate proxies that suggest lower lake levels with frequent water level changes before the MPT followed by overfilled lake conditions (reflecting wetter climate) that were interrupted by intervals of extreme drought until ~100 kyr (Lyons et al. 2015). By correlating core results of Lake Malawi (11°S) with seismic data, Scholz et al. (2007) specified that these extreme drought periods occurred during insolation minima. This is consistent with previous research on the Pretoria Saltpan in South Africa (Partridge et al., 1997).

These results are, in turn, partly contradicted by vegetation and hydroclimate reconstructions of the Limpopo catchment area (~20°-24°S). Here, a long-term aridification was found between 1 and 0.6 Ma, followed by more-humid conditions with no evidence of the megadroughts (Castañeda et al., 2016;Caley et al., 2018). In addition to that, precipitation proxies on a core from Lake Tanganyika (~6°S) indicate numerous abrupt changes in hydrology throughout the past 60 kyr (Tierney et al., 2008).

Materials and methods

Core locations

This study is based on 11 piston cores recovered from the Mozambique Channel between 18°S and 27°S latitude during the PAMELA-MOZ1 (Olu, 2014) Table VI.1: Key parameters of cores investigated in this study including physiography, core number, cruise name, ship, geographic position, core type, water depth and length. CS in the core name indicates Calypso coring system, while KS indicates Kullenberg system. Notice that core MOZ1-KS26 and MOZ4-CS22 are taken at the same location and these are combined to establish a composite core.

Sedimentology

Multiple non-destructive measurements were done over the entire length of the sediment cores. For each core we performed visual description, high-resolution digital photography (figure VI.5) and X-ray radiographs (Geotek-XCT system) that allowed the recognition of the main sedimentary facies and sequences (figures VI.6 to VI.12; Table VI.2), including turbidite deposits. Additionally, grain-size analysis (n = 521) were performed on selected depth intervals of the sediment cores to characterize the main sedimentary facies. Bulk samples were measured using a Mastersizer 3000 laser diffraction particle size analyser coupled to a Hydro LV wet dispersant unit. Finally, the CIE L*a*b* color indices were determined at 1 cm resolution by a Konica Minolta CM 2600d coupled to a GEOTEK Multi-Sensor Core Logger (MSCL). Measurements were carried out with a measurement area of 8 mm and using a daylight illuminant (D65) and 10°viewing angle (specular component excluded). These measurements were performed directly from the split surface of the cores. In this study, we focus on the a* parameter (red-green scale) of the spectrophotometric results, which is a good indicator for the color differences present in the piston cores. In order to understand the mechanism of color changes evident in our sediment cores, we performed several geochemical analyses.

Figure VI.6: Photograph, X-ray picture and grain-size results that illustrate the hemipelagite (H) or contourite sensu lato facies. This is a detail taken from MOZ2-KS05 (Intermediate Basin). This facies corresponds to the yellowish beige facies used in the main text (Section 5.1) to illustrate the biogenic-dominated sedimentation (with very low sedimentation rates, <2 cm/kyr) at the studied sites. D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corners, as well with big white dots on the X-ray image and black arrows in the grain-size data. 4). Note that the two ages demonstrate that the coarser interval (C), showing both inverse-(at the bottom) and normal-grading (at the top) intervals, settled in ca. 13 kyr. This excludes the possibility for an instantaneous gravity flow deposit, and supports our interpretation for a contouritic facies.

Figure VI.8: Photograph, X-ray picture and grain-size results demonstrating fine-grained turbidite (T) and hemipelagite (H) facies. This is a core section from MOZ4-CS22 (Intermediate Basin). Note that the hemipelagite (H) facies here described corresponds to the olive to dark grey facies used in the main text (Section 5.1) to illustrate the terrigenous-dominated sedimentation (with moderate to high sedimentation rates, ~up to 9 cm/kyr at MOZ4-CSF20) at the studied sites. D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corners, as well with big white dots on the X-ray image and black arrows in the grain-size data.

Figure VI.9: Photograph, X-ray picture and grainsize results showing another example of a finegrained turbidite (T) and hemipelagite (H 1 , H 2 ) facies. This is a part of core MOZ2-KS05 (Intermediate Basin). Note that the hemipelagite (H 1 , H 2 ) facies here described corresponds to the olive to dark grey facies used in the main text (Section 5.1) to illustrate the terrigenous-dominated sedimentation (with moderate to high sedimentation rates, ~up to 9 cm/kyr at MOZ4-CSF20) at the studied sites. D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corners, as well with big white dots on the X-ray image and black arrows in the grain-size data. Figure VI.12: Photograph, X-ray picture and grain-size characterizing whitish grey carbonate turbidites (T) and hemipelagite (H) facies, found in core MOZ4-CS22 (Intermediate Basin). Note that the hemipelagite (H) facies here described corresponds to the olive to dark grey facies used in the main text (Section 5.1) to illustrate the terrigenous-dominated sedimentation (with moderate to high sedimentation rates, ~up to 9 cm/kyr at MOZ4-CSF20) at the studied sites. D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corner, as well with big white dots on the X-ray image and black arrows in the grain-size data.

Geochemistry

Semi-quantitative determinations of geochemical profiles for major elements were acquired by an X-ray fluorescence (XRF) Avaatech core scanner. Measurements were done on each piston core and performed every centimeter with a counting time of 10 sec. The chemical elements (Al, Si, Ca ,Ti ,Fe) were detected by using two acceleration voltages (10 kV and 30 kV, respectively). The Al/Si and Fe/Ti ratios reflect variations in sediment delivery, while the ratio of Ca/Fe is indicative of biogenic primary productivity and, by extension, of past climate variability (see Richter et al., 2006;Rothwell et al., 2006;Govin et al., 2012 for thorough reviews). Additionally, quantitative determination of total CaO concentrations were obtained by a Bruker S8 Tiger CRF spectrometer in 10 selected sediment samples from core MOZ4-CSF20 (Zambezi slope). Both cores retrieved from the Zambezi Valley (MOZ1-KSF30 and MOZ2-KS11) were analyzed for their total organic carbon (TOC) content using the Shimadzu Total organic carbonate (TOC-L CSH) analyser with a NDIR (Non-Dispersive Infra-Red) sensor. Samples were taken with a step size of 20 cm, dried (50°C), crushed and decarbonized using HCl (4%). TOC content was calculated by subtracting the Inorganic Carbon (IC) content from the Total Carbon (TC) content. TC is determined on samples that underwent combustion catalytic oxidation at 680°C and IC is detected on samples that were acidificated by phosphoric acid.

Finally, 25 samples were analyzed for their Neodymium isotopic composition (εNd) in order to identify the source regions of Mozambique Channel sediments. Samples were taken at selected depth intervals on 7 different cores (MOZ1-KS26, MOZ4-CS22, MOZ2-KS05, MOZ1-KSF30, MOZ2-KS11, MOZ2-KSF15 and MOZ2-KSF13). The dried fine-grained fractions (typically ~0.5 g) were crushed using an agate mortar and pestle. All carbonate, FeMn oxide and organic components were removed using a sequential leaching procedure (see Bayon et al., 2002 for details), after which the clay fraction (<2 µm) was separated by repeated centrifugation. The terrigenous fraction of each sediment sample was digested by alkaline fusion (Bayon et al., 2009). Prior to analyses, the Nd fractions were isolated by ion chromatography (see details in Bayon et al., 2012). Isotopic measurements were performed at the Pôle Spectrometrie Ocean, Brest (France), using a Thermo Scientific Neptune multi-collector ICPMS. Mass bias corrections on Nd were made with the exponential law, using ( 146 Nd/ 144 Nd) = 0.7219. Nd isotopic compositions were determined using samplestandard bracketing, by analyzing JNdi-1 standard solutions every two samples. Mass-bias corrected values for 143 Nd/ 144 Nd were normalized to a JNdi-1 value of ( 143 Nd/ 144 Nd) = 0.512115 (Tanaka et al., 2000). Replicate analyses of the JNdi-1 standard solution during the course of this study gave ( 143 Nd/ 144 Nd) = 0.512095 ± 0.000009 (2SD, n = 150), which corresponds to an external reproducibility of ~±0.3 ε-units, taken as the estimated uncertainty on our measurements. In this study, both measured 143 Nd/ 144 Nd ratios and literature data are reported in εNd notation [( 143 Nd/ 144 Nd) sample /( 143 Nd/ 144 Nd) CHUR -1] x 10 4 , using ( 143 Nd/ 144 Nd) CHUR = 0.512638 (Jacobsen and Wasserburg, 1980).

Stratigraphy

Visual characterisation, XRF and colorimetry (a*) data suggest facies changes in the context of climate evolution (figure VI.15). To verify this, we have constructed accurate age models for all cores based on stable isotopes (C/O), radiocarbon acceleration mass spectrometry (AMS) 14 C dating and nanno-fossil age determinations.

Foraminifera used for stable isotopes (figures VI.5 and VI.13) and 14 C datings were found along the hemipelagic layers with a sample step of 5 to 20 cm. These hemipelagic layers are not contaminated by reworked material and represent intervals of continuous sedimentation. The samples were dried and wet-sieved at 63 µm. For oxygen isotope analysis about 100 µg of the benthic foraminifera species Cibicides wuellerstorfi were picked with a size fraction between 250 and 425 µm. VI.3). Analyses were performed at the BETA Analytics laboratory (USA) on shells of planktic foraminifera (mainly G. ruber) with a fraction between 250 and 315 µm. Radiocarbon ages were first corrected for reservoir age and then calibrated to calendar age using the IntCal13 calibration curve (Reimer et al., 2013). Reservoir correction was inferred from radiocarbon measurements in prebomb known-age shells and coral from the tropical SW Indian Ocean (Southon et al., 2002) and calculated according to the uncalibration-convolution process of Soulet (2015), giving a current regional reservoir age of 426 ± 76 14 C years. Due to the lack of knowledge about changes of this regional reservoir age through time, this value was used to correct all 14 C ages from this study. Finally, the stratigraphic framework allows the calculation of linear sedimentation rates (figure VI.16) and mass accumulation rates (figure VI.17; see below for details).

Mass accumulation rates

Terrigenous supplies were quantified for core MOZ4-CSF20 by the calculation of the mass accumulation rates (MAR or terrigenous flux). For this purpose, the coring artefacts were first corrected based on the CINEMA software developed at IFREMER (Bourillet et al., 2007). The MAR, in g cm -2 kyr -1 , were subsequently calculated for glacial and interglacial periods according to the following formula:

MAR = LSR * DBD * (1 -carbonate content)
with LSR for Linear Sedimentation Rate (cm kyr -1 ) and DBD for Dry Bulk Density (g cm -3 ).

The latter has been calculated by the formula DBD = 2.65 * (1.024-D wet )/(1.024-2.65), where 2.65 equals the mean grain density (in g cm -3 ) and 1.024 is the interstitial water density in g cm -3 (Cremer et al., 1992). The wet bulk densities (D wet ) were derived from gamma-ray attenuation density measurements. Table VI.3: Radiocarbon dates from the Mozambique Channel. The age dates were corrected for a marine reservoir effect and calibrated to calendar ages using the atmospheric calibration curve IntCal13 (Reimer et al., 2013).

Chronostratigraphic framework

Reliable age models for 9 cores were constructed by synchronizing the C. wuellerstorfi δ 18 O isotopes record with the global benthic foraminiferal LR04-stack of Lisiecki and Raymo (2005) (figures VI.13 and VI.14). Results obtained from cores MOZ1-KS26 and MOZ4-CS22 (twin cores, i.e. taken at the same location) are combined to establish a composite age model, with the upper part of the record corresponding to MOZ1-KS26. In the text and figures that follow, we thus use the name MOZ1-KS26 to denote this composite record. For tuning, tie-points were limited to clearly identifiable boundaries (i.e. marine isotope stage -MIS-boundaries), including Terminations (glacial-interglacial transitions) (Railsback et al., 2015) (Table VI.4). The chronology of the uppermost portion of the cores is supported by 27 additional radiocarbon ages (Table VI.3). The age model of core MOZ4-CSF20 encompasses the last 162 ka (i.e. core bottom corresponding to mid-MIS 6). Meanwhile, the age model of core MOZ2-KS05 revealed that this core extends back to 718 ka (MIS 18).

The other seven cores register a maximum age that lie in between these two ages and are listed in table VI.4 and figure VI.5.

The glacial/interglacial amplitude of our δ 18 O data (ca. 2 ‰ over the last 4 climate cycles) closely matches with the standard LR04 stack (figure VI.13). However, the stable oxygen isotope values generally vary between 2.5 and 4.5 ‰, making them consistently 0.5 ‰ lower than the LR04 record. This offset is probably related to the different water depths and local signature of our cores (3553 ± 1052 m depth) with respect of the signature of the cores used to produce the LR04 stack (3127 ± 1992 m depth). Additionally, sediment archives recovered from the distal part (MOZ2-KSF15, MOZ2-KSF13, MOZ2-KS11 and MOZ1-KSF30) demonstrates slighter higher values per mil VPDB than cores taken in the northern part of the study area (MOZ4-CSF20, MOZ1-KS26, MOZ2-KS05 and MOZ1-KSF24). In accordance with the findings of McCave et al. (2005), this lateral variation of the benthic δ 18 O signature likely results from the different deep water masses present at these sites (AABW and NADW, respectively).

Results

Lithofacies

Sediment distribution within the Zambezi turbidite system has been investigated on the basis of 11 sedimentary cores. Six main sediment facies have been inferred from visual description, X-ray radiographs and grain-size analysis (Table VI.2). Core MOZ4-CS21, sampled on the Zambezi slope, is predominantly composed of homogeneous dark grey silty-to sandy-clay (figure VI.7). These sediments are characterized by poor sorting, frequent inverse grading and a general bimodal grain-size distribution. Consequently, these muds solely found in MOZ4-CS21 can be interpreted, according to Stow and Lovell (1979) and Stow and Piper (1984), as contouritic deposits, i.e. sediments deposited or substantially reworked by the persistent action (e.g., selective deposition, winnowing, erosion) of bottom currents (Rebesco et al., 2014). The other sediment cores from the Mozambique Channel consist predominantly of hemipelagic deposits (figure VI.6), which are widely distributed throughout the entire study area. This facies shows significant color variability between the yellowish beige versus dark grey types, and consists of bioturbated mud (minor grain size mode = ~4 µm) with abundant foraminifera (major grain size mode of ~450 µm). As a prominent example, the variability in both color (beige versus grey) and composition (biogenic -Ca-versus detrital -Fe, Al-components) of hemipelagic deposits is nicely depicted at site MOZ2-KSF15 from MIS1 to MIS17 (figure VI.15). The hemipelagic succession is disturbed by mainly fine-grained or massive sandy turbidites that can be easily identified Figure VI.14: Synthesis of sediment color changes (olive grey to yellowish beige) and occurrence of turbidites on an age scale for different studied cores for which ages were determined. The frequency of turbidites (italic white numbers per MIS stage) is represented with calculated recurrence time (duration each isotope stage -ka-divided by amount of turbidites per isotope stage) and Gaussian shaped curves (the higher the curves the more turbidites). The black Gaussian curves are siliciclastic turbidites and blue curves indicate carbonate turbidites. For each core, the small black dots are the exact age of the turbidites and the white epsilons are the age of the various Nd Isotope Ratios found. For the various color transitions age estimations are given. For MOZ4-CS25, the position of obtained biostratigraphic (B.) and radiocarbon dates are illustrated. The reference curve LR04 proposed by Lisiecki and Raymo (2005) is illustrated at the bottom.

Table VI.4: Control points used to fit δ 18 O records of the different cores for which we determined complete age models by comparing to the LR04-stack of Lisiecki and Raymo (2005). Isotopic events given are defined by Railback et al. (2015). Depths shown between parentheses represent an isotopic event that is not used as control point in a particular core. This level has been determined by interpolation between adjacent levels. by their coarseness (except at site MOZ2-KS05, see below), normal grading and distinct erosive bases (e.g., Stow and Piper, 1984). Fine-grained turbidites (figure VI.8) have a relative widespread occurrence in the turbidite system as they are observed on the Mozambique 

Sedimentation rates, fluxes and turbidite deposit frequencies

Based on the age models, sedimentary accumulation rates (SAR) have been determined

for each glacial and interglacial period (according to the MIS boundaries of Lisiecki and Raymo, 2005) (figure VI.16).

Overall, for all cores, relatively low sedimentation rates are found. SAR varies between 0.13 cm/ka (MOZ2-KS05) and 9.64 cm/ka (MOZ4-CSF20) and glacial and interglacial periods show no major differences in values. The data also indicate a general decrease of mean sedimentation rate with increasing distance from the source areas. The highest agedepth profile gradient and mean sedimentation rate (6.1 cm/ka) is found most proximal at the Mozambique margin (MOZ4-CSF20) over the past ~160 kyr (figure VI.16). Further to the south, the proximal Intermediate Basin (MOZ1-KS26) records a mean SAR close to 3.0 cm/ka during MIS 13 to MIS 1. More distal in the Intermediate Basin (MOZ2-KS05) the mean SAR value is similar over the last 243 ka (MIS 7 to MIS 1). Before, between MIS 18 to MIS 8, a very low mean sedimentation rate of 0.3 cm/ka is found. The cores from the distal Mozambique Basin (MOZ1-KSF30, MOZ2-KS11 and MOZ2-KSF15) record average sedimentation rates close to 2.0 cm/ka (and distinct lower profile gradients) over the past ~700 ka. It is interesting to note that increased sedimentation rates (to 3.6 cm/ka) from 715 to 910 cmbsf in the Zambezi lower fan site are coeval with the deposition of a Fe-and Al-rich, dark grey hemipelagic facies (figure VI.15C to VI.15E). Finally, the cores retrieved from the Madagascar margin (MOZ1-KSF24 and MOZ2-KSF13) show mean sedimenta-tion rates of 2.3 cm/ka during the past ~350,000 yr. The 'proximal' location of core MOZ4-CSF20, added to the high sedimentation rates (up to ~10 cm/ka) and the recognition of the main stratigraphic δ 18 O features (e.g., MIS5a to MIS5e) over the last ~162 ka led us to quantify sediment flux (i.e. mass accumulation rates, MAR) at this site in order to explore the possible relationship existing between climate changes and terrigenous inputs over the last climate cycle (figure VI.16). The results reveal that MAR ranges from 2-3 g.cm 2 .kyr -1 during glacial intervals (MIS2, MIS6) to 5-7 g.cm 2 .kyr -1 during interglacials (MIS1, MIS5), with MAR peaks corresponding to the warm substages (i.e. MIS5a, c and e) (figure VI.17).

Figure VI.17: (A) Pretoria Saltpan rainfall data (mm/year) from Partridge et al. (1997) with varying austral (DJF) summer insolation at 30 °S. (B) FE/K record of CD154-10-06P (Simon et al., 2015). The 17 point running mean is specified in black. This ratio indicates more humid climate in accordance with high austral (DJF) summer insolation at 30 °S. (C) XRF Fe/Ca ratio of MOZ4-CSF20 (grey) with its 9 point running average (black). Lower values of the Fe/Ca ratio observed during MIS5a, MIS5c and MIS5e are mainly due to dilution of carbonate content by an increase of Zambezi terrigenous sediment (Simon et al., 2015). (D) Mass Accumulation Rates (MAR) with error bars for core MOZ4-CSF20. The MAR results shown in green (dashed) are based on an age model where the tie-point for MIS 5 correspond to the δ 18 O substages boundaries, while those in blue have been calculated based on an age-model for which tie-points corresponding to the peaks (i.e. warm substages) and lows (i.e. cold substages) of MIS 5. Note that MAR are significantly higher in the second case, thus revealing that MAR are not sensitive to sea-level changes (E) but to local insolation forcing and monsoon-related precipitations (A). (E) The benthic δ 18 O signature of core MOZ4-CSF20. In green dashed line is the age model with tie-point within MIS5 put on the boundaries of the substages; the blue line is the age model with tie-points located on the peaks of MIS5 substages. The reference curve LR04 proposed by Lisiecki and Raymo (2005) is shown in black with the relative seal-level (RSL) data from Grant et al. (2014) Finally, the sediment inputs in the turbidite plains have been examined through the calculation of the turbidite frequencies. For all individual cores, the duration of each isotope stage (ka) is divided by the amount of turbidites per isotope stage, thus giving turbidite recurrence times per isotope stage as presented through white numbers in figure VI.14. For the ease of comparison, additional Gaussian shaped frequency plots are constructed. Their height increases when the turbidite frequency increases. Overall, relative long turbidite recurrence times are found (general average of 26 kyr) and no apparent distinction is found between interglacial and glacial periods, i.e. intervals of high and low sea-level respectively. In the Zambezi depositional system, both proximal and distal sites indicate a low turbidites occurrence from MIS 13 to MIS 9 (turbidite recurrence times of ca. 40 kyr). During the last ~300 ka, the turbidite activity increases at proximal sites (Zambezi slope and Zambezi Intermediate Basin sites; turbidite recurrence times of ca. 23 kyr) but decreases substantially (i.e. only turbidites in MOZ2-KS11) in the distal part of the system (Zambezi Valley and Zambezi Lower Fan). On the Madagascar margin, the cores register similar to slightly higher turbidite activity (average recurrence time of 18 kyr over the last 300 ka) with a maximum activity (turbidite recurrence times of ca. 10) during MIS2-4 (MOZ1-KSF24) and MIS7-8 (MOZ2-KSF13).

Nd Isotope Analysis

The εNd values obtained in the hemipelagic deposits of the studied cores range from -12.2 to -20.6 (n=25) (Table VI.5) and the dataset show a remarkable homogeneity over the last 700,000 years. Indeed, 20 of the 25 measurements give εNd values ranging from -13 to -15 (whatever the type of hemipelagic deposit, i.e. yellowish beige versus dark grey, see below), and only two samples show εNd values far from this range for MIS10 at sites MOZ2-KS05 and MOZ1-KSF30, respectively). The mean εNd value for the whole dataset is -14.4 ± 1.8. 

Discussion

Tracking detrital sediment input in the Mozambique Channel and the Zambezi turbidite system

Turbidites found along submarine channels and in deep oceanic basins can be good indicators of fluvial inputs (Normark and Piper, 1991;Piper and Normark, 2009;Covault and Graham, 2010) and of their variability over time (e.g., Covault et al., 2010;Bonneau et al., 2014). The genetic link between turbidites and fluvial sources in the Mozambique Channel is highlighted by the recurrent, fine-grained turbidite successions found along the upper Zambezi Valley (MOZ4-CSF20) and the Tsiribihina Valley (MOZ1-KSF24), while turbidites are rare in the distal Zambezi depositional system (e.g., MOZ2-KSF15) (figures VI.5 and VI.14). This proximal-distal trend in the occurrence of turbidite deposits is associated to decreasing sedimentation rates to the distal part of the Zambezi depositional system, as shown from site MOZ4-CSF20 (mean sedimentation rates of 6.1 cm/kyr over the last ~160 kyr) to site MOZ2-KS11 (2.3 cm/kyr over the same time interval) for ex-ample (figure VI.16). In addition to turbidites, hemipelagic sediment significantly contributes to this trend. Hemipelagic sediment in turbidite succession consists of olive to dark grey, foraminifera-rich silty-clay with a total organic content (TOC) of up to 0.5% (figure VI.18). This sediment facies, together with fine-grained turbidites, is described throughout the MOZ4-CSF20, MOZ1-KS26, MOZ1-KSF24 and MOZ2-KSF13 cores. Considering their proximity to terrigenous sediment sources (i.e. Zambezi, Tsiribihina or Onilahy rivers), we assume that suspension/transport of fluvially derived sediment by oceanographic processes (likely including internal tides, geostrophic currents; Shanmugam, 2013;2018, Gardner et al. 2017) participate together with turbidity currents to the terrigenous sedimentation on the studied margins. This has been thoroughly discussed for the Mozambique margin and the Zambezi River for the past 20 kyr (van der Lubbe et al., 2014), and our data suggest that this process is effective along the Mozambique and Madagascar margins over the last glacial-interglacial cycles (at least since MIS 13 and MIS 10 at sites MOZ1-KS26 and MOZ1-KSF24, respectively). The description of dark grey silty-to sandy-clay showing inversely-graded sequences at site MOZ4-CS21 (figure VI.7, table VI.2) suggests, in agreement with previous results of Kolla et al. (1980a, b), that the terrigenous sedimentation along the Mozambique margin can be impacted by bottom-currents.

Yellowish beige foraminifer ooze dominates in the distal Zambezi depositional system (e.g., MOZ1-KSF30, MOZ2-KS11, MOZ2-KSF15, MOZ4-CS25) (figures VI.5 and VI.14). This sediment, characterized by low TOC (~0.1 %) and very low sedimentation rates (<2 cm/kyr) (figure VI.18), is interpreted as a pelagic facies (Kolla et al., 1980a,b;Stow and Piper, 1984) and it constitutes the background oceanic sedimentation in this region. The pelagic facies constitutes a 3 to 7 m thick sediment cover at the studied sites (figure VI.5), including those located at the edge of the Zambezi Channel (including levees) (i.e. MOZ1-KSF30 and MOZ2-KS11). Only a few massive sandy turbidites (e.g., figure VI.10) are observed in the ~6 m of pelagic sediment in the upper part of core MOZ2-KS11, located at only ~1,500 m distance and ~30 m elevation from the present-day channel (figure VI.14). Stratigraphic results indicate that the pelagic sequence at this site covers the past ~318 kyr. Taken together, these results suggest that the Zambezi Channel was fed by rare, sandy turbidity currents over this period. These turbidity currents rarely produced levee-overbank deposits. The presence at site MOZ2-KS11 of olive to dark grey silty-clay sediments and organic-rich, fine-grained turbidites below the pelagic sequence suggests a very different pattern for sediment inputs before this date (figure VI.18). This facies transition -from yellow-pelagic to grey-terrigenous sediment -is observed at regional scale (i.e. in cores MOZ1-KSF30, MOZ2-KS11, MOZ2-KSF15, MOZ4-CS25; figures VI.5 and VI.14) and occurred between 437±5 kyr (MOZ2-KSF15) and 318±2 kyr (MOZ2-KS11) depending of the depositional environments (i.e. channel edge, levee, lobes; figure VI.14). Fine-grained turbidites, interpreted as levee-overbank deposits, are described on the levee (MOZ1-KSF30) while thick, massive sandy turbidites are found downstream at the channel outlet (MOZ4-CS25). Although no silt or sand laminae are visible in the grey silty-clay facies at MOZ2-KSF15 (between 7 m and 10 m in particular; Figure VI.15E, F), the enrichment in iron and aluminium (relative to calcium; see figure VI.15C, D) and the higher sedimentation rates (i.e. two-fold increase relative to the pelagic facies; figure VI.15D) could indicate, together with the depositional environment, that this facies is made of stacked, base-cut-out mud turbidites (Stow and Piper, 1984). Whatever the process, we assume that this homogeneous grey facies at MOZ2-KSF15 (ca. 437±5 to 508±7 ka; figure VI. At the Mozambique slope site (MOZ4-CSF20), closest to the Zambezi River Delta, some fine-grained turbidites (cm-to dm-thick) are found within the olive to dark grey hemipelagic deposits that extend from MIS 6 to MIS 1 (figures VI.5; VI.14). Our age model indicates that these turbidites occur throughout the entire stratigraphic record (overall turbidite recurrence time of 22 kyr), irrespective of glacial or interglacial periods, and by extension, of lowstand or highstand sea-level conditions (figure VI.14). In fact, they reveal a complex, temporal pattern wherein significant turbidite activity occurs at the end of MIS 6 (max. lowstand; sea-level of -100/-130m, Grant et al., 2014;Waelbroeck et al., 2002) as well as at the beginning of MIS 5 (max. highstand; sea-level of +7 m) and yet no turbidites appear during the Last Glacial Maximum (MIS 2; sea-level of -120 m) (Grant et al., 2014;Waelbroeck et al., 2002). Not far south from site MOZ4-CSF20, and still proximal to the Zambezi terrigenous sediment source, the Intermediate Basin (i.e. MOZ1-KS26) demonstrates similar results. Indeed, grey silty-clay sediments deposited over the last ~500 kyr (figure VI.5) are disturbed over its entire range by turbidites, regardless of glacial and interglacial cli- Note that these cores include both the yellowish beige (figures VI.6 and VI.10) and the olive dark grey (figures VI.8, VI.9 and VI.12) hemipelagite facies that we interpret as biogenic-and terrigenousdominated sedimentation, respectively.

On the other side of the Mozambique Channel, off the Tsiribihina River, core MOZ1-KSF24 consists over its entire length of grey-terrigenous facies that encompasses MIS 1 up to MIS 10 (figure VI.5). Here, all terrigenous beds (n=11) are found in the top 6 meters of the core, corresponding to the last ~230 ka and occur regardless of glacial or interglacial periods . The southeastern part of the Madagascar Margin (MOZ2-KSF13), located near the Onilahy sediment source, records glacial and interglacial fine-grained turbidites that occur throughout the entire stratigraphic record that spans the past ~290 kyr. Therefore, all together, the sedimentary records observed in different proximal depositional environments reveal that turbiditic contributions on the margins happened in both glacial and interglacial conditions and no substantial maximum of turbidite sedimentation is detected during glacial low sea-level periods, as currently expected (Prins et al., 2000;[START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF]Bourget et al., 2010;Liu et al., 2016) (figure VI.14). Indeed, the significant turbidity current activity during interglacial sea-level highstand opposes the traditional sequence-stratigraphic interpretations that predict more turbidity current activity during sea-level fall and lowstand because of fluvial incision and increased fluvial transport to the marine basin (Posamentier and Vail, 1988;Kolla andPerlmutter, 1993, Piper et al., 1997). This finding suggests that changing sea-level conditions do not exert a primary control on the evolution of the sediment input in the Zambezi deep-sea turbidite system. In order to test the possible impact of climate changes alone, and of the southern African monsoon in particular, on the sediment delivery to the Mozambican margin, we reconstructed the terrigenous fluxes (MAR, see Section 3.5) at MOZ4-CSF20, located closest to the Zambezi river mouth. Contrarily to sedimentation rates (SAR), the MAR allows to put aside the biogenic carbonate fraction that is related to primary productivity, and that significantly 'pollutes' the terrigenous contribution in low sedimentation rate environments. Contrary to the SAR, MAR show a significant variability over the last climatic cycle (figure VI.17).

The results reveal higher terrigenous inputs during interglacials (MIS1, MIS5) and lower inputs during (full) glacials (MIS2, MIS6). This orbital-scale pattern is corroborated during the MIS 5 with enhanced terrigenous inputs during the warm substages (MIS5a, c and e) and associated sea-level highstands (figure VI.17D). Taken together with the timing for turbidite deposition, these results confirm that sea-level conditions and the associated impact on the river-canyons connection do not control the continent-ocean sediment transfer on the Mozambican margin as was recently proposed by Schulz et al. (2011), van der Lubbe et al. (2014) and [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]. In contrast, our results suggest that warm conditions favored sediment transfer. Hence, we assume that our results reflect the direct influence of the southern African monsoon. Indeed, growing evidence suggests enhanced monsoon in SE Africa during interglacials (and low precession intervals, i.e. warm substages, in particular; e.g., Partridge et al., 1997;Simon et al., 2015;Johnson et al., 2016). This intensification of the monsoon have caused an increase of the Zambezi water discharge and sediment load that in turn enhanced fine-grained fluvial sediment supplies towards the Mozambican margin. This interpretation is consistent with the monsoonal-related variability in sediment inputs observed on the Nile [START_REF] Ducassou | Evolution of the Nile deep-sea turbidite system during the Late Quaternary: influence of climate change on fan sedimentation[END_REF], Tanzanian (Liu et al., 2016), Congo (Picot et al., 2019) and Ganges-Brahmaputra (Weber et al., 1997) margins and associated turbidite systems.

Interestingly, the occurrence of turbidites in the Zambezi turbidite system (both during glacial and interglacial periods) does not match the timing for enhanced terrigenous inputs off the Zambezi River (warm substages of the interglacial intervals) (e.g., figure VI.17).

Thus, we assume that the main initiation process for turbidity currents in the Mozambique Channel is the transformation (i.e. liquefaction) of failed sediment (e.g., slides, debris flow from retrogressive failures) from the continental slope. Turbidites of the Mozambique Channel could then be interpreted as slide-generated turbidites formed by typical fully turbulent, low density, mixed sediment turbidity currents (see Piper and Normark, 2009 for a thorough review). Several mass-movement features are reported on the outer shelf (Cattaneo et al., 2017) and the continental rise (Fierens et al., 2019) that could support this interpretation.

Distal to proximal migration of depocenter

Distally in the Zambezi depositional system, the cores from the Zambezi Valley and Zambezi lower fan are characterized by olive to dark grey silty-clay that extends from MIS 13-14 (see MOZ1-KSF30, MOZ2-KSF15 and MOZ4-CS25; figure VI.14) to transition MIS 10/9 (MOZ2-KS11 and MOZ1-KSF30) (figure VI.14). This detrital facies, characterized by increased SAR (~3 cm/kyr, i.e. 3-fold increase in comparison to the younger deposits) at MOZ1-KSF30 (figure VI.18) and MOZ2-KSF15 (figure VI.15), encompasses both warm, humid (interglacials) and cold, arid (glacials) periods. At the same time, coarse, organic-rich turbidites are observed on the Zambezi Channel edge (MOZ2-KS11), spill-over deposits are found on the channel levee (MOZ1-KSF30), and coarse sands are deposited downstream from the channel outlet (MOZ4-CS25). Thus, terrigenous sediment supply reached the distal parts of the Zambezi system over this period of time. In contrary, the abrupt change in sedimentation to a yellowish beige sediment cover at all these distal sites after the MIS10/9 transition demonstrates the ceasing of terrigenous activity towards the distal depositional sites and, by extension, the distal Zambezi fan. The age of 318 ± 2 kyr at site MOZ2-KS11 (edge of Zambezi Valley) constitutes a minimum age estimate for this major sedimentation change.

Interestingly, an inverse pattern is observed in the Intermediate Basin and at site MOZ2-KS05 in particular. At this site, turbidite-starved yellowish foraminifer ooze (average SAR of 0.29 cm/kyr) dominates until 356 ± 42 ka (figure VI.14) while fine-grained turbidites and the associated grey terrigenous facies (SAR of 1.96 cm/kyr) deposited thereafter. In a more proximal location, core MOZ1-KS26 records a grey-terrigenous facies over the last ~500 ka (at least). Over this period, an increase in the turbidite frequency at site MOZ1-KS26 is observed at the same time that turbidites appear at the distal site MOZ2-KS05 (figure VI.14).

In other words, the increase of detrital inputs at MOZ1-KS26 is coeval with the arrival of turbidity currents and detrital inputs at MOZ2-KS05. Taken together, these observations suggest a significant increase in the detrital supplies and the westward progradation of the depositional system in the Intermediate Basin.

Importantly, the age found for the increase of turbidity current activity in the Intermediate Basin (356 ± 42 ka) corresponds within uncertainty to the age (>318 ± 2 kyr) for the end of turbidity current activity, and of terrigenous supplies in general, in the deep system ~490 km more to the south. Therefore, a major change in the feeding of the Zambezi depositional system occurred at ~356±42 ka. Before this date, terrigenous supplies occurred in the deep Mozambique Basin as well as in the (proximal) Intermediate Basin, while the Intermediate Basin becomes the unique depocenter for Zambezi-derived sediments after ~356 ± 42 ka.

Potential causes for the depocenter shift

Several possible forcings can be considered to explain the northward shift of the depocenter, from the distal Zambezi Fan to the Intermediate Basin, observed in the Zambezi turbidite system at 356 ± 42 ka. Basically, this change requires the cessation of the feeding of the upper Zambezi Valley and, more generally, the southward rerouting of the Zambezi terrigenous flux to the Intermediate Basin. This suggests that the cause for the depocenter shift is located upstream of the upper Zambezi Valley, either at the continent-ocean transition (i.e. from the Zambezi alluvial plain to the continental shelf) or in the Zambezi catchment.

Thus, deep-sea forcings such as tectonic (e.g., through active faulting; Deville et al., 2018), sedimentologic (e.g., modification of sediment routing by a large mass transport deposit; Dennielou et al., 2019) or oceanographic reorganizations (e.g., bottom-current reinforcement and the complete winnowing of the turbidite flows; Shanmugan and Moiola, 1982) are rejected, considering they cannot explain both the cessation of the turbidite activity in the Zambezi Fan and the increase in the terrigenous flux in the Intermediate Basin. Below, we discuss two possibilities for the southward rerouting of the Zambezi terrigenous flux to the Intermediate Basin at 356 ± 42 ka. The first possibility is a rerouting of Zambezi sediments on the continental shelf under changing oceanographic conditions, while the second option implies a significant change in the location of the Zambezi mouth through time. Hence, one could assume that the 'post-flooding' or highstand (interglacial) pattern for sediment dispersion on the Zambezi shelf dominated before 356 ± 42 ka, with a perennial feeding of the Zambezi Valley and distal fan, while the lowstand pattern dominated thereafter. This could have been forced by the complex interactions between sediment inputs, delta progradation/retrogradation and oceanographic conditions, i.e. changes in the equilibrium response of the shelf system at long time scale. However, the northward transport of the Zambezi sediments to the Zambezi Valley (i.e. highstand pattern; Schulz et al., 2011;van der Lubbe et al., 2014) does not seem to have an impact on the sedimentation in the Zambezi Valley and the Zambezi fan, neither today (i.e. Holocene) or during previous interglacials (i.e. MIS 5,7,9,11,13,15 and 17 in this study). This is shown by our reconstructions of the turbidite frequency in the Zambezi fan, that does not show any correlation with sea-level changes (figure VI.14), and of the terrigenous flux at site MOZ4-CSF20 (Figure VI.17) in particular. Indeed, the latter reveals that the peaks in terrigenous flux over the last 150 kyr do not coincide with the highstand conditions (i.e. peak insolation maxima/minima in the northern/southern hemisphere, respectively) but with the maxima in local summer insolation ca. 11 kyr after (Figure VI.17). Thus, the monsoon-related precipitation, not sea-level and the attendant sediment dispersal on the shelf (Schulz et al., 2011;van der Lubbe et al., 2014;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF], was the main forcing for continent-ocean sediment transfer in the Zambezi depositional system. Considering the dominance of climate changes over sea-level in the transfer of Zambezi sediments from source to sink, the climate evolution in Southern East Africa from a predominantly arid environment to generally wetter conditions over the last 1.3 Myr (Lyons et al., 2015;Johnson et al., 2016) could explain the increase of terrigenous inputs in the Intermediate Basin at 356 ± 42 ka. However, it cannot explain the attendant cessation of the feeding of the upper Zambezi Valley, at least without a significant change in the location of the Zambezi mouth. Based on the above, it seems reasonable to suggest that a southward migration of the Zambezi delta should be the main forcing for the northward shift of the depocenter from the distal Zambezi Fan to the Intermediate Basin ca.

356 ± 42 ka.

The expected migration of the Zambezi mouth ca. 356 ± 42 ka requires that the Zambezi delta was in a more northern position before this date. Considering the regional geological background, this implies that the lower Zambezi was running along the southern part of the Mozambique Belt, with a delta located ca. 100-150 km north of its current position, directly in front of the Upper Zambezi Valley. The current course of the Upper Zambezi Valley, initiated in the middle Miocene (Droz and Mougenot, 1987), could indicate that such a northern position of the Zambezi delta was dominant over the last 10-15 Myr, even if multiple migrations of the delta should have occurred through time. The latter is supported by our data from the Zambezi fan, and the alternating deposit of terrigenous-dominated (i.e.

Zambezi fan in a "on" mode due to the direct feeding of the Zambezi Valley) and biogenicdominated muds (i.e. Zambezi fan in a "off" mode) at site MOZ2-KSF15 over the last 700 kyr. In details, this sedimentary record suggests that the disconnection of the Zambezi delta with the Upper Valley known from ca. 356 ± 42 ka was also effective between ca. 644 ± 3 ka (cf. MOZ2-KSF15) and ca. 550 ± 20 ka (cf. MOZ4-CS25) (figure VI.14; VI.19). In other words, we assume a northern position of the Zambezi delta before 644 ± 3 ka (and until 700 ka at least) and between ca. 550 ± 20 ka (cf. MOZ4-CS25) and ca. 356 ± 42 ka (cf. MOZ2-KS05) (figure VI.19A), and a southern position in between (i.e. from 644 ± 3 ka (cf. MOZ2-KSF15) to 550 ± 20 ka (cf. MOZ4-CS25)) and after ca. 356 ± 42 ka (cf. The forcing for the delta migrations may stem from complex origins, in which both autocyclic and allocyclic controls may play a role. Differential subsidence along the Zambezi margin could represent a significant autocyclic control on the delta evolution, as previously shown for the Rhine (Cohen, 2003), Nile (Stanley and Warne, 1993) or Yangtze [START_REF] Chen | Quaternary subsidence and river channel migration in the Yangtze Delta Plain, Eastern China[END_REF] rivers. The complex crustal structure of the study area, with a 23-km thick Beira High surrounded by a 7-km thick crust under the Lower Zambezi and continental shelf, and the Intermediate Basin (Mueller et al., 2016), could force a spatially and temporally non-linear rates of differential subsidence of the margin. This is corroborated by the complex evolution of the sedimentation and margin development off the Zambezi River throughout the Cenozoic (Walford et al., 2005;Ponte et al., 2018). At this time scale, the tectonic history of SE Africa (e.g., deformation of the East African Rift System; Chorowicz, 2005) and the attendant macroevolution of the Zambezi drainage network (Nugent, 1990;Moore and Larkin, 2001;Moore et al., 2012) have also had a profound effect on the delta evolution (Walford et al., 2005;Ponte et al., 2018). Thus, one could expect that the drainage evolution observed in the Zambezi catchment throughout the Pleistocene (disruption-reconnection of the Upper and Mid-Zambezi as a prominent example), although not precisely dated (i.e. Early to Mid-Pleistocene, Moore et al., 2012;Mid-to Late Pleistocene, Moore and Larkin, 2001), could force the delta migrations and the depocenter changes. To test this assumption, we tracked the sources of the marine sediments found in the Zambezi Fan and in the Intermediate Basin by using neodymium isotopic ratios. Interestingly, our results show a remarkable homogeneity (εNd of -14.4 ± 1.8) over the last 700 kyr, both in the yellowish beige and dark grey sediments (figure VI.20). Considering the CHAPTER VI 165 high variability in εNd of the potential sources in SE Africa (van der Lubbe et al., 2016), this suggests that the main forcing factor for the depocenter changes is not related to the evolution of the Zambezi catchment, or that large-scale Pleistocene changes in the Zambezi catchment (Moore and Larkin, 2001;Moore et al., 2012) pre-date 700 ka. At this stage, it is not possible to constrain the precise forcing for the depocenter changes observed in the offshore part of the Zambezi routing system. The acquisition of highresolution seismic data on the continental shelf, and the recognition of paleo-channels on the Zambezi continental margin could help in deciphering the complex evolution of the sedimentation and the source to sink dynamics in the Mozambique Channel.

Conclusion

The identification of the main sedimentary facies together with stable isotopic analyses provide a high-resolution chronostratigraphic record for deep-sea sediment cores from the Mozambique Channel over the last 700 kyr. Combined with geochemical characterization, this allows to investigate the temporal distribution and depositional patterns of terrigenous sediment in the Zambezi turbidite system and to identify which forcing mechanisms control the sediment inputs and their dispersal through time. The results reveal that turbidite activity in the Zambezi depositional system is low and occurred irrespective of warm, wet interglacial periods and cool, dry glacial intervals. Based on this result, we thus assume that there is no genetic link between the temporal distribution, and hence triggering, of turbidite deposition and evolving sea-level conditions over the studied period. According to the terrigenous flux, reconstructed at high-resolution over the last 150 kyr in the upper part of the system, monsoon-related precipitation was the main forcing for continent-ocean sediment transfer in the Zambezi depositional system. Yet, turbidite deposits do not match the timing of increased terrigenous inputs from the Zambezi River. Thus, the transformation of failed sediment is proposed to be the main initiation process for turbidity currents. Finally, our piston cores demonstrate regional-scale changes in hemipelagic facies color through time, from yellowish beige (biogenic-dominated) to olive to dark grey (terrigenous-dominated), which suggest possible depocenter shifts within the Zambezi depositional system. This shift occurs with an on-off evolution of the distal Zambezi Fan in conjunction with a change of terrigenous inputs in the proximal Intermediate Basin. From ≥ ~700 to 644 ± 3 ka and 550 ± 20 to 356 ± 42 ka, we propose a northern location (compared to its modern location) of the Zambezi delta which is associated with the alimentation of detrital material toward the distal Zambezi Fan ('on' mode) and the proximal Intermediate Basin. The Zambezi delta probably migrated to a more southern location from 644 ± 3 to 550 ± 20 ka and 356 ± 42 ka to Present, causing a cessation of the feeding of the upper Zambezi Valley ('off' mode of the Zambezi Fan) and a rerouting of the Zambezi terrigenous flux to the Intermediate Basin. The precise forcing for the delta migration is still not clear and would require further investigation.

Résumé

Les données à haute résolution acquises lors des campagnes PAMELA, complétées par des données sismiques industrielles et d'autres données académiques, ont permis de reconstituer l'évolution architecturale du système turbiditique du Zambèze depuis l'Oligocène.

Le système du Zambèze est composé de l'éventail chenalisé du Zambèze (Zambezi Fan) et d'un éventail semi-confiné (Ponded Fan) dans le bassin intermédiaire. Ces données ne permettent pas de corrélations précises vers la zone de dépôt la plus distale.

Les principaux résultats de cette étude sismique sont : • La plupart des dépôts turbiditiques de la zone étudiée (y compris le bassin intermédiaire) sont interprétées comme soit des turbidites fines (unités U1 et U3-4L), soit des turbidites grossières (zone de dépôt distal et unité U2). La sédimentation des turbidites a progressivement atteint la partie distale du bassin du Mozambique de l'Oligocène au Quaternaire.

•
• Il a été démontré que la sédimentation contouritique se produit le plus souvent de façon synchrone avec la sédimentation turbiditique (i.e., U3R contouritiques pendant le dépôt de levées U3-4L et sans doute pendant le dépôt du complexe de levées de Serpa Pinto au nord). Ce synchronisme est également observé dans les secteurs proches de la Ride de Davie. Dans le secteur d'étude, la sédimentation contouritique apparaît continue depuis le Miocène supérieur au moins. Des études antérieures ont montré qu'elle est en fait est active depuis le Crétacé (Ponte, 2018) dans tout le Canal du Mozambique. Outre les deux ride contouritiques épaisses oligocènes et miocènes située en base de pente du Mozambique (Ponte, 2018), mon étude a permis d'identifier une ride de contourites mise en place au Plio-Pléistocène (U3R) sur le flanc droit de la vallée du Zambèze où l'on observe en outre des "sédiment waves" interprétées comme formées par des courants de fond (voir Chapitre V).

Preliminary remark

The Considering the complexity of the sedimentation in the study area and the comparatively low density of seismic data, this part of my PhD must be considered as an attempt to decipher the complex pattern of distribution of the Oligocene to Quaternary sedimentary record of the Zambezi turbidite system.

VII.1 Introduction

The following results and interpretation on the long term architectural evolution of the Zambezi turbidite system concern the organization of the Oligocene to Quaternary sediments. In general, the basal horizon of this study is the "Top Oligocene" horizon of Ponte (2018) who established the stratigraphy for the whole Mozambique Channel (figure VII.1). However, in order to include the very first deposits of the Zambezi system (the Serpa Pinto deposits), I had to work deeper into the Oligocene sequence, principally under the current Zambezi Valley. Locally, discrepancies were observed with Ponte's horizons (mainly Top Oligocene).

However, this does not lead to reconsideration of the general stratigraphy of Ponte (2018).

The localization of seismic data used in this study is provided in figure IV.6. For location of seismic profiles presented in this chapter see figure VII.2.

VII.2 Main seismic facies and process based interpretation

The high-resolution multichannel (24-and 48-channels) seismic profiles of the Mozambique Channel reveal three main types of seismic facies that are those typically encountered on continental margins and turbidite systems. Main characteristics of the facies are summarized in Table VII.1 and illustrated in figures VII.3 to VII.5. 

VII.2.1 Stratified facies (S) (figure VII.3)

This facies is the most widespread type identified in the Mozambique Channel. Its main characteristic is a generally good continuity of the reflectors that may be planar or undulated.

The different amplitudes and frequencies of the reflections allow classifying this facies into several sub-classes that are encountered at specific sites on the margins:

S1: Stratified facies with low to medium amplitude and high-frequency S1a: The internal configuration is mostly parallel (drapping configuration). This type of facies is widely observed on the Mozambique and Madagascar margins.

On the right hand side of the Zambezi Valley (figure VII.3A), the stratified facies is affected by undulations and shows frequent vertical variations of amplitudes. Bathymetric analysis (Fierens et al., 2019) has demonstrated that the undulations at the top are bottom current controlled bedforms [START_REF] Flood | Morphology of abyssal mudwaves at Project MUDWAVES sites in the Argentine Basin[END_REF][START_REF] Hernández-Molina | The contourite depositional system of the Gulf of Cadiz: a sedimentary model related to the bottom current activity of the Mediterranean outflow water and its interaction with the continental margin[END_REF]Miramontes, 2016).

Seismic data show that the undulations are deeply-rooted suggesting an early control of de-position by bottom currents in this seismic unit. This facies S1a is therefore interpreted to represent contouritic deposits. S1b: Convergent configurations with mono-directional thinning (in cross section) are observed more locally, with down-lapping or on lapping terminations, depending on the shape of the underlying units. The convergent configuration is generally associated with a more or less well-expressed wedge-shaped external configuration indicating laterally changing sediment rates (aggradation rates). This facies is usually observed in regions where finegrained overspill from turbidity currents produces overbank deposits (e.g., [START_REF] Bouma | Introduction, objectives, and principal results of Deep Sea Drilling Project Leg 96[END_REF][START_REF] Schwenk | The architecture and evolution of the Middle Bengal Fan in vicinity of the active channel-levee system imaged by high-resolution seismic data[END_REF][START_REF] Jegou | Étude de la transition chenal-levées-lobe dans les systèmes turbiditiques récents: application à l'éventail turbiditique de l[END_REF]Picot et al., 2016). This facies is observed laterally away from the Zambezi Valley, on its eastern side, where the convergent configuration is very subtle (figure VII.3A), indicating either that overspill from the Zambezi Valley was limited or that there was a synchronous deposition from the east (i.e. from the Madagascar margin).

More distally, it is also identified adjacent to the present-day Zambezi Valley mouth where a well expressed wedge-shape convergent configuration is observed (figure VII.3A).

S2: Stratified facies with high amplitude and high frequency

High-amplitude stratified facies are characteristic for sediments deposited in the distal part of the Intermediate Basin, at the base of the Mozambique continental slope (figure VII.3A).

The internal configuration is mostly parallel. In the distal (eastern) part of the Intermediate Basin terminations are on-lapping on previous sediment units. 

Ca: Chaotic with high amplitude and low frequency

This facies is widespread in the distal depositional area off the Zambezi Valley mouth (MOZ2-SR-15, figure VII.4) where coarse-grained sediments dominate (Kolla et al., 1980a,b;Fierens et al., 2019). Minor flat-topped lens shape chaotic facies units are also identified on the Madagascar margin. These facies rest on undulated unconformable bottoms, which are possibly related to erosional processes (PTO-SR-16, figure VII.4). They are thought to represent frontal lobes.

Cb: Chaotic medium amplitude

This facies is restricted to the Zambezi Valley fill (figure VII.3B). The reflectors are contorted and tilted towards the valley axis resulting in a configuration mostly divergent from the valley walls. It is interpreted as slided deposits from the valley flanks in agreement with the interpretation of other authors (e.g., Deptuck et al., 2003;[START_REF] Janocko | The diversity of deepwater sinuous channel belts and slope valley-fill complexes[END_REF].

Cc: Chaotic facies with contorted reflectors

This facies is characteristic for the basement of the sea-mounts of the Iles Eparses (western end of PTO-SR-16, figure VII.4) and is interpreted as carbonate deposits (Counts et al., 2018). Reflectors are generally absent. These facies are usually interpreted as mass-transport deposits (MTD) (e.g., [START_REF] Imbo | The Gebra slide: a submarine slide on the Trinity Peninsula Margin, Antarctica[END_REF][START_REF] Garziglia | Mass-transport deposits on the Rosetta province (NW Nile deep-sea turbidite system, Egyptian margin): characteristics, distribution, and potential causal processes[END_REF][START_REF] Loncke | Multiscale slope instabilities along the Nile deep-sea fan, Egyptian margin: a general overview[END_REF]Dennielou et al., 2019). Facies variability is observed as a function of the location of this facies, the external shape and internal configuration:

Ta: Homogeneously transparent facies

This facies is encountered inside the Zambezi Valley (figure VII.5). The transparent seismic unit rests upon the very high-amplitude stratified facies S3a of the valley fill, through irregular erosional basal and lateral surfaces.

Tb: Transparent facies with contorted reflectors

On the Mozambique Margin, numerous seismic units are made of transparent facies, wherein some short and contorted reflectors are present that give the facies a rather disorganized aspect (figure VII.5). This facies is bounded at the top and bottom by unconformities: the bottom unconformity is erosional in nature, while undulated top is a geometrical unconformity on which later sediments are resting via on-laps or down-laps. 

VII.3 Architecture of the Zambezi turbidite system

As shown previously (Chapter V, Fierens et al., 2019), the Zambezi turbidite system (ZTS) is composed of 2 different turbidite systems (figure VII.6):

(1) the channelized Zambezi Fan (ZF) comprising a long and wide incised valley and a distal coarse-grained depositional zone, and

(2) a ponded semi-confined fan (PF) that fills in the Intermediate Basin at the Mozambique Margin base of slope.

In the following, I will describe the architecture of these two depositional systems separately.

To facilitate description, the Zambezi turbidite system is subdivided into 4 main sectors The most upstream data acquired during PAMELA-MOZ4 cruise (Jouet and Deville, 2015) showed that the upper Zambezi Valley is split into 2 main tributaries, the younger Northern and the older Southern branch (Chapter V, figure 14 of Fierens et al., 2019). -the Serpa Pinto Valley (Droz and Mougenot, 1987) which flows adjacent to the Davie Ridge, from the northernmost Mozambique margin and funneled inputs from Lurio River drainage basin (Ponte, 2018) to the Zambezi Fan.

Further downstream, the Tshiribihina Valley (figure VII.8) is the main tributary that origi-nates from Madagascar margin.

VII.3.1.2 The Zambezi Valley incisions

The Zambezi Valley is currently deeply incised with relief exceeding 700 m in the middle portion of the valley (sector B) (Chapter V, and figure VII.7A). It evolved since the Oligocene through several phases of incisions and infilling that are observed continuously all along the valley. These phases relate to the three main feeding axes of the Zambezi Fan (figure VII.8).

Four principal incisional periods (A to D, from the oldest to the youngest, figures VII.9-VII.10) and a very recent minor one (E) have been identified. Multiple additional minor erosional unconformities could be traced in the channel infills, but the available data did not allow their correlation between profiles and therefore, they are not described here.

VII.3.1.2.a Characteristics of the incisions

In sector B and northern part of sector C, principal incisions occurred mostly vertically under the current valley. This suggests that the Zambezi Valley did not undergo major migration since the Oligocene. However some local shifts are observed (profile 7, figure VII.9

and profile 13, figure VII.10). In the southern part of sector C (depositional area), these main incisions are no longer recognized, but numerous uncorrelated erosional unconformities are observed (profiles 16-17, figure VII.10).

• Erosional valley A is the oldest "incision" and is mainly identified in the northern Laterally, on both sides, the channel fills seem to be prolonged by wedged-shape continuous lower amplitude and higher frequency facies (figure VII.11) that are interpreted as overbank deposits associated to the turbidite activity inside this valley.

This initial feeding axis of the Zambezi Valley appears much shallower (i.e. ~4.4 stwt on profile 2, figure VII.9) than the next incision B (~4.5 stwt on profile 2, figure VII.9). Its infill is very thick (more than 0.4 stwt, ~400 m, on profiles 4 to 6, figure VII.9)

and is generally of high-amplitude stratified facies indicating coarse-grained material, with facies that vary from chaotic to transparent to stratified (figures VII.9, VII.10).

• Incision D is the last main incision of the Zambezi Valley. Its infill is characterized by a 0.2 stwt (~200 m) thick transparent body, identified continuously from the upper reaches of the valley to about 100 km southwards of the Tsiribihina confluence. This transparent mass is interpreted as a Mass Transport Deposit (MTD). Above the MTD, a thin layer (at the seismic scale) of sediments is observed, mostly in the upstream portion of the valley.

• Erosion E is observed all along the Zambezi Valley and represents the last erosional events. Compared to previous incision events, this erosive period appears rather negligible. It resulted in local over-deepening of the valley floor up to 63 mstwt (~63 m) (profiles 1-2, figure VII.9) and gave the valley its current morphology (described in detail in Chapter V). It can be assumed that the deformation began after the initial incision of Zambezi1 axis and was prolonged during its activity. This is indicated by the uplift of Angoche2 and Zam-bezi1 together with the Top Eocene and Top Oligocene horizons and by the erosion of the Oligocene strata by Zambezi1. This observation allows us to date the Angoche2 and Zam-bezi1 incisions before the start of the doming deformation which occured during the Middle Miocene in Middle Miocene (Ponte, 2018).

The continuous deformation resulted in a constant adjustment of the Zambezi1 incision depth profile by entrenchment in order to compensate the uplift movement and to establish a new equilibrium state. The deep entrenchment of Zambezi1 incision resulted in the erosion and disappearance of the Angoche2 incision (and probably also Angoche1). Its very irregular depth profile indicates that the Zambezi1 incision was abandoned before it had time to reestablish an equilibrium profile.

The following Zambezi2 and 3 incisions are not affected by the deformation and have depth profiles close to an equilibrium state. The incision of Zambezi2 happened therefore after the end of doming deformation which occured in the Upper Miocene (Ponte, 2018).

VII.3.1.3 Depositional units

The analysis of PAMELA seismic profiles revealed numerous seismic units, sometimes restricted to only some profiles, or even only to a single profile. Because of the abovementioned uncertainties, I choose to focus on seismic units for which I was able to identify their regional extent. Four main regional seismic units (U1 to U4 from the oldest to the youngest) have been interpreted in sector B and northern sector C. In the following, I will describe three of these main units, i.e. U1 to U3 and U3-4L, which relate to the Zambezi Fan (U4 and its extension U4R relate to the ponded fan, in the Intermediate Basin, and will be described in Section VII.3.2). In the Depositional area of the Zambezi Fan (southern sector C), seismic units could not be recognized, and therefore only one thick seismic unit (DA) is considered and Locally and laterally to the high-amplitude facies, minor medium amplitude, high-frequency S1b facies may be identified that could be interpreted as fine-grained turbidites. At the top of this unit, figure VII.16D shows a smaller 0.2 stwt (~200 m) thick channel-levee system.

The spatially restricted channel fill of this small system appears as a vertical prolongation of the main high-amplitude body and so it has been included in this seismic unit U2.

The detailed internal organization of U2 shows small, ca. 0.03 stwt (~30 m) thick bodies linked with erosional channels, which are stacked up in the dominantly high-amplitude facies (figure VII.18). These individual coarse-grained channel-levee systems suggest that unit U2 is an accumulation of distal turbidite deposits comprising numerous small and shal- Towards the Madagascar margin, the facies of U3-4L appear more diversified with the intercalation of high-amplitude units showing numerous small erosional channels very similar to Unit 2 (figure VII.15C). Among these high-amplitude units, Uf is a 0.2 stwt (~200 m) thick flat-topped lense-shaped unit intercalated within the upper portion of the U3-4L unit.

Another lens-shaped unit (not illustrated here) of this type, but more eastward and closer to the seafloor is also recognized above Uf. Uc, located under U2 (figure VII.15C; VII.16C),

shows similar facies but is much thicker (0.4 stwt, ~400 m) and has a more pronounced wedge-shape. These Uf and Uc units evoke stacked up turbidite lobes and erosional channels that are coming from Madagascar. 

VII.3.2.1 Feeding of the ponded fan

Limited PAMELA data are available to study this basin. Hence, I used the Total seismic dataset to trace the channels that transferred Zambezi inputs to the ponded fan (figure VII.23). Several channels have been identified, however the density of channels on the slope is rather small (ca. 50 km between each main channel). The most recent channel appears to be on the northeastern portion of the slope (see figures VII.26,VII.28).

These valleys disappear halfway up the slope in agreement with the absence of canyons on the highest part of the slope (Jouet and Deville, 2015), demonstrating that there is no current connection between the shelf and the basin (as it was also observed for the Zambezi Valley). Hence, there is a discrepancy, meaning that either my correlations or the correlations of the Top Oligocene horizon are incorrect. There are no decisive arguments to choose one of the possibilities. Therefore, based on the previous assumption of Droz and Mougenot (1987) that were based on the dating of a core ("latest Oligocene" at the top of the Serpa Pinto sequence), the initiation of the deposition by the Serpa Pinto Valley is placed during the Oligocene.

This implies that the N-S Serpa Pinto unit was depositing synchronously with the Oligocene contouritic megadrift (Ponte, 2018) Considering the maximum thickness of this MTD (0.2 stwt, ~200 m), the mean wideness of the Z2 incision (4 km), and a rectangular prism as an approximation of the shape of the MTD, a rough estimation of the volume of transported sediments can be calculated to 500 km 3 . Together with the MTDs in the distal Depositional Area, the occurrence of these mass transport deposits attests to the recurrence of instabilities in the Plio-Pleistocene period, also shown by Ponte (2018) on the Mozambique slope.

• The recent (current?) regime has been shown to be mainly erosional in the Zambezi Fan (figure VII.30F) (Chapter V). The erosional regime is attested by multiple generations of incisions in the thalweg (corresponding to the Zambezi3 incision), erosion of the valley flanks possibly by bottom currents (Miramontes et al., 2019), and absence (or rarity) of fine-grained deposits. Contrarily, in the ponded fan, the depositional regime is mainly aggradational.

VII.4.2 Consequences of the Miocene doming on the Zambezi Fan

The depositional evolution of the Zambezi turbidite system highlights a strong tectonic control on the Zambezi Valley during the Miocene, which had significant influence on the capacity to transfer sediments downstream. The Miocene doming (Ponte, 2018) 

VII.4.3 Overspill processes from the Zambezi Valley

In the recent past (see Chapter V), it seems that the Zambezi Valley has acquired a relief that was too high (up to 700 m deep) to allow overspill of turbidity currents causing the absence of fine-grained levee deposits. Moreover, to date, turbidity currents appear to be very infrequent or even absent (as observed from moorings, [START_REF] Miramontes | The influence of bottom currents on the Zambezi Valley morphology (Mozambique Channel, SW Indian Ocean): In situ current observations and hydrodynamic modelling[END_REF]).

Yet, overspill was possible during the Plio-Pleistocene period resulting in the very thick (up to 0.7 stwt, ~700 m) U3-4L levee deposits. It is proposed that the present-day relief of the valley was acquired rather late in the history of the Zambezi Fan, i.e. maybe after the Zam-bezi2 incision. The Zambezi1 incision is the deepest incision recognized on seismic data and is characterized by the thickest sediment accumulation inside the valley. This implies a long period of aggradation inside the valley. The top of this infill is up to 0.2 stwt (~200 m) higher than the current valley floor (profiles 4-6, figure VII.9). At that time, the thickness of unit U3-4L was probably not yet so high. That way, it is most probable that the valley relief was less high, giving the currents the possibility to overflow and build lateral levees until the relief became too high.

VII.4.4 Contouritic sedimentation and impact on the Zambezi turbidite system

The contouritic sediments are relatively easy to identify in the study area owing to their lowamplitude facies, their wedged shape and the associated bedforms. Ponte (2018) showed 

that

VII.5 Conclusion

The high-resolution data acquired during PAMELA cruises, complemented with industrial seismic data and other academic data, allowed tracking the Oligocene to present architectural evolution of the Zambezi turbidite system that is composed of the Zambezi channelized Fan and the Intermediate ponded Fan. However, these data did not allow correlations towards the distal Depositional Area.

The main results of this seismic study are:

• The Zambezi Valley revealed a composite structure, with 3 main episodes of profound incision (Angoche2, Zambezi1, Zambezi2). These successive incisions were 
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Conclusions et perspectives

VIII.1 Synthesis and conclusions

This study of the Zambezi turbidite system brings forward the great complexity of the depositional record in both temporal and spatial relationships. The combination of various methods (multichannel seismic reflection data, sub-bottom profiles, multibeam bathymetry and sediment cores) has been necessary to thoroughly characterize the system and be able to understand its architecture and sediment pattern, which we considered atypical.

Here we synthesize the main results found for turbiditic and contouritic sediment depositions and summarize the three main controlling processes that lie at the basis of the growth pattern and recent sedimentary evolution of the Zambezi turbidite system.

VIII.1.1 Turbiditic sedimentation

The analysis of multichannel seismic reflection data (Chapter VII) provided the long-term evolution of the Zambezi system and showed that, at a regional scale, turbidite sedimenta- Neither the seismic nor the sub-bottom analysis permitted to decipher the stratigraphic relationships between the Zambezi Fan and the ponded fan. The cores brought this information together with some sediment ground truthing (figure VIII.2) and highlighted that the recent sedimentation is still more complex than expected from the seismic results. [START_REF] Sinclair | Depositional evolution of confined turbidite basins[END_REF]. In contrast, the morphological characteristics (length in particular) of the Zambezi Valley preclude the arrival of finegrained materials through turbiditic flows to the distal Zambezi Fan.

Overall, it is found that turbidite occurrence is low during the period of time covered by our sedimentary records, i.e. the last 700 kyr (figure VI.14). The studied cores show usually a maximum of a few turbidites deposited over multiples glacial-interglacial climate cycles.

However, it is important to emphasize that this does not mean that there was nearly no activity in the Zambezi turbidite system since 700 ka. The difficulty for the turbidity currents to produce overbank deposits along the Valley may be the reason why turbidites are rarely identified. Moreover, the very coarse material present on the deep submarine valley floors (see DSDP drilling sites 243-244; Simpson, 1974) and Depositional Area (figure VIII.2: core MOZ2-I004; Robin and Droz, 2014) evidences some recent activity. It should be also stressed that we have not explored the entire system by coring. As a result, the turbidites activity may have been significantly higher than that exposed in this work.

VIII.1.2 Contouritic sedimentation

The high-resolution multichannel seismic profiles provided an easy way to recognize the thick contouritic drifts, thanks to their identifiable architecture (wedge-shaped, associated with flat-lying valleys/moats), depicted on several other margins (e.g., [START_REF] Hernández-Molina | Contourite depositional system on the Argentine Slope: An exceptional record of the influence of Antarctic water masses[END_REF][START_REF] Chen | Depositional characteristics and processes of alongslope currents related to a seamount on the northwestern margin of the Northwest Sub-Basin, South China Sea[END_REF][START_REF] Ercilla | Significance of bottom currents in deepsea morphodynamics: an example from the Alboran Sea[END_REF]Miramontes et al., 2016) The low-amplitude stratified facies together with the associated bedforms inside it (figures VII.3, VII.18) suggest that the contourite deposits identified close to the Zambezi turbidite system are mainly fine-grained.

The ponded fan (Section VII.3.2) was the only area that did not reveal important contouritic sedimentation, suggesting the dominance of turbiditic over oceanographic processes in this area. However, [START_REF] Miramontes | Upslope migrating sand dunes in the upper slope of the Mozambican margin (SW Indian Ocean)[END_REF] showed the occurrence of a thin plastered drift on the Mozambique upper slope, indicating that here also, contouritic sedimentation occurs.

As mentioned previously (section VIII.1.1 above), contouritic deposition is, in contrast, difficult to recognize within the Zambezi depositional system, based only on sub-bottom profiler data. This method evidence no particular signal for contouritic deposits and the distinction with hemipelagic or turbiditic sedimentation is challenging. The only indices for the presence of contouritic deposits are the presence of bedforms on the seafloor that are shown to invade the western part of the valley, down to the Depositional Area (Chapter V, figure 20-23 in Fierens et al., 2019). These bedforms demonstrate stratified facies (S2) with a draping, wavy configuration of reflections that suggests again fine-grained sediments.

Surprisingly (with regard to the geophysical evidences), the contouritic sedimentation in the Mozambique Channel is not well-developed at the core scale. Indeed, the classical contouritic sediment facies first described by Stow and Lovell (1979) cm/kyr) and intense bioturbation. We assume that this sedimentary facies, firstly interpreted as hemipelagic in origin (see Chapter VI), might be interpreted as sediments deposited or substantially reworked (i.e. winnowed) by the persistent action of bottom currents (Rebesco et al., 2014). In other words, the hemipelagic succession of the Mozambique Channel can be considered as contourites as a whole. Finally, we assume that this study strongly highlights the need for moderate to high sediment inputs for the development of classical contouritic sedimentation in the Mozambique Channel (as seen in the Gulf of Cadiz, or along the Argentine margin; [START_REF] Gonthier | Contourite facies of the Faro drift, Gulf of Cadiz[END_REF], Hernández-Molina et al., 2013). Bottom-currents alone (i.e. without direct sediment inputs) cannot produce contouritic facies, but winnowed erosion-dominated facies.

VIII.1.3 Control of sedimentation

The complexity of the Zambezi turbidite system was revealed at every observational scale. 

Oceanographic control

The oceanographic control on the development of the Zambezi turbidite system has been

shown or deduced at the three observation scales:

(1) the synchronous or alternating occurrence of thick contourite drifts with the turibidite sedimentation was highlighted from the multichannel data;

(2) the unusual wideness of the Zambezi valley, revealed by the bathymetric, subbottom and multichannel data, is proposed to originate from the erosion by highvelocity bottom currents. Such currents, in link with the NADW flowing inside the Zambezi Valley, have been modeled by [START_REF] Miramontes | The influence of bottom currents on the Zambezi Valley morphology (Mozambique Channel, SW Indian Ocean): In situ current observations and hydrodynamic modelling[END_REF];

(3) the absence of fine-grained overbank turbiditic facies detected by the sub-bottom study is supposedly linked to winnowing effects of bottom currents on turbidity currents;

(4) the widespread occurrence of foraminiferal ooze, seen as contouritic sediments, in cores.

The results form core study showed that the sediment distribution of the Mozambique Channel is the result of a complex and delicate balance between sediment supply by detrital sources and bottom current strength. This balance rules the prevalence of depositional or erosional processes.

Sea-level: no primary control

Recent studies based on sediment cores from the Mozambique platform and focusing on the last glacial/interglacial transition concluded that evolving sea-level conditions and the associated emergence and flooding of Mozambique shelf (which directly affects the rivercanyons connection and oceanic circulation) is a major influencing factor for the sediment distribution of the Zambezi turbidite system (e.g., Schulz et al., 2011;van der Lubbe et al., 2014).

However, in this PhD study, I found no relationship between the temporal distribution of turbidite deposition and evolving sea-level conditions over the studied period. Turbidite activity occurred in glacial (i.e. low sea-level) as well in interglacial periods (i.e. high sealevel) with no particular increase of activity during any of these periods (figure VI.14). Also, by considering that the occurrence of turbidite deposits does not coincide with periods of enhanced terrigenous inputs off the Zambezi River (see below), we conclude that turbidites evolved mainly from the transformation (i.e. liquefaction) of failed sediments (e.g., slides, debris flow from retrogressive failures) from the continental slope.

Climate control

The terrigenous flux was calculated at high resolution for the last ~150 kyr for core MOZ4-CSF20 (Mozambique slope, NE of the Zambezi River mouth, figure VIII.2). This data demonstrated that the peaks in terrigenous flux over the last 150 kyr coincide with the maxima in local summer insolation (figure VI.17). This suggests that it is not the presence (lowstand) or absence (highstand) of a direct connection of the fluvial system with the outer shelf (as proposed by Schulz et al., 2011, van der Lubbe et al., 2014;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF], but the monsoon-related precipitation that controls the source to sink dynamic in the studied area as well as the sediments input towards the deep marine depositional system.

Importantly, I do not question the results obtained by Schulz et al. (2011) and van der Lubbe et al. ( 2014) on the sediment distribution on the Mozambique platform. However, their collected cores seem to be insufficiently long to register the influence of the monsoon on the system. Indeed, the monsoon is relatively low during the Holocene, in comparison to the one described during the previous interglacials (MIS5, 7 and so on). The MOZ4-CSF20 core of this PhD study allowed looking further back in time to the glacial MIS6 period, and thus includes the MIS5 period, during which the monsoon impact is well registered.

This synthesis stresses that combining various observation scales is crucial, as they do not bring the same vision of a depositional system. In the light of the multichannel seismic results, the Zambezi turbidite system might be considered as an aggradational system that has been affected by a main tectonic event in the central Mozambique Channel (doming) since the Miocene (figure VII.13) and was disturbed by bottom-currents. The tectonic uplift had consequences on the sediment distribution up to the Quaternary by conditioning the possibility for the fan to keep on aggrading. Sub-bottom profiles suggested a complex interaction between bottom and turbidity currents in the control of erosional regime in the recent past, with no overbank fine-grained deposits. The more recent evolution of the Zambezi Fan is rather coherent with the longer term vision and indicates that recently there hasn't been a drastic change in sediment processes or input. The ponded fan, in contrast, suggests a modification of sediments grain-size and thus a major modification of inputs. The sedimentary records evidence low turbidite occurrence and contouritic sedimentation that is not well-developed.

Finally, and important to note is that the atypical architecture and sediment pattern of the Zambezi system is not that strange when taking into account (i) the immensity of the study area, (ii) the proximity of the East Africa Rift System, (iii) the strong hydrodynamic context that dominates the Mozambique Channel and (iv) limited solid discharge of the Mozambique and Madagascar rivers. In fact, the Zambezi turbiditic system appears to be a system whose terrigenous inputs are controlled by climate and whose sediment distribution and architecture are dominated by tectonics and deep oceanic circulation.

VIII.2 Perspectives

This PhD study provided major progress in the knowledge of the Zambezi turbidite system. However, several main questions remain open. In order to further advance on these questions, two paths achievable at short term are identified:

(1) Up to date, it is still unclear how sediments get transferred from the shelf area downstream to the turbiditic fans. Moreover, the architecture of the ponded fan in the Intermediate Basin remains poorly known. To clarify these questions, complementary bathymetric, seismic and core data are required on the upper Mozambique margin. Part of these data are already planned to be acquired during a new cruise (SEZAM) that will explore the connections of both fans to the Zambezi River and the architecture and sediment nature in the ponded fan.

(2) It would also be interesting to decipher the exact contribution of Mozambique and Madagascar sources to the Zambezi turbidite system. During this PhD, some neodymium isotope samples were taken with the objective to get an insight into the origin of detrital material (from Mozambique or Madagascar). However, the neodymium isotope results were relatively homogeneous all over the system and the exact contribution of different sources remains unknown. Another method that could be considered is the calculation of detrital sediment flux on core MOZ4-CS24, positioned in the Tsiribihina Valley (at the same location as

MOZ1-KSF24

). An approximated age model (sampling step of 20 cm) revealed that this core extends back to MIS22-23 [START_REF] Faubert | Caractérisation des transferts sédimentaires terre-mer au Quaternaire terminal dans la vallée de la Tsiribihine, marge sud-ouest de Madagascar[END_REF]. It would be interesting to increase the resolution of the age model and calculate detailed mass accumulation rates to obtain accurate information on the Madagascar contribution comparable with results obtained from the Mozambique slope (MOZ4-CSF20).

Moreover and ideally, at longer term it would be crucial for the full knowledge and understanding of the Zambezi depositional system to:

(1) Densify the multichannel seismic grid and acquire complementary transverse profiles, which currently are clearly insufficient to fully understand the architecture of the Zambezi Fan and correlate small sized seismic units.

( catchment, continental shelf, slope and basin floor (Sømme et al., 2009;[START_REF] Helland-Hansen | Deciphering earth's natural hourglasses: perspectives on source-to-sink analysis[END_REF]Romans et al., 2016). This vision of the continent-basin transition as a continuum does not take into account the complexity and intensity of the oceanic circulation. Bottom currents can generate, for instance, erosion on the slope with the formation of contouritic terraces dominated by erosional processes and coarsegrained sediment [START_REF] Hernández-Molina | A contourite depositional system along the Uruguayan continental margin: Sedimentary, oceanographic and paleoceanographic implications[END_REF], 2017), or alongslope redistribution of the sediment carried by turbidity currents (Mulder et al., 2008). Therefore, in order to take the effect of oceanic circulation on basin sedimentation into account, it is necessary to perform 3D studies of the sedimentary processes acting across-and alongslope.

All turbidite systems can potentially be affected by geostrophic currents because these occur along continental margins worldwide. However, when the energy of sediment gravity flows is high, the influence of bottom currents may become insignificant. Mixed contouriteturbidite systems are developed where bottom currents and gravitydriven processes occur in the same area and have similar energy, resulting in modifications of the sediment body morphology or in alternations of contourites and turbidites (Mulder et al., 2008).

Bottom currents are often considered as permanent steady flows, in contrast to the more episodic nature of gravity-flows (Rebesco et al., 2014). Nevertheless, both short-term and seasonal variations may also be involved in controlling the formation of sediment drifts [START_REF] Zhang | Short-term sediment dynamics on a mesoscale contourite drift (off NW Iberia): Impacts of multi-scale oceanographic processes deduced from the analysis of mooring data and numerical modelling[END_REF][START_REF] Thran | Controls on the global distribution of contourite drifts: Insights from an eddy-resolving ocean model[END_REF]. More studies based on in situ current measurements and hydrodynamic modelling are needed to better understand the intensity and variability of bottom currents and their effect on deep-sea sedimentation. In order to provide new insights on this topic, we aim to: (i) analyse intensity and temporal variability of the bottom circulation in the Mozambique Channel; and (ii) decipher the impact of such circulation on the development of the Zambezi turbidite system, by comparing the observed and modelled current patterns with the resulting morphology. We used a multidisciplinary approach that integrates multibeam bathymetry, seismic reflection data, sediment cores, mooring data (current velocity, temperature and sediment trap) and hydrodynamic modelling.

Regional setting

Geological setting

The Mozambique Channel is an elongate, north-south oriented basin, located in the Southwest Indian Ocean between the African continent and Madagascar. Its depth ranges between 2700 m in the north at the narrowest part of the channel and 5000 m in the southern part of the channel (Fig. 1A). The Mozambique Channel developed during the breakup of Gondwana in the Early Jurassic-Early Cretaceous (Mahanjane, 2014;and references therein). A group of modern isolated carbonate platforms is located in the middle of the channel, which includes Bassas da India and Europa (Jorry et al., 2016; Fig. 1B). The study of seamounts at the vicinity of the modern reef has shown that carbonates started to settle on volcanic edifices during Oligocene-Miocene times (Courgeon et al., 2016).

The sedimentary deposits in the Mozambique Channel are bounded in the north and west by the Mozambican margin, and in the east by the Madagascar margin and the Davie Ridge (Castelino et al., 2017). The Zambezi is the main river delivering sediment to the basin, which, with a catchment area of 1.4 • 10 6 km 2 (Walford et al., 2005), is one of the largest fluvial systems in SE Africa. However, some sediment is also supplied from Madagascar, for instance from the Tsiribihina river (Fig. 1B). The modern Zambezi turbidite system started to develop at the beginning of the Oligocene (Droz and Mougenot, 1987). It is composed of two main valleys, the Zambezi Valley originating from the Mozambican margin and the Tsiribihina Valley, which is a tributary originating from the Madagascar margin (Figs. 1B and2). At present the Zambezi submarine system is not directly connected to the river system (Schulz et al., 2011). The sediment is mainly dispersed by alongshore currents on the continental shelf during sea level high-stands (Schulz et al., 2011;[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF].

Oceanographic setting

The oceanic circulation in the Mozambique Channel is very complex and intense. It forms part of the greater Agulhas Current system that extends from north of Madagascar to South Africa (Fig. 1A; Lutjeharms, 2006). The Agulhas Current is the strongest western-boundary current in the southern hemisphere, and it is an important link in the heat and salt exchange between the Indian and the Atlantic Oceans (Gordon, 1986;Weijer et al., 1999). Currents in the Mozambique Channel comprise a southward-bound, western boundary current (Mozambique Current, MC) [START_REF] Dimarco | Volume transport and property distributions of the Mozambique Channel[END_REF][START_REF] Quartly | Mozambique Channel eddies in GCMs: a question of resolution and slippage[END_REF]Flemming and Kudrass, 2018) and anticyclonic eddies with diameters of ≥300 km, that flow southwards and can affect the whole water column (Fig. 1A; de Ruijter et al., 2002;Halo et al., 2014). The frequency of the eddy passage is about four to seven per year (Schouten et al., 2003). Eddies trap anomalous water masses with higher nutrient and lower oxygen concentrations [START_REF] Swart | Observed characteristics of Mozambique Channel eddies[END_REF], advect coastal waters with high phytoplankton biomass into the offshore oceanic environment [START_REF] Tew-Kai | Patterns of variability of sea surface chlorophyll in the Mozambique Channel: a quantitative approach[END_REF], and may also transport sediment in suspension as observed in the South China Sea [START_REF] Zhang | Mesoscale eddies transport deep-sea sediments[END_REF]. The formation of eddies in the Mozambique Channel is related to the South Equatorial Current (SEC) (Fig. 1A; Schott et al., 2009). The SEC splits near 17°S into two branches, the Northeast and Southeast Madagascar Currents (NEMC and SEMC) (Fig. 1A; Schott et al., 2009).

The upper layers of the Mozambique Channel are composed of the Tropical Surface Water (TSW) at the surface and the Subtropical Surface Water (STSW) in the subsurface. The permanent thermocline is mainly composed of South Indian Central Water (SICW) (Fig. 1C,D). Intermediate waters in the Mozambique Channel are composed of Red Sea Water (RSW), that enters into the Mozambique Channel from the north, and Antarctic Intermediate Water (AAIW), that enters from the south as part of the Mozambique Undercurrent (MUC) (Fig. 1; Ullgren et al., 2012). The deep waters in the Mozambique Channel contain North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW) (Fig. 1C,D ;van Aken et al., 2004;Ullgren et al., 2012). The NADW is found between about 2000 and 3500 m water depth (wd) and the AABW at > 3500 m wd (Fig. 1C,D). The NADW is characterised by a relative maximum in salinity and oxygen at about 2500 m wd (Fig. 1D; [START_REF] Mantyla | On the origins of deep and bottom waters of the Indian Ocean[END_REF]. The upper portions of the NADW and the AAIW flow, as the Mozambique Undercurrent (MUC), northwards along the western margin of the basin through the sill of the Mozambique Channel (Fig. 1A; van Aken et al., 2004;Ullgren et al., 2012). The deep portion of the NADW and the AABW (characterised by an absolute minimum of temperature and a relative minimum of salinity; Fig. 1D) are constrained by the bathymetry, flowing northwards along the Mozambican margin and back southwards along the eastern part (along Madagascar) (Fig. 1A; van Aken et al., 2004).

Material and methods

The bathymetry used for this study (Figs. 1A, B and2) is a compilation of GEBCO bathymetry (GEBCO_08, version 2010-09-27, http:// www.gebco.net), with a 30 arc-second resolution, and the multibeam bathymetry of the PAMELA project surveys PTOLEMEE (2014, R/V L'Atalante; Jorry, 2014), PAMELA-MOZ01 (2014, R/V L'Atalante; Olu, 2014), PAMELA-MOZ02 (2015, R/V L'Atalante, Robin and Droz, 2014) and PAMELA-MOZ04 (2015, R/V Pourquoi pas?; Jouet and Deville, 2015), with a horizontal resolution of 30-40 m.

In this study we used 24-channel mini GI-gun seismic reflection data acquired during the PTOLEMEE, PAMELA-MOZ02 and PAMELA-MOZ04 surveys. We used two sediment piston cores (MOZ02-KS06 and MOZ02-KS07) to show the sedimentary facies of the current-controlled deposits, collected during the PAMELA-MOZ02 survey. The age of core E. Miramontes et al. Marine Geology 410 (2019) 42-55

MOZ02-KS06 has been estimated using biohorizons as defined by first and last occurrences of calcareous nannofossil species (Thierstein et al., 1977;[START_REF] Sato | Coccolith biostratigraphy of the Arabian Sea[END_REF]Reale and Monechi, 2005), as well as by dominance intervals within this group of single species/taxonomical categories according to [START_REF] Pujos | Spatio-temporal distribution of some Quaternary coccoliths[END_REF], [START_REF] Weaver | High resolution stratigraphy of marine Quaternary sequences[END_REF][START_REF] Giraudeau | Biostratigraphic age models and sedimentation rates along the southwest African margin[END_REF]. The top of cores MOZ02-KS06 and MOZ02-KS07 were dated using radiocarbon analyses on bulk planktonic foraminifera performed at Beta Analytic laboratories. Radiocarbon ages were calibrated using the Marine13 calibration curve (Reimer et al., 2013). Average sedimentation rates for the last 248-718 kyr were obtained from age models based on radiocarbon dating and δ 18 O isotope correlation [START_REF] Fierens | Plio-Quaternary sedimentation in the Mozambique Channel and in the Zambezi Fan[END_REF] of seven cores collected during cruises PAMELA-MOZ01, PAMELA-MOZ02 and PAMELA-MOZ04. Further analysis of the split cores consisted on the acquisition of real colour photographs, grain size measurements (every 5 cm) using a Malvern 136 Mastersizer 3000 laser diffraction particle size analyser, and analysis of the bulk sediment semi-quantitative geochemical composition using an Avaatech X-ray fluorescence (XRF) core scanner. [START_REF] Khripounoff | PAMELA-MOZ08 Cruise[END_REF]. The moorings were located at water depths that range between 3415 and 4054 m (Fig. 2). They were thus under the influence of the upper part of the AABW and of the mixing zone with the NADW (Fig. 1C,D). With the exception of mooring MLP5, they all consisted of a sediment trap located at 40 m above the seafloor, a HOBO temperature sensor and a downward looking 307 kHz ADCP located 30 m above the seafloor. MLP5 consisted of a 614 kHz ADCP mounted 22 m above the seafloor.

The Regional Ocean Modelling System (ROMS, here the version CROCO: https://www.croco-ocean.org/) was used to simulate the bottom circulation at a regional scale with a resolution of 1/36°( ~3 km). The simulations extended from 1993 to 2014. ROMS is a primitive equation model that can realistically resolve basin-scale, regional and coastal oceanic processes at high resolution [START_REF] Shchepetkin | The regional oceanic modeling system (ROMS): a split-explicit, free-surface, topography-following-coordinate oceanic model[END_REF]. High resolution is here attained by three levels of nested grids, communicating between each other [START_REF] Debreu | Two-way nesting in splitexplicit ocean models: algorithms, implementation and validation[END_REF]. ROMS has a free surface and uses a σ topography following vertical grid. The model successfully resolves mesoscale eddies in the Mozambique Channel (Halo et al., 2014). The bathymetry used in the model is GEBCO 2014 [START_REF] Weatherall | A new digital bathymetric model of the world's oceans[END_REF] smoothed for numerical constraints.

We used maps of Sea Level Anomalies (SLA) in order to link the observed changes in current velocity with mesoscale features in the Mozambique Channel. The Ssalto/Duacs SLA heights (MSLA-H) were produced and distributed by the Copernicus Marine and Environment Monitoring Service (CMEMS) (http://www.marine.copernicus.eu). and3). Currents near the seafloor show different directions depending on their location, but they often follow a direction similar to the valley axis (Fig. 4). South of the confluence, moorings MLP5 and MLP10 mainly recorded northward currents (Fig. 4). The other three sites, by contrast, show mainly southward currents, with large inversions towards the N-NE, which are particularly remarkable at sites MLP2 and MLP8 (Fig. 4). The periods of S-SSW direction correspond to periods of higher current speed (Fig. 4). Rose diagrams of sites MLP5 and MLP10 show a wider range of current direction than sites MLP3, MLP2 and MLP8 (Fig. 4). Currents at sites MLP5 and MLP10 are less constrained by the valley morphology. In this area, the Zambezi U-shaped thalweg is lower, resulting in a less confined valley and hence a lower impact on the bottom circulation (Fig. 3).

Results

Bottom currents in the

Current speed near the seafloor is very intense at all the studied sites (Fig. 5), reaching up to 53 cm s -1 . Upstream and close to the confluence, sites MLP2 and MLP8 registered mean speeds of the available data set of 13 and 15 cm s -1 , and maximum speeds of 51 cm s -1 ; while at site MLP3 in the Tsiribihina Valley a mean speed of 9 cm s -1 and a maximum speed of 38 cm s -1 were registered. Downstream of the confluence, moorings MLP5 and MLP10 registered mean speeds of 7 and 11 cm s -1 , and maximum speeds of 37 and 53 cm s -1 , respectively (Fig. 5). The currents show periods of intensified circulation, especially at sites MLP2 and MLP8, that can last up to one month (Fig. 5). These periods of intense bottom currents are coincident with a change in current direction and an increase in temperature (Fig. 6). The high frequency variability observed in the current data (Figs. 5 and6) is related to tides. At site MLP8, the current direction is generally NNE when the currents are weaker, while during the periods of intense circulation the direction reverses to SSW (Figs. 5 and6). These events of intense circulation are not related to turbidity currents because there is no correlation between the current speed and the sediment flux obtained from a sediment trap (Fig. 6). 

Simulated bottom currents

The circulation near the seafloor obtained from the ROMS hydrodynamic model successfully simulates the main currents that are known in the Mozambique Channel: surface currents flowing southwards along the African continental margin at the surface and intermediate depths (Mozambique Current), and deep currents flowing northwards along the same margin (Mozambique Undercurrent) and back southwards along the western Madagascar margin (Fig. 7). The group of seamounts and islands present in the centre of the Mozambique Channel generates multiple topographic changes that result in a complex bottom circulation, forming gyres within small basins and around topographic highs (Fig. 7).

Hydrodynamic modelling results show strong currents flowing southwards along the western part of the Davie Ridge with mean speeds of 10-15 cm s -1 and maximum speeds of 30-55 cm s -1 (Fig. 7). The model also simulates intense currents along the Zambezi Valley, especially along the eastern flank, with maximum velocities of 40-60 cm s -1 , and mean velocities of 8-18 cm s -1 (Fig. 8), in agreement with the in situ measurements (Fig. 5). On the basin seafloor outside the valleys, simulated bottom currents are more intense to the west of the Zambezi Valley than to the east (towards the Madagascar margin). West of the Zambezi Valley mean velocities oscillate between 5 and 14 cm s -1 and maximum velocities between 15 and 50 cm s -1 , while east of the Zambezi Valley, mean velocities are often around 3-5 cm s -1 (reaching locally 13 cm s -1 ) and maximum velocities of about 15 cm s -1 (reaching locally 40 cm s -1 ) (Fig. 8). Modelling results also show intense bottom circulation around Europa Island, especially on the western and southern sides of the island, with mean velocities that can reach up to 18 cm s -1 and maximum velocities up to 70 cm s -1 (Fig. 8).

In order to better understand the observed changes in current direction and intensity at mooring sites, we calculated a composite of the Sea Level Anomaly (SLA), the bottom currents and the barotropic currents from the ROMS model for the periods of time during which currents at the mooring site MLP2 were above 25 cm s -1 (Fig. 9). The results show that during the periods of intense southward flow along the Zambezi Valley, the Mozambique Undercurrent is less intense, and there is an intensification of bottom currents flowing eastwards north and south of the group of islands and seamounts, and southwards along the Zambezi Valley (Fig. 9B). The composite of the SLA shows the presence of a large anticyclonic eddy (positive SLA) located between 21 and 24°S and 36-41°E. The composite of barotropic currents (i.e. average of the currents in the whole water column) follows the eddy field, thus demonstrating that eddies are affecting the whole water column (Fig. 9C). The bottom current direction and zone of high intensity are generally coincident with the barotropic currents. However, the model results show a focusing of bottom currents along topographic reliefs such as the islands and seamounts, and the Zambezi Valley (Fig. 9).

Evidence of contouritic sedimentation in the Zambezi turbidite system

The Zambezi turbidite system is mainly composed of two valleys: the Zambezi Valley (U-shaped thalweg and V-shaped valley; Fierens et al., under review) originating from the Mozambican continental slope, and the Tsiribihina Valley originating from the western Madagascar slope (Figs. 1 and2). Both valleys converge at about 22°S, and the combined valley extends with a N-S orientation until about 26°S, where the depositional fan system starts to develop. Levees are absent along the main axis of the recent valleys and the flanks are often eroded (Fig. 3). The Zambezi Valley flanks are asymmetric, with more sediment accumulation east of the valley. The Tsiribihina Valley is more sinuous and narrower than the Zambezi Valley (Figs. 2 and3). The flanks of the Zambezi Valley are covered by bedforms (Fig. 3). Sediment architectures similar to the Zambezi Valley flanks are observed in a purely contourite depositional system associated with a seamount near the Madagascar Ridge (Fig. 10). Elongated separated mounded drifts covered with large bedforms are separated from the seamounts by moats characterised by a flat homogeneous bottom (Fig. 10). The Serpa Pinto Valley used to act as the main conduit for terrigenous sediments in the Mozambique Channel until the Early Miocene (Droz and Mougenot, 1987). Despite being inactive, its relief can still be recognised on the present seafloor, and its sedimentary geometry shows similarities with the Zambezi Valley (Fig. 11). West of this valley the seafloor is dominated by an erosional surface and by large bedforms (Fig. 11).

Further evidence of bottom-current related features was obtained from two sediment piston cores (MOZ02-KS06 and MOZ02-KS07) collected on the Zambezi Valley flanks about 60 km south of the confluence with the Tsiribihina Valley (Fig. 12), in areas with strong bottom currents according to the hydrodynamic modelling results (Fig. 8). The upper 0.80 (MOZ02-KS07) and 1.75 m (MOZ02-KS06) of the sediment records are composed of foraminiferal sand (planktonic and benthic foraminifers), without clear lamination (Fig. 13). This area adjacent to the valley is characterised by high backscatter (Fig. 12C), in agreement with the sand sampled in cores (Fig. 13). The first centimetres of core MOZ02-KS06 have been dated at 25,350 ± 240 cal yr BP, and of core MOZ02-KS07 at 11,648 ± 284 cal yr BP. According to the analysis of nannofossil assemblages of core MOZ02-KS06, the foraminiferal sand began to be deposited 600-830 kyr ago (zone NN19-CN14a, absence of R. asanoi, at 1.69-1.70 m) (Fig. 13A). This allows the sedimentation rate to be estimated at about 0.2-0.3 cm kyr -1 . Low sedimentation rates have also been observed in hemipelagic sediment in the vicinity of the Zambezi turbidite system. Sedimentation rates obtained by [START_REF] Fierens | Plio-Quaternary sedimentation in the Mozambique Channel and in the Zambezi Fan[END_REF] at seven different sites for the last 248-718 kyr range between 0.5 and 2.4 cm kyr -1 (Fig. 1B). The mud-sand transition in core MOZ02-KS06 is characterised by a hiatus. The age of the top of the mud unit (1.80-1.81 m) was estimated at 2.5-5 Ma (zones NN16-NN14). The foraminiferal sand layers display coarsening-up sequences, which are more marked in core MOZ02-KS06. The volume of sand in these layers ranges between 54 and 89% in core MOZ02-KS06 and between 45 and 70% in core MOZ02-KS07 (Fig. 12). The increasing amount of carbonate sand in these layers is consistent with an increase in the XRF Ca/Fe ratio (due to a higher concentration of foraminifers) and in the XRF ln (Zr/Rb) ratio (due to the more energetic conditions and coarser grain size). Heavy minerals such as zircon can be accumulated due to winnowing under intense bottom currents [START_REF] Bahr | Deciphering bottom current velocity and paleoclimate signals from contourite deposits in the Gulf of Cádiz during the last 140 kyr: an inorganic geochemical approach[END_REF]. The upper part of the muddy sequence in core MOZ02-KS07 is characterised by burrows infilled with foraminifera sand from the upper sandy layer (Fig. 13B). This observation suggests that the sand could be contouritic. Contourites exhibit continuous and homogeneous bioturbation, while turbidites are mainly bioturbated from the top (Rodríguez-Tovar and Hernández-Molina, 2018). This interpretation is also supported by the observed inverse grading sequence (Fig. 13), which is typical of contourites (Rebesco et al., 2014, and references therein).

Discussion

Modelled, observed and inferred circulation near the seafloor of the Mozambique Channel

The ROMS hydrodynamic model successfully simulated bottom circulation in the Mozambique Channel in terms of speed and direction. The modelling results are in agreement with in situ measurements and directions inferred from morpho-sedimentary features recorded in previous studies.

The Agulhas Undercurrent (AUC) carries AAIW and NADW northwards below 700 m water depth along the southeast African continental Morpho-sedimentary features related to bottom currents also support the modelling results in the central and southern part of the Mozambique Channel in the depth range of the NADW (2000-3500 m water depth) and the AABW (below 3500 m) (Fig. 1). An erosional surface and large bedforms were observed in the area of strong currents flowing southwards near the Davie Ridge (Figs. 7 and 11). This southward setting bottom current continues along the Zambezi Valley (Fig. 7), inducing the erosion of the V-shaped valley flank described by Fierens et al. (under review) (Figs. 3 and 12) and the deposition of contouritic sand (Fig. 13). Kolla et al. (1980) inferred current directions towards the south in the northern part of the Zambezi Valley and towards the north in the southern part of the valley, as observed in the in situ measurements described in the present study (Fig. 4). Kolla et al. (1980), Breitzke et al. (2017) and [START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF] showed that bedforms are more abundant on the basin floor west of the Zambezi Valley than east of the valley. This asymmetric distribution of the bedforms is in agreement with the modelling results, which show stronger bottom currents on the basin floor west of the Zambezi Valley (Figs. 7 and8). Moreover, the strong currents NW of Europa Island (Fig. 8) may explain the observed asymmetry of a carbonate levee system originating from the island, as documented by Counts et al. (2018).

The central part of the Mozambique Channel is characterised by the presence of multiple topographic highs and small basins (Fig. 1B). This bathymetric heterogeneity induces local changes in the bottom circulation, with the formation of gyres within the basins (e.g. in the basin southwest of the main group of seamounts and islands) and currents flowing around the topographic highs (e.g. northeast of the group of islands and seamounts) (Fig. 7). This bottom circulation pattern could be the cause of the arcuate and sub-circular bedforms observed by Breitzke et al. (2017) in this area.

In the southernmost part of the Mozambique Channel, the AABW 

Origin of intense bottom currents in the Zambezi Valley

Anticyclonic rings in the Mozambique Channel have a large barotropic component, affecting the whole water column and reaching the bottom of the channel, as identified by velocity measurements and water properties (de Ruijter et al., 2002;[START_REF] Swart | Observed characteristics of Mozambique Channel eddies[END_REF]. Halo et al. (2014) showed that these large anticyclonic structures mainly propagate along the western edge of the Mozambique Channel. Hence, they would not directly affect the deep part of the Zambezi Valley. However, the presence of eddies may induce changes in the deep circulation pattern. Ullgren et al. (2012) correlated hydrographic properties at intermediate and greater depths with changes in current direction. Anticyclonic eddies passing through the narrowest part of the Mozambique Channel carry salty and warm RSW southwards, and thereby reduce or even revert the northward transport related to the Mozambique Undercurrent (Ullgren et al., 2012). They recognised that the meridional or vertical displacement of the water-mass interfaces induces rapid changes in temperature and salinity at fixed stations and that the end of the hydrographic changes (temperature and salinity) related to the velocity of the Mozambique Undercurrent is more abrupt than its onset. Similar variations have been observed in the mooring sites of the Zambezi Valley. The periods of intense currents are correlated with a change in current direction (southwards) and an increase in temperature (Fig. 6). The end of the warm water intrusion period is more abrupt than its onset. In some cases, such as in May 2016, the end of the event lasts only a few hours (Fig. 6). Modelling results show that during periods of intense southward currents at mooring site MLP2, a large anticyclonic ring is present at 21-24°S between the African continental slope and the group of islands and seamounts in the centre of the Mozambique Channel (Fig. 9). Anticyclones can block the northward transport of the Mozambique Undercurrent along the Mozambican slope (Fig. 9; Ullgren et al., 2012). When the northward transport along the western part of the Mozambique Channel is limited, the southward NADW transport may increase along the Zambezi Valley (Fig. 9). This may induce a deepening of the interface between the NADW and the AABW at the Zambezi Valley (Fig. 14). The NADW-AABW interface would thus move southwards, and the mooring sites would detect an increase in temperature related to the warmer NADW compared to the AABW (Figs. 6 and 14). Intense southward setting currents are related to these changes in the water-mass properties (Fig. 7). Although the mooring duration is too short for a precise assessment, the occurrence of 7 events in a year is consistent with the eddy variability obtained from satellite altimetry by Schouten et al. (2003) and from the LOCO mooring by [START_REF] Harlander | Long-term observations of transport, eddies, and Rossby waves in the Mozambique Channel[END_REF] and [START_REF] Ridderinkhof | Seasonal and interannual variability in the Mozambique Channel from moored current observations[END_REF]. This is also consistent with the frequency of occurrence of Mozambique Channel Rings obtained by Halo et al. (2014) from altimetry and two ocean models.

The effect of eddies on the seafloor may be direct: as in the Gulf of Cadiz, by generating sub-circular depressions [START_REF] García | Erosive sub-circular depressions on the Guadalquivir Bank (Gulf of Cadiz): Interaction between bottom current, mass-wasting and tectonic processes[END_REF], and in the NW Atlantic Ocean, by generating benthic nepheloid layers (Gardner et al., 2017); or indirect, as shown in the present study. Eddies can influence the deep circulation and induce periods of strong bottom currents that may erode the seafloor, winnow fine-grained sediment or generate furrows and large bedforms. Gardner et al. (2017) observed benthic storms (i.e. events of strong currents capable of eroding the seafloor and generating benthic nepheloid layers) in areas with high sea-surface eddy kinetic energy, related to the Gulf Stream or its associated rings. The importance of eddies in controlling deep-sea sedimentation is also supported by a global comparison of contourite distribution and hydrodynamic modelling, which showed that contourites are located in areas with high simulated bottom eddy kinetic energy [START_REF] Thran | Controls on the global distribution of contourite drifts: Insights from an eddy-resolving ocean model[END_REF]. [START_REF] Shanmugam | The contourite problem[END_REF] criticizes the use of the generic term contourite because of its broad sense that covers all the sediment affected by any bottom current, and suggests the use of a classification according to the different processes that generate the deposits: contourite for geostrophic currents, bottom-current reworked sands for wind-driven bottom currents, tidalite for tide-driven bottom currents, and baroclinite for internal waves or tide-driven baroclinic currents. But in the 2014) and references therein, bottom currents do not need to be persistent, their velocity may strongly vary, as shown in this study.

Implications for source-to-sink studies

Mixed contourite-turbidite systems are often characterised by an alternation of contouritic and turbiditic deposits, that result from variations in the dominant sedimentary process (Mulder et al., 2008). The Zambezi system is a particular mixed system dominated by erosive processes related to the oceanic circulation. The Zambezi Valley flanks are eroded (V-shaped), and levees are absent in most part of the system. Another particularity of the Zambezi mixed system is the absence of contourite drift-turbidite alternation, as observed in mixed systems of the southeastern Brazilian margin [START_REF] Viana | Different styles of canyon infill related to gravity and bottom current processes: example from the upper slope of the SE Brazilian margin[END_REF] or of the South China Sea [START_REF] Zhu | Characteristics of migrating submarine canyons from the middle Miocene to present: implications for paleoceanographic circulation, northern South China Sea[END_REF][START_REF] He | Architecture and controlling factors of canyon fills on the shelf margin in the Qiongdongnan Basin, northern South China Sea[END_REF]. In addition, no typical sediment drifts have been identified associated with the turbidite system, as described for example in Antarctica [START_REF] Rebesco | Sediment drift and deep-sea channel systems, Antarctic Peninsula Pacific Margin[END_REF]. At present, the circulation in the Mozambique Channel is probably too intense to allow the formation of large sediment drifts. The seafloor is characterised by erosive features such as furrows and irregular largescale bedforms, especially west of the Zambezi Valley (Breitzke et al., 2017). Lower sediment accumulations west of the Zambezi Valley may also be related to stronger bottom currents that could prevent or reduce sediment deposition in this area, compared to the area east of the valley where weaker bottom currents would favour sediment accumulation (Figs. 3 and8). Most of the sediments carried by turbidity currents are probably re-transported by bottom currents at all depths, thus little fine-grained sediments would arrive as a gravity flow to the deep part of the basin.

van [START_REF] Van Sebille | Ocean currents generate large footprints in marine palaeoclimate proxies[END_REF] demonstrated that planktonic foraminifera shells could be transported off South Africa hundreds of kilometres before being deposited on the seafloor. They considered for the foraminifera shells a settling velocity of 0.23 cm s -1 , that is much higher than the settling velocity of coarse silt (0.1 cm s -1 ) or fine silt (0.01 cm s -1 ) [START_REF] Gibbs | The relationship between sphere size and settling velocity[END_REF]. Therefore, the fine-grained sediments could be transported in suspension by the eddies travelling southwards and be finally deposited outside the Mozambique Channel. [START_REF] Zhang | Mesoscale eddies transport deep-sea sediments[END_REF] showed that surface-generated mesoscale eddies of the South China Sea can trap and transport sediment in suspension, influencing deep-water sedimentary processes.

The Zambezi Valley presents a low sinuosity [START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF], in contrast to most of the low-latitude submarine channels that are characterised by high sinuosity due to a regular and stable sediment supply, usually composed of fine-grained material (Mulder, 2011;[START_REF] Peakall | Global (latitudinal) variation in submarine channel sinuosity[END_REF]. This particularity of the Zambezi Valley may be caused by sediment sorting due to bottom currents before the formation of the turbidity current or during its movement. The NAMOC (Northwest Atlantic Mid-Ocean Channel) in the Labrador Sea and the Tanzania channel in the Southwest Indian Ocean show similar characteristics to the Zambezi Valley: absence of well-developed aggradational levees, low sinuosity and flat erosive thalwegs (Hesse et al., 1987;[START_REF] Klaucke | Seismic stratigraphy of the Northwest Atlantic Mid-Ocean Channel: growth pattern of a mid-ocean channel-levee complex[END_REF]Bourget et al., 2008;[START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF]. All these areas are under the influence of strong western boundary currents. For instance, the Eirik and Gloria Drifts are located in close vicinity to the NAMOC turbidite system [START_REF] Klaucke | Seismic stratigraphy of the Northwest Atlantic Mid-Ocean Channel: growth pattern of a mid-ocean channel-levee complex[END_REF], evidencing the effect of bottom currents in the area. The slope of North Mozambique-Tanzania is also well known for the interaction of contouritic and turbiditic processes. [START_REF] Palermo | In: Insights into a New Super-Giant Gas Field -Sedimentology and Reservoir Modeling of the Coral Complex, Offshore Northern Mozambique[END_REF] interpreted the presence of channel and lobe complexes flanked by unilateral drift mounds in the Lower Eocene depositional sequence of the Rovuma Basin as the effect of bottom currents that would deviate the fine-grained suspension cloud of the turbidity currents. This process would remove part of the fine-grained sediments from the turbidity current, increasing the grain size composition of the turbidity current, and thus generating low sinuosity channels even at low latitudes.

Conclusion

In situ current measurements, obtained from 5 mooring stations in the Zambezi and Tsiribihina Valleys, and regional hydrodynamic modelling show that the circulation near the seafloor in the Mozambique Channel is very intense and may have an important impact on deep-sea sedimentation. The main conclusions of this study are:

(1) Measured mean bottom currents in the Zambezi and Tsiribihina

Valleys at 3400-4050 m water depth are about 9-15 cm s -1 , but bottom currents show a high variability, with periods of intense circulation characterised by current speeds up to 53 cm s -1 . The results of the ROMS hydrodynamic model show that bottom currents are accelerated along the V-shaped valley flanks, with velocities similar to the mooring data, and in agreement with the flank erosion observed in seismic profiles. The periods of intense current speed are correlated with a reversal of the current direction and with an increase in temperature. These events seem to be related to the eddy activity, since they present a similar frequency as the anticyclonic eddies (about 7 per year). Moreover, modelling results show that during the identified periods of intense bottom currents, an anticyclonic ring was present between the Mozambican slope and the centre of the Mozambique Channel. The anticyclone may induce a reduction of the northward transport of the Mozambique Undercurrent along the Mozambican margin. Therefore, the southward transport of North Atlantic Deep Water along the eastern part of the Mozambique Channel could be enhanced, deepening the interface between the North Atlantic Deep Water and the Antarctic Bottom Water, and generating increased bottom currents and temperature at the mooring sites. ( 2) Multibeam bathymetry and seismic reflection data show that the Zambezi turbidite system is mainly dominated by erosive processes: the Zambezi Valley flanks are eroded and covered in some areas by contouritic sand. Moreover, levees are absent in most of the system, and large zones with furrows and large bedforms are found in the vicinity of the turbidite system. The morphological characteristics of the Zambezi Valley (low sinuosity, absence of levees and a flat erosive U-shaped thalweg) are not typical of low latitude systems, which are usually mud-rich systems. The strong bottom currents present in the Mozambique Channel may transport away most of the fine-grained sediment carried in suspension by the turbidity currents, generating coarser and probably better sorted turbidity currents.

Zambezi Intermediate Basin

MOZ2-KS05

MOZ1-KS26

MOZ4-CS22

Repeating sequence of featureless, homogeneous grey clay, overlying a laminated and normally graded detrital silt turbidite with a relatively sharp transition between the two units. Below the erosional bases of the silty turbidites the lithology changes to an olive beige foraminifera-rich mud with the very fine-to fine-sized tests and test fragments. Intense bioturbation typically results in pockets and lenses of the foraminiferal mud being mixed into the upper-most part of the grey clay before the sequence repeats itself. Résumé : Le système turbiditique du Zambèze (Canal du Mozambique, Océan Indien occidental) est l'un des plus grands systèmes turbiditiques au monde et reste encore mal compris. L'acquisition récente de données bathymétriques multifaisceaux à haute résolution, de données de sismique réflexion haute et très haute résolution et de données sédimentologiques a permis d'étudier l'évolution de l'architecture et l'organisation des dépôts depuis l'Oligocène afin de comprendre les principaux facteurs de forçage qui contrôlent la sédimentation en eau profonde dans le Canal du Mozambique. Le système turbiditique du Zambèze est composé de deux systèmes de dépôt adjacents : l'éventail du Zambèze ("Zambezi Fan") et un éventail semi-confiné ("ponded fan") dans un bassin intermédiaire face à l'embouchure du Zambèze. Les résultats et les interprétations indiquent : (1) un important contrôle tectonique depuis le Miocène responsable d'une sur-incision profonde de la vallée du Zambèze et de débordements limités des courants turbiditiques ; (2) une influence importante des courants de fond qui induisent la rareté des turbidites fines, l'érosion des flancs des vallées et l'apparition généralisée de "sediment waves" ; (3) une faible activité turbiditique au cours des 700 derniers kyr qui ne montre, en outre, aucune relation avec les changements du niveau de la mer, l'activité turbiditique s'observant indépendamment des périodes glaciaires et interglaciaires ; (4) des pics de flux terrigènes corrélés aux maxima d'ensoleillement estival local, indiquant que la mousson est le contrôle majeur des apports de sédiments vers le système de dépôt marin profond ;

MOZ4-CSF20

(5) une évolution "on-off" du l'éventail du Zambèze qui démontre un déplacement du dépocentre de la partie distale de l'éventail vers le bassin intermédiaire proximal. Ces résultats soulignent la grande complexité du système turbiditique du Zambèze en raison de l'impact de facteurs de contrôles multiples.
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Abstract:

The Zambezi turbidite system (Mozambique Channel, Western Indian Ocean) is one of the largest turbidite systems in the world and yet still remains poorly understood. Newly acquired high-resolution multibeam bathymetry, seismic reflection and sedimentological data allowed to investigate the architecture evolution and depositional patterns since the Oligocene in order to understand the main forcing factors that control the deep sea sedimentation in the Mozambique Channel. It was found that the Zambezi turbidite system is composed of two adjacent depositional systems: the channelized Zambezi Fan and a semiconfined fan in the lntermediate Basin. Moreover, results and interpretations indicate: (1) important tectonic control since the Miocene that caused deep incision of the Zambezi Valley and limited overflow of turbidite currents; (2) an important influence of bottom-currents that induces scarcity of fine-grained turbidites, valley flanks erosion and widespread occurrence of sediment waves; (3) low turbidite activity for the last 700 kyr that shows no relationship with sea-level changes as turbidite activity occurred irrespective of glacial or interglacial periods; (4) peaks in terrigenous flux with maxima in local summer insolation, reflecting that monsoon controls the sediment inputs towards the deep marine depositional system; (5) an on-off evolution of the Zambezi Fan that demonstrates a depocenter shift from the distal Zambezi Fan to the proximal Intermediate Basin. All our findings underline the high complexity in depositional environments of the Zambezi turbidite system.

  (a) Morphology and vertical variation of shear stress and velocity. (b) Schematic diagram of the distribution of particles in suspension. (c) Illustration of the distribution of particles in suspension in a turbidity current showing the interaction with the topography. . . . . . . . . . . . . . . . . . . . . 20 II.5

  . (A) Geological interpretation. (B) Location of the cross section shown in A (red line). . . . . . . III.5 The position of the Intertropical Convergence Zone (red band) during (a) austral summer months (January) and (b) austral winter months (August). Colors indicate days per month with measurable rainfall (from Ziegler et al., 2013). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III.6 Paleoclimate records from the Lake Malawi showing a change from more arid to more humid conditions over the past 1.3 Myr (modified from Johnson et al., 2016). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III.7 Global ocean currents at surface. (A) Visualization showing global ocean

  are indicated. Contour lines in meters spaced at 1000 m intervals. . . . . . . . . . . . . . . . . . III.18 Stratigraphic architecture of the Mozambique margin (modified from Ponte et al., 2018). (A) Age model. (B) Sedimentary environments. (C) GEBCO (2014) bathymetric map with position of the seismic line presented in A and B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III.19 The preferential sediment delivery sites for periods of low (thick black arrows) and high (white arrows) sea-level of the Quaternary (modified from Schulz et al., 2011). Bathymetric contour lines in meters. Numbers indicate the ratio of Holocene sedimentation rate (SR H ) and Last Glacial sedimentation rate (SR GL ). Open symbols: Estimated Holocene sedimentation rate in cm/kyr. Dashed circles: SR H > SR GL ; Crossed circles SR H <SR GL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III.20 Sediment distribution model for (a) present-day configuration, (b) a forced regression of 25 m and (c) a 100 m regression proposed by Wiles et al. (2017a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III.21 Palaeogeographic evolution of the Zambezi canyon (fromDroz and Mougenot, 1987). (A): Oligocene to Early Miocene; (B): Middle Miocene to Pliocene; (C): Pleistocene (with beginning at 1.8 Ma) . . . . . . . . . . . . . . . . III.22 Paleoenvironmental maps proposed by Ponte (2018). (A) Oligocene; (B) Early to Mid Miocene; (C) Late Miocene; (D) Pliocene to Present. . . . . III.23 Agulhas Drift west of the Mozambique Ridge (Schlüter and Uenzelmann-Neben, 2008). (A) Seismic reflection profile AWI-20050011, (B) subbottom profiler data from the uppermost 30 m of the drift crest. . . . . . . . III.24 Contourite depositional system adjacent to a seamount near the Madagascar Ridge. (A) Bathymetric map (Gebco 2008 and PAMELA multibeam bathymetric data). (B) Multi-channel seismic reflection profile MOZ2-SR-21B (location in A) (Miramontes et al., 2019c). . . . . . . . . . . . . III.25 Current directions deduced from morpho-sedimentary features south of the Iles Eparses. Yellow arrows indicate bottom-current flow directions in the water depth range of the AABW, and red arrows in the water depth range of the NADW. Blue arrows indicate potential flow paths of turbidity currents and overspill sediments of the Zambezi Channel and a crevasse channel resulting from a breach in the western levee of the Zambezi Channel (Breitzke et al., 2017). . . . . . . . . . . . . . . . . . . . . . . . . . LIST OF FIGURES xi III.26 Bottom circulation in the Mozambique Channel simulated from 1993 to 2014 with the Regional Ocean Modelling System (ROMS) (Miramontes et al., 2019c). (A) Maximum speed of bottom circulation. (B) Mean speed of bottom circulation. Blue arrows are mean bottom current directions obtained from the model. Contours of the model bathymetry are shown every 500 m (GEBCO, 2014) . . . . . . . . . . . . . . . . . . . . . . . . IV.1 Multi-scale study of the Zambezi turbidite system based on multichannel seismic profiles, sub-bottom profiles, piston cores and multibeam bathymetry with indication of their approximated vertical and time scales. . . . . . . IV.2 (A) Bathymetric data acquisition technique illustrating the fan-shaped acoustic signal (Ifremer, 2015) and (B) the typical geometry of the transmitted and received beams (Bisquay, 2006). . . . . . . . . . . . . . . . . IV.3 Map of the Mozambique Channel showing the extent of multibeam bathymetric data. This is a composition of the data acquired during the different PAMELA cruises and has a resolution of 100 m. These data are superposed on a slope map (in degrees) obtained from the GEBCO (2014) data. The black box indicates data that were used in this study. . . . . . . . . . IV.4 Principles of morphological measurements performed on the Zambezi Valley. A: Typical depth cross-section of the Zambezi Valley with the nomenclature used. B: Measured parameters on depth cross-sections. Wv: Valley width, Rv: Valley relief, Wt: Thalweg width, Rt: Thalweg relief. C: Calculation method of cross-sectional areas of the valley and thalweg. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV.5 Schematic representation of sediment waves and measured parameters. WL: wave length (in km), WH: wave height (in m) and LC: crest length (in km). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV.6 Illustration of the seismic reflection acquisition system. Source and receivers are towed behind the ship. The waves reflected on the different interfaces of the subsoil are recorded at regular intervals by the hydrophones of the streamer (modified from JOCMS, 2011). . . . . . . . . . . . . . . IV.7 Map of the Mozambique Channel showing the extent of the high-resolution multichannel seismic data acquired during the PAMELA cruises (excluding the PAMELA-MOZ4 data on the upper slope). These data are superposed on a slope map (in degrees) obtained from the GEBCO (2014) data. The black box indicates data that were used in this study. . . . . . . . . . IV.8 Map of the Mozambique Channel showing the extent of the sub-bottom

  3822 relation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV.15 The protocol for core analyses on-board the research vessels. . . . . . . . IV.16 Strategy to construct age models from δ 18 O data illustrated with core MOZ1-KS26. (A) Initial δ 18 O data with original depth (cm) of the sediment core. (B) Corrected δ 18 O data in depth (cm) without turbidite intervals. (C) Global benthic foraminiferal LR04-stack of Lisiecki and Raymo

  (D) chirp profiles 2, 3 and 4 (location in A) showing the location of MOZ2-KS11, MOZ1-KSF30 and MOZ4CS25, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 VI.4 Chirp profile illustrating the position of core MOZ2-KS05 distally in the Intermediate Basin. Position of line is indicated with a bathymetric map (PAMELA, 100m resolution). . . . . . . . . . . . . . . . . . . . . . . . 133 VI.5 Core-to-core correlation in depth scale of the different sedimentary cores

  is illustrated at the bottom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VI.15 Downcore data of core MOZ2-KSF15 plotted on a depth scale. (A) stable oxygen isotope data and colorimetry L* (lightness). The italic numbers at the top indicate the different MIS intervals. (B) XRF Ca/Fe ratios and colorimetry L* (lightness). (C) XRF Fe/Ti ratios. (D) XRF Al/Si ratios and sediment accumulation rate (SAR). (E) Colorimetry a* (red/green).

  evolution of the regional seismic units. See figure VII.14 for location and figure VII.14 for uninterpreted seismic sections. (See Appendix D for figure in A3 format). The lines A to E are at the same vertical scale. A and B are horizontally streched. . . . . . . . . . . . . . VII.16 Seismic facies observed in the regional seismic units. See figure VII.14 for location and figure VII.14 for uninterpreted seismic sections. (See Appendix D for figure in A3 format). The lines A to E are at the same vertical scale. A and B are horizontally streched. . . . . . . . . . . . . . VII.17 Distribution of high-amplitude channel infilling of Unit 1. Lateral levees are not mapped. The red line is the current course of the Zambezi Valley which erodes Unit1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII.18 Close-up of Unit 2 showing the possible stacking of smaller coarse-grained channel-levee systems. Green colors: overbanks; Yellow: channels. For location of map see figure VII.2. . . . . . . . . . . . . . . . . . . . . . . VII.19 Distribution of high-amplitude Unit 2, showing a possible origin from Madagascar or Serpa Pinto (+Angoche?) valleys. The previous U1 stage is shown in transparent green color. The red line is the current course of the Zambezi Valley which erodes Unit 2. . . . . . . . . . . . . . . . . . . VII.20 Distribution of low-amplitude Unit 3R and U3-4L. The previous U1 and U2 are shown in transparent green and blue color, respectively. The red line is the current course of the Zambezi Valley that contributed to the levee deposition on the left bank of the valley. . . . . . . . . . . . . . . . VII.21 Western(a) and eastern (b) limits of the Zambezi Fan depositional area where high-amplitude facies are deposited in alternation (a) or above (b) contourite deposits. For location of map see figure VII.2. . . . . . . . . . VII.22 Seismic architecture of the depositional area. A: High-amplitude facies showing numerous erosional unconformities that could be grouped into three main erosional axes. The red axis is the youngest one. Stratigraphic relationships are unknown for the green and blue axes. Colors are specific to this figure and do not refer to colors used elsewhere in the manuscript. B: Channel-levee system at the top of the depositional area. Green: finegrained levee deposits. Yellow: coarse grained channel deposits. For the position of the seismic lines, see figure VII.21. . . . . . . . . . . . . . . VII.23 Extension of the ponded fan deposits in the Intermediate Basin and distribution of the channels upslope (black lines) that contributed to feed the fan. Blue lines are the sediment transport pathways in the Intermediate Basin towards the Bourcart-Hall Depression recognized by Wiles et al. (2017a). Seismic profiles of figure VII.24, VII.25, VII.26 and VII.27 are shown as red lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII.24 Unit U4 that characterizes the infill of the Intermediate Basin. (A) Highresolution multichannel seismic profile (MOZ4-SR-173) showing the continuous, strong amplitude reflectors with low frequency alternating with transparent and chaotic facies. The base of the basin is delineated by a dashed line. (B) Zoom of A that shows more in detail the vertical variations in amplitude and facies. (C) Transparent cover on a chirp seismic profile (MOZ4-SDS-173e). See figure VII.23 for location of the seismic line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix VII.25 Chirp profile illustrating the onlapping terminations at the basal surface of U4R observed in the distal part of the Intermediate basin. The red line indicates the position of core MOZ2-KS05. See figure VII.23 for location of this seismic section. . . . . . . . . . . . . . . . . . . . . . . . . . . . VII.26 Line drawing of a NW-SE section crossing the Intermediate Basin (courtesy of Total). The ponded fan (grey) is cut by several small incisions (red V forms). Yellow horizons in the SW separate sub-units that onlap on the previous sediments. The more recent infill present on the NE part is shown in pink. The position of the profile is specified in figure VII.23. . VII.27 Migrations of the depocenters characterizing the filling of the Intermediate Basin (line MOZ4-SR-171a and b). Colors are used to highlight shifts in seismic units (no particular lithological significance). Note also the decrease in the thickness of the transparent surface layer, until it disappears towards the NE. Location of the profile in figures VII.23, VII.26. . . . . . VII.28 Isopach map in mstwt of the turbidite deposition that fills in the Intermediate Basin. Black dashed line indicates the extension of the transparent cover. The channels upslope that contributed to feed the fan are also shown with black lines. The bold line indicates the most recent channel. . VII.29 Timing of deposition of seismic units and main incisions of the Zambezi turbidite system, based on the stratigraphy established by Ponte (2018). . VII.30 Proposed Oligocene to Present evolution of the architecture and sedimentation of the Zambezi turbidite system (the limits of depositional units are approximated). Green: dominantly fine-grained turbidites; Yellow: mainly coarse-grained turbidites (DA: depositional area). Black: contourites (O and M: Oligocene and Miocene drifts, respectively, from Raisson et al., 2016). Transparent white: previous contourites. Pink inside the Zambezi2 incision and in the Depositional area: Mass-Transport Deposit (MTD). White arrows: origin of inputs. SP (Serpa Pinto), A1 (An-goche1), A2 (Angoche2), Z1 (Zambezi1), Z2 (Zambezi2) and Z3 (Zam-bezi3) refer to main incisions. . . . . . . . . . . . . . . . . . . . . . . . VIII.1 A comparison of the sediment spatial distribution retrieved from (A) subbottom profiles (Late Quaternary) and (B) multichannel seismic reflection data (Plio-Pleistocene). . . . . . . . . . . . . . . . . . . . . . . . . . . . VIII.2 Location of the studied cores with lithological log (Chapter VI) (for details see Appendix B) on the interpretation map of sub-bottom profiler data (Chapter V). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  photography and synthetic logs are included in Appendix B. Appendix C holds the coreto-core correlation established based on age models obtained during this study (in large format). Appendix D provides A3 format of some figures, mainly of seismic lines.

Figure II. 1 :

 1 Figure II.1: Hierarchical representation of the factors controlling the sedimentation on Earth. The outer circle represents the global forcings (climate and tectonics) with inside the secondary forcings (sediment supply, subsidence and eustasy)[START_REF] Rabineau | Un modèle géométrique et stratigraphique des séquences de dépôts quaternaires sur la marge du Golfe du Lion: enregistrement des cycles climatiques de 100 000 ans[END_REF].

Figure II. 2 :

 2 Figure II.2: Simplified presentation of the sediment routing system that includes global and local control factors affecting sedimentary records (LabexMER, 2012).

Figure

  Figure II.3: (A) Stacked δ 18 O-LR04 record illustrating the major climatic variations during the last 1.8 Myr (Lisiecki and Raymo, 2005) with Red Sea sea-level (RSL) record (red line, orange zone corresponds to maximum probability 95%; Grant et al., 2014). (B) LR04 stack during the last 700 kyr with marine stage according to Railsback et al. (2015). Numbers are the different Marine Isotope Stages (MIS) and the roman letters indicate the Glacial Terminations. (C), (D), (E) The Milankovitch parameters (Milankovitch, 1920): (C) eccentricity, (D) obliquity, (E) precession. The combination of these 3 Milankovitch parameters determines the amount of solar radiation (F) reaching the Earth's surface (modified from Pasquier, 2017 and Toucanne, 2008).

Figure II. 4 :

 4 Figure II.4: Main characteristics of a turbidity current (Hansen et al., 2015). (a) Morphology and vertical variation of shear stress and velocity. (b) Schematic diagram of the distribution of particles in suspension. (c) Illustration of the distribution of particles in suspension in a turbidity current showing the interaction with the topography.

Figure II. 6 :

 6 Figure II.6: Schematic representation of a turbiditic fan with indication of the major morphological zones and architectural elements[START_REF] Babonneau | Mode de fonctionnement d'un chenal turbiditique méandriforme: Cas du système turbiditique actuel du Zaïre[END_REF].

Figure II. 7 :

 7 Figure II.7: Bathymetric images of submarine canyons. (A) La Jolla Canyon (Paull et al., 2013). (B) Monterey Canyon (Monterey Bay Aquarium Research Institute, 2017).
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  Figure II.8: Comparison of canyon cross-sections from around the world, illustrating the diversity of depth, width and morphology of incisions (compilated by[START_REF] Normark | Giant submarine canyons: Is size any clue to their importance in the rock record?[END_REF].

Figure II. 10 :

 10 Figure II.10: Schematic diagram illustrating the evolution of a channel[START_REF] Babonneau | Mode de fonctionnement d'un chenal turbiditique méandriforme: Cas du système turbiditique actuel du Zaïre[END_REF]. The channel can be aggradational (seismic profile of the Amazon Fan,[START_REF] Flood | Seismic facies and late Quaternary growth of Amazon submarine fan. in 'Seismic facies and sedimentary processes of submarine fans and turbidite systems[END_REF] or incisional (seismic profile of the Bengal fairway system,[START_REF] Hübscher | The youngest channellevee system of the Bengal Fan: Results from digital sediment echosounder data[END_REF] 

Figure II. 11 :

 11 Figure II.11: Distal area of the present Congo turbidite system (Croguennec et al., 2017). (A) Interpretated backscatter image showing the end of the active channel-levee and the distal lobe complex composed of five main lobe units. Interpretation is from Babonneau (2002). (B) 3.5 kHz sub-bottom profile located at the extremity of the lobes 5 (location in A).
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  Figure II.12: Influence of a contour current on a turbidity current shown by a conceptual sedimentological model (from Fonnesu, 2013 in Palermo et al., 2015).

Figure II. 13 :

 13 Figure II.13: Possible interactions of turbiditic and contouritic processes[START_REF] Faugères | Seismic features diagnostic of contourite drifts[END_REF].

Figure II. 14 :

 14 Figure II.14: Standard facies model of a contourite sequence, illustrating the coarsening upward then the fining upward trend (Rebesco et al., 2014).

Figure II. 15 :

 15 Figure II.15: Elongated mounded drift. (A) Simplified diagram describing the dynamics of a contouritic current at the bottom of the slope and the associated morphologies: contouritic channel (moat) and its drifting ridge(Rebesco et al., 2014). (B) Typical contourite drift from the Balearic Sea area(Miramontes et al., 2019a) 

Figure II. 17 :

 17 Figure II.17: Bedform occurence for deep-water bottom current systems shown as a function of mean sediment grain size versus flow velocity(Rebesco et al., 2014).
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  Figure III.1: The western Indian Ocean and Mozambique Channel (white rectangles)[START_REF] Delaunay | Les mouvements verticaux de Madagascar (90-0 Ma): une analyse couplée des formes du relief et de l'enregistrement sédimentaire des marges ouest malgaches[END_REF]. (a) Physiographic map with main fracture zones (black lines)[START_REF] Amante | ETOPO1 arc-minute global relief model: procedures, data sources and analysis[END_REF]. (b) Free air gravity anomaly map with main sedimentary basins and fracture zones created during the break-up of the Gondwana[START_REF] Sandwell | New global marine gravity model from CryoSat-2 and Jason-1 reveals buried tectonic structure[END_REF].

Figure III. 2 :

 2 Figure III.2: Structure of the East-African Rift System and associated present-day seismicity (Deville et al., 2018). The prolongation of the eastern branch of rift in the Mozambique Channel was recently constrained by Courgeon et al. (2017) and Deville et al. (2018).

Figure III. 3 :

 3 Figure III.3: Fault zone (grey color) crossing the Mozambique Channel from NE (Davie Ridge) to SW (Mozambique Ridge) (Deville et al., 2018).

Figure III. 4 :

 4 Figure III.4: The Beira High structure (Mueller et al., 2016). (A) Geological interpretation. (B) Location of the cross section shown in A (red line).

Figure III. 5 :

 5 Figure III.5: The position of the Intertropical Convergence Zone (red band) during (a) austral summer months (January) and (b) austral winter months (August). Colors indicate days per month with measurable rainfall (from Ziegler et al., 2013).

Figure III. 6 :

 6 Figure III.6: Paleoclimate records from the Lake Malawi showing a change from more arid to more humid conditions over the past 1.3 Myr (modified from Johnson et al., 2016).

Figure

  Figure III.7: Global ocean currents at surface. (A) Visualization showing global ocean currents from Jan 01, 2010 at sea level (Shirah et al., 2017) with indication of the major currents (arrows) (NOAA, 2018). (B) Long-term mean flow in the Mozambique Channel (yellow box in A) (Quartly and Srokosz, 2004). SEC: South Equatorial Current; NEMC: Northeast Madagascar Current; SEMC: Southeast Madagascar Current; EACC: East African Coastal Current, MC: Mozambique Current, AC: Agulhas Current.

(

  AABW) flow (figure III.8) (de Ruijter et al., 2002). The MUC includes the Antarctic Intermediate Water (AAIW) between 800 m and 1500 m and the North Atlantic Deep Water (NADW) from 2000 m to 3500 m depth. The AAIW together with the upper portion of the NADW pass northwards along the northern part of the Davie Ridge before flowing across it into the Somali Basin (de Ruijter et al., 2002; Donohue and Toole, 2003; van Aken et al., 2004). The decreasing depth of the seafloor around 20°S causes a segregation of the lower portion of the NADW flow that is deflected southward along the Madagascar margin (van Aken et al., 2004; Ullgren et al., 2012) (figure III.8). At depths below 4000 m, the deepest water masses are transported northward by the Antarctic Bottom Water (AABW) flow. Similarly, where the bathymetry becomes shallower (around 25°S) the AABW flow deflects towards the east then south forming a weaker return flow at the eastern side of the Mozambique Basin (de Ruijter et al., 2002; Donohue and Toole, 2003).

Figure III. 8 :

 8 Figure III.8: Overview of the surface (red) and deep water (blue) circulation in the Mozambique Channel(Fierens et al., 2019, based on de Ruijter et al., 2002; Schulz et al., 2011; Uenzelmann-Neben et al., 2011; Halo et al., 2014; Raisson et al., 2016). Bathymetric and topographic maps based on (GEBCO, 2014) data. Contour lines in meters spaced at 1000 m intervals. AABW: Antarctic Bottom Water; AAIW: Antarctic Intermediate Water; EACC: East African Coastal Current; MC: Mozambique Current; MUC: Mozambique Undercurrent: NADW; North Atlantic Deep Water; SEMC: Southern branch of the East Madagascar Current.

  Over the geological time scale, sediment drifts and hiatuses recognized on the South African continental margin indicate that a proto-Antarctic Bottom Water (AABW) was already active in Oligocene times and activity strengthened during Middle Miocene (Diester-Haass et al., 1996; Scher and Martin, 2004; Uenzelmann-Neben et al., 2007). At the Miocene-Pliocene boundary the AABW flow was deflected to the south by increased flow of North Atlantic Deep Water (Uenzelmann-Neben, 2001; Schlüter and Uenzelmann-Neben, 2008).

Figure III. 9 :

 9 Figure III.9: Dispersal of Zambezi Riverine sediment on the Mozambican continental shelf related to the inshore clockwise circulation on the shelf (black arrowed line), depositing a littoral inner mud belt (brown) along the coast and an outer mud belt (green) on the upper slope. The dotted line indicates the approximate position of the shelf edge (modified from[START_REF] Ulrich | Untersuchungen zur Morphologie des Schelfrandes vor Mozambique nordöstlich der Sambesi-Mündung[END_REF][START_REF] Ulrich | Untersuchungen zur Morphologie des Schelfrandes vor Mozambique nordöstlich der Sambesi-Mündung[END_REF] Schulz et al., 2011).

Figure III. 10 :

 10 Figure III.10: Water masses in the Mozambique Channel (Miramontes et al., 2019c). (A) Salinity section along the Zambezi Valley. (B) Potential temperature-salinity diagram showing the different water masses present in the Mozambique Channel. σ 0 : potential density anomaly (kg m -3 ); TSW: Tropical Surface Water; STSW: Sub-Tropical Surface Water; SICW: South Indian Central Water; AAIW: Antarctic Intermediate Water; RSW: Red Sea Water; NADW: North Atlantic Deep Water; AABW: Antarctic Bottom Water.

Figure III. 11 :

 11 Figure III.11: Topographic map of Madagascar with the major rivers[START_REF] Brown | Spatial biodiversity patterns of Madagascar's amphibians and reptiles[END_REF].

Figure

  Figure III.12: The Zambezi River catchment. (A) Position on the African continent (Ponte, 2018). (B) Modern drainage system of the Zambezi River and main streams, lakes and topography (GEBCO, 2014). Important elements for the drainage evolution are from Thomas and Shaw (1988), Moore and Larkin (2001), Cotterill (2006) and Moore et al. (2012): CB.: Cahora Bassa gorge; B.: Bakota gorge; V.F.: Victoria Falls; C.f.: Chobe fault; L.f.: Linyanti fault; O-K-Z: Okavango-Kalahari-Zimbabwe Axis.

Figure

  Figure III.13: The longitudinal profile of the Zambezi River along its upper and middle parts (Nugent, 1990).

  2.b Pliocene (5 -2.6 Ma) During Late Neogene period, the erosion persisted and at ca. 3-2.5 Ma, the middle/lower Zambezi finally converged with the Paleo-Chambeshi and Upper Zambezi (figure III.14B).

Figure III. 14 :

 14 Figure III.14: Successive drainage reconstructions of the Zambezi catchment based on literature synthesis(Thomas and Shaw, 1988; Moore and Larkin, 2001; Cotterill, 2006; Moore et al., 2012). (A) Miocene period, (B) Pliocene period. C.B.: Cahora Bassa gorge; B.: Bakota gorge; MP: Mana Pools Basin. Dotted pattern: Catchment areas that are not discussed in literature.

  Figure III.14: Successive drainage reconstructions of the Zambezi catchment based on literature synthesis(Thomas and Shaw, 1988; Moore and Larkin, 2001; Cotterill, 2006; Moore et al., 2012). (A) Miocene period, (B) Pliocene period. C.B.: Cahora Bassa gorge; B.: Bakota gorge; MP: Mana Pools Basin. Dotted pattern: Catchment areas that are not discussed in literature.

Figure III. 15 :

 15 Figure III.15: Successive drainage reconstructions of the Zambezi catchment for (A) Early Pleistocene (2.2-1.8 Ma) period and (B) Early to Mid Pleistocene (~0.8 Ma) period based on literature synthesis(Thomas and Shaw, 1988; Moore and Larkin, 2001; Cotterill, 2006; Moore et al., 2012). C.f. = Chobe fault; L.f. = Linyanti fault. Dotted pattern: Catchment areas that are not discussed in literature.

  .15A) is larger than during the Pliocene period (figure III.14B), the sediment flux towards the Mozambique Channel was considerably lower due to sediment storage in the Paleo-Lake Deception/Makgadikgadi. III.4.2.2.d Early to Mid Pleistocene (1.4 -0.1 Ma) During Early to Mid-Pleistocene, tectonic activity severed the link between the Kafue and the Upper Zambezi and induced a major endoreic Paleo-Lake Patrick (figure III.15B; Simms

  the paleo-lake. The connection between the Upper Zambezi/Cuando and Middle Zambezi may be repeatedly cut-off and re-established during the Quaternary because of uplift along Chobe fault (which crossed the Upper Zambezi course) (figure III.16). The evidence for a recent history of major oscillations of the Makgadikgadi Lake shoreline suggests that the sediment flux towards the Mozambique Channel has fluctuated during the Quaternary (Moore and Larkin, 2001).

Figure

  Figure III.16: Drainage reconstructions of the Zambezi catchment from Late Pleistocene based on literature synthesis(Thomas and Shaw, 1988; Moore and Larkin, 2001; Cotterill, 2006; Moore et al., 2012). C.f.: Chobe fault; L.f.: Linyanti fault. Dotted pattern: Catchment areas that are not discussed in literature.

  ). Most of the channels are concentrated on the northern steep slope and only a few occur on the more gently deepening slope in the extension of the Zambezi Mouth. Up to now, various sedimentary models are proposed to describe the mechanism of sediment delivery from the Mozambican shelf towards the depositional abyssal regions. Based on sedimentation rates in cores collected from the Mozambique shelf and slope, Schulz et al. (2011) and van der Lubbe et al. (2014) proposed a lateral variation in sediment delivery as a function of relative sea-level (figure III.19

  channeled to the continental slope by Chinde-Zambezi paleo-valley, and possibly through other channels, and get delivered to the region facing the Zambezi delta, enclosed by the Mozambican continental slope, the Zambezi Valley and the Iles Eparses.

Figure III. 17 :

 17 Figure III.17: Physiographic map of the present-day Mozambique Channel showing main sedimentary and structural features (modified from Fierens et al., 2019). Compiled from published literature: (1) Schulz et al., 2011; (2) Kolla et al., 1980a; (3) Beiersdorf et al., 1980; (4) GEBCO, 2014; (5) Wiles et al., 2017a; (6) Breitzke et al., 2017; (7) Kolla et al., 1980b; (8) Raillard, 1990; (9) Thompson, 2017; (10) Raisson et al., 2016; (11) Mahanjane, 2012; (12) Mahanjane, 2014; (13) Schematized from Courgeon et al., 2017 and Deville et al., 2018; (14) Ponte, 2018, partly based on Baby, 2017. Cores from IODP leg 361 (green stars; Hall et al., 2016) and from DSDP leg 25 (white stars; Simpson, 1974) are indicated. Contour lines in meters spaced at 1000 m intervals.

Figure

  Figure III.18: Stratigraphic architecture of the Mozambique margin (modified from Ponte et al., 2018). (A) Age model. (B) Sedimentary environments. (C) GEBCO (2014) bathymetric map with position of the seismic line presented in A and B.

Figure

  Figure III.19: The preferential sediment delivery sites for periods of low (thick black arrows) and high (white arrows) sea-level of the Quaternary (modified from Schulz et al., 2011). Bathymetric contour lines in meters. Numbers indicate the ratio of Holocene sedimentation rate (SR H ) and Last Glacial sedimentation rate (SR GL ). Open symbols: Estimated Holocene sedimentation rate in cm/kyr. Dashed circles: SR H > SR GL ; Crossed circles SR H <SR GL .

Figure

  Figure III.20: Sediment distribution model for (a) present-day configuration, (b) a forced regression of 25 m and (c) a 100 m regression proposed by Wiles et al. (2017a).

  to the east. At around 22°S, the Zambezi Valley coalesces with the Tsiribihina Valley that originates from the Madagascar margin. The echo character of these valley floors[START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF] and coring attempts in the Zambezi Valley (DSDP site-243, Leg 25;Simpson, 1974) attest of the coarse-grained composition of sediments at the seafloor. The final portion of the Zambezi Valley ends in a distal coarse-grained depositional area (figure III.17; Kolla

  have shown that the fan initiated during Oligocene times and was at that time fed by the Serpa Pinto Valley, a NS feeding axis close to the Davie Ridge (figure III.21A). The shift to the current NW-SE Zambezi Valley occurred in the Mid-Miocene (figure III.21B) possibly in response to tectonic activity induced by the development of the East African Rift System that affected the northern Mozambique margin and increased the sediment load of the Zambezi River. During the Pleistocene, minor modifications of the feeding network occurred (figure III.21C).

Figure III. 21 :

 21 Figure III.21: Palaeogeographic evolution of the Zambezi canyon (from Droz and Mougenot, 1987). (A): Oligocene to Early Miocene; (B): Middle Miocene to Pliocene; (C): Pleistocene (with beginning at 1.8 Ma) .

Figure

  Figure III.22: Paleoenvironmental maps proposed by Ponte (2018). (A) Oligocene; (B) Early to Mid Miocene; (C) Late Miocene; (D) Pliocene to Present.

  South of South Africa and west of the Mozambique Ridge, multiple sediment drifts are observed. On the Agulhas Plateau, sediment drifts are identified parallel to the slope and have been forming since Early Oligocene under the influence of the proto-AABW (Antarctic Bottom Water). Additionally, on the eastern Agulhas Plateau, sedimentary features with mounded geometries have built-up since Early Oligocene and point to the influence of the Antarctic Intermediate Water (AAIW)/Agulhas Current (Uenzelmann-Neben, 2001, 2002; Uenzelmann-Neben et al., 2007). In the Agulhas Passage, North of the Agulhas Plateau, a giant (up to 1300 m thick) elongated drift associated with a moat demonstrates AABW activity since the Early Oligocene (Uenzelmann-Neben et al., 2007; Uenzelmann-Neben and Huhn, 2009). In the central Transkei Basin (south of Natal Valley) two different drifts are present. The formation of the N-S oriented M-Drift started in the Early Oligocene-Middle Miocene by the proto-AABW. From Early Pliocene the Agulhas Drift with W-E orientation started under the influence of the NADW (North Atlantic Deep Water) (figure III.23) (Uenzelmann-Neben et al., 2007; Schlüter and Uenzelmann-Neben, 2008). The development of the Mozambique Channel and the Zambezi turbidite system is also strongly influenced by contour currents as they produced various morphological barriers through time. Enormous contouritic drifts (1.5 stwt thick, ~1500 m) are found against the southern flank of Beira High since the Late Cretaceous (figure III.18; Ponte et al., 2018). Contourite sedimentation continued during the Oligocene and the Miocene and developed very thick contouritic ridges that form major morpho-sedimentary barriers on the right-hand side of the Zambezi Valley (figure III.17; Raisson et al., 2016). Furthermore, contouritic deposits are identified along the Madagascar and Mozambique Ridges from Oligocene to present (figure III.22; Ponte, 2018). In addition, Miramontes et al. (2019c) described near the Madagascar Ridge an elongated depositional moat-drift system adjacent to seamounts, with a mounded external geometry and large bedforms (figure III.24). A plastered drift onto the Mozambique slope represents recent contouritic sedimentation that is possibly induced by the Mozambique Current(Jouet and Deville, 2015;[START_REF] Miramontes | Contourites and present-day circulation in the Mozambique Channel[END_REF].

Figure

  Figure III.23: Agulhas Drift west of the Mozambique Ridge (Schlüter and Uenzelmann-Neben, 2008). (A) Seismic reflection profile AWI-20050011, (B) subbottom profiler data from the uppermost 30 m of the drift crest.

Figure

  Figure III.24: Contourite depositional system adjacent to a seamount near the Madagascar Ridge. (A) Bathymetric map (Gebco 2008 and PAMELA multibeam bathymetric data). (B) Multi-channel seismic reflection profile MOZ2-SR-21B (location in A) (Miramontes et al., 2019c).

Figure

  Figure III.25: Current directions deduced from morpho-sedimentary features south of the Iles Eparses. Yellow arrows indicate bottom-current flow directions in the water depth range of the AABW, and red arrows in the water depth range of the NADW. Blue arrows indicate potential flow paths of turbidity currents and overspill sediments of the Zambezi Channel and a crevasse channel resulting from a breach in the western levee of the Zambezi Channel (Breitzke et al., 2017).

Figure III. 26 :

 26 Figure III.26: Bottom circulation in the Mozambique Channel simulated from 1993 to 2014 with the Regional Ocean Modelling System (ROMS) (Miramontes et al., 2019c). (A) Maximum speed of bottom circulation. (B) Mean speed of bottom circulation. Blue arrows are mean bottom current directions obtained from the model. Contours of the model bathymetry are shown every 500 m (GEBCO, 2014) .

Figure IV. 1 :

 1 Figure IV.1: Multi-scale study of the Zambezi turbidite system based on multichannel seismic profiles, sub-bottom profiles, piston cores and multibeam bathymetry with indication of their approximated vertical and time scales.

Figure IV. 2 :

 2 Figure IV.2: (A) Bathymetric data acquisition technique illustrating the fan-shaped acoustic signal (Ifremer, 2015) and (B) the typical geometry of the transmitted and received beams[START_REF] Bisquay | Sondeurs multifaiseaux Comment ça marche?[END_REF].

Figure IV. 3 :

 3 Figure IV.3: Map of the Mozambique Channel showing the extent of multibeam bathymetric data. This is a composition of the data acquired during the different PAMELA cruises and has a resolution of 100 m. These data are superposed on a slope map (in degrees) obtained from the GEBCO (2014) data. The black box indicates data that were used in this study.

Figure IV. 4 :

 4 Figure IV.4: Principles of morphological measurements performed on the Zambezi Valley. A: Typical depth cross-section of the Zambezi Valley with the nomenclature used. B: Measured parameters on depth cross-sections. Wv: Valley width, Rv: Valley relief, Wt: Thalweg width, Rt: Thalweg relief. C: Calculation method of cross-sectional areas of the valley and thalweg.

Figure IV. 5 :

 5 Figure IV.5: Schematic representation of sediment waves and measured parameters. WL: wave length (in km), WH: wave height (in m) and LC: crest length (in km).

Figure IV. 6 :

 6 Figure IV.6: Illustration of the seismic reflection acquisition system. Source and receivers are towed behind the ship. The waves reflected on the different interfaces of the subsoil are recorded at regular intervals by the hydrophones of the streamer (modified from JOCMS, 2011).

  This study used approximately 23,470 km of multichannel seismic data (figure IV.7) and ca. 32,750 km of sub-bottom seismic profiles (figure IV.8). The data are unevenly distributed across the study area with the majority of the data located around the Zambezi Valley. The seismic lines are more dispersed on the Mozambican continental slope (N to NE of Iles Eparses) and the distal Mozambique Basin. The density of seismic data is generally low with regard to the large size of the study area, which makes the interpolation of interpretations locally difficult.

Figure IV. 7 :

 7 Figure IV.7: Map of the Mozambique Channel showing the extent of the high-resolution multichannel seismic data acquired during the PAMELA cruises (excluding the PAMELA-MOZ4 data on the upper slope). These data are superposed on a slope map (in degrees) obtained from the GEBCO (2014) data. The black box indicates data that were used in this study.

Figure IV. 8 :

 8 Figure IV.8: Map of the Mozambique Channel showing the extent of the sub-bottom profiler data acquired during the PAMELA cruises (excluding the PAMELA-MOZ4 data on the upper slope). These data are superposed on a slope map (in degrees) obtained from the GEBCO (2014) data. The black box indicates data that were used in this study.

  ) post-processing (chirp signal compression, spherical divergence correction, attitude parameters correction and envelop to phase recording); (2) sourcereceiver offset calculation; and (3) collection and recording of acquisition parameters and processed data. Secondly, the SEGY file formats were made compatible for IHS Kingdom Suite ® software. This compatibility step consisted of: (1) raw XTF files conversion to SEGY format; (2) merging of processed segments into one SEGY file; (3) exporting CMP coordinates to ASCII format; and (4) creation of a pdf image.

Figure IV. 9 :

 9 Figure IV.9: Additional reflection seismic datasets: MD163-MoBaMaSiS (red lines; Reichert and Aslanian, 2007), MD40-Macamo (blue lines; Mougenot, 1984) and Total (black lines; data courtesy of Total). The Total dataset has a mesh of about 20 km.

  Seismic facies are defined by looking at the internal character and external configuration of the seismic units. Internal reflection character can be described by parameters such as configuration, continuity, amplitude and frequency (figure IV.11). The upper and lower boundaries of the seismic facies define its 2 or 3 dimensional external shape (e.g., wedge, lens or sheet geometry).

Figure IV. 10 :

 10 Figure IV.10: Seismic sequence and reflector termination after Mitchum et al. (1977).

Figure IV. 11 :

 11 Figure IV.11: Characteristic seismic reflection configurations after Mitchum et al. (1977).

Figure IV. 12 :

 12 Figure IV.12: Position of cores used in this study. These data are superposed on a slope map (in degrees) obtained from the GEBCO (2014) data.

Figure IV. 13 :

 13 Figure IV.13: Sketch of a piston core sampler system(Bourillet et al., 2007).

Figure IV. 14 :

 14 Figure IV.14: Technique used to correct the depth for coring artifacts on core MOZ4-CSF20. The points are the corrected depths calculated by the CINEMA ® software(Bourillet et al., 2007). These datapoints were corrected using two different linear equations. The red color highlight the depth interval (0-72 cm) that was corrected by y=0.3467x+0.6499. The black color shows the depth interval (72-1100 cm) corrected with the y=0.934x-0.3822 relation.

Figure IV. 15 :

 15 Figure IV.15: The protocol for core analyses on-board the research vessels.

  analyses of the JNdi-1 standard solution during the course of this study gave 143 Nd/ 144 Nd = 0.512095 ± 0.000009 (2SD, n = 150), which corresponds to an external reproducibility of ~±0.3 ε-units, taken as the estimated uncertainty on our measurements. In this study, both measured 143 Nd/ 144 Nd ratios and literature data are reported in Nd notation [( 143 Nd/ 144 Nd) sample /( 143 Nd/ 144 Nd) CHUR-1] 

  . During glacial periods the volume of glacial ice increases (storage of 16 O), which results in18 O enriched ocean water. The δ 18 O of seawater (and thus the climatic signal) is imprinted in the carbonate shells of foraminifera. Samples (n=1142) for stable O isotope analyses were taken along the hemipelagic layers of 11 cores (table IV.5), with a sample step of 5 to 20 cm. The samples were dried and wet-sieved at 63 µm. About 100 µg of the benthic foraminifera species Cibicides wuellerstorfi was picked with a size fraction between 250 and 425 µm. Benthic foraminifera are preferred to planktonic foraminifers because they record a global signal independent of local or seasonal surface ocean conditions. The O isotopic compositions were analyzed at the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research (Kiel University, Germany) using a Kiel IV carbonate preparation device connected to a MAT 253 mass spectrometer from Thermo Fisher Scientific ® . During preparation the carbonates were reacted with 100% phosphoric acid (H3PO4) under vacuum at 75°C, and the evolved carbon dioxide was analyzed eight times for each individual sample. All values are reported in the Vienna Pee Dee Bee notation (VPDB) relative to NBS19. Precision of all different laboratory internal and international standards (NBS19 and IAEA-603) is <±0.09 ‰ for δ 18 O values.As samples were only taken in the hemipelagic sediment intervals of the cores, the core depth of the obtained δ 18 O isotopes was first corrected so that turbidity intervals were not taken into account(figure IV.16a, b). Subsequently, these δ 18 O records (corrected for depth) were compared with the global benthic foraminiferal LR04-stack ofLisiecki and Raymo (2005) (figure IV.16c). Because our dataset shows large resemblance to the LR04 stacked record, ages could get assigned to specific δ 18 O values (figure IV.16d). Tie-points were limited to clearly identifiable boundaries (i.e. marine isotope stage -MIS-boundaries), includ-

Figure IV. 16 :

 16 Figure IV.16: Strategy to construct age models from δ 18 O data illustrated with core MOZ1-KS26. (A) Initial δ 18 O data with original depth (cm) of the sediment core. (B) Corrected δ 18 O data in depth (cm) without turbidite intervals. (C) Global benthic foraminiferal LR04-stack of Lisiecki and Raymo (2005) with marine isotopic stages according to Railsback et al. (2015). (D) Age model defined for MOZ1-KS26 by comparison with the LR04-stack. The dashed arrows indicate the position of the tie-points.

  delineated a wide channelized depositional area south of the Zambezi Valley composed of coarse-grained turbidites (sands and silts). They also highlighted the abundance of wavy bedforms on the right hand side of the valley and proposed these bedforms to be generated by the deep circulation (AABW flow). More recently,Breitzke et al. (2017) re-examined and interpreted the complex seafloor morphology and shallow geomorphology of this area using high-resolution seafloor data (figure III.17). Their findings were similar to those ofKolla et al. (1980a,b), but specified that sediment waves occur in various orientations and origins. They propose that the sediment waves are related to bottom currents controlled by both the NADW and AABW, depending on the considered orientations and water depths.[START_REF] Wiles | The Zambezi Channel: A new perspective on submarine channel evolution at low latitudes[END_REF] showed from a geographically limited survey of the Zambezi Valley that the valley has an unusual morphological character and is much different from other well-known turbidite channel systems.

Figure V. 1 :

 1 Figure V.1: Synthetic sedimentary organization of the Mozambique Channel and Zambezi turbidite system (modified from Fierens et al., 2019, adapted to the Zambezi turbidite system from a sketch by Gamberi and Rovere, 2011).

CHAPTER V 91 -

 91 The principal sediment accumulation occurs distally from the mouth of the Zambezi Valley in the depositional area and consists mainly of stacked-up coarsegrained terminal lobes.B. The semi-confined fan is located in the Intermediate Basin that is present on the Mozambique rise, westwards of the Zambezi Valley. Based on echo facies this fan is mainly infilled with ponded probably fine-grained turbidites, intercalated with less common coarse-grained sheet-like turbidites. These turbidites probably were, at least partly, transferred from the continental slope to the Bourcart-Hall Depression by channels identified by[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF]. Due to limited bathymetric data and sub-bottom profiles in this area, my interpretation remains limited to the present-day and recent geomor-

  at the base of Mozambican slope and by[START_REF] Miramontes | The influence of bottom currents on the Zambezi Valley morphology (Mozambique Channel, SW Indian Ocean): In situ current observations and hydrodynamic modelling[END_REF] in the eastern border of the Mozambique Basin, close to the Madagascar Ridge. In addition a thick Oligocene to Miocene contouritic ridge close to the upstream portion of the Zambezi Valley is known to bind the Intermediate Basin(Ponte, 2018). These (and several other) contouritic accumulation attest to a permanent and widespread impact of bottom circulation in the Mozambique Channel.

Figure V. 2 :

 2 Figure V.2: Synthesis of the proposed impact of bottom circulation on the sedimentation of the Zambezi turbidite system (modified from Fierens et al., 2019).
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Fig. 1 .

 1 Fig. 1. (A) Catchments of main rivers contributing to the sedimentation in the Mozambique Channel (from http://www.fao.org/geonetwork). (B) Physiographic map of the present-day Mozambique Channel showing main sedimentary and structural features. Compiled from published literature: (1) Schulz et al., 2011; (2) Kolla et al., 1980b; (3) Beiersdorf et al., 1980; (4) Gebco, 2014; (5) Wiles et al., 2017a; (6) Breitzke et al., 2017; (7) Kolla et al., 1980a; (8) Raillard, 1990; (9) Thompson, 2017; (10) Raisson et al., 2016; (11) Mahanjane, 2012; (12) Mahanjane, 2014; (13) Schematized from Courgeon et al., 2017 and Deville et al., 2018; (14) Ponte, 2018, partly based on Baby, 2017;. Cores from IODP leg 361 (green stars) (Hall et al., 2016), from DSDP leg 25 (white stars) (Simpson et al., 1974) and from Kolla et al. (1980a) (yellow hexagons) are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

  ) identified by Courgeon et al. (2017) and Deville et al. (2018) as a prolongation of the eastern branch of the East African Rift System. The valley flows thereon east of the

Fig. 2 .

 2 Fig.2. Overview of the surface (red) and deep water (blue) circulation present in the Mozambique Channel(after De Ruijter et al., 2002; Schulz et al., 2011; Uenzelmann- Neben et al., 2011; Halo et al., 2014). Bathymetric map based on GEBCO (2014) data. Contour lines are indicated in meters, spaced at 1000 m intervals. AABW = Antarctic Bottom Water, AAIW = Antarctic Intermediate Water, EACC = East African Coastal Current, MC = Mozambique Current, MUC = Mozambique Undercurrent, NADW = North Atlantic Deep Water, SEMC = Southern branch of the East Madagascar Current. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4 .

 4 Fig. 4. Measured parameters. A: Nomenclature used in this paper. i: Detail of bathymetric map; ii: Typical depth cross-section of the Zambezi Valley. B: Measured parameters on depth cross-sections. Wv: Valley width, Rv: Valley relief, Wt: Thalweg width, Rt: Thalweg relief. C: Calculation method of cross-sectional areas of the valley and thalweg. D: Location of crosssections where width and relief of the thalweg (pink and black lines) and the valley (black lines) have been measured. Reference point for distances in the graphs of Figs. 7, 8 and 9 is taken at the shelf break in the extension of the Zambezi Valley. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6 .

 6 Fig. 6. Main morphological features of the Mozambique Channel. A: Bathymetric map based on GEBCO (2014) data. The outline of Beira High is taken from Mahanjane (2012). B: Transverse depth profiles (d to h in A) of the Mozambique Channel. C: Along-slope profiles (a to c in A). Position of the Miocene doming on along-slope profiles a and c is deduced from the mapping of the doming by Ponte (2018) (see Fig. 1B).

Fig. 7 .

 7 Fig. 7. Morphological characteristics of the Zambezi Valley. A: PAMELA bathymetric map (100 m resolution) over the Gebco 2014 grid (~1 km resolution). B: Transverse depth profiles (transects 1 to 15 indicated as red lines in A). C: Along valley depth profile (black line with dots in A). The 0 reference point for the along-valley distances is taken at the shelf break in the extension of the Zambezi Valley (as illustrated in Fig. 4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8 .

 8 Fig. 8. Vertically exaggerated depth profile of the Zambezi Valley floor showing the ungraded profile with several slope increases and decreases. Profile based on PAMELA bathymetric data (100 m resolution). The 0 reference point for the along-valley distances is taken at the shelf break in the trend of the Zambezi Valley (see Fig. 4). SB = southern branch confluence, SP = Serpa Pinto paleo-confluence, T = Tsiribihina confluence, KP = knickpoint.

4. 2 .

 2 High-resolution upstream-downstream morphological evolution of the Zambezi Valley and Tsiribihina Valley 4.2.1. The Zambezi Valley

Fig. 9 .

 9 Fig. 9. Downstream evolution of morphological parameters of the valley (black curves) and thalweg (green curves) of the Zambezi Valley (see Fig. 4 for the morphological definitions of the valley and the thalweg, for the location of width and relief measurements and for the approximation of the cross-sectional areas). A: simplified depth profile along the valley floor (extracted from depth profile on Fig. 7C, cut at 1300 km). KP: knickpoint. B: Width evolution. C: Relief evolution. D: Aspect ratio (W/R). E: Cross-sectional areas evolution. Owing to the approximations of cross-sectional areas calculations, the thalweg and valley curves have been smoothed. Notice also the different vertical scales for the thalweg and valley graphs. Numbers in B refer to transverse depth profiles (Fig. 7B) where the valley width and relief have been measured. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10 .

 10 Fig. 10. Morphological characteristics of the Zambezi and Tsiribihina Valley confluence zone. A: Along valley depth profiles of the Zambezi and Tsiribihina Valleys (position of transverse profiles shown in B indicated with red lines). KP = knickpoint. The confluence between the Zambezi and Tsiribihina Valley is chosen as 0 km point, which lies 780 km from the 0 reference point at the shelf break (see Fig. 4). B: Bathymetric map based on PAMELA bathymetric data (100 m resolution). Dashed lines indicate Zambezi Valley limits. C: Transverse depth profiles (transects 1 to 11 indicated as red lines in B). Z: Zambezi Valley, T: Tsiribihina Valley. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

28 Fig. 11 .

 2811 Fig.11. Surface sediment distribution in the Mozambique Channel (grey lines: ship tracks). A: Echo facies distribution (description of facies in Table2 and text). See examples of echo facies in Figs.12 and 13. Distally in the study area, incised distributary channels are mapped (black lines). B: Interpretation of (A) in terms of depositional/erosional sedimentary systems. Red squares: location of the bathymetric zooms of Figs.14-18 and 20-23. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12 .

 12 Fig. 12. Chirp profiles showing typical transparent echo facies and their transition with other facies, on the Mozambique slope and distal area (see G for location). A: transition between transparent (T) and stratified (S3) echo facies. B: transition between stratified (S1) and transparent (T) echo facies. C: transition between transparent (T) and stratified (S1 and S3) echo facies on the Mozambique slope. D: transition between transparent (T) and stratified (S1) echo facies West of Iles Eparses. E: transition between transparent (T) and stratified (S1 and S3) echo facies SW of Iles Eparses. F: transparent (T) echo facies in the distal depositional area. Same horizontal and vertical scales in A to F. G: Extraction of Fig. 11A with location of profiles A to F.

Fig. 13 .

 13 Fig. 13. Chirp profiles illustrating transitions between different echo facies (see E for location). A: stratified (S1) facies characterizing the Madagascar Margin. B: transition between hyperbolic (H), stratified (S2) and transparent (T) sediment echo facies near the Mozambique Ridge. C: transition of transparent (T) towards hyperbolic (H) facies at the base of the Madagascar Ridge. D: stratified (S4 and S3), transparent (T) and opaque (O) facies at the downstream portion of the Zambezi Fan. E: Extraction of Fig. 11A with location of profiles A to D.

Fig. 14 .

 14 Fig. 14. Bathymetric map at the confluence of 2 tributaries (Northern and Southern branches) in the most upstream surveyed portion of the Zambezi Valley. Left: original data with location of ship tracks (black lines). Right: interpreted map and characteristic depth profiles (red, pink and blue lines). Position is indicated on Fig. 11B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 15 .

 15 Fig. 15. Bathymetric map on a bent form characterizing the northern portion of the Zambezi Valley. Left: bathymetric data upon a slope raster with location of ship tracks (black lines). Right: interpreted map and depth profiles (red lines). The darkest grey color indicates more recent time incision. Position is indicated on Fig. 11B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 17 . 28 Fig. 18 .

 172818 Fig. 17. Bathymetric map at the Zambezi and Tsiribihina Valley confluence zone. A: bathymetric data upon a slope raster. B: interpreted map with the position of the depth profile (red line) shown in (1). The darkest grey color indicates more recent time incision. KP = knickpoints, see Fig. 10. Position of the map is indicated on Fig. 11B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

  4.3.2.4.4. Anastomosed sediment waves. Bedforms with a NW-SE preferential orientation, which changes to NNW-SSE, are mainly representative of the area 230 km south of the Iles Eparses (Fig. 23, location in Fig. 11B). Additionally, a minor set of E-W bedforms with similar dimensions give to the area a kind of zigzag pattern. The E-W orientations seem to be more dominant northwestwards. The NW-SE sediment waves show a mean height (WH) of 73 m, wavelength (WL) of 2.4 km and longitudinal length (LC) of 7.5 km. The sediment waves are composed of high frequency and low amplitude reflections (echo sub-class S2, profile 1, Fig. 23). This train of sediment waves is cut to the NW by a 200 m deep flat-bottomed channel infilled by high-amplitude echo facies (profile 2, Fig. 23) evoking turbidites (echo sub-class S3, Table

Fig. 19 .

 19 Fig. 19. Bathymetric map demonstrating recent erosion recognized in the distal portion of the turbidite system. Left: bathymetric data upon slope raster with location of ship tracks (black lines). Right: interpreted map and depth profiles (red lines). A1 to C3 (from the oldest to the youngest) are successive elongated erosional channel-like features. Position is indicated on Fig. 11B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 20 .

 20 Fig. 20. Bathymetric map of fossil sediment waves northeast of Iles Eparses (location in Fig. 11B). A: Depth profile taken along the A line on the bathymetric map. B: Chirp profile along line B on the bathymetric map. C and D: interpretation of chirp profile B with different vertical exaggeration. Green: blanking turbidite deposition; pink: contouritic sediment waves; white: onlaping unit of unknown nature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 21 .

 21 Fig.21. Bathymetric map and its interpretation of sub-circular bedforms observed east of Bassas da India (location in Fig.11B). A and B: depth profile; 1 and 2: chirp profiles.

  Fig.24. Synthetic sedimentary organization of the Mozambique Channel and Zambezi turbidite system, from bathymetric and sub-bottom reflection studies and from literature (adapted to the Zambezi turbidite system from a sketch byGamberi and Rovere, 2011). The Zambezi River inputs are transferred to the turbidite system in two ways, either by (A) a channelized fan (the so-called Zambezi Fan) that transfers the sediments towards the South about 1200 km downstream and by (B) the ponded fan mainly limited downstream by a coutouritic ridge that generally limit the turbidites deposition to the so-called lntermediate Basin. Channels that flow towards the Southwest (see Fig.1,[START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF] show that the lntermediate Basin is not entirely closed (semi-confined fan).

Fig. 25 .

 25 Fig. 25. Comparison of the Zambezi Valley dimensions (black lines) with other well-known deep-sea turbidite channels (colored solid lines). Curves for other systems are redrawn form Hesse et al. (1987),Babonneau et al. (2002),Pirmez and Imran (2003),Bourget et al. (2008) andFournier (2016). For the Zambezi system, solid line represents the V-shaped valley, and dashed line represents the U-shaped thalweg. A: Channel relief (from valley bottom to levee crest in the Congo, Amazon, Tanzanian Valley and NAMOC). B: Channel width (from levee crests in the Congo, Amazon, Tanzanian Valley and NAMOC). Position of the bathymetric cross-sections and reference point for distance (0 km) for the Zambezi Valley is shown in Fig.4. Position of the fault zone refers exclusively to the Zambezi Fan (Fig.16). C: Channel aspect ratio (R/W) plotted as a function of average along-channel slope, based on[START_REF] Skene | Late Cenozoic evolution of Laurentian Fan: development of a glacially-fed submarine fan[END_REF],Bourget et al. (2008) and this study (Zambezi thalweg dimensions, see Figs.7 and 9for average R/W vs average slopes). Squared numbers refer to the fan types 1 to 4 of the classification ofPiper and Normark (2001).

Fig. 26 .

 26 Fig. 26. Maximum (A) and mean (B) speed of bottom circulation simulated from 1993 to 2014 with the Regional Ocean Modelling System (ROMS). Blue arrows in B: mean bottom current directions obtained from the model. Contours of the model bathymetry are shown every 500 m (Gebco 2014 data). Numbered rectangles indicate position of Figs. 20 to 23. Modified from Miramontes et al. (2019). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

  Cette étude rend compte de la distribution des sédiments du Quaternaire supérieur du système turbiditique du Zambèze (Canal du Mozambique, Océan Indien occidental) à partir d'un ensemble de carottes sédimentaires réparties depuis la base de pente mozambicaine jusqu'à la partie distale du système turbiditique. Les analyses sédimentologiques, géochimiques et isotopiques nous permettent de définir les variations dans la composition des sédiments, les taux d'accumulation des sédiments et le timing des courants de turbidité au cours des 700 000 derniees années. Les modèles d'âge à haute résolution obtenus dans cette étude démontrent que l'activité des courants de turbidité a été continue tout au long des périodes interglaciaires chaudes et humides et glaciaires fraiches et sèches. La distribution temporelle des turbidites indique que c'est principalement le climat qui régit l'apport sédimentaire au bassin et influence l'activité des courants de turbidité dans le système turbiditique du Zambèze. De plus, des changements régionaux de couleur du faciès hémipélagique suggèrent une évolution rapide de la localisation des dépôcentres au cours de la période étudiée, avec un abandon de la partie distale du système après 356 ± 42 ka couplée à une augmentation des flux sédimentaires dans la partie proximale du système. On suppose que ce déplacement du dépôcentre est lié à une migration vers le sud de la position du delta du Zambèze, ne permettant plus au chenal d'alimentation principale d'être alimentée. Enfin, nous postulons qu'il existe un facteur de forçage plus important que le climat ou le contrôle eustatique sur la croissance du système turbiditique, mais son origine reste inconnue. CHAPTER VI 123

Figure VI. 1 :

 1 Figure VI.1: Proposed evolution of the Zambezi depositional system from ~700 ka to Present with regard to the location of the Zambezi Delta and its ability to feed (or not) the head of the Zambezi Valley. (A) "on" mode and (B) "off" mode of the Zambezi Fan.

2. 1 .

 1 The Mozambique Channel and the Zambezi turbidite / depositional systemThe Mozambique Channel (figure VI.2) is located in the Western Indian Ocean between Madagascar and the southeast African coast. This north-south trending basin deepens to the south from 2700 m (17°S) to 5000 m (30°S) and has a width that varies from 430 km at 17°S

Figure VI. 2 :

 2 Figure VI.2: (A) General map of southeast Africa illustrating the main surface (red) and deep water (blue) circulation present in the Mozambique Channel (after Schulz et al., 2011; Uenzelmann-Nebenet al., 2011; Halo et al., 2014). The Zambezi Catchment is outlined with a white line and includes the Rungwe region (Rr), Lake Malawi (LW), Palaeo-Lake Patrick (P) and Lake Makgadikgadi (M). Abbreviations: AABW = Antarctic Bottom Water, AAIW = Antarctic Intermediate Water, EACC = East African Coastal Current, MC = Mozambique Current, MUC = Mozambique undercurrent, NADW = North Atlantic Deep Water, SEMC = southern branch of the East Madagascar Current. (B) Bathymetric zoom based on GEBCO (2014) illustrating the study area (dashed rectangle in A). Here, the position of the different piston cores is displayed. Different colors are used to indicate the different coring sites (see legend in figure) from the Zambezi depositional system (ZDS) and Madagascar margin. Additionally, the main structural features (Zambezi Valley and Tsiribihina Valley, TS) and sediment basins (Intermediate Basin) are specified. The dotted white boundaries delineate the extent of the Mozambique Fan subdivisions (I: Inner fan; II; Middle fan; III: Outer fan) proposed byKolla et al. (1980a, b). Contour lines are indicated in meters, spaced at 1000 m intervals.

  subdivided this distal deposition area into a middle and outer fan (zone II and III in figure VI.2b). The middle fan is defined as the area where the valley expands into several distribution channels and sand deposits predominate. The outer fan is placed in the most distal part of the Mozambique Basin where distributary channels are absent and finer grained sediments are recognized. Additionally, the area enclosed by the Mozambican continental slope, the Zambezi Valley and the Iles Eparses encompasses a ponded semi-confined basin what is referred to as the Intermediate Basin (Fierens et al. 2019). In the study area, Kolla et al (1980a) and Breitzke et al. (2017) recognized largescale seafloor bedforms, which are evidence for strong bottom-current influence. The influence of bottom current on the sedimentation in the Mozambique Channel has been recently detailed by Miramontes et al. (2019).

Figure

  Figure VI.3: (A) Multibeam bathymetric data (PAMELA, resolution of 100m) of the distal part of the Zambezi Fan showing the location of core MOZ1-KSF30, MOZ2-KS11, MOZ1-KSF15 and MOZ4-CS25. (B) Interpretation of bathymetric map illustrating a channel-levee system at the right hand side of the Zambezi incisions (Fierens et al., 2019). (C) Seismic profile MOZ4-SR-234c illustrating the position of MOZ2-KS11 taken on a channel-levee system at the right hand side of the Zambezi Valley (position in A) (Jouet and Deville, 2015). (D) chirp profiles 2, 3 and 4 (location in A) showing the location of MOZ2-KS11, MOZ1-KSF30 and MOZ4CS25, respectively.

Figure

  Figure VI.4: Chirp profile illustrating the position of core MOZ2-KS05 distally in the Intermediate Basin. Position of line is indicated with a bathymetric map (PAMELA, 100m resolution).

  , PAMELA-MOZ2(Robin and Droz, 2014) and PAMELA-MOZ4(Jouet and Deville, 2015) oceanographic cruises.These sediment cores range from 4.2 to 15.3 meters in length and are located in a water depth between ca. 2,500 and 4,400 m. The key characteristics of the cores analyzed in this study are displayed in table VI.1.

Figure

  Figure VI.5: Core-to-core correlation in depth scale of the different sedimentary cores for which ages are determined. Note that core MOZ1-KS26 denotes the composite record from cores MOZ1-KS26 and MOZ4-CS22. Core images are accompanied by stable oxygen isotope profiles, which were used to define the correlation. The cores are arranged with increasing distance in relation to the Zambezi Delta, except the Zambezi Lower Fan and Zambezi Valley sites that have been swapped for ease of interpretation. See legend in figure for further details. Terminations 3, 4 and 5 are indicated by a blue, red and green line, respectively. Finally, the different ages found for each core base and corresponding MIS stages are given under the pictures. (See Appendix C for larger format)

Figure

  Figure VI.7: Photograph, X-ray picture and grain-size results illustrating hemipelagite (H 1 , H 2 ) and contouritic facies (C) observed in core MOZ2-CS21 (Zambezi slope). D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corners, as well with big white dots on the X-ray image and black arrows in the grain-size data. Stars in the photograph indicate where 14C ages where obtained (cf. table4). Note that the two ages demonstrate that the coarser interval (C), showing both inverse-(at the bottom) and normal-grading (at the top) intervals, settled in ca. 13 kyr. This excludes the possibility for an instantaneous gravity flow deposit, and supports our interpretation for a contouritic facies.

Figure

  Figure VI.10: Photograph, X-ray picture and grain-size characterizing hemipelagite (H 1 , H 2 ) facies and sandy turbidites (T), found in core MOZ4-CS25 (Zambezi Lower Fan). The hemipalgite facies ((H 1 , H 2 ) corresponds to the yellowish beige facies used in the main text (Section 5.1) to illustrate the biogenic-dominated sedimentation (with very low sedimentation rates, <2 cm/kyr) at the studied sites. D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corners, as well with big white dots on the X-ray image and black arrows in the grain-size data. The triangle in the photograph indicates where a nannofossil age was obtained.

Figure

  Figure VI.11: Photograph, X-ray picture and grainsize illustrating the organic rich turbidite (T) found in MOZ2-KS11 (Zambezi Valley). D10, D50, D90 is the diameter at 10th, 50th and 90th percentile, respectively. The position of the samples illustrated as particle size distribution graph (right) are given in the upper right corner, as well with big white dots on the X-ray image and black arrows in the grain-size data.

  The isotopic composition was analyzed at the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research (Kiel University, Germany) using a Kiel IV carbonate preparation device connected to a MAT 253 mass spectrometer from ThermoScientific. During preparation the carbonates were reacted with 100% phosphoric acid (H3PO4) under vacuum at 75°C, and the evolved carbon dioxide was analyzed eight times for each individual sample. All values are reported in the Vienna Pee Dee Bee notation (VPDB) relative to NBS19. Precision of all different laboratory internal and international standards (NBS19 and IAEA-603) is <±0.05 ‰ for δ 13 C and <±0.09 ‰ for δ 18 O values. For core MOZ4-CS25 the δ 18 O are supported by 3 nannofossil ages. Core stratigraphy has been completed for upper core sections by Radiocarbon dating conducted on 27 selected samples (Table

Figure

  Figure VI.13: (A) The benthic δ 18 O signatures of various cores for which we determined complete age models. Note that core MOZ1-KS26 denotes the composite record from cores MOZ1-KS26 and MOZ4-CS22. These are correlated to the reference curve LR04 (B) proposed by Lisiecki and Raymo (2005). Glacial Terminations are indicated with capital T and the triangles on top indicate the different age correlation points between our data stack and the LR04-δ 18 O data.

Figure

  Figure VI.15: Downcore data of core MOZ2-KSF15 plotted on a depth scale. (A) stable oxygen isotope data and colorimetry L* (lightness). The italic numbers at the top indicate the different MIS intervals. (B) XRF Ca/Fe ratios and colorimetry L* (lightness). (C) XRF Fe/Ti ratios. (D) XRF Al/Si ratios and sediment accumulation rate (SAR). (E) Colorimetry a* (red/green). (F) Highresolution photo. Note that this core includes both the yellowish beige (figure VI.6 and VI.10) and the olive dark grey (figure VI.8, VI.9 and VI.12) hemipelagite facies that we interpret as biogenicand terrigenous-dominated sedimentation, respectively.

(

  MOZ4-CSF20) and Madagascar slope (MOZ1-KSF24 and MOZ2-KSF13), the Intermediate Basin (MOZ1-KS26, MOZ4-CS22 and MOZ2-KS05) and the Zambezi Valley (MOZ1-KSF30). They are characterized by a median (D50) grain-size of 4 to 122 µm (47 -122 µm for the basal part) and a ninety percentile (D90) ranging from 22 to 642 µm (109 -642 µm for the basal part). It is worth noting that in core MOZ2-KS05 (Intermediate Basin) turbidites are remarkably finer-grained compare to elsewhere, so that the turbidite beds are embedded by coarser (foraminifera-rich) hemipelagic facies (figure VI.9). Massive sandy turbidites (figure VI.10) are principally observed in the deeper parts of the system, i.e. in the distal fan at sites MOZ2-KS11 and MOZ4-CS25. They are distinctly coarser grained with a median (D50) grain-size of 54-239 µm and a ninety percentile (D90) ranging 124-689 µm. Locally, two particular turbidite facies are recognized. A 14-cm thick, organic-rich turbidite (figure VI.11) is solely observed in core MOZ2-KS11. Secondly, carbonate turbidites (figure VI.12) are observed mainly in core MOZ1-KSF26 and MOZ4-CS22, which are located in the vicinity of the isolated carbonate platforms forming the Iles Eparses. Occasionally, thin carbonate turbiditic beds are found on the cores of Madagascar margin (MOZ1-KSF24 and MOZ2-KSF13).

Figure

  Figure VI.16: (A) Age versus depth relationships determined for the different sedimentary cores for which we determined complete age models (for color code, see legend in figure). The inset graph illustrates the corresponding sediment accumulation rate trends. Note that core MOZ1-KS26 denotes the composite record from cores MOZ1-KS26 and MOZ4-CS22. (B) The reference curve LR04 proposed byLisiecki and Raymo (2005).

  14), concomitant to the deposits of terrigenous turbidites at the other sites (i.e. MOZ1-KSF30, MOZ4-CS25; figure VI.14), highlight terrigenous inputs in the deep Mozambique Basin, and by extension, feeding of the distal Zambezi depositional system. Thus, the description of a new succession of yellow-pelagic (~10-12 m, i.e. ~510-640 ka) and grey-terrigenous facies in the lower part (>12 m, i.e. > 640 ka) of core MOZ2-KSF15 (figures VI.15 and VI.14) suggests a discontinuous feeding, with recurrent periods of quiescent conditions (corresponding to the yellowish beige facies) of the distal Zambezi system through time. This is also supported by the succession of these facies in the lower part of core MOZ4-CS25 (Figure VI.14), west of MOZ2-KSF15 (see figure VI.2 for locations). Based on the sedimentological considerations described above, a detailed reconstruction of the temporal and spatial distribution of terrigenous deposits in the Zambezi system is proposed below. 6.2 Interpretation of detrital facies in a temporal and spatial context: insights into forcing factors 6.2.1 Proximal deposition environments The most complete sedimentary record is provided by deposition sites located in the vicinity of terrigenous sediment sources and are therefore the best repositories of information on timing of sediment flux from continent to ocean. Hence, we use cores MOZ4-CSF20, MOZ1-KS26, MOZ1-KSF24 and MOZ2-KSF13 to thoroughly evaluate the evolution of the detrital sedimentary inputs in the Mozambique Channel.

  matic mode(figure VI.14). The highest frequency of turbidites occurs during MIS 5 and 6 (turbidite recurrence time of 20 and 12 kyr, respectively), i.e. during contrasted sea-level conditions. During MIS 6 and 8 turbidites are mainly present in a stacked configuration (figure VI.8), which suggests a possible genetic relationship between these turbidites (i.e. the same event generates multiple turbidites in a reasonably short time interval, hours-days) but does not change the conclusion developed thereafter.

Figure

  Figure VI.18: Photograph, total organic content (TOC) and colorimetric (a*) data for cores MOZ2-KS11 and MOZ1-KSF30. For core MOZ1-KSF30 the sediment accumulation rates (SAR) are also illustrated, where the full line shown the exact values and the dashed line the general trend. Stars indicate where 14C ages where obtained and age estimations are specified for the color transitions.Note that these cores include both the yellowish beige (figures VI.6 and VI.10) and the olive dark grey (figures VI.8, VI.9 and VI.12) hemipelagite facies that we interpret as biogenic-and terrigenousdominated sedimentation, respectively.

  Nowadays, and since the flooding of the continental shelf ca. 11 ka (van der Lubbe et al., 2014), the Zambezi sediments are transported northwards along the Mozambique Coast by large-scale cyclonic eddies. In the North, where the shelf is narrow, they finally reach the slope, close to the Zambezi Valley. The study of shallow cores along the Mozambican margin allows Schulz et al. (2011) and van der Lubbe et al. (2014) to demonstrate that this pattern was significantly different before this date, with the lowstand (glacial) conditions favoring the direct transport of the Zambezi sediments towards the Intermediate Basin.

  MOZ2-KS05)(figure VI.19B).

Figure

  Figure VI.19: Proposed evolution of the Zambezi depositional system from ~700 ka to Present. (A) "on" mode and (B) "off" mode of the Zambezi Fan.

Figure

  Figure VI.20: (A) Nd Isotope values found within the study area along various cores along time.(B) Reference isotopic curve LR04 (black) proposed by Lisiecki and Raymo (2005) with the relative sealevel (RSL) data from Grant et al. (2014) in grey. (C) Paleoclimate records showing a change from more arid to more humid conditions. δ 13 C 31 from Johnson et al. (2016) is illustrated with a dashed line. The full black line shows the C 31 /(C 29 +C 31 ) n-alkane ratio from Castañeda et al. (2016).

  La vallée du Zambèze a révélé une structure composite, avec 3 épisodes principaux d'incision profonde (Angoche2, Zambezi1, Zambezi2). Ces incisions successives ont été formées à la suite d'une phase initiale de dépôt aggradant matérialisé par le complexe de levées de Serpa Pinto (peut-être combiné avec une première phase d'activité dans la vallée d'Angoche, c'est-à-dire Angoche1). Ils témoignent d'un déplacement anti-horaire des vallées d'approvisionnement de la vallée de Serpa Pinto, vers la vallée d'Angoche puis la vallée du Zambèze. Ceci s'accompagne d'un déplacement des bassins versants qui alimentaient l'éventail, du bassin versant de la Lurio (le plus au nord du Mozambique) vers le bassin versant d'Angoche (plus au sud) vers le bassin versant du Zambèze (centre du Mozambique). • Les corrélations stratigraphiques, basées sur les horizons de Ponte (2018), situent la mise en place du complexe de levées de Serpa Pinto (et Angoche1) pendant l'Oligocène, les incisions Angoche2 et Zambezi1 pendant le Miocène moyen et supérieur) et l'incision Zambezi2 au début du Pliocène. Zambezi3 est observé sur le fond marin actuel (chapitre V) et s'est produit après l'installation d'un MTD dans la vallée du Zambèze, daté entre 700 et 400 ka par Ortiz (2016). • Pendant le Miocène supérieur, la vallée a été principalement soumise à des processus d'érosion, en liaison avec des déformations structurales ("doming") dans la partie centrale du Canal du Mozambique mis en évidence par Ponte (2018). L'élévation continue du fond marin a forcé le fond de la vallée à s'inciser (Zambèze1) (~300 m d'érosion) et est supposée être la cause de l'absence de levées latérales le long de la vallée du Zambèze. Les sédiments produits lors de cette intense période d'érosion sont censés avoir été transportés vers la zone de dépôt distale. Cependant, ces dépôts n'ont pu être fermement identifiés en raison des difficultés rencontrées pour corréler précisément de les parties amont et aval du système turbiditique.

  post-Eocene deposition in the area of the Zambezi Fan appears variable both longitudinally along the Zambezi Valley borders and laterally across the valley. The Zambezi Valley constitutes a deep erosional discontinuity that generally complicates the identification of seismic units West and East of this valley. In addition, seismic lines are mostly transverse to the Zambezi Valley and orthogonal crossings between lines are limited, complicating the North to South identification. Therefore, I present in this chapter the best possible interpretation based on facies and external configuration comparison, coherency of spatial distribution and thickness evolutions. It is, however, important to note that uncertainties remain.

Figure VII. 1 :

 1 Figure VII.1: Stratigraphy (A) and sediment distribution (B) of the Mozambique Margin (Ponte, 2018) (for position see figure III.18). The top Oligocene horizon (red line) highlights the basal limit of this study.

Figure VII. 2 :

 2 Figure VII.2: Position of the seismic profiles localization maps shown in this chapter. Map from GEBCO (2014) data. The grey lines are PAMELA seismic data sets

Moreover,

  Convergent configurations with bi-directional thinning (in cross sections) are recognized at numerous sites, especially near morphological highs. They form lateral asymmetrical ridges deposited by contouritic moats that are parallel to the morphological high and are interpreted as separated contourite drifts (figure VII.3A) in agreement with the terminology ofRebesco et al. (2014) and in coherence with interpretations of[START_REF] Eiken | Contourites in the Fram Strait[END_REF] orMiramontes et al. (2016).

Figure VII. 3 :

 3 Figure VII.3: Stratified facies. (A) Seismic sections illustrating S1a, S1b and S2 sub-classes. (B) Seismic profile showing S3a and S3b stratified facies. Also chaotic medium amplitude facies (Cb) is shown. See figure VII.2 for the position of the maps illustrating the location of cross-sections.

S3:

  Stratified with high amplitude and low frequency This facies has an internal configuration mostly parallel with frequent local unconformities. The facies can be laterally restricted within troughs such as the Zambezi Valley or other depressions (S3a, figures VII.3B) where reflectors show on-lapping terminations. In agreement with sediments recovered by drillings in the Zambezi Valley (Site 243, leg 25, Simpson, 1974), it represents coarse-grained sediments. In the Zambezi Valley, several successive seismic units with S3a facies are separated by erosional unconformities. This facies can also constitute widely extended seismic units (S3b, figure VII.3B), especially on the right hand side of the Zambezi Valley. VII.2.2 Chaotic facies (C) (figure VII.4) They are characterized by contorted reflectors with low continuity and by frequent erosional features and local unconformities.

Figure VII. 4 :

 4 Figure VII.4: Chaotic facies. Different possible variations of the chaotic facies Ca and Cc. Facies Cb is shown in figure VII.3. See figure VII.2 for the position of the maps illustrating the location of profiles.

Figure

  Figure VII.5: Transparent facies. Ta: homogeneously transparent facies. Tb: transparent facies with contorted reflectors. See figure VII.2 for the position of the maps illustrating the location of profiles.

(

  figure VII.7): A1 (Upper Zambezi Valley), A2 (Intermediate Basin), B (Middle Zambezi Valley) and C (Lower Zambezi Valley and Depositional Area). VII.3.1 Architecture of the Zambezi Fan VII.3.1.1 Zambezi Valley feeding network

Figure

  Figure VII.6: Schematic organization of the Zambezi Turbidite System (modified from Fierens et al., 2019).

Figure VII. 7 :

 7 Figure VII.7: Subdivision of the study area in three sectors (A including the Upper Zambezi Valley (UZV) and the Intermediate Basin (IB), B including the Middle Zambezi Valley (MZV) and C including the Lower Zambezi Valley (LZV) and the distal Depositional Area (DA). The subdivision is based on morphometric analyses of the current Zambezi Valley (Chapter V and Fierens et al., 2019) and on seismic interpretation.

Figure VII. 8 :

 8 Figure VII.8: Main feeding axes of the upper Zambezi Fan (map above) and origin of inputs (map below). Colored traces: bathymetric data from PAMELA cruises; isobaths from GEBCO (2014).

  part of sector B. Compared to younger incisions, this incision appears more as a flat and wide erosional unconformity than as a real deep incision. It is filled with typical channel infilling facies, i.e. discontinuous, high amplitude and low frequency reflections and is cut by the following incision B. Northwards (figure VII.11), where this erosional valley is not incised by B, the erosionbased valley fill appears to originate from the N-S Serpa Pinto Valley, one of the major tributary of the Zambezi Fan (figure VII.8). The depositional history of the Serpa Pinto Valley appears especially complex with multiple cut-and-fills episodes and a significant contribution of contouritic sedimentation. The latter is formed close to the Davie Ridge that favored the formation of thick contouritic drifts (S1a in figures VII.3 and VII.11A). Available data are too limited to allow an extensive interpretation of the activity of this valley, and therefore it has been considered as a thick single event in this study.

Figure

  Figure VII.9: Serial seismic profiles showing the upstream-downstream evolution of the incisions in the Zambezi Valley (sector B). Vertical lines on seismic sections are faults. See figure VII.2 for the position of the map with the location of cross-sections.

Figure VII. 10 :

 10 Figure VII.10: Serial seismic profiles showing the upstream-downstream evolution of the incisions in the Zambezi Valley (sector C). Vertical lines on seismic sections are faults. See figure VII.2 for the position of the map with the location of cross-sections.

Figure

  Figure VII.11: The Serpa Pinto and Angoche valleys and contouritic sedimentation (northern sector B). (A) Architecture of the Serpa Pinto and Angoche valleys, showing a possible contribution of Angoche1 valley to the Serpa Pinto levees. (B) Close up of the northern portion of the Serpa Pinto Valley. (C) Southern portion of the Serpa Pinto Valley, close to the confluence with the Zambezi Valley. Top Oligocene and Top Eocene horizons are from Ponte (2018). See figure VII.2 for the position of the map with the location of profiles.

Figure

  Figure VII.12: Along Zambezi Valley seismic profile (Top Eocene and Top Oligocene horizons were traced thanks to crossing with Ponte (2018) grid). Profiles MOZ4-SR184b and 187ab, see figure VII.11 for location of the profile

VII. 3

 3 .1.2.b Upstream-downstream evolution of the incisions and effects of the Miocene doming The depth profiles of incisions B to D (figure VII.13A) show that the Angoche2 and Zambezi 1 incisions suffered a syn-depositional deformation. This deformation is well expressed by the depth profiles of Top-Eocene and Top-Oligocene horizons observed between km 100 to km 900 and was described by Ponte (2018) as an episode of doming during the Miocene (figure VII.13B).

Figure VII. 13 :

 13 Figure VII.13: Effects of the Miocene doming in the central Mozambique Channel on the Zambezi Valley incisions. (A) Depth profiles (in stwt) of the main incisions. The depth profiles of the top Eocene and top Oligocene horizons are reconstructed from Ponte (2018). (B) Synthetic dip profile of the Mozambique Channel showing the Miocene doming (Ponte, 2018). (C) Positions of A (white line) and B (red line).

  figures VII.15) were identified with unknown stratigraphic relationships with the aforementioned units U1 to U3-4L.

Figure

  Figure VII.14: Uninterpreted seismic lines shown in figure VII.15 and VII.16. See figure VII.2 for the position of the map with the location of seismic profiles. (See Appendix D for figure in A3 format). The lines are presented at the same scale. For A and B, an horizontal enlargement is provided to the right.

Figure VII. 16 :

 16 Figure VII.16: Seismic facies observed in the regional seismic units. See figure VII.14 for location and figure VII.14 for uninterpreted seismic sections. (See Appendix D for figure in A3 format). The lines A to E are at the same vertical scale. A and B are horizontally streched.

Figure VII. 17 :

 17 Figure VII.17: Distribution of high-amplitude channel infilling of Unit 1. Lateral levees are not mapped. The red line is the current course of the Zambezi Valley which erodes Unit1.

  200OLIGOCENE TO QUATERNARY ARCHTERICTURAL EVOLUTION low erosional channels with coarse-grained levees that are intercalated by coarse-grained sheet-like turbidites.

Figure

  Figure VII.18: Close-up of Unit 2 showing the possible stacking of smaller coarse-grained channellevee systems. Green colors: overbanks; Yellow: channels. For location of map see figure VII.2.

Figure

  Figure VII.19: Distribution of high-amplitude Unit 2, showing a possible origin from Madagascar or Serpa Pinto (+Angoche?) valleys. The previous U1 stage is shown in transparent green color. The red line is the current course of the Zambezi Valley which erodes Unit 2.

  Additionally, towards the east (figure VII.16C) and northeast (figure VII.16A, B), the main fine-grained overbank sedimentation of U3-4L appears to pass into undulated, low to mediumamplitude facies that are characteristic for contouritic sedimentation, in accordance with the observations made for the Serpa Pinto Valley area(figure VII.11). This strengthens the idea that turbiditic and contouritic sedimentation was, in the recent past (Pleistocene ?) simultaneous and competing.

Figure VII. 20 :

 20 Figure VII.20: Distribution of low-amplitude Unit 3R and U3-4L. The previous U1 and U2 are shown in transparent green and blue color, respectively. The red line is the current course of the Zambezi Valley that contributed to the levee deposition on the left bank of the valley.

Figure

  Figure VII.21: Western (a) and eastern (b) limits of the Zambezi Fan depositional area where highamplitude facies are deposited in alternation (a) or above (b) contourite deposits. For location of map see figure VII.2.

Figure VII. 22 :

 22 Figure VII.22: Seismic architecture of the depositional area. A: High-amplitude facies showing numerous erosional unconformities that could be grouped into three main erosional axes. The red axis is the youngest one. Stratigraphic relationships are unknown for the green and blue axes. Colors are specific to this figure and do not refer to colors used elsewhere in the manuscript. B: Channellevee system at the top of the depositional area. Green: fine-grained levee deposits. Yellow: coarse grained channel deposits. For the position of the seismic lines, see figure VII.21.

From

  [START_REF] Wiles | Zambezi continental margin: compartmentalized sediment transfer routes to the abyssal Mozambique Channel[END_REF], channels in the southwestern portion of the basin (blue channels in figure VII.23) probably transfer some of the Zambezi inputs towards the Bourcart-Hall Depression southeast of the Iles Eparses.VII.3.2.2 Facies association and tentative process-based interpretationThe ponded fan (Unit U4) is composed of continuous, strong amplitude reflectors with low frequency, very similar to the seismic facies in the Depositional Area. Onlapping termination, clearly visible at the basal surface of U4R (figure VII.25) that is the youngest portion of U4, indicate that U4 is an infilling unit.The base of U4 shows large undulations (dunes and/or erosional structures?) especially well-expressed at the base of U4R (figures VII.14C, VII.26) where contouritic sediments of U3 are suspected to be affected by diapirism (seeVII.3.1.3.c).More in detail, the infill shows an alternation of high-amplitude facies (probably coarsegrained turbidites) and more transparent or even chaotic levels (respectively small but recurrent MTDs and erosional channels?) (figure VII.24) that reflects a cyclic sedimentation.In the central part of the Intermediate Basin near the Iles Eparses, a transparent cover rests unconformably on the turbidite deposits (figures VII.24B, VII.27). The extension of this transparent cover is shown in figure VII.28. This cover has a variable thickness (ca. 0-100 m) and reveals vertical amplitude variations of the reflection on chirp data (figure VII.24C).Higher amplitude reflections at the top of the cover suggest an increase in coarse-grained 206 OLIGOCENE TO QUATERNARY ARCHTERICTURAL EVOLUTION material in the youngest deposits. This transparent cover (at multichannel seismic scale) could refer to a hemipelagic cover. However, owing to its thickness variations and limited distribution area, this cover could represent contourites or fine-grained turbidites. Any firm attribution of this superficial cover would need ground truthing by coring.

Figure VII. 23 :

 23 Figure VII.23: Extension of the ponded fan deposits in the Intermediate Basin and distribution of the channels upslope (black lines) that contributed to feed the fan. Blue lines are the sediment transport pathways in the Intermediate Basin towards the Bourcart-Hall Depression recognized by Wiles et al. (2017a). Seismic profiles of figure VII.24, VII.25, VII.26 and VII.27 are shown as red lines.

Figure

  Figure VII.24: Unit U4 that characterizes the infill of the Intermediate Basin. (A) High-resolution multichannel seismic profile (MOZ4-SR-173) showing the continuous, strong amplitude reflectors with low frequency alternating with transparent and chaotic facies. The base of the basin is delineated by a dashed line. (B) Zoom of A that shows more in detail the vertical variations in amplitude and facies. (C) Transparent cover on a chirp seismic profile (MOZ4-SDS-173e). See figure VII.23 for location of the seismic line.

Figure VII. 25 :

 25 Figure VII.25: Chirp profile illustrating the onlapping terminations at the basal surface of U4R observed in the distal part of the Intermediate basin. The red line indicates the position of core MOZ2-KS05. See figure VII.23 for location of this seismic section.

Figure VII. 26 :

 26 Figure VII.26: Line drawing of a NW-SE section crossing the Intermediate Basin (courtesy of Total). The ponded fan (grey) is cut by several small incisions (red V forms). Yellow horizons in the SW separate sub-units that onlap on the previous sediments. The more recent infill present on the NE part is shown in pink. The position of the profile is specified in figure VII.23.

Figure VII. 27 :

 27 Figure VII.27: Migrations of the depocenters characterizing the filling of the Intermediate Basin (line MOZ4-SR-171a and b). Colors are used to highlight shifts in seismic units (no particular lithological significance). Note also the decrease in the thickness of the transparent surface layer, until it disappears towards the NE. Location of the profile in figures VII.23, VII.26.

Figure VII. 28 :

 28 Figure VII.28: Isopach map in mstwt of the turbidite deposition that fills in the Intermediate Basin. Black dashed line indicates the extension of the transparent cover. The channels upslope that contributed to feed the fan are also shown with black lines. The bold line indicates the most recent channel.

Figure

  Figure VII.29: Timing of deposition of seismic units and main incisions of the Zambezi turbidite system, based on the stratigraphy established by Ponte (2018).

From

  figure 13 ofFierens et al., in prep.) suggests an age of ~700 ka at the base of the core, i.e.3.9 m from the local base of the unit. Applying a constant sediment rate, the total thickness of sediments resting on the contourite drift at the core location would indicate an age of

Figure

  Figure VII.30: Proposed Oligocene to Present evolution of the architecture and sedimentation of the Zambezi turbidite system (the limits of depositional units are approximated). Green: dominantly fine-grained turbidites; Yellow: mainly coarse-grained turbidites (DA: depositional area). Black: contourites (O and M: Oligocene and Miocene drifts, respectively, from Raisson et al., 2016). Transparent white: previous contourites. Pink inside the Zambezi2 incision and in the Depositional area: Mass-Transport Deposit (MTD). White arrows: origin of inputs. SP (Serpa Pinto), A1 (Angoche1), A2 (Angoche2), Z1 (Zambezi1), Z2 (Zambezi2) and Z3 (Zambezi3) refer to main incisions.

  recognized in the central portion of the Zambezi Valley was the main event that influenced the sedimentation of the fan. The continuous erosion in link with the elevation of the seafloor during the Miocene resulted in an over-incision of the Zambezi1 incision, the production of important volumes of reworked sediments and the absence of levee deposits related to over-deepening of the valley floor. The lacking Oligocene strata are estimated to 0.4 stwt (~400 m) as a minimum, and occurs along a minimum of 700 km where the eroded Oligocene strata are observed (from profile PTO-SR-094 to profile MOZ2-SR-13, figure VII.13). If the shape of the Zambezi1 incision is approximated by a half rectangular prism of ca. 700 km long, 300 m high and 4 km wide (mean wideness of Zambezi1 incision, see figure VII.9), a rough minimum volume of 840 km 3 of eroded sediments is estimated. This reworked sedimentary volume, probably deposited downstream, is unrelated to input by the Zambezi and other feeding rivers at the time the incision was eroded, and therefore should be taken into consideration for the erosion-sedimentation balance calculations in source to sink studies. Conversely, because of the spoon-shaped upstream portions of the Zambezi1 incision (figure VII.13, from km 50 to km 150), it probably served as a trap for the Zambezi River inputs, decreasing the sedimentary volume able to reach the deeper portions of the Zambezi Fan. However, the volume of trapped sediments inside Zambezi1 is negligible with regards the eroded volumes (from km 150 to km 850) (figure VII.13).

  contourites are widespread in the Mozambique Channel and occur since the Cretaceous. My study confirmed the widespread occurrence of contourites and showed that the contouritic sedimentation may be synchronous or intricately intercalated with turbidite sedimentation especially in the eastern part of sector B, close to the Davie Ridge. This work also allowed providing more details on a contourite drift that developed on the right flank of the Zambezi Valley (U3R) since the Pliocene. The previous Oligocene and Miocene drifts(Raisson et al., 2016; Ponte, 2018) together with the proposed Plio-Pleistocene drift form a circular feature that developed with a clockwise shift along the right flank of the Zambezi Valley. It is generally supposed that the Oligocene and Miocene drifts have controlled the position of the W-E upstream portion of the valley(Raisson et al., 2016). However, this control is not obvious looking to the N-S downstream portion of the valley. Here, the position is rather controlled by the proximity of high structural reliefs (i.e. the Davie Ridge, the Madagascar Margin and the volcanic basement of the Iles Eparses). The N-S Plio-Pleistocene drift rather appears to have been controlled by the location of the Zambezi Valley, inside which[START_REF] Miramontes | The influence of bottom currents on the Zambezi Valley morphology (Mozambique Channel, SW Indian Ocean): In situ current observations and hydrodynamic modelling[END_REF] suggested the southward flowing of the NADW.

  formed following an initial phase of more classical aggradational deposition materialized by the Serpa Pinto channel-levee complex (maybe combined with a first stage of Angoche Valley activity, i.e. Angoche1). They evidence an anticlockwise shift of supplying valleys from the Serpa Pinto Valley, to the Angoche Valley to the Zambezi Valley. This is accompanied by a shift of the drainage basins that fed the fan, from the Lurio watershed (northern most Mozambique) to the Angoche watershed (more south) to the Zambezi watershed (central Mozambique).• Stratigraphic correlations, based on horizons ofPonte (2018), place the Serpa Pinto (and Angoche1) deposition during the Oligocene, the Angoche2 and Zambezi1 incisions during the Upper Miocene (Middle Miocene to top Miocene), and the Zam-bezi2 incision at the beginning of the Pliocene. Zambezi3 is observed on the present seafloor (Chapter V) and occurred after the installation of a MTD inside the Zambezi Valley, dated between 700 and 400 ka by[START_REF] Ortiz | Analyse sismo-stratigraphique des séries pléistocènes de la plate-forme du Mozambique[END_REF].• During the Upper Miocene, the valley was dominantly subjected to erosional processes, in link with structural deformations (doming) in the central part of the Mozambique Channel. The continuous elevation of the seafloor forced the entrenchment of Zambezi1 (~300 m of erosion) and is supposed to be the cause of the absence of lateral levees in the proximity of the Zambezi Valley. Products of this strong erosional regime are supposed to be transported to the distal Depositional Area. Yet, this could not be recognized as correlations in the distal area have been proven to be impossible.• Most turbiditic deposits in the studied area (including the Intermediate ponded Basin) are either fine-grained levee turbidites (units U1 and U3-4L) or coarse-grained channelmouth turbidites (Depositional Area and unit U2). Turbidite sedimentation progressively reached the distal part of the Mozambique Basin.• The contouritic sedimentation has been shown to occur most often synchronous with turbiditic sedimentation (i.e. U3R during U3-4L levee deposition or possibly during northern Serpa Pinto deposition). This synchronism is also observed in areas close to the Davie Ridge. It has been shown to be continuous since the Upper Miocene at least (this study). Yet, previous studies showed that contourite sedimentation was active since the Cretaceous(Ponte, 2018) in the entire Mozambique Channel. Besides the two thickest Oligocene and Miocene drifts upstream on the margin, a Plio-Pleistocene N-S contourite drift (U3R) is identified on the right flank of the Zambezi Valley where bottom current controlled bedforms are observed (see Chapter V).

  figure VIII.1A). The sediments with mainly fine-grained seismic facies present on the left side of the valley were interpreted as hemipelagic or contouritic deposits (figure VIII.1A).However, in the absence of ground truthing, the sub-bottom profiler data did not allow differentiation between the turbiditic or contouritic nature of these deposits. In the light of what is known from the seismic study (figure VII.16), these sediments could be overbank deposits from the Zambezi Valley mixed or intercalated with contourites along the Madagascar margin. The observed dominance of coarse-grained turbidite deposits along the Zambezi Fan (opaque echo facies on the valley floor, figure VIII.1A) and in the Depositional Area (stacked-up terminal lobes, figure VIII.1A) is also observed during the Plio-Quaternary (figure VIII.1B), even if detailed lobe-shaped units are not recognized at this scale. The principal difference is observed in the recent sedimentation of the ponded fan in the Intermediate Basin (fine-grained turbidites intercalated with occasional coarse-grained beds, S1 stratified facies, figure Chapter V, figure 11A in Fierens et al., 2019) which strongly contrasts with the mainly coarse-grained sediments observed during the Plio-Quaternary (figure VIII.1B). Since there has not been a change in the feeding axis to the ponded fan (and therefore in the distance to the source), the change from coarse-to fine-grained material maybe reflects recent changes in nature or volume of the Zambezi inputs. Without a finer stratigraphy, it is not possible to propose a controlling factor for this change.

Figure VIII. 1 :

 1 Figure VIII.1: A comparison of the sediment spatial distribution retrieved from (A) sub-bottom profiles (Late Quaternary) and (B) multichannel seismic reflection data (Plio-Pleistocene).

Figure VIII. 2 :

 2 Figure VIII.2: Location of the studied cores with lithological log (Chapter VI) (for details see Appendix B) on the interpretation map of sub-bottom profiler data (Chapter V).

  . The seismic data display a widespread spatial and temporal occurrence of these drifts in the Mozambique Channel (figures VII.11, VII.16, VII.21) as already observed byPonte (2018). The depositional area (figure VII.21) rests upon pre-Oligocene thick contourite deposits(Ponte, 2018), and the Miocene to Quaternary sedimentation revealed a quasi-constant development of contourite ridges (figure VII.30), either alternating or synchronous with the Zambezi turbidite system (mainly on the left border of the fan, i.e. close to the Davie Ridge and Madagascar margin) or completely disconnected from it (i.e. the Plio-Quaternary N-S contourite drift on the right side of the Zambezi Valley). This thick seismic body, aggraded on the right side of the Zambezi Valley (figure VII.16), has also been interpreted as a contourite drift owing to its facies and associated bedforms, even if its external shape is not so characteristic. The latter is probably due to post-depositional reworking (marked by truncations), faulting(Deville et al., 2018) and possible diapiric deformation (figure VII.16C).

  [START_REF] Gonthier | Contourite facies of the Faro drift, Gulf of Cadiz[END_REF] are only occasionally observed in the Mozambique Channel. In this study, only core MOZ4-CS21 (figure VI.7), positioned on the Mozambique slope near the Zambezi source, presented poorly sorted sandy clay with coarsening upward to fining upward cycle and bimodal grain size distribution. Similar facies have been described along the Madagascar slope (MOZ1-KS20; Olu, 2014) and at the Madagascar Ridge (MOZ2-KSF19; Robin and Droz, 2014) but they remain spatially occasional and temporarily rare (as for turbidites, see above). Actually, bottom current controlled sediments are predominantly recognized in the form of very homogeneous deposits that consist of foraminiferal ooze to carbonate mud (figure VI.6). They are also characterized by very low to low sedimentation rates (max. of 2

  figures VII.9, VII.10). This high confinement of the Zambezi Valley made it impossible for turbidity currents to overspill, forcing sediment load to stay in transport until they reach the deeper distal Depositional Area. This tectonic forcing could thus explain the absence of lateral levees deposits to the Zambezi Valley during the Miocene. This tectonic uplift of the seafloor remobilized important amounts of Oligocene material as the Zambezi1 deeply incises in order to compensate for the uplift movement and to establish a new equilibrium state (figure VII.13). This remobilized material is however not linked to the detrital sources and complicates the source to sink mass balance registered in the turbidite system.

  ) Acquire drillings or very long sediment cores (> 30 -40 m) on the Mozambique slope at both sides of the Zambezi Valley that would allow studying further the effect of the monsoon on the sediment flux. It would make it possible to explore the sediment flux further in time (MIS5, MIS7, MIS9, etc.) and so confirm the monsoonal forcing on the sediment delivery to the Mozambique Basin.

Fig. 2 )

 2 were deployed in November 2014 in the Zambezi and Tsiribihina Valleys and were recovered in December 2015 during the PAMELA-MOZ04 survey. At the same time, two more moorings (MLP8 and MLP10; Fig. 2) were deployed in the Zambezi Valley and recovered in January 2017 during the PAMELA-MOZ08 survey (R/V Antea;

Fig. 1 .

 1 Fig. 1. (A) Bathymetry of the South East Indian Ocean (GEBCO and PAMELA cruises) showing the main circulation patterns (based on van Aken et al., 2004 and Schott et al., 2009). AUC: Agulhas Undercurrent; MC: Mozambique Current; MUC: Mozambique Undercurrent; SEC: South Equatorial Current; NEMC: Northeast Madagascar Current; SEMC: Southeast Madagascar Current; Moz-C: Mozambique Channel; Moz-B: Mozambique Basin. (B) Zoom of the Mozambique Channel bathymetry. The blue dots represent the Conductivity Temperature Depth (CTD) profiles used in Fig. 1C. The mean sedimentation rates (cm kyr -1 ) over the last 248-718 kyr, obtained from the sediment cores and represented with red stars, are also indicated. (C) Salinity section along the Zambezi Valley showing the distribution of the main water masses present in the area, based on CTD profiles located in 1B. (D) Potential temperature-salinity diagram showing the different water masses present in the Mozambique Channel. σ 0 : potential density anomaly (kg m -3 ); TSW: Tropical Surface Water; STSW: Sub-Tropical Surface Water; SICW: South Indian Central Water; AAIW: Antarctic Intermediate Water; RSW: Red Sea Water; NADW: North Atlantic Deep Water; AABW: Antarctic Bottom Water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  Mozambique Channel 4.1.1. In situ current observations in the Zambezi and Tsiribihina Valleys Five moorings were deployed in the Zambezi system during two years: (i) from October 2014 to December 2015 in the Zambezi Valley 80 km upstream and 210 km downstream of the confluence with the Tsiribihina Valley (MLP2 and MLP5, respectively), and in the Tsiribihina valley 95 km upstream of the confluence (MLP3); (ii) from December 2015 to January 2017 close to the valley confluence (MLP8) and 210 km downstream of the confluence (MLP10) (Figs. 2

Fig. 2 .

 2 Fig. 2. Slope map obtained from the PAMELA project multibeam bathymetry and GEBCO bathymetry showing the location (and depth) of the moorings. See location in Fig. 1B.

Fig. 4 .

 4 Fig. 4. Rose diagrams of current direction at 15 m above the seafloor at mooring sites MLP2, MLP3, MLP5, MLP8 and MLP10. The colours represent the current speed and the dark blue lines the orientation of the valley axis at the mooring sites. See Fig. 2 for mooring location. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  The measured sediment flux is usually low during the periods of strong currents, for instance during December 2015-January 2016, April-May 2016 or August 2016. Miramontes et al. (In press) also observed reduced sedimentation from turbidity measurements during periods of intense currents on the Hall seamount located in the centre of the Mozambique Channel (Fig. 1B).

Fig. 5 .

 5 Fig. 5. Time series of the current speed at 15 m above the seafloor at mooring sites MLP2, MLP3, MLP5, MLP8 and MLP10. See Fig. 2 for mooring location and colour codes.

Fig. 6 .

 6 Fig. 6. Time series of the current speed and current direction measured at mooring site MLP8 at 15 m above the seafloor, temperature measured at the same mooring at 30 m above the seafloor, and sediment flux from a sediment trap located at 40 m above the seafloor. See Fig. 2 for mooring location.
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  .Miramontes et al. Marine Geology 410 (2019) 42-55 

Fig. 7 .

 7 Fig. 7. Bottom circulation in the Mozambique Channel simulated from 1993 to 2014 with the Regional Ocean Modelling System (ROMS) model: (A) Maximum speed. The black dots indicate the location of the mooring sites; (B) Mean speed. The schematic arrows represent the mean bottom current directions obtained from the hydrodynamic model. Depth contours are shown every 500 m. MC: Mozambique Current; MUC: Mozambique Undercurrent. The red arrows represent the current direction inferred from seafloor photographs by Kolla et al. (1980). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9 .

 9 Fig. 9. (A) Mean bottom currents obtained from the ROMS model for the period 1993-2014. (B) Composite of bottom currents obtained from the periods during which bottom currents at the mooring site MLP2 (indicated with a green dot) are above 25 cm s -1 , and composite of the Sea Level Anomaly (SLA) during these periods of time (red and blue contours). SLA contours (red and blue lines) for the same period of time are indicated every 1 cm. The blue contours indicate cyclones (SLA < 0) and the red contours anticyclones (SLA > 0). (C) Composite of barotropic currents (vertical average of the currents) during the same period of time as (B). SLA is also indicated. Bathymetric contours are indicated every 1000 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

E

  .Miramontes et al. Marine Geology 410 (2019) [42][43][44][45][46][47][48][49][50][51][52][53][54][55] slope, with speeds between 30 and 40 cm s -1[START_REF] Donohue | Comparison of three velocity sections of the Agulhas Current and Agulhas Undercurrent[END_REF]. The Mozambique Undercurrent (MUC) is the continuation of the AUC (Fig.1A;[START_REF] Beal | Observations of an Agulhas undercurrent[END_REF].Ullgren et al. (2012) measured the MUC flowing northwards at 1500-2500 m water depth in a section at 37°S, with mean speed below 4 cm s -1 and maximum values of 35 cm s -1 . de Ruijter et al.(2002) reported that the MUC attains speeds ranging from 10 to 20 cm s -1 . In the area studied byUllgren et al. (2012) (~17°S) our model results show mean bottom currents of about 10 cm s -1 and maximum speeds of 33-40 cm s -1 (Fig.7), which is in agreement with in situ measurements. The modelling results show a southwards flow west of the Davie Ridge (Fig.7) that has also been observed in the in situ measurements published byUllgren et al. (2012).

Fig. 11 .

 11 Fig. 11. Multi-channel seismic reflection profile MOZ4-SR-024 showing current-related features such as large bedforms and erosional surfaces in the vicinity of the Serpa Pinto Valley. See Fig. 7 for location.

Fig. 12 .

 12 Fig. 12. Location of cores MOZ02-KS06 and MOZ02-KS07 on (A) multi-channel seismic reflection profile PTO-SR-002, (B) multibeam bathymetry and (C) backscatter image of the Zambezi Valley, showing high backscatter at the core sites. See Fig. 2 for location of B and C.

Fig. 13 .

 13 Fig. 13. Grain size distribution, sand content, XRF Ca/Fe ratio and XRF nepierian logarithm of the Zr/Rb ratio of cores (A) MOZ02-KS06 and (B) MOZ02-KS07. The ages shown with red arrows were obtained from radiocarbon dating and from nannofossil assemblages. The photo shows in real colour the mud to contouritic sand transition in core MOZ02-KS07. See Fig. 12 for core location. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14 .

 14 Fig. 14. 3D sketch of the circulation in the Mozambique Channel. (A) Common circulation pattern with part of the North Atlantic Deep Water (NADW) flowing northwards along the Mozambican margin as part of the Mozambique Undercurrent, and part flowing back southwards along the eastern part of the basin. (B) Circulation pattern when an anticyclonic eddy is located between the Mozambican slope and the group of islands and seamounts in the centre of the Mozambique Channel, resulting in the intensification of the southward NADW transport, and deepening of the NADW and the Antarctic Bottom Water (AABW) interface.

  MOZ2-KS05 -Length: 8.59 m -Coring site: Intermediate Basin Latitude: S 21° 27.606 -Longitude: E 40° 43.075 -Water depth:Sequence of grey carbonate mud interbedded with very fine-to fine-grained detrital sand turbidites and mediumto coarse-grained bioclastic carbonate turbidites of neritic origin (composed of coral, shell and large foraminifera fragments).

  MOZ1-KS 26 -Length: 8.99 m -Coring site: Intermediate Basin Latitude: S 21° 16.434 -Longitude: E 39° 55.863 -Water depth: MOZ4-CS22 -Length: 15.25 m -Coring site: Intermediate Basin Latitude: S 21° 16.441 -Longitude: E 39° 55.878 -Water depth: carbonate mud and clays with foraminifera interbedded with fine-grained detrital sand turbidites in the upper 6 m and medium-to coarse-grained bioclastic carbonate turbidites predominantly composed of planktic foraminifera fragments and a minor contribution from other bioclasts and detrital grains in the lower part of the core. MOZ1-KSF24 -Length: 8.59 m -Coring site: Madagascar margin Latitude: S 21° 31.100 -Longitude: E 041° 51.672 -Water depth: Moderately burrowed, grey and olive carbonate mud, with occasional foraminiferal ooze beds. Interbedded with turbidites and sand layers typically with erosive bases and bioturbared upper contacts, and sometimes showing normal grading and rarely laminations. Composed predominantly of quartz and micas with a small component of foraminifera. Rare carbonate sand layers. MOZ2-KSF13 -Length: 7.29 m -Coring site: Madagascar margin Latitude: S 26° 00.480 -Longitude: E 42° 16.474 -Water depth:

  14 ka; T2 = 130 ka; T3 = 243 ka; T4 = 337 ka; T5 = 424 ka; T6 = 533 ka; T7 = 621 ka; T8 = 712 ka D A3 format of seismic profiles Titel : Het Zambezi sedimentair systeem van het Oligoceen tot het Quartair (Straat van Mozambique, Indische Oceaan): architectuur, sedimentatie en controlerende factoren. Trefwoorden: Straat van Mozambique, Zambezi turbidietsysteem, Laat-Cenozoïcum, turbidiet, paleoklimaat, moesson, multibeam bathymetrie, seismiek, sedimentkernen Samenvatting: Het Zambezi turbidietsysteem (Straat van Mozambique, West-Indische Oceaan) is één van de grootste turbidietsystemen ter wereld en wordt nog steeds slecht begrepen. Nieuw verworven hoge-resolutie multibeam bathymetrie, seismische reflectie en sedimentologische gegevens heeft het mogelijk gemaakt om de evolutie van de architectuur en de organisatie van afzettingen sinds het Oligoceen te onderzoeken om zo de belangrijkste factoren te begrijpen die de diepzeesedimentatie in de Straat van Mozambique controleren. Er werd vastgesteld dat het Zambezi turbidietsysteem bestaat uit twee aangrenzende afzettingssystemen: de gekanaliseerde Zambezi-Fan en een halfgesloten fan aanwezig in het intermediaire bekken. Bovendien blijkt uit de resultaten en interpretatie dat: (1) er een belangrijke tektonische controle is sinds het Mioceen dat verantwoordelijk is voor een diepe insnijding van de Zambezier over de laatste 700 kyr een lage activiteit van troebelingsstromen optrad ongeacht ijstijden of interglaciale periodes en dus geen verband tonen met de veranderingen van de zeespiegel; (4) pieken in terrigene flux gecorreleerd zijn met maxima in lokale zomerzoninstraling, wat erop wijst dat de moesson een belangrijke controle uitoefent op de input van sedimenten naar het diepe mariene depositiesysteem; (5) de Zambezi Fan functioneert volgens een aan-uit-evolutie die een verschuiving van afzettingsplaats aantoont van de verafgelegen Zambezi Fan naar de proximale intermediaire bekken. Al onze bevindingen benadrukken de hoge complexiteit van het Zambezi turbidietsysteem als gevolg Le système sédimentaire du Zambèze de l'Oligocène au Quaternaire (Canal du Mozambique, Océan Indien) : architecture, sédimentation et facteurs de contrôle Mots clés : Canal du Mozambique, système turbiditique du Zambèze, Cénozoïque terminal, turbidite, paléoclimat, mousson, sismique, carottes sédimentaires
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  Overview of the surface (red) and deep water (blue) circulation in the Mozambique Channel
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  Les chapitres IV à VII présentent les interprétations et les résultats obtenus dans le cadre de la thèse. Le chapitre IV est consacré aux données utilisées au cours de cette étude et aux méthodes appliquées. Les chapitres V et VI sont présentés sous forme de publications. En détail, le chapitre V présente une étude à haute résolution de la morphologie actuelle et de l'architecture récente (Quaternaire supérieur) du système turbiditique du Zambèze, qui a été publiée début 2019 dans Geomorphology. Le chapitre VI met l'accent sur les résultats obtenus à partir des données de carottage. Il présente les caractéristiques sédimentologiques et géochimiques des faciès observés dans le Canal du Mozambique, définit

	naire,et
	(3) Comprendre comment la tectonique, le climat et la circulation profonde contrôlent
	la sédimentation sur la marge du Mozambique et rendent le système turbiditique si
	atypique.
	L'objectif final de cette étude est de répondre aux questions suivantes :
	• Quels sont les processus sédimentaires qui régissent l'architecture et la sédimentation
	du système turbiditique du Canal du Mozambique et du Zambèze ? Quelles sont les
	conditions de transport et de dépôt des courants de turbidité ? Quand ces conditions
	sont-elles réunies ?

Comment ces forçages interagissentils ? Comment ces interactions sont-elles enregistrées dans les grands fonds marins (sink) ? Afin de répondre à ces questions, le Canal du Mozambique offre l'avantage primordial d'être sous l'influence simultanée de trois facteurs de forçage majeurs : la tectonique (extension offshore du rift est-africain), le climat (zone de convergence intertropicale) et l'hydrodynamique (forts courants de fond). Par conséquent, tout en étant complexe, cette zone d'étude est idéale pour déchiffrer l'importance relative des divers facteurs dans l'enregistrement sédimentaire. La présente étude a trois objectifs principaux : (1) Examiner les différentes géométries sédimentaires et l'architecture stratigraphique du système turbiditique du Zambèze depuis son apparition à l'Oligocène, (2) Etablir un cadre chronologique pour le système turbiditique du Zambèze au Quater-• Quel est le rôle des trois forçages majeurs sur l'évolution spatiale et temporelle du système turbiditique du Zambèze ? • Quel est l'impact de la remobilisation par les courants de fond sur le système ? Cette thèse a été réalisée dans le cadre du projet PAMELA (Passive Margin Exploration Laboratory ; Bourillet et al., 2013) qui vise à améliorer notre connaissance des marges continentales passives, y compris l'étude d'un système sédimentaire complet de la source au puits. Ce projet est une collaboration scientifique menée par l'IFREMER (Institut Français de Recherche pour l'Exploitation de la Mer) et TOTAL et regroupe de nombreux partenaires scientifiques : l'Université de Bretagne occidentale (UBO, Bretagne, France), l'Université Pierre et Marie Curie (UPMC, Paris, France), l'Université de Rennes 1 (Bretagne, France), le Centre National de la Recherche Scientifique (CNRS, France) et l'Institut Français du Pétrole et des Energies Nouvelles (IFP-EN, France). Ma contribution est basée sur l'exploitation de la bathymétrie multifaisceaux à haute résolution, des données de sismique réflexion haute et très haute résolution et les carottes sédimentaires acquises lors de quatre campagnes océanographiques conduites dans le cadre du projet PAMELA (PTOLEMEE 2014, MOZ1 2014, MOZ2 2014, MOZ4 2016). Par ailleurs, le cadre du projet PAMELA a permis de travailler sur les données sismiques offshore de la campagne MD163-MoBaMaSis (Reichert and Aslanian, 2007) et quelques données sismiques fournies par TOTAL. Le manuscrit est subdivisé en huit chapitres et contient quatre annexes. Après cette introduction, les deuxième et troisième chapitres résument le contexte scientifique de l'étude. Le chapitre II est consacré à une synthèse bibliographique du concept "Source to Sink" (de la source au puits) et des systèmes turbiditiques et contouritiques. INTRODUCTION Le chapitre III présente l'état des connaissances sur le système turbiditique du Canal du Mozambique, par une synthèse complète des caractéristiques tectoniques, climatiques, océanographiques et sédimentaires. un cadre chronostratigraphique quaternaire et révèle que les dépôcentres de du système turbiditique du Zambèze ont changé significativement avec le temps, potentiellement en réponse aux migrations successives du front du delta. Cet article sera soumis à Sedimentology au printemps 2019. Le chapitre VII traite de la nature et de la chronologie des dépôts de l'Oligocène au Quaternaire à partir de l'interprétation des données de sismique réflexion multitrace à haute résolution. Le chapitre VIII conclut cette étude et présente une synthèse des principaux résultats obtenus en combinant les résultats des différents types de données et des différentes échelles de temps et propose des travaux futurs pour progresser encore dans la connaissance du système sédimentaire du Zambèze. L'annexe A contient un article (Miramontes et al., 2019c) dont je suis le troisième auteur. L'annexe B fournit les photographies et les logs synthétiques des carottes utilisées dans l'étude. L'annexe C présente la corrélation des sédiments carottés, établie à partir des modèles d'âge obtenus durant cette étude (en grand format).

  [START_REF] Sharman | Early Cenozoic drainage reorganization of the United States Western Interior-Gulf of Mexico sediment routing system[END_REF] demonstrated, for example, a major tectonically induced drainage capture of the headwaters of the California and Idaho Rivers in the Sevier and Laramide structural provinces (western North America).This capture was interpreted to result in the delivery of voluminous sediment to the Gulf of

Mexico, including the petroliferous deep-water Wilcox Formation. The progressive development of the East African Rift System and the uplift of the South African Plateau markedly influenced the drainage network development of East Africa (Section III.4.2.2; Moore and

  on the basis of a densely distributed fault pattern with a NNE-SSW trend, extending from the Davie Ridge to the Mozambique Ridge (figure III.3).

	These faults deformed the oceanic lithosphere of the Mozambique Channel from at least
	Miocene times and are spatially associated with a seismically active zone.
	The Mozambique Channel comprises several volcanic and structural features inherited from
	this geodynamic evolution (figure III.1b). It is delineated by four major fracture zones: the
	Davie Ridge in the north, the Mozambique Ridge in the west, the Madagascar Ridge in the
	east and the Southwest Indian Ocean Ridge in the south.
	The Davie Ridge is a 1200 km-long prominent N-S trending bathymetric high cross-
	ing the Mozambique Channel from the East African margin to the southwestern Madagascar
	margin.
	About 80 km off the Mozambican coast, the Beira High forms a prominent basement
	high, which is interpreted to be a continental fragment (figure III.4) (Mahanjane, 2012;
	Mueller et al., 2016). This structure is 300 km long and 100 km wide and binds the Zam-
	bezi Basin to the south (figure III.1b). It served as a morphological barrier for sediments
	originating from the Mozambique margin and is now buried.
	The Mozambique and Madagascar Ridges are aseismic plateaus (figure III.2), located
	in the extension of the Mozambique and Madagascar margins, respectively. Their continen-
	tal or oceanic nature is still under debate

Table IV

 IV 

.5: Summary of work done on sediment cores during this PhD study. X indicates my contribution. The contribution of others (numbers) is credited as accurately as possible.

  La morphologie et la distribution actuelle des sédiments du système turbiditique du Zambèze ont été étudiées à l'aide des nouvelles données bathymétriques et de profils de sondeur de sédiment dans le cadre du projet de recherche PAMELA. Le système turbiditique du Zambèze est composé de deux systèmes de dépôt adjacents : l'éventail du Zambèze ("Zambezi Fan") et un éventail semi-confiné (dans le bassin intermédiaire, le long de la marge du Mozambique). Le Zambezi Fan comprend la vallée du Zambèze, qui est profondément incisée dans le Canal du Mozambique. La vallée du Zambèze est plus de trois fois plus grande et profonde que les grandes vallées de l'éventail Tanzanien et du NAMOC (Atlantique Nord). L'érosion dans la vallée du Zambèze est attestée par sa morphologie en forme de V et par l'existence d'un thalweg en forme de U affecté par plusieurs générations d'incisions. D'après les echo-faciès et les carottes de la littérature, les sédiments du

	Résumé
	Géomorphologie et processus
	sédimentaires récents

l'éventail du Zambèze sont principalement des dépôts grossiers et les dépôts fins sont peu fréquents. La partie distale du Zambezi Fan est une zone de dépôt majeure où des corps sismiques transparents en forme de lentille sont interprétés comme des lobes terminaux.

Les faciès sismiques de l'éventail semi-confiné sont interprétés comme des turbidites principalement fines qui sont intercalées avec des turbidites grossières peu fréquentes. La circulation hydrodynamique (tourbillons de surface et circulation profonde du NADW) semble avoir un grand impact sur la sédimentation du Canal du Mozambique. Elle est supposée (1) être impliquée dans la distribution des sédiments du fleuve Zambèze le long de la marge du Mozambique, (2) interagir avec les courants de turbidité en piratant les particules en suspension à la partie supérieure des courants, contribuant à l'absence de sédiments fins le long de la vallée du Zambèze et (3) contribuer à l'érosion des flancs de vallée, menant aux dimensions exceptionnelles de la vallée observées actuellement.

Table 1

 1 Data used in this study.

		Bathymetric and SBP data		Multibeam acquisition system	
	PAMELA Cruises	Acquisition speed (kts)	Profile distance (km)	Type	Emission frequency (kHz)
	PTOLEMEE a	8-10	6,910	Kongsberg EM122	12
	PAMELA-MOZ1 b	8-10	3,350	Kongsberg EM122	12
	PAMELA-MOZ2 c	8-10	12,020	Kongsberg EM122	12
	PAMELA-MOZ4 d	8-10	10,470	Reson Seabat 7150	12

a Jorry, 2014. b Olu, 2014. c Robin and Droz, 2014. d Jouet and Deville, 2015.

Table 2

 2 Description and interpretation of echo classes observed in the study area. For each echo class an example is shown with its color code used for the map in Fig.11A. For additional examples see Figs. 12 to 13.

	Class	Sub-class Example and color	Description	Damuth and Olson (2015)	Interpretation
		code used in Fig. 11		facies classification	
	Stratified (S)	S1	Strong seafloor reflection. Continuous	1A	Hemipelagic deposits, contourites? or
			and high frequency sub-bottom echoes.		turbidites with coarse-grained interbeds
			Amplitude varies laterally from low to		
			very high.		
		S2	Strong seafloor reflection. Continuous,	1B and 4	Pelagic/hemipelagic sediments
			high frequency and low amplitude		Contourites?
			sub-bottom echoes. Reflections are		Sediment waves
			conformable to undulating surface		
			topography.		
		S3	Distinct seafloor echo with numerous	1A	Turbidite deposits
			parallel sub-bottom reflections showing		
			high continuity, very high frequency and		
			high to very high amplitude		
		S4	Semi-prolonged bottom reflection.		

Continuous and high frequency sub-bottom reflections. Vertical variation of amplitude from low to high.

  in grey. Italic numbers indicate the MIS stages and substages and the black squares indicate the occurrence of turbidites.

Table VI .

 VI 5: Nd Isotope Ratios and corresponding age (ka) found for different cores from the Mozambique Channel.

  that developed along the present-day upper Zambezi Valley (figure VII.30A).Here again, some discrepancy should be noted for the age at the top of unit U2. Core MOZ2-KS06, located on the right flank of the Zambezi Valley in sector C (profile 11, figure VII.10), dates a level close to the top of unit 1 at 3.5 Ma (from nannofossil stratigraphy, Popescu, pers. com). This would place the abandonment of unit U1 between the Top Miocene and the Top Pliocene, i.e. much younger than proposed above. However, taking into account the imprecision of core locations on a sloping seafloor, it is possible that this age of 3.5 Ma rather refers to shallower layers, i.e. within unit U3L (possibly at its base). This would be more coherent with the age of U3L (see below).VII.3.3.3 Unit 3R: Contouritic drift on the left bank of the Zambezi Valley

	VII.3.3.2 Unit 2: First contribution of Madagascar inputs or continuation of feeding
	by the northern Serpa Pinto or Angoche feeding axes?
	This unit appears to have been deposited during the Lower to Middle Miocene time in-
	terval, i.e. during the development of the Miocene contouritic megadrift (Raisson et al.,
	2016) deposited more northeastward, close to the W-E course of the Zambezi Valley (figure
	VII.30B).

  RésuméLa présente étude focalisée sur le Canal du Mozambique et le système turbiditique du Zambèze (Zambezi Fan) souligne que la combinaison de différentes échelles d'observation est cruciale pour fournir différentes visions d'un système sédimentaire. A la lumière des résultats de la sismique multitrace, le système turbiditique du Zambèze pourrait être considéré comme un système aggradant qui a été affecté par un événement tectonique principal dans le centre du Canal du Mozambique ("doming") à partir du Miocène moyen (figure VII.13) et perturbé par des courants de fond. Le mouvement de surrection tectonique a eu des conséquences sur la répartition des sédiments jusqu'au Quaternaire en conditionnant la possibilité pour l'éventail de continuer à aggrader. Les profils de sondeur de sédiment suggèrent une interaction complexe entre les courants de fond et les courants de turbidité qui ont controlé le régime d'érosion dans un passé récent, et l'absence de levées de débordement à grain fin. L'évolution plus récente de l'éventail du Zambèze, observée par les sédiments carottés, est plutôt cohérente avec la vision à long terme et indique qu'il n'y a pas eu récemment de changement radical dans les processus sédimentaires ou les apports.

L'éventail confiné ("ponded fan") situé le long de la marge mozambicaine, en revanche, suggère une modification de la granulométrie des sédiments et donc une modification majeure des apports. Les sédiments carottés indiquent une faible fréquence des turbidites et une sédimentation contouritique qui n'est pas bien développée. Enfin, il est important de noter que l'architecture atypique et la configuration sédimentaire du système du Zambèze ne sont pas si étranges si l'on considère (i) l'immensité de la zone d'étude, (ii) la proximité du système du Rift Est africain, (iii) le fort contexte hydrodynamique qui domine le Canal du Mozambique et (iv) le débit solide limité des rivières du Mozambique et de Madagascar. En fait, le système turbiditique du Zambèze apparaît comme un système dont les apports sont dominés par les variations climatiques et dont la distribution sédimentaire et l'architecture sont dominées par la tectonique et la circulation profonde.
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Introduction

The effect of oceanic currents on sediment transfer from the continent to the deep sea has been widely recognised on the continental shelves (e.g., Sømme et al., 2009;[START_REF] Covault | Terrestrial source to deep-sea sink sediment budgets at high and low sea levels: insights from tectonically active southern California[END_REF]. However, in source-to-sink studies, the effect of bottom currents in deep-sea settings has not often been taken into consideration [START_REF] Calvès | Inferring denudation variations from the sediment record; an example of the last glacial cycle record of the Golo Basin and watershed, East Corsica, western Mediterranean sea[END_REF]. The source-to-sink system is commonly divided into different segments: https://doi.org/10.1016/j.margeo.2019.01.002
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Quaternary detrital sedimentation
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Appendices

A

The influence of bottom currents on the Zambezi Valley morphology

Contents lists available at ScienceDirect Marine Geology Mixed turbidite-contourite systems can be found in oceans where bottom currents and turbidity currents interact. The Zambezi turbidite system, located in the Mozambique Channel (SW Indian Ocean), is one of the largest sedimentary systems in the world in length and area of the related catchments. The oceanic circulation in the Mozambique Channel is intense and complex, dominated by eddies flowing southwards and deep currents flowing northwards along the Mozambican margin. Current measurements obtained from moorings at 3400-4050 m water depth in the Zambezi and Tsiribihina valleys show periods of intense currents at the seafloor with peaks of 40-50 cm s -1 that last up to one month and are not related to turbidity currents. These strong bottom-current events are correlated with a change in current direction and an increase in temperature. The periods of current intensification may be related to eddies, since they present similar frequencies (around 7 per year). Moreover, modelling results show that during periods of intense deep circulation an anticyclonic eddy is present between the Mozambican slope and the centre of the Mozambique Channel, which may block the northward transport of the deep water mass and thus enhance the southward transport along the western slope of Madagascar. According to our hydrodynamic modelling of the circulation near the seafloor, intense currents are often present along the Zambezi Valley, especially along the valley flanks. Multi-channel seismic reflection data show that the Zambezi turbidite system does not show the typical characteristics of turbidite systems, being dominated by erosional processes, which mainly affect the valley flanks. Levees associated with the valley are absent in the main axis of the system. The effect of bottom currents on sedimentation in the basin is evidenced by the low sedimentation rates that witness winnowing in the basin, the presence of contouritic sand in the Zambezi Valley flanks and the abundance of current-related bedforms observed in multibeam bathymetry and seismic data. The intense oceanic processes observed in the Mozambique Channel may transport a large part of the fine sediment out of the basin and erode the seafloor even at great depths. Therefore, the Zambezi turbidite system could at present be considered as a mixed turbidite-contourite system, with important implications for source-tosink studies.

B

Lithological logs and photographs of studied cores 289

Zambezi Slope

MOZ4-CSF20

MOZ4-CS21

Grey to greenish grey foraminifera carbonated mud (or maybe foraminifera ooze) with several of fining up medium sand to silt sequences with commonly erosional base Occurence of olive-green millimetric layers of lithified mud. (@42, 53, 68, 123, 127, 144, 150, 168, 179, 183, 244, 259, 288, 303, 316, 383, 388, 421, 436, 473, 591, 621, 630, 652, 687, 704, 787, 772, 778, 882 

MOZ4-CS26

Sequence of light olive carbonate ooze, rich in foraminifera and occasional carbonate sand pockets, grading into olive-grey carbonate mud which becomes more silty down core. Burrowing traces preserved throughout, mainly as dark patches and spots and thin sub-horizontal layers and lenses. Disturbed beige carbonate mud with abundant burrowing throughout, interbedded with turbidites composed predominantly of quartz and micas and some contribution from shell fragments (pyritised wood fragments in some layers). The lithology at the bottom of the core changes to a grey mud interbedded with sandy layers. The sand in the first section (0-50 cm) has flowed and is probably disturbed and may be a coring artifact.

Between 50 and 180 cm the sand is actually injected in the ooze that becomes fragmented. This interval is interpreted as debrite made up of ooze clasts with sandy matrix.

Further down, few sand layers, sometimes with erosional base and fining-up grain size are interpreted as turbidites