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Les Petites Antilles, fruit de la subduction de la plaque américaine sous la plaque caraïbe, sont un arc volcanique à la dynamique complexe. De nombreux systèmes de failles actives le parcourent et ont, par le passé, généré séismes et tsunamis le long des côtes antillaises. Certains de ces tsunamis sont assez récents pour avoir été observés et décrits dans la littérature (Lisbonne 1755, Guadeloupe-1843, Îles Vierges-1867, Saintes-2004) mais les plus anciens (>500 ans) n'ont laissé que peu de traces de leur passage. Seule la présence de dépôts sédimentaires particuliers le long des côtes antillaises témoigne de l'occurrence de ces tsunamis majeurs dont l'origine est principalement considérée comme sismique et en permet la datation. Les simulations de tsunamis et les modèles de transport sédimentaires contribuent à discriminer et caractériser ces séismes tsunamigènes, une étape clef dans la compréhension des cycles sismiques de cette zone de subduction. Les simulations de tsunamis permettent en effet d'évaluer l'ampleur des évènements ainsi que les caractéristiques des séismes associés. La modélisation du transport sédimentaire permet de reproduire les dépôts associés aux tsunamis observés sur les îles et d'apporter ainsi une contrainte supplémentaire à la caractérisation des séismes. Afin d'avoir un tel outil à disposition, ce projet a été en partie dédié au développement et à l'intégration d'un modèle de transport sédimentaire dans le code de simulation tsunami Taitoko du CEA. La nécessité de calibrer ce modèle a conduit à la réalisation d'un ensemble d'expériences en canal hydraulique constituant un premier benchmark à l'échelle du laboratoire et à l'étude de blocs transportés par le tsunami de Sumatra en 2004 constituant un deuxième benchmark à l'échelle du terrain. Ces études ont permis d'aboutir à un modèle stable pouvant être appliqué à des cas réels. L'ensemble des simulations des tsunamis historiques de l'arc antillais avec le code Taitoko (sans transport) réalisés dans le cadre de ce travail ont conduit à une meilleur compréhension et caractérisation des séismes des Saintes en 2004 , des Îles Vierges en 1867, de Guadeloupe en 1843 et de Lisbonne en 1755. Elles ont aussi permis l'identification d'un séisme responsable de plusieurs dépôts sédimentaires retrouvés au nord de l'arc qui se serait produit il y a environ 500 ans, par corrélation entre zones de dépôts et cartographie d'inondations obtenues par modélisations. Les résultats du modèle de transport sédimentaire appliqué à cet évènement conduisent à la même conclusion que ceux des simulations tsunamis: le seul scénario compatible avec les observations est celui d'un mega-séisme de subduction d'une magnitude minimum de 8.5. L'hypothèse d'un tel séisme met en lumière l'existence possible d'un cycle sismique long de 500 à 1000 ans sur l'interface de subduction. Les modèles tsunami et de transport sédimentaire, par la caractérisation des évènements passés, apportent donc une contribution majeure à la compréhension de ces cycles et participent à améliorer l'évaluation des risques sismique et tsunamigénique associés à la subduction et aux failles intra-arc pour les populations des Petites Antilles.
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Résumé de la thèse en français

Résumé

A travers l'étude des tsunamis historiques et des dépôts sédimentaires de tsunamis dans la région des Antilles, cette thèse aborde un ensemble de problématiques concernant les séismes des Petites Antilles : des mécanismes et processus de ruptures du plan de faille, jusqu'aux cycles de récurence moyen et long termes en passant par la complexité des systèmes de failles. Nous résumons ici les conclusions tirées des résultats de simulations tsunami et de transport de boulders réalisés et présentés dans ce manuscrit.

Simulations tsunamis des évènements historiques : une mailleur compréhension des séismes. . . . . . à l'échelle de la rupture Les travaux réalisés sur les tsunamis de 2004, 1867 et 1843 montrent que la modélisation des failles par le modèle simplifié d'Okada n'est parfois pas suffisante pour étudier en profondeur les événements. Avec les simulations du tsunami de 2004, nous soulignons l'importance de la profondeur de la rupture dans la génération du tsunami. Un modèle de faille basé sur les inversions sismiques peut conduire à une mauvaise estimation de la vague du tsunami pour deux raisons : (1) le centre de la source sismique correspond à l'hypocentre, qui n'est pas nécessairement l'emplacement du glissement maximal ; (2) la partie la moins profonde de la rupture peut ne pas être détectée dans le signal sismique et la profondeur de la source calculée par l'inversion de ces signaux sismiques est alors trop importate. Cela peut conduire à une sous-estimation de la hauteur des vagues du tsunami lors de leur simulation, ce qui peut être problématique dans un cadre d'alerte par exemple. Avec les simulations des tsunamis de 2004 et de 1867, nous montrons que la simplification d'un séisme par un plan de glissement rectangulaire homogène est une représentation grossière de la complexité réelle d'une rupture. Il est alors nécessaire d'introduire une certaine complexité dans ces modèles avec des sources segmentées dans l'espace et le temps. Le nombre de modèles possibles augmente alors considérablement et implique des coûts de calcul plus élevés. Avec les simulations de l'événement de 1843, nous soulignons l'importance de choisir un paramètre de rigidité adapté pour contraindre le modèle avec des gammes de magnitude plus réalistes. La rigidité d'un milieu dépend de multiples facteurs dont la pression lithostatique, la nature des roches, l'hydratation des roches en profondeur et l'homogénéité du milieu. Par conséquent, cette valeur n'est pas toujours bien contrainte, notamment dans le contexte complexe d'une zone de subduction et à des profondeurs de l'ordre de celle de l'événement de 1843. Malgré ces incertitudes, les fourchettes de rigidité connues doivent être considérées avec attention pour éviter de passer à côté de modèles potentiels de sources de tsunamis.

. . . à l'échelle des systèmes de failles Le travail réalisé sur les deux tsunamis de 2004 et 1867 met également en évidence le potentiel tsunamigène des systèmes de failles intra-arc peu profonds. La faille responsable du séisme de 2004 avait déjà été identifiée (I.E., faille de Roseau), en revanche l'origine du tsunami de 1867 n'était pas encore résolue. Les résultats obtenus pour l'événement de 1867 permettent d'écarter toutes les hypothèses autres que la rupture de failles dans le bassin des îles Vierges.
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Nous montrons que la magnitude de la source pourrait avoir été légèrement supérieure à ce qui est estimé à partir des intensités sismiques et que la rupture s'est probablement propagée le long de plusieurs systèmes de failles. Les systèmes de failles des murs nord et sud (mais surtout celui du sud) du bassin des îles Vierges sont identifiés comme des sources préférentielles, et la faille du mur nord NW-SE peut également avoir contribué à la génération du tsunami. En outre, la rupture d'une petite faille longeant la côte Ouest de Saint-Croix semble indispensable pour expliquer les observations. La proximité de cette faille avec la côte implique que sa rupture entraîne la génération d'un tsunami en quelques minutes sur la côte Ouest de Sainte-Croix, ce qui en fait une menace sérieuse pour l'île. Compte tenu des déformations importantes compensées par la zone de transition du passage d'Anegada et des valeurs de couplage élevées calculées dans cette zone [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF], l'occurrence de tremblements de terre majeurs dans ce bassin devrait être sérieusement envisagée et incluse dans les systèmes locaux d'alerte aux tsunamis.

Les multiples simulations du séisme de 1867 montrent que chaque faille prise séparément représente déjà une menace pour les côtes les plus proches mais ne génère généralement pas de vagues supérieures à 2 ou 3 m (peut-être 5 m au maximum dans certaines zones spécifiques). Cependant, si leurs ruptures sont combinées, ces failles représentent une menace beaucoup plus sérieuse avec une hauteur de vague pouvant atteindre une dizaine de mètres. À l'intérieur de l'arc des Petites Antilles, le réseau de failles est assez dense et complexe (surtout dans le segment nord), de sorte que la possibilité que des ruptures se propagent sur plusieurs systèmes de failles et entraînent des séismes de grande magnitude est très élevée. La présence de ces systèmes de failles peu profonds et interconnectés combinée avec l'urbanisation des zones côtières entraîne des risques sismiques et tsunamigènes conséquents pour la population tout au long de l'arc, qui augmente année après année.

. . . à l'échelle de l'océan Atlantique Les simulations de l'évènements de 1500 CE et du tsunamis de Lisbonne en 1755 montrent qu'un tsunami genéré dans la région des Petites Antilles peut avoir des impacts transatlantiques significatifs, mais que l'arc peut aussi être menacé par des séismes plus lointains comme celui de Lisbonne en 1755. Les observations de ce dernier dans le segment nord de l'arc sont partiellement reproduites mais les hauteurs de vagues modélisées restent encore légèrement inférieures avec les sources testées. La zone au large du Portugal peut accueillir de nombreuses configurations de failles, dont certaines pourraient conduire à de meilleurs résultats, de sorte que des modèles supplémentaires devraient être testés. Les simulations des sources « Mega-thrust » sur l'interface de subduction des Petite Antilles fournissent également des résultats sur l'impact d'un tel tsunami en champ lointain. Les simulations montrent que des vagues d'au moins 1 à 2 mètres peuvent atteindre les côtes nord-américaines, et que les vagues sont préférentiellement amplifiées vers les Bermudes et le Canada. Les côtes européennes sont impactées dans une moindre mesure mais il serait intéressant de réaliser les simulations avec des grilles plus fines afin d'estimer le risque associé à ces ruptures. En ce qui concerne l'événement de 1500 CE, il n'a pas été possible de trouver dans la littérature des preuves de l'impact d'un tsunami vieux de 500 ans sur les Bermudes et les côtes canadiennes. Il existe une quantité limitée de données et de résultats sédimentaires sur les endroits les plus touchés identifiés dans les simulations, et cette recherche doit donc être poursuivie. Si des traces du tsunami de Lisbonne ont été trouvées tout autour de l'océan Atlantique, un tsunami de même intensité généré aux Antilles devrait également avoir laissé des traces.
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Simulations tsunami et de transport sédimentaire: cycles sismiques à long-terme Scénarios de tremblements de terre de type mega-thrust Les simulations tsunamis réalisées pour le séisme de 1843 et l'événement de 1500 CE montrent que les séismes de type méga-trust font partie des scénarios les plus cohérents pour expliquer les observations et les dépôts sur les îles du nord de l'arc. Bien qu'ils se situent dans une fourchette de magnitude proche [8.1-8.5] pour 1843 et [8.5-8.7] pour celui de 1500, ils ont tous deux eu des conséquences très différentes. La faiblesse du tsunami de 1843 pourrait s'expliquer par la concentration de la rupture dans la zone sismogènique la plus profonde (50 à 30 km) de l'interface. Dans les modèles étudiés pour l'évènement de 1500 CE, la rupture se propage le long de l'interface jusqu'à la surface avec un glissement homogène. Cette homogénéité est une simplification et permet d'obtenir des résultats préliminaires, mais si un tel séisme s'est produit le glissement devait être probablement bien plus hétérogène. Maintenant que des modèles préférentiels ont été identifiés, l'hétérogénéité de la rupture pourrait faire l'objet d'une étude plus approfondie. Dans tous les cas, la rupture de la partie la plus en amont de l'interface est un facteur important dans la génération du tsunami. La présence de la ride de Barracuda en subduction entre la Guadeloupe et la fosse pourrait former une barrière naturelle et arrêter la propagation d'une rupture initiée plus profondément le long de l'interface. La segmentation des zones de subduction par les monts sous-marins et les dorsales a été étudiée dans d'autres régions (Lallemand et al., n.d.), notamment la marge de l'Équateur où l'on soupçonne que la dorsale Carnegie en subduction joue un rôle dans la segmentation des grands événements [START_REF] Lynner | Upper-plate structure in Ecuador coincident with the subduction of the Carnegie Ridge and the southern extent of large mega-thrust earthquakes[END_REF] et également le long de la zone de subduction Chili-Pérou où les ruptures sismiques semblent être contrôlées par ces structures océaniques [START_REF] Contreras-Reyes | Control of high oceanic features and subduction channel on earthquake ruptures along the Chile-Peru subduction zone[END_REF]. Cela pourrait être la raison pour laquelle en 1843 un potentiel séisme megathrust ne se serait pas propagé sur la partie la plus supercielle de l'interface. Plus au Nord, en face d'Anegada, ces rides sont présentes beaucoup plus en profondeur et il n'y a pas d'autres structures connues qui pourraient empêcher une rupture sur l'interface de se propager jusqu'à la surface.

Gap sismiques et débat sur le couplage L'analyse des vitesses GPS indique un très faible couplage le long de l'interface de subduction avec un temps de récurrence pour des séismes megathrust de Mw8 d'environ 2000 ans [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF][START_REF] Van Rijsingen | Inferring Interseismic Coupling along the Lesser Antilles Arc: a Bayesian Approach[END_REF]. Plusieurs études de la sismicité, du taux de glissement, et de la croissance des coraux ont été menées afin de mieux évaluer les mouvements des plaques et d'identifier les potentiels gaps, changements ou d'autres indices de zones d'accumulation de contraintes, de zones plus sismogènes où un futur séisme megathrust pourrait se produire (?) Dans la partie centrale de l'arc (Guadeloupe -Martinique), [START_REF] Weil-Accardo | Two hundred thirty years of relative sea level changes due to climate and megathrust tectonics recorded in coral microatolls of Martinique (French West Indies)[END_REF] a analysé la croissance du micro-atoll corallien et a constaté qu'une rupture de l'interface de la plaque sous le coin mantellique était probablement à l'origine d'un séisme Mw7,5 qui s'est produit en 1946 à l'est de la Martinique. Le séisme de 1843 a été précédé d'un autre séisme survenu en 1839 au large de la Martinique dont la source est également débattue [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Corbeau | A Significant Increase in Interplate Seismicity near Major Historical Earthquakes Offshore Martinique (FWI)[END_REF]. (Figure 5.1). L'identification du séisme de 1946 comme un événement de type megathrust renforce l'hypothèse de cette même origine pour les événements de 1839 et 1843 malgré le faible couplage de l'interface. L'analyse des enregistrements sismiques de la région montre récemment une augmentation de la sismicité à l'emplacement de ces anciennes plaques suspectées d'être rompues. La déshydratation du slab et la circulation de fluides en profondeur, mises en évidence Contents par des études tomographiques récentes [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF], sont une des explications du faible couplage, ces processus ne sont pas bien encore compris et pourraient être responsables des changements de sismicité en profondeur. À partir des résultats de l'étude [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF], [START_REF] Hayes | Quantifying potential earthquake and tsunami hazard in the Lesser Antilles subduction zone of the Caribbean region[END_REF] a identifié une accumulation de contraintes entre les rides de Tiburon et de Barracuda, suffisamment importante pour générer un séisme de Mw8.2 (Figure 5.1). Dans la partie nord de l'arc, le segment entre Anguilla et Barbuda présente une lacune sismique [START_REF] Mccann | Subduction of aseismic ridges beneath the Caribbean Plate: Implications for the tectonics and seismic potential of the northeastern Caribbean[END_REF][START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF] qui n'est pas bien expliquée. Plus à l'ouest, à partir des données de vitesse GPS, [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF] a identifié un déficit de glissement à la transition entre la microplaque de Porto Rico et la plaque des Petites Antilles, autour du passage d'Anegada. En raison de la complexité de ce segment, ce déficit n'est pas expliqué et n'est pas associé pour autant à une valeur de couplage beaucoup plus importante. Cependant, ce segment le plus septentrional (du passage d'Anegada à la fosse de Porto Rico) est caractérisé par un slab moins profond que partout ailleurs dans l'arc : ce qui pourrait conduire à un couplage plus élevé. Les variations de la sismicité le long de l'arc montrent que sur ce même segment nord, il y a une augmentation de la sismicité peu profonde. Elle est particulièrement dense le long de l'interface à partir de 50 km jusqu'à la surface (profil CC' sur la figure 5.1) tandis que vers l'est, sur cette partie la plus superficielle de l'interface, la sismicité est presque inexistante (profils DD' et EE' sur la figure 5.1). Les résultats de simulation tsunami sont cohérents avec cette variation de la sismicité : les modèles 1500 CE (T1 et T2) correspondent à une rupture de la partie la plus superficielle de l'interface du segment nord des Antilles tandis que le modèle 1843 (S1) correspond à une rupture de la partie profonde de 50 à 30 km de l'interface. Les récents modèles de cycles sismiques dans les zones de subduction montrent que ces cycles sont stables sur des milliers d'années [START_REF] Avouac | Lower edge of locked Main Himalayan Thrust unzipped by the 2015 Gorkha earthquake[END_REF][START_REF] Mouslopoulou | Uplift rate transients at subduction margins due to earthquake clustering[END_REF][START_REF] Jolivet | Interseismic Loading of Subduction Megathrust Drives Long-Term Uplift in Northern Chile[END_REF]. Selon ces cycles, les zones de rupture devraient se reverrouiller dans les décennies ou les siècles qui suivent un méga-séisme. Cependant, ce reverrouillage n'est en fait pas visible sur les données. D'importants dépôts turbiditiques dans les bassins profonds de l'avant-arc des Petites Antilles, avec un cycle de récurrence de plusieurs milliers d'années, ont été récemment identifiés [START_REF] Seibert | Long Term Recurrence of Deeply Ponded Turbidites and Thick Homogenites in the Lesser Antilles Forearc: Imprint of Great Earthquakes[END_REF]. Des cycles aussi longs avec une accumulation très lente des déformations pourraient être associés, au cours des dernières décennies, à des déficits de glissement trop faibles pour être détectés par les données GPS. Les nouveaux modèles remettent également en question la capacité des mesures GPS à détecter la limite amont du verrouillage par friction sur les méga-ponts [START_REF] Almeida | Can the Updip Limit of Frictional Locking on Megathrusts Be Detected Geodetically? Quantifying the Effect of Stress Shadows on Near-Trench Coupling[END_REF] et montrent que de nombreux modèles géodésiques sous-estiment considérablement le degré de couplage peu profond sur les méga-ponts. Ces problématiques ne sont pas spécifiques à la zone de subduction des Caraïbes. De nombreuses études ont montré l'importante variation du couplage le long de la zone de subduction andine, notamment liée à la présence de structures océaniques en subduction [START_REF] Contreras-Reyes | Control of high oceanic features and subduction channel on earthquake ruptures along the Chile-Peru subduction zone[END_REF][START_REF] Chlieh | Interseismic coupling and seismic potential along the Central Andes subduction zone[END_REF][START_REF] Métois | Interseismic Coupling, Megathrust Earthquakes and Seismic Swarms Along the Chilean Subduction Zone (38°-18°S)[END_REF][START_REF] Métois | Interseismic coupling, segmentation and mechanical behavior of the central Chile subduction zone[END_REF] et l'importance de ces variations sur la génération de tsunamis [START_REF] Medina | Tsunami Modeling in the South American Subduction Zone Inferred from Seismic Coupling and Historical Seismicity[END_REF]. Dans la zone de subduction des Aléoutiennes, le problème a aussi été posé dans le cadre d'une étude de dépôts sédimentaires de tsunamis qui témoignent de l'occurrence de plusieurs séismes megathrust dans une zone où les modèles de couplage géodésique indiquent de très faibles déficits de glissement [START_REF] Witter | Unusually large tsunamis frequent a currently creeping part of the Aleutian megathrust[END_REF][START_REF] Witter | Evidence for frequent, large tsunamis spanning locked and creeping parts of the Aleutian megathrust[END_REF]. Les scénarios megathrust modélisés pour les évènements de 1500 CE et 1843 sont cohérents non seulement avec les observations de tsunamis mais aussi avec de nombreuses caractéristiques tectoniques de la zone, cependant d'autres hypothèses de ruptures sont aussi possibles donc il est pour l'instant impossible de conclure quant à la nature de ces évènements. Les variations de la sismicité dans le temps et l'espace le Contents 7 long de l'arc peuvent être interprétées comme des indices d'un couplage très faible ou au contraire comme des précurseurs de futurs événements majeurs. Il est donc aussi difficile d'identifier les zones de rupture futures que les zones de rupture passées.

Section sud de l'arc Cette thèse se concentre sur la moitié nord de l'arc alors que les Petites Antilles englobent également toute la moitié sud jusqu'à Trinidad et Tobago et plus à l'ouest jusqu'aux îles ABC (Aruba, Bonaire et Curaçao). L'activité sismique du segment sud montre une sismicité beaucoup plus faible que dans le segment nord. De Saint-Lucie à Trinité-et-Tobago, seuls cinq séismes Mw>6 se sont produits (catalogue USGS) au cours du siècle dernier : deux Mw7.2 et Mw6.0 en 1953, deux Mw6.1 et Mw6.7 en 1997 et un Mw6.5 en 2015. Aucune observation de tsunami n'a été rapportée dans la région et une étude récente de carottes de sédiments en Martinique [START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF] montrent qu'aucun tsunami n'a laissé de traces à l'exception de celui de Lisbonne en 1755. Pour l'instant, il n'y a donc pas d'événements passés à étudier dans la zone allant de la Martinique à Trinidad et Tobago, mais des simulations de tsunamis pourraient tout de même être réalisées à des fins d'évaluation des risques côtiers. Cependant, plus à l'ouest, sur les îles ABC (Curaçao, Bonaire et Aruba), d'importantes dépôts sédimentaires associés au passage de vagues extrêmes ont été identifiées et partiellement datées. Ils représentent un riche site d'étude déjà couvert par plusieurs instituts [START_REF] Engel | Bonaire's boulder fields revisited: evidence for Holocene tsunami impact on the Leeward Antilles[END_REF][START_REF] Engel | Tsunami deposits of the Caribbean -Towards an improved coastal hazard assessment[END_REF], notamment sur le sujet de la discrimination des tsunamis d'origine sismiques et les vagues générées par des tempêtes.

Discrimination entre tempête et séisme Un problème majeur pour l'identification des séismes passés à partir des dépôts de sédiments dans les Petites Antilles est la similitude des dépôts d'un tsunami d'origine sismique avec ceux de vagues de tempête. Nous n'avons pas la possibilité de modéliser les vagues générées par les tempêtes avec TAITOKO mais une perspective intéressante serait d'effectuer des simulations de transport de blocs avec ce type de vagues. La comparaison directe de l'effet des caractéristiques des vagues de tsunami et de tempête (fréquence, longueur, vitesse, amplitudes) sur le déplacement des blocs rocheux permettrait de mieux analyser les données de terrain. En sédimentologie, l'identification des propriétés des dépôts sédimentaires associés aux vagues de tempête et de tsunami est un sujet de recherche en cours et il est probable qu'elle apportera également de nouveaux outils et moyens de discrimination de l'origine ces vagues extrêmes dans les années à venir.

Améliorer l'utilisation du modèle de tsunami et de transport de sédiments L'étude de tous ces événements met en évidence les limites des modèles et les améliorations possibles qui pourraient être apportées aux méthodes et à la théorie de la simulation tsunami.

Choix de l'approche Les méthodes utilisées pour l'analyse et la modélisation des séismes et des tsunamis historiques prennent beaucoup de temps. Elles nécessitent une revue de toutes les sources potentielles dans les zones considérées, avec des systèmes de failles pas toujours bien connus, et une bonne connaissance de la dynamique de la zone pour le choix des paramètres de failles conduisant à de multiples incertitudes. Le nombre de modèle de faille est de plus démultiplié par les paramètres de rupture du modèle d'Okada pouvant être variés. Afin de limiter le nombre final de modèles, cette approche qualitative pousse à séléctioner seulement ceux étant les plus cohérents avec Contents la tectonique de la zone et la réalité physique, une démarche chronophage d'autant plus quand la zone étudiée présente de nombreux système de faille. Le développement d'une méthode d'analyse automatisée, comme ce que nous avons tenté de faire pour l'événement de 1867, permettrait de gagner du temps et d'apporter de nouveaux résultats. Une telle approche stochastique automatisée pourrait permettre de modéliser des sources formées par la combinaison de multiples segments afin de couvrir l'nsemble des géométries de faille possibles dans une zone et serait adaptée à différentes échelles d'étude avec: des segments correspondant à des portions de failles pour une étude à l'échelle d'une région géographique et des segments correspondant à des patchs de glissement pour une étude à l'échelle de la rupture. Le seul problème est la quantité limitée de données pouvant être utilisées pour contraindre les modèles, données qui se raréfient en remontant dans le temps.

Modèle de déformation de la surface Avec les simulations de l'événement de 1843, nous remettons en question la validité de l'hypothèse de demi-espace homogène faite dans le modèle de déformation d'Okada. Entre la surface et l'hypocentre de 1843, la présence de la croûte de la plaque Caraïbes, du biseau mantellique et du slab forment un milieu stratifié aux comportements élastiques très différents. De plus, les processus de déshydratation du slab, de transition minérale, de serpentinisation qui sont sousponnés de se produire dans cette zone, contribuent à l'augmentation de cette hétérogénéité. Le milieu est donc loin d'être homogène et on peut se demander si cette hétérogénéité a un impact significatif sur la déformation de surface générée par des ruptures profondes ou si l'hypothèse d'homogénéité donne des résultats suffisamment fiables pour les simulations de tsunamis. La déformation d'un milieu hétérogène ou multicouche est un sujet complexe et peu d'autres modèles adaptés à la modélisation des tsunamis sont publiés dans la littérature.

Modèles de transport des sédiments Malgré sa simplicité, le modèle de transport de blocs fournit des résultats très concluants. La calibration à l'échelle du laboratoire et du terrain permet de bien contraindre les coefficients des équations et d'identifier et corriger les défauts du modèle. Cependant, compte tenu de la sensibilité du déplacement généré par les vagues de tsunami à l'échelle réelle, des calibrations supplémentaires avec les résultats encore non traités des expériences en laboratoire et avec d'autres données de terrain devraient être effectuées. Cette calibration est nécessaire pour comprendre le comportement des blocs les plus petits (les plus légers) et les plus grands (les plus lourds) à l'impact des vagues et pour mieux identifier le rôle de chaque force en jeu. En plus du renforcement de la calibration, il serait intéressant d'ajouter un peu de complexité au modèle. Les trois améliorations les plus intéressantes sont : (1) le développement d'une condition qui contraindrait le mouvement initial du bloc et qui serait adaptée aux conditions de pré-transport (attaché, enfoui dans le sol, libre en surface) ; (2) l'intégration dans TAITOKO de grilles de Manning 2D décrivant la rugosité du sol et qui permettra de prendre en compte les détails morphologiques (bâtiment, forêt, villes. ..), qui ont un fort impact sur le déplacement réel des blocs ; (3) le développement d'une formule donnant une estimation de la vitesse d'écoulement au fond de la colonne d'eau à partir de la vitesse d'écoulement intégrée à la profondeur calculée par TAITOKO, qui permettra de prendre en compte la variation verticale de l'écoulement à l'intérieur de la colonne d'eau et l'effet de friction du sol. Enfin, ce modèle pourrait également être utilisé à d'autres fins que la simulation du transport de sédiments par tsunami : La modélisation du transport de blocs rocheux par des vagues de tempête ou générées par des glissements de terrain ; la modélisation du transport d'objets dans une ville (voitures, rochers...) impactés par tout type de vagues ; ou encore l'étude de l'impact et des dommages potentiels générés par les blocs rocheux transportés.

Identification des zones côtières en danger Ce travail pourrait ensuite être étendu à l'étude des risques sismiques et tsunamigènes associés aux systèmes de failles antillais. Une approche PTHA (Probabilistic Tsunami Hazard Assessment) récemment appliquée par le CEA à la région méditerranéenne (Souty et Gailler, en révision) pourrait également être appliquée dans la région des Petites Antilles. Cette méthode est basée sur le calcul probabiliste des valeurs moyennes des hauteurs d'eau maximales modélisées à haute résolution le long de la côte à partir de modèles de failles multiples. Elle nécessite une base de données avec toutes les failles actives de la région étudiée, des grilles bathymétriques fines adaptées et un catalogue complet de la sismicité historique et instrumentale. L'évaluation des risques pour la population, associés aux ruptures potentielles de plusieurs systèmes de failles, de l'interface de subduction ou de séismes majeurs intra-arc est aujourd'hui essentielle. L'urbanisation du littoral et la subsidence globale des îles (1-2 mm/an), rendent les populations encore plus vulnérables qu'auparavant à l'occurance d'un tsunami.

À suivre. . . Malgré tous les progrès réalisés sur les modèles de tsunami et de transport de sédiments, les connaissances en paléo-sédimentologie et dans de nombreux autres domaines, la manière la plus efficace d'améliorer la compréhension des événements passés dans la région des Petites Antilles est l'acquisition de données supplémentaires. Les simulations de tsunamis et de transport de sédiments sont d'autant plus utiles lorsque de nombreuses données peuvent être utilisées pour contraindre les scénarios de séismes et pour évaluer les codes de modélisation. Les données sur les dépôts sédimentaires et les coraux apportent le plus d'informations sur la dynamique et l'histoire de cette région, mais les données bathymétriques, sismiques et géodésiques sont également très importantes. La dernière campagne CARQUAKES, CARESSE qui s'est déroulée en juin 2021, a été consacrée à l'échantillonnage de sédiments et à l'acquisition de profils sismiques dans les zones côtières des îles du segment central de l'arc. Nathalie Feuillet et moi-même avons accompagné les sédimentologues des instituts LIENSs (La Rochelle) et EDYTEM (Chambéry), sur le bateau ANTEA de l'IFREMER pendant trois semaines. La campagne a couvert une zone de 500 km de long (de la Martinique à Anguilla) sur une période de trois semaines et a été très concluante. Les données seront traitées dans les années à venir mais les observations faites sur les îles, l'analyse préliminaire des carottes de sédiments et des profils sismiques sont très prometteurs. Grâce à ces nouvelles données et aux versions améliorées des modèles de transport de blocs, l'étude des tsunami passés des Petites Antilles pourra être affinée dans les années à venir. La découverte d'un dépôt de tsunami plus ancien que le dépôt précolombien serait utile pour identifier les cycles sismiques de cette zone de subduction et pour faire avancer le débat sur le couplage. En attendant, les efforts doivent également porter sur l'évaluation des risques sismiques et tsunamigènes sur l'arc, sur la mise en place de systèmes de juridiction et d'alerte appropriés et sur la prévention et l'éducation de la population. Toutes ces mesures portées par le projet CARIBE-EWS sont en cours et montrent déjà de grands progrès.

Manuscript outline

Introduction

This section is a presentation of the manuscript organization. As presented in the abstract, the objective of this thesis is to improve the knowledge of the Lesser Antilles past tectonic through the study of tsunamis. This thesis is divided in three main parts:

(1) First, the study of historical tsunamis that aim to a better understanding of the recent dynamic of the Lesser Antilles region.

(2) Secondly, the understanding of its long-term dynamic through the study of paleotsunamis, with a focus on a potential Pre-Columbian tsunamigenic earthquake.

(3) Thirdly, the development of an additional tool to the code of tsunami simulation TAITOKO from CEA. It is a model of sediment transport that allow to better constrain the earthquake models using paleo-sedimentology data (tsunami deposits). These three parts represent the Chapters 2, 3 and 4 of this manuscript which I am introducing in the following sections.

Chapter 1

The Chapter 1 is an introduction to the manuscript and give a whole picture of the context of this study. After a first introductory section, the second section presents the geography, history, tectonic and geology of the Lesser Antilles. Then, the ANR (French National Research Agency) project named "CARQUAKES" is detailed in the third section followed by a presentation of the major earthquakes and tsunamis of the arc in the fourth section. Finally, we address in the fifth section the stakes and objectives of this work. The last section is dedicated to the presentation of the tsunami code TAITOKO, its principles, the data it requires and the results it provides.

Chapter 2

Chapter 2 is dedicated to the study of the Lesser Antilles historical tsunamigenic earthquakes. The historical earthquake catalog goes back to 1690 with the oldest reported earthquake of the region. During these past 300 years only four significant tsunamis were observed and attributed to earthquakes: the Mw>8.5 Lisbon earthquake of 1755, the Mw 8.5 Guadeloupe earthquake of 1843, the Mw 7.5 Virgin Island earthquake of 1867 and the Mw 6.3 Les Saintes earthquake of 2004. Without any instrumental record of these events, the sources are not well constrained and there are still many uncertainties about the characteristics of the ruptures. Using high resolution bathymetric grids, reliable tsunami simulation and the available tsunami data and observation, multiple fault models can be tested and evaluated in order to refine the knowledge on these past earthquakes.

Contents

Chapter 2 is thus divided in four sections, one for each tsunamis in a ante-chronological order from the 2004 event to the 1755 one.

Chapter 3

Chapter 3 is dedicated to a Pre-Columbian potential tsunamigenic earthquake. Before the settlement of the Colons there is record or human testimonies of past earthquakes and tsunami in the Lesser Antilles. The only evidences left of these past events are the geological traces with among them the sediments. Indeed, when a tsunami reach a coast, it will impact its environment, its ecosystem, its coastal morphology and it can also leave sediments deposits mobilized onland or transported from offshore. These sediments can be dated and allow to reconstitute a catalog of the past extreme waves that affected the islands from few hundred years ago to several thousand years ago. In several islands of the northern segment of the arc, extreme wave deposits dating from 1200-1500 cal yrs CE have been identified and could be the remnant traces of one or several major Pre-Columbian earthquakes and tsunamis. The objective of this chapter is to use all these geological evidences to constrain the potential earthquake source at the origin of consistent tsunami waves. Multiple fault models are tested but the study finally focus on two main sources: the outer-rise fault systems and the subduction interface. The scenario of a past mega-thrust earthquake (rupture of the subduction interface) is discussed in the light of the recent coupling models of the subduction zone based on short-term geodetic records. It opens the discussion on the threat posed by such catastrophic event in these densely populated and touristic regions.

Chapter 4

Chapter 4 is dedicated to the development of a boulder transport model. As explained in the previous section, sediment deposits as some of the last traces of past tsunamis are valuable data whose sampling and dating has a cost. TAITOKO, like most other tsunami simulation codes, can model the run-up of the tsunami onland but can not model the associated transport of sediment. So, the results of the tsunami simulations can not be directly compared to the sedimentary data and sediment deposits must be converted to run-up limits, maximum flow velocity or maximum wave height. By modeling the transport of sediment by a tsunami we can have a better understanding of the dynamic of the wave behind these deposits, we can extract more information from them and finally better constrain the tsunamis and the earthquake sources that generated them. The choice of modeling the transport of spherical boulders instead of fine sand or cubic boulder is motivated by the presence of exceptional massive and round brain corals in Anegada, an island of the Lesser Antilles. These boulders are part of the Pre-Columbian deposits mentioned in previous section. This choice was also motivated by the absence of forward model dedicated to spherical boulders in the literature. The first and second sections of this chapter presents the state of the art on boulder transport modeling, the physics of the model, the made assumptions and the chosen equations. The third section focuses on the results of a first experimental benchmark that was used to calibrate the code at the laboratory scale. The fourth section show the results of the 2004 Sumatra tsunami simulation and boulder transport. This event is used as a second benchmark to calibrate the code at real scale. The fifth and last section is dedicated to the application of the calibrated model to the Pre-Columbian event and the associated transport of Anegada's coral boulders.

Chapter 5

Chapter 5 is the final chapter of the manuscript and gather the main results and conclusion of the thesis. It allows to take to step back and analyze the recurrence of earthquakes in the Lesser Antilles on a historical and geological scale. And, in the light of the new results, we discussed the tsunami hazard associated to the different fault systems. This conclusive section also presents the limitations of tsunami and sediment transport models, the improvements that can be done regarding these models and all the prospects associated to the study of the Lesser Antilles past tsunamis and the evidence they left on the islands.

Chapter 1

The Lesser Antilles and the objectives of the simulations

Introduction

This chapter is an introduction to the content and stakes of the work done during this thesis. Tsunami and sediment transport modeling are at the junction of three disciplines which are the hydrodynamics (for the propagation of the tsunami wave), the seismo-tectonic (for the generation of the tsunami by an earthquake) and the sedimentology (for the transport of sediment by the tsunami wave). We can study the entire history of a tsunami from its origins to its consequences, through the complexity of its generation, propagation and impact. This inter-disciplinary aspect implies a good knowledge on multiple topics. First, a good knowledge of the geology and tectonics of the studied area is necessary to identify the fault systems that could generate tsunamigenic earthquakes. It is also useful to identify other phenomena (eruption, landslides, hurricane...) whose consequences could be confused with those of a tsunami of seismic origin. In addition, the models rely on precise bathymetric and topographic data of the studied area and on the knowledge of their evolution over time. Secondly, seismic, historical and sedimentary data are necessary to identify the occurrence of an earthquake or a tsunami. The instrumental records (seismic records of the earthquake or tide-gages records of a tsunami) are the most reliable sources of information on an event. However, if no instrumental records are available, historical testimonies and writings become the main source of information. Finally, the sediment records are the last source of information when an event is older than the human settlement in the studied area.

The Lesser Antilles already form a wide geographic area but tsunamis can impact a much larger area, so the studied region must be expanded accordingly (sometimes to the whole Atlantic Ocean rim). The resulting amount of data considered, obtained, processed and integrated into this work (instrumental, sedimentary, historical, geological...) is consequent. So, in order to have a whole picture of the context of this study, first the geography, history, tectonic and geology of the Lesser Antilles are presented in Section 1.2. Then, the ANR (French National Research Agency) project named "CARQUAKES" is presented in Section 1.3 followed by an introduction to the major earthquakes and tsunamis of the arc in Section 1.4. Finally, we address in Section 1.5 the stakes and objectives of this work. Section 1.6 is dedicated to the presentation of the tsunami code TAITOKO, its principles, the data it requires and the results it provides.

Chapter 1. The Lesser Antilles and the objectives of the simulations History The first pre-Colombian populations of the Lesser Antilles settled in Trinidad and then spread in the Lesser Antilles around 6000 BCE [START_REF] Fernandes | A genetic history of the pre-contact Caribbean[END_REF][START_REF] Shearn | Canoe societies in the Caribbean: Ethnography, archaeology, and ecology of precolonial canoe manufacturing and voyaging[END_REF][START_REF] Serrand | Interacting Pre-Columbian Amerindian Societies and Environments: Insights from Five Millennia of Archaeological Invertebrate Record on the Saint-Martin Island (French Lesser Antilles)[END_REF]. Archaeological studies show that the last groups still present in the islands in the 15th century, the Taino in the Greater Antilles and the Carib in the Lesser Antilles, exhibited developed techniques in agriculture and many types of manufactures. They formed a vast, interconnected, multilingual network but apart from a few groups in Dominica, these populations all disappeared after the arrival of the Spanish settlers in 1492. They did not survive the diseases brought by the Europeans, the conquests, and the slavery. Pieces of artifacts from the Pre-Colombian time have been retrieved and studied, but no testimonies of a potential catastrophe or major climatic events could be found in the artwork or writings. The period of colonization that followed lasted several centuries. It was marked by island occupation, slavery, wars for possessions, and the development of trades systems with the sugar and coffee plantations. During the 18th century, growing movements of independence appeared after the successful slave rebellion in Saint-Domingue in the 1790s. Slavery was gradually abolished and the islands started to claim their independence but decolonization occurred for most islands only after World War II.

Tectonic settings and dynamic of the arc

Formation of the arc The volcanic arc of the Lesser Antilles results from the subduction of the North and South America oceanic plates (NAP and SAP) under the Caribbean plate. This subduction zone absorbs the ENE motion between the American plates and the Caribbean plate that converge at a rate of approximately 20 mm/yr [START_REF] Demets | GPS geodetic constraints on Caribbean-North America Plate Motion[END_REF][START_REF] Mann | Oblique collision in the northeastern Caribbean from GPS measurements and geological observations[END_REF] (top Figure 1.1). The magmatic history of this margin is complex, episodic and the chronology of the formation of the volcanic arc is discussed in [START_REF] Kopp | Deep structure of the central Lesser Antilles Island Arc: Relevance for the formation of continel crust[END_REF], [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF] and [START_REF] Boucard | Paleogene V-shaped basins and Neogene subsidence of the Northern Lesser Antilles Forearc[END_REF]. The Aves Ridge, which borders the western side of the arc, corresponds to a remnant arc that might date from an Eocene-Oligocene magmatic activity. During the late Oligocene, kinematic changes in the subduction processes are suspected of having impacted the volcanic activity that resulted in the separation of the arc in two main volcanic fronts (top Figure 1.1) from Martinique to the northern-end of the subduction [START_REF] Bouysse | Subduction of Atlantic aseismic ridges and Late Cenozoic evolution of the Lesser Antilles island arc[END_REF]. The western and more recent arc is made of volcanic islands, most of them with active volcanoes [START_REF] Bouysse | Caractères morphostructuraux et évolution géodynamique de l'arc insulaire des Petites Antilles (Campagne Arcante 1)[END_REF][START_REF] Bouysse | Le volcanisme néogène récent au large des côtes Caraïbes des Antilles Françaises: Relations avec le volcanisme à terre et évolution du front volcanique[END_REF][START_REF] Bouysse | Reconnaissance de structures tectoniques et volcaniques sous marines de l'arc des Petites Antilles (Kick'em Jenny, Qualibou, Montagne Pelée, Nord-ouest de la Guadeloupe)[END_REF][START_REF] Bouysse | Subduction of Atlantic aseismic ridges and Late Cenozoic evolution of the Lesser Antilles island arc[END_REF]. The shorter and older eastern arc, 10 to 50 km to the east, is composed of islands with an old basement overlain by uppermost Miocene and Plio-Quaternary coral limestones. The island of Guadeloupe is a product of this partition with the east part (Grand Terre) formed during the old volcanic episode and the west part (Basse Terre) formed during the more recent one (top Figure 1.1).

Geological characteristics

The crust of the Lesser Antilles arc is originally a primitive oceanic crust that has been altered by the intrusion and extrusion of volcanic material. The magmatic processes possibly participated in the thickening of the crust and modified its velocity structure. The arc is composed of a succession of thick carbonate platform and deep basins with a thinner crust. The average thickness of the crust is estimated to be about 25 km in the North [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF] and about 27 km in the south [START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF] from velocity models and tomography. The velocity models derived from wide-angle seismic data in the Virgin Islands, show that the crust is overlayed by 3 km thick sedimentary layers corresponding to the Virgin Island carbonate platform [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF]. The crust itself is divided into 3 layers of increasing velocities: the upper layer has probably a volcanoclastic nature while the middle and lower layers have probably felsic and gabbroic natures. This indicates a crust thickened preferentially by hot-spot magmatism and secondarily by arc volcanism. In this study, the Lame shear modulus is used to dimension the fault models: for crustal rocks from 0 km to 30 km depth, the reference shear modulus value ranges between 20 GPa and 40 GPa [START_REF] Geist | Effect of depth-dependent shear modulus on tsunami generation along subduction zones[END_REF]. Sedimentary rocks at the surface can be associated with lower values but it concerns at most the upper 3 km for an overall crust thickness of 25 to 30 km. So in the next sections, we assume an average shear modulus value of 30 GPa for the Okada fault models.

Seismicity The subduction zone of the Antilles from north to south is not homogeneous. The Benioff plan of the south and north parts of the subduction presents a dip of approximately 30°while the center part presents a dip of around 60°. This is explained [START_REF] Dorel | Seismicity and seismic gap in the Lesser Antilles arc and earthquake hazard in Guadeloupe[END_REF] by the pure subducting process occurring in the central part contrasting with processes of a transform trench fault zone in the North and a transform strike-slip fault zone in the south.

The seismicity of the Lesser Antilles (Figure 1.2) can be split in several groups (Figure 1.1):

• The major part of the earthquakes occurs along the subducting plate with thrust focal mechanisms distributed from 10 km deep close to the trench to 160 km deep under the arc [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF][START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF][START_REF] Ruiz | Seismic activity offshore Martinique and Dominica islands (Central Lesser Antilles subduction zone) from temporary onshore and offshore seismic networks[END_REF]. These earthquakes either correspond to ruptures of the interface or of the existing intra-slab faults (sketches in Figure 1.1).

• Above the interface between 30 km to 60 km depth, an important mantle wedge seismicity is detected and associated with hydraulic fracturing [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF][START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF].

• Another important part is concentrated in the shallow thrusting zone where the deformation is important and can correspond to the rupture of the sedimentary ridge wedge, to backthrust faults or to outer-rise faults along the trench (sketches Figure 1.1).

• Some shallow events, at less than 10 km depth, present normal and strike-slip mechanisms corresponding to normal and strike-slip fault systems inside the actual volcanic arc.

The seismicity distribution along the subduction zone is heterogeneous and some seismic gaps appear on 50 or 100 years periods. One seismic gap is present at the east of Guadeloupe and Martinique and could correspond to a low coupling area (moment tensor solutions along the central Lesser Antilles using regional broadband stations [START_REF] González | Moment tensor solutions along the central Lesser Antilles using regional broadband stations[END_REF]). This seismic gap is surrounded by two areas where the 1843 and 1839 historical earthquakes occurred and which could correspond to two patches of higher coupling. The GPS data being not precise enough, determining if this central seismic gap is due to low coupling or to accumulation of constraint is still debated. The seismogenic zone on the subduction interface is mainly estimated from the seismic networks records [START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF] and the seismic tomography [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF] and extends from the trench at the surface to 60 km depth and maybe more. In the overriding and subducting plates, the brittle and breaking areas are constrained by the Moho estimated at around 28 km depth in the overriding plate [START_REF] Kopp | Deep structure of the central Lesser Antilles Island Arc: Relevance for the formation of continel crust[END_REF][START_REF] Evain | Structure sismique de la zone de subduction des Petites Antilles : implications sur les dimensions de la zone sismogène interplaque[END_REF] and at around 15 km under the slab top in the subducting plate.

Volcanism There are nineteen "live" (likely to erupt again) volcanoes in the Eastern Caribbean. Islands such as Grenada, Saint-Vincent, Saint-Lucia, Martinique, Dominica, Guadeloupe, Montserrat, Nevis, Saint-Kitts, Saint-Eustatius and Saba have "live" volcanic centers, while other islands such as Anguilla, Antigua, Barbuda, Barbados, British Virgin Islands, most of the Grenadines and Trinidad and Tobago (which are not volcanic) are close to volcanic islands and are, therefore, subject to volcanic hazards such as severe ash fall or volcanic-origin tsunamis. However, before the 19th century, there was no instrumental record of earthquakes and tsunamis in the region. The only material available to investigate older events is the oral testimonies and writings. The earthquake magnitudes are evaluated with the Mercalli Intensity Scale from the values of the intensities felt by the population and the localizations are estimated from the spatial distribution of the testimonies.

CARIBE-EWS project

In 2006, the CARIBE-EWS project was initiated in the Caribbean and Adjacent Regions by the ICG (Intergovernmental Coordination Group for the Tsunami and Other Coastal Hazards Warning System) a subsidiary body of the IOC. The mission of this project is to facilitate tsunami monitoring, hazard and risk assessment, warning and public awareness and education in the member states.

Since 2006, it leads to the installation and maintenance of seismic stations, DART buoys and sea-level gauges, to the identification of National Focal Point in 30 of the 32 islands, to the conduction of several regional tsunami exercises to test the alert systems, to the training of the operators and funding to support education and preparedness activities. It results in significant progress in most of the islands of the arc which are now more prepared to face the seismic and tsunamigenic risks.

Chapter 1. The Lesser Antilles and the objectives of the simulations

Hazard assessment

In the context of the project CARIB-EWS, a group of experts created a catalog of 41 tsunami models of credible scenarios that would impact the Caribbean region. The scenarios are based on historical events, tectonic and geodetic data. The objective was to make this catalog available for tsunami modelling, evacuation mapping, planning and exercises. To this end, an interactive webmap, the Caribbean and Adjacent Regions Tsunami Sources and Models (CATSAM) map viewer, has recently been developed. It was uploaded with the fault models, some results of simulations, historical information from the NOAA tsunami database, tide gauge and DART station information and volcano locations. They are now planning to work on tsunami evacuation maps and to perform a Probabilistic Tsunami Hazard Assessment (PTHA) for the Caribbean and Adjacent Regions.

Monitoring, alert and communication In case of tsunami threat in the Lesser Antilles, several actors are involved in the protocols and procedures that lead each island and states to the adapted decision for their populations. The first actor is the Tsunami Service Provider, the service that performs the calculations and issues information and threat bulletin to the National Focal Points within 5 to 15 minutes after a significant earthquake (usually greater than M 6.0). The Tsunami Service Provider for the Lesser Antilles (and the Caribbean Sea region) is the Pacific Tsunami Warning Center (PTWC) operated by the National Weather Service of the US (NOAA). Each island of the arc has its own National Focal Point and they receive an adapted information statement or threat bulletin from the PTWC. From this bulletin, the alert level (Warning, Advisory or Watch) is defined from a decision matrix and Preventive Tsunami Evacuation Order, Tsunami Bulletin and End of Threat Message are issued. These messages are updated in real time in function of the PTWC new evaluations. The officer in duty in each National Focal Point must take actions, from a simple information monitoring if there is no threat, to the use of public alerting tools such as CAP (Common Alerting Protocol), sirens, loud speakers, loud hailers or church bells in case of an advisory or watch message.

Public awareness and education

The program Tsunami Ready is conducted since 2001 by the NOAA to improve tsunami hazard planning, preparedness, information and awareness. A recognition program that aimed to evaluate the communities preparedness in the Caribbean region is now ongoing and to date 52 communities have been recognized for meeting the guidelines. The objectives of the Tsunami Ready project are separated into three main thematics: (1) the mitigation part with the identification of risk areas and the display of public information boards on tsunami knowledge and alert response;

(2) the preparedness part with the creation of evacuation map, the dissemination of awareness and preventive public information, the organization of awareness activities and the realization of an annual exercise;

(3) the response part with the creation of local centers with reliable equipment to relay the information, launch the alerts and disseminate them to the public.

ANR project and the earthquake cycle of the arc

This thesis is integrated into the ANR (French National Research Agency) project named CARQUAKES (2018CARQUAKES ( -2022)). It is coordinated by Nathalie Feuillet (Institut de Physique du Globe de Paris) and gathers several french partners in order to study and better understand the earthquake cycles of the Lesser Antilles.

1.3. ANR project and the earthquake cycle of the arc

Objectives of this project

The Lesser Antilles arc is a densely populated and highly touristy area exposed to large subduction earthquakes. The largest reported earthquake in the arc occurred on February 8, 1843. It destroyed the city of Pointe-à-Pitre, killing over 1500 people. Today, a comparable earthquake could cause tens of thousands of victims in Guadeloupe. Subduction mega-thrust earthquakes are associated with sudden subsidence or uplift of coastal areas. They can be associated with large tsunamis capable of transporting huge amounts of marine sediment along the coast and are capable of generating turbidites over great distances. They can kill large numbers of people, destroy coastal and underwater infrastructure, change the landscape and affect human settlement and also have longer-term impacts on the environment. Between earthquakes, slow movements related to interseismic loading induce sea level variations faster than those related to global warming. These events represent a major threat to coastal populations and must be taken into account in land-use planning. However, mega-earthquakes are rare in this area, poorly documented and historical seismicity catalogs are too short to estimate their recurrence time (in Japan, for example, they only occur every 1000 years). Seismic cycle models for predicting the recurrence of such events are not reliable enough and paleoseismological studies are needed to obtain information on past earthquakes on the scale of several seismic cycles. The objective of the ANR CARQUAKES project is to restore the catalog of major earthquakes and tsunamis in the Lesser Antilles by combining paleoseismological, archaeological and historical studies.

A multidisciplinary project

The Lesser Antilles subduction zone is a complex tectonic system where earthquakes and tsunamis can have multiple origins: the subduction contact, the arc fault systems, the 19 live volcanoes of the arc, the hurricanes and the landslides potentially triggered by all these phenomena. Consequently, CARQUAKES project brings together experts in a wide range of Earth sciences topics through the involvment of several laboratories: Onshore, the project combines several approaches to retrieve the traces of extreme events: 1) Paleoseismological and paleotsunami studies in coastal lagoons and ponds that may have preserved the evidence of earthquakes and tsunamis; 2) Coral paleogeodesy along the reefs, where coral micro-atolls may record earthquakes in their skeletal growth; and 3) Archaeology and history comprising analysis of historical descriptions of earthquakes and tsunamis in archives and investigations of several coastal archaeological sites on Guadeloupe. Tsunami and strain modeling are there to calculate the impact of earthquake cycles and tsunamis on the littoral zone (wave height, inundation and coastline variations).

Oceanic campaigns

The Lesser Antilles arc represents a vast geographical area and yet at the beginning of the project not much data on the coastal sediments had been collected. Only the compilation of a maximum of evidence on the past tsunamis and earthquakes can allow to best characterize the origin of these events and to better understand the dynamic of the arc. So the acquisition of new data is necessary and to this end, three oceanic campaigns focused on sediment sampling have been carried out these past years: In spring 2016, the CASEIS marine cruise [START_REF] Feuillet | CASEIS cruise, RV Pourquoi pas ?[END_REF] took place in the eastern part of the Lesser Antilles arc, above the mega-thrust zone and resulted in the sampling of 42 sedimentary cores and high resolution imaging of the ocean floor. In 2017, a field trip carried on along the coasts from Guadeloupe to Anguilla, allowed the coring of coastal ponds and lagoons sediments. The exceptional results obtained from these sediments led to the planning of a new campaign: the CARESSE marine cruise. It took place in summer 2021 with the objective of collecting complementary data on the sediments along the same coasts and resulted in the sampling of 63 cores and 91 km of seismic profiles. The tsunami models performed during this thesis are constrained by the data collected during the 2016 and 2017 campaigns. In addition to these campaigns other projects have been carried out in the arc. Three campaigns (CARAVAL, AGUADOMAR, CASEIS), dedicated to the study of the crustal active faults of the volcanic cycles, performed sediment coring and seismic data acquisition on the central segment of the arc (Guadeloupe to Martinique). The KASHALLOW (1,2) campaigns were carried out in the easternmost side of the same region with seismic reflection, bathymetric data acquisition and coring. Several other campaigns have been dedicated to the acquisition of bathymetric data with seismic reflection, mono and multi trace seismic or sonar techniques in the north part of the arc (SEACARIBES) and in the central part of the arc (SISMANTILLES project: OBSIS-MER, OBSANTILLES, SISMANTILLES 2, SISMANTILLES 1). SISMANTILLES project has also been dedicated to the deployment of dense temporary networks of marine seismometers (OBS) to image the deep structures and record the seismic activity of the area. The bathymetric data obtained from these campaigns improves the quality of the grids used for the tsunami simulation and the rest of the data help in better constraining the potential seismic sources used in the simulation.

Historical and past tsunamis in the Lesser Antilles

Major earthquakes and tsunamis

The subduction interface of the Lesser Antilles has the potential to generate large megathrust earthquakes but it is not the only seismogenic zone of the region. Intraarc tectonic extension also operates at shallower levels, with numerous intraplate faults identified. The only known but still debated megathrust earthquakes in the region are 3). Among those events, only five generated an observable tsunami on the closest islands [START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF]) in 1843[START_REF] Deville | Sur le tremblement de terre du 18 novembre 1867 aux Antilles[END_REF][START_REF] Helley | Field measurement of the initiation of large bed particle motion in Blue Creek near Klamath[END_REF], 1985and 2004. We focused during this thesis on the 1843, 1867 and 2004 earthquakes that are presented in Figures 1.3 and 1.4 with their associated tsunami observations. The 1969 and 1985 tsunamis were very small and barely noticed by the population and their sources already well defined so they were less interesting objects of study. The 1843 earthquake was followed by a 0.5-1.2 m high tsunami wave in Guadeloupe and Antigua (Antigua Weekly Register, 1843; Sainte-Claire Deville ( 1843)). The Mw7.5 earthquake of 1867, occurred in the Virgin Island Basin and generated up to 10 m high waves in the Virgin Islands (Sainte-Claire [START_REF] Deville | Sur le tremblement de terre du 18 novembre 1867 aux Antilles[END_REF][START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF][START_REF] Lander | A brief history of tsunami in the Caribbean Sea[END_REF]. The most recent occurred in 2004 and the population reported waves reaching

Chapter 1. The Lesser Antilles and the objectives of the simulations more than 2 m in Les Saintes and 50 cm in the south of Guadeloupe [START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF][START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF][START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints[END_REF]. The Antilles archipelago has also been affected by a trans-atlantic tsunami generated offshore Lisbon on November 1st 1755. The tsunami waves more than 10 m high along the Portugal coasts reached the Antilles coasts around 10 h after the earthquake. In the entire arc, observations of several meters-high waves and run-up were reported with numerous inundations of the islands' lowlands [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF][START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF] (tsunami observations in Figure 1.3). Several authors performed trans-Atlantic far-field tsunami modeling to check the reliability of their source with respect to the NW Atlantic coast tsunami data [START_REF] Barkan | Far field tsunami simulations of the 1755 Lisbon earthquake: Implications for tsunami hazard to the U.S. East Coast and the Caribbean[END_REF][START_REF] Roger | The 1755 Lisbon Tsunami in Guadeloupe Archipelago: Source Sensitivity and Investigation of Resonance Effects[END_REF][START_REF] Roger | The Transoceanic 1755 Lisbon Tsunami in Martinique[END_REF][START_REF] Clouard | Tsunami deposits in Martinique related to the 1755 Lisbon earthquake[END_REF][START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF]. The historical observations are well reproduced by modeling a source located across the ocean and some bring a deeper understanding of the marine submersion and sediment transport associated with this event [START_REF] Clouard | Tsunami deposits in Martinique related to the 1755 Lisbon earthquake[END_REF][START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF].

From 1900 CE to the present days: instrumental records of tsunamis

As presented in Section 1.2.3, for the past century, tide gauges were progressively installed but the coverage was sparse and the instrumental maintenance was not optimal. The only significant tsunami that occurred since 1900 Cal CE, is the 2004 Les Saintes earthquake's one. At that time, unfortunately, the closest tide gauges of Pointe-à-Pitre and Le Roseau were not operational so the tsunami waves were not recorded. Fortunately, the seismic network recorded the earthquake which allows a good constrain on the source position, the focal mechanism and the magnitude.

From 1700 CE to 1900 CE: human observations of tsunamis

As explained in Section 1.2.1, the oldest testimonies of historical earthquakes and tsunamis in the Lesser Antilles are the observations of the Lisbon 1755 tsunami waves. The earthquakes of 1755, 1867 and 1843 were not recorded by any instrument. Consequently, the position of the sources and their magnitude are obtained from the earthquake intensity maps deducted from the testimonies. However, these intensity maps are limited to the continental and inhabited areas which represent a small proportion of the total affected areas and that can bias the estimations of the epicenter and magnitude of the source. The associated tsunamis are described in local journal's articles, in letters of inhabitants to their relatives or in reports from the Marina to the government. These reports are essential for constraining the tsunami simulations and verifying the consistency of the seismic models. However, human testimonies contain different levels of details and reliability and need to be cross-checked if numerous enough or used carefully if not.

Before 1700 CE: sediment deposits of tsunami

Finally, before the arrival of the settlers, there are no human reports of any events occurring in the arc. Clear evidence of the occurrence of earthquakes and tsunami can only be found in the sediments. Indeed, when an earthquake occurs in a region, the shocks and the passage of the generated tsunami wave can trigger submarine landslides or sediment mobilization in the offshore deeper basins, forming specific deposits layers, shapes and scars in the bathymetry. In the coastal area, the tsunami wave can affect the landscape and transport sediments on the islands (at the surface or in ponds and lagoons) forming identifiable deposits with particular distribution, 1.4. Historical and past tsunamis in the Lesser Antilles chemistry, mineralogy or structure. Among these deposits, we can differentiate fine sediment layers and boulders. Boulders (examples are presented in Section 4) can have multiple origins (cobbles, beach rock, detached pieces of shelf, corals) and shapes (up to 4 m large rectangular or spherical blocks). Their position, distribution, quantity, and size testify from the intensity of the waves that carried them inland. During field surveys, boulders and fine sediments are sampled from the islands surface, and they are cored in the shallow coastal lagoons and ponds or in deeper offshore basins. Coring methods can extract up to 70 m deep sediments and allow going back in time from 500 to several thousand years. The analysis of the sediment cores reveals the presence of tsunami deposits that testify to the occurrence of major events in time windows estimated by the sediment dating methods. The dating of the coral boulders also provides a valuable estimation of time since they stop growing once deposited on land. However, the dating methods generally provide ages with uncertainty ranges of several hundred years. Moreover, despite the progress made in the differentiation of the origin of deposits, the sediment deposits can still be confused with other extreme waves deposits like storm deposits or landslide wave deposits. But these uncertainties can be compensated by the multiplication and the cross referencing of same-age tsunami deposits identified in different sites. The assumptions on the occurrence of major events can also be strengthened by the analysis of the islands paleogeology, paleobiology and paleogeodesy that can highlight earthquake coseimsic and interseismic effects on the region at some periods of time. Until now, one major paleotsunami is suspected to have occurred in the past: tsunami deposits have been identified on several islands of the northern segment of the arc, all dating from the same Pre-Colombian period around 1500 years CE. This event is the subject of Chapter 3. Chapter 1. The Lesser Antilles and the objectives of the simulations

Tsunami and sediment transport modeling objectives

In this thesis, three major historical tsunamis of the Lesser Antilles, one transoceanic tsunami and one older paleotsunami are investigated (Figure 1.4). They are presented antechronologically in Chapter 2 beginning with the 2004 Les Saintes tsunami, then the 1867 Virgin Islands tsunami, followed by the 1843 Guadeloupe tsunami and ending with the 1755 Lisbon tsunami. Chapter 3 is dedicated to the suspected 500 years old Pre-Colombian tsunami that occurred in the northern segment of the Lesser Antilles.

For each of these events, depending on the available data, different objectives are considered and different approaches are used. The areas covered by each studied case are presented in Figure 1.4.

Integration of tsunami and sediment transport models in the CARQUAKES ANR project

Tsunami and sediment transport simulations can be used in two ways. The first one is to model a well-known or chosen seismic source and to evaluate the impact of the simulated tsunami wave and the transported sediments on a studied area which is useful for hazard assessment for example. The second one is to analyze the tsunami wave impact generated by a seismic source and to use the field data (records, observations, evidence) to adapt the seismic source parameters until the simulation provides consistent results. In this ANR project, the sources of the past tsunamis studied are generally poorly constrained and need to be better characterized. So, during this thesis, the second approach is used with the objective of characterizing these sources (fault models) using the available sedimentary data and testimonies. A tsunami and sediment transport simulation requires three main inputs which are: (1) the seismic source model (fault position, depth, angles, length and slip) that generates the tsunami;

(2) the bathymetric grid (and topography) of the studied area on which the tsunami propagation is computed; and (3) the transported sediments information (boulder initial position, size and density). The source characterization is done by:

(1) identifying all the fault systems that could generate a tsunami in the impacted area;

(2) performing a tsunami simulation for each of them; (3) comparing the results of simulation on the coasts to the sedimentary data and population testimonies; and (4) identifying the fault models or some specific parameters that provide the best fits.

The greater the number of observations and evidence, the stronger the constraint and the more reliable the characterization of the fault. So the efficiency of the simulation completely relies on the results of the sedimentary data analysis provided in CAR-QUAKES. The quality and reliability of the bathymetric data also depend on the knowledge of the environment's evolution during the past centuries provided by the different teams of CARQUAKES. Indeed, the past extreme waves, hurricanes, sealevel evolution, uplift or subsidence occurrences, anthropogenic impact and coastline urbanization participate in the landscape evolution. These changes should be taken into account in the simulations, especially for the coastal areas where the tsunami wave amplification is very sensitive to the bathymetry and even more for the simulation with inland inundation. So the bathymetric and topographic data that describe the actual state of the ocean bottom and of the islands coastlines must be modified consequently.

Different level of precision

The precision of the fault model characterization aimed at in each studied case must be adapted to the resolution of the used dataset (grids, landscape...) and to the 1.5. Tsunami and sediment transport modeling objectives 29 number and precision of tsunami's observations or evidence. If there is an instrumental record of the tsunami then it can be directly compared to the modeled time-series at the same location and provide a very good constrain on the source. If not, it is possible to reconstitute the tsunami signal from observed and reported details such as the time between the earthquake shock and the first observed wave, the time of the highest wave, the first motion of the sea (retreat or positive wave), the number of waves... These chronological reconstructions can be compared to the modeled timeseries at the observation sites and are very important to constrain the position of the source and the potential fault system associated. However, if the observations and sediment deposits only provide values of wave heights and inundation distances then the identification of the source position only relies on the geographic distribution of the wave amplitudes observed and measured at the different impacted sites. Similarly, the source magnitude can be investigated by comparing the maximum wave heights obtained in the simulation.

Historical tsunamis simulations: a brief overview of the different approaches

The four more recent historical earthquakes and tsunamis studied here (2004, 1867, 1843 and 1755) are presented in Chapter 2. The approach and the objectives are adapted for each of them according to the level of constraint that can be derived from upstream data and information in the literature (quantity, accuracy).

tsunami

The 2004 Les Saintes earthquake was recorded by the seismic network whose data processing resulted in a deep source model [START_REF] Salichon | Validation of teleseismic inversion of the 2004 M-w 6.3 Les Saintes, Lesser Antilles, earthquake by 3D finite-difference forward modeling[END_REF]Feuillet et al., 2011a). A recent bathymetric field survey of the area revealed a coseismic slip on the fault scarp much greater than what was estimated with the seismic data [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF]. For this event, the objective is to account for this updated information and to show that the tsunami wave is sensitive to such shallow co-seismic displacements and that tsunami simulations can be used to estimate the rupture depth and rupture intensity (and potentially other parameters) complementary to the seismic models. The position and main orientations of the fault being already well identified, the focus is placed on more specific parameters of the tsunami models such as the source depth, slip intensity, slip homogeneity and also on the transfer function that links the bottom co-seismic displacement to the initial sea surface displacement.

1867 tsunami The 1867 Virgin Island earthquake was not recorded by any seismic network, and seismic intensity maps analysis result in a large estimation of the source position area and in a large range of estimated magnitude as well [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF]. Based on testimonies reporting the occurrence of two shocks and considering the numerous fault systems present in the region, the origin of this earthquake remains uncertain. The generated tsunami is described by numerous testimonies all along the arc that provide great constraints on the simulation results. For this event, the objective is to identify with higher accuracy the fault(s) that caused the earthquake and tsunami. Although there is a high number of potential tsunamigenic sources in the area, the good knowledge of the tsunami signal allows to adopt a stochastic approach to study this event. More than 4000 random sources (with some constraints on the parameters) are modeled and an automated signal processing routine is created for selecting the most compatible sources. Unfortunately, due to the supposed complexity Chapter 1. The Lesser Antilles and the objectives of the simulations of the 1867 earthquake, the stochastic method was not successful and the envisaged sensitivity studies on model parameters could not be completely performed.

1843 tsunami The 1843 Guadeloupe earthquake was not recorded by any seismic network either and presents the same issues regarding the estimation of source location and magnitude as the 1867 Virgin Island earthquake (Sainte-Claire [START_REF] Deville | Observations sur le tremblement de terre éprouvé à la Guadeloupe le 8 février 1843[END_REF][START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF][START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF][START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF]. However, in contrast to the 1867 event, the observations of the tsunami are very limited and do not allow a very good constrain on the simulation results. For this event, the objective is to determine if this earthquake is a mega-thrust earthquake or not [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Beauducel | The great 1843 earthquake in the Lesser Antilles Arc[END_REF]. To that end, a selected number of fault models are tested, focusing on the fault position and orientation corresponding either to subduction interface ruptures or to the intra-slab/intra-plate ruptures.

1755 tsunami The 1755 Lisbon earthquake was not recorded either and again, the source position and magnitude are still debated (Baptista, Miranda, Miranda and Mendes Victor, 1998;[START_REF] Baptista | The 1755 Lisbon tsunami; evaluation of the tsunami parameters[END_REF][START_REF] Baptista | New study of the 1755 earthquake source based on multi-channel seismic survey data and tsunami modeling[END_REF][START_REF] Barkan | Far field tsunami simulations of the 1755 Lisbon earthquake: Implications for tsunami hazard to the U.S. East Coast and the Caribbean[END_REF][START_REF] Gilli | Recherche des traces du tsunami de Lisbonne (1er novembre 1755) sur les côtes de la Guyane française[END_REF]. This event might appear to be off-topic in this work but testimonies report significant tsunami waves along the Antilles coasts and among the tsunami deposits identified in the northern islands (Anegada, Anguilla, Saint-Thomas), some are dated around 1600-1800 Cal yrs CE [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF][START_REF] Biguenet | Sedimentary records of tsunamis and hurricanes in the Lesser Antilles[END_REF][START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF]. The objective for this event, is not to characterize the source but to identify if any of the potential sources proposed in the literature can generate a wave high enough to explain the tsunami deposits observed in the Antilles islands. To know if these deposits can definitely be associated with the 1755 tsunami or if another event from that time should be suspected, all the Lisbon sources referenced in the literature are modeled and results on the Lesser Antilles arc are analyzed, especially at the deposits sites.

Tsunami simulation of the Pre-Colombian tsunami

The Pre-Colombian tsunami is presented in a separate chapter (Chapter 3) as it is the only one whose existence is not certain and its source completely unknown. Deposits dated of around 1500 Cal yrs CE, some of which were obtained in the recent CARQUAKES campaigns [START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF], were identified in several islands in the Northern segment of the arc and they all testify of the occurrence of extreme waves, probably seismic tsunami waves according to the sedimentologists. The difficulty in the study of this event lies in: (1) the uncertainty that all these deposits were actually generated by one same event;

(2) the size of the studied area and the multiple potential seismic sources; (3) the limited description of the wave that can be derived from the analysis of these deposits; (4) the possibility that a major storm originated all or part of these deposits. The main objective is to identify which fault model can generate a tsunami large enough to explain all or part of the observed deposits. In order to do so, the fault models associated with all identified fault systems in the region are created and high resolution tsunami simulations are performed on each deposit site.

Development of a boulder transport model and application to the Pre-Colombian event

This part of the work is presented in detail in Chapter 4.

Presentation of the simulation code

Why a transport model ? The identification and dating of the Pre-Colombian tsunami deposits is the result of intense, long and costly work and having such data is a chance. The tsunami simulations can reproduce the inundation distances that can be then linked to areas of sediments deposits. They provide useful results for the investigation of the Pre-Colombian tsunami source. However, being limited to the modeling of the tsunami wave only and not trying to reproduce the transport of sediment by this wave and the observed deposits would have been regrettable. So, a part of this thesis is dedicated to the development of a boulder transport model, with the objective of being able to fully integrate the boulder deposits and their transport processes into the identification of the tsunami sources. The choice of modeling the transport of boulders rather than the transport of sandy sediments is driven by the presence of major brain coral boulders in one island of the arc that is associated with the Pre-Colombian event.

Validation of the model at a laboratory scale In order to better analyze the motion of boulders and to compare the results of the newly developed model to real data, laboratory experiments of boulder transport are set up. The results of these experiments allow a first calibration of the code and a validation of the model assumptions.

Validation of the model at a field scale In order to validate the model at a real scale, a benchmark is then derived from the 2004 Sumatra tsunami that transported boulders along the Banda Aceh coastline. Thanks to this benchmark, some model coefficients are re-calibrated and finally a stable model giving consistent results is obtained.

Application to the Pre-Colombian event The origin and characteristics of the massive Pre-Colombian boulders present on the island of Anegada are classified. Then, the fault models that provide the best tsunami simulation (chapter 3) are selected and run again with the added boulder transport model. The results of boulder transport are in agreement with the conclusion of the tsunami simulations alone but they bring additional constraints on the origin and magnitude of the source.

Presentation of the simulation code

Before diving into the study of Lesser Antilles tsunamis, we present here the tsunami code TAITOKO used for the simulations: the principles of the model, the required data and the form of the results. The different steps of the tsunami wave modeling are illustrated in Figure 1.5.

Characteristics of the model

TAITOKO is a parallelized numerical code developed and benchmarked by ? which computes the propagation of tsunami waves generated by a seismic source. It has been applied to numerous worldwide tsunamis and has proven its efficiency, especially in the Pacific. An area where ample data is available to validate the simulation of waves triggered by historical and great earthquakes of the last decades [START_REF] Hébert | Numerical modeling of the great 2004 Indian Ocean tsunami: focus on the Mascarene Islands[END_REF][START_REF] Hébert | The 15th August 2007 Peru earthquake and tsunami: influence of the source characteristics on the tsunami heights[END_REF][START_REF] Schindelé | Implementation and Challenges of the Tsunami Warning System in the Western Mediterranean[END_REF][START_REF] Poupardin | Traveltime delay relative to the maximum energy of the wave train for dispersive tsunamis propagating across the Pacific Ocean: the case of 2010 and 2015 Chilean Tsunamis[END_REF]. It was recently used in the study of the 2018 Palu earthquake and tsunami [START_REF] Jamelot | Tsunami Simulations of the Sulawesi M W 7.5 Event: Comparison of Seismic Sources Issued from a Tsunami Warning Context Versus Post-Event Finite Source[END_REF]. The simulation is composed of three steps: the initiation of the wave, the propagation and the run-up at the coast.

Chapter 1. The Lesser Antilles and the objectives of the simulations Initiation : Okada model and Transfer function The initiation is the seafloor deformation generated by the rupture of the fault and modeled using the [START_REF] Okada | Surface deformation due to shear and tensile faults in a half-space[END_REF] formalism. It assumes an elastic, isotropic and homogeneous medium in which is buried a rectangular fault rupture with a uniform slip. It gives the ground displacement as a function of geometric parameters (dip, strike and slip angles, fault length and width, depth and slip dislocation) and of the surrounding rocks parameters. Compared with the tsunami velocity (0.2 km/s), the rupture velocity (about 3 km/s) is large, so the ground displacements over the faulting regions are assumed to be instantaneous for the modeling of the waves. The seawater is generally considered as a homogeneous, incompressible and non-viscous fluid.

Initiation : Transfer function In the 2004 earthquake case, the bottom deformation due to the surface rupture is too sharp and a transfer function was implemented in the code to compute the initial surface deformation [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints[END_REF]. This function is based on the formula of [START_REF] Kajiura | The leading wave of a tsunami[END_REF] which calculates the initial surface elevation generated by a sea bottom deformation in an ocean of constant depth. The copy of the bottom deformation is valid only for horizontal characteristic lengths that are assumed to be large compared to the water depth. A transfer function has to be used for short horizontal deformations such as those produced by seismic faults that rupture the ground surface. The main role of the transfer function is to eliminate the short non-physical water waves generated by discontinuities of the ground deformation. A short description of this transfer function is given in the following paragraph, where equations are written in Cartesian coordinates for simplicity. (x,y) denote the grid horizontal coordinates and (∆x, ∆y) denote the associated grid steps. The calculation of the transfer function is based on the linear potential theory [START_REF] Kajiura | The leading wave of a tsunami[END_REF]. Assuming a constant water depth d and an instantaneous vertical bottom deformation ∆z at (x',y') the water surface displacement ∆η at (x,y) writes as:

∆η = G(r)∆x∆y α∆z(x ′ , y ′ ) 2πd 2 (1.1) r = (x -x ′ ) 2 + (y -y ′ ) 2 d (1.2) G(r) = E ∞ 0 kJ 0 (kr)dk cosh k (1.3)
where G is the Green function and α = 1 for uniform depths. For non-uniform water depths, the above formula is not valid anymore but is still a good approximation according to [START_REF] Glimsdal | Dispersion of tsunamis: doest it really matter?[END_REF], provided the depth variations ∆z are small compared to the water depth. In this case, the formula requires the calculation of α in such a way that the displaced volume at the sea surface is equal to the displaced volume of the ocean bottom. For a given bottom deformation ∆z, the volume displaced at the sea bottom is (∆x∆y∆z) and α is chosen to preserve the displaced volume of water over the whole grid:

x,y ∆η(x, y)∆x∆y = ∆x∆y∆z

(1.4)

Propagation, Shallow Water and Boussinesq equations This code solves nonlinear shallow water equations, written in spherical coordinates. Frequency dispersion is assumed to play a minor role since propagation distances are short.

This code solves nonlinear shallow water equations, written in spherical coordinates. If the tsunami waves present a wavelength much larger than water depth, then the horizontal length scale is much greater than the vertical length scale and the conservation of mass implies that the vertical velocity of the fluid is small. The vertical velocity field can be neglected, and the wave velocity is approximated by the relation:

c = gh (1.5)
Under this condition, the propagation can be calculated by solving the shallow water equations that generalize the 1D Saint-Venant equations derived from depthintegrated Navier-Stokes equations. The continuity equation expresses the conservation of water volume for this incompressible homogeneous fluid. The momentum equation expresses the balance between forces and momentum change rates. They are developed into the 2D equations, which are solved in spherical coordinates (φ, θ) where φ and θ are the longitude and the latitude:

∂h ∂t + 1 cos θ ( ∂uh ∂φ + ∂ cos θvh ∂θ ) = 0 (1.6) ∂u ∂t -f v + 1 cos θ (u ∂u ∂φ + cos θv ∂u ∂θ -sin θuv) = -g 1∂η cos θ∂φ + F φ (1.7) ∂v ∂t + f u + 1 cos θ (u ∂v ∂φ + cos θv ∂v ∂θ -sin θu 2 ) = -g 1∂η ∂θ + F θ (1.8)
where d is the water depth, η is the surface elevation and h = η + d, (u, v) are the depth-averaged velocities along (φ, θ), f is the Coriolis parameter and (F θ , F φ ) the bottom friction force based on the Chezy formula. This latter force is neglected in our simulation since one-dimensional tests show that its contribution is minor in terms of wave arrival times. The code can also solve the Boussinesq equations that take into account the frequency dispersion of the waves. Frequency dispersion is most of the time assumed to play a minor role since propagation distances are short. But in some cases like the transoceanic tsunamis where the propagation distances are much larger, this dispersion can become significant and Boussinesq equations are then more adapted. For this reason, we used them in the modeling of the 1755 Lisbon tsunami. The nonlinear long wave equations are solved by means of a staggered-grid finite difference method. Nonlinear terms in the model are approximated with upwind finite differences, and linear terms are approximated by centered finite differences. The temporal scheme uses an iterative procedure and among the available methods, we used the second-order Strong Stability-Preserving Runge-Kutta method. This method is the most commonly used, it is stable and adapted to our modeling needs which are the modeling of the inundation on the coast and a relatively low computational cost. To deal with shoaling and resonance effects of the tsunami waves, detailed bathymetric grids are used for the precise modeling of the coastline response in bays and harbors. To this end, we calculated wave propagation on successive levels of nested grids of increasing resolution close to the shore, built using available bathymetric and topographic data. Open free boundary conditions are prescribed to the boundaries of the mother grid covering the studied area, and wave heights along the boundaries of a fine grid are spatially interpolated at each time step from the value computed in the coarse grid containing the fine grid. The method takes into account the inundation of the coastal areas and allows us to compute run-up values along the first tens of meters of the nearshore topography. Numerically, this is handled by an extrapolation of the results from dry to wet nodes at the dynamic shoreline modulated by a Manning friction coefficient fixed to a reference value of 0.5.

Input for simulation

A tsunami simulation requires four inputs: (1) The bathymetric and topographic grids of the studied area. They can be imbricated with different resolution levels.

(2) The Okada fault model file, a simple text file where are entered the values of the modeled source (dip, strike and slip angles, fault length and width, depth and slip dislocation). If the file contains several lines of parameters, the code will model a multi segments source, each line corresponding to one segment. It is also possible to model a kinetic source by indicating the wanted time of rupture at the end of each line.

(3) The gage file, a text file that defines the positions where the tsunami signal must be recorded with a finer time step. (4) The configuration file, a text file where all the information about the simulation must be entered. It includes the chosen numerical scheme, the time of simulation, the calculation time steps, the output time steps, the type of output files, the names of the input files, the names of the output folder and several other parameters (type of grid boundaries, activation of the run-up, Manning coefficient...).

Output of simulation

Different output can be produced during the tsunami simulation: the sea surface deformation and velocity computed at each time step and at each cell of the grid, the maximum/minimum height and the maximum/minimum velocity reached by the wave at any cell of the grid after a chosen time of simulation, the time-arrivals of the wave, the initial surface deformation. They are presented either in the form of a grid representing these different values at a given time over the entire area (a maximal water height map for example), or in the form of a time series extracted from a selected point (a synthetic tide-gage extracted from a harbor for example). In addition, if the bathymetric and topographic grid resolution is high enough, TAITOKO can compute the process of the wave propagation inland and model the inundation if any.

Chapter 2

Simulation of four historical tsunamis of the Lesser Antilles

This chapter is dedicated to the modeling of the historical events of the Lesser Antilles. They are presented antechronologically with first the 2004 Les Saintes tsunami, then the 1867 Virgin Islands tsunami, followed by the 1843 Guadeloupe tsunami and ending with the 1755 Lisbon tsunami. Each chapter has been written independently of the others, for later submission as articles, so there may be repetition and redundancy for which I apologize in advance. The section dedicated to the 2004 Les Saintes tsunami is a modified version of an article published in 2020 [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints[END_REF] that is an extended work presented in a conference paper in 2019 [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles)[END_REF]. The section dedicated to the 1867 Virgin Island tsunami is the result of a work initiated with Raphaëlle Trivière, a graduate student that I supervised at the CEA laboratory for four months in 2021.

2.1 Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints

Abstract

The arc of the Lesser Antilles is associated with a significant tectonic activity due to the subduction of the Atlantic oceanic plate under the Caribbean plate. Earthquakes in this context have the potential to trigger landslides and tsunamis due to the important vertical seafloor displacement. The historical tsunamigenic earthquakes in this region are rare, but the damages they may have generated before along the coasts show that they pose a considerable threat to the closest inhabited islands. The most recent tsunamigenic earthquake occurred in 2004 in the area of Les Saintes, along a normal fault system located in the back arc of the subduction. This Mw6.3 earthquake generated small waves with 2 m of run-up in several bays of Les Saintes, a group of islands in the south of Guadeloupe. A recent survey done in the source area using deep-sea vehicles, revealed for the first time an important co-seismic slip on the Roseau fault plane, attributed to the 2004 event, which had not been predicted in the seismic inversion models. This event and the data-set on the Roseau fault gives the opportunity to model precisely the earthquake, to compare the simulation results with the observations and to evaluate the impact of the rupture heterogeneity and rupture shallowness on the height of the tsunami waves. Extending our earlier work [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles)[END_REF] and in order to avoid a loss of quality from the data-set in the modeling of the initial sea surface deformation especially in shallow depth and near field context, a transfer function of the deformation from the seafloor to the sea surface and different numerical schemes were used. Results on the tsunami height distribution indicate some local tsunami amplification phenomena linked to the bathymetry or the coastline Chapter 2. Simulation of four historical tsunamis of the Lesser Antilles geometry and highlight the most endangered areas of the islands. The simulations give additional constraints on the source, show the impact of the slip heterogeneities on the tsunami and finally provide a complementary estimation of the intensity of the 2004 co-seismic slip. The observed co-seismic slip could have been overestimated if partly generated by strong aftershocks that occurred the months following the Mw6.3 earthquake. Or on the contrary it could have been underestimated if there was opposite refaulting processes after the earthquake or if a part of the slip is still hidden by sediments.

Introduction

In the morning of the 21th of November 2004, at 11:41 UTC (07:41 local time), a magnitude 6.3 earthquake occurred offshore in the Dominica Passage [START_REF] Beauducel | The Mw 6.3 earthquake of Les Saintes (Guadeloupe) on November 21, 2004[END_REF][START_REF] Bazin | The 2004-2005 Les Saintes (French West Indies) seismic aftershock sequence observed with ocean bottom seismometers[END_REF]Feuillet et al., 2011a), between the islands of Les Saintes and Dominica. Since the 80's, this area experienced another M>6.0 earthquake close to Redonda Island (Mw6.3, 1985 (Shepherd and[START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF][START_REF] Lander | A brief history of tsunami in the Caribbean Sea[END_REF]) that caused a several-centimeter tsunami at Basse-Terre, Guadeloupe. The 2004 earthquake ruptured the Roseau fault (Feuillet et al., 2011a;[START_REF] Leclerc | Interactions between active faulting, volcanism, and sedimentary processes at an island arc: Insights from Les Saintes channel, Lesser Antilles arc[END_REF], an active NE-dipping normal fault. It was followed by several Mw∼5 aftershocks a few hours and a few days after (Feuillet et al., 2011a), many of which have been felt by the inhabitants of the closest islands. The main shock reached an intensity of VIII in Les Saintes causing severe damages locally and generated a small tsunami that was observed at different places on the islands coast [START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF][START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF]. It is one of the strongest earthquakes felt in the French territory, with the Martinique one, Mw7.1, that occurred in November 2007. It is also only the fifth tsunamigenic earthquake in the known historical tsunami catalog of the Lesser Antilles (Fig. 2.1). The occurrence of a tsunami was not necessarily expected considering the magnitude of the earthquake but the shallowness of the hypocenter (10km deep) and the strong normal component of fault mechanism are two characteristics favorable to the initiation of a tsunami. The Roseau Fault was recently mapped during the 2013 ODEMAR cruise [START_REF] Escartin | ODEMAR cruise, RV Pourquoi pas ?[END_REF] and during the 2017 SUBSAINTES cruise (Escartin et al., 2017) with both shipboard mapping, and deployment of deep-sea vehicles for high-resolution, near-bottom bathymetric and optical surveys. It revealed an important fault scarp with traces of a co-seismic slip with a maximum displacement exceeding 2.5 m [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF] corresponding to the 2004 event. Shallow submarine earthquakes whose associated co-seismic slip was imaged are very few. Some submarine fault scarps have already been identified and associated with co-seismic slip of old events but the lack of seismic data does not enable a precise study of the rupture processes [START_REF] Armijo | Submarine fault scarps in the Sea of Marmara pull-apart (North Anatolian Fault): Implications for seismic hazard in Istanbul[END_REF][START_REF] Matsumoto | Did the Submarine, Across-Arc Normal Fault System in the Southwest Ryukyu Arc Trigger the 1771 Tsunami? Field Evidence from Multibeam Survey and In-Situ Observation[END_REF][START_REF] Tsuji | Extension of continental crust by anelastic deformation during the 2011 Tohoku-oki earthquake: The role of extensional faulting in the generation of a great tsunami[END_REF]. As well, campaigns of reactivated faults mapping have been done for some large events such as the Tohoku-oki earthquake [START_REF] Fujiwara | The 2011 Tohoku-Oki Earthquake: Displacement Reaching the Trench Axis[END_REF][START_REF] Kodaira | Coseismic fault rupture at the trench axis during the 2011 Tohoku-oki earthquake[END_REF] but it implies very different and specific seafloor vertical displacements. The opportunity of having both seismic data, tsunami observations and co-seismic slip enables interesting analysis of the contributions and the flaws of the different methods (seismic inversion, tsunami simulation, tectonic models...) in the process of identifying the earthquake source parameters. Among them, tsunami simulations bring additional constraints on some of the parameters, here we revisited the models performed earlier [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles)[END_REF] by focusing on the slip and the heterogeneity of the source and we present the further contribution of the 2004 tsunami models to a better understanding of this kind of event in the Lesser Antilles.

2.1. Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints 39

Tsunami models are generally computed with simple Okada source models where the initial sea surface displacement corresponds to the seafloor Okada displacement. The important dispersion effect of the water mass, the shallow rupture and the thickness of the water layer are conditions (reunited for the 2004 Les Saintes earthquake) that question the validity of this initial sea surface displacement assumption. We present in this article a version of the tsunami simulation code adapted to such a shallow fault model, to maximize the use of the fault rupture high-resolution data and to show the impact of such level of resolution on simulation results. The bathymetric and topographic grids used for modeling the tsunami along the coast of Les Saintes, Marie-Galante and Guadeloupe are coming from a 100 m resolution bathymetric data set [START_REF] Shom | MNT Bathymétrique de façade Atlantique (Projet Homonim)[END_REF] and a 5 m resolution Litto3D survey (SHOM, LITTO3D Guadeloupe 2016). This high-resolution enables an evaluation of the most endangered places, with run-up modeling, and an analysis of local phenomena (amplification, resonances) associated with specific bathymetric or topographic features. The volcanic arc of the Lesser Antilles results from the subduction of the American plates under the Caribbean plate which is monitored for its potential to generate large megathrust earthquakes. The subduction is not the only seismogenic zone of the region, as tectonic extension intra-arc also operates at shallower levels, with numerous intraplate faults identified. The only known and still debated megathrust earthquakes in the region are dated from 1839 and 1843 [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF] 2.1. Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints 41 tsunami [START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF]. The Mw8.5 earthquake of 1843 was followed by a 0.5-1.2 m tsunami in Guadeloupe and Antigua (Antigua Weekly Register, 1843; Sainte-Claire Deville (1843)). The Mw6.7 earthquake of 1867, which occurred in the Mona Passage generated up to 10 m waves in the Virgin Islands (Sainte-Claire Deville, 1867; [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF][START_REF] Lander | A brief history of tsunami in the Caribbean Sea[END_REF]. The deep Mw7.5 intraplate earthquake of 1969 was followed by a weak 10-40 cm tsunami recorded in Barbados, Antigua and Dominica [START_REF] Stein | Subduction seismicity and tectonics in the Lesser Antilles Arc[END_REF][START_REF] Shepherd | Tsunami hazard in the Eastern Caribbean[END_REF]. A 10 cm tsunami was recorded after the Mw6.3 Redonda earthquake of 1985 [START_REF] Lander | A brief history of tsunami in the Caribbean Sea[END_REF]. In 2004, following the earthquake local observers reported waves reaching more than 2 m in Les Saintes and 50 cm in the south of Guadeloupe [START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF][START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF]. The Lesser Antilles inner-arc shows faults that can be divided into two fault sets: one trench-perpendicular group of normal faults on the eastern edge of the arc that accommodates the trench parallel extension and a second set of en echelon normal faults between Les Saintes and Redonda that accommodates left-lateral transtension [START_REF] Feuillet | Sismotectonique des Petites Antilles : Liaison entre activité sismique et volcanique[END_REF][START_REF] Feuillet | Arc parallel extension and localization of volcanic complexes in Guadeloupe, Lesser Antilles[END_REF]Feuillet et al., , 2011a,b),b). The relative plate convergence of the Antilles subduction zone is known to be smaller than that of other subduction systems with a slip-rate of 19 mm/yr [START_REF] Demets | GPS geodetic constraints on Caribbean-North America Plate Motion[END_REF][START_REF] Mann | Oblique collision in the northeastern Caribbean from GPS measurements and geological observations[END_REF]. There is no precise measurement of the slip-rate along the inner-arc fault system but it is estimated to be around few mm/yr [START_REF] Leclerc | Interactions between active faulting, volcanism, and sedimentary processes at an island arc: Insights from Les Saintes channel, Lesser Antilles arc[END_REF]. With active faults up to 20-50km long, this rate is sufficient to consider the occurrence of M>6 shallow earthquakes as seriously as the occurrence of megathrust earthquakes along the subduction plate boundary. In the second set of faults, the en echelon normal fault system between Les Saintes and Redonda, the Roseau fault is the largest one with a length of 30km. Oriented NW-SE and dipping to the northeast (Fig. 2.2), this fault bounds the west side of Les Saintes islands and is linked to the group of faults forming an NW-SE graben.

Morphology of Les Saintes

Les Saintes is an archipelago of volcanic islands surrounded by a reef plateau formed on the volcanic edifices. high-resolution bathymetric mapping was done in the area during the BATHYSAINTES cruise [START_REF] Deplus | BATHYSAINTES cruise, RV Pourquoi pas ?[END_REF][START_REF] Leclerc | The Holocene drowned reef of Les Saintes plateau as witness of a long-term tectonic subsidence along the Lesser Antilles volcanic arc in Guadeloupe[END_REF] and it shows the morphology and the structures of this reef plateau. The first kilometer around the islands, corresponds to a shallow terrace of 25 m depth followed by a flat 50 m deep and 23km wide plateau that extends more towards the northeast (Fig. 2.2) [START_REF] Leclerc | Interactions between active faulting, volcanism, and sedimentary processes at an island arc: Insights from Les Saintes channel, Lesser Antilles arc[END_REF][START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Leclerc | Quaternary coral reef complexes as powerful markers of long-term subsidence related to deep processes at subduction zones: Insights from Les Saintes (Guadeloupe, French West Indies)[END_REF]. At the foot of the cliff (the border of the plateau) the depth jumps from 50 m to 250 m and then gradually increases reaching values of 500 m towards the east and values of 3000 m towards the west (Fig. 2.2). The bathymetry and the morphology of the seafloor has a major impact on the wave propagation and the simulation results show the importance of having high-resolution data on this archipelago.

Observations and data

Tsunami field surveys

Two field surveys were conducted on the 27th of November 2004 and the 12th of February 2005 and reported the damages generated by the earthquake and traces of the tsunami [START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF][START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF]. The earthquake was strongly felt in the closest islands and caused one death and three injured persons in Trois-Rivières (Guadeloupe), one in Capesterre (Guadeloupe) and ten slightly injured persons in Petites-Anses (Les Saintes). Many buildings were damaged up to 65km from the epicenter, the macroseismic intensity distribution in Guadeloupe for this event is presented in the BCSF report of 2005 [START_REF] Cara | Séisme des Saintes (Guadeloupe) du 21 novembre 2004[END_REF], it reaches intensities of VIII in Les Saintes and between IV and VIII in the main island of Guadeloupe. The observations of the tsunami are of two main types : (1) eyewitness records giving an estimation of the arrival time and the height of the waves; (2) seaweed, fishes and various objects found on the beaches or cliffs which provide rough estimations of the run-up height and distance values. The values, drawn from the field surveys reports [START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF][START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF], are listed in Tab. 2.1. The biggest run-up height is the 2 m reported on Grande-Anse beach in Terre-De-Haut (Les Saintes), the biggest run-up distance is 42 m reported in Anse Rodrigue and the furthest observation was made in Capesterre 30km from the epicenter. The run-up height, which is the maximum inundation point above sea level of a wave that inundated the coastline, is generally higher than the height of the wave before reaching the land.

Tide and gauges

Unfortunately in 2004 no tide-gauge was operational in Guadeloupe or Dominica, so no instrumental record of the tsunami is available. Pointe-À-Pitre tide gauge was installed in 1991 and recorded the tide mean hour value of those last thirty years with some gaps in the data due to non-operating periods. A MatLab tidal analysis toolbox that uses harmonic analysis to estimate tidal constituents [START_REF] Pawlowicz | Classical tidal harmonic analysis including error estimates in MATLAB using T_TIDE[END_REF] was used to restore the missing 2004-2005 period of Pointe-À-Pitre tide record (Fig. 2.1) based on the available data. The 21th of November 2004, the closest available tide gauge was located 400 km away in St.Croix LimeTree Bay, and it recorded a tide evolution similar to the reconstituted one in Pointe-À-Pitre presented Fig. 2.1. At the time of the tsunami (8h00-UTC), the sea level was close to the mean sea level of the area and no exceptional tide occurred this day that should be considered in the simulation.
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Earthquake slip models

The initial fault parameters given by the USGS Moment Tensor Solution and the Harvard CMT inversion show that the main shock occurred at around 10 km depth within Les Saintes fault system [START_REF] Bazin | The 2004-2005 Les Saintes (French West Indies) seismic aftershock sequence observed with ocean bottom seismometers[END_REF]. Its hypocentral location is compatible with the mean dip of 50°of the Roseau fault, the only candidate with a model of plane in agreement with the focal mechanism. More complex source models have been determined from the inversion of teleseismic data [START_REF] Salichon | Validation of teleseismic inversion of the 2004 M-w 6.3 Les Saintes, Lesser Antilles, earthquake by 3D finite-difference forward modeling[END_REF] and the joint inversion of teleseicmic data and strong motion records (Feuillet et al., 2011a). The latter one consists of a single fault segment 31.5km long and 19.5km wide, subdivided into 273 sub-faults measuring 1.5 km along strike and dip (Tab. 2.2 and Fig. 2.5). It is characterized by two main slip patches, located at around 10 km depth to the SE and NW of the hypocenter. It suggests that the largest slip occurred at depth with a maximum of 1.8 m in the SE slip zone. The slip propagated toward the surface with moderate amplitude (<1 m) implying a co-seismic offset of 0.3 to 0.6 m of the seafloor along the Roseau fault.

Seafloor constraints on coseismic displacement

In 2013 (ODEMAR cruise, [START_REF] Escartin | ODEMAR cruise, RV Pourquoi pas ?[END_REF]) and 2017 (SUBSAINTES cruise, Escartin et al. (2017)) the Roseau Fault was surveyed using remotely operated and autonomous underwater vehicles. The coseismic rupture was identified at the base of the Roseau Fault scarp, extending >15 km laterally. Preliminary displacement profiles based on 3D terrain models derived from video imagery [START_REF] Istenič | Scale accuracy evaluation of image based 3D reconstruction strategies using laser photogrammetry[END_REF][START_REF] Istenič | Automatic scale estimation of structure from motion based 3D models using laser scalers in underwater scenarios[END_REF], reveal a coseismic displacement profile that tapers from the ends of the rupture to its center, with a maximum observed coseismic vertical displacement of ∼2.5 m [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF]. These displacements are significantly larger than vertical displacements of ∼1 m predicted from earthquake slip models (Feuillet et al., 2011a;[START_REF] Escartin | First direct observation of coseismic slip and seafloor rupture along a submarine normal fault and implications for fault slip history[END_REF]. Furthermore, there is inherent uncertainty regarding the possible contribution of after-shock and post-seismic slip to the observed vertical rupture displacement. In this case, the reactivation of the Roseau fault with an identical rake would be associated with a lowered estimation of the co-seismic slip and on contrary, the reactivation of the Roseau fault with an opposite rake would be associated with an even higher estimation of the co-seismic slip.

Methodology

Run-Up The method takes into account the inundation of the coastal areas and allows us to compute run-up values thanks to the topography provided within the first emerged tens of meters of the finer grids. Numerically, this is handled by an extrapolation of the results from dry to wet nodes at the dynamic shoreline. Some of the simulations performed for this study, result in important run-up values but some others result in small water heights and no run-up values. To compare similar objects for all the simulations, it was decided not to use the run-up height but the maximum wave height at the coastline and since most of the observations reported were run-up values, it was necessary to estimate their associated wave height. In order to obtain this "run-up factor" between the maximum wave height and its associated run-up height at each of the places, we used the results of the maximizing scenario simulation that produces important run-up in Les Saintes. The run-up height and the associated wave height at the coastline were extracted from each of the 12 studied places, and we were able to compute their "run-up factor" f=(Run-Up/Hmax), varying from 1 to 2. The height values for Anse Rodrigue are illustrated in Figure 2.3. The wave height [START_REF] Shom | MNT Bathymétrique de façade Atlantique (Projet Homonim)[END_REF], grid 1 is a daugther grid of 5 m resolution centered on the western coast of Marie Galante and grid 2 is a daugther grid of 5 m resolution centered on Les Saintes (SHOM, LITTO3D Guadeloupe 2016).

2.1. Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints 45 presented in the fifth column of Table 2.1 corresponds to the observed run-up height multiplied by the associated run-up factor. All the graphics and figures presented in this paper are based on those maximum wave heights and not on the run-up heights. This relation between run-up of wave height is complex because of non-linear effects of the bathymetry, the nature of the floor, the vegetation or buildings. The linear approximation that we use, enables rapid comparison of the results, but it would be interesting to develop some formulas taking into account more complex effects. The code also includes a Manning coefficient that expresses the friction of the water on the floor, and can be chosen depending on the nature of the floor. We performed some simulations with different Manning values but this factor does not have a strong effect on the results due to the small run-up distances at stake so it was decided not to go further into this question.

Table 2.2: Sources parameters of the models Chapter 2. Simulation of four historical tsunamis of the Lesser Antilles Grids The tsunami simulations were performed using nested bathymetric grids of 100 m and 5 m resolution (Fig. 2.4). The source models were built from the complex seismic rupture suggested by (Feuillet et al., 2011a), and include information newly provided by the data from the 2017 fault survey [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF]. This heterogeneous rupture is modeled by a set of rectangular segments with independent values of size, depth, shear modulus, slip and orientation. The modeling results that can be found in our earlier published work [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles)[END_REF] were obtained with coarser grids and were focused on the impact of the slip. Those models were improved and they enable a better understanding of the impact of the slip and the impact of the rupture heterogeneities and the energy transfer from the fault to the sea surface.

Choice of the parameters The results of inversions and the good knowledge of the Roseau fault system give good constraints for the location, orientation and size of the rupture. The values of strike and dip are fixed to 325°and 55°respectively, while the rake varies from -80°to -110°depending on the segments with a strong normal component and a small strike-slip component. The size of the fault (length and width) and the amount of slip impact the tsunami wave amplitude. We estimate those parameters using the empirical equation of [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF]. They are linked to the seismic moment (Eq.9) and directly connected to the magnitude (Eq.10):

M 0 = µAd (2.1) M w = 2 3 [log 10 (M 0 ) -16.1] (2.2)
where M 0 is the seismic moment, µ is the shear modulus of the medium crossed by the rupture (in P a), A = L * W is the area of the rupture (m 2 ), d is the average slip of the rupture and M w is the magnitude. The magnitude is estimated at 6.3, the shear modulus µ is fixed at 30 GPa in the first 5km, 35 GPa from 5 km to 20 km depth, 40 GPa from 20km to 40 km depth, those values are calculated using the results from [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF]. The rupture is concentrated on a 15km long and 15km large plane, reaching 10km at depth. The distribution of the slip is the most uncertain parameter, two high slip areas appear in the results of inversion and an important surface displacement was revealed during the ODEMAR [START_REF] Escartin | ODEMAR cruise, RV Pourquoi pas ?[END_REF] and SUBSAINTES (Escartin et al., 2017) cruises. For each segment, the shear modulus is determined by its depth and the slip is chosen considering the magnitude of the event and the size of the fault (defined by the sum of all the segments), respecting Eq(9).

Transfer function As presented in the introductive Chapter (Section 1) the initial sea-surface deformation generated by an earthquake is generally the direct translation of the Okada surface deformation to the sea-surface. For the 2004 even, the bottom deformation due to the surface rupture is very sharp and we suspect that the deformation of the sea might have been different from the numerical Okada's one. For this reason, a transfer function was implemented in the code to compute a more complex initial surface deformation [START_REF] Cordrie | Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints[END_REF]. The main role of the transfer function is to eliminate the short non-physical water waves generated by discontinuities of the ground deformation (See Section 1.6.1 for more details).

Faults models

The four tested source models are presented in Tab. 2.2 and Fig. 2.5. Model 1 corresponds to the complex fault model with 273 segments of Feuillet et al. (2011a) with a magnitude of 6.3.
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Model 2 was built increasing the slip on the segments at the surface with a distribution inferred from seafloor observations [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF], while keeping an earthquake magnitude of Mw-6.3 by decreasing the slip on the deeper segments of the fault.

Model 3 is a combination of model 2 segments and of a set of shallower segments corresponding to the maximum vertical displacement of 2.5 m observed at the center of the rupture [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF]. Model 3 is similar to model 2 but its final magnitude is 6.4, it is higher than 6.3 but it is reasonable to make the assumption that the near-surface rupture may reflect shallow processes and that the associated displacement may not contribute to the magnitude calculation (e.g., no effective confining pressure and therefore, no significant frictional energy). The underestimation of an earthquake magnitude considering its surface rupture is has been observed and studied for other events like the Mentawai earthquake in 2011 [START_REF] Newman | The 25 October 2010 Mentawai tsunami earthquake, from real-time discriminants, finite-fault rupture, and tsunami excitation[END_REF] or an Ecuadorian Andes earthquake in 2010 [START_REF] Champenois | Evidences of Surface Rupture Associated With a Low-Magnitude (Mw5.0) Shallow Earthquake in the Ecuadorian Andes[END_REF]. Model 4 is identical to model 3 but with a maximum vertical fault displacement of 3.5 m, 1 m higher than that observed at the seafloor giving a magnitude of 6.5. As seafloor observations are limited to the area along the base of the fault scarp, off-fault coseismic deformation, that may contribute to vertical displacements of the seafloor, cannot be constrained nor quantified. This model was added because it appeared that models 1, 2 and 3 produce globally very small run-up and it was needed to increase the slip beyond the offset value in order to match the observations. Two additional simulations based on model 3 parameters were performed in order to study the impact of the transfer function and the source heterogeneity presented in the discussion (Fig. 2.12 and Fig. 2.13).

Model 3NT (No Transfer) presented in Fig. 2.12 is identical to model 3 but the simulation was performed without the use of the transfer function, meaning that the initial sea surface deformation is the Okada's ground deformation transmitted to the sea surface. Model 3H (Homogeneous) presented in Fig. 2.13 is the homogeneous version of model 3. The fault plane is defined by only one segment which has the size of the fault model 3 (18km*18km) and whose 0.4 m uniform slip was calculated in order to match the magnitude 6.4 of model 3. The depth and fault angles (depth=7.5km, strike=325°,dip=55°,rake=-88°) were chosen based on model 3 geometry and parameters.

Results of simulation

General analysis

The simulations were performed for 45 minutes only but the tsunami reaches most of the neighboring coasts between 10 and 30 minutes. In all the simulations, the tsunami wave globally propagates in a similar way (Fig. 2.6): it firstly propagates towards the north-east, it gains amplitude when reaching the Saintes carbonate platform, reaches the south-east coasts of Les Saintes, then it bypasses them by the west and progressively from east to west and reaches the northern coasts of Les Saintes and Guadeloupe. This asymmetric tsunami path around the islands produces late arrivals of the strongest wave at the northern coast of Les Saintes, a phenomenon that can be observed on the synthetic tide-gauge of Grande Anse in Terre de Bas (Fig. 2.9) where the first arrivals are detected 10 minutes after the earthquake with waves of 20 cm but the highest wave arrives 25 minutes after the earthquake so 15 minutes after the first arrival with a height of 80 cm. The first tsunami arrivals are not always the strongest and most dangerous ones and an unexpected late tsunami wave could create great damages to an unaware population. This phenomenon is due to the morphology of the platform and can only be modeled with high-resolution bathymetry and fairly long simulations. Previous studies underestimated tsunami height at this same location [START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF] because of their too short simulation time and the lowest quality of the bathymetric grids available at the time. Maps of the water height after 45 minutes of tsunami propagation show many local effects of wave amplification along the coasts due to bathymetric changes as it is shown in Fig. 2.6, Fig. 2.7 and Fig. 2.8. The carbonate platform of Les Saintes corresponds to a sudden decrease of the water depth which causes this wave amplification observed on the maps. The wave is also amplified towards Marie-Galante island while there are no specific bathymetric features along the way. There might be a concentration of the energy in this direction which is perpendicular to the fault line. The east of Marie Galante, the south of Guadeloupe and the north of Dominica are affected by centimetric waves but not the rest of the arc. The simulated tsunami models have a local impact that is coherent with all the witnesses. The synthetic signals of the wave extracted at 4 locations in Les Saintes, at Trois-Rivières (Guadeloupe) and at Portsmouth (Dominica) are presented in Fig. 2.9. The four simulations produce similar wave arrival times (Fig. 2.9) of 5 to 15 minutes which are similar in magnitude to those reported by the inhabitants in Anse des Muriers (the first arrival observed 3 minutes after the earthquake) and in Baie de Marigot (observation 5 minutes after the earthquake). Considering the uncertainty of those testimonies (due to the context and the weak intensity of the event), time arrival mismatches of a few minutes are not determinant. The synthetic signals enhance, for the 4 models, the short period of the tsunami wave. Generally, tsunami waves period typically range from 10-60 minutes while the period is around 2-3 minutes in Les Saintes and 5 minutes further away (Trois-Rivières and Portsmouth). Even if it is quite small, this period is coherent with witnesses, a ship captain reported that 3 minutes after the earthquake, the sea receded 5 m (and dropped 80 cm) and rose back to its still level, over perhaps 1 minute (Le [START_REF] Friant | Field survey and numerical simulation of the 21 November 2004 tsunami at Les Saintes (Lesser Antilles)[END_REF]. We used this observation made in Anse Muriers to create a reconstitution of the signal plotted in 2.1. Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints 51 dashed black in the first graphic of Fig. 2.9. Due to the shallowness of the rupture, the initial sea surface deformation for all models is mainly concentrated (Fig. 2.5) on a small patch of around 10km width that initiates a wave with λ = 10km of wavelength. The water depth above the fault is h = 1km so the wave velocity is approximately (using Eq.5) c = 100m/s, and the period of a 10km long wave propagating at 100 m/s is T = 100s = 1.6min which is coherent with the results.

Regional model's comparison

The values of maximum heights presented in Fig. 2.7 and Fig. 2.8, increase almost proportionally to the surface slip of the models. Indeed in Grande Anse for example (graphic in Fig. 2.8), the hmax value of 0.5 m obtained with model 1 (0.2 m surface slip) jumps to 3.5 m with model 4 (3.5 m surface slip). However, the amplification of the signal is not homogeneous, in some places like Anse Rodrigue, Anse Figuier, Grande Anse (TH) and Grande Anse (TH) the signal is strongly amplified while the impact is not so important in Baie de Marigot or Trois-Rivières (Fig. 2.8 and Fig. 2.9). The differences in all those places mainly come from their position and distance to the source as well as their geometry and topography. The distribution of the maximum water heights obtained from the field surveys gives the minimum values of water height reached by the tsunami knowing that the tsunami might have reached even greater heights that were not observed or reported. To consider a model as a potential source of the 2004 earthquake, the resulting water heights should be at least equivalent and even greater than the observed one. Models 1 and 2 give back water heights globally smaller than the observations (curves in the grey area of the graphic in Fig. 2.8) while models 3 and 4 give back great enough heights. The observed water heights were mainly estimated from deposited debris or traces that testify of a minimum level of water but where the waves were probably higher than that to be capable of transporting debris and leaving marks up to those sites. The tsunami produced by model 2 reaches the observed height but could not transport debris up to those heights while model 3 and 4 tsunamis that exceed the observed heights are better candidates for depositing debris at the reported sites. Considering those regional results, the surface slip needed to fit the observation seems to be at least of 2 m (model 3) or even bigger (model 4) meaning that the simulations are coherent with the recent measures of the Roseau fault co-seismic slip.

Les Saintes model's comparison

Results of simulations on Les Saintes 5 m resolution grids are helpful in the analysis of the fault models because they enable a direct comparison of the run-up distance generated by the models with run-up traces reported in the field surveys (Fig. 2.10). Three important run-up occurred in Les Saintes after the earthquake, one in Grande Anse (TB) where the water reached a restaurant 22 m from the shore (first column in Fig. 2.10), one in Baie de Marigot where the water reached a house located 15 m from the shore (second column in Fig. 2.10) and one in Anse Rodrigue where a charred tree was loaded 42 m inland from the shore (third column in Fig. 2.10). As expected model 1 generates almost no run-up at those places, models 2 and 3 both generate small run-up but not as important as the observed one and interestingly in Anse Rodrigue model 2 run-up is greater than model 3 showing the complexity of the processes. Finally, only model 4 produces a run-up that surpasses the observed one indicating that the best fitting model would be between model 3 and model 4. 

Marie-Galante results

In Marie-Galante no wave or flood was reported after the earthquake and during the field surveys, the island is not very populated but the main city Grand-Bourg is located on the eastern coast in front of Roseau fault and could have been affected by the tsunami. The simulations all produce high tsunami waves toward Marie-Galante island and the analysis of the 5 m resolution Marie-Galante grid revealed important run-up in two main areas close to Grand-Bourg and Saint-Louis circled in red in Fig. 2.11. The topography of those areas is very low and they correspond to swampy areas where no one lives, which could explain the reason for the absence of observation. The flooded zones are extending 1km along the coastline and 100 m inland, they represent a huge land surface and they stop at less than 1km from the two cities of Grand-Bourg and Saint-Louis.

Discussion

Sensitivity to the magnitude of coseismic vertical displacement

The results of model 1 simulation compared to models 2, 3 and 4 simulations clearly demonstrate that the generation of the tsunami with great enough wave heights in this area requires the rupture of the shallowest portion of the fault as observed on the Roseau scarp. Model 1 with its deeper rupture generates small water heights (<50 cm) that are inconsistent with the observations. The progressive increase of the surface slip on models 2, 3 and 4 correlates with the progressive reconciliation of results to observations. The analysis of the simulations at a regional level (in the coarse grid) favors model 3 that generates maximum water heights closer to the observed one than model 4 ones, but the local analysis along Les Saintes coastline (high-resolution grids with run-up simulations) indicates that the best model would be closer to model 4 than model 3. Indeed, the tsunami wave probably reached higher levels than the heights where deposits and traces were found because it needs energy to carry debris or to leave strong marks along the shore. The high-resolution run-up models are important because they highlight the actual characteristic of the wave on land. A model producing wave just high enough to flood the land with a run-up of a few centimeters thickness can not explain the displacement of important debris, however, a model that produces a consequent wave that will flood the land with the same run-up distance but with greater water thickness can better explain the observations. That is what emerges by comparing the run-up results of model 3 and model 4, model 4 presents more realistic floods considering the observations. Model 3 corresponds to the maximum values of coseismic vertical slip measured at the seafloor [START_REF] Escartin | Seafloor rupture of a normal fault: geometry, displacement, and links between erosion/sedimentation and seismicity[END_REF], and model 4 corresponds to vertical displacements that are 1 m higher than those observed (Table 2). So the best slip model is in between those two, meaning that the 2004 earthquake co-seismic slip measured from the offset could have been underestimated and might be greater. However, the simulation tests did not result in a set of parameters respecting both the field data (tsunami observations, offset on the fault) and the magnitude Mw6.3 from seismic data. Indeed, the magnitude must exceed the value of 6.4 for the model to fit the surface rupture and to produce coherent water heights. It can indicate that, in addition to the co-seismic slip values, other parameters should be considered like the rigidity of the seafloor, the intensity of the applied transfer function or the magnitude estimation method. These differences between seismic moment and field data, were previously observed for other earthquakes involving shallow rupture like the Mentawai event in 2011 [START_REF] Newman | The 25 October 2010 Mentawai tsunami earthquake, from real-time discriminants, finite-fault rupture, and tsunami excitation[END_REF] and the Ecuadorian Andes earthquake in 2010 [START_REF] Champenois | Evidences of Surface Rupture Associated With a Low-Magnitude (Mw5.0) Shallow Earthquake in the Ecuadorian Andes[END_REF], highlighting questions that should be further explored.

Transfer function

Model 3NT (No Transfer Function) simulation presented in Fig. 2.12 where the initial sea surface deformation is the Okada's ground deformation translated to the sea surface, was performed in order to show the impact of the transfer function on the propagation and properties of the tsunami. The two maximum water height maps from model 3 and model 3NT (Fig. 2.12) present very different intensities with almost 0.5 m wave height gap in some areas. The use of the transfer function in the vicinity of the source location (model 3) has a clear impact in the shape of the tsunami wave which is attenuated and smoothed. The synthetic signals extracted at an offshore tide gauge (Fig. 2.12) enhance this difference of sharpness between the two simulations with, at the wave peak (7 minutes), an amplitude twice bigger for the simulation without the transfer function. However, this gap seems to disappear when approaching the coast. Indeed, the signals extracted from different coastline locations in Les Saintes (Anse Muriers and Anse Rodrigue) present similar shapes and amplitudes. This phenomenon of attenuation differences from the sea to the coast is not well understood yet. The use of a transfer function is more realistic and is justified for this study focused on small source parameters changes with high-resolution bathymetric grids. It should also be tested further for the study of tsunami waves in the offshore domain and in the near field context. However, for coarser models, its impact on coastal amplitudes can be negligible and thus may not justify the additional computation time that it requires.

Rupture homogeneity

Model 3H (Homogeneous) presented in Fig. 2.13 is the homogeneous version of model 3. The results presented in Fig. 2.13 show that maximum water heights are globally 0.5 m lower for the homogeneous model than for the heterogeneous one at same magnitude. This is consistent with the fact that a bigger part of the total slip is localized 2.1. Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints 55 2.1. Simulation of the 2004 tsunami of Les Saintes in Guadeloupe (Lesser Antilles) using new source constraints 57 deeper in the homogeneous model than in the heterogeneous model and thus has less impact on surface deformation. The figures also show the differences obtained in the shape of the signals and the distribution of the maximum water heights. In the two synthetic tide gauge signals from Anse Murier and Anse Rodrigue, the homogeneous model's wave is approximately one minute early with respect to the heterogeneous one, it has a similar period, but presents less high frequency oscillations. There are local variations in the signals but the last graphic shows that the regional distribution of the maximum water heights is impacted by this homogeneity. With the homogeneous model Anse Rodrigue and the north of Terre de Bas (Grande Anse, Anse Pajot and Petite Anse) are less impacted by the tsunami while Baie de Marigot is proportionally more impacted. These variations at the coast between heterogeneous and homogeneous source model simulations highlight the need to take into account heterogeneous slip distribution in tsunami risk hazard assessment studies. High frequency oscillations and variation in the water height distribution are evidence of the source's heterogeneities and can be determinants for the identification of source parameters. It is even more useful in a case where the tsunami signal is recorded and can be compared to the synthetics, which is unfortunately not the case here where at the moment of the event no tide gauges were working or active in the area. The magnitude alone is not enough to analyze the intensity and characteristics of a tsunami. The heterogeneities of the source strongly impact the wave behavior, it can double its amplitude and affect the coasts in different ways.

Conclusion

The new models of the 2004 Les Saintes earthquake and tsunami presented in this paper bring further insight and understanding of the generation and propagation of the tsunami. This study was partly motivated by the recent results of the two oceanographic cruises (ODEMAR cruise in 2013 and SUBSAINTES cruises in 2017, [START_REF] Escartin | ODEMAR cruise, RV Pourquoi pas ?[END_REF]; Escartin et al. (2017)) that imaged the Roseau fault scarp and revealed an important and unexpected offset up to 2.5 m of co-seismic slip at the center of the fault and associated with the 2004 earthquake. These new data thus provide field constraints on displacement that are significantly higher than those estimated from models based on seismic inversion (Feuillet et al., 2011a), with maximum surface displacements of <1 m instead. These new results suggest larger seafloor displacements with a possible impact on tsunami wave generation. Based on these results, we study the impact of the source heterogeneity and the transfer of displacement from the seafloor to the sea surface, processes that are generally difficult to constrain by lack of data on the surface rupture of faults underwater.

The other and complementary motivation for this work was the availability of high-resolution bathymetric and topographic grids (Litto3D from the SHOM) that greatly improves the results of simulations compared to previous model prediction calculated with much coarser grids and sources. This enables to follow the details of the propagation, to identify local amplification phenomena along the coral platforms or along the different coastlines, to provide more reliable water height distribution maps and to model realistic run-ups that can be directly compared to the observations on Les Saintes islands.

The simulations show that the tsunami path around the islands produces late arrivals of the strongest wave at the northern coast of Les Saintes. This explains why previous studies underestimated tsunami height at this same location, and show that the first tsunami arrivals are not always the strongest and most dangerous ones. The simulations also reproduce quite accurately the particularly small period and small wavelength of the tsunami that were reported by inhabitants of Les Saintes.

The introduction in the code of a transfer function of the initial deformation from the seafloor to the sea surface was particularly adapted for such a shallow rupture in a deep sea environment. If the differences with and without it seem moderate, it can be significant when comparing high-resolution maps with small amplitudes gaps between models and trying to identify the best slip parameters. Also, with high-resolution terrain models as those used here, the impact in model results of the source geometry, and in particular its heterogeneity, is significantly enhanced. In Les Saintes, an equivalent homogeneous source produces a different water height distribution than the heterogeneous source, and hence rupture geometry should be considered when identifying the best tsunami source parameters.

Finally, the comparison of the regional distribution of the water heights from different models, favors a source that combines the deep rupture parameters estimated with the GPS and teleseismic data joint inversion and the shallow surface rupture parameters estimated with the 2013 and 2017 submarine field surveys. The sensitivity of the tsunami amplitude to shallow rupture processes is highlighted in this study, stressing that even a small magnitude event can be dangerously tsunamigenic depending on the nature of the seafloor deformation and earthquake rupture geometry. The simulations that best fit observations are those with a model fault slip both equal to, or larger than, the 2.5 m maximum offset observed on the Roseau fault scarp. There are two possible causes for this result. First, it may imply that the simulation underestimates the impact of fault slip at the seafloor on the generation of the tsunami wave indicating that deeper work should be done on the choice of the rigidity parameters or the transfer function parameters. Second, the co-seismic slip was actually greater than the measured one but not observed at the seafloor (e.g., limitations of observations, burial by sediments, etc.). Nevertheless, the results are consistent with the proposed coseismic origin for the rupture trace identified at the seafloor during the ODEMAR and SUBSAINTES cruises [START_REF] Escartin | ODEMAR cruise, RV Pourquoi pas ?[END_REF]Escartin et al., 2017), and it is highly likely that aftershocks following the main event did not significantly contribute to the observed vertical displacement.

Differences in magnitude are still unsolved since the best fitting models correspond to 6.4<Mw<6.5 earthquakes while the 2004 earthquake was a Mw6.3, however, similar cases of surface rupture earthquakes have already been studied [START_REF] Newman | The 25 October 2010 Mentawai tsunami earthquake, from real-time discriminants, finite-fault rupture, and tsunami excitation[END_REF][START_REF] Champenois | Evidences of Surface Rupture Associated With a Low-Magnitude (Mw5.0) Shallow Earthquake in the Ecuadorian Andes[END_REF] showing that it is not an isolated case. Interesting prospects to further study this 2004 event, include new W-phase seismic data inversion focusing on shallower parts of the fault to better fit field observations. This approach would help us understand if the energy generated by surface rupture is mostly missing from the seismic records, or if a tailored seismic inversion method is needed instead to identify it. The detection of such surface rupture is determinant in the process of tsunami alert since it is this part of the earthquake that mainly impact the initial seafloor displacement and the potential generation of a tsunami. More generally, high-resolution mapping of other seafloor ruptures associated with tsunamigenic seismic events would provide us with a better understanding of their sources, and the transfer of seafloor deformation to tsunami wave generation at the sea surface.

Finally, the lack of tsunami records is a real limitation for this kind of study, fortunately, those last years have seen a great improvement in the update of the existent tide-gauges and the installation of new stations, with around thirty stations now operating throughout the Antilles subduction zone. This network will be useful for the detection and understanding of future events, however, a reflection on the DART buoys network expansion to the Lesser Antilles area should be done as well. DART system has been developed by NOAA, and consists of a seafloor bottom pressure recorder (BPR) capable of detecting tsunamis as small as 1 centimeter, and a moored surface buoy for real-time communications (National Oceanic and Atmospheric Administration, 2005). Two buoys are currently installed north of Puerto Rico and one in the Caribbean sea, but there are no buoys monitoring the arc of the Lesser Antilles which is a lack considering its tsunamigenic potential, along the subduction trench as much as smaller fault systems between the islands.

Simulation of the 1867 tsunami

Introduction

On the afternoon of November 18, 1867, an earthquake of an estimated magnitude of 7.5 occurred in the Virgin Islands. Located in the Anegada trough, between the US Virgin Islands of Saint-Croix and Saint-Thomas, some testimonies mention having felt two shocks separated by ten minutes. This or those earthquakes generated two tsunami waves that strongly impacted the islands of Saint-Croix and Saint-Thomas and propagated across the eastern Caribbean region up to the island of Grenada in the south of the Antilles arc. The initial location of the source, approximately at 18°North and 65°West in between Saint-Croix and Saint-Thomas, was obtained from the earthquake intensity distribution and the observation of the tsunami waves [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF]. Several authors attempted to identify the fault at the origin of the earthquake through tsunami modeling [START_REF] Zahibo | The 1867 Virgin Island tsunami: observations and modeling[END_REF][START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]. From their results, several faults in this system lead to a chronology of wave arrival in agreement with the testimonies but with wave heights always lower than the observations. The different simulations referenced above use coarse grids (grid resolution of 3 km in [START_REF] Zahibo | The 1867 Virgin Island tsunami: observations and modeling[END_REF]; nested grids of 350 m and 1800 m resolution in [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]). The decrease in depth as the coast approaches causes an increase in wave amplitude, so the accurate modelling of these effects requires fine grid resolution and low resolution modeling can explain the underestimation of the wave at the coast obtained by in previous studies. In this study, finer grids allow for more accurate results at the shorelines because coastal effects are be better taken into account.

The 1867 event occurred in the Anegada Passage that marks a separation between the Greater Antilles and the Lesser Antilles (Figure 2.14). Here, the Caribbean plate can be subdivided into microplates of which the Puerto Rico-Virgin Islands plate (PRVI) bounded in the south by the Anegada passage. This passage is a complex faulted zone with a succession of basins bounded by normal faults that likely also acted as strike-slip faults over time [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]. The Anegada Passage exhibits relatively low seismicity with shallow (< 40km) or deep (> 100km) earthquakes associated with the American plate slab (Data USGS, Figure 2.14). The objective of the work presented here is to scan a large area beyond the Virgin Islands basin in order to explore the various possibilities concerning the location of the 1867 earthquake. This exploration is done using a coarse bathymetric grid (500 m resolution) allowing the fast simulation of a high number of sources. A rough analysis of the simulation results compared to the 1867 tsunami observations leads to the selection of models and the identification of preferential ranges of parameters for this earthquake. Then, finer simulations (nested grids of 1600 m to 25 m resolution) are carried out with the most promising sources in order to establish scenarios in agreement with the testimonies and with the tectonics of the area.

The 1867 earthquake and tsunami

The complexity of studying old events lies in the lack of quantitative data since seismic and tidal data were not available at the time. The data used in this study come from various testimonies, press, writings of warships and letters describing the earthquake and the tsunami waves over a wide area from Puerto Rico to Grenada (Figure 2.14). The descriptions provide information about the amplitude of the waves, the arrival times of the waves, whether the sea first retreated or rose, how many meters the water entered the land or the damage that the earthquake caused. All these data were collected in order to establish a chronological thread of the event (Figure 2.15). The earthquake occurred at 3 pm somewhere in the Virgin Islands, damaging the cities of the closest islands: Saint-Thomas, Saint-Croix, Tortola, Culebra, Saint-John or Virgin Gorda. Less than 15 minutes later, the first tsunami wave struck Saint-Thomas and Saint-Croix. In the town of Frederiksted (western coast of Saint-Croix) reports indicate that the sea receded very quickly after the first shock and was followed by two waves of approximately 7 m height. Christiansted (northern coast of Saint-Croix), was also greatly damaged by the wave that reached 91 m inland and destroyed many houses. The wave struck the harbor of Charlotte-Amalie (south of Saint-Thomas) approximately 10 minutes after the first shock, testimonies indicate heights of 4 to 6 m with a second wave even greater 10 minutes after the first one. It is said that the Water Island located a few kilometers offshore was flooded by a 12 m high wall of water. In Charlotte-Amalie, the inundation covered a distance of 71 m inland, with many buildings and houses damaged. Testimonies also report the occurrence of a second shock approximately 10 minutes after the earthquake. The nature of this shock is not clear, it could be a second earthquake as strong as the first one, a smaller aftershock or a misinterpretation of something else. Several reports from various locations in the Antilles arc indicate sea retreat and waves reaching the coast during the following 2 hours after the earthquake (indicated in Table 2.3).

Seismicity, tectonic of the area and potential source origin

The frontal subduction (in the Lesser Antilles and part of the Greater Antilles) which becomes oblique as it moves northward, is associated with a motion of the Caribbean plate accommodated by a number of strike-slip faults [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. South of the Dominican Republic and Puerto Rico, the Muertos Fault form a second subduction zone opposite to the Antilles one, revealing the existence of micro-plates between the North American Plate (NAP) and the Caribbean Plate (Figure 2.14). The slab of the Muertos Fault, unlike the slab of the American plate, has a much lower dip [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. These two subduction zones are connected by two major passages: the Mona Passage between the Dominican Republic and Puerto Rico, and the Anegada Passage. The Anegada Passage is a succession of grabens that run along the south of the Virgin Islands and make the transition between the two subduction areas. It links the Sombrero Basin to the northeast with the Virgin Islands Basin to the southwest (Figure 2.14). According to the study of [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF], these different basins are inherited from extensive NW-SE tectonics possibly related to the [START_REF] Feuillet | Arc parallel extension and localization of volcanic complexes in Guadeloupe, Lesser Antilles[END_REF][START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF], the 1867 earthquake intensities, the seismicity and the locations of the tsunami observations. km). The deep seismicity is most likely related to the presence of the slab and the subduction interface under the arc. On the other hand, surface seismicity can have two origins, it can simply be due to the fault system of the Anegada Passage or the Muertos Fault, whose dip is very small. The subduction of the Muertos Fault causes intense seismicity, mainly in Puerto Rico, visible in the study of [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF].

In this same study, a section is made at the level of the Virgin Islands where the position of the slab and the position of the superficial earthquakes coincide.

The seismotectonic context of the Caribbean thus offers different possibilities for the seismic origin of the 1867 tsunami. Previous studies have focused mainly on the Virgin Islands basin with a source attributed to the rupture of the basin fault system. The present study, therefore, aims at broadening the search area for the origin of the earthquake. The models used in this study are located in a 100 km radius area around the center of the Virgin Island basin, an area constrained by the earthquake intensity map. This area is therefore subdivided into four geographic sectors with specific tectonic scenarios (Figure 2.16):

• Sector NVIB: earthquakes related to the normal faults of the northern wall of the Virgin Islands basin (faults dipping southeast, south and southwest)

• Sector SVIB: earthquakes related to the southern wall normal faults of the Virgin Islands Basin (faults dipping northeast, north and northwest)

• Sector EST: earthquakes associated with faults in the Anegada passage (various faults with azimuths from N30°E to N300°E)

• Sector SM: thrust earthquakes related to the Muertos Fault subduction

• Sector SPR: thrust earthquakes related to the North America plate subduction Five different systems are thus considered (Figure 2.16) : the north and south parts of the Virgin Island basin (sector NVIB and SVIB), the intra-arc fault systems eastward of Saint-Croix (sector EST), the Antilles subduction interface (sector SPR) and the Muertos Fault subduction interface (sector SM). The 9 Okaka model parameters (latitude, longitude, depth, slip, strike angle, dip angle, rake angle, fault length and fault width) are constrained as best as possible by the tectonic, depending on the knowledge of the area considered.

For the Antilles subduction (SPR) and the Muertos Fault subduction (SM) models, the respective positions of the slabs under the studied area and their geometries constrain the values of depth, strike angle and dip angle. Under the Virgin Islands, the Antilles subduction interface is 50 km to 150 km deep [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF][START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF] whereas the Muertos Fault subduction lies at depths between 20 km and 60 km [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. The strike of the Antilles subduction interface (SPR) varies between 90°and 110°with a dip of 45°and we consider a pure reverse motion with a rake of 90°. The strike, dip and rake angles of the Muertos Fault interface (SM) are respectively fixed at 270°, 30°and 90°. For the Virgin Islands Basin (SVIB, NVIB) and the intra-arc (EST) normal fault models, the parameters are less constrained but still respect the known tectonic limits. Seismic studies have shown that the crust for the Caribbean plate is about 25 km to 30 km thick, this thickness constrains the width of faults [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF]. Considering a dip varying between 45°and 90°, we limit the width to a maximum value of 30 km. The length of fault is difficult to estimate without a precise seismotectonic study of the area on the basis of high-resolution marine data of the seafloor, which is clearly beyond the scope of this paper. However, on the basis of previous mapping [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]; [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]; [START_REF] Raussen | Tectonics of the virgin islands basin, north eastern caribbean[END_REF]; [START_REF] Chaytor | Event sedimentation in low-latitude deepwater carbonate basins, Anegada passage, northeast Caribbean[END_REF], see Figure 2.14), the length of the faults may range between 30 km and 100 km. A length of 100 km would correspond to a rupture of the entire Virgin Islands Basin. The tectonic history of the Anegada Passage is still debated and the faults may be normal [START_REF] Feuillet | Arc parallel extension and localization of volcanic complexes in Guadeloupe, Lesser Antilles[END_REF] or may be strike-slip faults. For all the areas, the different combinations of parameters (slip, half-length and width of the fault) are established to maximize the earthquake magnitude between 7 and 8 to be able to test the worst scenario even if such magnitudes are higher than those of earthquakes recorded in the instrumental period. The slip observed on crustal faults worldwide is usually lower than 10 m, so to be conservative, we used values of slip ranging between 0 and 11 m.

Method

The morphology of the area with the numerous islands, basins and plateau is quite complex and can strongly influence the propagation of a tsunami wave. The tsunami signal will vary depending on the position and orientation of the source. In addition to this complexity, as presented earlier, there is a large number of potential sources for a magnitude 6-7 earthquake in the region. Several studies (tectonics, seismic profiles, seismicity, ) of the area's dynamics and structures have been performed but there might still be some unknown faults potentially responsible for the 1867 earthquake that would be missed if we decide to only model the known ones. In order to test all the possibilities homogeneously in the region, we use a stochastic approach with a very high number of semi-randomized simulations allowing to cover all potential origins. This first approach implies very fast low-resolution simulations that enable a preselection of potential sources based on the comparison of the results to the observations made in Charlotte-Amalie (Saint-Thomas) and Frederiksted (Saint-Croix). This rough selection is then completed by high-resolution but time-consuming simulations that enable to verify the validity of the selected faults.

Grids and resolution

Two sets of simulation are performed : in a first step low-resolution near field timesaving simulations to account for Charlotte-Amalie and Frederiksted observations; and in a second step high-resolution far-field time-consuming simulations to account for all the testimonies up to Grenada. The low-resolution simulations are performed using a unique grid of 500 m resolution centered on the Virgin Islands and covering all the area of potential sources (Figure 2.17). For 2 hours of tsunami simulation, the computation time of only 3 minutes (on the CEA TONNERRE calculator using 84 processors) allows testing a large number of models. The high-resolution simulations are performed using 6 imbricated grids from a 1600 m resolution grid covering all the Antilles arc to two 25 m grids covering Saint-Thomas and Saint-Croix islands (Figure 2.17). For 5 hours of simulation (the necessary time for the tsunami to reach the furthest coasts), the computation time is around 10 hours and is used for further study of a smaller amount of selected sources.

Selection criteria on the modeled signals

The observations of the tsunami are numerous and spread over the Antilles arc. However, the only places where a precise chronology of the tsunami wave was reported are Charlotte-Amalie (Saint-Thomas) and Frederiksted (Saint-Croix). The rest of the testimonies are either too vague or too far away from the epicenter of the earthquake.

The source selection method is based on the tsunami simulation results obtained in Charlotte-Amalie and Frederiksted. We later use the rest of the observations for further study of selected sources.

The three criteria used for the first rough selection of the sources are the waves arrival time, the negative wave amplitude for the observed sea retreat and the positive wave amplitude for the reported maximal heights. The testimonies indicate wave amplitudes at the coastline of the islands, but in the 500 m resolution grid (Figure 2.18) the signals are extracted from offshore positions. An estimation of the offshore wave height associated with the observed coastal height (H estimated ) can be calculated from Green's law (Green, 1837, 2.3) as followed:

H estimated = H coast Pgages Pcoast 1 4
(2.3) with H coast , the amplitude of the wave from the testimonies (Table 2.3), P gages the water depth at the level of the gauge, P coast the water depth at the level of the coast considered at an average value of 2 m.

Using this law, in Saint-Thomas, the observed height of 7 m at the coast (Ruppert's ledge, Table 2.3) corresponds to a value of 3.3 m at a distance of 10 km and a depth of 20 m (GCA, Figure 2.18). In Saint-Croix, the observed height of 7.6 m at the coast (Frederiksted, Table 2.3) corresponds to a value of 2.6 m at a distance of 10 km and a depth of 50 m (GSt2, Figure 2.18). However, due to the uncertainties on those extrapolated values and in order to include all potential sources, a selection threshold on the maximal wave height of 0.5 m is applied for both locations. A selection threshold for the minimal wave height of -0.5 m is also applied.

Crossing the different testimonies, it seems that the tsunami arrived almost immediately after the earthquake at Frederiksted while it reached Charlotte-Amalie after at least 10 minutes. A reconstitution of the potential signal and of the chosen criteria are presented in Figure 2.18. The sources are first selected if the modeled signals are consistent at one of the two locations at least and secondly if they are consistent at both locations. Approach stochastic -step 2 It is decided then to perform another set of simulation with a better coverage of each parameter range, particularly for the source position. By using a finer sampling of the parameters, we increase the total number of "Saltelli Sampling" and we obtain a second set of simulation of 10000 models for both sectors NVIB and SVIB. The routine for this second set of simulations is presented in Figure 2.20. The number of compatible sources increases drastically and the selection threshold can be tightened. From the selected sources, we verify each signal and delete the remaining one with inconsistent results. We also delete the "duplicate" sources models whose parameters and results are too similar in order to reduce as much as possible the final number of sources for the 25 m resolution simulations. We end with 16 models for sector NVIB and 12 mdels for sector SVIB. The fault models and their parameters are presented in Figure 2.22.

Approach qualitative -step 3 After the first process of selection, the remaining sources of each sector (16 in NVIB and 12 in SVIB) are modeled at high-resolution and far-field in order to verify the consistency of the results. We analyse the signals modeled at the new gages of Frederiksted (GSt2b) and Charlotte-Amalie (GCA1) closer to the coast than the previous simulations (Figure 2.21). The signals are more complex, with delayed arrival-times and greater amplitudes. We also look at the realism of the models by comparing their parameters to the tectonic features of the area and we delete the sources with too unrealistic geometry. Unfortunately, none of the 28 sources provide satisfying results.

Approach qualitative -step 4 At the end of step 3, none of the faults shows compatible results with the observations. We assume that among the 20000 sources tested, if one had close characteristics to the 1867 earthquake it should have been detected with this stochastic method. We conclude that the source must have been more complex and that 1-segment homogeneous fault model is not sufficient to reproduce the tsunami. So we decide to select and model multi-segments sources, expecting better results.

Results of the qualitative approach

Selection of multi-segments sources

To create multi-segment sources, we select the fault segments from the NVIB and SVIB fault lists producing the most consistent first wave arrivals at Frederiksted (GSt2) and Charlotte-Amalie (GCA) independently. We extract four fault selections from the NVIB and SVIB lists: NVIB faults compatibles with GCA signal, NVIB faults compatibles with GSt2 signal, SVIB faults compatibles with GCA signal and SVIB faults compatibles with GSt2 signal (Figure 2.23). The conditions of selection are more constraining than previously, so that only the most compatible and tsunamigenic segments remain (Figure 2.23).

NVIB and SVIB analysis

Most of the traces of NVIB faults are located very north of the basin and are not compatible with the tectonic (blue square "NVIB selection" in Figure 2.23). Only four faults (two from the GCA selection and two from the GSt2 selection indicated in red in the figure) present consistent orientations and locations. Two of them are aligned with the fault system of the graben's north wall and lead to the creation of fault model F3 (blue fault trace F3 in the "Final fault choice" frame in Figure 2.24).

The other two are aligned with the NW-SE trough that cut through the north wall and lead to the creation of the fault model F4 (blue fault traces F4a and F4b in the "Final fault choice" frame in Figure 2.24). Among the SVIB faults (orange square "SVIB selection" in Figure 2.23), only one generates a consistent signal in GCA but its orientation is not compatible with the tectonic. However, there is a large number of faults generating a consistent signal in GSt2 (in red in Figure 2.23). Some of them are aligned with the graben south wall fault system and lead to the creation of fault model F2 (orange fault trace F2 in the "Final fault choice" frame in Figure 2.24). Some of them are aligned with an SW-NE series of faults (en échelon) and lead to the creation of the fault model F1 (orange fault trace F1 in the "Final fault choice" frame in Figure 2.24). The choice of these five new fault models (F1, F2, F3, F4a and F4b) is inspired by the results of the stochastic models but we redefine their parameters in agreement with the knowledge of the tectonic as presented in the following paragraphs.

Fault F4

The fault model "F4" presented in Figure 2.24 and Table 2.4 is the one suspected to be the 1867 source in the studies of [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF]; [START_REF] Zahibo | The earthquake and tsunami of November 21, 2004 at Les Saintes, Guadeloupe, Lesser Antilles[END_REF]; [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]. The fault trace appears as an NW-SE oriented trough that cuts through the north wall of the Virgin Island basin (Figure 2.24) with a length of around 40 to 50 km. The seismic profiles of the basin [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF][START_REF] Chaytor | Event sedimentation in low-latitude deepwater carbonate basins, Anegada passage, northeast Caribbean[END_REF] (Figure 2.24) highlight the surface discontinuity but do not clearly image the fault in depth and does not allow to identify its orientation. It is interpreted as a strike slip fault with a normal component but there is an ambiguity about its dip. Several studies present it as a south-dipping fault [START_REF] Jary | Geological interpretation of combined Seabeam, Gloria and seismic data from Anegada Passage (Virgin Islands, north Caribbean)[END_REF][START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF] and [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF] conclude after modeling with several fault orientations that south-dipping models give the most convincing tsunami simulations. However, the geometry of the trough and the inclination of the relief (Figure 2.24) seems more consistent with a north-dipping fault. It is also aligned with another fault further west (named f4bis in Figure 2.24) that shows indices of a north dip. Finally, the potential strike-slip displacement of the fault may have affected the shape of the discontinuity and makes its analysis and interpretation even more difficult. The 2 hypotheses of north and south dip remain possible, and for this reason, we model two faults F4a corresponding to the north-dipping fault and F4b to the south-dipping fault (Figures 2.23 and 2.24). The dip angle is fixed at a value of 70°, we consider only a normal displacement so the rake is fixed at -90°, the length is fixed to 50 km, the width to 20 km and the slip to 5 or 8 m (Table 2.4).

Fault F2 and F3

The faults F2 and F3 (Figures 2.24) correspond to the graben normal fault systems present at the base of, respectively, the south wall and the north wall. The seismic profiles of the VI basin [START_REF] Jary | Geological interpretation of combined Seabeam, Gloria and seismic data from Anegada Passage (Virgin Islands, north Caribbean)[END_REF][START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF][START_REF] Raussen | Tectonics of the virgin islands basin, north eastern caribbean[END_REF][START_REF] Chaytor | Event sedimentation in low-latitude deepwater carbonate basins, Anegada passage, northeast Caribbean[END_REF] indicate dip angles of 30°to 50°, we fix it to 40°w ith a rake of -90°for pure normal displacement (Table 2.4). The lengths are fixed to 50 km, the width to 20 km and the slip to 5 or 8 m. 

Fault F1

Fault F1 borders Saint-Croix platform and cuts through the south wall of the graben (Figure 2.25). It may be connected to fault F2 and is aligned with an en échelon fault system oriented SE-NW (blue traces in Figure 2.24) located further west. Tsunami simulations of several of these faults were performed and their result (not presented here) compared to the observation of the tsunami in Fredriksted where one witness reported that "Immediately after (the shock) the water was observed receding rapidly and GSt2 (right map). Bottom orange framed maps: Sets of fault traces (from the SVIB selection) generating a signal compatible with GCA (left map) and GSt2 (right map). The segments consistent with the tectonic are highlighted in red. Middle left map: identification of the tectonic structures aligned with the selected red faults (modified from [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]). Middle right map: projection at the surface of the five selected fault models that are used for the creation of multi-segment sources.

from the beach" and then that "The current changed almost immediately and drove the ship towards the beach" [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF]. He describes an almost instantaneous sea retreat quickly followed by a first wave. Among these en-echelon faults tested (blue traces in Figure 2.24) only the rupture of the segment F1 generates such rapid sea motion. We decide to focus on this F1 segment and we notice that depending on the chosen dip angle (50°, 70°and 90°) and fault position, the first motion is either a sea retreat or a sea rise (Figure 2.25). The best results, where the sea first retreats and then rises, are obtained either with a fault dip of around 50°or with a shorter fault striking S-N (the two tide-gauge signals are from GSt02a and GSt02b indicated in Figure2.21). We finally, choose the longer model with a dip of 50°that generates greater amplitudes. It has a length of 20 km, a width of 10 km, a slip of 3 m.

Multi-segments sources

The previous stochastic method shows that sources with only one segment do not match the observations so we create new sources by combining in different ways the selected segments. Fault F1 is mandatory for modeling a consistent signal in Frederiksted and must have ruptured at the beginning of the 1867 earthquake, so we use it in all the models. In addition, we decide for these multi-segment sources to take into account the occurence of the "second shock" that occurred 10 minutes after the first one (reported in numerous testimonies). This earthquake is estimated to be even stronger than the first shock by [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF] and might be at the origin of the strong second wave that impacted the islands. So, the new sources are composed of either one rupture (at t=0min) or two ruptures (at t=0min and t=10min). Four multi-segment sources are created by combining F1 fault with each of the F2, F3, F4a and F4b faults (F1F2, F1F3, F1F4a, F1F4b) as models of the first shock. And we create twelve additional sources by adding the unused faults for modeling the second shock (see Table 2.4). This second fault rupture is initiated 10 minutes after the beginning of the simulation and the slip fixed to 8 m. The magnitudes of the first and second shock models are around 7.5 and 7.6. The three best models (evaluated in the following section) are also tested with increased slip values of 8 m and 10 m.

Models comparison: near-field results

Qualitative analysis of the signals We first analyze the near-field results of simulations in an area of 50 km radius around the Virgin Island basin focusing on Charlotte-Amalie (Saint-Thomas), Frederiksted and Christiansted (Saint-Croix). We then enlarge the analysis to an area of 100 km radius, the "intermediate-field", that encompasses the eastern coast of Puerto Rico, Vieques and the rest of the virgin Island focusing on Tortola. In the following section, the far-field results are presented as well.

The total number of tsunami observations is significant so we define a coefficient to quantitatively evaluate the consistency of the models. For the calculation of this coefficient, we list all the criteria (tsunami wave characteristics) that must be reproduced by the simulation and we attribute to each of them a weight coefficient based on their importance. This weight coefficient is fixed between 0, for the least important criterion, and 1, for the most important one. These criteria are presented in the two Tables 2.27 and 2.28. The strongest criteria (value of 1) are the sea retreats and the later higher waves observed in Charlotte-Amalie and Frederiksted. The amplitude criterion is only at 0.5 because of the uncertainties associated with the testimonies reliability, the gage positions and the resolution of the grids. We calculate for each simulation the compliance with the criteria by attributing an evaluation score of 0 if the criteria is not respected, 0.5 if it is close to being respected and 1 if it is respected. The final consistency coefficient (in percentage) associated with each model is the weighted average of the evaluation scores obtained in the area considered (Eq. 2.4). Here, we calculate the coefficients obtained in the near field (50 km) and in the intermediate field (100 km) (Figure 2.29) that indicate the goodness of fit of the simulations to the observations. The signals used for this evaluation are recorded at the GCA1, GSt2a and GSt2b gages located at less than 100 m from the coast of Charlotte-Amalie and Frederiksted (Figure 2.21) and are presented in Figure 2.26.

Coef f = Criteria (weight * score) Criteria (weight)
(2.4) to -4 m except for model F1F4a whose sea level does not go under 2 m. For F1F4b model, the strong sea retreat is preceded by a slow sea rise that reaches almost 1 m. So models F1F2 and F1F3 show the most convincing results for the first shock. Concerning the "second shock" models and the late stronger wave arrival, the results are more discriminatory. The models F4b and F3 (green and blue signals in Figure 2.26) do not generate a stronger second wave, however, models F4a and F2 (orange and purple signals in Figure 2.26) generate this stronger second wave whatever the first shock model it is associated with. A witness of the tsunami in Saint-Thomas reported "a great rise in the water of the harbor that raised above the wharves in front of the city about eight feet (∼ 3 m) ... A second wave soon came in a much greater volume than the first... the water rose twenty feet (∼ 6 m)" [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF]. These 3 m and 6 m high waves are in the range of amplitude generated by models F4a and F2. This analysis shows that all models generate a tsunami consistent with the observations in Charlotte-Amalie but the rupture of F2 or F3 segments (first shock) followed by the rupture of F4a or F2 segments (second shock) produce the most convincing simulations. Frederiksted (Saint-Croix) The results for Frederiksted are presented in the second and third columns of graphics in Figure 2.26. The gage GSt2a located at 200 m from the shore records the maximum negative values of the wave while gage GSt2b located close to the coast at a depth of 2 m records the maximum positive values of the wave (Figures 2.21,2.26). Due to the rupture of F1 segment, the immediate sea retreat is well reproduced by all the sources, however, the following rapid first wave is smaller and divided into two waves with the F1F4b and F1F3 models. Such two waves sequence was not reported by witnesses, so models F1F2 and F1F4a that generate and unique and stronger first wave seem more consistent. Concerning the second wave, all the second shock models generate a high late wave compared to the simulations without second shock (red signals in Figure 2.26), especially models F2 and F4a whose waves reach 4 to 6 m. These amplitudes are again consistent with the witnesses reports "the sea returned in the form of a wall of water 25 or 30 feet high (7 -10 m)". In all the simulations, the sea retreat (recorded in GSt2a gage) reaches values of -4 to -6 m which are still quite low compared to the observations "the bottom of the bay was visible where there was before and is now thirty or forty fathoms of water (∼ 30 m depth)" [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF].

Evaluation of the consistency Tables 2.27 and 2.28 summarizes all the evaluation criteria used for discriminating the models at near field. We add to these criteria, observations of the tsunami on the coast of Puerto Rico and in Tortola which are in a 100 km radius area ('intermediate field') and where a sea retreat and very high waves were observed (Yabuoca tide-gages in Figure 2.30). The simulations for these intermediate-field criteria are performed in the 100 m grid resolution so their weights are lowered compared to the near-field criteria which correspond to 25 m resolution results. The results Figure 2.29 shows that all the "two shocks" models have good consistency coefficients (greater than 60%) but three of them are especially high (greater than 80%): F1F2F3, F1F2F4a and F1F4aF2. For these three models, we present the signals obtained at near and far-field in Figure 2.30. The models showing the least convincing results are the one including segment F4b.

Near-field conclusion

The wave amplitudes of all the models are consistent with the reported heights and the hypothesis of a multi-segment rupture is even more convincing after this near-field analysis. The discrimination of the models is quite subtle but the ruptures of F1, F2 and F4a segments give better results than the rupture of F4b segment that is not favored. F3 segment associated with F2 can also be considered.

Models comparison: far-field results

The far-field results are obtained from the 100 m, 500 m and 800 m resolution grids. Consequently, the location of the gages does not correspond precisely to the observation locations, they are placed 500 m to 1000 m from the coastline. At each observation location, we evaluate from the Green Law (Eq. 2.3) the corresponding wave height at our associated gage position. From the coastal wave height observation and the extrapolated value offshore thus calculated, we obtain a range of maximum amplitude we assume to be representative of the tsunami wave reached along the arc. These two values and associated range are indicated by the grey shade between black ticks in Figure 2.32 (right). They are compared to the maximum value reached in the simulations of the 17 models (Table 2.4). We calculate for each model the average deviation of the simulated heights from the observed heights (abs(Hmod-Hobs)) at the 21 locations (Histogram in Figure 2.32). The synthetic tide-gages computed at Yabuoca (Puerto Rico) and Tortola (Virgin Islands) in the 100 m resolution grid, and at the coasts of Guadeloupe and Grenadines in the 800 m resolution grid are compared in more details in Figure 2.30. As an example, the maximum water heights maps obtained with model F1F2F3, where the coastal inundation is shown, are presented in Figure 2.31.

West of the epicenter The islands west of Saint-Thomas and Saint-Croix, Vieques, Culebra and Puerto Rico were strongly impacted by the tsunami. The amplitudes of all the models are in the range of the observations except in Vieques where there are smaller (Figure 2.32). In Yabuoca, the important reported sea retreat is reproduced by the three selected models (Figure 2.30).

East of the epicenter Toward the east and the south of the arc, the modeled heights decrease such as the reported heights. The local amplification north of Guadeloupe and in Grenada are well reproduced by the simulations as it is shown in the right graphic of Figure 2.32. On average, the modeled heights at the far-field are consistent.

The sea retreat reported in Guadeloupe and Grenadines is reproduced by the seven models (Figure 2.30). The duration between the first shock and the observed wave in Guadeloupe corresponds to the propagation time obtained with the simulations. However, in the south of the Arc, in Grenada, the wave was observed 100-110 minutes after the first shock when the time-arrival of the modeled first wave is 80 minutes. These late wave arrivals might be explained by a stronger contribution of the second shock to the tsunami wave train that is not strongly reproduced in our simulations (Figure 2.30).

Far-field conclusion

The average deviations between the model simulation and the observations (histogram in Figure 2.32) range between 0.3 and 0.6 m. They are small values that indicate a good consistency of all the tested models and it also shows that at far-field distances the modeled waves do not present important differences.

The major difference appears between the 1-shock and 2 shocks models, with smaller deviations for the 2-shocks models, which is in agreement with the near-field results.

The models with segment F4b as a second shock give the highest deviations among the 2 shock models. The amplified models F1F2F4aamp, F1F3F2amp, F1F4aF2amp give smaller deviations but not so different results. 2.3). Bottom left graphic: histogram of the average deviation between modeled wave heights and observed wave heights obtained for each model with the proportion of positive and negative deviation (0 means that at all the positions the modeled height is in the range of the associated observed height, 1 completely orange means that at all positions the height is below the minimum value of the observed range, 1 completely blue means that at all positions the modeled height is above the maximal value of the observed range, a mix of orange and blue means that at some positions the height is above the range while at some others the height is below the range).

Discussion and conclusion

Sources and geological structures Magnitude The magnitudes of 7.5 and 7.6 for the first and second shock fault models are slightly larger but still in agreement with the surface magnitudes of 7.3-7.5 estimated from the seismic intensities [START_REF] Pacheco | Seismic moment catalog of large shallow earthquakes, 1990 to 1989[END_REF][START_REF] Lander | A brief history of tsunami in the Caribbean Sea[END_REF]. The slips of 5 m and 8 m are realistic considering the 50 km length of the fault and the resulting amplitudes at both near and far-field are consistent with the observations. The three amplified models of Mw7.6 and 7.8 are also consistent but do not provide much better results.

Multi source

The stochastic method allows reviewing all possible sources in the Virgin Island basin and allows to suppress the hypothesis of a simple unique rupture. The near-field and far-field analyses of the simulations show that the tsunami observations can be reproduced only by combining several segments and by adding a second rupture in the fault models, which confirms the occurrence of this strong second shock.

Preferential fault model

The further analysis of the two-shocks fault models simulations leads to two main results. First, the rupture of the fault segment F1, along the west coast of Saint-Croix, is the only way to generate the almost immediate sea motion observed in Frederiksted. Secondly, the combinations of the segments F2, F3 and F4a (that correspond respectively to the graben south wall fault, north wall fault and NW-SE strike-slip fault) all provide consistent tsunami simulation and can not be discriminated. The rupture of segment F1 potentially connected to F2 might favor the scenario with the first rupture of F2 followed by F3 or F4a. But the first rupture of the north wall faults (F3 and F4) could also have triggered the en-echelon fault system west of Saint-Croix including F1, a rupture that propagated 10 minutes later to the whole south wall fault system including F2. In addition to the fault models considered, other segments might have been implied in the earthquakes such as the en-echelon fault system aligned with F1 fault or the normal fault south of Vieques aligned with F4 fault. This area is not known well enough to conclude on the potential fault interactions, their level of sensitivity that, in addition, must have evolved over time.

Uncertainties The 10 minutes delay between the two shocks is an estimation obtained from several testimonies but it is possible that the second shock actually occurred 5 minutes or 15 minutes after the first one. Such time difference can result in very different wave amplifications or attenuations and lead to different conclusions as well. The dip values of faults F1 and F4 are also a source of uncertainties since they are not well imaged on the seismic profiles. We also considered pure normal displacements (rake angle fixed to -90°) since tsunami waves are mainly sensitive to the vertical ground motion but with the complex morphology of the area strike-slip displacements might have a small impact as well and are not considered here.

The NW-SE strike-slip F4 fault The last important result is the unconvincing tsunami simulations obtained with the south-dipping fault model F4b whether it is used for the first or the second shock. In comparison, the north-dipping fault model F4a generates more consistent tsunami simulations with higher wave amplitudes as well. These results are in disagreement with the previous studies of ( [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]) that favor a south-dipping model. But, a north-dipping fault would be in better agreement with the geometry of the trough highlighted on the seismic profiles.

Seimicity The activity of the faults bordering the Virgin Islands Basin has been highlighted by seismic profiles perpendicular to the basin. They indicate southward tilting of the sediments and show the presence of normal faults within the northern sediments [START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]. These data suggest that the southern wall of the Virgin Islands basin is subsiding while the northern wall is potentially accumulating stress and then could release it abruptly. This observation is confirmed by more intense seismic activity at the northern wall of the Virgin Islands basin with earthquakes up to magnitudes of 5.5 (See Figure 2.14). However, basin dynamics are complex and evolve in time, even more in this area of transition between subductions and micro-plates, so the rupture of a fault on this south basin area is also very possible.

Efficiency of the methods

Rough selection of fault origin The stochastic method allows deleting the scenario of a rupture generated along the Antilles subduction interface, the Muertos Fault subduction or along the fault system of the Anegada Passage. It confirms this hypothesis of a shallower source localized around the Virgin Island basin, localization already suspected in previous studies. But as a most interesting result, it highlights the complexity of the rupture with the implication of the graben south faults (F1 and F2) not considered previously.

Identification of fault positions Due to the suspected complexity of this earthquake with multiple segments and multiple shocks spread in time, the choice of modeling simple, homogeneous and instantaneous faults is only a first step. Since none of the isolated faults provided consistent results, we could not perform a sensitivity analysis of the parameters as we expected to. A more adapted approach for such complex events would be to create a database of multiple small fault segments and to run simulations of random segment combinations. However, it implies a greater number of potential models (greater computation time), even more if we consider the kinetic aspect.

Simulation of the 1843 Guadeloupe earthquake and tsunami

Introduction

The earthquake that occurred eastward of Guadeloupe island in February 1843, shook the entire Antilles arc and resulted in much death and damage especially in Guadeloupe and Antigua (Sainte-Claire Deville, 1843). Due to its age and the limited instrumentation available at the time, the rupture model is not precisely known. From the testimonies and estimated intensities, its magnitude is evaluated by different authors [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF][START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF][START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF] between 7 and 9 and its rupture time between 3 and 4 minutes (Sainte-Claire Deville, 1843). The sailors and inhabitants reported about the agitation of the sea but the actual tsunami wave was only observed in Pointe-à-Pitre and Saint-Anne in Guadeloupe (Sainte-Claire Deville (1843); [START_REF] Feuillard | Macrosismicité de la Guadeloupe et de la Martinique, Observatoire Volcanologique de la Soufrière[END_REF]) and in English harbor and Saint-John's in Antigua [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF]) (Table 2.5) with a lower impact than could have been expected. The constraints on the fault model are quite few and several hypotheses have been made in the literature on the concerned fault. The two major candidates are the subduction fault contact and an intraslab fault. The subduction contact plane presents geometric characteristics compatible with the 1843 earthquake but some authors considered that the interplate coupling is not strong enough to generate such a large earthquake. The best alternative in the area to the subduction plane is the rupture of an intraslab fault but with a size and geometry less realistic. The objective of this study is to compare the results of tsunami simulation performed with different sets of source parameters to the tsunami observations. It does not allow clear discrimination of the fault plane at the origin of the earthquake but it brings new constraints on the fault model with a better understanding of the tsunami behavior in the area.

The 1843 earthquake and its associated tsunami

The earthquake

The earthquake that occurred in the morning of the 8th of February at approximately 10:30 am (local time), was strongly felt throughout the arc from Saint Kitts to Saint-Lucia but also much further in Caracas (Venezuela), Cayenne (Guyane), the Bermudes and up to the United States (Washington, Vermont, Charlestown) 2000 km from the epicenter [START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF]. [START_REF] Hough | Missing great earthquakes[END_REF] also links testimonies about an earthquake felt along the eastern coast of the United State (from Florida to Delaware) on the morning of the 8th February 1843 with the Antilles earthquake. The source area is well constrained in the north, south and west directions but less toward the east where there only is the Atlantic ocean. Yet, one report from vessels located on sea 200 to 250 km east of Antigua, states that the earthquake was felt so strongly that "... men on one ship, who were below, were thrown up against the beams above them and the vessel's way was stopped for some minutes" (Carnegie, 1843) [START_REF] Rudolf | Ueder submarine erdbeben und eruptionen[END_REF]. All these testimonies show the large extent of the source area and the importance of the earthquake. From them, different authors [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF][START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF][START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF][START_REF] Hough | Missing great earthquakes[END_REF] calculated the seismic intensities and produced seismic intensity maps of the arc. With an intensity around IX [START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF], the most affected islands were Antigua, Montserrat, Guadeloupe, Martinique and Dominica. In Guadeloupe, the main city, Pointe-à-Pitre, was completely destroyed and more than 1500 people were killed. In the other cities of the area, numerous buildings were taken down with many people killed or injured. Witnesses report also different phenomena such as landslides, apparition of springs, mud fountains, or water level changes in the wells during and after the shakes. South of the arc in Barbados and north of the arc in the British Islands the earthquake was felt without much damages only "a severe shock but no injuries" was reported and associated with an intensity of V. The intensities from the United States testimonies can be ranged between I and III. The evaluation of these intensities leads the authors to different magnitudes, [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF] and [START_REF] Shepherd | An earthquake catalogue for the Caribbean, Part I., The pre-instrumental period, 1502-1990[END_REF] estimate a magnitude of 8 to 8.5 while [START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF] estimates it between 7.5 and 8 inferring that the intensities close to the hypo-center are overestimated. The most recent works of re-evaluation [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Hough | Missing great earthquakes[END_REF], take into account all the available information and state that the magnitude was probably closer to 8.5 than 7.5. For Hough (2013), it may have been even greater than 8.5 considering the accounts from the United States.

From the intensity map, the hypocenter of the earthquake is located between Antigua and Guadeloupe, the two most affected islands. Two other observations bring additional constraints on this localization : a subsidence of Pointe-à-Pitre wharfs [START_REF] Feuillard | Macrosismicité de la Guadeloupe et de la Martinique, Observatoire Volcanologique de la Soufrière[END_REF][START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF]) and a slight uplift of the easternmost coast of Guadeloupe (Sainte-Claire Deville, 1843). These observations of surface deformation are the only ones reported and they strengthen the hypothesis that the source must have been close to the east coast of Guadeloupe.

It was reported that the earthquake lasted 3 to 4 minutes (Table 2.5). During the 8 following months after the earthquake, many aftershocks occurred (Sainte-Claire [START_REF] Deville | Observations sur le tremblement de terre éprouvé à la Guadeloupe le 8 février 1843[END_REF], their intensity ranging between III and VII. Unfortunately, too few information is available on those that can help in the identification of the source. Among the testimonies, only four state the observation of a tsunami wave: in Pointeà-Pitre (Guadeloupe) (Sainte-Claire [START_REF] Deville | Observations sur le tremblement de terre éprouvé à la Guadeloupe le 8 février 1843[END_REF], n.d.), Saint Anne (Guadeloupe) [START_REF] Lambert | BD Tsunamis. Inventaire historique des tsunamis en France[END_REF], Saint-John (Antigua) [START_REF] Lambert | BD Tsunamis. Inventaire historique des tsunamis en France[END_REF] and English Harbor (Antigua) [START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF]. These locations are consistent with the estimations of the hypocenter position.

The tsunami in Guadeloupe

In Guadeloupe, the tsunami as been reported as a rise of the sea-level and not as a wave both in Pointe-à-Pitre and Saint-Anne. Sainte-Claire Deville (1843) reports that a few feet of the docks of Pointe-à-Pitre (Guadeloupe) were invaded by the water but he does not give any value of wave height. This observation is confirmed by another witness, the priest of Mont-Carmel, Abbé Peyrol visiting Pointa-A-Pitre who wrote in a letter (n.d.): "And while the waves of the ocean were bathering our feet, we did not have the slightest vessel to draw them and throw them on these devouring flames" (Original french: "Et tandis que les flots de l'Océan baignaient nos pieds, nous n'avions pas le moindre vase pour les puiser et les jeter sur ces flammes dévorantes"). The estimation of the tsunami wave height wave is complex due to an accumulation of uncertainties about the sea level, the dock height and the inundation distance. There is no record and no mention of the tide at the time of the earthquake so we reconstructed the tide in Pointe-à-Pitre for the period of 200 years from 1800 to 2000 (using the same Matlab tool as the one used in the study of the 2004 event, Section 2.1.6). The reconstructed signals of the 8th February 1843 (Figure 2.34) indicate that this day the tide amplitude (peak to crest) was only of 25 cm and the earthquake occurred at the beginning of the rising tide when the sea level was close to zero. The docks of Pointe-à-Pitre harbor are represented in an old illustration the city during the earthquake (Figure 2.34). It seems that at that time, the height of these docks were much higher above the sea level than nowadays. The dock height in the image corresponds to the height of the boats, slightly smaller than the height of a person, between 0.5 and 1 m, while it is nowadays only a few centimeters high. Considering that the sea rise was only reported by two witnesses and that it only flooded the docks, the water height must have barely overcome the dock height with a value between 0.5 and 1 m (Figure 2.34).

In Saint-Anne, locals reported a subsidence associated with a sea rise ("The water of the sea advanced to the foot of the houses from which it was formerly quite distant, and the inhabitants feared that the city would be submerged" (S.G.F., 1843)). Without any other evidence, the wave height must be estimated from the maps. A map of 1825 indicates the position of houses that do not border the shore as indicated in the testimony. From the position of the road that must be the same as nowadays, we can estimate that the distance from the shore to the first houses is between 50 and 100 m (Figure 2.33). In Saint Anne, the coast is very flat and the topographic grid indicates elevation values of 1 to 2 m for the area between the road and the shore. So the wave might have run-up to heiths of 1 to 2 m, it is impossible to conclude about the exact wave height value but it is likely lower than 2 m and higher than 0.5 m.

In 1822, there were 9019 inhabitants in Pointe-à-Pitre, 6095 in Saint-Anne, 4990 in Saint-François, 8047 in LeMoule, 4140 in Port-Louis and 3023 in Morne-à-l'eau [START_REF] Boyer-Peyreleau | Carte geographique, statistique et historique de la Guadeloupe. Ile de la Guadeloupe[END_REF]. Besides this important population, there was no report of tsunami waves or floods in Saint-François, LeMoule, Port-Louis and Morne-à-l'eau, four towns located on the eastern coast of Guadeloupe the most exposed one (Figure 2.33). The absence of testimonies can be related to the great damages of the earthquake that made the occurrence of a wave or a flood less noticeable. In any case, the wave must have been either small or nonexistent along these coasts.
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The tsunami in Antigua

In Antigua, a captain of Royal Mail Steam Packet reported a sea rise of four feet (1.2 m) in English Harbor (Table 2.5) and another source reported a sea rise of two feet (0.6 m) in Saint-Jonh's (Lambert and Pedreros, 2012) (Figure 2.33). English harbor is located on the southeast coast of Antigua, likely the most exposed one considering the hypocenter of the 1843 earthquake, while Saint-John's is located on the opposite side of the island. In the newspapers of the time two other testimonies reported that "During the convulsion the sea encroached considerably on the land" and "...the sea also rose considerably" ((Table 2.5). These witnesses were in Antigua but there are no details about their exact location. Chapter 2. Simulation of four historical tsunamis of the Lesser Antilles

Coseismic deformations

Sainte-Claire Deville (1843) reported a subsidence of 33 cm of Pointe-à-Pitre but the analysis of images and maps of the time can be used for confirming this value. In 1843, the docks of the harbor were around 0.5 and 1 m above than the sea level (as presented in the previous section) but as shown in Figure 2.34, nowadays they are only a few centimeters above the sea level. This height difference corresponds to the subsidence of Pointe-à-Pitre and gives a value of 30 cm to 80 cm. However, this value can not be only attributed to the 1843 coseismic deformation because part of it might be also attributed to interseismic deformation. Recent studies of coral growth and GNSS velocity field [START_REF] Sakic | Estimation of Lesser Antilles Vertical Velocity Fields Using a GNSS-PPP Software Comparison[END_REF][START_REF] Leclerc | Quaternary coral reef complexes as powerful markers of long-term subsidence related to deep processes at subduction zones: Insights from Les Saintes (Guadeloupe, French West Indies)[END_REF][START_REF] Van Rijsingen | Vertical tectonic motions in the Lesser Antilles: linking short-and long-term observations[END_REF] show that the Lesser Antilles arc has been subsiding of 0.5 to 2.5 mm/yr for the past centuries. The 1843 earthquake occurred 178 years ago, so using these rates Pointe-à-Pitre interseismic subsidence must be comprised between 9 and 44 cm with an average value of 25 cm. If we withdraw this value from the total subsidence value of 30 to 80 cm estimated from the pictures we obtain a coseismic subsidence that ranges between 5 and 55 cm. This range is in agreement with the estimation from Sainte-Claire Deville (1843).

Methods used for the tsunami simulations

Analysis methods : comparing observations and simulations

The only data that can be used in the analysis of the tsunami simulations are the water heights observed in Pointe-à-Pitre, in Saint-Anne, Saint-John's and English Harbor.

For Pointe-à-Pitre, we build 5 m resolution bathymetric grids using the LITTO3D data of Guadeloupe. With this resolution, it is possible to compare precisely the value of the observed water height with the maximal water height modelled in the harbor.

The results of run-up heights and distances are not used for the discrimination of the sources because we do not know the precise dock heights and harbor geometry of 1843.

For Saint-Anne, the results presented here are from the 100 m resolution grid. The gage is located just in front of the position of the town in 1843 (Figure 2.39). A 5 m resolution grid was built for Saint-Anne, but simulations are still ongoing and are not presented here. For English harbor, the finest bathymetric data available are from the SHOM and have a resolution of 100 m. It was not possible to model the harbor, so the maximum water heights used for comparison correspond to the values at an offshore location (Figure 2.39). We used the Green law (Eq. 2.3) presented in Section 2.2, to interpolate the 1.2 m height observed in English Harbor to the 100 m grid offshore position where the depth is around 30 m and it gives an interpolated height of 0.5 m. So we compare English Harbor results to a range between 0.5 and 1.2 m. For Saint-John's, the same 100 m resolution grid is used, but the bay of Saint-Jonh's is better defined (Figure 2.39). So we compare directly the simulation results to the value of the observed water height of 0.6 m.

Bathymetric grids : evolution of the coastline

The use of a 5 m resolution grid is coherent only if the bathymetric and topographic data are adapted to the landscape of that time. The analysis of old marine and geographic maps of Guadeloupe highlights the evolution of the island coastlines and especially the harbor of Pointe-à-Pitre from 1822 (the year of the reference map used for the modifications) to nowadays (Figure 2.36). Three major changes can be observed in Pointe-à-Pitre bay: (1) Jarry harbor, the container harbor has developed and grown with extensions on the water; (2) Plaisance, the yacht harbor, also developed with the installation of several additional docks and infrastructures;

(3) The sea level was lower, several islands and islets of the bay existed (they are now immersed) and were inhabited; (4) The old Pointe-à-Pitre harbor is the only place that did not change that much over time. All these changes are applied to the bathymetric grids so that they are the closest possible to the state of the coast in 1843. The comparison of the simulation results (using one of the fault models) obtained with the actual bathymetry and the 1822 bathymetry shows that these changes affect not strongly but significantly the wave amplitudes generated in the bay (Figure 2.37). Indeed, the extension of Jarry harbor and the Plaisance harbor seems to generate a small amplification of the tsunami in Pointe-à-Pitre. These results also show on the actual map that only with a 2 m high wave, the run-up distances inland are quite important and most of the new coastal infrastructures are inundated. The consequences of such a tsunami might be more serious nowadays than in 1843 with the level of coastal urbanization.

Fault model choices

The most reliable description of the earthquake is the Mercalli intensity map [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF][START_REF] Scheffers | Paleotsunami in the Caribbean: field evidences and datings from Aruba, Curaçao and Bonaire[END_REF][START_REF] Bernard | Subduction and seismic hazard in the northern Lesser Antilles: Revision of the historical seismicity[END_REF]) that gathers all the testimonies, damages and observations of the event. It locates the earthquake source slightly east of the arc, offshore in between Anguilla and Guadeloupe. In this area, the possible origins for a Mw>8 earthquake are not so numerous.

The contact of subduction between the Caribbean and American plates is located around 50 km under the islands which provides a consistent candidate for this event.

The other modeled sources are intraslab fault models (in the subducting slab). They are also good candidates for this event because the depth of the 1843 earthquake corresponds to the position of the slab under the islands. Intermediate-depth intraslab Intraplate and backthrust earthquakes were also considered because Mw>5 earthquakes occur regularly at shallow depths (> 20 km) around 200 km eastward of the arc in front of Antigua and Guadeloupe. This seismicity is attributed to shallow backthrust fault systems [START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF]. However, major back-thrust earthquakes are very few in the literature, they can reach magnitudes up to 7.0 like it occurred in San Juan, Argentina [START_REF] Rockwell | Inferring a Thrust-Related Earthquake History from Secondary Faulting: A Long Rupture Record of La Laja Fault, San Juan, Argentina[END_REF] but this kind of event are very rare. So the credibility of a Mw8.0 back-thrust earthquake is debatable. Moreover, the position of such a model is not compatible with the observed co-seismic deformation so we decide not to model this kind of event.

So two source origins are investigated here: the rupture of the subduction interface (mega-thrust models, faults "S") and the rupture of intra-slab faults (intraslab models, faults "ND") (Table 2.6). The observations of coseismic motions at Pointe-à-Pitre, Saint-Anne and LeMoule are particularly useful for locating the source. After the earthquake, the inhabitants reported an uplift at LeMoule and a small subsidence at Pointe-à-Pitre (Table 2.5). The bathymetric grids of Pointe-à-Pitre are corrected from the subsidence post-earthquake. We create fault models whose coseismic surface deformations (Figure 2.40) are in agreement with the observed surface deformations and also in agreement with the seismic intensities. [START_REF] Briggs | Deformation and Slip Along the Sunda Megathrust in the Great 2005 Nias-Simeulue Earthquake[END_REF][START_REF] Geist | Differences in tsunami generation between the December 26, 2004 and March 28, 2005 Sumatra earthquakes[END_REF][START_REF] Borrero | Field Survey of the March 28, 2005 Nias-Simeulue Earthquake and Tsunami[END_REF] is the size of the rupture: around 400 km long and 100 km large.

Subduction

The maximum uplift also occurred right below the Nias island which limits the total volume of water displaced. The Mw7.8 Tocopilla earthquake occurred at depth of 30 to 50 km with a slip ranging between 2 and 6 m [START_REF] Motagh | Subduction earthquake deformation associated with 14 November 2007, Mw 7.8 Tocopilla earthquake in Chile: Results from InSAR and aftershocks[END_REF] on a 130 km long and 30 km large area. It generated surface displacement of 30 to 50 cm, located mostly onshore and did not generated a tsunami. Common characteristics of these non-tsunamigenic events are the small rupture area (relatively to their magnitude), the concentration of the slip at important depth and mostly the absence of rupture propagation on the most updip part of the interface and up to the surface.

Multi-segment model: S1 [START_REF] Beauducel | The great 1843 earthquake in the Lesser Antilles Arc[END_REF] propose a source dislocation model based on the intensity prediction equation (IPE) named « B3 » developed by [START_REF] Beauducel | The Mw 6.3 earthquake of Les Saintes (Guadeloupe) on November 21, 2004[END_REF][START_REF] Beauducel | Empirical model for rapid macroseismic intensities prediction in Guadeloupe and Martinique[END_REF]. They model the 1843 earthquake by a slip rupture of 0 to 15 m on a 300 km long shallow-dipping (20°) plane, that extends offshore between Antigua and Guadeloupe. They consider that the earthquake ruptured the whole plate interface between its 15 km deep updip limit [START_REF] Bangs | Structure of the Lesser Antilles subduction zone backstop and its role in a large accretionary system[END_REF][START_REF] Roux | Reconnaissance de la structure sismique de la zone de subduction des Petites Antilles[END_REF] and 50 km depth. This model is constituted of 230 segments of fixed size and azimuth but with varying depth, slip, dip angle and rake angle. Being the most constrained seismic model of the event, we use it as the reference model for our simulations and name it S1. The parameter ranges of this fault model (S1) are presented in Table 2.6. This fault model is consistent with the characteristics previously listed for the 2005 Nias-Simeulue and the 2007 Tocopilla earthquakes. Indeed, the maximum slip patches of the S1 model are located between 30 and 50 km depth, with maximum values of 10 -15 m and the rupture occurs on a restrained area.

Attenuated multi-segment model: S1b, S1c The location and orientations of the S1 model are constrained by the slab geometry and the observed coseismic displacements. The slip is one parameter that can be modified without the risk of deviating too much from the observations. S1 fault model an important magnitude of 8.5, since the estimated magnitude ranges between 8.0 and 8.5, we decide to test two fault models with smaller magnitudes. Models S1b and S1c correspond to model S1 with a slip divided by, respectively 2 and 4 resulting in magnitudes of 8.3 and 8.1 (Table 2.6).

Kinetic model: S1Cine

The shocks were felt by the population for 2 to 4 minutes (Table 2.5). To ensure that the kinetic of the rupture does not have a significant effect on the tsunami wave shape and amplitude, we create a kinetic source S1Cine

Intraslab fault models

Intraslab seismicity Earthquakes can also occur in the subducting slab, particularly at the maximum of the curvature where the slab dip angle increases. One of the largest known intraslab earthquakes is the Chiapas Mw8.2 event that occurred in 2017 within the subducting Cocos Plate at 30 to 70 km depth. The rupture was 100 km long and 50 km large with a slip value ranging between 5 and 13 m [START_REF] Ye | The 2017 Mw 8[END_REF]. This earthquake generated a small tsunami wave with maximal heights of 30 cm. Another earthquake, Mw8.0, occurred at 60 km depth in the slab of the Tonga subduction zone and generated a 50 cm high tsunami wave in 2006 [START_REF] Meng | The 3 May 2006 (Mw 8.0) and 19 March 2009 (Mw 7.6) Tonga earthquakes: Intraslab compressional faulting below the megathrust[END_REF]. The characteristics of these events, similar to the 1843 event ones, show that the hypothesis of the intraslab rupture at the origin of the 1843 earthquake is consistent. The slab seismicity is not very intense in the Lesser Antilles [START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF] but some clusters have been identified, especially around 50-80 km depth [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF].

Parameters and fault models

The focal mechanism associated with such intraslab earthquakes may vary depending on the ongoing processes, on the pre-existing faults orientations in the slab and on the dip angle of the slab itself. We create a set of fault models located in this slab with 3 positions, 3 fault orientations and different slip intensities in respect to the felt intensities and observed coseismic displacements (Figures 2.35 and 2.40). For all the models, the depth is fixed to 40 km, the rake to 90°and the strike to 330°. Models ND1, ND2 and ND3 are defined by three different dip angles of 70°, 90°and 110°. Models ND1, ND1a, ND1b are defined by 3 slip intensities (and associated magnitudes) of 5 m (Mw7.5), 10 m (Mw7.7) and 15 m (Mw7.9). Models ND*, ND*c and ND*d are defined by three different positions. Models ND*bb are defined by a greater length of 200 km (the length is 100 km for the other models). They are all described in Table 2.6. 

Simulation results and contributions

Mega-thrust fault model simulations Effect of the kinetic The results obtained with the instantaneous source S1a and the kinetic source S1Cine are presented in Figures 2.42 and 2.47. The maximal tsunami waves amplitudes and the gages time-series obtained with the two models are very similar. In this case, the rupture propagation time does not affect much the tsunami generation and can not be used for source discrimination.

Effect of the slip The results of the maximum wave heights obtained in Guadeloupe and Antigua for the source S1a and the attenuated copies S1b, S1c are presented in Figure 2.41 and 2.48. In Antigua (bottom figure with blue color for English Harbor and green color for Saint-Jonh's in Figure 2.41), the attenuation of the tsunami wave height is proportional to the attenuation of the slip. The values of wave heights modeled with S1a and S1b are two to three times higher than the values drawn from the observation of 0.6 m in Saint-John's and 0.5 m (Green law interpolation) in English Harbor. Model S1c gives much more coherent results even if it is still above the observed values. In Guadeloupe (top figure with red color for Pointe-à-Pitre and orange color for Saint-Anne in Figure 2.41), the attenuation of the tsunami wave with the slip is more important in Saint-Anne (attenuation by a factor 4) than in Pointeà-Pitre (attenuation by a factor 2). The results obtained in the 5 m resolution grids for Pointe-à-Pitre are the most reliable ones. The heights obtained with S1b and S1c models (Mw8.3 and 8.1) are very close to the reported value of 0.5 to 1 m compared to the 2 m heights produced by model S1a. This difference is even greater in Saint-Anne, where the wave modeled with S1a reaches 4.5 m, an unrealistic value compared to the reported observations. Model S1b is above the observation range but stays realistic and model S1c show again the most coherent results.

Conclusion

These results on the subduction thrust models favor the lowest magnitude source S1c both in Antigua and Pointe-à-Pitre and show that the original and highest magnitude source S1a is not compatible with the tsunami observations. It can be explained in many different ways: (1) Either the estimations of the seismic intensity and magnitude are overestimated compared to the earthquake of 1843; (2) Either the parameters of the model (position, shape, orientation) are not consistent with the coseismic-deformation of the 1843 earthquake.

(3) Either the simple Okada source model is not taking into account some specific elastic behaviors and the resulting surface deformation is wrong. (4) Or finally, maybe the 1843 earthquake was not a mega-thrust earthquake and the S1a fault model is not compatible with it.

Intraslab fault models

The results of the intraslab fault models are extracted at the gages position from the 100 m resolution grid for Saint-Jonh's, English Harbor and Saint-Anne, and from the 5 m resolution grid for Pointe-à-Pitre (Figure 2.39). The effect of the fault position (P1, P2, P3 see in Figure 2.35) and the fault angles (70°, 90°, 110°) are studied and compared in Figures 2.44, 2.45, 2.46 and 2.47.

Effect of the source position The variation of the tsunami amplitude with the source position (Figure 2.45) is more important in Guadeloupe (Pointe-à-Pitre and Saint-Anne) than in Antigua (Saint-Jonh's and English Harbor). Position P3 is the one producing the least consistent wave heights in Guadeloupe. Otherwise, it is difficult to discriminate the sources based on their position since the wave heights are parameters is too small to draw a conclusion but there is obviously an important sensitivity of the final tsunami wave to this fault angle and consequently to the general shape of the coseismic surface deformation. Effect of the slip The slip of model ND1 is varied from 5 m to 15 m and the results are presented in Figure 2.47. It generates a small variation of the signal with an increase of the wave height proportional to the slip from 0.2 m to 0.5 m in Pointeà-Pitre. These signals are extracted from another gage in the middle of the bay (for a cleaner signal) so the amplitudes are smaller than one extracted from gage G3 inside the harbor. It is better to look at the wave heights extracted from G3 and presented in Figure 2.41 along with Saint-Anne (G4), English Harbor (G1) and Saint-Jonh's (G9). In Pointe-à-Pitre and Saint-Anne the amplitudes for the 5 m slip model ND1a are smaller than the observed range but the 10 m (ND1) and 15 m (ND1b) provide much coherent wave heights. With a longer fault model (ND1bb) for a 10 m slip value, the wave heights become much higher than the observations. In Antigua, only the intermediate model of 10 m slip (ND1) provides coherent results both in Saint-John's and English Harbor. Indeed, ND1a generates very small wave heights at both locations while ND1b and ND1bb generate too important wave heights in Saint-Jonh's. So both in Antigua and Guadeloupe, the 100 km long and 10 m slip model gives the best results (ND1). 

Conclusion

The fault angle and the fault position produce similar variations of wave heights and all these parameters give compatible results for at least one combination. For example, as shown in Figure 2.44, in PAP the fault model ND1 (P1 -70°) generates the same wave heights as model ND3d (P3 -110°). This parameters sensitivity makes the source discrimination very difficult with only four observations as constraints. However, these results show that an intermediate slip value for a 100 km long fault is the most convincing solution for such intra-slab models.

Discussion and conclusion

Coseismic deformation The main difference between the intraslab models and the subduction thrust models is the range of magnitudes. For mega-thurst fault models, a magnitude greater than Mw8.0 corresponds to maximal slip values of 5 to 15 m for a 175 km long and 150 km wide fault, which are realistic values for such models.

Whereas, realistic single intra-slab earthquakes have generally magnitudes lower than Mw8.0 because the fault width is constrained by the slab crustal thickness of around 15 km and the slip must remain realistic. However, besides this magnitude difference, at least one model in each of the two categories provides coherent tsunami simulations for the 1843 earthquake. The best mega-thrust model is the S1c and corresponds to Mw8.1 source while the best intra-slab model is the ND1 and corresponds to a Mw7.7. The only common point between these two sources is their coseismic surface deformation (S1c and ND1 Figure 2.40). It indicates that the 1843 event should really be investigated based on this surface deformation. Here, it seems that the extremal values of the coseismic deformation must remain between -0.5 m and 0.5 m to produce a consistent tsunami wave. This 0.5 m is also compatible with the reported observation of subsidence and uplift if the source is well positioned.

Magnitude From the different models tested it seems that both a mega-thrust earthquake and an intra-slab earthquake can produce the expected surface deformation and the consistent tsunami wave. The only value that can discriminate them is the magnitude. The most recent works on this event [START_REF] Hough | Missing great earthquakes[END_REF][START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF] tend to evaluate the 1843 magnitude much closer to 8.5 than 7.5, and even greater than 8.5. The stronger tested intra-slab models in this study (ND1bb, ND2bb, ND3bb) have a magnitude of 8.0, have extreme fault dimensions and already generate too large tsunami waves. While the mega-thrust model of Mw8.1 provides better results with more realistic fault parameters.

Okada model and values of rigidity As mentioned previously, the values of magnitude result from the use of the simple Okada model with a rigidity fixed to 35e10 Pa. At the estimated depth of the 1843 earthquake, complex processes can affect the elastic behavior of the medium and increase its rigidity like the serpentinization of the mantle wedge where it has been shown that slab dehydration is likely to occur [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF]. In addition, studies of the rigidity variation along subduction interface (PREM, [START_REF] Bilek | Rigidity variations with depth along interplate megathrust faults in subduction zones)[END_REF]) show values ranging between 70e10 and 200e10 Pa at around 50 km depth. So if we take into account a more suitable elastic behavior, the rigidity must be changed from 30e10 Pa to much higher values and consequently will impact the final magnitude. With values of 70e10 Pa and 150e10 Pa, model S1c respectively become a Mw8.5 and Mw8.7 source and ND1 a Mw8.0 and Mw8.2 source ( [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF]).

With these new values of rigidity, the sources are consistent both with the seismic intensities and with the tsunami observations, which was difficult otherwise.

Mechanism The mechanisms behind intraslab earthquakes depend on the characteristics of the subduction zone considered. The Mw8.2 2017 earthquake along the Coco's plate is considered as a slab tear event due to an important change of dip angle and the associated constraints. In the Cascadia subduction zone, intraslab earthquakes are rather associated with dehydration processes. The Antilles is a slow subduction with a small dipping angle so an intraslab even would likely be associated with these later phenomena of dehydration rather than a too strong slab pull. The dehydration process can also trigger the rupture of the interface.

Conclusion

This work brings two main understanding of the 1843 event. The first one is that tsunami models bring additional constraints on the coseismic surface deformation of the 1843 earthquake and additional simulations should be performed in order to precise it. The second one is that there is either an overestimation of the earthquake magnitude or an overestimation of the surface deformation by our Okada fault model. It seems that for such a deep earthquake in a complex subduction zone, a more adapted rigidity value and rupture model is needed to reconcile the estimated magnitude, the coseismic deformation and the modeled tsunami. Finally, in order to confirm these preliminary results, the fault models simulation should be performed with higher resolution grids of Antigua and Saint-Anne, a work that is actually ongoing.

Simulation of the 1755 Lisbon tsunami

Introduction

The event The 1st November 1755, a transoceanic teletsunami was observed in several islands of the Caribbean with reported run-ups of 7 m at Saba, 4.5 m at Saint-Martin, 3.6 m in Antigua, 3.8 m in Guadeloupe, 1 m and more in Martinique, 3.8 m in Barbados and just reported in Dominica [START_REF] Robson | An earthquake catalogue for the Eastern Caribbean 1530-1960[END_REF][START_REF] Accary | Tsunami Catalog and Vulnerability of Martinique (Lesser Antilles, France)[END_REF][START_REF] Roger | The 1755 Lisbon Tsunami in Guadeloupe Archipelago: Source Sensitivity and Investigation of Resonance Effects[END_REF][START_REF] Roger | The Transoceanic 1755 Lisbon Tsunami in Martinique[END_REF][START_REF] O'loughlin | Caribbean Tsunamis: A 500-Year History from 1498-1998[END_REF][START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF]. This teletsunami was generated by an earthquake of a Mw8.5-9.0 [START_REF] Gutscher | The great Lisbon earthquake and tsunami of 1755: Lessons from the recent Sumatra earthquakes and possible link to Plato's Atlantis[END_REF] offshore Lisbon that devastated the closest coasts. This earthquake was probably the strongest of the last centuries in this region. The tsunami reached the Lesser Antilles between 8 and 10 hours after the earthquake and was also observed along all the Atlantic coast in France, England, Ireland, Morocco, Spain, Canada, US, Guyane... (Baptista, Miranda, Miranda and Mendes Victor, 1998;[START_REF] Baptista | The 1755 Lisbon tsunami; evaluation of the tsunami parameters[END_REF][START_REF] Baptista | New study of the 1755 earthquake source based on multi-channel seismic survey data and tsunami modeling[END_REF][START_REF] Barkan | Far field tsunami simulations of the 1755 Lisbon earthquake: Implications for tsunami hazard to the U.S. East Coast and the Caribbean[END_REF][START_REF] Gilli | Recherche des traces du tsunami de Lisbonne (1er novembre 1755) sur les côtes de la Guyane française[END_REF].

Figure 2.50: Maps of the five 10 m resolution grids of the studied islands with the deposits locations indicated in red circle for the 1755 dated deposits in sediment cores [START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF][START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF], red triangle for dated surface sand layers and orange triangle for non dated sand layers [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF].

Observations and deposits

The observations of the tsunami in the Antilles were done by local witnesses or sailors and were reported in different documents and letters detailed in [START_REF] Roger | The Transoceanic 1755 Lisbon Tsunami in Martinique[END_REF]. In addition to these observations, sediment deposits associated with the 1755 tsunami have been identified in Martinique at Fort-de-France [START_REF] Clouard | Tsunami deposits in Martinique related to the 1755 Lisbon earthquake[END_REF] and at Anse Meunier [START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF], and in the Northern Antilles on the U.S. Virgin Island [START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF], Anegada Island [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] and on Anguilla and Scrub Island [START_REF] Biguenet | Sedimentary records of tsunamis and hurricanes in the Lesser Antilles[END_REF][START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF]. On these North Antilles islands were identified the 1755 tsunami deposits but also the suspected Pre-Colombian 1500 CE tsunami deposits. This section focuses on the same sites (Figure 2.50) as in the following chapter (Chapter 3) in which more details can be found. The lagoons where the deposits have been identified are separated by the sea with sand barriers of 3-4 meters in Scrub Island, 2-3 meters in Anguilla and 0-2 meters in Anegada. So the generated waves must be high enough to reach them. In Anegada, the 1755 tsunami deposits were mostly found in the lower area of the island named the western Salt Ponds [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] in contrary to the Pre-Colombian deposits that were mostly found in the northern coast of the island.

The faults candidates for the 1755 Lisbon earthquakes

The five possible seismic sources for the 1755 cal yr CE tsunami are (Figure 2.7) the Gorringe Bank (GB), the Marques de Pombal Fault (MP and MF), the Guadalquivir Bank Fault (GA), the HorseShoe Plain Fault (HF) and the subduction beneath the Gulf of Cadiz (SUB) [START_REF] Zitellini | Source of 1755 Lisbon earthquake and tsunami investigated[END_REF][START_REF] Baptista | New study of the 1755 earthquake source based on multi-channel seismic survey data and tsunami modeling[END_REF][START_REF] Grandin | Simulations of strong ground motion in SW Iberia for the 1969 February 28 (Ms = 8.0) and the 1755 November 1 (M 8.5) earthquakes -II. Strong ground motion simulations[END_REF]. The 200km long NE-SW trending reverse fault that runs along the Gorringe Bank was the first identified fault candidate but resulted in unconvincing simulations [START_REF] Zitellini | Source of 1755 Lisbon earthquake and tsunami investigated[END_REF]Baptista, Miranda, Miranda and Mendes Victor, 1998;[START_REF] Baptista | The 1755 Lisbon tsunami; evaluation of the tsunami parameters[END_REF][START_REF] Baptista | New study of the 1755 earthquake source based on multi-channel seismic survey data and tsunami modeling[END_REF]. The Marques de Pombal Fault is an active thrusting fault with a complex geometry potentially connected to other fault systems like the Pereira de Sousa Fault Zone or the Guadalquivir Bank Fault also considered as a potential seismic source candidate. However, the sizes of these fault systems individually are not large enough to generate a M8.5 earthquake. The addition of the Guadalquivir Bank Fault to the Marques de Pombal Fault model leads to more consistent magnitude and tsunami simulations (Baptista, Miranda, Miranda and Mendes Victor, 1998;[START_REF] Baptista | The 1755 Lisbon tsunami; evaluation of the tsunami parameters[END_REF][START_REF] Baptista | New study of the 1755 earthquake source based on multi-channel seismic survey data and tsunami modeling[END_REF]. East of the Guadalquivir Bank and south of Marques de Pombal Fault, is located a seismically active zone named the HorseShoe Plain. [START_REF] Barkan | Far field tsunami simulations of the 1755 Lisbon earthquake: Implications for tsunami hazard to the U.S. East Coast and the Caribbean[END_REF] identify a fault (HorseShoe Fault) compatible with the 1755 event and test several models of rupture that result in very compatible far-field tsunami simulations. The rupture of the incipient subduction of the Atlantic lithosphere beneath de Gibraltar Arc along the western Portuguese margin (e.g. [START_REF] Ribeiro | Soft plate and impact tectonics[END_REF]) is also considered. The low seismic activity on the Wadatti-Beniof plane does not favor the hypothesis of a subduction plane activity but the results of tsunami simulation give convincing wave travel-time and macroseismic intensities [START_REF] Gutscher | Evidence for active subduction beneath Gibraltar[END_REF]. A compilation of these different sources is presented and compared in the studies of [START_REF] Grandin | Simulations of strong ground motion in SW Iberia for the 1969 February 28 (Ms = 8.0) and the 1755 November 1 (M 8.5) earthquakes -II. Strong ground motion simulations[END_REF] and [START_REF] Silva | The AD 1755 Lisbon Earthquake-Tsunami: Modelling the seismic source from the analysis of environmental and building macroseismic data[END_REF] where they analyze the impact of the earthquake and the tsunami at near-field scales. They conclude that, as suggested by previous authors, the most probable scenario is the combined rupture of these five different faults that would explain the L-shape of the reported macro-intensities and the observed travel-time and wave heights.

Objectives and method

Objectives Tsunami simulations performed in 100 m resolution grids of Anse Meunier (Martinique) led to confirm the hypothesis of the sediment transported by the 1755 teletsunami [START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF]. The dating of the deposits identified in the sediments cores of the north of the arc (Scrub Island, Anguilla Island, Anegada and Saint-Thomas) are compatible with the 1755 event and there is no other known tsunami dating from this time apart from the 1867 earthquake whose simulated tsunamis (Section 2.2) are not consistent with the deposits. However, hurricanes are very frequent in this region and could also lead to such deposition or an unknown local tsunami might have occurred and led to the deposition as well. We perform tsunami simulations of the 1755 event with two objectives: (1) to identify the most compatible source among the fault candidates for the 1755 earthquake presented in the literature;

(2) to verify if the modeled wave heights and run-up are indeed compatible with the observed deposits in Anguilla, Scrub and Anegada.

Method

We use a set of 8 imbricated grids, the two largest ones are presented in Figure 2.49 and the six finest ones in Figure 2.50. The largest one is a 2 km resolution grid encompassing the western and eastern Atlantic coasts in which the Boussinesq version of TAITOKO is performed. The finer grids are centered on the Lesser Antilles with resolutions of 500 m, 100 m, 30 m, 10 m and 1 m. Saint-Thomas and Anegada islands are modelled with 10 m resolution grids and Anguilla Pond and Scrub Lagoon with 1 m resolution grids. The tide amplitude in the region is around 1 m (+0.5 m and -0.5 m) and the reconstruction of the tide [START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF] shows that the tsunami probably reached the coast at a time of maximum tide amplitude of 0.5 m.

We take this into consideration and lower the grids by 0.5 m to adjust the sea level.

Sources We select and model six faults (Table 2.7 and Figure 2.49) among those suspected in the studies of [START_REF] Baptista | New study of the 1755 earthquake source based on multi-channel seismic survey data and tsunami modeling[END_REF], [START_REF] Zitellini | Source of 1755 Lisbon earthquake and tsunami investigated[END_REF], [START_REF] Grandin | Simulations of strong ground motion in SW Iberia for the 1969 February 28 (Ms = 8.0) and the 1755 November 1 (M 8.5) earthquakes -II. Strong ground motion simulations[END_REF] and [START_REF] Barkan | Far field tsunami simulations of the 1755 Lisbon earthquake: Implications for tsunami hazard to the U.S. East Coast and the Caribbean[END_REF], detailed in the previous section. The simulations for the rupture of each fault alone provide very small wave heights (not presented here) in coherence with the other studies. Indeed, most of the papers state that the rupture must have occurred along several fault systems to explain the intensity felt and the tsunami generated. Thus, we model different combinations of the six chosen faults and we present here the results of six sources (S6, S8, S9, S10, S12, S14) generating the highest tsunami waves. These sources, whose magnitudes range between 8.6 and 8.9, are detailed in 

Results

We present here the results obtained for models S6, S9, S10 and S12 which generate the highest waves. Models S8 and S14 generate smaller waves but they are kept as references and compared to the other four models only in Figure 2.52.

Maximum wave heights in the Atlantic Ocean

The maximum wave height maps of the Atlantic Ocean (Figure 2.51) show that waves generated in the near-field (African and European coasts) are very sensitive to the different model combinations.

The maps also show that the tsunami wave gains in amplitude along beams whose orientation and intensity change according to the source. However, these energy beams are mainly directed toward the Canadian and Guyana 's coasts and not toward the Antilles. As shown by [START_REF] Barkan | Far field tsunami simulations of the 1755 Lisbon earthquake: Implications for tsunami hazard to the U.S. East Coast and the Caribbean[END_REF], these beams directions are partly due to the bathymetry but also to the fault orientation. In our study, the orientation of the source is limited to that of the known faults of the area (Figure 2.7) and none of them generates beams of maximum amplitude toward the Antilles.

Tide-gages

The maximum wave heights maps obtained with the 10 m resolution grids (Figures 2.53 and 2.54) and the tide-gages signals (Figure 2.52) show that the waves generated by the six models present small differences in amplitude and arrival time chronology. They reach the islands after 7 to 8 hours of propagation which is consistent with the testimonies. Maximal amplitudes modeled are between 0.5 m and 1.5 m with tide-gages located at 500 m from the coast where the wave amplitude is generally lower than along the coastline. So, considering the coastal amplification, these values are consistent with the reported values of 1 m to 7 m (Figure 2.49).

For more precise simulation results along the coastlines, we refer preferentially to the maximum wave height and flood maps. Flood maps The differences between the modeled waves for each source combination are small but they are sufficient to provide discriminatory flood maps. Indeed, model S10 generates the only tsunami that reaches Scrub Lagoon deposits (Figure 2.53) that are separated from the sea by a sandy barrier of 1.5 m to 2.5 m height. Model S6 tsunami wave also barely invades the lagoon in its northern part but with much less intensity. The rest of the modeled tsunamis do not reach Scrub deposits. The run-up distances obtained in Anegada island (Figure 2.54) also show some small differences between the models, especially in the western half of the island where the deposits were identified. Again, simulations S10 and S6 provide slightly larger flooded areas but not where the deposits were found, which does not allow clear discrimination of the models there. The deposits are located in a marshy area, the northern coastline barriers of this area protect the northern deposit locations and are not over-flooded in any of the models. Model S10 tsunami waves seem to go over it at some narrow passages but it would hardly explain the observed deposits. Anguilla Pond and Saint-Thomas Magens Bay are flooded by all the models (Figure 2.53), which does not allow to discriminate them. Comparison of the models From the analysis of the tide-gages and the flood maps, the model giving the best results is model S10. Model S10 has a magnitude of 8.85, higher than the Mw8.6 of model S6 and the Mw8.7 of model S8, so it can explain why model S19 generated waves are higher than models S6 and S8 ones. However, models S12 and S14 have the same magnitude of 8.85 as in model S10 and yet generate much smaller waves. The weakest models S9, S12 and S14 all include in their fault combinations the SUB segment while the strongest models S6 and S10 only include the normal faults of Marques de Pombal and Gorring Bank. The rupture of the subduction plane does not participate in the amplification of the tsunami toward the Antilles. Model S8 with a magnitude (Mw8.7) higher than model S6 (Mw8.6) due to the addition of segment GA in its fault combination generates smaller waves. The segment GA that corresponds to the Guadalquivir Bank might have its importance at near-field but does not participate in the wave amplification toward the Antilles.

The segment GB that corresponds to the Gorringe Bank is the only segment that differentiates model S10 from models S9 and S8. The Gorringe Bank fault strongly participates in the amplification of the tsunami toward the Antilles.

Model S10 tsunami in the rest of the arc We extract the time-series obtained with model S10 in the 500 m resolution grid at the other locations where observations are reported (Figure 2.55). The modelled amplitudes of the waves are probably underestimated since the resolution is much lower than the previous tide-gages extracted from the 10 m resolution grids. Despite this, the maximal wave heights reach quite important values of 1.5 m in the eastern side of Saint-Thomas (deposits in a lagoon), 1.5 m to 2 m in Saint-Martin (4.5 m reported), 1.0 m in Antigua (3.6 m reported) and 0.7 m in Saint-Anne (3.2 m reported). From low-resolution to high-resolution grids, we can generally observe an amplification factor of 2 to 5 (which depends on the bathymetry), so considering this amplification, the values obtained on the 500 m grid are consistent with the observations.

Late arrivals or numerical reflections The results presented above only consider the wave arrivals up to 10 hours of propagation, but the simulations are performed for 14 hours and one major observation is the arrivals of very high waves after 11 hours and 13 hours (Figure 2.56). This is explained by the frequency dispersion that occurs for the waves when they cross very deep areas and the reflection of the tsunami wave on other coasts. The time-series maps of the wave propagation show this phenomenon of dispersion and a strong reflection of the tsunami on the Canadian coast that generate the peak in the Lesser Antilles after 13 hours. If we look at the tide-gauges records of the 2004 Sumatra tsunami [START_REF] Merrifield | Tide gauge observations of the Indian Ocean tsunami, December 26, 2004[END_REF], some of the farthest gauges (Port Elizabeth for example) show the arrival of the highest wave about 6 hours after the arrival of the first wave. The modeled 1755 tsunami waves have also similar amplitudes as the 2004 Sumatra so these late arrivals are not inconsistent. 

Conclusion

The main conclusion of this study is that the deposits dated from around 1755 Cal AC and identified in Saint-Thomas, Anegada, Anguilla and Scrub can be explained by the 1755 Lisbon tsunami. The modeled waves are not so high but they are sufficient to reach the lagoons and ponds with deposits. Considering the sediment deposits dating, the wide area they cover and the results of these tsunami simulations, it seems unlikely that another tsunamigenic earthquake or a major storm occurred at that time and produced these deposits. The results also allow to identify the faults that participate in the amplification of the waves toward the Lesser Antilles which are the Marques de Pombal (MP, MF), the Horse Shoe (HS) and the Gorringe Bank (GB) faults. The Guadalvir Bank (GA) and the subduction (SUB) faults probably due to their orientation do not participate in this amplification and have the opposite effect of attenuating the wave amplitudes. Finally, it is mechanically difficult to explain the simultaneous rupture of 5 or 6 faults some of them not connected and some others quite distant. The simplest earthquake scenarios are the most convincing ones and for this reason, additional models should be tested in order to identify the impact of each fault (Marques de Pombal, Horse Shoe and Gorringe Bank) separately. New Gorringe

Chapter 2. Simulation of four historical tsunamis of the Lesser Antilles Bank fault scenarii have been recently thought out and modeled, the simulations are on-going and they are expected to be more tsunamigenic.

Conclusion on the historical event results of simulation

The studies of these four historical events show the important contribution made by the tsunami simulation to the study of past events. Tsunami simulation results are complementary to the seismic and geodetic ones and allow approaching the subjects from another point of view. They especially bring more insight on the shallow rupture processes (2004 shallow rupture, 1867 multi-segment faults) that are less well constrained by the seismology field and have the most impact on tsunami generation.

For deeper or farther sources such as the 1843 and the 1755 earthquakes, the analysis is more challenging, especially because of the few associated observations. The results for these two events are preliminary, there is still work to be done and the future simulation results might bring more answers with regard to these earthquakes origins. However, these four studies also highlight limitations of the modeling and provides suggestions for improvement, with for example the development of a more complex surface deformation model or the use of stochastic approaches.

Chapter 3

Simulation of a middle-age earthquake and tsunami

This chapter is dedicated to the suspected 500 years old Pre-Colombian tsunami that occurred in the northern segment of the Lesser Antilles. It is in a separate section because it is the only one whose existence is not certain and its source completely unknown. The work done for this study has been possible thanks thanks to enriching and inspiring discussions with Maude Biguenet (LIENSs -EYTEM), Pierre Sabatier (EDYTEM) and Eric Chaumillon (LIENSs), sedimentologists from the CARQUAKES projects. Indeed, they analyzed these past years the sediment cores extracted from Anguilla and Scrub islands (during a campaign in 2017), which are presented here, on which the tsunami models are partly based. This interdisciplinary work led to the submission of an article to the journal Earth Science Review in September 2021. This chapter is a modified version of this article with additional results and discussions.

Introduction

The Lesser Antilles subduction zone is one of the most seismically quiet worldwide. The convergence rate between the North and South American and the Caribbean plates is low ( 2 cm/year) and most damaging earthquakes reported in the Lesser Antilles Arc in the last decades are either shallow crustal events, in the overriding plate or deep intraslab events [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF], Figure 1. No megathrust earthquake similar to the Sumatra 2004 or the Japan 2011 events was firmly documented in the historical record and none was associated with a huge tsunami. However, six large M7-8 class damaging earthquakes have been reported: on April 5 1690 near Barbuda (Ms 8.0), on February 8 1843 near Guadeloupe (Ms>8.0), on November 18 1867 near the Virgin Islands (Ms 7.2), on January 11 1839 offshore Martinique (Ms 7.8), on December 25 1969 offshore Guadeloupe (Mw=7.2) and on October 8 1974 near Antigua (Mw=7.5). Among them, the 1839 and 1843 events are strongly suspected to be interplate earthquakes [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF]. Whereas the 1867 Virgin Island earthquake generated an important tsunami with nearshore waves of about 10 m that devastated the closest islands (Sainte-Claire Deville, 1867; [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF], the 1843 one likely promoted a small tsunami only, with no damage reported in English bay in Antigua (Antigua Weekly Register, 1843; Sainte-Claire Deville (1843)). In the region, the historical catalog of telluric events only goes back to 1690 but increasing evidence of an older prehistoric event are identified in the geological records [START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF][START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF][START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF]. Pre Colombian sand deposits and coral boulders (dated from a period between 1200AD and 1500AD) were found along the coast and in several ponds in the northern part of the Lesser Antilles Arc (Anguilla) [START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF], in the Virgin Islands (Anegada and Saint-Thomas) [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF][START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF] and Puerto Rico (Donnelly and Woodruff, 2007) attesting for a main event in the area, possibly located on the northern portion of the trench. This segment of the subduction zone is strongly curved implying that the convergence is quasi frontal offshore Antigua and highly oblique offshore Puerto Rico (Figure 3.1). This generates an intense slip partitioning and strike-slip faults parallel to the trench in the prism and the arc. In addition, numerous oblique and normal faults (limiting deep basins) cut across the overriding Caribbean plate perpendicularly to the trench (Figure 3.1) and accommodate this main transition in convergence style [START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF][START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF][START_REF] Laurencin | The Bunce Fault and Strain Partitioning in the Northern Lesser Antilles[END_REF]. The very low slip deficit detected with GPS measurements along the plate interface [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF][START_REF] Van Rijsingen | Inferring Interseismic Coupling along the Lesser Antilles Arc: a Bayesian Approach[END_REF], suggests that the interface from Guadeloupe to Puerto-Rico is uncoupled at least at short time scale implying that this plate boundary is enabled to promote a large thrust event or may hold the characteristics of a very long seismic cycle [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. Identifying the source of this potential major Middle-Age and Pre-Colombian event is crucial to better understand the seismic cycle of this plate interface and the seismic hazard associated. Here, we 1/ review sedimentary evidence of this pre-Columbian tsunami in the Lesser Antilles, 2/ list all the potential faults that could trigger an earthquake in the area encompassing the three islands of Anguilla, Anegada and Saint-Thomas 3/ perform tsunami simulations using high-resolution grids, and 4/ use run-up models to compare the simulated wave heights with all the deposits locations heights to conclude on the most probable source and magnitude of this event. 

Sediment records of a Pre-Colombian tsunami

Recently, the study of five sediment cores sampled in the islands of Anguilla and Scrub during a fieldwork in March 2018 revealed the presence of a 1200-1500 cal yr CE tsunami [START_REF] Biguenet | Sedimentary records of tsunamis and hurricanes in the Lesser Antilles[END_REF] coeval both with a Pre-Colombian tsunami deposits found farther north in the Virgin islands (in Anegada and Saint-Thomas) [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF][START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF] and with evidences of extreme marine submersion events in Saint-Martin, Antigua, Culebra, Jamaïca, the ABC islands and further places [START_REF] Bertran | Paléoclimat des Petit Antilles depuis 4000 ans BP: l'enregistrement de la lagune de Grand-Case à Saint-Martin[END_REF][START_REF] Malaizé | Hurricanes and climate in the Caribbean during the past 3700 years BP[END_REF][START_REF] Wells | Plantation Soilscapes: Initial and Cumulative Impacts of Colonial Agriculture in Antigua, West Indies[END_REF]; Bain 

Anguilla and Scrub

Anguilla Island displays an asymmetric geomorphology with a very steep northern coast with 10 to 20 meters high cliffs and a low-lying southern coast along which were several ponds developed (Figure 3.5). Eastward, the small Scrub Island has a more gentle topography with pocket beaches and several ponds and lagoons. Numerous boulders, clasts and sand layers, were detected all along the coast of Anguilla and Scrub islands and were inferred to be tsunami deposits ( [START_REF] Scheffers | New evidence and datings of Holocene paleo-tsunami events in the Caribbean (Barbados, St. Martin and Anguilla)[END_REF]). The analysis of the three and two cores sampled in Anguilla (Long Pond, [START_REF] Biguenet | Sedimentary records of tsunamis and hurricanes in the Lesser Antilles[END_REF]) and in the western most lagoon of Scrub [START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF] revealed the presence of 1364-1469 and 1471-1643 cal yrs CE old tsunami deposits. Anguilla Long Pond and Scrub Lagoon are separated from the sea respectively by 2-3 m and 3-4 m high barriers (Figure 3.5), which are therefore the minimum heights of the extreme waves that generated these deposits.

Anegada

Anegada is also a low-lying limestone island on which many salt-ponds have developed.

Enormous amounts of scattered clasts were identified those last years mainly on the north part the Island [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] with more than 200 coral boulders (brain corals and other coral species), limestone slabs, limestone boulders and cobbles. Some of them were found 1 to 2 km inland and most of the boulders (whose diameter range between 0.3 m and 2.7 m) were found several meters above sea level behind 2-6 m high ridges (Figure 3.6). Radiocarbon ages obtained from 36 clasts (corals, valves, shells) associated to a main sand sheet yield the range of 1000-1500 cal yrs CE, and the radiocarbon ages obtained from 16 brain corals correspond to a period of 1200-1480 cal yrs CE, a period also indicated by the age of the brain coral clasts, conch shells, and by the youngest of the lucine ages. This 1200-1480 time window likely applies to initial emplacement of the inland fields of scattered limestone boulders and cobbles. Another sand and shell sheet is bracketed by radiocarbon dating and historical evidence in the range 1650-1800 cal yr CE. The flooding in 1650-1800 is associated with the tsunami of Lisbon in 1755, the waves may have risen gradually against beach ridges of the north shore without transporting coarse clasts from the reef and merely reworked the, already in place, smaller limestone clasts. This overwash event was much less powerful than the 1200-1480 Pre-Colombian one which likely resulted into the entrainment of coral clasts and mollusks from the fringing reef including 0.3 m to 2.7 m diameter coral boulders, into the abundant breaching of beach ridges and into a flow that probably crossed the island from north to south reaching heights of at least 4 m and deposited of a sandy fan with clasts and shells near the south shore. The origin of this event is unsure, it was either a tsunami of nearby origin or an unusual storm but its impact at Anegada largely exceeded any overwash event that may have occurred in the last 500 years, even the 1755 one.

Saint-Thomas

Sediment cores sampled in four coastal ponds and one mangrove on Saint-Thomas Island [START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF] showed five unusual overwash deposits (Figure 3.7). Their mixed composition (marine and lacustrine), the erosional contacts, the fining upward sequences and sometimes the presence of a mud cap are interpreted by the authors as evidence of tsunami deposits. In comparison with other overwash layers showing sharp but not erosive contacts or only lacustrine composition and that are interpreted as storm deposits. The tsunami deposits are composed of mixed lithic and carbonate sand, marine shell, coral boulders and fragments. One of them is dated between 1200 and 1450 cal yrs CE and has been identified at all the five studied sites covering a 25 km long and 10 km large area, suggesting that it had a significant impact [START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF]. Moreover, the five ponds are separated from the sea by 2 m high barriers (Figure 3.7), the minimum height of the waves that impacted the island at that time. 
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Chapter 3. Simulation of a middle-age earthquake and tsunami

Tsunami or storm deposits and discontinuities

Other Pre-Colombian traces of extreme overwashes have been identified in the surrounding islands of Culebra, Saint-Martin, Antigua and Barbuda. Their origin (storm or tsunami) is uncertain but in the light of new finding from sediment cores in the Virgin Islands, it cannot be excluded that they may correspond to the same Pre-Colombian tsunami.

Culebra Three cores of sediment were sampled in Big Culebrita Salt Pond, a pond located on the northwestern tip of Culebra Island [START_REF] Donnelly | Evidence of past intense tropical cyclones from backbarrier salt pond sediments: A case study from Isla de Culebrita, Puerto Rico, USA[END_REF], Figure 3.2). Several layers were interpreted as storm deposits, but the authors do not exclude the possibility of tsunami deposits. One layer, above another 692-793 cal yrs BP old one is particularly thick (15-20 cm) and presents abrupt contacts with the underlying and overlying layers. It is made of sandy shell and was observed on the three cores. The clay around this layer was apparently reworked during its deposition. Using Calib 8.2 Marine20 calibration curve, we obtained a maximum age of 1100-1300 cal yrs CE for this deposit.

Saint-Martin Many transported boulders were identified along the coastline of Saint-Martin, the largest one being located on the westernmost peninsula at 6 m above sea level [START_REF] Scheffers | New evidence and datings of Holocene paleo-tsunami events in the Caribbean (Barbados, St. Martin and Anguilla)[END_REF]. However, most of the tsunami traces (boulders and sand deposits) are located on the opposite eastern shore, on a small island at the entrance of Baie de l'Embouchure. Three cores were sampled in a pond located in the northern part of the island [START_REF] Bertran | Paléoclimat des Petit Antilles depuis 4000 ans BP: l'enregistrement de la lagune de Grand-Case à Saint-Martin[END_REF][START_REF] Malaizé | Hurricanes and climate in the Caribbean during the past 3700 years BP[END_REF] and chronology on those sediments yielded ages between 1000 and 1800 cal yr CE.

The sedimentological evidence supports a storm origin for most of the deposits but the authors do not exclude that some sand layers correspond to tsunamis.

Antigua In Antigua, a core was sampled in the Nonsuch Bay, on the north-eastern coast [START_REF] Wells | Plantation Soilscapes: Initial and Cumulative Impacts of Colonial Agriculture in Antigua, West Indies[END_REF]. One coarse sand layer with microshells and high sodium content contrasts with the rest of the core, mainly composed of clay and volcanic ashes. The authors suggest that a storm surge was responsible for this unique coarse sediment layer. This layer lies in between two layers dated at 295 and 600 Cal yr BP and correspond approximately to the range of 1350-1655 cal yrs CE, a period which fit that of the Pre-Colombian tsunami.

Barbuda Samples and sediment cores were collected in Barbuda in 2010 [START_REF] Bain | Report Archaeobotany, Palaeoclimatology and Archaeoentomology of the Barbuda Historical Ecology Project 2010 Season[END_REF][START_REF] Bain | Landscape Transformation During Ceramic Age and Colonial Occupations of Barbuda, West Indies[END_REF][START_REF] Burn | A sediment-based reconstruction of Caribbean effective precipitation during the 'Little Ice Age' from Freshwater Pond, Barbuda[END_REF]. From the core analysis, the authors do not mention the possible occurrence of a tsunami [START_REF] Burn | A sediment-based reconstruction of Caribbean effective precipitation during the 'Little Ice Age' from Freshwater Pond, Barbuda[END_REF]. However, based on historical, archeological and archaeobotanical studies and the analysis of charcoal concentration in the sediments, the authors proposed that the island was abandoned around a date between 1300 and 1500 cal yrs CE [START_REF] Bain | Landscape Transformation During Ceramic Age and Colonial Occupations of Barbuda, West Indies[END_REF]. This could be linked to the impact or devastation of the island by an extreme event like a tsunami.

Regional picture

Overwash deposits have also been identified in Curaçao, Bonaire and Aruba (Figure 3.2), 3 islands southwest of the Lesser Antilles arc [START_REF] Scheffers | Paleotsunami in the Caribbean: field evidences and datings from Aruba, Curaçao and Bonaire[END_REF][START_REF] Radtke | Electron spin resonance and radiocarbon dating of coral deposited by Holocene tsunami events on Curaçao, Bonaire and Aruba (Netherlands Antilles)[END_REF][START_REF] Morton | Reconnaissance investigation of Caribbean extreme wave deposits -preliminary observations, interpretations, and research directions[END_REF][START_REF] Engel | Tsunami deposits of the Caribbean -Towards an improved coastal hazard assessment[END_REF]. Those debris, made of boulder fields, rampart formation and ridges, are present on the northeastern coast of the three islands and reach 8 to 12 m above sea level and 400 m inland. Ages of 43 samples 3.3. Possible sources of tsunami 127 yielded three main time units, one of them corresponding to an age around 1250 and 1650 cal yr CE that matches the 1200-1500 cal yr CE period. The nature of the event is debated, several authors favor the tsunami hypothesis (? [START_REF] Engel | Bonaire's boulder fields revisited: evidence for Holocene tsunami impact on the Leeward Antilles[END_REF], but other argue that storm waves would be sufficient to explain the deposits [START_REF] Morton | Coarse-Clast Ridge Complexes of the Caribbean: A Preliminary Basis for Distinguishing Tsunami and Storm-Wave Origins[END_REF][START_REF] Spiske | The role of porosity in discriminating between tsunami and hurricane emplacement of boulders -A case study from the Lesser Antilles, southern Caribbean[END_REF]. On the other side of the Caribbean Sea, 15 sediment cores were sampled in a pond of the southeastern coast of Jamaica [START_REF] Palmer | A multiproxy analysis of extreme wave deposits in a tropical coastal lagoon in Jamaica, West Indies[END_REF]. One washover unit dated from 1290-1400 cal CE was identified in 13 cores, the origin is unclear, but the hypothesis of a tsunami is not excluded by the authors. The strongest tsunamigenic earthquakes of those last decades have shown that a tsunami can propagate and conserve high amplitudes far away from its source. Aruba, Bonaire, Curaçao and Jamaica are located 300 to 500 km away from the northern part of the Lesser Antilles arc, it is reasonable to assume that a major tsunami generated on the arc could propagate that far away. However, it is not evident that it could conserve sufficient energy to displace the observed amount of sediment. The graphic presented in Figure 3 gathers all the tsunami traces of the Lesser Antilles described above. The possible paleo tsunamis identified in this region for the past millennia are few. The traces found in Saint-Thomas, Anegada and Anguilla are very close in time and in space. They could be related to one same major tsunami, but the sediment chronology provides a total period (blue shade in Figure 3.3) ranging between 200 to 300 years so the hypothesis of several tsunamis occurring during this period should also be considered. In both hypotheses, tsunami simulations can be used to identify the possible sources from the fault systems of the arc capable of producing the observed impact in near and far field.

Possible sources of tsunami

The deposits in Anguilla, Anegada and Saint-Thomas are suspected to be associated with a major tsunami which can have multiple origins. Indeed, the northern part of the arc is affected by several major active tectonic features which are possible sources for such a tsunami. There is the subduction zone with the Puerto Rico trench associated faults, the Anegada passage composed of several grabens and normal faults perpendicular to the arc and several additional intra-arc fault systems in between the islands (Figure 3.1).

The intra-arc fault systems

The Lesser Antilles inner-arc displays two fault sets: (1) one group of trench-perpendicular normal faults along the eastern edge of the arc accommodates the trench parallel extension and (2) a set of en-echelon normal faults between Les Saintes and Redonda that accommodates left-lateral transtension [START_REF] Feuillet | Sismotectonique des Petites Antilles : Liaison entre activité sismique et volcanique[END_REF][START_REF] Feuillet | Arc parallel extension and localization of volcanic complexes in Guadeloupe, Lesser Antilles[END_REF]Feuillet et al., , 2011a)).

The relative plate convergence along the Antilles subduction zone is known to be smaller than that of other subduction systems with a slip-rate of 19 mm/yr [START_REF] Demets | GPS geodetic constraints on Caribbean-North America Plate Motion[END_REF][START_REF] Mann | Oblique collision in the northeastern Caribbean from GPS measurements and geological observations[END_REF]. There is no accurate measurement of the slip-rate along the inner-arc fault system but it is estimated to be around a few mm/yr [START_REF] Leclerc | Interactions between active faulting, volcanism, and sedimentary processes at an island arc: Insights from Les Saintes channel, Lesser Antilles arc[END_REF]. Given these active faults are 20-50 km long, they are potential sources of M>6 earthquakes and the slip-rate is sufficient to consider the occurrence of such intra-arc earthquakes as seriously as the occurrence of a megathrust earthquake along the subduction plate boundary. The historical seismicity is indeed greater in the intra-arc fault systems than along the subduction contact, with several tsunamigenic earthquakes recorded in history. The 1867 earthquake of M7.0 in the Virgin Island generated a consequent tsunami in the closest islands, with 10 m waves reported [START_REF] Reid | The Virgin Islands earthquakes of 1867-1868[END_REF], occurring along some shallow normal fault systems. Similarly, the Roseau normal fault system south of Guadeloupe ruptured in 2004 and generated a tsunami in Les Saintes Island, smaller than the 1867 one but still consequent for a M6.3 earthquake. Those events show the tsunami potential of the Lesser Antilles intra-arc fault systems, it motivated us to start the study with the hypothesis of a tsunami generated by a local shallow normal fault before the mega-thrust earthquake hypothesis. The seafloor images of the Lesser Antilles northern segment reveal numerous traces of faults reaching the surface, structuring the carbonate plateforms and cutting through the islands [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF][START_REF] Styron | CCAF-DB: the Caribbean and Central American active fault database[END_REF]. Half of those faults are perpendicular to the arc, segment the eastern side of the carbonate plateform and create seaward facing sharp reliefs. Among them, the set of faults associated with the Anegada passage is an important source of potential ruptures including the 1867 earthquake one. This passage is cutting through the arc from the Whiting Basin at the limit of Puerto Rico micro-plate to the Sumbrero Basin where the subduction front reaches its maximum curvature [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]. It has a great influence on the dynamic of the arc evolution and is an active feature of the area. The other half of the intra-arc faults have a northwest-southeast orientation, generally parallel to the arc, located in between the islands or crossing them (Feuillet et al., 2011a,b).

Those faults are 30 to 50 km long with a dip oriented either to the northeast or the southwest.

The subduction zone

The subduction beneath the Lesser Antilles arc displays heterogeneous characteristics from the northern to the southern end. The seismogenic zone reaches depth of around 60-65 km [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF][START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF][START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF] with a shallow interplate seismicity observed from depth of about 10 km [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF]. In the upper most 30 km the slab dips at around 10°in the north and 15°in the central part of the arc. Between 30 and 50 km, it dips at 20°and below 50 km depth, it dips at 40-50° [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF][START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF][START_REF] Bie | Along-Arc Heterogeneity in Local Seismicity across the Lesser Antilles Subduction Zone from a Dense Ocean-Bottom Seismometer Network[END_REF]. The seismicity is heterogeneous along the arc with some seismic gaps in particular along the segment between Anguilla and Barbuda (McCann and Sykes, 1984). The geodetic studies suggest a very low coupling along the subduction interface [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF][START_REF] Calais | Plate boundary segmentation in the northeastern Caribbean from geodetic measurements and Neogene geological observations[END_REF] meaning that no strain accumulates during the interseismic period at plate interface to be released during a future earthquake. However, this coupling rate is estimated over a short period with geodetic instruments and this may be different over longer period of time (several decades and centuries) as inferred from coral microatoll studies [START_REF] Weil-Accardo | Two hundred thirty years of relative sea level changes due to climate and megathrust tectonics recorded in coral microatolls of Martinique (French West Indies)[END_REF] 20th-century strain accumulation on the Lesser Antilles megathrust based on coral microatolls, 2022). Moreover, two earthquakes in 1839 and 1843, of an estimated magnitude larger than 8, are already suspected to have occurred on the interface.

Intraslab earthquakes

Intermediate-depth intraslab earthquakes have been identified in several subduction zones [START_REF] Hasegawa | Seismic imaging of slab metamorphism and genesis of intermediate-depth intraslab earthquakes[END_REF] like Tohoku and Cascadia and associated with dehydration processes. Cascadia is particularly interesting because of its similarities with the Antilles arc: slow subduction zone with a small dip angle. Moreover, dehydration processes have been identified in the southern part of the arc [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF] so the hypothesis of similar processes in the northern segment that would lead to a fault rupture in the slab would not be so surprising. The subduction of fractured 3.4. Method features and reliefs alongside a slab was correlated to intermediate depth seismicity variation in Peru and Vanuatu [START_REF] Kumar | Seismicity and state of stress in the central and southern Peruvian flat slab[END_REF][START_REF] Baillard | Tracking subducted ridges through intermediate-depth seismicity in the Vanuatu subduction zone[END_REF]. Reliefs like oceanic ridges (DER in Vanuatu) present dense fracture systems which favor the hydration of the crust prior to subduction. Along the Antilles subduction, the prolongation of Barracuda ridge corresponds to another ridge named the Main Ridge in the northern tip of the arc. If the subducted ridge actually continues between those features, then it should be located at around 25-30 km depth and 150 km distance from the trench. The hydration of the Barracuda Ridge has not been studied but the subduction of this relief represents another potential source of earthquake.

Puerto Rico Trench and Main ridge

In the northern segment of the Lesser Antilles arc, west of Mona Passage and Puerto Rico, the underthrusting of the Main Ridge at the tip of the most curved part of the subduction form a complex tectonic zone with changes in fault system trends (DeMets and [START_REF] Demets | Relative motions of the Pacific, Rivera, North American, and Cocos plates since 0.78 Ma[END_REF][START_REF] Grindlay | Researchers investigate submarine faults north of Puerto Rico[END_REF][START_REF] Grindlay | Neotectonics and subsidence of the northern Puerto Rico-Virgin Islands margin in response to the oblique subduction of high-standing ridges[END_REF]. The convergence between the two plates is compensated by the presence of the strike-slip Bunce fault which runs along the trench and the Bowin fault which borders the Main Ridge. The Bowin fault is composed of one thrust fault and one back-thrust fault on both side of the ridge. This segmented fault system displays a strong reverse component with a steep dip of 60° [START_REF] Grindlay | Neotectonics and subsidence of the northern Puerto Rico-Virgin Islands margin in response to the oblique subduction of high-standing ridges[END_REF][START_REF] Brink | Vertical motions of the Puerto Rico Trench and Puerto Rico and their cause[END_REF] and represents a potential tsunamigenic source. In addition, seismic profiles highlight important outer-rise normal faults that bound large blocks rotated by the collapse of the trench floor (ten [START_REF] Brink | Vertical motions of the Puerto Rico Trench and Puerto Rico and their cause[END_REF]. Bathymetric data of the northern segment of the Antilles arc [START_REF] Andrews | Bathymetric terrain model of the Puerto Rico trench and the northeastern Caribbean region for marine geological investigations[END_REF] reveal multiple fault scarps of 50 to 100 km length slightly oblique along the trench north-east of the Main Ridge They also represent serious candidates of tsunamigenic source already considered in the study of Anegada's tsunami deposits [START_REF] Buckley | Inverse modeling of velocities and inferred cause of overwash that emplaced inland fields of boulders at Anegada, British Virgin Islands[END_REF][START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF].

One or several earthquakes?

As presented in the previous part, several islands of the arc present tsunami deposits dated from the same period. However, we were not able to ensure that all those traces had the same origin. Thus we decided to model sources with a potential regional tsunami impact such as mega-thrust subduction fault but also fault candidates with a potential of a more localized tsunami impact that might not reach all of the three islands such as intra-arc normal faults. We considered for this study all the potential seismic sources in the region surrounding Anguilla, Anegada, Saint-Thomas and described above. They are divided into two categories: the normal shallow faults (intra-arc fault systems, outer-rise faults, wedge faults. . . ) and the subduction thrust faults (Figure 3.10, Figure 3.8, Figure 3.9). ). The high resolution of those later grids enables the simulation of the run-up where tsunami deposits have been identified. 23 imbricated bathymetric grids were defined in order to cover the whole studied domain. The mother grid is a 450 m resolution grid from the 2020 Gebco database. An intermediate grid of 100 m resolution from the SHOM database covers the area of Anguilla, Saint-Martin and Saint-Barthélemy. Another 100 m resolution grid from the SHOM database covers Guadeloupe Island. A 50 m resolution grid from the NOAA database covers the Virgin Islands. This study is focused on the three areas of the Lesser Antilles where most of the ∼1500 cal yr CE deposits have been identified: Anguilla, Scrub, Saint Thomas and Anegada islands. A set of 1 m and 5 m resolution grids were built based on LIDAR data and DEM on each of those 3 places. The high resolution of those later grids enables the simulation of the run-up where tsunami deposits have been identified.

Method

Coastal wave height and run-up

The high-resolution grids correspond to the present-day topography of the islands. In many locations, the continent is separated from the sea by sediment barriers that could have been built up or eroded by tsunamis or hurricanes that struck the area those past 500 years. Most of the dated deposits considered in this study are located in lagoons. Those lagoons are separated from the sea by sediment barriers (Figures 3.5,3.6 and 3.7) that are generally 1 to 10 meters high. Obviously, the topographic barriers have changed during the last 500 years. Given these uncertainties on preexisting topography, we extracted the wave height modeled offshore at the base of the sediment barriers before any run-up calculations. We compare those offshore wave height values to the minimal wave height needed for the tsunami to overwash the barrier close to each sediment record used in this study.

Calculation of a correlation coefficient

The interpretation of all the fault models results are presented in Figure 3.12. The correlation coefficient represents the "goodness of fit" of the simulated wave heights compared to the topographic heights (sand barriers, cliff...) associated to each tsunami deposit. The correlation coefficients presented in Figure 3.12 are calculated for the 3.4. Method 131 results of maximum water height (offshore) reached after 2 hours of simulation. The coefficient corresponds to the comparison of the modeled water heights (hw) to the observed coastal heights (hc) for all the studied sites. The final correlation coefficient is the mean value of this ratio (hw/hc) with the value for each site (s) and the total number of sites (N) :

Cw = ( S h ws h cs )/N (3.1)
In the upper graphic in orange (histograms a of Figure 3.12), the coefficient is calculated using all the sites of this study. In the lower graphic in blue shades (histograms b of Figure 3.12), the coefficient is calculated using only the sites on one of the three islands. The Anguilla's sites in medium blue (Cwang), the Anegada's sites in dark blue (Cwane) and the Saint-Thomas sites in light blue (Cwtho).

Cw ane = ( Sane h ws h cs )/N ane (3.2)
The analysis of the results independently on each island enables us to interpret the results with the hypothesis of the occurrence of not one but several tsunamis during this period of time. 

Fault models

The fault model parameters were chosen firstly considering the tectonic and known geological structures of the mechanism of Antilles historical earthquakes. In addition, in order to have more realistic ranges of parameters for modeled ruptures, we looked at historical earthquake mechanisms from other subduction zones in the world.

Intra-arc normal fault models

In order to generate a consequent tsunami wave, we decided to model sources of a magnitude between 7 and 8 depending on their length. Intra-arc earthquakes of this magnitude are not frequent but are documented on other subduction zones. In New Zealand, the 2016 Kaikoura earthquake [START_REF] Ulrich | Dynamic viability of the 2016 Mw 7.8 Kaikōura earthquake cascade on weak crustal faults[END_REF] reached a magnitude of 7.8 with a major ruptured segment of 60-80 km long and 20-30 km large and a slip range of 0 to 10 m. In Chili, a quite important number of crustal earthquakes occurred along the subduction zone [START_REF] Santibáñez | Crustal faults in the Chilean Andes: geological constraints and seismic potential[END_REF] like the Pichilemu earthquakes of Mw6.9 and Mw7.0 in 2010 [START_REF] Farías | Crustal extensional faulting triggered by the 2010 Chilean earthquake: The Pichilemu Seismic Sequence[END_REF] or the Pisagua earthquake of 2014.

Those events are all located at depth between 5 and 20 km, with a fault width of approximately 10 to 20 km and a slip of 2 m [START_REF] Santibáñez | Crustal faults in the Chilean Andes: geological constraints and seismic potential[END_REF]. In North America, the Cascadia earthquake that occurred in 1946 [START_REF] Rogers | A second look at the British Columbia earthquake of June 23, 1946[END_REF] was a crustal earthquake of Mw7.2 generated by a fault of 50-70 km long, a 25-35 km wide, at a depth of 10-40 km and an estimated slip of 2 m. Finally, some crustal earthquakes also occurred along the subduction zone of Indonesia [START_REF] Hurukawa | Earthquake History of the Sumatran Fault, Indonesia, since 1892, Derived from Relocation of Large Earthquakes[END_REF][START_REF] Rusydy | Shallow crustal earthquake models, damage, and loss predictions in Banda Aceh, Indonesia[END_REF] with length of 60 to 150 km and depth of 15 km. Intra-arc normal fault lengths around Anguilla vary between 80 to 100 km and display steep dip angles (45°-50°) with alternating northwest-dipping and southeast-dipping mechanisms. Based on the tectonic features of the area presented in section III (Figure 1) and the law of Chapter 3. Simulation of a middle-age earthquake and tsunami [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF] that links the moment of the earthquake to the rupture area, the slip and the rigidity of the medium, we built 16 intra-arc fault models (Figure 3.9). The width, depth, dip angle, strike angle and slip were fixed for all the models respectively to 20 km, 8.8 km, 45°, -90°and 2 m (Figure 3.10), a rupture that spread from 15 km deep to the surface, in the most brittle part of the crust. The only varying parameters of those models are the length, the position and the rake angle, all chosen based on bathymetric and seismic data. Those 16 models correspond to the maximized but realistic rupture scenario associated with each fault.

Subduction thrust fault models

The arc is curved with a maximum angle accompanied by a shallower slab in the northern part [START_REF] Laurencin | The Bunce Fault and Strain Partitioning in the Northern Lesser Antilles[END_REF]. The convergence obliquity is of 30°in the south of the arc and increases northward to more than 70°generating a left lateral motion that is compensated by a 535 km long strike-slip fault: the Bunce Fault (ten [START_REF] Brink | New Seafloor Map of the Puerto Rico Trench Helps Assess Earthquake and Tsunami Hazards[END_REF][START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]. This fault likely delimits the internal and external parts of the accretionary prism, it is penetrating the prism until the top of the dipping plate [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]. The rooting of this fault on the subduction contact under the prism could be a limit to the rupture propagation in a scenario of the accretionary prism earthquake. The trace of the Bunce fault is located between 20 and 30 km westward of the trench [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF] and it likely joins the slab at a depth of 3.5 km considering a dip of 10°. Then a rupture from the trench surface to the Bunce fault root should have a width of 20 km. The subducting slab presents important topographic features that are the Tiburon, Barracuda and Saint-Lucia ridges. They generate a deformation of the accretionary wedge and likely affect the segmentation of the subduction contact. The segmentation of the subduction zone properties can have an impact on the rupture propagation along the contact or should be included in the choice of mega-thrust fault models. We limited the study to the northern half part of the subduction. The Barracuda ridge subduction is located eastward of Antigua and Guadeloupe at the end of the north curvature of the arc and can be considered at a first limit of segment. The Anegada passage joining the trench at the maximum of the arc curvature is another key feature that likely affects the segmentation. Using those tectonic features, we created 6 mega-thrust fault models: 2 models (MT1 and MT2) dividing the north arc on 350 km long segments and 4 models (T1,T2,T3,T4) subdividing it on 200 km long segments (Figure 3 

Wedge fault models

Another possibility of tsunamigenic earthquake is the rupture of the subduction contact behind the accretionary prism [START_REF] Wang | Accretionary prisms in subduction earthquake cycles: The theory of dynamic Coulomb wedge[END_REF]. The magnitude of this type of events is smaller than a mega thrust earthquake but the combination of the very shallow location and the fault mechanism can generate a consequent tsunami.

The Mentawai earthquake of 2010 with a Mw7.8, occurred behind the accretionary prism and generated 5-10 m waves along the closest coasts [START_REF] Hananto | Tsunami earthquakes: Vertical pop-up expulsion at the forefront of subduction megathrust[END_REF]. The Mentawai earthquake seismologically determined coseismic slip was higher than 10 m for a dip of 6° [START_REF] Hananto | Tsunami earthquakes: Vertical pop-up expulsion at the forefront of subduction megathrust[END_REF]. Some joint inversions [START_REF] Yue | Rupture process of the 2010 M W 7.8 Mentawai tsunami earthquake from joint inversion of near-field hr-GPS and teleseismic body wave recordings constrained by tsunami observations[END_REF] yielded models of a 100 km long and 5 km wide surface patch with 23 m of maximum slip in addition to other deeper patches of rupture. Based on the example of the Mentawai earthquake parameters and the Antilles prism characteristics, we selected a maximizing scenario of a 100*20 km wedge fault rupture with a slip of 20 m corresponding to a magnitude Mw8.0 earthquake. This model of rupture was simulated on 3 locations along the trench facing Anguilla and the Virgin Islands (W1,W2,W3; Figure 3.9, Figure 3.10).

Intraslab faults

Based on the known intraslab earthquake rupture models [START_REF] Hasegawa | Seismic imaging of slab metamorphism and genesis of intermediate-depth intraslab earthquakes[END_REF], the geometry of the slab, the position of the subducted ridge and existing faults along the Barracuda Ridge and Main Ridge, we modeled two rupture scenarii (IS1 and IS2). They are localized at 40 km depth under Anegada and Anguilla Islands and have a magnitude of Mw7.5 for a 50*20 km plane with 5 m slip (Figure 3.9, Figure 3.10).

Puerto Rico trench Outer-Rise and Ridge faults

Two segments lying around the Main Ridge identified in the bathymetric data and seismic profiles can be modeled [START_REF] Grindlay | Neotectonics and subsidence of the northern Puerto Rico-Virgin Islands margin in response to the oblique subduction of high-standing ridges[END_REF][START_REF] Brink | Vertical motions of the Puerto Rico Trench and Puerto Rico and their cause[END_REF]: a south-west dipping 40 km-long for 20 km-wide segment north of the ridge (R1) and a northdipping 50 km-long for 20 km-wide segment, south of the ridge (R2) (Figure 3.9). With an average slip of 5 m, a maximizing value for crustal earthquakes, the two fault models have a magnitude of 7.3 and 7.4 respectively (Table 3.10). Similar faults have been identified in the Hikurangi subduction zone with 60°dipping faults that generated sequences of earthquakes (Robinson 1994). As elsewhere Magnitude Class 8 Outer-Rise earthquakes may occur in the Lesser Antilles. Those events are mainly characterized by normal faulting mechanisms [START_REF] Craig | A reassessment of outer-rise seismicity and its implications for the mechanics of oceanic lithosphere[END_REF] [START_REF] Harada | A deep outer-rise reverse-fault earthquake immediately triggered a shallow normal-fault earthquake: The 7 December 2012 off-Sanriku earthquake (M W 7.3)[END_REF]), but also the less known Mw8.4 Sanriku (Japan) earthquake in 1933 and Mw8.3 Sumbawa (Indonesia) earthquake in 1977, generated tsunami waves reaching heights of respectively 1 m, 28 m and 6m. The bathymetry [START_REF] Buckley | Inverse modeling of velocities and inferred cause of overwash that emplaced inland fields of boulders at Anegada, British Virgin Islands[END_REF][START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] and seismic imaging [START_REF] Marcaillou | Pervasive detachment faults within the slow spreading oceanic crust at the poorly coupled Antilles subduction zone[END_REF] 3.10). 

Results

Thirty-five tsunami simulations were performed for this study. We choose here to focus on the 11 faults (W2, T1, T2, T3, T4, IT2, OR1, OR2, OR3, OR4, OR5) that generate the strongest tsunami simulation in each fault category. The maximal wave heights recorded offshore (close to deposit location) for the three islands are presented in Figure 3.11. The interpretation of the 35 fault models results are presented in Figure 3.12. Calculations of the correlation coefficients are explained in the Method (Part IV). They represent the "goodness of fit" of the simulated wave heights compared to the height and position of the tsunami deposits and they are used to have a quantified evaluation of the consistency of each model. Figures 3.13 and 3.14 present in details the maximum water height maps of Anguilla, Scrub, Anegada and Saint-Thomas obtained respectively for models T2 and OR3. Figure 3.16 show the results of run-up on the islands of Anegada and Scrub with four profiles of maximum water heights and flow velocities obtained for models T1, T2, OR1, OR2, OR3 and OR4.

Analysis of simulation results on Anguilla and Scrub Islands

The tsunami simulations on the area of Anguilla and Scrub were performed on 5 mresolution grids and the two lagoons where sediment cores were sampled are mapped with 1 m-resolution grids. We extracted the values at the coordinates of the two ponds where tsunami deposits have been identified [START_REF] Biguenet | Sedimentary records of tsunamis and hurricanes in the Lesser Antilles[END_REF][START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF]. In Figure 3.11, Scrub1 gage is located in Scrub bay, next to the lowest sand barrier's topographic height (northern part) and Scrub2 gage is located in the bay in front of the central part of the barrier. Ang1 gage is located next to the entrance of Long Pond. The five outer-rise models (OR1, OR2, OR3, OR4 and OR5) generate tsunami wave heights at the limit or just above the barriers heights as it can be seen on Figure 3.11b (where the blue curves are below the black topographic threshold). The water height map of Anguilla and Scrub obtained with the fault model OR3 (Figure 3.14) show that the wave passes the sand barrier of Scrub and barely floods the lagoon but does not flood Anguilla's one. The resulting correlation coefficients (Figure 3.12) are not the highest one but are still good. The mega-thrust fault models T2 and T3, which correspond to the trench segments in front of Anguilla and Scrub islands, generate wave heights of 5 to 10 m (Figure 3.11a where the brown and orange curves are above the black topographic threshold) along the coast and largely exceed the topographic threshold. The correlation coefficients are very high compared to the rest of the models (Figure 3.12). The mega-thrust T1 and T4 models, the most distant ones, generate a smaller tsunami. The water height map of Scrub obtained with the fault model T2 (Figure 3.13) shows that the waves largely pass the sand barrier of Anguilla Long Pond and Scrub Lagoon but also reach Scrub Lagoon from the other side of the island through a low topographic path. The intra-arc (F1, F2. . . F14), intra-slab (IS1, IS2), ridge (R1, R2), wedge (W1, W2, W3) and deep inter-plate (IT1, IT2) provide wave height too small to pass the topographic threshold (Figure 3.11) and to reach tsunami sediment records, as shown on Figure 3.12 (medium blue color in histogram b) with very low correlation coefficients for Anguilla and Scrub.

Analysis of simulation results on Anegada Island

The tsunami simulations on Anegada were performed on a 5 m resolution grid with synthetic record of the waves on four locations along the north coastline (Ane1, Ane2, Ane3, Ane4 mapped on Figure 3.11). The results for the maximal water heights recorded along the coast, at each location, generated by the 11 selected fault models are presented in Figure 3.11. Almost all the mega-thrust and outer-rise models generate waves high-enough to produce run-ups reaching some deposits locations (T1, T2, T3, T4 and OR1, OR2, OR3 and OR4 in Figure 3.11). The outer-rise faults OR1, OR2 and OR3 located just in front of Anegada generate waves reaching 5 to 13 m (Figure 3.11b) that largely exceed the topographic threshold at most of the locations. Except for the easternmost models OR4 and OR5 that generate much smaller waves, the correlation coefficients (histogram b, Figure 3.12) are among the highest. The extent of the flood obtained with fault OR3 on Anegada is shown in Figure 3.14, the run-up reaches almost all deposit locations expect for the most remote one on land and on the south-west coast of the island. Similarly, the four mega-thrust models (T1, T2, T3, T4) generate waves that reach at least 3 m to 4 m and up to 10 m for models T1 and T2. They largely exceed the topographic thresholds (Figure 3.11a), even the model T4 that is the further trench segment from Anegada. Figure 3.13 shows the large run-up generated by fault T2, the tsunami floods the entire island expect for the highest reliefs and reaches all deposit location. The consistency of these mega-thrust simulation leads to correlation coefficients close to 1 (histogram b, Figure 3.12). The intra-arc (F1, F2. . . F14), intra-slab (IS1, IS2), ridge (R1, R2), wedge (W1, W2, W3) and deep inter-plate (IT1, IT2) fault models generate maximal waves of 0 to 2 m and remain lower than the topographic threshold of 2 to 4 m which result in low correlation coefficients are low as well (histogram b, Figure 3.12).

Chapter 3. Simulation of a middle-age earthquake and tsunami

Analysis of simulation results on Saint-Thomas

The tsunami simulations on the area of Saint-Thomas were performed on a 10 mresolution grid with synthetic wave records at 6 tsunami deposits locations (mapped on Figure 6). The results for the maximal water heights recorded along the coast generated by the 11 selected fault models are presented in Figure 3.11. The correlation coefficients for Saint-Thomas are indicated in light blue in the histogram b in Figure 3.12. Only the mega-thrust and outer-rise models generate waves high enough to run-up and reach some deposit locations (T1, T2, T3, OR1, OR2, OR3 and OR4 in Figure 3.11). The outer-rise models OR1, OR2, OR3 and OR4 generate wave heights of 1 to 4 m (Figure 3.11b) and, except for OR5, result in high correlation coefficients (Histogram b in Figure 3.12). As shown in Figure 3.14, OR3 tsunami floods the four ponds of Salt Cay, Saba Pond, Magen Bay and Cabrita Pond where sediments were cored. The most northern segments of the trench, T1 T2 and T3 generate consequent wave heights of 2 to 8 m at the coast (Figure 3.11a) and result in high correlation coefficients (Histogram b in Figure 3.12). As shown in Figure 3.13, T2 tsunami floods the four ponds of Salt Cay, Saba Pond and Magen Bay. Among the rest of the models, only the interplate model IT1 produces important waves and run-up in the five lagoons and could be consider as other candidates for these deposits as shown on the histograms of Figure 3.12.

Tsunami intensity and inundation

In order to better compare the results of outer-rise and mega-thrust models, we extracted from the simulation, wave height and velocity profiles along two sections of Anegada island and two sections of Scrub Island (Figure 3.16). The results obtained for the trench models T1, T2 and the outer-rise models OR1, OR2, OR4, and OR5. This figure is inspired by [START_REF] Buckley | Inverse modeling of velocities and inferred cause of overwash that emplaced inland fields of boulders at Anegada, British Virgin Islands[END_REF] who also performed and compared tsunami simulations on Anegada island with several fault scenari. The mega-thrust models T1 and T2 largely flood both islands, Anegda and Scrub, with wave reaching all deposits position as shown in the four profiles (XX', YY', WW', ZZ'). In Anegada, all the outer-rise models reach the deposits on the XX' profile but only model OR1 (green line) reaches the most central deposit on the YY' profile. However, in Scrub WW', if all the outer-rise models overpass the barrier, only model OR4 generate significant wave heights at the core position. In Scrub Lagoon, the flow thicknesses of the outer-rise models are smaller than 1 m and very small compared to the values of 3 m to 6 m obtained with the mega-thrust models T1 and T2 which are more convincing for transporting sediments. In addition, the very high wave heights and flow thickness of the mega-thrust models leave room for testing faults rupture of smaller magnitude with smaller slip or size. On contrary, the simulated outer-rise tsunamis seem slightly too weak to explain all observed deposits, it might be corrected by increasing the fault size or the slip intensity but leading to unrealistic fault models since they are already exaggerated beyond all existing similar events in the literature. In [START_REF] Buckley | Inverse modeling of velocities and inferred cause of overwash that emplaced inland fields of boulders at Anegada, British Virgin Islands[END_REF], they compare the waves generated by a Mw8.7 mega-thrust model, a Mw8.0 outer-rise model, a 1755 Lisbon fault model and a storm. Their mega-thrust model generates much smaller waves than ours because they use a source of 630 km length (T1 and T2 length is 200 km) with a slip of 8.6 m (T1 and T2 slip is 20 m) leading to a tsunami energy that is spread over a larger area. Using sediment transport inverse modeling, they calculate the minimum wave velocities required for the transport of the observed sediments. Only their outer-rise model generates consistent velocities for the sediment transport while both our mega-thrust and outer-rise models generate consistent velocities with equivalent and higher values.

At the end of this thesis we also performed simulation of the trench models with smaller slip values and magnitudes. The maximum wave height maps of these new models are presented at the end of Section 4 in Figures 4.31 and 4.32. Figure 3.15 shows the results obtained for the trench models T1 and T2 with the slip values of 20 m (T1, T2) and 10 m (T1b, T2b). With Figure 3.15, we try to identify the optimal mega-thrust slip range that best explains the deposits. T1 and T2 models (Figure 3.15) generate waves that completely overflow Anegada and Scrub islands going far beyond the deposit observed in the islands. T1b wave barely flood Scrub island while T2b wave do not reach all locations in Anegada, both modeled tsunamis are slightly too small. So the ideal trench model must be an intermediate one between these 10 m slip and 20 m slip models and must correspond to a 8.5 to 8.7 magnitude earthquake located in between T1 and T2 rupture areas.

Finally, the analysis of Scrub Pre-Columbian deposits by the sedimentologist of Carquakes project is ongoing. It seems that the processes of deposition were very complex with probably several waves and strong currents. These future additional results will be very useful to constrain the sources. As shown in figure 3.17, especially by the red time-series from inside the lagoon, the intensity of the flood is very different from one model to another. Model T2 generates several successive floods of Scrub lagoon, while models OR3 and OR4 flood the lagoon only once, this type of result could allow to discriminate the sources.

General analysis

Considering the simulation's results on each island independently, it enables us to identify which scenarii could be compatible with each group of tsunami deposits separately. Among all the models, only the subduction thrust faults and the outer-rise faults are able to generate tsunamis waves high enough to reach the deposit location whether in Anegada, Saint-Thomas or Anguilla. The ridge models (R1, R2), wedge models (W1, W2) and interplate model IT1 generate significant wave heights in Saint-Thomas and Anegada islands but they just reach the topographic threshold and barely flood the coast and the ponds. Sources of this kind could be considered as a good candidate for some of the identified deposits only if they were increased in size or slip intensity. Among the 9 models (T1, T2, T3, T4, OR1, OR2, OR3, OR4, OR5) compatible with part of the deposits in the three considered islands, only the thrust model T2 tsunami generated wave heights above the coastline threshold at all locations (highest correlation coefficient in histogram a of Figure 3.12). The inundation limits of the best model T2 (Figure 3.13) are very coherent with the deposit's distribution, especially in Anegada. All the other models only fit one or two of the islands, T1 for example waves barely affect Anguilla Long Pond, the outer-rise OR1, OR2 and OR3 barely flood Anguilla Long Pond and Scrub lagoon. The mega-thrust models are not discussed there because they generate a tsunami very similar to T2 and T3 models but with surprisingly slightly smaller waves. The slip intensities for the mega-thrust models are 20 m (MT1 and MT2) and 30 m (MT1b and MT2b), it is equivalent or greater than 20 m slip used for the thrust models (T1, T2, T3, T4). In addition, the rupture occurs on a wider area of 300*100 km for mega-thrust so the resulting magnitudes (Mw8.8 and Mw8.9) are greater than the thrust models (Mw8.7). However, the results of the simulations indicate equivalent or smaller wave heights in the near field. This could be explained by a phenomenon of wave energy concentration toward smaller areas; the energy from a smaller source will be directed toward a more constrained area while the energy from larger sources spread on a Chapter 3. Simulation of a middle-age earthquake and tsunami wider area will result in equivalent waves at near-field coasts. If the differences between those sources is not evident in near-field, it clearly appears in far-field. Indeed, the mega-thrust simulations show greater tsunami amplitudes towards the Bahamas, Florida and Canadian coasts in comparison to the amplitudes generated by the thrust models.

Far-field simulations

A set of far-field tsunami simulations were performed on a 500 m resolution grid of 600*1000 km that encompasses all the Caribbean sea and its coasts, the northern coast of Venezuela, the Greater Antilles, the coasts of Florida and the Bermudes (Figure 3.18). Another set were performed on a 2 km resolution grid covering an even greater area up to the European coasts (Figure 3.19). Time series of the modelled tsunami were recorded in Puerto Rico, Jamaica, Bonaire, Aruba and Curaçao (Figure 3.18), the locations where deposits of the same age have also been identified (Figure 3.3). Time series of additional locations (Barbados, Bermuda, Florida) are also presented (Figure 3.18). Only the best fitting scenarii from the near-field study were far-field simulated, it corresponds to the fault models T2, MT1, MT1b, MT2 and MT2b, and here we present the results for the model MT1 The resolution of our grid only allows an estimation of the wave amplitude offshore and the gages are located 5 km to 10 km offshore the coast. The amplification of the tsunami waves generally occurs in the last hundred meters before the coastline, where the water depth rapidly decreases and consequently the wave amplitude rapidly increases. The factor of amplification varies depending on the sites but it can be of 2 to 5 between a low resolution grid and a fine grid. The Green's law [START_REF] Green | On the Motion of Waves in a variable canal of small depth and width[END_REF] can be used to calculate an estimation of the height at the coast (Hcoast) from the height recorded offshore (Hsea), the depth offshore (Dsea) and the depth at the coast (Dcoast) which is considered at an average value of 2 m:

H coast = H sea D sea /D coast 1/4 (3.3)
The factor of amplification (Dsea/Dcoast) 1 4 has been calculated at each gage location and applied to the associated signals in Figure 3.18 (original signal in black and estimated amplified signal in red). In Puerto-Rico the factor equals 1.37 giving an amplified height of 1.37 m. In Culebra the factor equals 1.01 giving an amplified height of 3.5 m. In Jamaica the factor equals to 1.41 giving an amplified height of 0.35 m. In Aruba the factor equals 2.03 giving an amplified height of 1.62 m. In Curaçao the factor equals 2.53 giving an amplified height of 3.80 m. In Bonaire the factor equals 2.10 giving an amplified height of 2.3 m. In Florida the factor equals 1.68 giving an amplified height of 0.84 m. In Bermuda the factor equals 4.07 giving an amplified height of 8.54 m. The values of depth are extracted from the 500 m resolution grid and might be different from reality leading to an inexact amplification factor. So, these estimations of height give an idea of the potential gap between the values offshore and along the coast, but they should be considered carefully.

The maximal waves generated in the area of Puerto-Rico and Culebra Islands range between 1 and 4 meters and probably even more in finer grids. They are high enough to pass the sandy barriers of 2-3 m high separating a pond in Culebra Island [START_REF] Donnelly | Evidence of past intense tropical cyclones from backbarrier salt pond sediments: A case study from Isla de Culebrita, Puerto Rico, USA[END_REF] from the sea, a pond where sediments deposited soon after the period 1100-1300 cal yr CE were identified. The maximal wave heights generated along the coast of Jamaica are around 0.5 m that might be amplified to 1 or 2 m in finer grids. Those values are just high-enough to reach the deposits identified in a lagoon that are separated from the sea by barriers of 1 to 4 m-high [START_REF] Palmer | A multiproxy analysis of extreme wave deposits in a tropical coastal lagoon in Jamaica, West Indies[END_REF]. In Aruba, Bonaire and Curacao the highest waves reach between 1 and 5 meters, and might also be amplified in finer grids, these values are again just enough to reach most of the tsunami deposits identified on those islands located between 0 and 5 m above sea level [START_REF] Engel | Tsunami deposits of the Caribbean -Towards an improved coastal hazard assessment[END_REF]. All these far-field waves seem to be just high enough to generate flooding at the deposits locations so we cannot affirm that they could generate the transport the observed sediments, but we cannot deny it either. Indeed, those values are rough estimations so higher resolution simulation should be done in order to draw conclusions concerning the potential link between those farfield deposits and the Antilles deposits. The far-field simulations are also useful to identify areas where local wave amplification can occur. The maximum elevation maps show that wave amplification occurs for Bermudes Islands, the northern part of the Bahamas and Florida Coast. For sources located on the northern segment of the Lesser Antilles Arc, the energy is focused partly toward the Bermudes where the waves reach maximal amplitudes of 8 m after amplification on the southern coast. The analysis of sediments along the coasts of Bermuda islands do not show tsunami deposits [START_REF] Ellison | Mangrove retreat with rising sea-level, Bermuda[END_REF][START_REF] Mcmurtry | Elevated marine deposits in Bermuda record a late Quaternary megatsunami[END_REF][START_REF] Van Hengstum | Heightened hurricane activity on the Little Bahama Bank from 1350 to 1650 AD[END_REF][START_REF] Kemp | Testing the Utility of Geochemical Proxies to Reconstruct Holocene Coastal Environments and Relative Sea Level: A Case Study from Hungry Bay, Bermuda[END_REF]. Only a study of coral growth [START_REF] Draschba | North Atlantic climate variability since AD 1350 recorded in d18O and skeletal density of Bermuda corals[END_REF] indicates some unexplained stops in the growth curve at an age around 1400-1450 cal yrs CE.

Some tsunami waves also present important amplitudes toward the coasts of Florida and Bahamas Islands with heights reaching 1 to 2 meters (in the maximal water height map) and surely more in finer grids. In the USA, two major overwash deposits dating of 1319-1351 cal yrs CE and 1428-1492 cal yrs CE have been identified in several places along the coasts of New Jersey, Rhode Island and in Connecticut [START_REF] Donnelly | Sedimentary evidence of intense hurricane strikes from New Jersey[END_REF][START_REF] Donnelly | Backbarrier sedimentary records of intense hurricane landfalls in the northeastern United States[END_REF][START_REF] Nikitina | Sealevel change and subsidence in the Delaware Estuary during the last ∼2200 years[END_REF]. Bahamas islands are also intensively studied for the hurricane activity, and extreme event deposits dating from ∼1500 cal yr CE were identified in Eleuthera, Long Islands, Long Islands Blue Hole and Blackwood Sinkhole [START_REF] Kelletat | Holocene tsunami deposits on the Bahaman Islands of Long Island and Eleuthera[END_REF][START_REF] Van Hengstum | The intertropical convergence zone modulates intense hurricane strikes on the western North Atlantic margin[END_REF][START_REF] Winkler | Revising evidence of hurricane strikes on Abaco Island (The Bahamas) over the last 680 years[END_REF][START_REF] Wallace | 1,050 years of Hurricane Strikes on Long Island in The Bahamas[END_REF]. They are constituted of heavy boulders, thick surface sand layers and overwash layers in sediment cores. The hypothesis that some of these deposits the could be related to an Antilles earthquake generated tsunami is not impossible.

Discussion

Simulation uncertainties

Tsunami simulations lay on two main inputs, which are the source and the bathymetry. The simplification of the seismic source by a homogeneous Okada model remains generally as a good approximation of major events with unknown mechanisms, even more so when there is no recording but only rough estimates of wave impacts and heights. The bathymetry and topography are also sources of uncertainty, because they possibly evolved during the past, here the last 500 years. First, if an earthquake occurs close enough to the islands, they can be affected by the coseismic deformation associated with the rupture. From the studies of corals and the coastal morphology of these northern Lesser Antilles islands, no evidence of brutal subsidence or uplift has been identified yet. This absence can be used for constraining the rupture area of a potential past earthquake. The areas of coseismic deformation associated with our mega-thrust and outer-rise models do not reach the islands which is consistent with this absence of deformation. Only a long-term tectonic subsidence of the Lesser Antilles of 0.5 to 2 mm/yr has been recently identified and calculated from micro-atoll data [START_REF] Weil-Accardo | Two hundred thirty years of relative sea level changes due to climate and megathrust tectonics recorded in coral microatolls of Martinique (French West Indies)[END_REF], from reef terraces [START_REF] Leclerc | The Holocene drowned reef of Les Saintes plateau as witness of a long-term tectonic subsidence along the Lesser Antilles volcanic arc in Guadeloupe[END_REF][START_REF] Leclerc | Interactions between active faulting, volcanism, and sedimentary processes at an island arc: Insights from Les Saintes channel, Lesser Antilles arc[END_REF] and from modern geodetic data [START_REF] Van Rijsingen | Vertical tectonic motions in the Lesser Antilles: linking short-and long-term observations[END_REF]. This subsidence and the impact of past extreme waves might have transformed the coastline over the years. For example, the sandy barriers on Anegada northern coast or in Scrub and Anguilla might have been lower than now or might have not existed in Pre-Colombian times. Without them, The left map corresponds to maximal water height modeled on the Caribbean Sea and surroundings with a water height scale saturated at 2 m. The right map is the zoom on the Antilles Arc with a water height scale saturated at 10 m. The graphics correspond to the waveforms computed at the coasts of Florida, Jamaica, Bonaire Island, Barbados and Bermuda. The red points are the tsunami deposits dating from a period around 1500 CE.

the waves generated by the outer-rise models would become more threatening and these scenarios more consistent. On the contrary, if these topographic heights were even higher than now, some of our models would become less convincing. The uncertainties about the nature of the Pre-Columbian environment also have consequences on the choice of the Manning coefficient for the simulation. It is a fixed parameter that expresses the friction of the water on the floor, and can be chosen depending on the nature of the floor. In the literature, this coefficient values range between 0.01 for water area to 0.2 for high density urban area [START_REF] Kaiser | The influence of land cover roughness on the results of high resolution tsunami inundation modeling[END_REF][START_REF] Bressan | On the Need for Larger Manning's Roughness Coefficients in Depth-Integrated Tsunami Inundation Models[END_REF]. The exact values for each type of land vary depending on the used code and models. For TAITOKO and for the Antilles islands that show small coastal reliefs and a heathland vegetation, we chose a Manning coefficient value of 0.02. But depending on the vegetation and coastal morphology in Pre-Columbian times, this coefficient could be re-evaluated which would impact the simulation results. The last source of uncertainties presented here, is the long-term conservation of the sediments deposits. Indeed, (?Spiske, Tang and Bahlburg, 2020) show how important the erosion of sediments caused by weather and bioturbation is. Boulders can be moved and re-shaped by the waves and wind, bioturbation can destroyed the sedimentary structures of the deposits and even lead to their total erosion. This is the reason why the absence of deposits is never considered as evidence of a past inexistent or low wave impact. For this same reason, the thickness of these deposits cannot be used as an argument of wave intensity even more knowing the complexity of the deposition processes as detailed in the next paragraph.

Sediment transport

The next chapter (Chapter 4) is dedicated in more details to the sediment transport models but here is a first introduction to the complexity of the subject. Several inverse models and equations were developed in order to compute estimations of the minimum wave height and velocities needed to carry the observed amount of sediments or boulders in the field. These models bring a first order of magnitude of the wave velocities involved, but they are based on many assumptions and can be criticized.

Figure 3.20: Graphics of the maximum water height, flow depth and flow velocity reported from the major studies of tsunami sand deposits around the world. Colored marks are from other studies: Aceh_2004 [START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF][START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF][START_REF] Lavigne | Reconstruction of Tsunami Inland Propagation on December 26, 2004 in Banda Aceh, Indonesia, through Field Investigations[END_REF], Sendai_2011 (Namegaya and Satake, 2014), Gala_2011 [START_REF] Arcos | An amalgamated meter-thick sedimentary package enabled by the 2011 Tohoku tsunami in El Garrapatero[END_REF]), Chili_2010 (Morton et al., 2011), Chili_2015 [START_REF] Bahlburg | The September 16, 2015 Illapel tsunami, Chile -Sedimentology of tsunami deposits at the beaches of La Serena and Coquimbo[END_REF]), Mexico_1932 (Ramírez-Herrera et al., 2016), Casca_1964 [START_REF] Peterson | Evaluation of the use of paleotsunami deposits to reconstruct inundation distance and runup heights associated with prehistoric inundation events, Crescent City, southern Cascadia margin[END_REF][START_REF] Wilson | The search for geologic evidence of distant-source tsunamis using new field data in California[END_REF], NZ_2016 [START_REF] Williams | Surface Rupture of the Hundalee Fault during the 2016 Mw 7.8 Kaikōura Earthquake[END_REF], Kuril_06/07 (MacInnes et al., 2017), Samoa_2009 [START_REF] Apotsos | Tsunami inundation and sediment transport in a sediment-limited embayment on American Samoa[END_REF], Hawai Anahola and Pololu [START_REF] Goff | The largest local tsunami in 20th century Hawaii[END_REF][START_REF] Chagué-Goff | Environmental impact assessment of the 2011 Tohoku-oki tsunami on the Sendai Plain[END_REF][START_REF] Richmond | Recent storm and tsunami coarse-clast deposit characteristics, southeast Hawaii[END_REF][START_REF] Selle | Sedimentary evidence of prehistoric distant-source tsunamis in the Hawaiian Islands[END_REF], Hawai_Shi [START_REF] Chagué | Geological evidence and sediment transport modelling for the 1946 and 1960 tsunamis in Shinmachi, Hilo, Hawaii[END_REF]. Black circles are the one used in this paper [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF][START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF][START_REF] Biguenet | Sedimentary records of tsunamis and hurricanes in the Lesser Antilles[END_REF]. Each mark corresponds to a mean value and the grey bar indicates the range between the minimal and maximal reported value. The tsunamis were not observed with the same precision (depending of the date and locations) so only flow-depth values or offshore water-height are available for some of them. Flow depth values are sometimes estimated from run-up and topographic values at the deposition locations indicated in the articles.

Some major studies of the tsunami sand deposits associated with the most recent tsunamis like in 2015 and 2010 in Chili [START_REF] Morton | Geological effects and implications of the 2010 tsunami along the central coast of Chile[END_REF][START_REF] Bahlburg | The September 16, 2015 Illapel tsunami, Chile -Sedimentology of tsunami deposits at the beaches of La Serena and Coquimbo[END_REF], in 2011 in Tohoku [START_REF] Namegaya | Reexamination of the A.D. 869 Jogan earthquake size from tsunami deposit distribution, simulated flow depth, and velocity[END_REF] or in 2004 in Sumatra [START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF][START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF][START_REF] Lavigne | Reconstruction of Tsunami Inland Propagation on December 26, 2004 in Banda Aceh, Indonesia, through Field Investigations[END_REF] report values for sediment distribution and thickness where real observations or records of coastal water heights, flow depths and flow velocities have been done. Most of the studies highlight the wide range of sediment thickness identified over the inundation areas and the complexity of sediment transport processes that depend on the topography, nature and availability of the sediments, wave dynamics and many other factors. We present in Figure 3.20 a compilation of many known tsunami deposits whose associated waves were observed or recorded (height or velocity). It highlights the absence of linear relation between deposits thickness and tsunami heights, and yet this data does not include the tsunami waves associated to zero deposit thickness but it is highly probable that several great tsunami waves did not carry any sediments in places where little sediments or very consolidated ones were available. This figure is probably far from being complete but it gives an overview of the possible ranges for sediment transport by tsunamis. The results of wave height and velocity obtained with model T2 are indicated with the black circles (one for each deposit: S: Scrub, T: Saint-Thomas, A: Anegada). We can not draw any conclusions from these diagrams except that our modeled values are in the range of the observed tsunami deposit values around the world and are not unrealistic. One important aspect of the sediment transport noticed by sedimentologists is the gap between the water run-up boundary and the sediment run-up boundary after a given tsunami. In Sendai Bay, the 2011 Tohoku sediment run-up distance corresponds in average to 60-70% of the total tsunami run-up distance [START_REF] Abe | Relationship between the maximum extent of tsunami sand and the inundation limit of the 2011 Tohoku-oki tsunami on the Sendai Plain, Japan[END_REF][START_REF] Chagué-Goff | Environmental impact assessment of the 2011 Tohoku-oki tsunami on the Sendai Plain[END_REF][START_REF] Namegaya | Reexamination of the A.D. 869 Jogan earthquake size from tsunami deposit distribution, simulated flow depth, and velocity[END_REF], in some places affected by the 2010 Chile tsunami the sediment run-up distances are approximately 70-80% of the tsunami run-up distances [START_REF] Morton | Geological effects and implications of the 2010 tsunami along the central coast of Chile[END_REF]. But in other deposits sites, the sediment run-up distance reaches up to 90%-100% of the tsunami run-up distance like in the Kuril Islands after the 2006/2007 tsunamis [START_REF] Macinnes | Paleotsunamis from the central Kuril Islands segment of the Japan-Kuril-Kamchatka subduction zone[END_REF], in the Galapagos Island after the 2011 Tohoku tsunami [START_REF] Arcos | An amalgamated meter-thick sedimentary package enabled by the 2011 Tohoku tsunami in El Garrapatero[END_REF], in New Zealand after the 2016 Kaikoura earthquake [START_REF] Williams | Surface Rupture of the Hundalee Fault during the 2016 Mw 7.8 Kaikōura Earthquake[END_REF] or in Banda Aceh after the 2004 Sumatra tsunami [START_REF] Lavigne | Reconstruction of Tsunami Inland Propagation on December 26, 2004 in Banda Aceh, Indonesia, through Field Investigations[END_REF][START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF]. The analysis of the configuration of these different places shows that the gap between deposit boundary and inundation limit might increase with the flatness of the land. This gap is the greatest in Sendai Bay which consists of a 3 to 4 km long smooth and flat slope (slope of 0.05%) where deposition limit stops at 3 km when water reaches distances of 4 km inland [START_REF] Namegaya | Reexamination of the A.D. 869 Jogan earthquake size from tsunami deposit distribution, simulated flow depth, and velocity[END_REF]. In Chile, La Trinchera site shows a 150 to 200 m gap, it corresponds to a deposition distance 80% of the inundation distance on a very smooth and flat land (slope of 0.7%) without any topographic features. By contrast, the presence of steep topographic features might stop the flood before the end of the deposition processes and prevent the apparition of this gap. For example, in Banda Aceh, both the limits of deposition and inundation correspond to the presence of reliefs and that is the case of many of other sites like in the Galapagos, in New Zealand or in Hawaii where the coastal topography is not flat. In the studied sites of the Lesser Antilles islands, the coasts do not present smooth and flat slopes but either relatively strong reliefs. The northern coast of Anegada is characterized by 2 to 5 m high sediment barriers along the coastline and flat lowlands in the backshore where most of the deposits are located (Figure 3.6). In Saint Thomas, the deposits have been found on lagoons and ponds surrounded by reliefs with steep slopes (20% in Salt Cay, 10% in Magens Bay, 10% in Smith Pond, 20-30% in Cabrita Pond and Saba Pond) that rapidly exceed heights of 10 m and that likely stops the tsunami wave (Figure 3.7). In Anguilla, the coastline corresponds to a succession of steep slopes (5% in the south and 30-40% in the north) (Figure 3.5). Long Pond and Scrub Lagoon are isolated from the sea by a 3 to 4 m high sediment barrier and are surrounded by rocky reliefs onshore. Thus, on the high plateau of Anegada or Anguilla and Scrub Islands the water inundation limit might have reached greater distance than the reported deposition locations. However, in the coastal lagoons of Anguilla, Scrub and Saint Thomas the inundation distances probably correspond to the deposition distances. Given the geomorphological characteristics of the study sites, it is likely that sediment records are indicators of minimal values of inundation limits. A more detailed evaluation of the wave heights, shapes and intensities necessary for sediment transport is a complex topic that is not well defined yet [START_REF] Cox | Imbricated Coastal Boulder Deposits are Formed by Storm Waves, and Can Preserve a Long-Term Storminess Record[END_REF].

Rupture of the subduction contact and the coupling debate

The hypothesis of a rupture along the subduction interface is joining the list of the two mega-thrust rupture hypotheses associated to the 1843 and 1839 events. However, except for these two debated events, no rupture of the Lesser Antilles subduction zone for the last 500 yrs has been demonstrated. In the case where the earthquakes of 1843, 1839 and the potential Pre-Columbian event were actually interplate ruptures, since then the faults should have relocked because this process is considered stable over thousands of years by recent models of seismogenic behavior in subduction zone [START_REF] Avouac | Lower edge of locked Main Himalayan Thrust unzipped by the 2015 Gorkha earthquake[END_REF][START_REF] Mouslopoulou | Uplift rate transients at subduction margins due to earthquake clustering[END_REF][START_REF] Jolivet | Interseismic Loading of Subduction Megathrust Drives Long-Term Uplift in Northern Chile[END_REF]. Our subduction fault models are distributed on two plates separated by the Anegada Passage: the Puerto-Rico micro-plate and the Caribbean plate that are modeled separately in geodetic analysis. The Puerto-Rico trench presents a very small slip deficit that indicates that the interface is likely uncoupled. A deep interseismic coupling is suspected in Hispaniola, north of Puerto-Rico, with transition from coupled to uncoupled plate interface for Hispaniola to Puerto-Rico that coincides with the existent fault systems in this area [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF]. For the Lesser Antilles, geodetic (GNSS) and microatoll datasets both indicate a general subsidence of the arc which can be interpreted in favor or disfavor of a locked interface depending on the used interseismic coupling model. The geodetic studies indicate an actual very low, almost nonexistent coupling of the subduction contact [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF][START_REF] Van Rijsingen | Inferring Interseismic Coupling along the Lesser Antilles Arc: a Bayesian Approach[END_REF]. They measure over the past 20 years a general subsidence of the Lesser Antilles of 1-2 mm/yr that they interpret as a consequence of long-term geodynamic processes associated to the aseismic character of the subduction [START_REF] Van Rijsingen | Vertical tectonic motions in the Lesser Antilles: linking short-and long-term observations[END_REF]. The deformation map produced by their interseismic coupling model, which corresponds to a shallow coupling, indicates an uplift of the islands inconsistent with the measured subsidence. In contrary to these results, the interseismic coupling model used in the microatoll study (20th-century strain accumulation on the Lesser Antilles megathrust based on coral microatolls, 2022), which correspond to a deep coupling, results in the subsidence of the arc consistent with the 8 mm/yr measured from the corals. The contradictory results from these two studies comes from the shallowness of the used coupling model. But it could also come from the difference of period covered by the datasets,100 years for the microatolls and 20 years for the GNSS, which might indicate a variation of the coupling over the past century (20th-century strain accumulation on the Lesser Antilles megathrust based on coral microatolls, 2022). It is also possible that GPS measurements are missing a part of the slip and even if this interface was partially coupled, [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF] estimates from the geodetic data that it would lead to an event of magnitude Mw>8 to occur only every 2000 or 3000 years. In this case the occurrence of three mega-thrust earthquakes (in Pre-Columbian times, in 1843 and in 1839) would require again a change of the coupling state over the past centuries. Finally, the coupling of the Lesser Antilles is still debated but the hypothesis of a mega-thrust Pre-Columbian earthquake is realistic and compatible with some of the models. A similar problem has been issued in the study of the 1957 Andreanof Islands Mw8.6 earthquake that generated a large tsunami in the Aleutian Islands. The results of tsunami simulations [START_REF] Witter | Unusually large tsunamis frequent a currently creeping part of the Aleutian megathrust[END_REF][START_REF] Witter | Evidence for frequent, large tsunamis spanning locked and creeping parts of the Aleutian megathrust[END_REF] compared to the deposits observed on the islands imply a megathrust slip in an area where geodetic coupling models indicate the opposite.

The storm hypothesis

Past storms can be considered as a strong alternative hypothesis to the earthquake one. Indeed, the Lesser Antilles is a region impacted by tropical storms and hurricanes which regularly strike and damage those islands [START_REF] Andrews | Spatial and temporal variability of tropical storm and hurricane strikes in the Bahamas, and the Greater and LesserAntilles[END_REF][START_REF] Krien | Assessing storm surge hazard and impact of sea level rise in the Lesser Antilles case study of Martinique[END_REF][START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF]. The hurricane activity in the region during the last millennium is divided in two periods of interest [START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF]. A period with a high frequency of hurricanes in 1080-1230 cal yrs CE probably linked to the Medieval Warm Period (800-1300 cal yrs CE) and a period without hurricanes in 1400-1600 cal yrs CE probably linked to the beginning of the Little Ice Age (1450-1900 cal yrs CE). The Pre-Colombian deposits are dated between 1200 cal yrs CE and 1600 cal yrs CE in a period of low frequency hurricanes and no exeptionaly strong hurricane from that period was identified in other sediment records of the region, which does not mean that it did not occur. Storm and tsunami deposits are still difficult to discriminate against. Sedimentologists who analysed the sediments and cores in Anguilla, Scrub and Saint-Thomas favor the tsunami hypothesis but they do not exclude the storms hypothesis.

In Anegada, one point for this discrimination could be the presence of the enormous coral boulders in the heights of the island, whose sizes make the scenario of a storm less convincing than a tsunami. Even the strongest hurricanes of the past centuries: the Great Hurricane in 1780 (category 5), Dona in 1960 (category 4) or Irma in 2017 (category 5) did not transported such large sand deposits or boulders on the coasts of the islands [START_REF] Spiske | High-energy inundation events versus long-term coastal processes -room for misinterpretation[END_REF]. However, one or several exeptionaly damaging hurricanes still might have strike the Lesser Antilles during these Pre-Columbian times. The only known storm having transported an amount of sediments similar to the Antilles Pre-Columbian one is the 2013 super typhoon Haiyan. It generated waves of 8 m and transported hundreds to thousand massive boulders (up to 30 tons) in Calicoan Island in the Philippines [START_REF] Kennedy | Observations and Modeling of Coastal Boulder Transport and Loading During Super Typhoon Haiyan[END_REF]. Another Super-Typhoon, Soudelor in 2015, generated waves of 12 m in Taiwan transported massive amount of sand and a boulder of 1.4 m diameter onland [START_REF] Huang | Field observations of sediment transport across the rocky coast of east Taiwan: Impacts of extreme waves on the coastal morphology by Typhoon Soudelor[END_REF]. Many other super-typhoons of the same intensity have occured on this region in the past : Tip in 1979, Bess in 1982, Megi in 2010. The absence of field survey on the coastal impacts of these past events do not allow to conclude on the capacity of their associated waves to transport sediments. However, instrumental records indicate that the storm wave heights of past typhoons often range between 9 to 11 m in Taiwan [START_REF] Huang | Field observations of sediment transport across the rocky coast of east Taiwan: Impacts of extreme waves on the coastal morphology by Typhoon Soudelor[END_REF]. So only for the 50 past years there are several examples of massive boulders and sediment transported by storms in the West Pacific region while there is no such observation in the north of the Lesser Antilles for the past 500 years. It indicates that an event capable of transporting Anegada's boulder and the other island sediment deposits must be very rare, exceptional.

The landslide hypothesis

Landslide-generated tsunamis are known to be as dangerous as earthquake-generated tsunamis, and can be triggered by volcanoes, earthquakes or storms: phenomena that can occur in the Lesser Antilles arc. During the CASEIS cruise in 2016 (DOI:10.17600/16001800), paleo-seismological investigations were carried out in the forearc basin of the northern segment of the arc between Anegada and Barbuda at depth between 5200 and 5800 m. From 7 cores, 3 mega deposits older than 8ka BP were identified but nothing around 1500 cal yrs CE [START_REF] Morena | Deep megadeposits as paleoseismic indicators in the Lesser Antilles subduction zone[END_REF]. Seismic profiles and bathymetry did not reveal any fan or traces that could be associated with a major landslide in the area. Similar studies were carried out in the east part of the Virgin Islands and Whiting basins where no evidence of recent sediment transport was detected, the youngest turbidite dating from 2000 years ago [START_REF] Chaytor | Event sedimentation in low-latitude deepwater carbonate basins, Anegada passage, northeast Caribbean[END_REF]. Moreover, landslide generated tsunamis generally show locally important amplitudes that rapidly decrease with distance from the source. In this case, where deposits of the same age are spread over an area of 100 km2, a landslide could be associated with one of the three island deposits but could not explain them all.

Multiple intermediate events or one extreme event?

The general analysis of the tsunami amplitudes shows that only a subduction thrust rupture model gives good fitting results for all deposit location at once. An outerrise rupture could become an equally convincing scenario with perhaps a different parameterization. These models show that the hypothesis of one unique event is plausible, but several concomitant events might also have occurred. The independent analysis of the tsunami amplitudes generated at each of the three sites show that several Outer-Rise fault ruptures are possible candidates to explain the Anegada's deposits and Saint-Thomas's ones. An intraplate fault rupture also appears as a potential candidate for Anegada Island and also for Anguilla and Saint-Thomas with a different location and orientation. This hypothesis implies that at least two or three major tsunamis at the origin of Anegada, Anguilla and Saint-Thomas's deposits, were generated at the same period of time in this region. The range of 300 to 500 years given by the deposit's chronologies (1200-1500 cal yrs CE with uncertainties) is large enough to consider the occurrence of several major earthquakes or storms. Based on the historical catalog only one tsunami of this magnitude occurred in all the Lesser Antilles during the last 300 years: the 1867 tsunami of the Virgin Islands. The probability of 2 or 3 tsunamis occurring in this small area in the same period of time seems quite low. At the same time, the probability of one Magnitude 8 or 9 class mega-thrust or outer-rise earthquake is quite low as well. And if we consider the storm, the reflection is the same, there is no evidence of such amount of sediment transported by past storms in this area. So, the probability of several exceptionally strong hurricanes occurring during this 300 to 500 years period seems quite low as well. Since these occurrence probabilities are not quantified in this paper, it is difficult to draw a definitive conclusion but the scenario of one single event, be it an earthquake or a storm, remains more convincing following the logic of Ockham's razor.

3.7.7 A major earthquake or a major storm: far-field impact

With this study, we considered that we have not omitted any earthquake generated tsunami scenario. All the results from the tsunami simulations converge toward the mega-thrust models that generate flooding areas very coherent with the sediment deposits, especially for the T2 model facing Anegada Island. This T2 Mw8.7 megathrust model present a maximized slip value of 20 m but it would be interesting to test the same model with smaller slip values of 15 m (Mw 8.6) or 10 m (Mw 8.5) to identify the slip and magnitude values thresholds for compatible scenario. The results also highlight the outer-rise models consistency which should be studied further in order to deduce their capacity to generate the observed deposits. The small number of similar historical events makes the choice of fault parameters difficult and uncertain, but we should consider modeling even greater outer-rise ruptures. The analysis of seismic profiles of the trench could provide more information about the dimensions of these faults. In the Lesser Antilles, the occurrence of such Mw>8.0 outer-rise earthquake would be as exceptional as the occurrence of a Mw>8.5 mega-thrust earthquake.

The occurrence of a great hurricane is the other possibility mostly supported by the great sediment transport associated to the Super Typhoon Haiyan. The boulders and deposits identified in the ABC islands south of the Lesser Antilles (Aruba, Bonaire and Curaçao) which are attributed to waves generated by one or several past storms [START_REF] Scheffers | Paleotsunami in the Caribbean: field evidences and datings from Aruba, Curaçao and Bonaire[END_REF][START_REF] Radtke | Electron spin resonance and radiocarbon dating of coral deposited by Holocene tsunami events on Curaçao, Bonaire and Aruba (Netherlands Antilles)[END_REF][START_REF] Morton | Reconnaissance investigation of Caribbean extreme wave deposits -preliminary observations, interpretations, and research directions[END_REF][START_REF] Engel | Tsunami deposits of the Caribbean -Towards an improved coastal hazard assessment[END_REF], are also evidences that extreme storms can occur in the region. However, a hurricane passing on the south of the Lesser Antilles might have a different impact than a hurricane passing on the north of the arc with, and the differences of island morphology also influence the storm surges. It should be shown that such an event could produce floods on Anegada, Scrub, Anguilla and Saint-Thomas as coherent with the observations as obtained with the earthquake-generated tsunami. In addition, some of the sediment deposits are clearly identify as resulting from a tsunami [START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF] and disfavor the storm hypothesis. One way to answer the question of the deposits origins and to discriminate the earthquake and storm hypotheses, could rely on the study of the shape and wideness of the region impacted. Storm surges can be produced locally wherever the hurricane passes resulting in a large area of impact but limited to the shape of the hurricane pathway. While a tsunami generated by an earthquake can propagate at very far-field and impact trans-oceanic regions, as it has been observed for the 1755 Lisbon tsunami or the 2004 Sumatra tsunami. Indeed, as shown in Figure 3.19, a major earthquake occurring on the north of the Antilles arc generates trans-oceanic waves that propagate through the Atlantic towards North America and Europe. Those waves are modeled with a 500 m grid resolution and might be two to five times higher in grids of finer resolution. The wave amplitudes along the northern coasts of the USA do not exceed 1 m while they exceed 2 m along the Canadian coasts (New Scotland). These localized amplifications are strongly related to the orientation of the source and can vary depending on the modeled scenario. The most impacted place seems to be the Bermuda Islands, where 5 to 10 m wave heights are simulated on their southern coasts but where no traces of tsunami were identified yet. In Canada as well, no overwash deposit dating from approximately 1500 cal yr CE has been reported yet. The presence of such deposits in Bermuda Islands and in Canada would be a strong argument in favor of the tsunami hypothesis. The modeled tsunami waves also reach Europe but with smaller amplitudes that do not exceed 1 m. Some amplification phenomena are occurring offshore Ireland and England with 1 to 2 m waves. A more detailed study on the far-field impacts should be done with finer grids and with the use of Boussinesq Equation more adapted to such deep water environments like the Atlantic Ocean. The current absence of deposits along the Atlantic coasts that could be associated to a trans-atlantic tsunami originated in the Lesser Antilles is the only argument in disfavor of the hypothesis of a major Pre-Columbian earthquake. However, this absence can be explained by the age of the event with deposits that might be buried too deeply to be recovered, by the disappearance or erosion of the deposits if they were too small, and by the lack of field surveys in the areas of interest.

Conclusion

Tsunami simulations were performed on high-resolution grids of the Northern segment of the Lesser Antilles arc and compared to the 500yrs old tsunami deposits reported in the literature. Among the 35 fault models tested, only some magnitude Mw>8 mega-thrust and outer-rise earthquake models generate a tsunami high-enough to explain the presence of the deposits identified on the islands of Anguilla (Scrub), Anegada and Saint-Thomas. Several other models generate significant tsunami waves along the coast but are not high-enough to reach deposit locations with a realistic sediment transport potential. The results show that the event must have reached extreme magnitudes regardless of the involved fault system. They also show that localized distinct tsunamis on each of these islands must still be generated by Mw>7 earthquakes which enlarge the list of potential sources but does not solve their identification. Due to the very complex tectonic nature of this subduction zone, high-magnitude intraplate earthquakes at 30 to 50 km could be a hypothesis but they imply important rupture depths leading to significant attenuation for tsunami generation, which is not compatible with the observed deposits heights. Outer-rise fault models generate large wave heights that could match all the deposits location in all islands only with increased fault dimensions or slip intensity. From the tsunami modeling perspective, one or several tsunamigenic earthquakes could have produced these deposits but at least one of them must have been a mega-thrust earthquake of Mw8.7 or an outer-rise earthquake of Mw>8.0. The occurrence of a mega-thrust earthquake on this subduction interface is debated due its apparent very low coupling. However, important turbidite deposits on deep forearc basins of the Lesser Antilles, with recurrence time of several thousand years have been identified [START_REF] Seibert | Long Term Recurrence of Deeply Ponded Turbidites and Thick Homogenites in the Lesser Antilles Forearc: Imprint of Great Earthquakes[END_REF]. They could indicate that this subduction interface is characterized by a very long seismic cycle, which could explain such a large earthquake 500 yrs ago. It would also mean that no mega-thrust earthquake is expected before a thousand years in this region of the arc. Finally, the occurrence of one or several strong hurricanes cannot be excluded but there is no evidence in favor of this hypothesis. Adding sediment transport models to the simulation of the tsunami would bring new constraints on the tsunami waves (size, velocity, number. . . ) and on the source. Boulders on Anegada could be particularly useful in determining a threshold for a minimal wave height and a minimal magnitude for this event. And, the identification of tsunami deposits at far-field locations especially in Bermuda and along the Canadian coasts would drastically strengthen the credibility on the occurrence of one or several Pre-Columbian earthquakes and would give a better idea on the impact extent of the tsunami. So new field surveys and field data from all around the Caribbean Sea and the Atlantic are still needed for validating all these models.

Chapter 4

Simulation of the tsunami boulder transport

As exposed in the introduction and the previous chapter, before a certain age that generally corresponds to the population settlement in a region, sediment deposits become the only remnant of the occurrence of past major tsunamis in this region. The research, identification and dating of these deposits is an intense, long and costly work and having such data available in the Lesser Antilles is a chance. TAITOKO tsunami code is used to model the inundation distances associated with these deposits and provide useful results in the investigation of the Pre-Colombian tsunami. However, we want also to model the transport of sediment by this wave and to reproduce the observed deposits was regrettable. It leads us to develop a sediment transport model with the objective of being able to fully integrate deposits data and their transport processes into the identification of the tsunami sources. The development of this model, its calibration and its final application to the 1500 CE Pre-Colombian tsunami are the subjects of this chapter.

State of the art in sediment transport research

Tsunami sediments and transport model

There is a wide diversity of sediments in the field of sedimentology but in terms of transport modeling they can be separated into two main categories: (1) the sandy sediments and (2) the boulders.

Sandy sediments transport models For sediment transport modeling of sandy tsunami deposits, sediment is generally treated as a continuum. Each unit of volume is defined by its concentration in sediment that can be transported as a bedload or a suspended load. The movement of suspended sediment is computed using advection-diffusion equations, and the morphological change of the bedload (erosion and deposition) is computed with an Exner-type equation [START_REF] Sugawara | Numerical models of tsunami sediment transport -Current understanding and future directions[END_REF]. This is a rough explanation of the sandy sediment transport models which are quite complex but show very interesting results in several studies now. In the Lesser Antilles, sandy tsunami deposits are present in more islands and are covering greater surfaces than boulders do. So we initially wanted to develop a sandy sediment transport model. However, two problematic points led us to change our objectives: (1) The first problematic is that sediment transport is a function of the flow speed near the bottom and depends on the vertical variations of the flow. However, TAITOKO tsunami code (like many tsunami codes) is a 1DV model that provides a depth-averaged value of the flow and can not provide the vertical variation required for a realistic sediment transport model. Developing a 2DV tsunami model would require a lot more time, for a final computational cost that might not be bearable for the large areas that we are studying.

(2) The second problematic is the available data. As we explain in the discussion on sediment transport of Chapter 3, the presence and thickness of sandy sediment deposits after a tsunami, is not related only to the wave height or velocity but is the result of a complex combination of the wave, topography, nature of the sediment, bedload availability and more. So for the sandy transport model to be reliable, the input data which are the bathymetry/topography, the nature of the sediment bedload, its original distribution and its availability to be transported must be precisely defined. However, in case of the paleo-tsunami in the Lesser Antilles these data are not available or very uncertain.

Boulder transport models In the case of the boulder transport models, the boulder is treated as a block defined by different parameters, which interacts with the surrounding fluid and is transported by the flow. The two issues raised for the sandy transport models should still be kept in mind but are less problematic. Indeed, comparisons of boulder transport models to experiments (see the following section) show that even with a depth-averaged flow the boulder displacement is well reproduced by the model, the assumption seems acceptable. Concerning the model's inputs, the data required by the model are the bathymetry/topography, boulders original position and boulders characteristics. The boulders origins are better constrained than the sandy sediments one, since in the Lesser Antilles, boulders are old corals that come from the fringing reefs which are studied and well delimited. The coral boulders characteristics are also well defined since they are easily measured and sampled. So, the choice to develop a boulder transport model rather than a sandy sediment transport one seemed more adapted to the situation, as much for its integration to the tsunami code as for its final applications.

Boulder transport modeling

Two approaches are possible in the analysis of high-energy events through the study of boulder transport : (1) the inverse models based on simple hydrodynamic equations and (2) the forward models based on advanced hydrodynamic equations.

Inverse models

The inverse models imply the use of the hydrodynamic equations to calculate the minimum flow depth or flow velocity necessary to initiate the transport of a boulder. It is somewhat a simpler method with a lower computational cost but also less accurate since it only enables to retrieve a minimum value of flow velocity or wave height at some predefined positions [START_REF] Nott | Waves, coastal boulder deposits and the importance of the pretransport setting[END_REF][START_REF] Pignatelli | Evaluation of tsunami flooding using geomorphologic evidence[END_REF][START_REF] Benner | Boulder transport by waves: progress in physical modeling[END_REF][START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF][START_REF] Nandasena | Reassessment of hydrodynamic equations: Minimum flow velocity to initiate boulder transport by high energy events (storms, tsunamis)[END_REF][START_REF] Etienne | The use of boulders for characterising past tsunamis: Lessons from the 2004 Indian Ocean and 2009 South Pacific tsunamis[END_REF][START_REF] Engel | Bonaire's boulder fields revisited: evidence for Holocene tsunami impact on the Leeward Antilles[END_REF][START_REF] Nakamura | Numerical simulations to account for boulder movements on Lanyu Island, Taiwan: tsunami or storm?[END_REF]. The first model was developed by [START_REF] Nott | Waves, coastal boulder deposits and the importance of the pretransport setting[END_REF] and named the Nott's equations and was then adapted for more complex configurations like the JBB (Joint-Bounded Block) modified Nott's equation [START_REF] Pignatelli | Evaluation of tsunami flooding using geomorphologic evidence[END_REF] and revised by different authors [START_REF] Nandasena | Reassessment of hydrodynamic equations: Minimum flow velocity to initiate boulder transport by high energy events (storms, tsunamis)[END_REF][START_REF] Engel | Bonaire's boulder fields revisited: evidence for Holocene tsunami impact on the Leeward Antilles[END_REF]. It is used, among other things, to compare the ranges of values obtained for storm waves from tsunami waves but some assumptions and simplifications are criticized [START_REF] Cox | Extraordinary boulder transport by storm waves (west of Ireland, winter 2013-2014), and criteria for analysing coastal boulder deposits[END_REF][START_REF] Cox | Imbricated Coastal Boulder Deposits are Formed by Storm Waves, and Can Preserve a Long-Term Storminess Record[END_REF].

Forward models

The forward models of transport imply the use of advanced hydrodynamic equations including non-linear shallow water (or non-linear long wave) equations to simulate boulder transport by a wave. It does not only provides thresholds of waves heights and velocities as in the inverse model, but allows the calculation of the whole boulder displacement from the initial motion to its final deposition. It can be accurate but the physic is so complex that it needs simplifications and requires important computation time. Different sets of equations have already been modeled and detailed in the literature [START_REF] Noji | Numerical simulation of movement of large rocks transported by tsunamis[END_REF][START_REF] Imamura | A numerical model for the transport of a boulder by tsunami[END_REF]Goto, Kawana and Imamura, 2010;[START_REF] Goto | Numerical analysis of boulder transport by the 2004 Indian Ocean tsunami at Pakarang Cape, Thailand[END_REF][START_REF] Nandasena | Reassessment of hydrodynamic equations: Minimum flow velocity to initiate boulder transport by high energy events (storms, tsunamis)[END_REF][START_REF] Nandasena | Boulder transport by high energy: Numerical model-fitting experimental observations[END_REF][START_REF] Kennedy | Observations and Modeling of Coastal Boulder Transport and Loading During Super Typhoon Haiyan[END_REF][START_REF] Watanabe | Modeling boulder transport by coastal waves on cliff topography: Case study at Hachijo Island, Japan[END_REF] with different ranges of assumption depending on the stated objectives. They almost all consider the same forces resulting from the action of the fluid on the boulder and compute the boulder acceleration from the Newton law. They define three modes of transport which are the sliding, the rolling and the saltation. In addition to the Newton law that defines the translational motion of the boulder, the angular velocity and the angular moment equations can be used to define the rotational motion of the boulder [START_REF] Voropayev | The motion of large bottom particles (cobbles) in a wave-induced oscillatory flow[END_REF][START_REF] Harry | Boulder Pickup by Tsunami Surge[END_REF]. Some authors also worked on friction coefficient empirical relations or on the continuity between the three transport mode equations.

4.1.3 From the laboratory... to the field Both for the inverse and forward models, the calibration of the different equation parameters and the validation of the existing codes need to be strengthened. To this end, benchmarks are created based on boulder transport laboratory experiments but also based on boulders fields identified arround the world.

Laboratory experiments

At a laboratory scale, several boulder transport experiments have been performed in order to better understand the process of the incipient boulder motion and transport. A dozen experimental set-ups can be found in the literature (Table ??) but there are probably more projects going on that have not yet published any results. Most of the experiments are constituted of a tank with a gate whose opening generates a "dam-break" like bore that transports the boulders placed at the bottom. The tank dimensions, wave heights, boulders shape, slope angle, bottom roughness are all parameters that vary between the studies. They aim at studying different aspects of the transport: the effect of the boulder shape, boulder submersion, boulder orientation on the transport, the different modes of transport, the impact of the forces... They are used to calibrate the transport codes developed in these different laboratories and to evaluate the validity of the commonly used assumptions in the models.

Field

At a real scale, the evaluation of a code is even more complicated since tsunamis are rare and the ones powerful enough to carry boulders are even less frequent. Several groups of boulders around the world have been identified as tsunami or storm displaced boulders and became case studies for boulder transport models ( have been performed at real scale and compared to real data: only [START_REF] Nandasena | Reassessment of hydrodynamic equations: Minimum flow velocity to initiate boulder transport by high energy events (storms, tsunamis)[END_REF] in Banda Aceh (Indonesia), [START_REF] Goto | Numerical analysis of boulder transport by the 2004 Indian Ocean tsunami at Pakarang Cape, Thailand[END_REF] in Pakarang Cape (Thailand) and [START_REF] Goto | Large tsunamis reset growth of massive corals[END_REF] in Isigaki Island (Japan). [START_REF] Nandasena | Reassessment of hydrodynamic equations: Minimum flow velocity to initiate boulder transport by high energy events (storms, tsunamis)[END_REF] modeled the transport of boulders in Banda Aceh by the 2004 tsunami of Sumatra. They computed the boulder displacement along 1D profiles and obtained an overestimation of the boulder displacement that they explain by the simplification of the model in which boulder's interactions or boulder's anchoring in its environment are not taken into account. [START_REF] Goto | Numerical analysis of boulder transport by the 2004 Indian Ocean tsunami at Pakarang Cape, Thailand[END_REF] validated their boulder transport model with the simulation of boulders transported by the 2004 Sumatra tsunami in Pakarang Cape in Thailand. They re-applied it to the 1771 Meiwa tsunami that transported coral boulders in Ishigaki Island [START_REF] Goto | Large tsunamis reset growth of massive corals[END_REF].

Those field data are precious but generally, if the actual position of the boulders is well defined, their initial position from before the extreme event is not well constrained or even completely unknown. For this reason, a good calibration of the transport models is very complicated.

Objective of our approach

Forward model The tsunamis studied in the context of CARQUAKES, are very old events whose evidence of occurrence is limited to sediment and boulder deposits discovered on the islands of the arc. These sediments and boulder deposits provide information on the minimum wave heights necessary to reach the locations, on the minimum distances of transport and on the geographic tsunami impact distribution. This information is very precious for evaluating the transport path generated by a forward model but they are too few to well constrain an inverse model, more adapted to study cases with a greater amount of available data. For this reason, we chose to develop a forward model of sediment transport which could be compatible and easily integrated into the forward model of tsunami propagation TAITOKO.

Spherical boulders Among the boulders reported around the world (Table 4.1), two categories are identified: boulders detached from cliff edges or rocky platforms with more angular shapes (there are rounded shapes exceptions) and boulders detached from coral reefs with more rounded shapes (there are angular shapes exceptions). Overall there is a significant number of rounded boulders with, for some of them, a pronounced spherical shape. It has been shown that models of boulders with different shapes can produce very different results of transport [START_REF] Nandasena | Boulder transport by high energy: Numerical model-fitting experimental observations[END_REF][START_REF] Oetjen | Significance of boulder shape, shoreline configuration and pre-transport setting for the transport of boulders by tsunamis[END_REF]Oetjen, Schuettrumpf and Engel, 2020). These differences are observed for angular shapes only, but the difference between a spherical and an angular boulder must be even greater.

The displacement of a real boulder is probably between that of an angular block and that of a spherical block, however, most of the transport models (and all the forward models) are focused on cubic and rectangular shapes (Table 4.1). In Anegada, the boulders shape [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] is very close to a sphere so we decide to develop equations adapted to the displacement of a sphere.

Model of boulder transport and simulation code

Involved forces for transport

The forces involved in the boulder transport have been studied and defined by many authors. Some of the forces are essentials such as the drag force Fd, the inertial force Fi, the friction force Ff and the gravitational force Fg. But others can also have an impact such as the lift force Fl or the added mass force Fa. The associated coefficients are presented in more details in Section 4.2.3 and Table 4.4. Fd is the drag force, the force of the current on the boulder, with C d the associated drag coefficient.

F d = C d 1 2 ρ f A b |U f -U b |(U f -U b ) (4.1)
Fi is the inertia force, the driving force of the boulder weight in movement, with C i the associated inertia coefficient:

F i = C i 1 2 ρ f V b dU f dt (4.2)
Fa is the added mass force, the effect of the boulder movement on the acceleration of the fluid surrounding it. It is associated with an added mass coefficient Ca :

F a = C a ρ f V b ( dU f dt - dU b dt ) (4.3)
Fl is the lift force, the force generated by a pressure drop at the top of the boulder that can take part in the initiation of the movement. It only appears if the boulder is submerged and is linked to a lift coefficient Cl : Ff is the friction force generated by the friction of the boulder on the floor associated with the friction coefficient Cf :

F l = C l 1 2 ρ b A b (U f -U b ) 2 U b |U b | (4.4)
F f = C f (ρ b -ρ f )V b gcos(θ) U b |U b | (4.5)
4.2. Model of boulder transport and simulation code 165 Fg is the gravitational force generated by the boulder weight on the slope :

F g = (ρ b -ρ f )V b gsin(θ) (4.6)
We consider the volume Vb of the whole sphere immersed in the fluid and the area Ab submitted to the flux that corresponds to a quarter of the sphere area :

V b = 4/3πR 2 (4.7)
A b = πR 2 (4.8) 

Equations of motion for a spherical boulder

The transport of a boulder by a fluid can take different forms depending on the conditions of friction, fluid velocity, boulder shape and more. We differentiate three main transport types which are the rolling, the sliding and the saltation. These transport processes and the transfer from one type to another can be expressed either through a friction parameter in one unique equation for all the transport modes [START_REF] Imamura | A numerical model for the transport of a boulder by tsunami[END_REF][START_REF] Nandasena | Reassessment of hydrodynamic equations: Minimum flow velocity to initiate boulder transport by high energy events (storms, tsunamis)[END_REF] or through boundary conditions allowing to switch from one equation to another, each equation being dedicated to one transport mode, we chose the latter in our model. The forces acting on the boulder are the drag force Fd, the inertial force Fi, the added mass force Fa, the lift force Fl, the friction force Ff and the gravitational force Fg detailed in the previous section. The total velocity of the boulder is the sum of the translational velocity (when the boulder is sliding or saltating) and the rotational velocity when the boulder is rotating :

U b = U rolling + U sliding + U saltation (4.9)
Most of the previous studies on boulder transport consider cubic or rectangular blocks where the transport by rolling is not predominant and they only consider the translational motion of the block. Then the equation of motion for a submerged boulder is written as followed with Ub the boulder velocity, ρ b its density and Vb its volume :

ρ f V b dU b dt = F d + F i + F a + F l -F f -F g (4.10)
Few studies take into consideration the rotational motion of the block [START_REF] Voropayev | The motion of large bottom particles (cobbles) in a wave-induced oscillatory flow[END_REF][START_REF] Harry | Boulder Pickup by Tsunami Surge[END_REF]. However, if the block is rolling, the boulder gains a rotational velocity that can be converted to a translational velocity with a second equation of motion, that is defined as followed with Ω b the boulder angular velocity :

U rolling = R dΩ b dt (4.11)
And the angular acceleration (dΩ b /dt) is defined as follow:

I dΩ b dt = R(F d + F i + F a -F g ) (4.12)
with I the moment of inertia of the assumed solid and homogeneous particle (I = 2/5ρ b V b R 2 ), R the distance between the boulder center and the contact with the floor that corresponds to the radius of the boulder. The motion-parallel component of the forces is at work in this rotational motion except for the friction force and the lift force that do not act anymore when the boulder is rolling.

Parameters and coefficients

Each of the forces (Fd, Fl, Fi, Fa and Ff) is associated with a coefficient that allows to modulate the force weight in the equations. These coefficients do not have a fixed value in the literacy, they should be adapted to the chosen equations and calibrated through different tests or benchmarks. However, from the analysis performed in existent studies we can define for each coefficient a range of optimal values and have an idea of their importance, their associated sensitivity in the equations.

Drag coefficient Cd

The drag coefficient optimal value has been estimated by several authors [START_REF] Yalin | Mechanics of Sediment Transport: 2d Ed[END_REF][START_REF] White | Viscous fluid flow[END_REF] to be close to 1 (Cd ∼ 1) in the case of a spherical particle moving freely in a fluid. This value should be increased by a factor 1.5-2 in the case of a sphere in the presence of a bottom according to [START_REF] Eagleson | Wave-Induced Motion of Bottom Sediment Particles[END_REF]. Based on those references [START_REF] Luccio | The motion of cobbles in the swash zone on an impermeable slope[END_REF] uses a value of Cd = 1 for its study of cobble's motion in a swash zone and notices that the results are not very sensitive to this drag coefficient. Some experiments of flow around a sphere [START_REF] Prandtl | Applied hydro-and aeromechanics[END_REF] give a value of Sliding High Cd = 0.5, value used by [START_REF] Harry | Boulder Pickup by Tsunami Surge[END_REF] in the simulation of a boulder pick-up by a tsunami surge. Based on the hydraulic experiment on solid blocks, [START_REF] Noji | Numerical simulation of movement of large rocks transported by tsunamis[END_REF] proposed quite complex and rigorous empirical equations to estimate values for drag Cd and mass (Ci, Ca) coefficients depending on the water depth, the current velocity and also the subaerial or submerged position of the block. Without having the precise velocity of the flow surrounding the block, [START_REF] Imamura | A numerical model for the transport of a boulder by tsunami[END_REF] decides to use a value of coefficient based on the relation with the Reynolds number [START_REF] Hoerner | Block and boulder accumulations along the coastline between Fins and Sur (Sultanate of Oman): tsunamigenic remains?[END_REF][START_REF] Julien | Erosion and sedimentation[END_REF] Cd=1.05. [START_REF] Nott | Waves, coastal boulder deposits and the importance of the pretransport setting[END_REF] follows the study of [START_REF] Noji | Numerical simulation of movement of large rocks transported by tsunamis[END_REF] and selects a value of Cd=2 for a submerged configuration and a range of depth (h) and wave height (H) ratio (h/H < 1.2) (value reduced to Cd = 1.5 in subaerial conditions). [START_REF] Helley | Field measurement of the initiation of large bed particle motion in Blue Creek near Klamath[END_REF] analytically defines a relation between the drag coefficient and a shape factor of the particle, the drag coefficient values that can be extracted from their graph range between 0.4 < Cd < 1 for a spherical particle. The diversity of these studies and approaches show the sensitivity of this coefficient and the complexity of defining its optimal value.

Lift coefficient Cl

Lamb (1932) defines the lift coefficient from the analytical solution of potential flow past a sphere with Cl = 0.63 (Cl = 2/π) also used by [START_REF] Harry | Boulder Pickup by Tsunami Surge[END_REF] in the simulation of a boulder pick-up by a tsunami surge with a no flux condition in a soil bed. [START_REF] Yalin | Mechanics of Sediment Transport: 2d Ed[END_REF] defines it as a complex function of the geometry and other parameters with a value's range of [0.5-1]. [START_REF] Luccio | The motion of cobbles in the swash zone on an impermeable slope[END_REF] choose Cl = 1 for their study of cobble's motion in a swash zone and they notice, similarly to the drag coefficient, that their results are not very sensitive to this lift coefficient values. [START_REF] Helley | Field measurement of the initiation of large bed particle motion in Blue Creek near Klamath[END_REF] uses a value Cl = 0.178 taken from the experimental work of [START_REF] Einstein | Hydrodynamic Forces on a Rough Wall[END_REF][START_REF] Einstein | Hydrodynamic Forces on a Rough Wall[END_REF][START_REF] Einstein | Hydrodynamic Forces on a Rough Wall[END_REF][START_REF] Vanoni | Sediment transportation mechanics: Initiation of motion[END_REF] that was applied to relatively large particles (0.225 ft). This value is also used by [START_REF] Nott | Waves, coastal boulder deposits and the importance of the pretransport setting[END_REF] in the study of boulders pre-transport settings, by [START_REF] Noormets | Sedimentology of rocky shorelines: 3.: Hydrodynamics of megaclast emplacement and transport on a shore platform, Oahu Hawaii[END_REF] in the transport model of megaclasts, by [START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF] in their boulder and fine sediment transport model and by [START_REF] Nandasena | Boulder transport by high energy: Numerical model-fitting experimental observations[END_REF] in the transport model of boulders.

Chapter 4. Simulation of the tsunami boulder transport

Added mass and inertia coefficient Ca and Ci

The coefficient of inertia Ci and mass Ca are not present in all definitions of the inertial force and the added mass force. [START_REF] Harry | Boulder Pickup by Tsunami Surge[END_REF] defines a coefficient Ci = 1.5 for the inertial force, the value is taken from the study of [START_REF] Lamb | Hydrodynamics[END_REF] on the analytical solution of potential flow past a sphere. However, they do not include the added mass force in their system of equations. [START_REF] Imamura | A numerical model for the transport of a boulder by tsunami[END_REF] considers both forces, the inertial force without coefficient and the added mass force with a coefficient Ca=1.67. This coefficient, as with the drag coefficient, is defined based on the relation with the Reynolds number [START_REF] Hoerner | Block and boulder accumulations along the coastline between Fins and Sur (Sultanate of Oman): tsunamigenic remains?[END_REF][START_REF] Julien | Erosion and sedimentation[END_REF]. The coefficient of added mass (Ca) is determined empirically by [START_REF] Noji | Numerical simulation of movement of large rocks transported by tsunamis[END_REF] where they define Ca as a function of the water depth and wave height ratio (h/H). They observed that this value increases and can make a difference on the total force at the moment of the first impact with the wave, the value of Ca decreases rapidly after that. They finally use a value of Ca=2, also used by [START_REF] Nandasena | Boulder transport by high energy: Numerical model-fitting experimental observations[END_REF].

Friction coefficient Cf

The coefficient of friction is a key coefficient that has a strong impact on the total force. Some authors make it appear in the wave propagation formulas but not in the boulder forces [START_REF] Fukui | Hydraulic Study on Tsunami[END_REF][START_REF] Nott | Waves, coastal boulder deposits and the importance of the pretransport setting[END_REF]. Some use a constant coefficient, as [START_REF] Luccio | The motion of cobbles in the swash zone on an impermeable slope[END_REF] that defines values of dynamic coefficients Cf = 0.1 for smooth bottom and Cf = 0.4 for sandy bottom, and static coefficient Cf = 1.5 -2. [START_REF] Imamura | Numerical study of the 1771 Meiwa tsunami at Ishigaki Island, Okinawa and the movement of the tsunami stones[END_REF][START_REF] Imamura | A numerical model for the transport of a boulder by tsunami[END_REF] estimate the coefficients of static and dynamic friction to be in the ranges of [0.65-0.8] and [0.5-0.7] for the calculation in open channel and to be equal to 0.75 and to 0.71 for the calculation at the coastal area of Ishigaki Island. Those estimations are adapted for the case of displacement by sliding but not when the boulder saltates or rotates. They develop a more general formula of the friction adapted to the different transport types (rolling, sliding, saltation) that takes into account the ground contact time and the boulder velocity.

Our coefficient choices

Without any clear definition of these coefficients and any reliable reference values compatible with our equations, we decided to calibrate and identify the optimal coefficient values for our model. This calibration is the main point of this study. However, we keep in mind these ranges and the results of these different analyses to identify the flaws in our model and to correct it consequently. As explained in the following section, the friction force and the friction coefficient are not appearing in the final version of our code. We consider that the friction is modeled through the Manning Coefficient that slows down the wave propagation in shallow waters and consequently also impacts the transport of the boulder.

Assumptions and choices

Spherical boulder : no sliding

We considered limiting the study of boulder transport to only the rolling case since it is the dominant transport type for spherical particles, and only solving the equation of rotational motion. The study of [START_REF] Voropayev | The motion of large bottom particles (cobbles) in a wave-induced oscillatory flow[END_REF] shows that the translational velocity should not be neglected even for spherical particles and indeed, during the experiments presented in the following part we observed a major proportion of transport by rolling but also a significant proportion of transport by saltation (Figure the literature and the absence of experiments using spherical boulders, we decided to conduct a set of experiments adapted to our problematic. During the summer 2020, more than 200 experiments were performed in the hydraulic laboratory of ESTP (École spéciale des travaux publics, du bâtiment et de l'industrie, Paris) that owns a canal (13 m x 41 cm x 55 cm). With a wave generated at one end of the canal and boulders placed in the central part, the objective was to analyze the displacement of boulders when subjected to different 'tsunami' like waves. This canal is equipped with a motorized valve, a pneumatic door at one end and a tiltable 1.37 m platform that provides a slope from 0°to 30°at the other end (Figure 4.3). A common approach for modelling a tsunami wave at a laboratory scale is the method of the dam break [START_REF] Ginting | Comparison of Shallow Water Solvers: Applications for Dam-Break and Tsunami Cases with Reordering Strategy for Efficient Vectorization on Modern Hardware[END_REF] that generates wave's shape and velocity consistent with tsunami characteristics. The dam break is reproduced using the pneumatic door that releases important water quantities in less than 1s. The water levels on both sides of the door are adjustable with a maximum height of 50 cm. Six ultrasonic sensors record the water levels in real-time with a very good acquisition frequency (100 Hz).

A sensor is positioned upstream of the gate to record the water level reached before the dam failure. The five other sensors are positioned between the gate and the end of the slope to follow the wave train propagation (see Figures 4.3 and 4.9). A velocity sensor is also placed in the center of the canal, anemometer type, to record the flow velocity in real-time. The boulders are modelled by blocks of different aspects, sizes and densities and are installed at the base of the slope (7.877 m). The transport of the blocks is filmed using two synchronized cameras from above and from the side of the channel (see Figure 4.5). The cameras are set to acquire images at a rate of approximately 10 Hz, sufficient to track the boulder displacements.

Studied parameters and characteristics

The important experimental parameters can be divided into three categories: the wave (wave height, flow intensity), the boulders (size, density) and the floor (slope, rugosity) characteristics. The table (Figure 4.6) gathers all the experiments carried out. For this study, we focus only on the spherical blocks and not on the cubic ones.

The wave shape and flow velocities are controlled by the water height on both sides of the door. The water height varies from 20 cm to 35 cm on the right side and from 1 cm to 15 cm on the left side. We use ball-shape boulders of radius going from 0.25 cm to 2 cm with a density of 2003, 2362 and 2991 kg.m -3 using different materials (PVC, solid clay and glass). The canal is inclined from 10% to 35% and we use different floor materials (metal, sand, synthetic grass) to vary its rugosity coefficient. All those parameters influence the displacement of boulders but in this study, we focus on the boulder size, the boulder density and the initial wave height. The study of the influence of the slope and floor rugosity is still under progress.

Reproductibility and stability

Using the records of the different sensors, we check the reliability of the tsunami wave simulation that, indeed, reproduces well the flow velocity and the water heights (Figure 4.9). Each experiment is performed under identical conditions 3-5 times in the experimental wave and the simulated wave. Among each set of experiments, we use the results of boulder transport from the experiment providing the wave's records the closest to the simulated one.

Analysis of the images

We do not have any tools to automatically track the displacement of the boulders by image analysis so we extract manually the positions of the boulders at each timestep to reconstruct the displacements like presented in Figure 4.7. We also drew lines and numbers on the boulders surfaces in order to track their rotation during the transport. From the analysis of the top images, we calculate the proportion of rotational displacement (Figure 4.8) and from the lateral images, we detect the occurrence of saltation (Figure 4.8) during the transport. The results show that approximately 80% of the displacement is associated with the rolling and the rest is associated with some saltation and potentially some sliding. The exact proportions of sliding and saltation are difficult to estimate since these modes occur mostly at the impact of the wave when the images are disturbed by water swirls and the boulders are barely distinguishable. The absence (or at least the very small proportion) of sliding in the transport of spherical boulders, is the observation that leads us to simplify the equations and to use only the rolling and saltation modes.

Calibration at laboratory scale

Modeling of the laboratory experiment

Modeling the experiments implies modeling the different setups, modeling the dam break and water flow and finally the transport of boulder.

Creation of the grids Five bathymetric grids are created with slopes of 0°, 10°, 20°, 30°and 40°. Their dimensions correspond to the dimension of the canal, they start with an initial flat segment and end with a slope. We create several grids of different resolution (0.1 m, 0.01 m, 0.001 m, 0.0001 m) but the results presented here were obtained with the 0.001 m resolution grids.

Verification of flow heights and velocity A second grid models the initial state of the water surface with two varying parameters: the water height before the dam and the water height after the dam. At time t=0 of the simulation, the dam break is reproduced by the instantaneous disappearance of the invisible limit between the two water heights. To ensure reliable modeling of the wave, we compare the modeled flow heights and velocities to the water height and flow velocities recorded during the experiments (Figure 4.9). We adjust the Manning friction parameter and obtain very consistent wave heights and velocities for each experiment.

Time and space convergences

We choose a grid resolution of 0.001 m, fine enough to reproduce precisely the wave and sediment transport but rough enough for timesaving simulation in order to perform multiple simulations and to ensure a robust sensitivity analysis. However, we want this code to be adaptable and need to verify the convergence of the results in time as well as in space. The time convergence is validated for a large range of time-step: from the wave simulation time-step, the range starts not lower than 0.001 s, to values 100 times greater up to 1 s. Similarly, the convergence in space is verified for a large range of grid resolutions (0.1 m, 0.01 m, 0.001 m, 0.0001 m). The space convergence is an important point since the bathymetric data needed for real-scale simulation might not always be available at very high resolution. So, the model should be consistent even with low-resolution grids (as long as it makes sense in terms of physics).

Sensibility analysis of the coefficients

The first objective of these experiments is to verify the consistency of the simulation results compared to the experimental observations and to confirm our choice of equations especially the suppression of the sliding mode of transport. The second objective, is the calibration of the four coefficients present in the equations: the coefficient of inertia Ci, the coefficient of added-mass Ca, the coefficient of drag Cd and the coefficient of lift Cl. Comparing data and simulation The objective of the coefficients calibration is not to create a model that reproduces the exact boulder trajectory but a model that reproduces a realistic amount of boulder displacement. Indeed, considering the number of uncertainties between the model and the reality (small variations of the transport signal in between same experiments, small differences between the modeled wave and the experiment wave, differences between the modeled boulders and the real ones...), it makes no sense trying to reproduce perfectly the boulder movement.

And it is even more true for real scale simulation where the number of uncertainties increases drastically. So for this calibration, we extract only the maximal position reached along the slope and compare it to the maximal positions obtained during the experiments.

Analysis method For the coefficient analysis, we use the Saltelli-sampler and Morris tools of the python SALIB library [START_REF] Usher | SALib/SALib: Launch[END_REF]. The Saltelli sampler generates semi-random lists of parameters adapted for sensitivity analysis. We use it to perform simulations with combinations of the four parameters whose values range between 0 and 2, ranges of values found in the literature (see Table 4.4). After several simulations, we observe that the coefficient of inertia and added-mass (Ci, Ca) have a minor impact compared to the drag and lift coefficients (Cd, Cl) which is consistent with what was found in the literature.

To reduce the total number of combinations, we decided to analyze separately the equation's intrinsic coefficients Ci, Ca and Cd (present in the transport equations) from the mode-related coefficient Cl (present in the mode-choice condition). The first set of simulations corresponds to 400 different combinations of Ci, Ca and Cd (with Cl fixed), the second set of simulations corresponds to 120 different combinations of Cd and Cl (with Ca and Ci fixed). For each simulation, we extract the maximal position reached by the boulder and plot this value in function of the associated coefficient to highlight their influence. Then, we select the simulations giving the best fitting results: a maximal position with less than 10% deviation from the experimental value. And finally, we compute the average values (with standard deviation) of the coefficients Ci, Ca, Cd and Cl associated with the selected models. 2 cm and we fix the rest of the parameters (the wave height (H) to 20 cm, the water depth to 10 cm, the slope to 10°, the boulder density to 2000 kg.m -3 ). In three others, we model boulders with densities of 2003 kg.m -3 , 2362 kg.m -3 and 2991 kg.m -3 and we fix the rest of the parameters (the wave height (H) to 20 cm, the water depth to 10 cm, the slope to 10°, the boulder radius to 2 cm). In the three last experiments, we model a wave height (dam break) of 20 cm, 30 cm and 40 cm and we fix the rest of the parameters (the water depth to 1 cm, the slope to 20°, the boulder radius to 2 cm, the boulder density to 2000 kg.m -3 ). We present the following analysis for the three sets of experiments. The simulations whose maximum displacement value is located between the two dashed lines are selected as best fitting simulations. We compute the optimal coefficient value from the average of the coefficient values of these selected simulations, the resulting optimal values are presented in Figure 4.12. Since the graphic does not show preferential values for Ca and Ci, the average values of the best simulations are around 1, except for the smallest boulder B5. During our test, we notice that Ci and Ca do not impact the results if they are kept in certain ranges of values but if Ci is greater than 1 and Ca lower than 1, then some discrepancies begin to appear. We decide to fix Ci to the value of 0.8 and Ca to the value of 1.5 as the best compromise between the values from the literature (see Section 4.2.3 on the coefficients) and our sensitivity analysis. The drag coefficient best value varies between 1 and 1.5, except for the smallest boulder. Coefficient Cd and Cl For the analysis of Cd and Cl, we proceed similarly as for the previous coefficient analysis. We fix Ci at a value of 0.8, Ca at a value of 1.5 and we perform 120 simulations with varying combinations of Cd and Cl (Table 4.6). This time, the analysis is carried out for the boulder size, the water-height and also ) can be reproduced by the simulation whatever the value of Cl but not for all values of Cd. Indeed, for the size coefficient the best results with Cd values between 0 and 1 while for the wave height experiment the Cd values must be higher, between 1 and 2. So it shows the sensitivity of the drag coefficient to the context and the initial conditions of transport and leads to optimal values of 1 for both the Cd and Cl coefficients (Figure 4.16). These two coefficients should be further studied and that is the objective of the following paragraph and the objective of the real scale calibration. The results of simulation obtained for the different densities are not convincing, our model show a very low variation of the results for the three studied densities. The results are well reproduced for a density of 2003 kg.m -3 which corresponds to a value close to the ones that can be found in the field (for corals the density ranges between 1200 kg.m -3 and 2000 kg.m -3 ). However, for higher densities (2362 kg.m -3 and 2991 kg.m -3 ) whatever the coefficients values, the model always overestimate the displacement. This issue should be further investigated to understand the origin of this low sensitivity of the code to density. Evolution of the coefficient sensitivity and forces influence in time One of the tools offered by the SALIB Python library is the "sobol.analyze" module. It allows to evaluate the a sensitivity coefficient "ST" of each parameters on a set of given results. For example, for the 120 Cd-Cl simulations, each simulation provides one D synth (maximal boulder distance) and is associated to one value of Cd and one value of Cd. The module analyze and compare the variation of the D synth and the variation of each coefficient value. If the D synth show important variations correlated with the variation of one coefficient then it means that this coefficient is sensitive and the estimated "ST" value will be high. With this approach, the sensitivity analysis calculated on the maximum displacement results provides one "ST" value for each coefficient for the whole simulation. But if we apply this method of analysis on the displacement value generated at each time-step of the simulation then we obtain a "ST" value for each time-step of the simulation and we can plot the evolution of the sensitivity of each coefficients on time. Which bring more information on the impact of each forces at the different step of the transport. So we perform this sensitivity analysis of the coefficients at each time step of the transport, on the 400 simulations for the Ci, Ca and Cd coefficients, and on the 120 simulations for the Cd and Cl coefficients. We obtain the evolution of the sensitivity of each coefficient in time like presented in Figure 4.17. The black dotted line corresponds to the experimenal boulder displacement for reference. The graphic shows peaks of sensitivity at the initiation of the displacement which is also the impact of the wave. The first second of simulation seem to have a great influence of the results. The extreme "ST" values of coefficient Ca are due to unrealistic boulders displacement that exploded (with very low Ca values) and which distorts the estimation of the sensitivity. Once, the first motion has occurred, the graphics show that Ca and Ci coefficients decrease progressively toward zero, indicating that the added-mass force and inertia force likely do not play an important role at this stage of the simulation. However, if Cd "ST" value also decreases after the first motion, it shows a slight increase later during the wave backwash. It indicates a probable action of the drag force on the boulder during the withdrawal of the wave. Finally, the lift force shows the highest "ST" value even during the late stage of the displacement, meaning that the lift force impacts not only the motion initiation but the displacement during the whole process.

Conclusion of the calibration at laboratory scale

The main conclusion of this calibration are that the added-mass and inertia coefficient and forces do not have an important effect on the boulder displacement and can be fixed to optimal values of Ci=0.8 and Ca=1.5. The drag and lift coefficients and their associated forces have a strong influence on the transport and also depends of the initial boulder parameters and condition of transport so their value should be carefully chosen. For this reason, the calibration at real scale is needed and focuses only on these Cd and Cl coefficients.

Calibration at real scale : Bandah Aceh benchmark

The coded equations not being dimensionless, the passage from the laboratory scale to field scale requires verification of the consistency of the coefficients and if needed a recalibration of the values. For this reason, we need field data of boulders transported by a known tsunami or by an extreme wave that could be modeled and used as a benchmark for testing and calibrating the code. In 2004, the Sumatra tsunami flooded the Indonesian coast and carried a large amount of sediment in the region of Bandah Aceh. Among these sediments, hundreds of displaced boulders have been identified along the coast and can be used as a benchmark for such study. 

2004 Sumatra tsunami and Bandah Aceh boulders

The tsunami The 2004 Sumatra earthquake of a magnitude estimated between 9.1 and 9.3 [START_REF] Stein | Speed and size of the Sumatra earthquake[END_REF][START_REF] Chlieh | Coseismic Slip and Afterslip of the Great Mw 9.15 Sumatra-Andaman Earthquake of 2004[END_REF] is one of the largest known.

The rupture propagated on 1500 km along the northern segment of the Indonesian subduction zone (maps of the area and coseismic deformation associated with the rupture showed in Figure 4.18) and initiated a tsunami that propagated throughout the Indian Ocean, killing over 250000 people and devastating the closest coasts. Field surveys were conducted in Banda Aceh a few weeks after the disaster [START_REF] Borrero | Field Survey of Northern Sumatra and Banda Aceh, Indonesia after the Tsunami and Earthquake of 26 December 2004[END_REF][START_REF] Yalçiner | Simulation and Comparison with Field Survey Results of Dec., 26[END_REF][START_REF] Borrero | Northern Sumatra Field Survey after the December 2004 Great Sumatra Earthquake and Indian Ocean Tsunami[END_REF][START_REF] Tsuji | Damage and height distribution of Sumatra earthquake-tsunami of December 26, 2004, in Banda Aceh city and its environs[END_REF] and additional field trips in 2005 and 2006 in the districts of Banda Aceh and Lhok Nga (Tsunarisque mission).

The reports and the studies of the collected data [START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF][START_REF] Lavigne | Reconstruction of Tsunami Inland Propagation on December 26, 2004 in Banda Aceh, Indonesia, through Field Investigations[END_REF][START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF] provide the inland flow depths, flow direction, inundation extents and wave chronology, many elements that allow to constrain the tsunami wave characteristics. In Figure 4.19, we present the values of run-up heights and distances that were mandatory for the selection of the earthquake source.

The source Several studies attempt to define the source of this earthquake. Among them, the well defined multisegment sources from [START_REF] Fujii | Tsunami Source of the 2004 Sumatra-Andaman Earthquake Inferred from Tide Gauge and Satellite Data[END_REF] and from [START_REF] Sladen | On the use of satellite altimetry to infer the earthquake rupture characteristics: Application to the 2004 Sumatra event[END_REF] are tested in this study. Focusing on the impact of the tsunami on the coast of Bandah Aceh, we compare the simulation results to the tsunami observations and the chosen mandatory threshold values. The most consistent source in terms of wave height and chronology, is the one from [START_REF] Sladen | On the use of satellite altimetry to infer the earthquake rupture characteristics: Application to the 2004 Sumatra event[END_REF]. We use this source for the rest of the study (coseismic displacement in Figure 4.18 and associated synthetic tide-gage signal in Figure 4.21). In addition to the source, we calibrate the value of the Manning friction coefficient that also impacts the wave heights and inundation distances and choose an optimal value of 0.02. As shown in Figure 4.19, the results of the [START_REF] Sladen | On the use of satellite altimetry to infer the earthquake rupture characteristics: Application to the 2004 Sumatra event[END_REF] source tsunami simulation are very consistent with the reported water levels and observations.

The boulders The boulders deposited during the 2004 Sumatra tsunami are studied in two main articles [START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF][START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF]. In addition, Raphaël Paris kindly provided us some complementary unpublished data on the boulders positions and their characteristics. The transported boulders can be separated into two categories: the boulders identified onshore during the field surveys [START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF] and the boulders identified offshore using side-scan sonar data of the near shore area [START_REF] Paris | Boulder and fine sediment transport and deposition by the 2004 tsunami in Lhok Nga (western Banda Aceh, Sumatra, Indonesia): A coupled offshore-onshore model[END_REF]. The 162 onshore boulders are located in four main areas: 14 coral boulders at the Lampuuk Pointe ("Pointe" area in Figure 4.20), 39 coral boulders and 14 beach rock boulders at the Lhok Nga river mouth ("River Mouth" area), a field of 87 boulders associated with the destruction of a sea-wall ("Sea Wall" area) and 6 boulders (coral, platform fragment) in Lhok Nga harbour (not framed but indicated at the bottom of the map in Figure 4.20). We use only the three northernmost areas since Lhok Nga harbour is located too close to the grid borders (i.e., limited boulder initial positions and possibility of transport). The boulders identified offshore on the side-scan sonar images (Figure 4.20) are separated into two categories: (1) "in-situ" boulders that were present in the images before the tsunami: they correspond to coral reefs, platforms or previously transported boulders but they represent above all, a potential origin for the transported boulders; (2) "transported" boulders that were not present in the images before the tsunami and were likely transported during the event. In total, [START_REF] Paris | Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh (Sumatra, Indonesia)[END_REF] count 1794 "in-situ" boulders (offshore) and 1760 "transported" boulders (offshore + onshore). So, a major part of the boulders was transported offshore and a small part was deposed along the coast. No boulder of significant size was detected further inland, beyond the main roads at around 500 m from the coastline. We detail the choice of our boulder initial positions as well as their size and density in the 2D simulation section.

Simplified 1D simulations

As previously said, the passage from the laboratory scale to the field scale requires a verification of the code metrics and stability and the coherence of the results. In order to do so, before using the real bathymetric 2D grids of Banda Aceh which add uncertainties in the simulation, we first perform simulation on a 1D simplified grid of the area.

Grids and source A 400km long 1D bathymetric grid is built based on the topographic section of the Banda Aceh coast with a sinusoidal source to reproduce a simplified case of the Sumatra tsunami. The wave modelled in this 1D simulation shows wave amplitudes very close to the tsunami wave modelled with the Sladen and Hébert (2008) source using the 2D real grids as shown in Figure 4.21. We perform the simulation on three 1D grids with resolutions of 1 m, 10 m and 20 m and obtained identical results. The finest grid available for Bandah Aceh has a resolution of 18 m so we had to ensure the spatial convergence of the code for such a gap of resolution.

The following results are obtained with the 20 m resolution 1D grid.

Method of analysis

We perform a sensitivity analysis of the drag and lift coefficients, similarly to the one performed for the canal experiment simulations. We perform this analysis for two sets of simulations, focusing on the boulder size and the boulder density. The rest of the parameters (wave height, slope...) are imposed by the source and the bathymetric grid. The results for the simulations with three boulder radius of 40 cm, 100 cm and 160 cm (fixing the boulder density to 1250 kg.m -3 ) and the three boulder density of 1200 kg.m -3 , 1600 kg.m -3 and 2000 kg.m -3 (fixing the boulder size to 100 cm) are presented respectively in Figures 4.22 Results of the sensitivity analysis The canal experiments show the low sensitivity of the inertia and added-mass coefficient (Ci, Ca). We reach the same conclusion by analyzing these coefficients sensitivity with the 1D Sumatra simulation (these results are not presented here). Thus, for the rest of the simulations, Ci is fixed at the previously defined value of 0.8 and Ca at the value of 1.5 and we focus on the analysis of the drag and lift coefficients (Cd, Cl). The graphics of Cd and Cl coefficient sensitivity (Figures 4.22 and 4.23) give very interesting results, slightly different from the analysis performed for Cd and Cl with the canal experiment simulations. Indeed, in contrast to what was obtained with the canal case, for the results on the maximal boulder position (top graphics in the Figures 4.22 and 4.23) the drag coefficient does not show a strong effect, while the lift coefficient shows a clear positive effect: the higher the lift coefficient, the further the boulder is transported. However, concerning the final position, the effects of the coefficients are different. The drag coefficient has an effect particularly important for the heaviest boulders, it indicates that the drag force plays an important role during the backwash of the tsunami: the higher the drag coefficient, the further the boulder is brought back offshore. The lift coefficient also shows some effects for the final position especially for the largest boulders R100 and R160. In conclusion, for the boulders final position to be either offshore or close to the coast, almost all the coefficient values tested (between 0 and 2) are compatible.

The only cases where the final boulder position is over the inland threshold (dashed line) are associated with high values of lift coefficient, that we decide to fix below a value of 1.

Evolution of the coefficient sensitivity and forces influence in time With the same tool "sobol.analyze" and method as the one used for the canal experiment (explained in paragraph 4.4.2). We apply the sensitivity analysis in time of the coefficients Cd and Cl for the three size sets (R40, R100, R160) (Figure 4.24). The evolution on the Cd and Cl "ST" values obtained for the 1D Aceh case are very similar to the ones obtained with the canal case (Figure 4.10). Again, the peaks of sensitivity appear at the wave impact and Cd "ST" value progressively decreases while Cl "ST" strongly re-increases. This time we present to the side (left graphics in Figure 4.10) the curves of displacement which are identical to the ones presented in figure 4.22. The difference is that they are represented by a succession of points that correspond to each time step of the simulations, there are colored in yellow if the activated transport mode is the rolling and in dark purple if the activated mode is the saltation. These curves show that most of the transport correspond to a rolling mode and the saltation mode is only activated at the initiation of the motion. Despite this very small proportion of saltation in the modeled transport, the sensitivity analysis show that the Cl coefficient has a strong impact not only at the beginning but during all the transport. It means that the boulder displacement generated by the activation of the saltation at the wave impact mode must be so different from the displacement without saltation that even after the position of the boulders remains very different. This sensitivity analysis highlights the complexity of all the process ongoing but especially at the initiation of the boulder motion: the boulder behavior at the wave impact will influence all the transport. As an illustration, if the boulder is behind an obstacle, the activation of the saltation at the wave impact will allow it to pass above the obstacle and to be easily dragged by the wave for the rest of the transport even with a rolling mode. However, if the saltation is not activated, the boulder takes more time to pass the obstacle, the peak velocities have already started to decrease when the boulder can finally be transported and will consequently be dragged more slowly resulting in much smaller values of displacement.

Conclusion

This analysis shows that the code is stable and gives coherent results at a kilometric scale. It enables a better understanding of the coefficient impact during the transport. The drag coefficient will mostly affect the transport of the boulder during the backwash while the lift coefficient has a stronger effect during the impact of the wave and will impact its propagation onland. It is probably due to the activation of the saltation mode that enables the transportation of boulders over greater distances. In this simplified case, if almost all final boulder positions are in the expected ranges, we notice that the proportion of boulders offshore and onshore is affected by the drag coefficient values. We have the approximate proportion of boulders transported offshore and onshore during the 2004 Sumatra tsunami (Figure 4.20), so we present in the following section how we calibrate the drag and lift coefficients so that the boulders are transported offshore and onshore in those same proportions.

Real 2D simulations

The 2004 tsunami is modeled using the multi segments source from [START_REF] Sladen | On the use of satellite altimetry to infer the earthquake rupture characteristics: Application to the 2004 Sumatra event[END_REF] as explained in the first section.

Grids The 2D simulations of the 2004 tsunami are performed on the three imbricated grids of 2 km, 200 m and 18 m resolution presented in Figure 4.18. The finest grid centered on Lokh Nga city (west coast) was provided by Raphaël Paris.

Method of calibration

The calibration of the code with Banda Aceh tsunami data is based on the proportion of boulders transported offshore and onshore along the coast. As presented in the first section, the major part of the boulders was transported offshore during the tsunami. With the boulders counted in the area, we can calculate percents of boulders transported offshore and onshore. 1762 boulders were identified offshore, all of them with a diameter larger than 1 m meaning that the images probably do not allow the identification of objects smaller than 1 m. (Figure 4.20): (1) the fringing reef that runs along Lampuuk Point and Lhok Nga, (2) at the positions of the "in-situ" boulders identified on the side-scan sonar (indicated in orange in Figure 4.20) and (3) at the Sea-Wall location (indicated in blue in Figure 4.20). We dispatch a total of 616 boulders within these 3 zones. They present four different sizes of 0.5 m, 1 m, 1.5 m and 2 m radius, and three densities. The fringing reef boulders have a density of 1230 kg.m -3 as measured during the field surveys, the "in-situ" boulders are of different origins (beach rocks, coral...) so their density is fixed to an average value of 1700 kg.m -3 and the sea-wall boulders have a density of 2400 kg.m -3 as measured during the field surveys. For each simulation, we extract the final position of the boulders and we divide them into three categories: those positioned offshore, those positioned on a 500 m large strip onshore along the coast (red area in the Figure 4.25) and those positioned further inland. Then, we calculate the resulting offshore/coastal/inland proportion and compare the positions of the boulders located along the coast to the one identified during the field surveys.

Coefficients selection Using the results from the previous calibration in canal, the coefficients of inertia and added-mass are again fixed to 0.8 and 1.5 respectively. The 2D simulations being more time-consuming, we have to restrain the number of coefficient values to the minimum. For the drag coefficient, we select four values from 0 to 1.5 (0.1, 0.5, 1.0, 1.5) and for the lift coefficient, we test three values from 0 to 1 (0.3, 0.5, 0.7). Lift values of 0.1 and 0.9 were tested as well but showed very incoherent results (not presented here). The results obtained with these 12 combinations (4x3) of Results and coefficient analysis The boulder positions presented here correspond to the final position of the boulders, but as shown in Figure 4.27, most of the boulders are transported much further before being brought back toward the sea. One main result of these simulations is the high number of boulders transported 1 km to 2 km inland that were not brought back with the backwash. This percent of "Inland" boulders is higher than 10% for the 12 simulations when it should be close to 0 since no boulders have been identified so far from the coastline during the field surveys. The simulations that reduces this proportion to the minimum correspond to small values of Cd and Cl with four best following combinations (Figure 4.25): model cd01-cl03 with values of Cd and Cl respectively to (0.1,0.3), model cd01-cl05 (0.1,0.5), model cd05-cl03 (0.5,0.3) and model cd05-cl05 (0.5,0.5). Considering only the boulder position proportions, the model cd01-cl03 gives the closest percents to the observation's one. However, the detailed analysis of models cd01-cl03 and cd01-cl05 show that among the "inland' boulders there is a higher proportion of large boulders than in the models cd05-cl03 and cd05-cl05. Indeed, with a drag coefficient of 0.5 (cd05) only the smallest boulders with a radius of 0.5 m are deposited inland while with a drag coefficient of 0.1 (cd01) there is a higher proportion of 1 m, 1.5 m and 2 m radius boulders. It is not impossible that small boulders were actually deposited at such distance but were not detected during the field surveys: due to their small size or because they could have been buried in sediments. However, boulders of 2 m to 4 m diameter would have been identified, so the cd01 models are less realistic than the cd05 one. Moreover, the previous sensitivity analysis shows that the transport is more sensitive with the smallest and lightest boulders so it is not surprising that the 0.5 m radius ones are transported further than expected. However, this effect is rapidly attenuated for larger boulders, as in the case of the cd05 models. Finally, the results on the distribution of the boulders deposited along the coast are also in favor of the cd05 models (Figure 4.26). The models cd01 boulder distribution are less close to the Chapter 4. Simulation of the tsunami boulder transport observed boulder distribution than the models cd05 ones, especially the model cd05-cl05 one. This later model (cd05-cl05) appears to have the coefficient combination providing the most convincing results.

Conclusion

These results highlight the sensitivity of the code on the transport of small and light boulders. The reality of such violent events brings many uncertainties: (1) a huge amount of sediments and other objects transported during the tsunami probably had an important impact on the boulder's displacement however these additional particles and the interactions they can generate are not considered in our model;

(2) we use a Manning coefficient that globally generates flooding depths and distances coherent with the observations however it is one value applied at the whole grid that does not take into account the heterogeneities of the field that probably impact the flow velocities and wave height;

(3) the ideal spherical size considered in our models might not be so adapted to the irregular shapes of Banda Aceh boulders. However, despite all those limitations the results are consistent with the observations. Finally, this last coefficient analysis lead us to choose a value of 0.5 for the drag coefficient and a value of 0.5 for the lift coefficient. The small variations of the results around those coefficient values allows having confidence in the stability of the code to be applied to other real events.

Application of boulder transport to the Pre-Columbian tsunami

In section (2) we presented the Pre-Columbian deposits identified in several islands of the Antilles Arc. Those deposits are associated with the occurrence of extreme waves potentially due to a major tsunami in the region. In this section, we tested several scenarios of earthquake-generated tsunami to conclude that the most convincing ones correspond to a rupture of the subduction interface. However, this was done without using the deposits positions to constrain our model and without any tool to evaluate the actual intensity of the tsunami required to transport those deposits.

The boulder transport code is a complementary tool to characterize the source of this Pre-Colombian event. 

Boulder deposits in Anegada

Boulders field have been identified mostly on the northern shore of Anegada Island [START_REF] Watt | Inland fields of dispersed cobbles and boulders as evidence for a tsunami on Anegada, British Virgin Islands[END_REF][START_REF] Spiske | A coral-rubble ridge as evidence for hurricane overwash, Anegada (British Virgin Islands)[END_REF][START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF]. For this study, we focus on the coral boulders and cobbles described in detail in the study from Atwater et al. (2017) (Figure 4.28). 225 boulders and cobbles are listed in the survey's reports and 27 were dated.

Nature of the boulders The most abundant coral species is the brain coral (Diploria Strigosa) that represents two third of the boulders. Their diameters are in the range of 0.5-1 m with three larger ones of 2.7 m, 1.7 m and 1.5 m diameter. Origin of the boulders The analysis of the deposits location [START_REF] Watt | Inland fields of dispersed cobbles and boulders as evidence for a tsunami on Anegada, British Virgin Islands[END_REF][START_REF] Spiske | A coral-rubble ridge as evidence for hurricane overwash, Anegada (British Virgin Islands)[END_REF][START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] shows clearly that the waves came from the north which is consistent with the fringing reef that runs along the northern coast of the island. Studies of the corals of Anegada Island [START_REF] Dunne | Some aspects of the ecology of reefs surrounding Anegada, British Virgin Islands[END_REF] give crucial information on the extent of the reef, the distribution of the different species and their abundance. The survey shows that the most abundant species are the Accropora Palmata, the Diploria Strigosa, the Orbicella Annularis and the Porite Astreoides [START_REF] Dunne | Some aspects of the ecology of reefs surrounding Anegada, British Virgin Islands[END_REF]. So the actual coral population presents the same species that the one identified in the Pre-Columbian deposits. The distribution of these corals in the different sections of the reef is reported as followed: the lagoon (0 m to 50-100 m from the coast i.e., the shallowest part) where the fewer corals are found; the rear-zone (50-100 m to 200-300 m from the coat) where important amount of corals are found; the reef-top (200-300 m to 300-400 m from the coast) as the richest area for corals; the buttress (300-400 m to 400-500 m from the coast), characterized by some corals in less important amount. However, there is no value on the coral's numbers or densities in this fringing reef. And these distributions vary in function of the species and also vary along Anegada northern coast.

Fault model and boulders parametrization

Boulder's initial positions and parameters Due to the lack of more details on the fringing reef, we choose to model the boulder's origins with an homogeneous distribution along the northern coast from the coastline to the reported reef-end limits (Figure 4.28). It results in 379 positions for 2 boulder radius of 0.5 m and 1 m that correspond to the larger part of the deposit's sizes. Each tsunami simulation is associated with the transport of 758 boulders. The density of the boulders is fixed to a value of 1500 kg.m -3 that corresponds to the average density for corals.

Fault models

The simulations being time-consuming, we select the most convincing fault models from our previous study (Section 3) which are the three trench models back important boulder displacement, we also choose to test them with a reduced slip and magnitude which are models T1a, T1b, T2a, and T2b. Associated parameters are detailed in the Table 4.30 Compared to the study of Banda Aceh, where the area is characterized by cities, crops and forest we suspect that the Manning coefficient to use (0.02 for Banda Aceh) needs to be lowered in the case of our Pre-Colombian tsunami simulations. Indeed, for Anegada, an area with brushes and ridges, we used a coefficient of 0.03 but it should be equal or lower than the one used for Banda Aceh, considering the nature of the fields. So for those simulations, we reduced the Manning coefficient from 0.03 to 0.02 and consequently the results of tsunami simulation are slightly different than the results present in Section 3. The grid centered on Anegada is the same 1 m resolution grid as in Section 3 resampled at to 5 m to reduce the calculation time for boulder transport.

Tsunami and boulder transport simulation results

Method of model's evaluation The results of the simulations are presented in Figures 4.31 and 4.32. The maps show that depending on the fault model, there is a wide range of possible displacements from boulders staying in place to boulders being transported completely across the island. Evaluating the goodness of fit of the models is a subtle problem since we model boulders homogeneously all along the reef when the real coral boulder distribution at that time might has been really different. Boulders transported at locations where no deposits were found is not a discriminatory argument since it can be explained by the non-existence of these boulders at their initial position to start with. However, since the 379 (1 and 2 meters diameter) modeled boulders represent a good coverage of the entire reef, a perfect model should result in the transport of at least one boulder in each area of deposition. So from [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] boulders mapping, we define 7 zones of deposition. They are indicated in Figure 4.28. From west to east: Zone A corresponds to an isolated boulder of 1.7 m; Zone B to a boulder field with diameters around 0.5 m; Zone C with diameters ranging from 0.5 to 1 m; Zone D to several boulders with diameters around 0.5 m; Zone E to a dense boulder field with diameters ranging from 0.5 to 1 m; Zone F in the continuity of zone E includes the largest boulder identified that measures 2.7 m; Zone G in the continuity of zone F, presents boulders of 0.5 to 1 m with one boulder 1.7 m large. We use these zones to define 10 conditions for evaluating the goodness of fit of the models: at least one synthetic boulder of 1 m diameter should be transported in each zone and at least one synthetic boulder of 2 m diameter should be transported in zones A, F and G. These conditions are presented in the Table 4.33 with the corresponding results of each model.

Results

The model T1 (Figure 4.31), the northern and westernmost segment of the trench, generates the highest waves and the greatest boulder displacements that go far beyond the observations. Between the two associated magnitude-reduced models, the more reduced one T1b results in very few displacements and the intermediate one T1a results in more consistent boulder displacements. The model T2 (Figure 4.31), the segment of trench facing the island, generates important but consistent boulder displacements. Between the two associated magnitude-reduced models, the intermediate one also generates coherent results even if the boulders are not transported in some zones (especially T2b, Table 4.33). The model T3 (Figure 4.31), the easternmost segment of the trench, generates very small boulder displacements with almost no transport inland. The flooding area is also smaller than indicated by the sand deposits. The model OR4 (Figure 4.32), an Outer-Rise fault facing the island, results 4.28. So the condition "B2 in ZA" means "There is at least one synthetic boulder of 2 m diameter in the zone A". The answers are "YES" if the simulation results respect the condition and "NO" if it does not. For the flood limits, the details on the sediment deposits are presented in Section 3 of this manuscript.

The "Total" corresponds to the number of respected conditions.

Discussion

The comparison of all simulations (Figure 4.33) leads to two favored faults models which are T1a and T2. These two mega-thrust models generate the transport of boulders in almost all the areas where deposits were identified, results at least twice better than the one obtained with the rest of the models. The slip giving the most consistent displacements ranges between 10 and 20 m which are realistic values for mega-thrust earthquakes. Models OR4 and W2 are also giving interesting results but they present too small flooded areas. As explained in the tsunami chapter, these models are already maximized and it would be unrealistic to increase some of their parameters in order to reach more consistent wave heights and run-ups. However, it could be interesting to vary their positions and orientations to see if that would lead to better fit the simulations. The localized displacement of boulders that appears in these two models (OR4 and W2) also shows the effect of local wave amplification on the transport, variations that can lead to better discrimination of sources.

Conclusion

This boulder transport models study of the Pre-Columbian event leads to a conclusion consistent with the tsunami study. If these extreme waves were generated by an earthquake-generated tsunami, it must come from the rupture of the subduction interface. The next step would be to test this boulder transport module with stormgenerated waves to see if these can also lead to such important displacement. However, before that, it will be necessary to test the code on new benchmarks to strengthen the calibration and improve the reliability of the results. For example, the Anegada simulations performed with smaller boulder sizes result in overestimated displacements, the 4.7. Improvements and perspective 205 boulder positions exceeding the flooding limits. This inconsistency shows the limits of the boulder transport models and how carefully the results should be considered.

Improvements and perspective

Joint boulder One major issue that has been spotted in most of the studies of boulder transport is the importance of the boulder motion initiation. Corals such as the brain corals (diplomea) in reefs can be attached to the ground or partially buried, and oppose resistance to the flow which is not taken into account in the equations. [START_REF] Harry | Boulder Pickup by Tsunami Surge[END_REF] shows that the initial motion of a partly buried spherical boulder is mainly related to the ratio of the lift force to the buoyant weight. But additional phenomena (pore-water pressure dissipation in the soil, influence of the water surface on the fluid forces) come into play and the model of force and moment balance by a linear combination of drag, lift, inertial, and body forces is not adapted. Considering the complexity of the physical processes behind the boulder detachment, we decide to simply add a threshold value at which the boulder starts moving. This value (Vlim) is modulated by the size and the density of the boulder following the equation 4.15 (with Cv a coefficient fixed to 0.5):

V lim = C v (1 + R 2 )(1 + ρ s 3000 ) (4.15)
We tested several formulas that could provide consistent velocity thresholds for the whole ranges of boulder size and density considered. The equation 4.15 gives the most convincing results for the canal and the Banda Aceh simulation cases. We do not try to reproduce the physics of boulder motion initiation, but only try to avoid this initial motion for very low values of velocities, especially for the smaller boulders. But this subject should be discussed more deeply.

Friction and Manning coefficient One particularity of the equations used here is that the friction component is neglected. Even in an ideal case where the boulder is only rolling, the nature of the ground and its irregularities must have an impact on the displacement, yet these variations are not taken into account. In numerical models, the roughness of the ground is usually expressed through the Manning coefficient which expresses the friction of the water on the floor, impacts the wave propagation in shallow waters and consequently also impacts the transport of the boulder. This coefficient is implemented in TAITOKO, but with a single value per grid, which means homogeneous roughness over each considered nested grid. This is therefore far from representing the reality of the interaction of the boulder with the soil and the environment. A good solution would be the implementation of a 2D Manning grid into TAITOKO, a method that has been developed for several tsunami codes these past years [START_REF] Gayer | Tsunami inundation modelling based on detailed roughness maps of densely populated areas[END_REF][START_REF] Muhari | Examination of three practical run-up models for assessing tsunami impact on highly populated areas[END_REF]. In addition to a value of bathymetry/topography, a value of Manning coefficient is attributed to each cell of the grid which allows to model the variations of the floor roughness [START_REF] Arnaud | How Would the Potential Collapse of the Cumbre Vieja Volcano in La Palma Canary Islands Impact the Guadeloupe Islands? Insights into the Consequences of Climate Change[END_REF]. Even with average resolution grids (e.g. 10 -20 m) 2D grids of this coefficient would allow to differentiate mangrove, coral plateau, sandy areas or vegetated areas, which can significantly impact the final modeled run-up distances [START_REF] Arnaud | How Would the Potential Collapse of the Cumbre Vieja Volcano in La Palma Canary Islands Impact the Guadeloupe Islands? Insights into the Consequences of Climate Change[END_REF]. Since it modulates the wave velocity then it consequently impacts the transport of boulders and with 1 m to 5 m resolution grids (if available), the coefficients could simulate the presence of a tree, a house, a concrete floor or a muddy surface and bring more realism in the boulder displacement.

Depth integrated velocity As an alternative or in addition to the Manning coefficient, it would be interesting to calculate the vertical variation of the flow velocity at the position of the boulder. Indeed, TAITOKO calculates a depth-averaged velocity so the variation of the flow velocity with the depth is not considered. This simplification does not impact the propagation of the wave at the scale of the ocean where most of the calculations are done. In coastal areas, where the water depth progressively decreases up to the shoreline, the interaction of the wave with the seafloor and the ground becomes more and more important. Those water-ground interactions can result in important vertical variations of the velocity. Yet, boulder transport occurs exactly at this water-ground interactions level, at the bottom of the water column. The water column above the seafloor can be partitioned into two layers: an inertial sublayer that corresponds to the upper part of the column and a roughness sublayer that corresponds to the near-bed region where the flow can be locally modified by the presence of seafloor elements or a general roughness. The bed roughness can be quite small when composed of simple flat sand layers, but it increases with the presence of aquatic vegetation, rocks or coral reef. These elements generate a resistance to the overflying flow and can result in a consequent attenuation with various velocity profiles: from the simple logarithmic variation, to more complex reef canopy phenomenon or even turbulent boundary layers [START_REF] Pomeroy | Sediment transport in the presence of large reef bottom roughness[END_REF][START_REF] Lowe | Oscillatory flow through submerged canopies: 1. Velocity structure[END_REF][START_REF] Grant | Combined wave and current interaction with a rough bottom[END_REF]. The most simple expression of the variation of the flow velocity is a logarithmic velocity profile which remains a good approximation if the water column depth is greater than the roughness height [START_REF] Pokrajac | On the definition of the shear velocity in rough bed open channel flows[END_REF]. We consider adding such logarithmic law into TAITOKO to estimate from the depth-averaged velocity, the velocity at the bottom of the water column and to use this estimation for the boulder transport modeling.

Additional laboratory results and field data Numerous experimental data have not yet been analyzed and processed. The study of the effect of the slope angle, the water depth, the surface roughness on the boulder displacement will improve our understanding of the boulder behavior and will bring additional constraints on the model and its calibration. A finer analysis of all the experiments images could also lead to an assessment of the conditions required for the activation of each mode of transport (rolling, saltation, sliding) and to an estimation of their proportion in the total displacement. Finally, some of these experiments were also dedicated to the simultaneous displacement of cubic and spherical boulders. The analysis of the transport differences associated with these two shapes submitted to the exact same wave would surely bring insight and ideas on the subject. Among the existing boulder field around the world, Ishigaki Island is a particularly interesting site [START_REF] Goto | Discrimination of boulders deposited by tsunamis and storm waves at Ishigaki Island, Japan[END_REF][START_REF] Goto | Large tsunamis reset growth of massive corals[END_REF]. Several boulder fields are present along the eastern coast with corals of multiple shapes and sizes. Some of them, the microatolls, are very large and round and are suspected of having been transported during the 1771 Meiwa tsunami [START_REF] Goto | Large tsunamis reset growth of massive corals[END_REF]. They represent adapted data for improving the calibration of the code at the field scale.

Conclusion

From the laboratory scale to the field scale, the equations of boulder transport we integrated into the transport module developed in this work give stable and consistent results for large boulder sizes. The sensitivity to small boulders detected during the calibration of the code and then during the simulations is one issue that should be resolved. Complementary analyses at different scales should be performed in order to define a limit of boulder size for which the model remains consistent.

Chapter 5

Contribution of the simulation results to the understanding of the earthquake cycle and prospects Through the study of the historical tsunamis and the tsunami sediment deposits of the Caribbean region, this thesis work covers several topics on the Lesser Antilles earthquakes and their mechanisms: from the rupture processes, to the long term cycles through that of the fault systems complexity, we summarize here the new insights brought by the results of tsunami and sediment transport modeling performed in this work.

5.1 Tsunami simulation of historical events : short term earthquake cycles 5.1.1 A better understanding of the earthquakes...

... at the scale of the rupture processes

The work done on the 2004, 1867 and 1843 tsunamis shows that modeling simple Okada fault models based on seismic signals or intensity analysis is sometimes not sufficient to investigate in depth the events. With the simulations of the 2004 tsunami, we highlight the importance of the rupture shallowness in the generation of the tsunami. A fault model based on the seismic source can lead to the wrong estimation of the tsunami wave for two reasons: (1) the center of the seismic source corresponds to the hypo-center which is not necessarily the location of the maximum slip;

(2) the shallowest part of the rupture can be missed by the seismic signal whose inversion might lead to a too deep source. These can lead to an underestimation of the tsunami wave heights which can be problematic in a warning framework for example. With the simulations of the 2004 and the 1867 tsunami, we show that the simplification of an earthquake by a rectangular homogeneous slip plane is a crude representation of the actual complexity of a rupture. It is then necessary to introduce some complexity into these models with sources segmented in space and time. The number of possible models consequently drastically increases and implies greater computational costs.

With the simulations of the 1843 event, we highlight the importance of choosing an adapted rigidity parameter to constrain the model with more realistic magnitude ranges. The rigidity of a medium depends on multiple factors including the lithostatic pressure, the nature of the rocks, the hydration of the rocks and the homogeneity of the medium. Consequently, this value is not always well constrained, especially in the complex context of subduction and at the depth of the 1843 event. Despite these Chapter 5. Contribution of the simulation results to the understanding of the earthquake cycle and prospects uncertainties, the known rigidity ranges should still be carefully considered to avoid missing potential models of tsunami sources.

... at the scale of the intra-arc fault systems

The work on the two tsunamis of 2004 and 1867 also highlights the tsunamigenic potential of these shallow intra-arc fault systems. The 2004 fault has already been identified (I.E., Roseau fault) but the origin of the 1867 tsunami is not resolved yet.

The results obtained in this work for the 1867 event allow to rule out all hypotheses other than a rupture of a fault of the Virgin Island Basin. We show that the magnitude of the source might have been slightly greater than what is estimated from the seismic intensities and that the rupture likely propagated along several fault systems.

The north and south wall fault systems (but especially the south one) of the Virgin Island basin are identified as preferential sources, and the NW-SE north wall fault may also have contributed to the generation of the tsunami. In addition, a small fault running along the east coast of Saint-Croix is identified as a mandatory part of the rupture to explain the observed deposits. The proximity of this fault to the coast implies that its rupture leads to the generation of a tsunami in just a few minutes on the west coast of Saint-Croix which makes it a serious threat for the island. Considering the important deformations compensated by the Anegada Passage transition zone and the high coupling values calculated in this area [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF][START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF], the occurrence of major earthquakes in this basin should be seriously considered and included in the local tsunami alert systems.

The multiple 1867 simulations performed in the area show that each fault separately already represents a threat for the closest coasts but hardly generates waves higher than 2 to 3 m (maybe 5 m at most in some specific areas). However, if combined, these faults represent a much more serious threat with wave height reaching almost 10 meters. Inside the Lesser Antilles arc, the fault network is quite dense and complex (especially in the northern segment) so the possibility of ruptures propagating over several fault system and leading to high magnitude earthquakes is very high. The combination of the shallow and inter-connected fault systems with the coastal urbanization of the islands results in consequent seismic and tsunamigenic risks for the populations all along the arc, which increases year after year.

...at the scale of the Atlantic ocean

The simulations of the Pre-Colombian 1500 CE and the 1755 Lisbon events show that a Lesser Antilles tsunami can have significant trans-Atlantic and far-field impacts, but the arc can also be threatened by distant earthquakes such as the 1755 Lisbon event.

The tsunami observations of the latter in the northern segment of the arc are partly reproduced but the modeled wave heights still remain slightly smaller with the tested sources. The zone offshore Portugal can host numerous fault configurations some of which could lead to better results, so additional models will be tested in the coming weeks. The simulations of the mega-thrust sources also provide results on the far-field impact of the tsunami wave. The simulations show that waves of at least 1 to 2 meters can reach the North-American coasts, and waves are preferentially amplified towards Bermudas and Canada. The European coasts are impacted to a lesser degree but it would be valuable to perform the simulations with finer grids in order to estimate the risk associated with these mega-thrust ruptures. Regarding the 1500 CE event, it was not possible to find evidence of a 500 years old tsunami impact on Bermuda and on the Canadian coasts in the literature. There is a limited amount of sedimentary data 5.2. Tsunami and sediment transport simulation of past events : long term earthquake cycles 211 and results on the most impacted locations identified in the simulations so this search must be pursued. In fact, if traces of the 1755 Lisbon earthquake can be found all around the Atlantic ocean, a Mw>8 Antilles mega-thrust earthquake should have left evidence as well.

5.2 Tsunami and sediment transport simulation of past events : long term earthquake cycles (2011b). These ruptures areas are reported on the three profiles presented on the right side of the map and can be compared to the reported seismicity along the interface. The red ellipsoids indicate areas where particular GPS and seismic signals have been detected and associated to slip deficit [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF], seismic gap [START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF] and strain accumulation [START_REF] Hayes | Quantifying potential earthquake and tsunami hazard in the Lesser Antilles subduction zone of the Caribbean region[END_REF].

Mega-thrust earthquakes scenarii

The tsunami simulations performed for the 1843 earthquake and the 1500 CE event show that mega-thrust earthquakes are among the most coherent scenarii for explaining the observations and deposits on the northern islands of the arc. Even though they are in a close range of magnitude [8.1-8.5] for 1843 and [8.5-8.7] for the 1500 one, they both had very different consequences. The smallness of the 1843 tsunami could be explained by the concentration of the slip in the deepest siesmogenic part (50 -30 km) of the interface. In the 1500 CE event trench models, the rupture propagates along the interface up to the surface with an homogeneous slip. This homogeneity is a simplification made for preliminary results, but considering the magnitude, the slip was likely heterogeneous. Now that the preferential models have been identified, the rupture heterogeneity could be the subject of further study. In any case, the rupture of the most updip part of the interface is an important factor in the tsunami generation. The presence of the barracuda ridge in subduction between Guadeloupe and the trench might form a natural barrier and stop the propagation of a rupture initiated deeper along the interface. The segmentation of subduction zones by seamounts and ridges in other regions have been studied (Lallemand et al., n.d.), among which the Ecuador margin where it is suspected that the subducting Carnegie Ridge plays a role in the large event segmentation [START_REF] Lynner | Upper-plate structure in Ecuador coincident with the subduction of the Carnegie Ridge and the southern extent of large mega-thrust earthquakes[END_REF] and also along the Chile-Peru subduction zone where earthquake ruptures seem to be controlled by oceanic features [START_REF] Contreras-Reyes | Control of high oceanic features and subduction channel on earthquake ruptures along the Chile-Peru subduction zone[END_REF]. This could be the reason why a potential 1843 mega-thrust earthquake would not rupture this updip part of the interface. In front of Anegada, these ridges have already subducted much deeper and there are no other known structures that could stop the rupture from spreading up to the surface.

Seismic gaps and coupling debate

The analysis of the GPS velocities indicates a very low mechanical coupling along the subduction interface of the arc with a recurrence time for Mw8 thrust events of around 2000 years [START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF][START_REF] Van Rijsingen | Inferring Interseismic Coupling along the Lesser Antilles Arc: a Bayesian Approach[END_REF]. Several studies of seismicity, slip rate, coral growth, and plate motion have been carried out in order to better define the dynamic of the interface and to identify potential gaps, changes, or other indices of more seismogenic areas where a future mega-thrust earthquake could occur.

In the central part of the arc (Guadeloupe -Martinique), [START_REF] Weil-Accardo | Two hundred thirty years of relative sea level changes due to climate and megathrust tectonics recorded in coral microatolls of Martinique (French West Indies)[END_REF] analyzed the growth of the coral micro-atoll and found that a rupture of the plate interface below the mantle wedge was likely the origin of a Mw7.5 earthquake that occurred in 1946 east of Martinique. The 1843 earthquake followed another earthquake that occurred in 1839 offshore Martinique whose source is also debated (Feuillet et al.,5.2. Tsunami and sediment transport simulation of past events : long term earthquake cycles 213 2011b; Corbeau et al., 2021) (Figure 5.1). The identification of the 1946 earthquake as a thrust event reinforces the hypothesis of the thrust origin for the 1839 and 1843 events despite the low coupling of the interface. The analysis of the seismic records of the area recently shows increasing seismicity at the location of these past suspected ruptured patches. Dehydration of the slab and the processes have been highlighted by recent tomography studies [START_REF] Paulatto | Dehydration of subducting slow-spread oceanic lithosphere in the Lesser Antilles[END_REF], they are an explanation for the low coupling but they are not well understood and could be responsible for seismicity changes at depth. From the results of [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF], [START_REF] Hayes | Quantifying potential earthquake and tsunami hazard in the Lesser Antilles subduction zone of the Caribbean region[END_REF] identified a strain accumulation between Tiburon and Barracuda ridges, high enough for this area to host a Mw8.2 thrust earthquake (Figure 5.1).

In the northern part of the arc, the segment between Anguilla and Barbuda presents a seismic gap [START_REF] Mccann | Subduction of aseismic ridges beneath the Caribbean Plate: Implications for the tectonics and seismic potential of the northeastern Caribbean[END_REF][START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF] that is not well explained. Further west, from the GPS velocity data, [START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF] identified a slip rate deficit at the transition between Puerto Rico microplate and the Lesser Antilles plate, around the Anegada Passage. Because of the complexity of this segment, this deficit is not explained and it does not make the coupling value much greater. However, this northernmost segment (from the Anegada Passage to Puerto Rico trench) is characterized by a slab shallower than anywhere else in the arc [START_REF] Laurencin | Influence of increasing convergence obliquity and shallow slab geometry onto tectonic deformation and seismogenic behavior along the Northern Lesser Antilles zone[END_REF] and which could lead to a higher coupling.

The variations of the seismicity along the arc show that on this same northern segment, there is an increase of the shallow seismicity. It is particularly dense along the interface from 50 km up to the surface (profile CC' in Figure 5.1) while toward the east, in the last 20 km of the updip part of the interface this seismicity is almost inexistent (profiles DD' and EE' in Figure 5.1). The results of tsunami simulation are in agreement with this variation of the seismicity: the 1500 CE (T1 and T2) models correspond to a rupture of the shallowest part of the northern Antilles segment interface while the 1843 (S1) model corresponds to a rupture of the 50 -30 km deep part of the interface. Earthquake cycle models are considered stable over thousands of years by recent models of seismogenic behavior in subduction zone [START_REF] Avouac | Lower edge of locked Main Himalayan Thrust unzipped by the 2015 Gorkha earthquake[END_REF][START_REF] Mouslopoulou | Uplift rate transients at subduction margins due to earthquake clustering[END_REF][START_REF] Jolivet | Interseismic Loading of Subduction Megathrust Drives Long-Term Uplift in Northern Chile[END_REF]. According to these cycles, the ruptured areas should re-lock in the decades or centuries that follow a mega-thurst earthquake. However, such relocking is actually not visible on the data. Important turbidite deposits on deep forearc basins of the Lesser Antilles, with a recurrence time of several thousand years have been identified [START_REF] Seibert | Long Term Recurrence of Deeply Ponded Turbidites and Thick Homogenites in the Lesser Antilles Forearc: Imprint of Great Earthquakes[END_REF]. Such long cycles with very slow strain accumulation could be associated over the past decades to slip deficits too small to be detected by the GPS data. Emerging modeling also question the capacity of the GPS measurement to detect the updip limit of frictional locking on megathrusts [START_REF] Almeida | Can the Updip Limit of Frictional Locking on Megathrusts Be Detected Geodetically? Quantifying the Effect of Stress Shadows on Near-Trench Coupling[END_REF] and they show that many geodetic models significantly underestimate the degree of shallow coupling on megathrusts. These problematics are not specific to the Caribbean subduction zone. Numerous studies have shown the important variation of the coupling along the Andean subduction zone, particularly related to the presence of subducted oceanic features [START_REF] Contreras-Reyes | Control of high oceanic features and subduction channel on earthquake ruptures along the Chile-Peru subduction zone[END_REF][START_REF] Chlieh | Interseismic coupling and seismic potential along the Central Andes subduction zone[END_REF][START_REF] Métois | Interseismic Coupling, Megathrust Earthquakes and Seismic Swarms Along the Chilean Subduction Zone (38°-18°S)[END_REF][START_REF] Métois | Interseismic coupling, segmentation and mechanical behavior of the central Chile subduction zone[END_REF] and the importance of these variations on the generation of tsunami [START_REF] Medina | Tsunami Modeling in the South American Subduction Zone Inferred from Seismic Coupling and Historical Seismicity[END_REF].

In the Aleutian subduction zone, the problem has been issued in the study of tsunami deposits and tsunami simulations testifying to the occurrence of several mega-thrust earthquakes in an area where geodetic coupling models indicate very low slip deficits [START_REF] Witter | Unusually large tsunamis frequent a currently creeping part of the Aleutian megathrust[END_REF][START_REF] Witter | Evidence for frequent, large tsunamis spanning locked and creeping parts of the Aleutian megathrust[END_REF].

The 1500 CE and 1843 thrust models are in agreement not only with the tsunami observations but also with many tectonic characteristics, however it is impossible to earthquake cycle and prospects confirm their occurrence. In addition, the seismicity variations in time and space along the arc can be interpreted as clues of a very low coupling or as precursors of future major events. So, it is as difficult to identify the future rupture areas as to identify the past ones. The outer-rise faults

The second most coherent fault scenario for the Pre-Columbian event is the rupture of a giant fault on the outer-rise of the trench 5.2. Important scarps identified on bathymetric maps are associated to these fault systems, new images and profiles [START_REF] Marcaillou | Pervasive detachment faults within the slow spreading oceanic crust at the poorly coupled Antilles subduction zone[END_REF] of the crust and the trench in-depth structures validates the presence of these long faults. Even though they seem to extend only up to 5-10 km in depth, their large number and the possibility of their chain rupture make them a serious threat for the islands. Other structures indicated in red in Figure 5.2 have been recently identified and they represent another source of earthquakes. They should be studied and modeled in order to evaluate their capacity of generating a tsunami and impacting the islands.

Southern segment of the arc

This thesis focuses on the northern half of the arc while the Lesser Antilles include also all the southern half down to Trinidad and Tobago and further west to the island of ABC islands (Aruba, Bonaire and Curacao). The seismic activity of the southern 5.3. Improving the use of tsunami and sediment transport model 215 segment shows much quieter seismicity than in the northern segment. From Saint-Lucia to Trinidad and Tobago, only five Mw>6 earthquakes occurred (USGS catalog) during the past century: two Mw7.2 and Mw6.0 in 1953, two Mw6.1 and Mw6.7 in 1997and a Mw6.5 in 2015. No tsunami observation has been reported in the region and a recent study of sediment cores in Martinique [START_REF] Paris | A tsunami deposit at Anse Meunier, Martinique Island: Evidence of the 1755 CE Lisbon tsunami and implication for hazard assessment[END_REF] show that no tsunami has left any traces except for the 1755 Lisbon one. So for now, there are no past events to investigate in the area from Martinique to Trinidad and Tobago, but tsunami simulations could still be performed for coastal risk assessment purposes. However, further west on the ABC islands (Curaçao, Bonaire and Aruba) important amount of extreme wave deposits were identified and partly dated. They represent a rich study site already covered by several institutes [START_REF] Engel | Bonaire's boulder fields revisited: evidence for Holocene tsunami impact on the Leeward Antilles[END_REF][START_REF] Engel | Tsunami deposits of the Caribbean -Towards an improved coastal hazard assessment[END_REF], especially on the subject of tsunami and storm discrimination.

Discrimination of storm and earthquake

A major issue for the identification of the past earthquakes from sediment deposits in the Lesser Antilles is the likeliness of the tsunami wave deposits with storm waves ones. We do not have the possibility to model waves generated by storms with TAITOKO but an interesting perspective would be to perform simulations of boulder transport with a storm-generated field waves. The direct comparison of the effect of the tsunami and storm waves characteristics (frequency, length, velocity, amplitudes) on the boulder displacement would bring much insight on this topic. In sedimentology, the identification of sediment deposits properties specific to storm and tsunami waves is an ongoing subject of research and it will also likely bring new tools and means of discriminating these extreme waves in the coming years.

Improving the use of tsunami and sediment transport model

The study of all these events highlights the limitation of the models and the possible improvement that could be done on the methods and theory.

Approach choice

The methods used for analyzing and modeling historical earthquakes and tsunamis are time-consuming. They require a review of all the potential sources in the considered areas, with fault systems that are not always well known, and a good knowledge of the dynamic of the zone for the choice of the fault parameters leading to multiple uncertainties. Then, the study of the parameter variations on the tsunami wave implies the creation of multiple fault models and the realization of numerous simulations. This qualitative approach pushes us to take into account the physical reality behind the models in order to limit their number but it is not the most efficient. It would save time and bring new kinds of results and ideas to develop an automated analysis method as what we attempted to do for the 1867 event. Such an automated stochastic approach could allow modeling multiple source segment combinations and would be adapted for different scales of study with: fault segments for a study at the scale of a geographic region and slip patch segments for a study at the scale of the rupture. The only issue is the limited amount of data that can be used for constraining the models, data that are less and less numerous going back in time, and the uncertainty assessment.

Chapter 5. Contribution of the simulation results to the understanding of the earthquake cycle and prospects

Surface deformation model

With the simulations of the 1843 event, we question the validity of the homogeneous half-space assumption made in the Okada model of deformation. Between the surface and the 1843 hypocenter, the presence of the Caribbean crust, the mantle wedge and the slab form a layered medium with very different elastic behaviors. In addition, processes of slab dehydration, mineral transition, serpentinization that are suspected to occur in this area, contribute to the increase of this heterogeneity. The medium is then far from being homogeneous and we can wonder if this heterogeneity has a significant impact on the surface deformation generated by deep ruptures or if the homogeneity hypothesis gives sufficiently reliable results for tsunami simulations.

The deformation of a heterogeneous or multi-layer medium is a complex subject and few other models that would be adapted for tsunami modeling are published in the literature.

Sediment transport models

Although its simplicity, the boulder transport model provides highly conclusive results. The calibration at both laboratory and field scales allows a good constrain on the equation coefficients and to identify and correct the flaws of the model. However, considering the sensitivity of the displacement generated by real scale tsunami waves, additional calibrations with the unprocessed results of laboratory experiments and with other field data should be done. This calibration is needed for the understanding of the smallest (lightest) and largest (heaviest) boulder behaviors at the wave impact and to better identify the role of each force at play. In addition to the reinforcement of the calibration, it would be interesting to add some complexity to the model. The three most interesting improvements are: (1) the development of a condition that would constrain the initial motion of the boulder and that would be adapted to the pre-transport conditions (attached, buried in the ground, free at the surface); (2) the integration in TAITOKO of 2D Manning grids describing the roughness of the floor and that will allow to take into account morphological details (building, forest, cities...), which have a strong impact on the real-life boulder displacement; (3) the development of a formula giving an estimation of the flow velocity at the bottom of the water column from the depth-integrated flow velocity computed by TAITOKO, that will allow to take into account the vertical variation of the flow inside the water column and the friction effect of the floor. Finally, this model could also be used for different purposes than the simulation of sediment transport by tsunami: Modeling the boulder transport by storm and landslide tsunami waves; modeling the transport of objects in a city (cars, rock...) impacted by any kind of waves; or studying the impact and potential damages generated by the transported boulders.

Identification of endangered coastal areas

This work could then be extended to the study of the seismic and tsunamigenic risks associated with the Antilles fault systems. A PTHA approach (Probabilistic Tsunami Hazard Assessment) recently applied by CEA to the Mediterranean region (Souty and Gailler, under review) could also be applied in the region of the Lesser Antilles. This method is based on the probabilistic calculation of average values of maximum water heights modeled with high resolution along the coast from multiple fault models.

5.4. To be continued...

217

It requires a database with all the active faults of the studied region, adapted fine bathymetric grids and a complete catalog of historical and instrumental seismicity.

The assessment of the risks to the population, associated with the potential ruptures of several fault systems, of the subduction interface or of major intraslab earthquakes is essential nowadays. The urbanization of the coastline and the global subsidence of the islands (1-2 mm/yr [START_REF] Leclerc | The Holocene drowned reef of Les Saintes plateau as witness of a long-term tectonic subsidence along the Lesser Antilles volcanic arc in Guadeloupe[END_REF]), make people even more vulnerable to a tsunami wave than before.

5.4 To be continued...

Although all the progress made on the tsunami and the sediment transport models, the knowledge in paleo-sedimentology and many other fields, the most efficient way to improve the understanding of the past events in the region of the Lesser Antilles is the acquisition of additional data. Tsunami and sediment transport simulations are only more useful when numerous data can be used to constrain the earthquake scenarii and to benchmark the modeling codes. Sediment deposits and corals data bring the most information on the dynamic and history of this region but the bathymetric, seismic and geodetic data are also very important. The last CARQUAKES campaign, CARESSE that occurred in June 2021, was dedicated to the sampling of sediments and to the acquisition of seismic profiles in the coastal zones of the islands of the central arc segment. Nathalie Feuillet and myself accompanied the sedimentologists from the LIENSs (La Rochelle) and EDYTEM (Chambéry) institutes, on the IFFREMER ANTEA boat during three weeks. The campaign covered a 500 km long area (Martinique to Anguilla) over a period of three weeks and was very successful. The data will be processed in the coming years but the observations made on the islands, the preliminary analysis of the sediment cores and seismic profiles are very promising. With these new data and with improving versions of boulder transport models, the study of the past Lesser Antilles tsunami can be further refined in the coming years. The discovery of a tsunami deposit older than the Pre-Colombian one would be useful for identifying the earthquake cycle of this subduction zone and for moving the coupling debate forward. In the meantime, efforts must be also focused on the evaluation of the seismic and tsunamigenic risks on the arc, on the implementation of appropriate jurisdiction and alert systems and on the prevention and education of the population. All these measures carried by the CARIBE-EWS project are ongoing and show already great advances.

Identification and characterization of the Lesser Antilles past earthquakes: insight from tsunami modeling and sediment transport simulation par Louise Cordrie

• Résumé

The Lesser Antilles, the result of the subduction of the American plate under the Caribbean plate, is a volcanic arc with a complex dynamics. Numerous active fault systems run through it and have, in the past, generated earthquakes and tsunamis along the Caribbean coasts. Some of these tsunamis are recent enough to have been observed and described in the literature but the oldest have left little trace of their passage. The presence of specific sedimentary deposits along the Caribbean coastline only testifies to the occurrence of these major tsunamis. Tsunami simulations and sediment transport models contribute to discriminate and characterize these tsunamigenic earthquakes, which is a key step in understanding the seismic cycles of the subduction zone. The simulations allow a better understanding and characterization of the historical tsunamis of 2004 (Saintes), 1867 (Virgin Islands), 1843 (Guadeloupe) and 1755 (Lisbon). They also allow for the characterization of a potential PreColumbian earthquake at the origin of several sedimentary deposits identified in the North of the arc that would have occurred about 500 years ago by correlation between deposition areas and flood maps obtained by modeling. The results of the sediment transport model applied to this event lead to the same conclusion as those of the tsunami simulations: the few scenarii compatible with the observations are that of Mw>8.5 mega-thrust or Mw>8.0 outer-rise earthquakes. The hypothesis of such an earthquake highlights the possible existence of very long seismic cycle on the subduction interface or along the trench. The tsunami and sediment transport models, by identifying past events, thus make a major contribution to the understanding of these cycles and finally, participate in improving the assessment of seismic and tsunamigenic risks associated with the subduction and intra-arc faults for the populations of the Lesser Antilles

• Mots clés ILesser Antilles, Tsunami, Earthquake, Sediment Transport, Simulation, Fault models, Subduction
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 11 Figure 1.1: Caption next page
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 12 Figure 1.2: Top map: Structure and bathymetry of the Caribbean region with the Lucayan Archipelago (Bahamas), the Greater Antilles and the Lesser Antilles. Bottom map: Mw>4.5 seismicity in black (USGS catalog from 1960 to 2021) and major Mw>6 earthquakes that occurred in the arc in red. The white dashed frame indicates the area presented in Figure 1.3.

  IPGP (Institut de Physique du Globe de Paris), IFREMER (Institut Français de Recherche pour l'Exploitation de la Mer), ISTEP (Institut des Sciences de la Terre Paris), GEOAZUR (Observatoire de la Côte d'Azur), LSCE (Laboratoire des Sciences du Climat et de l'Environnement), LIENSs (Littoral, Environnement et Sociétés) and CEA (Commissariat à l'énergie atomique et aux énergies alternatives). Different disciplines are thus studied in a collaborative way: • Offshore paleosedimentology: IPGP -IFREMER -GEOAZUR • Seismic stratigraphy: LIENSs • Paleomagnetism and sedimentology: IPGP • Volcanism and tephrochronology: IPGP -ISTEP • Paleoclimatology, archeology and palynology: LSCE • Tectonic, paleogeodesy, paleoseismology: IPGP • Tsunami and sediment transport modeling: CEA
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 13 Figure 1.3: Map of the historical seismicity with the four main tsunamigenic events and their associated tsunami evidence indicated in colors. The grey dots correspond to the USGS catalog Mw>4.5 seismicity. The Antilles subduction trench, the Muertos subduction fault and the main intra-arc faults are drawn in black.
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 14 Figure 1.4: Map of the localization of the studied areas for the modeled events of 1500 (green), 1755 (Lisbon, purple), 1843 (red), 1867 (blue) and 2004 (yellow). The plain line frames indicate the extent of the high resolution near-field studies and the dashed line frames indicated the extent of the low resolution far-field studies.
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 15 Figure 1.5: Schema of the tsunami wave generation and propagation

Figure 2

 2 Figure 2.1: a) Map of the historical seismicity of the Lesser Antilles : the earthquakes are represented with a "beach ball" if their focal mechanism are known and with a black circle if not. b-c) Reconstituted tide signal of Pointe-à-Pitre's tide-gauge and a real record of Limetree's tide-gauge of November and December 2004 in Figure c) and of November 20, 21 and 22 in Figure d) with the time of the earthquake indicated in red

Figure 2

 2 Figure 2.2: a) Figure from Escartin et al. (2016). 3D terrain model derived from video imagery (A), corresponding videomosaic (B) showing the fault slip plane. Imagery and terrain models can be used to document the co-seismic fault displacement from the 2004 Les Saintes Earthquake (C). Differences in the nature and texture of the fault slip plane due to weathering and recent fault plane exposure are visible in video imagery (D and E). b) Map of the south of Guadeloupe and north of Dominica: the faults are represented by the thin black lines and the Roseau fault is represented with a segmented line whose color scale corresponds to a simplified, segmented displacement profile based on observations from the ODEMAR and SUBSAINTES cruises (Escartin and Sven, 2017). The colored squares correspond to the sites where observations of the tsunami have been reported.
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 23 Figure 2.3: Illustration of the run-up factor calculation done for Anse Rodrigue based on the run-up height, run-up distance and maximum wave height. The map and values are extracted from model 4 simulation.

Figure 2 . 4 :

 24 Figure 2.4: Set of nested grids used for the simulations. Grid 0 is the mother grid of 100 m resolution[START_REF] Shom | MNT Bathymétrique de façade Atlantique (Projet Homonim)[END_REF], grid 1 is a daugther grid of 5 m resolution centered on the western coast of Marie Galante and grid 2 is a daugther grid of 5 m resolution centered on Les Saintes (SHOM, LITTO3D Guadeloupe 2016).
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 25 Figure 2.5: Fault models and corresponding initial sea surface deformation map of models 1, 2, 3 and 4. For each model, the left figure is a grid of the fault model with the color scale associated with the slip magnitude associated with each segment (model 1 has 273 segments, model 2, 3 model 4 have 178 segments), the line of colored circles represents the Roseau fault scarp with the color scale associated with the offset observed during the ODEMAR (Escartin and Andreani, 2013) and SUBSAINTES (Escartin et al., 2017) campaigns. The right figure is a map of the initial sea surface deformation generated by the associated fault model.
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 26 Figure 2.6: Maps of the sea surface height simulated from model 3H, at 0, 3, 6, 12, 18 and 24 minutes after the earthquake.
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 27 Figure 2.7: Top figures : Maps of the maximum water heights (hmax) obtained after 45 minutes of tsunami propagation for model 1, 2, 3 and 4. Bottom figures : Maps of the maximum water heights (hmax) obtained on Les Saintes islands with an increased colorbar.
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 28 Figure 2.8: Map of Les Saintes islands with the values of maximum water heights (Hmax) extracted from 9 coastal sites where tsunami traces have been reported, the 5 colored bars corresponds to the Hmax value from the observed data and the 4 simulations: model 1 in purple, model 2 in red, model 3 in orange, model 4 in green and the observations in black. Those values are presented in the associated graphic with 3 additional places : Capesterre (Guadeloupe), Trois-Riviere (Guadeloupe) and Grande Baie (Les Saintes). TH: Terre de Haut (eastern island of Les Saintes) and TB: Terre de Bas (western island of Les Saintes)

Figure 2 . 9 :

 29 Figure 2.9: Synthetic tide-gauges of the 4 models calculated at 4 places around Les Saintes islands (Anse Muriers, Anse Rodrigue, Baie de Marigot and Grande Anse), at Trois-Rivières (Guadeloupe) and at Portsmouth (Dominica) with the location indicated in the small maps associated with each graphic.
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 2 Figure 2.10: Top : Les Saintes map with three places where important run-up were reported, the pictures of Grande Anse and Anse Rodrigue are from Le Friant et al. (2008). Bottom : 5 m resolution maximum water height maps with acivated run-up, for the three locations. Results from source models 1 to 4 are displayed from top to bottom.

Figure 2 .

 2 Figure 2.12: Top: Maximum water heights maps and the associated initial sea surface displacement maps of model 3 and model 3NT. Middle: Three synthetic tide gauges signals of 20 minutes from the three sites indicated in red on the bathymetric map of model 3NT (An offshore site, Anse Muriers and Anse Rodrigue). The signals are in dotted line for model 3, in plain line for model 3NT and the red circle indicates the strong amplitude difference at this peak between the two signals. Bottom: Maximum water height values reached at each site indicated previously in Fig. 2.8 extracted from model 3 (dotted orange line) and model 3NT (plain orange line) simulation and from the observations (black plain line). TB = Terre de Bas (the western island of Les Saintes) and TH = Terre de Haut (the eastern island of Les Saintes)
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 214 Figure 2.14: Maps of the Lesser Antilles (bottom map) and the Virgin Island (top map) showing the tectonic structures[START_REF] Feuillet | Arc parallel extension and localization of volcanic complexes in Guadeloupe, Lesser Antilles[END_REF][START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF], the 1867 earthquake intensities, the seismicity and the locations of the tsunami observations.
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 2 Figure 2.15: General chronology of the tsunami

Figure 2 .

 2 Figure 2.16: Distribution of the sources in the six sectors with the ranges and distribution of the fault parameters associated with each sector. SPR: Antilles subduction interface; SM: Muertos Fault subduction interface; EST: East intra-arc fault systems; NVIB: North wall of Virgin Island Basin; SVIB: South wall of Virgin Island basin. The three red stars correspond to the location of the 1867 sources studied in Barkan and ten Brink (2010).
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 2 Figure 2.17: Bathymetric grids and resolutions used for the tsunami simulations

Figure 2 .

 2 Figure 2.18: Reconstituted shape of the tsunami signal in Charlotte-Amalie (Saint-Thomas, GCA) and Frederiksted (Saint-Croix, GSt2) and choices of signal selection criteria

Figure 2 .

 2 Figure 2.19: Schema of the method used for analyzing the signals and identifying the source origin of the 1867 earthquake among the six global areas (Step 1)

Figure 2 .

 2 Figure 2.20: Schema of the method used for analyzing the signals and identifying the source origin of the 1867 earthquake in the Virgin Island basin (Step 2 and Step 3)

Figure 2 .

 2 Figure 2.21: Maps of the harbors of Charlotte-Amalie in Saint-Thomas and Frederiksted in Saint-Croix. The position of the gages used for the simulations are indicated in red. GCA and GSt2 are the gages used for the rough fault selection. GCA1, GSt2A and GSt2b are the gages used in the 25 m resolution simulations for a finer signal analysis (Figures 2.26 and 2.30).

Figure 2 .

 2 Figure 2.22: Fault selections of the NVIB (blue) and SVIB (orange) zones. These faults are, in a first order, compatible with the two signals at GCA and GSt2. The histograms show the occurrence frequency of these fault parameters, for the rough fault selection (light blue, automatic signal analysis) and the fine fault selection (dark blue, manual signal analysis).
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 2 Figure 2.23: Caption next page

Figure 2 .

 2 Figure2.23: Top blue framed maps: Sets of fault traces (from the NVIB selection) generating a signal compatible with GCA (left map) and GSt2 (right map). Bottom orange framed maps: Sets of fault traces (from the SVIB selection) generating a signal compatible with GCA (left map) and GSt2 (right map). The segments consistent with the tectonic are highlighted in red. Middle left map: identification of the tectonic structures aligned with the selected red faults (modified from[START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF]). Middle right map: projection at the surface of the five selected fault models that are used for the creation of multi-segment sources.
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 2 Figure 2.24: Caption next page

Figure 2 .

 2 Figure 2.24: Top maps: bathymetric map and slope map in the top right inset from Chaytor and ten[START_REF] Chaytor | Event sedimentation in low-latitude deepwater carbonate basins, Anegada passage, northeast Caribbean[END_REF]. The surface traces of the three models F2, F3 and F4 are indicated in red. F1 is indicated in black (details in Figure2.25). The green trace corresponds to a normal fault aligned with F4 and the blue traces correspond to a set of normal faults aligned with F1. The white dashed line indicates the trace of the profile. The black stars correspond to the epicenter of the 1867 sources studied in[START_REF] Zahibo | The 1867 Virgin Island tsunami: observations and modeling[END_REF] and[START_REF] Barkan | Tsunami Simulations of the 1867 Virgin Island Earthquake: Constraints on Epicenter Location and Fault Parameters[END_REF]. Middle profiles: Uninterpreted USGS R/V Pelican multi-channel seismic reflection line from[START_REF] Chaytor | Event sedimentation in low-latitude deepwater carbonate basins, Anegada passage, northeast Caribbean[END_REF] (left) and interpreted version of the same profile (right). Bottom maps: Coseismic vertical surface displacement associated with F2, F3, F4a and F4b (parameters in Table2.4).

Figure 2 .

 2 Figure 2.25: Top maps: bathymetric map and slope map from Chaytor and ten Brink (2015). The surface traces of model F1 and another tested model are indicated in red. Bottom maps: Coseicmic vertical surface displacement associated with variations of model F1. Graphics: Signals generated by each model in Frederiksted 200 m from the coast in dashed line (GSt2a) and few meters from the coast in plain line (GSt2b) used for choosing the best orientation for F1 fault model.

Figure 2 .

 2 Figure 2.26: Right column: Tide-gage signals computed in Charlotte-Amalie (GCA1 in Figure 2.21). Left column: Tide-gage signals computed in Frederiksted (GSt2a and GSt2b in Figure 2.21). Each line of graphics groups the signals of one first-shock model alone (in red) and associated with the three second-shock models (F2 in purple, F3 in blue, F4a in orange or F4b in green). The first shock is modeled by F1F2 on the first line, F1F3 on the second line, by F1F4a on the third line and by F1F4b on the fourth line. The grey zones correspond to the window of time of tsunami wave arrival reported by the population. And the different tsunami observations are indicated in black.

Figure 2 .

 2 Figure2.27: Table of the consistency coefficients calculated for the one-shock models. The left column gathers the criteria and their associated weight used for the calculation of the coefficient as presented in Eq. 2.4. The right column gathers all the models and the scores attributed to each criterion are highlighted in red for 0, in orange for 0.5 and in green for 1. The top part concerns the near-field sites (< 50 km from the VI basin) and the bottom part concerns the intermediatefield sites (< 100 km from the VI basin). The consistency coefficients are presented as percentages and are plotted in Figure2.29 for better readability.

Figure 2 .

 2 Figure 2.28: Table of the consistency coefficients calculated for the two-shock models. The left column gathers the criteria and their associated weight used for the calculation of the coefficient as presented in Eq. 2.4. The right column gathers all the models and the scores attributed to each criterion are highlighted in red for 0, in orange for 0.5 and in green for 1. The top part concerns the near-field sites (< 50 km from the VI basin) and the bottom part concerns the intermediatefield sites (< 100 km from the VI basin). The consistency coefficients are presented as percentages and are plotted in Figure 2.29 for better readability.

Figure 2 .

 2 Figure 2.29: Consistency coefficients of all the models (one-shock and two-shocks) calculated for the near-field criteria (blue) and intermediate-field criteria (orange). The details are presented in Tables 2.27 and 2.28. The three highest coefficients are circle in red, the associated models (F1F2F4a, F1F3F2 and F1F4aF2) are considered as the most consistent ones and their results of simulation are presented in more details in Figures 2.30 and 2.31.
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 2 Figure 2.30: Top figures: Tide-gage signals from the 25 m resolution grids computed in Charlotte-Amalie (GCA1 in Figure 2.21) and in Frederiksted (GSt2b in Figure 2.21). Middle figures: Tide-gage signals from the 100 m resolution grids computed in Yabuoca (Puerto Rico) and Tortola (Virgin Island). Bottom figures: Tide-gage signals from the 800 m resolution grids computed in Deshaie (north coast of Guadeloupe) and Grenada (Grenadines islands). The grey zones correspond to the window of time of tsunami wave arrival reported by the population. Tsunami observations are indicated in black.
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 2 Figure 2.31: Top maps: 100 m and 800 m resolution maps of maximum wave heights obtained after 3 h of simulation with model F1F3F2. Middle maps: 25 m resolution maximum wave height map of Saint-Croix with a zoom on Frederiksted. Bottom maps: 25 m resolution maximum wave height map of Saint-Thomas with a zoom on Charlotte-Amalie. The water depth values of the flooded areas are superimposed to the topography.
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 232 Figure 2.32: Top left map: position of the far-field gages. Right graphic: Far-field wave heights obtained at each point of observation along the arc for the 17 models. The observations are represented by a grey range of heights whose maximum value (black tick) corresponds to the observed height and the minimum value (black tick) corresponds to the extrapolated height at the gage position (Green Law equation 2.3 and Table2.3). Bottom left graphic: histogram of the average deviation between modeled wave heights and observed wave heights obtained for each model with the proportion of positive and negative deviation (0 means that at all the positions the modeled height is in the range of the associated observed height, 1 completely orange means that at all positions the height is below the minimum value of the observed range, 1 completely blue means that at all positions the modeled height is above the maximal value of the observed range, a mix of orange and blue means that at some positions the height is above the range while at some others the height is below the range).
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 233 Figure 2.33: Localisation of the 1843 tsunami observations. The map of Guadeloupe dates from 1825 (Boyer-Peyreleau et al., 1825) and the map of Antigua dates from 1853[START_REF] Peterson | ) (Moravia Church establishments). (with) Mosquito Coast. Lithe[END_REF]. They show the inhabited town and churches at that time. The main towns are circled in black for those without tsunami reports and in red for those with tsunami reports. The four frames are zoomed maps of the four towns with tsunami observations with images for a better understanding of their morphology and the tsunami impact.

Figure 2 . 34 :

 234 Figure 2.34: Top figures: Tide reconstructions of 15 days period (left) and 3 days period (right) the 7th, 8th and 9th of February in Pointe-à-Pitre. Middle figures: Illustration of Pointe-à-Pitre harbor during the 1843 earthquake (left) and picture of the same place in 2019. They are compared to estimate the subsidence of the harbor.
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 235 Figure 2.35: Top figure: Map of the tsunami observations (black), the coseismic displacements (orange), the models used for the simulations (blue square for the mega-thrust model and red square for the intra-slab model). The red stars indicate the different fault position tested for the intra-slab models (P1, P2, P3) and presented in Figures 2.44 and Figure 2.45. The black line corresponds to the subduction trench. The white dotted line indicates the profile of the sketch presented below. Bottom figure: a sketch of the subduction zone with the possible origins of the 1843 earthquake considered in this study.
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 236 Figure 2.36: Left column of figures (from top to bottom): Map of Pointe-à-Pitre bay from 1825 (Boyer-Peyreleau et al., 1825) with places where most changes occurred framed in white (Jarry harbor, Pointe-à-Pitre harbor and the Yatch harbor); Bathymetric map created based on the actual bathymetry data and modified according to the 1825 map and known subsidence values; Bathymetric map of the actual morphology of Pointe-à-Pitre bay. Right column: pictures of the coast transformations.
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 237 Figure 2.37: Maximum wave height maps: Effect of the bathymetric and topographic changes on the simulation.

Figure 2 .

 2 Figure 2.38: Source S1 (a) surface displacement and (b) segmenta-tion from[START_REF] Beauducel | The great 1843 earthquake in the Lesser Antilles Arc[END_REF] 

  Thrust fault models Characteristics of the plate interface The middle segment of the Antilles arc subduction trench is located 250 km east of the arc. The slab presents a dip of 15°a long the trench, that increases toward the arc reaching 30°to 40°under Antigua and Guadeloupe (Paulatto et al., 2017; Bie et al., 2019) with a plate interface located at around 30 km to 70 km depth. Paulatto et al. (2017) suggests a seismogenic zone extending from 20 km to 40 km depth and Bie et al. (2019) suggests a seismogenic zone reaching at least 60 km depth. Several examples of megathrust ruptures without large tsunamis can be found in the literature and among them the 2007 Mw7.8 Tocopilla (Chile) and the 2005 Mw8.7 Nias-Simeulue (Sumatra) earthquakes. The Simeulue event occurred at a depth of around 30 km with a slip ranging 5 and 15 m. It generated an uplift of 1 to 2 m at the surface and a maximum tsunami wave height of 3 m much smaller than the 20 m high waves of the 2004 Sumatra event on the same area. One reason suggested by the author
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 239 Figure 2.39: Position of the gages used in the simulations: G9 for Saint-Jonh's, G1 for English Harbor, G3 for Pointe-à-Pitre and G4 or Saint-Anne.
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 240 Figure 2.40: Maps of the coseismic vertical deformation generated by two megathrust models S1a and S1c and by four intra-slab models ND1, ND1bb, ND2 and ND3. With the observed subsidence and uplift indicated in colored circles. The black lines are isolines value of the surface deformation (step of 0.5).
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 241 Figure 2.41: Top graphic: amplitudes generated in Pointe-à-Pitre (red) and Saint-Anne (orange) for models of different magnitudes (intra-slab and mega-thrust models). The ranges of observed heights are represented by the shades colored respectively in red for Pointeà-Pitre and in orange for Saint-Anne. Bottom graphic: amplitudes generated in English Harbor (blue) and Saint-John's (green) for models of different magnitudes (intra-slab and mega-thrust models). The ranges of observed heights are represented by the shades colored respectively in blue for English Harbor and in green for Saint-John's.
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 242 Figure 2.42: Maximum wave height maps of the whole are (top) and Pointe-à-Pitre bay (bottom) generated by the instantaneous (left) and the kinetic (right) versions of source S1 after 3 hours of simulation.
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 243 Figure 2.43: Tide gages of the instantaneous and kinetic versions of S1 extracted from a position in the middle of Pointe-à-Pitre bay close to G3 (left) and from English Harbor gage G9 (right) (Figure 2.39)
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 245 Figure 2.45: Tide gages of the mega-thrust source S1 (black curve) compared to the three intraslab models positions P1, P2 and P3 (colored curves). Tide gages extracted from a position in the middle of Pointe-à-Pitre bay close to G3 (left) and from English Harbor gage G9 (right) (Figure 2.39)
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 246 Figure 2.46: Tide gages of the mega-thrust source S1 (black curve) compared to the three intraslab models dips 70°, 90°and 110°(colored curves). Tide gages extracted from a position in the middle of Pointeà-Pitre bay close to G3 (left) and from English Harbor gage G9 (right) (Figure 2.39)

Figure 2 . 47 :

 247 Figure 2.47: Tide gages of the mega-thrust source S1 (black curve) compared to the three intraslab models slips 5 m, 10 m and 15 m (colored curves). Tide gages extracted from a position in the middle of Pointe-à-Pitre bay close to G3 (left) and from English Harbor gage G9 (right) (Figure 2.39)
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 248 Figure 2.48: Maximum wave height maps of Antigua (left), Guadeloupe (middle) and Pointe-à-Pitre (right) obtained after 3 hours of simulation. The results of two mega-thrust models S1a and S1c and two intra-slab models ND1 and ND1bb are presented from top to bottom.
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 249 Figure 2.49: Bathymetric grids of the Atlantic Ocean, the Lesser Antilles and the Portuguese coast. Top map: The map of Barkan et al. (2009) with the fault systems and the seismicity of the area overlays the Portuguese grid. The six faults modeled in this study are represented by orange, red and blue rectangles with the black line indicating the shallowest part of the fault. GB is associated with the Gorringe Bank, MP and MF to the Marques de Pombal fault system, HF to the Horse Shoe fault system, GA to the Guadalvir Bank and SUB to the subduction plane. Left-bottom map: Map of the Lesser Antilles with the reported run-up heights and the three studied area framed in red.
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 251 Figure 2.51: Maximum wave height maps of the 2 km resolution Atlantic grid obtained with models S6, S9, S10 and S12

Figure 2 .

 2 Figure 2.52: Tide-gages obtained for the six models at the four studied sites of Saint-Thomas, Anegada, Scrub and Anguilla. The gages are located at approximately 500 m from the coast in front each location.
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 253 Figure 2.53: Maximum wave height maps of the 10 m resolution grids of Scrub, Anguilla and Saint-Thomas obtained with models S6, S9, S10 and S12 after 10 hours of propagation. The red dots correspond to the location of the sediment cores where the 1755 tsunami depositwas identified[START_REF] Fuentes | Sans Scripts of Past Tsunamis in Coastal Ponds of St. Thomas, U.S. Virgin Islands[END_REF][START_REF] Biguenet | A 1600 year-long sedimentary record of tsunamis and hurricanes in the Lesser Antilles (Scrub Island, Anguilla)[END_REF].
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 254 Figure 2.54: Maximum wave height maps of the 10 m resolution grids of Anegada obtained with models S6, S9, S10 and S12 after 10 hours of propagation. The triangles correspond to the identified 1755 tsunami deposits, red triangles for dated surface sand layers and orange triangles for non dated sand layers (Atwater et al., 2017).

Figure 2 .

 2 Figure 2.55: Maximum wave height map of the 500 m resolution grid of the Lesser Antilles obtained with models S10. Tide-gages record in Saint-Thomas, Anegada, Saba, Saint-Martin, Antigua and Saint-Anne (Guadeloupe).

Figure 2 . 56 :

 256 Figure 2.56: The 14 hours long tide-gage record offshore Scrub Island computed in the 10 m resolution grid with model S10. The black line corresponds to the time limit used in this study and the wave peaks surrounded in grey to the arrivals of the tsunami wave reflections on the Canadian coasts.

Figure 3 . 1 :

 31 Figure 3.1: Location of tsunami evidence in the Lesser Antilles. Black stars indicate major past earthquakes. Colored squared the position of tsunami evidence.
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 32 Figure 3.2: Map of tsunami deposits dating from a time range around 1500AD. Red circles indicate the position of the boulders, sand deposits and event in cores.

Figure 3 . 3 :

 33 Figure 3.3: Graphic of the age and locations of tsunami and/or hurricane deposits identified in the Caribbean Sea area.

Figure 3 . 4 :

 34 Figure 3.4: List and characteristics of the overwash deposits. The deposits are listed from the North to the South of the Lesser Antilles. The position coordinates (Lat, Lon) are in degrees. The age ranges are plotted in Figure 3 and those indicated in bold are the Pre-Columbian one used in this study. TD means Tsunami Deposit. The tsunami evidences are citations from the associated referenced articles. The heights are extracted from the bathymetric grids
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 235 Figure 3.5: Maps of Anguilla and Scrub Islands with topographic profiles and deposits locations.

Figure 3 . 6 :

 36 Figure 3.6: Map of Anedaga Island with topographic profiles and deposits locations.

Figure 3 . 7 :

 37 Figure 3.7: Maps of Saint-Thomas Island with topographic profiles at deposits locations.

Figure 3 . 8 :

 38 Figure 3.8: Map of the subduction fault models. The rectangle represents the surface projection of the faults, the 200 km long in red ('T' for thrust), the 350 km long in blue ('MT' for mega-thrust) and the deep interplate in black ('IT') (see parameters in Figure 3.10). The black dotted ribbon between Barracuda Ridge and Main Ridge is the extension of these ridges under the Caribbean plate, on the top of the subducting slab. The second black dotted ribbon corresponds to the Anegada Passage, the limit between Puerto Rico micro plate and the Caribbean plate.

Figure 3 . 9 :

 39 Figure 3.9: Map of the crustal fault, wedge fault and intraslab fault models. The plain lines represent the surface rupture and the dotted rectangle the surface projection of the fault. The 'F' faults are the intra-arc fault models, the 'Ridge' and 'OuterRise' are the crustal Puerto Rico trench models, the 'Wedge' are the wedge fault models and 'IS' are the deep intraslab fault models (see parameters in Figure 3.10).
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 310 Figure 3.10: Parameters of the fault models (Okada models). L refers to the fault length, W to the fault width and D to the depth of the fault center. Each letter in the models refers to a fault group: 'F' for the intra-arc faults; 'R' for the Puerto Rico Main ridge faults; 'OR' for the Outer-Rise faults; 'W' for the wedge faults; 'T' for the interplate thrust faults; 'MT' for the interplate mega-thrust faults; 'IT' for the deep interplate faults; 'IS' for the intraslab faults.

  .8). Each of those 6 segments are modeled with a width of 100 km and a slip of 20 m. The models are also based on historical mega thrust earthquakes like the 2004 Mw9.0 event in Sumatra, the 2010 Mw8.8 event in Maule and the 2011 Mw9.1 event in Tohoku. They are 200 km to 300 km long ruptures, with slip intensities ranging between 10 to 20 m. The magnitudes of our models range between 8.5 and 9.0 and the parameters are chosen following the law of[START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF] (Figure 3.10). A deeper part of the contact (30-60 km depending on subduction zone) where the slab's dip increases is also the source of mega-thrust earthquakes in other subduction zones. In Chile, the events of Antofagasta in 1995 (Mw8.0) and Iquique in 2014 (Mw7.7) are examples of those "Interplate domain C" earthquakes[START_REF] Ruiz | Historical and recent large megathrust earthquakes in Chile[END_REF]. In the Lesser Antilles, this area where the slabs dip increases from 10°to 20°(at 30 to 50 km depth) is located just under Anegada and Anguilla islands. So, two additional deep interplate faults (Mw8.0) are modeled based on the slab geometry and the Chilean earthquakes parameters with a length of 150 km, a slip of 6 m, a depth of 40 km and a dip of 20°(IT1 and IT2, Figure3.8, Figure3.10).

  . The Mw8.1 Kuril earthquake of January 2007 (200 km-long normal fault, most of the rupture in the first 30 km with an average slip of 9.6 m and a dip of 60°; Ammon et al. (2008)), generated a small tsunami on Crescent coast of California. The Mw8.1 Samoa-Tonga earthquake of September 2009 (Rupture of 150*50 km, slip of 5 m, averaged depth of 5 km, dip of 30-50°; Lay et al. (2010)) generated a tsunami of 10 to 20 m (due to 3 coeval seismic ruptures). The Mw7.2, Sanriku earthquake of December 2012 (50-100 km-long normal fault, average depth of 10 km with a slip between 0 and 5 m;

  of this trench area show multiple long fault traces that could be associated to past outer-rise ruptures. The seismic profiles show normal faults dipping in both directions (parallel and perpendicular to the slab) with a majority of faults dipping toward the trench. Using the same position and dimensions as the one proposed by[START_REF] Buckley | Inverse modeling of velocities and inferred cause of overwash that emplaced inland fields of boulders at Anegada, British Virgin Islands[END_REF] we create a Mw8.0 fault model located in front of Anegada island (OR1) with a length of 120km, a width of 45km and a slip of 7 m. This OR1 model dips toward the trench so we model the same fault with a dip opposed to the trench (OR2). The propagation of the rupture deep into the mantle has been observed for the Mw8.2 Kuril earthquake so it is acceptable to model a width of 45 to 50 km. However, the 2007 Kuril, the 2009 Tonga and the 2012 Sanriku outer-rise fault slip distributions show a concentration of 5 to 10 m slip on the most updip 10 km of the plane. So, we create a fault model closer to these slip distributions with a length of 150 km, a width of 25 km and a slip of 10 m at three different positions (OR3, OR4, OR5). The five fault models have a dip of 60°and a magnitude of Mw8.0 (OR1,OR2,OR3,OR4,OR5; Figure3.9, Table

Figure 3 . 11 :

 311 Figure 3.11: Maximal water heights on the coastline generated by some of the fault models. The curves are divided into two graphics for more readability: the thrust and intraplate models in (a) and the outer-rise models in (b). The position (offshore) are the closest point to the most important deposit locations of the three areas (Anegada, Saint-Thomas and Anguilla). Each position is indicated by the arrows on the three maps (c, d, e). The black dotted curve in a) and b) graphics correspond to the topography of the coast at the location.

Figure 3 .

 3 Figure 3.12: Histograms of the correlation coefficient computed for each fault model between the simulated water heights and the tsunami deposits locations. a) Correlation coefficients computed for the wave heights at the coastline before run-up. b) Correlation coefficients computed for the wave heights at the coastline before run-up on Anegada (dark blue), on Anguilla and Scrub (middle blue) and Saint Thomas (light blue). Fault models parameters are listed in Table 3.10 : Parameters of the fault models (Okada models).
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 3 Figure 3.13: Model T2 flow depth maps at the deposition sites of Anegada, Anguilla, Scrub and Saint-Thomas. The flow depth values on-land correspond to the maximal water thickness above the ground and the values offshore correspond to maximal water height above sea level (0). The green and brown areas correspond to the topography of the unflooded part of the islands.
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 314 Figure 3.14: Model OR3 flow depth maps at the deposition sites of Anegada, Anguilla, Scrub and Saint-Thomas. The flow depth values on-land correspond to the maximal water thickness above the ground and the values offshore correspond to maximal water height above sea level (0). The green and brown areas correspond to the topography of the unflooded part of the islands.
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 315 Figure 3.15: Top maps: bathymetric and topographic maps of Anegada and Scrub with the sections used for the profiles indicated in black. Graphics: maximum water height (left) and velocity (right) profiles obtained for models T1 (20 m slip), T1b (10 m slip), T2 (20 m slip) and T2b (10 m slip). The values are extracted from the four sections XX', YY', ZZ' and WW', the black curve corresponds to the topographic profile, the dashed line indicates the zero sea level and the arrows indicate the position of the 1500 tsunami deposits.

Figure 3 . 16 :

 316 Figure 3.16: Top maps: bathymetric and topographic maps of Anegada and Scrub with the sections used for the profiles indicated in black. Graphics: maximum water height (left) and velocity (right) profiles obtained for models OR1, OR3, OR4, OR5, T1 and T2. The values are extracted from the four sections XX', YY', ZZ' and WW', the black curve corresponds to the topographic profile, the dashed line indicates the zero sea level and the arrows indicate the position of the 1200-1500 cal yrs CE tsunami deposits.

Figure 3 . 17 :

 317 Figure3.17: Top map: topographic map of Scrub with the positions of the two gages used from which the time-series plotted below are extracted. Graphics: wave height time-serie from in front (black) and behind (red) the barrier for models OR3, OR4, T1, T1a, T2 and T2a.

Figure 3 .

 3 Figure 3.18: Maximal water height map and synthetic waveforms from the far-field simulation of model MT1. The simulation was performed on a 500 m resolution grid from GEBCO (2020) data base.The left map corresponds to maximal water height modeled on the Caribbean Sea and surroundings with a water height scale saturated at 2 m. The right map is the zoom on the Antilles Arc with a water height scale saturated at 10 m. The graphics correspond to the waveforms computed at the coasts of Florida, Jamaica, Bonaire Island, Barbados and Bermuda. The red points are the tsunami deposits dating from a period around 1500 CE.
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 319 Figure 3.19: Maximal water height map of the Atlantic coasts from the simulation of model MT1. White areas correspond to continental areas.
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 320 Figure 3.20: Caption next page
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 41 Figure 4.1: Schema of the forces applied to a spherical boulder

Figure 4 . 2 :

 42 Figure 4.2: Structure of the boulder transport module and its integration in TAITOKO tsunami code

Figure 4 . 3 :

 43 Figure 4.3: Schema of the canal experiment set-up

Figure 4 . 4 :

 44 Figure 4.4: Pictures of a canal experiment after the opening of the door: before the water reaches the orange squared boulder (left) and after the wave reaches and transport the boulder (right)

Figure 4 . 5 :

 45 Figure 4.5: Camera's top view and side view of the boulders and the slope at the right end of the canal.

Figure 4 . 6 :

 46 Figure 4.6: Parameters and properties of the boulder transport experiments conducted during summer 2020

Figure 4 . 7 :

 47 Figure 4.7: Analysis of the images of the boulder transport experiment conducted on 5 boulder sizes: B1 (2 cm), B2 (1.5 cm), B3 (1 cm), B4 (5 mm) and B5 (2.5 mm). The top image shows the boulder's positions during their ascent along the slope at the wave arrival. The middle image shows the boulder's positions during their descent along the slope with the wave backwash. The bottom graphic shows the distance reached by each boulder along the slope in time.

Figure 4 . 8 :

 48 Figure 4.8: Pictures of the slope from the top (left panel) and side (right panel) cameras at several time steps during one experiment of spherical and squared boulder transport. Middle left picture: image of the boulder in saltation just after the wave impact. Middle right image: superposition of the boulder's images at two time-step showing the rotation of the boulder. Bottom graphic: measured displacement of the spherical boulder along the slope and cumulative total displacement and cumulative rolling displacement.

Figure 4 . 9 :

 49 Figure 4.9: Comparison of the recorded and simulated flow heights and flow velocity. Top image: schema of the canal experiment with the gage positions. Graphics: Each line of graphics corresponds to one experiment whose parameters are indicated just above it. Black curves correspond to the experiment's records and red curves to the simulation's signals. The six first columns correspond to the flow height signals at the six sensors positions indicated in the schema. The last column corresponds to the flow velocity signal of the velocimeter indicated on the schema.

Figure 4 . 10 :

 410 Figure4.10: Previous page: Coefficient analysis of Cd, Ci and Ca for the boulder size experiments. The nine graphics of the three experiments B1, B3 and B5 are built the same way. Each graphic presents the difference between the maximal observed distance and the maximal modeled distance (Dsynth-Dobs) in function of the associated values of one of the three coefficients. The color scale indicates the associated values of a second coefficient and enables to highlight potential coefficient dependencies. Each line of graphics shows from left to right the effect of the drag coefficient (Cd), the inertia coefficient (Ci) and the added-mass coefficient (Ca) with a color scale associated with one of the coefficients. So the three lines show three identical graphics except for the color scale which is associated respectively from top to bottom to the drag coefficient (Cd), the inertia coefficient (Ci) and the added-mass coefficient (Ca).

Figure 4 .

 4 Figure 4.11: Coefficient analysis of Cd, Ci and Ca for the water height experiments. Same as the coefficient analysis for the boulder size experiment, see the caption of Figure 4.10

Figure 4 . 12 :

 412 Figure 4.12: Average best coefficient values (Ci in blue, Ca in orange, Cd in green) obtained for each experiments (B: boulder size experiments; H: Wave height experiments)

Figure 4 . 13 :

 413 Figure 4.13: Coefficient analysis of Cd and Cl for the boulder size experiments. Similarly to the graphics in Figure 4.10, the two graphics of the three experiments B1, B3 and B5 are built the same way. Each graphic presents the difference between the maximal observed distance and the maximal modeled distance (Dsynth-Dobs) in function of the associated coefficient value. Left graphics: drag coefficient (Cd) value in function of the modeled maximal boulder distance with a color scale based on the lift coefficient (Cl) values. Right graphics: lift coefficient (Cl) value in function of the modeled maximal boulder distance with a color scale based on the drag coefficient (Cd) values. The zero dashed vertical black lines correspond to the minimal difference between simulation and observed maximal distance, the dashed vertical grey lines corresponds to the threshold values of 10% around this maximal observed distance. Graphic curves: the dashed black curve is the measured experimental boulder displacement in time and the colored curves are the boulder displacement from the selected models (whose maximal displacements are between the two grey 10% thresholds).
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 414 Figure 4.14: Coefficient analysis of Cd and Cl for the water height experiments with three dam height values of 40 cm (H40), 30 cm (H30) and 20 cm and a water depth of 1 mm (h001). See caption of Figure 4.13 for more details on the scatter plots. Graphic plots: the boulder displacement of the water heights experiments were not entirely digitized so we only indicate the maximum boulder distance with the horizontal dashed line. The colored curves are the boulder displacement modeled in the selected simulations.
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 415 Figure 4.15: Coefficient analysis of Cd and Cl for the boulder density experiments with three boulders materials: a glass boulder (BV) with a density of 2991 kg.m -3 , a solid clay boulder (BA) with a density of 2362 kg.m -3 and a plastic boulder (BP) with a density of 2003 kg.m -3 . See caption of Figure 4.13 for more details on the scatter and curves plots.
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 416 Figure 4.16: Average best coefficient values (Cl in red, Cd in green) obtained for each experiments (B: Boulder size experiments; H: Wave height experiments; D: Boulder density experiments)

Figure 4 . 17 :

 417 Figure 4.17: Sensitivity analysis of the coefficients during the boulder transport for the boulder size experiments. Left graphics: sensitivity of Cd, Ci and Ca coefficients superposed to the experimental boulder displacement. Left graphic: sensitivity of Cd and Cl coefficients superposed to the experimental boulder displacement.

Figure 4 . 18 :

 418 Figure 4.18: Nested bathymetric grids used for the simulations. Bottom-left inset: Co-seismic deformation associated with the multisegment source from Sladen and Hébert (2008)

Figure 4 . 19 :

 419 Figure 4.19: Map of the maximal water height reached during the simulation on the coast of Banda Aceh in the 200 m resolution grid (GR1). The white tilted frame corresponds to the border of the finest 18 m resolution grid (Gr2). The water height values inland are superposed to the relief (in brown/green). The pink lines, blue tilted lines and black numbers are the data from the field surveys and from Lavigne et al. (2009).

Figure 4 . 20 :

 420 Figure 4.20: Position of the boulders along Lhok Nga coast. In black, grey and white are indicated the positions of the transported boulders with figure and data modified from Paris et al. (2010). In colors are indicated the initial positions of the boulders used for the simulation that correspond to the possible origins of the boulders before the tsunami (fringing coral reef, platform, boulder field, sea-wall...)

Figure 4 .

 4 Figure 4.21: Schema of the 1D bathymetric and water surface grids built for the calibration of the code at a simplified real scale. Top-left inset: tide-gage signal modeled with the Sladen and Hébert (2008) source in the 2D real grids (18 m resolution) in blue and tide-gage signal modeled with a sinusoidal source in the 1D simplified grid (20 m resolution) in orange.

  and 4.23. For this analysis we extract two values from each simulation: the maximal boulder position and the final boulder position. The maximal boulder position corresponds to the farthest position that the boulder reaches during the simulation compared to its initial position. The final boulder position corresponds to the position of the boulder at the end of the simulation. Indeed, the position of the boulders identified in Banda Aceh might be very different from the maximal position they reached during the 2004 Sumatra tsunami. The three vertical black lines (dotted, solid and dashed) indicate the initial boulder position, the coastline and the average onshore limit of deposition (∼500 m from the coastline) as indicated on Figure4.21. As we presented in the previous sections, most of the transported boulders are identified either offshore or along the coast at less than 500 m inland. So, we assume that the best fitting simulations (plotted in the bottom graphic in Figures 4.22 and 4.23) correspond to the one where the final boulder position is located before or below the limit of deposition (dashed line).

Figure 4 . 22 :

 422 Figure 4.22: Coefficient analysis of Cd and Cl for the boulder size experiments with radius of 40 cm (R40), 100 cm (R100) and 160 cm (R160). The graphics are built the same way as the ones in Figure 4.13 but here the Cd and Cl coefficients are plotted in function of the maximal boulder distance (first line of graphics) but also in function of the final boulder distance (second line of graphics) from the initial position. The vertical black lines correspond to the initial position (dotted line), to the coastline position (solid line) and to the onshore limit of deposition (dashed line) as indicated in Figure 4.21. Bottom graphics: the horizontal lines have the same signification as in the scatter plots, the colored curves are the boulder displacements from all the simulations (the ordinate values of displacement are in meters, the grid measuring 400km).

Figure 4 . 23 :

 423 Figure 4.23: Coefficient analysis of Cd and Cl for the boulder density experiments with densities of 1200 (D1200), 1600 (D1600) and 2000 (D2000). See more details in Figure 4.22 on the scatter and curve plots.

Figure 4 . 24 :

 424 Figure 4.24: Sensitivity analysis of the coefficients during the boulder transport for the boulder size experiments. Left graphics: evolution in time of the sensitivity of Cd, Cl coefficients. The grey shades correspond to different stage of the tsunami: the wave arrival and the wave backwash. Left graphic: displacements curves identical to the ones in figure 4.22 with a different color scale. Each dot (barely distinguishable) corresponds at a time step of simulation and is colored in yellow if the rolling mode is activated and in dark purple if the saltation mode is activated.

Figure 4 .

 4 Figure 4.25: Results of the final boulder positions modeled with the 12 combinations of Cd and Cl. Bottom-left table: proportions of the boulders deposited in the three areas (Sea, Coast and Inland) for each model. Bottom-right graphic: same proportions presented in a graphic for better readability. Top maps: positions of the boulders in the four best models: cd01-cl03 in blue spheres, cd01-cl05 in green spheres, cd05-cl03 in orange spheres and cd05-cl05 in orange squares. The marker sizes are proportional to the boulder sizes (r = 0.5 m, r = 1 m, r = 1.5 m, r = 2 m) The black circle are the actual inland deposited boulders.

Figure 4 .

 4 Figure 4.26: Results of the final onshore boulder positions along the coast modeled with the 12 combinations of Cd and Cl. Top-right table:number of boulders deposited offshore (Sea), onshore (Coast) with the details on the three coastal studied areas (Pointe, River-Mouth and Sea-Wall) and further onshore (Inland). Graphic: same numbers presented in a graphic for better readability. Map: positions of the boulders for the 12 models with the marker colors and shape corresponding to the graphic one.
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 427 Figure 4.27: Maps of the water height generated by the cd05-cl05 model on the finest grid. The black circles are the boulder position at each time-step, from 1500s (after the tsunami initiation) to 4500s.

Figure 4 .

 4 Figure 4.28: Map of the Anegada coral reef and of the boulders identified as Pre-Columbian extreme-event evidence, from Atwater et al. (2017).
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 429 Figure 4.29: Map of the fault models used for boulder transport simulations.
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 4 Figure 4.30: Parameters of the fault models.
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 431 Figure 4.31: Maps of maximal water heights and the final boulder positions for the T1, T1a, T1b, T2, T2a, T2b and T3 subduction fault models. White circles: position of the identified boulders from Atwater et al. (2017). Red circles: final positions of the 379 synthetic boulders.
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 432 Figure 4.32: Maps of the maximal water heights and the final boulder positions for the OR4, IT01, W2 and F1B fault models. White circles: position of the identified boulders from Atwater et al. (2017).Red circles: final positions of the 379 synthetic boulders.

Figure 4 .

 4 Figure 4.33: Tableofthe simulation conditions required to validate the model. B1 and B2 correspond to respectively synthetic boulders of 1 m and 2 m diameter. ZA to ZG correspond to the geographic zones with boulder deposits indicated in Figure4.28. So the condition "B2 in ZA" means "There is at least one synthetic boulder of 2 m diameter in the zone A". The answers are "YES" if the simulation results respect the condition and "NO" if it does not. For the flood limits, the details on the sediment deposits are presented in Section 3 of this manuscript.The "Total" corresponds to the number of respected conditions.
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 51 Figure 5.1: Map of the suspected past ruptures areas and the potential future rupture areas along the subduction interface of the Lesser Antilles. The green shades indicate major tectonic structures (Rigdes, Anegada passage). The white dashed lines correspond to the three profiles extracted from[START_REF] Symithe | Current block motions and strain accumulation on active faults in the Caribbean[END_REF] which are also drawn on the small inset seismicity map. The blue ellipses indicate the rupture areas of model T2 (Chapitre 3) for the 1500 CE event and model S1 (Chapitre 2) for the 1843 event, and the suspected rupture area of the 1839 event from[START_REF] Feuillet | Tectonic context of moderate to large historical earthquakes in the Lesser Antilles and mechanical coupling with volcanoes[END_REF]. These ruptures areas are reported on the three profiles presented on the right side of the map and can be compared to the reported seismicity along the interface. The red ellipsoids indicate areas where particular GPS and seismic signals have been detected and associated to slip deficit[START_REF] Manaker | Interseismic Plate coupling and strain partitioning in the Northeastern Caribbean[END_REF], seismic gap[START_REF] Laurencin | The polyphased tectonic evolution of the Anegada Passage in the northern Lesser Antilles subduction zone[END_REF] and strain accumulation[START_REF] Hayes | Quantifying potential earthquake and tsunami hazard in the Lesser Antilles subduction zone of the Caribbean region[END_REF].
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 52 Figure 5.2: Map of the suspected past outer-rise ruptures along the subduction interface of the Lesser Antilles. The green shades indicate major tectonic structures (Rigdes, Anegada passage). The outer-rise fault traces are clearly appearing on the top bathymetric map (Andrews et al., 2013). The white dashed lines correspond to the two profiles extracted from (Marcaillou et al., 2021) which are plotted on the right side. The two profiles show the in-depth structures of the trench region with the outer-rise fault reflectors (highlighted in blue)and other detachment reflectors (highlighted in red).
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 53 Figure 5.3: Diagram and chronology of past tsunamis in the Lesser Antilles
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  Chapter 1. The Lesser Antilles and the objectives of the simulations and the ABC islands (Kingdom of the Netherlands) with Aruba, Bonaire and Curaçao.

	1.2 The Lesser Antilles
	1.2.1 Geography, history and situation of the arc
	(dependency
	of Guadeloupe, Fr.)
	• The Windward Islands constituted of Martinique (Fr.), Dominica, Grenada,
	Saint Vincent and the Grenadine, Saint Lucia, Tobago and Trinidad.

Geography The Lesser Antilles are a group of 24 islands, which constitute the volcanic arc of the Antilles that spreads on a 1000 km long and 1000 km large region between the Caribbean Sea and the Atlantic Ocean (Figures 1.1 and 1.2). To the north, are located two other groups of islands: the Greater Antilles and the Lucayan Archipelago (Bahamas Archipelago). The Greater Antilles are constituted of the larger islands of the Caribbean Sea including Cuba, Hispaniola (Haiti and Dominican Republic), Puerto Rico, Jamaica, and Cayman Islands. They form with the Lesser Antilles, the region named Antilles. The Lucayan Archipelago (Bahamas Archipelago) is not considered to be in the Caribbean Sea but forms with the Antilles, the region named the West Indies. Eight islands of the Lesser Antilles are independent nations (Saint Kitts and Nevis, Antigua and Barbuda, Barbados, Dominica, Grenada) while the others are dependent and non-sovereign states, politically associated with the United Kingdom (UK), France (Fr), the Netherlands (Neth), and the United States (US) of the Lesser Antilles. The islands are divided from north to south and to west into three groups:

• The Leeward Islands are the northernmost. They are constituted of the Spanish Virgin Islands (Culebra, Vieques, (Puerto Rico and UK)), the U.S. Virgin Islands (St. Thomas, St. John, St. Croix, Water Island (U.S.)), the British Virgin Islands (Jost Van Dyke, Tortola, Virgin Gorda, Anegada (U.K.)), Anguilla (U.K.), Saint Martin/Sint Maarten (Fr./Neth.), Saint-Barthélemy (Fr.), Saba (Neth.), Sint Eustatius (Neth.), Saint Kitts and Nevis (Saint Christopher and Nevis), Antigua and Barbuda, Redonda (Antigua and Barbuda), Montserrat (U.K.), Guadeloupe (Fr.), La Désirade (dependency of Guadeloupe, Fr.), Îles des Saintes (dependency of Guadeloupe, Fr.) and Marie-Galante • The Leeward Antilles constituted of the Federal Dependencies of Venezuela (Aves Island, Los Monjes Archipelago, La Tortuga Island, La Sola Island, Los Testigos Islands, Los Frailes Islands, Patos Island, Los Roques Archipelago, Blanquilla Island, Los Hermanos Archipelago, Orchila Island, Las Aves Archipelago), the State of Nueva Esparta of Venezuela (Margarita Island, Coche, Cubagua)

Table 2

 2 

	.1: Observations of the 2004 tsunami : Run-up heights ex-	
	tracted from the two field surveys (Zahibo et al., 2005; Le Friant et al.,	
	2008) and associated wave heights calculated with a factor specific to	
		each place		
	Places a	Lon(°) Lat(°) Run-Up Height(m) Wave Height (m)
	Marigot (TH)	-61.578 15.873	1.5	1.05
	Grande-Anse (TH) -61.576 15.864	2.0	1.6
	Rodrigue (TH)	-61.579 15.857	2.0	1.8
	Figuier (TH)	-61.588 15.858	1.6	1.2
	Crawen (TH)	-61.603 15.857	0.8	0.64
	Muriers (TB)	-61.616 15.854	0	0
	Grande-Baie (TB) -61.620 15.854	1.5	1.5
	Grande-Anse (TB) -61.623 15.859	2.0	1.5
	Pajot (TB)	-61.644 15.860	0.5	0.4
	Petite-Anse (TB)	-61.648 15.850	1.5	0.9
	Trois-Riv	-61.664 15.963	0.3	0.3
	Capesterre	-61.563 16.042	0.3	0.3
	a (TB=Terre de Bas, TH=Terre de Haut)		

Table 2

 2 or escape of the PRVI block due to the collision of the Bahamas during the Miocene. This tectonics is now reactivated by the accumulation of compressive stresses and associated sinistral strike-slip faults are identified, especially west and east of the Virgin Islands basin. The large plateau that encompasses the islands of Puerto Rico, Vieques and the Virgin Islands is bordered in the south by this Virgin Island basin that reaches 4000 m depth(Figure 2.14) which also borders on the other side, the plateau of the island of Saint-Croix. The fault dimensions are diverse, with faults ranging from 100 km (the length of the Virgin Islands Basin) to 30 km.

	St Thomas	Charlotte Amalie	2.5 to 6	2.8	-64.924077	18.337618
	-	St Thomas Harbor	∼ 10	4.7	-64.947720	18.335428
	-	Little Saba	12	5.9	-65.00101	18.30317
	-	Rupert's Ledge	7	4.7	-64.92359	18.32620
	St Croix	Frederiksted	7.6 to 9.1	3.6	-64.884316	17.715947
	-	Christiansted	7.6 to 9.1	4.5	-64.699976	17.747271
	Puerto Rico	Vieques	6.1	4.3	-65.411783	18.101960
	-	Yabucoa	2.0	1.2	-65.814999	18.049327
	-	Arroyo	1.5	1.1	-66.065192	17.961373
	Iles Vierge Britannique	Virgine Gorda	1.5	1.1	-64.446179	18.428330
	-	Peter Island	1.4	1.2	-64.578013	18.351042
	-	Road Town	1.4	1.2	-64.609261	18.419550
	Iles sous le vent Britanniques	St Martin	1.4	0.7	-63.163947	18.0641699
	-	St Barthelemy	3.1	1.5	-62.867627	7.904481
	-	Saba	1.4	0.3	-63.248	17.666
	-	St John's	2.4 to 3	1.3	-61.878	17.150
	Guadeloupe	St Rose	10 (likely 1 m)	0.6	-61.697	16.354
	-	Deshaies	10 (likely 1 m)	0.4	-61.821	16.311
	-	Basse Terre	1	0.2	-61.741	15.982
	St Lucie	Anse la Raye	1.2	0.6	-61.065	13.967
	St Vincent	Cumberland Bay	0.6	0.2	-61.194	13.404
	Grenade	St George	1.5	0.5	-61.779	12.048
	Dominique	Rupert's Bay	3	0.6	-61.484	15.468

.3: Location and values of reported tsunami heights and associated Green Law value for the gages used in our models (see equation 2.3) Islands City Amplitude (m) Green Law Amplitude (m) Longitude (°) Latitude (°) rotation Figure 2.14 shows the seismicity of the study area since 1960 with strong activity north of the Virgin Islands related to the American Plate subduction. Seismic activity within the Anegada Passage is low (Figure 2.14), with magnitudes ranging from 4.5 to 7, where two categories of earthquakes emerge: deep (>75 km) and shallow (<40

Table 2 . 4 :

 24 Parameters of the five fault models and the associated fault combinations (multi-segment sources)

					Fault models					
	Fault Longitude Latitude Depth Slip Strike Dip Rake Length Width	Mw
		(°)	(°)	(m)	(m)	(°)	(°)	(°)	(m)	(m)	
	F1	-64.950	17.770	6	3	260	50	-90	20000	10000	6.9
	F2	-64.923	17.911	7	5	260	40	-90	50000	20000	7.5
	F3	-65.140	17.904	7	5	80	40	-90	50000	20000	7.5
	F4a	-64.900	18.124	8	5	285	70	-90	50000	20000	7.5
	F4b	-64.945	18.062	8	5	105	70	-90	50000	20000	7.5
				Fault combinations				
	Model		Faults								Mw
	F1F2		F1+F2 (t=0min)							7.5
	F1F3		F1+F3 (t=0min)							7.5
	F1F4a		F1+F4a (t=0min)							7.5
	F1F4b		F1+F4b (t=0min)							7.5
	F1F2-F3		F1+F2 (t=0min) + F3 (t=10min and slip=8m)			7.5 + 7.6
	F1F2-F4a	F1+F2 (t=0min) + F4a (t=10min and slip=8m)			7.5 + 7.6
	F1F2-F4b	F1+F2 (t=0min) + F4b (t=10min and slip=8m)			7.5 + 7.6
	F1F3-F2		F1+F3 (t=0min) + F2 (t=10min and slip=8m)			7.5 + 7.6
	F1F3-F4a	F1+F3 (t=0min) + F4a (t=10min and slip=8m)			7.5 + 7.6
	F1F3-F4b	F1+F3 (t=0min) + F4b (t=10min and slip=8m)			7.5 + 7.6
	F1F4a-F2	F1+F4a (t=0min) + F2 (t=10min and slip=8m)			7.5 + 7.6
	F1F4a-F3	F1+F4a (t=0min) + F3 (t=10min and slip=8m)			7.5 + 7.6
	F1F4b-F2	F1+F4b (t=0min) + F2 (t=10min and slip=8m)			7.5 + 7.6
	F1F4b-F3	F1+F4b (t=0min) + F3 (t=10min and slip=8m)			7.5 + 7.6
	F1F3-F2-amp	F1+F3 (t=0min and slip=8m) + F2 (t=10min and slip=10m)	7.6 + 7.8
	F1F2-F4a-amp	F1+F2 (t=0min and slip=8m) + F4a (t=10min and slip=10m)	7.6 + 7.8
	F1F4a-F2-amp	F1+F4a (t=0min and slip=8m) + F2 (t=10min and slip=10m)	7.6 + 7.8

  Table 2.5: Testimonies of the 1843 tsunami observed in the Lesser Antilles, observations of the coseismic deformation and of the earthquake duration.Table 2.6: Parameters of the coseismic source models described in the text.

		Model	Seg Lon Lat Depth	Slip	Strike	Dip	Rake Length Width M w
			(°)	(°)	(km)	(m)	(°)	(°)		(°)	(km)	(km)
		Model S1a	91 -60.7 17.0 7 -50 0 -15	149	9 -35		90	175	150	8.5
		Model S1b	91 -60.7 17.0 7 -50 0 -10	149	9 -35		90	175	150	8.3
	Place	Model S1c	Tsunami Observation 91 -60.7 17.0 7 -50 0 -5 Height 149	Source 9 -35	90	175	150	8.1
	English harbor Model S1Cine 91 -60.7 17.0 7 -50 0 -15 "After the earthquake the sea 1.2 m	149	Robson 9 -35		90	(1964) 175	(Antigua 150	8.5
	(Antigua) Model ND1 rose four feet (∼1.2 m) but P1 -61.4 16.6 60	10	330	Weekly Register) 70 90 100	15	7.7
	sank again immediately, re-Model ND1c P2 -61.6 16.6 60	10	330	70		90	100	15	7.7
	Model ND1d maining calm throughout" P3 -61.6 16.8 60 "The dockyard at English Har-bour is sunk considerably, many parts being under wa-ter" Model ND2 P1 -61.4 16.6 60 Model ND2c P2 -61.6 16.6 60 Model ND2d P3 -61.6 16.8 60 Model ND3 P1 -61.4 16.6 60 Saint-John's Model ND3c P2 -61.6 16.6 60 Model ND3d P3 -61.6 16.8 60 Antigua (no details) "During the convulsion the sea encroached considerably on the land" Model ND1a P1 -61.4 16.6 60 Model ND1b P1 -61.4 16.6 60 Model ND1bb P1 -61.4 16.6 60 "... the sea also rose consider-ably" Model ND2bb P1 -61.4 16.6 60 Model ND3bb P1 -61.4 16.6 60	10 No value 330 10 330 10 330 10 330 10 330 0.6 m 10 330 10 330 No value 5 330 15 330 10 330 No value 10 330 10 330	70 90 Scheffers (2002) (from the 90 100 15 90 100 15 90 90 100 15 captain of the Royal Mail 90 90 100 15 Steam Packet reported to the 110 90 100 15 Governor of Barbados) 110 90 100 15 Lambert and Pedreros (2012); 110 90 100 15 S.G.F. (1843) 70 90 100 15 Stated by The Antigua 70 90 100 15 Weekly Register of 9 Febru-70 90 200 15 ary 1843 90 90 200 15 Quotes of the Barbadian newspaper of 15 February 110 90 200 15	7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.5 7.9 8.0 8.0 8.0
								1843 from a clergyman's letter
								in Antigua. Robson (1964)
	Nevis and An-	"agitated waters of the sea for	No value	From several letters from
	tigua		an extent of two miles from			Nevis and Antigua states.
			the coast"					Robson (1964)
	Pointe-à-Pitre	"the water only invaded few	0.5 -1.0 m	Sainte-Claire Deville (1843)
	(Guadeloupe)	feet of the docks which were				
			already close to the water"				
	Saint-Anne	"The water of the sea ad-	0.5 -2.0 m	S.G.F. (1843) + calculation
	(Guadeloupe)	vanced to the foot of the			Section 2.3.2
			houses from which it was for-				
			merly quite distant, and the				
			inhabitants feared that the				
			city would be submerged"				
	Place		Surface deformation		Duration	Source
	Pointe-à-Pitre	Subsidence			5cm -55cm calculation figure 2.34
	(Guadeloupe)							
	Pointe-à-Pitre	Subsidence			33 cm		Sainte-Claire Deville (1843)
	(Guadeloupe)							
	East	of	Slight uplift					Sainte-Claire Deville (1843)
	Grande-Terre							
	Place		Earthquake duration	Duration	Source
	Roseau				2min30s -	Dominican newspaper of 8
						3min30s	February 1843 Robson (1964);
								Scheffers (2002)
	Montserrat				2min		Robson (1964); Scheffers
								(2002)	
	Tortola				4min		Robson (1964); Scheffers
								(2002)	
	St. Kitts				3min		Robson (1964); Scheffers
								(2002)	

  Table 2.8.

	Model Faults (Slip value in m)	Mag
	S6	MP (20m) + MF (20m) + HF (20m)	8.60
	S8	MP (20m) + MF (20m) + HF (20m)+ GA (20m)	8.70
	S9	MP (20m) + MF (20m) + HF (20m)+ GA (20m) + SUB (10m)	8.80
	S10	MP (20m) + MF (20m) + HF (20m)+ GA (20m) + GB (20m)	8.85
	S12	MP (20m) + MF (10m) + HF (10m)+ GA (10m) + GB (10m) + SUB (10m)	8.85
	S14	SUB (20m)	8.85
		Table 2.8: Fault combinations and magnitude of the sources modeled	
		and presented here, the parameters of each fault segment are detailed	
		in Table 2.7	

  /10.17183/MNT_ANTN100m_HOMONIM_WGS84). Another 100 m resolution grid from the SHOM database covers Guadeloupe Island(Shom, 2018. MNT bathymétrique de façade de la Guadeloupe et de la Martinique (Projet Homonim). http://dx.doi.org/ 10.17183/MNT_ANTS100m_HOMONIM_WGS84). A 50 m resolution grid from the NOAA database covers the Virgin Islands (NOAA National Geophysical Data Center. 2010: St. Croix, U.S. Virgin Islands Coastal Digital Elevation Model. 2014: St. Thomas and St. John, U.S. Virgin Islands 1/3 arc-second MHW Coastal Digital Elevation Model. NOAA National Centers for Environmental Information). This study is focused on the three areas of the Lesser Antilles where most of the 1500 cal yr CE deposits have been identified: Anguilla, Scrub, Saint Thomas and Anegada islands (Figures 4, 5, 6). A set of 1 m and 5 m resolution grids were built based on LIDAR data and DEM on each of those 3 places (Office for Coastal Management, 2021: 2011 NOAA Bathymetric Lidar: U.S. Virgin Islands -St. Thomas, St. John, St. Croix (Salt River Bay, Buck Island), https://www.fisheries.noaa.gov/inport/item/48218.; Fredericks, X., ten Brink, U.S., Atwater, B.F., Kranenburg, C.J., and Nagle, D.B., 2016, Coastal Topography-Anegada, British Virgin Islands, 2014: U.S. Geological Survey data release, https://doi.org/10.5066/F7GM85F3.

	3.4.1 Bathymetric grids
	23 imbricated bathymetric grids were defined in order to cover the whole studied

domain. The mother grid is a 450 m resolution grid from the 2020 Gebco database (GEBCO Compilation Group (2020) GEBCO 2020 Grid (doi:10.5285/a29c5465-b138-234d-e053-6c86abc An intermediate grid of 100 m resolution from the SHOM database covers the area of Anguilla, Saint-Martin and Saint-Barthélemy (Shom, 2018. MNT bathymétrique de façade de Saint-Martin et Saint-Barthélemy (ProjetHomonim). http://dx.doi.

org

  Table 4.1). For most of them, inverse boulder transport equations are applied like in the Lesser Antilles, where they estimated the minimum wave heights and velocities required to

	(Cox et al.,	12 m synthetic	Irregular	Boulder:	size,		To model the impact of
	2019)	storm waves gen-	cobbles	shape			storm waves on a cliffed
		erated by pro-					coast
		grammable paddles					
		Cliff-top modeled		Storm wave param-		Formation of imbricated
		tank		eters			groups of boulder resem-
							bling to real-world boul-
							der clusters
				platform slope and		Storm and tsunami waves
				shape			comparison
	(Oetjen,	Pump, valve and	3D-printed	Boulder:	shape,	Sliding	Influences of realistic
	Engel, Pu-	low barrier initiat-	real boulder	orientation			boulder shapes
	dasaini and	ing wave breaking	replica (scale				
	Schuet-		1:50)				
	trumpf,						
	2020; Oet-						
	jen, Schuet-						
	trumpf and						
	Engel, 2020)						
		25.5 m * 1 m tank	Rectangular			Rolling	Non-uniform bathymetry
			boulders				and topography
		Compound slope or		Bottom: slope	Saltation	Effect of the submergence
		three stepped, hori-					
		zontal platforms					
	(Lodhi et al.,	Gate-opening dam-	Rectangular,	Boulder: size, den-	Sliding	Hydrodynamic	impact
	2020)	break	cubic	sity, shape			force on the motion of
							subaerial boulders
		8 m * 0.3 m tank		Wave: height, ve-		
				locity			
		Solid, impermeable					
		bottom					

Table 4 .

 4 1: Non-exhaustive list of boulders around the world

	Reference	Site		Weight (size)	Nature (shape)		Origin	Modeled
			Boulders from the cliffs or coastal platforms		
	(Noormets et al., 2004)	Oahu, Hawai	1-96t		Cliff clasts (irregular)	Storm	or	Inverse eq.
									tsunami
	(Hoffmann et al., 2013)	Sultanate of Oman 0.5-40 t		Limestones (cigar shape),	Tsunami (storm	Inverse eq.
						beach rocks (irregular)	?)
	(Kennedy et al., 2016)	Calicoan	Island,	40-208t (5-7m)	Cliff edge clasts (irregular,	Storm	Inverse eq.
		Philippines				roundede, rectangular)		+ transport
										modes
	(Gandhi et al., 2016)	India		2-40t (2-5m)	Limestone rocks (rectan-	Storm	Inverse eq.
						gular, irregular)		
	(Switzer and Burston,	Australia		0.5-23t	(0.7-	Platform sandstone rocks	Storms	or	Inverse eq.
	2010)			3.6m)		(irregular, rounded, rect-	tsunamis
						angular)			
	(Naylor et al., 2016)	British Isles, Eng-	0.1-0.8t		Beach rocks (irregular,	Storm	Inverse eq.
		land				flat, rounded, rectangu-	
						lar)			
	(Roig-Munar et al., 2018) Minorca, Balearic	1-220t		platform rocks (irregular,	Tsunami	and	Inverse eq.
		Islands				rectangular)			storm
	(Watanabe et al., 2019)	Hachijo	Island,	2-60t (1-4m)	Basalt rocks (rounded and	Storm (tsunami	Forward
		Japan				rectangular)			?)	model
				Boulders from coral reefs			
	(Engel and May, 2012;	Bonaire island, An-	2-300t (0.5-10	Reef rocks, corals (irregu-	Tsunami	Inverse eq.
	Rixhon et al., 2018; Oet-	tilles		m)		lar, flat, round...)		
	jen, Schuettrumpf and En-								
	gel, 2020)								
	(Atwater et al., 2017;	Anegada, Antilles	(0.5-3m)		Corals (rounded, irregu-	Tsunami (storm	Inverse eq.
	Watt et al., 2012)					lar)			?)
	(Nakamura et al., 2014)	Lanyu Island Tai-	(0.2-6.4m)		Corals (irregular)		Storm (tsunami	Inverse eq.
		wan							?)
	(Goto et al., 2019)	Ishigaki	island,	1-220t (0.2-9m)	Corals (round)		Tsunami	Forward
		Japan								model
	(Minamidate et al., 2020) Ryukyu	Islands,	2-100t		Reef rocks (irregular)	Storm	Inverse eq.
		Japan							
	(Ramos et al., 2017)	Luzon, Philippines	-		Corals (rounded and irreg-	Tsunami	or	Inverse eq.
						ular)			storm
	(Hongo et al., 2018)	Palau	Islands,	0.2-2.2t		Corals (rounded and irreg-	Storm (tsunami	Inverse eq.
		Oceania				ular)			?)
	(Goto, Okada and Ima-	Pakarang	Cap,	1-23t		Corals,	reef	rocks	Tsunami	Forward
	mura, 2010)	Thailand				(rounded, irregular)			model
	(Nandasena et al., 2011b) Banda Aceh, In-	(0.8-3.3m)		Calcareous (irregular)	Tsunami	Forward
		donesia								model

Table 4 . 2 :

 42 Definition of the constant and variables

	Symbol	Definition	Formula	Units
	R	Boulder radius	Lab:	[0.0025 -	(m)
			0.04]; Field: [0.1	
			-2]		
	ρ b	Boulder density	[1200 -2400]	(kg.m 3 )
	ρ f	Fluid density	1000 (only water)	(kg.m 3 )
	h	Water depth	-		(m)
	Θ	Slope	-		()
	V b	Total boulder volume			

Table 4 . 3 :

 43 Definition of the forces

	Symbol	Definition	Formula	Units
	F d	Drag force: Force of the flow on the boulder	[4.1]	(N)
	F i	Inertia force: Driving force of the boulder	[4.2]	(N)
		weight in movement		
	F a	Added-mass force: Effect of the boulder	[4.3]	(N)
		movement on the acceleration of the fluid		
		surrounding it		
	F l	Lift force: Force generated by a pressure	[4.4]	(N)
		drop at the top of the boulder		
	F f	Friction force: Force generated by the fric-	[4.5]	(N)
		tion of the boulder on the floor		
	F g	Gravity force: Force generated by the boul-	[4.6]	(N)
		der weight		

Table 4 . 4 :

 44 Definition of the coefficients

	Symbol	Definition				Value range	Transport Mode	Importance
	C d	Drag coefficient asso-	[0.5 -2]	Rolling,	salta-	High
		ciated with F d				tion, sliding
	C i	Inertia coefficient as-	[1.5]	Rolling,	salta-	Low
		sociated with F i			tion, sliding
	C a	Added-mass	coeffi-	[1.5 -2]	Rolling,	salta-	Low
		cient associated with		tion, sliding
		F a					
	C l	Lift coefficient associ-	[0.178 -1]	Saltation	High
		ated with F l				
	C f	Friction	coefficient	[0.1 -2]	
		associated with F f .		
		Complex	coefficient		
		defined	either	as		
		static friction,		dy-		
		namic friction or as a		
		variable.					

Table 4

 4 Choice of the modeled experimentsWe analyze the coefficients for 9 different experiments varying the boulder sizes, the boulder density and the water height (Table4.5). In three of the experiments, we model boulders with a radius of 25 mm, 1 cm and

			.5: Modeled experiments (H: wave height; h: water depth;	
		R: boulder radius; ρ b : boulder density; θ: slope; Var-Coeff: varied	
		coefficients with values in the range of [0,2]; Fix-Coeff: fixed coeffi-	
		cients; Simu nbr: number of simulations, coefficients combinations;	
					Fig: associated graphic)			
	Exp	H (cm)	h (cm)	R (cm)	ρ b (kg.m -3 )	θ (°)	Var-Coeff	Fix-Coeff	Simu nbr	Fig
	B1	20	10	2	2000	10	Ci,Ca,Cd	Cl=0.5	400	4.10
	B3	20	10	1	2000	10	Ci,Ca,Cd	Cl=0.5	400	4.10
	B5	20	10	0.25	2000	10	Ci,Ca,Cd	Cl=0.5	400	4.10
	H20-h001	20	0.1	2	2000	20	Ci,Ca,Cd	Cl=0.5	400	4.11
	H30-h001	30	0.1	2	2000	20	Ci,Ca,Cd	Cl=0.5	400	4.11
	H40-h001	40	0.1	2	2000	20	Ci,Ca,Cd	Cl=0.5	400	4.11
	B1	20	10	2	2000	10	Cl,Cd	Ci=0.8; Ca=1.5	120	4.13
	B3	20	10	1	2000	10	Cl,Cd	Ci=0.8; Ca=1.5	120	4.13
	B5	20	10	0.25	2000	10	Cl,Cd	Ci=0.8; Ca=1.5	120	4.13
	H20-h001	20	0.01	2	2000	20	Cl,Cd	Ci=0.8; Ca=1.5	120	4.14
	H30-h001	30	0.01	2	2000	20	Cl,Cd	Ci=0.8; Ca=1.5	120	4.14
	H40-h001	40	0.01	2	2000	20	Cl,Cd	Ci=0.8; Ca=1.5	120	4.14
	BV	20	10	2	2991	10	Cl,Cd	Ci=0.8; Ca=1.5	120	4.15
	BA	20	10	2	2362	10	Cl,Cd	Ci=0.8; Ca=1.5	120	4.15
	BP	20	10	2	2003	10	Cl,Cd	Ci=0.8; Ca=1.5	120	4.15

  In order to have a more accurate result, among the 154 boulders onshore (coastal part) we only select those with a diameter larger than one meter: 8 boulders in Lampuuk Pointe, 16 boulders in Lhok Nga River-Mouth and 46 boulders behind the Sea-Wall south of Lhok Nga like indicated in the table Figure4.26. These numbers result in a proportion of 96% of the boulders transported offshore and 4% of the boulders transported onshore (coastal part) as indicated in the table in Figure4.25. Concerning the initial position chosen for the transport modeling, we assume 3 preferential areas

  [START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] dated 22 brain corals, they all range between 1000 and 1500 Cal yrs CE and represent evidence of Pre-Columbian extreme waves. The second most abundant species is the star coral (Orbicella annularis) with 33 fragments among which 2 corals were dated at ∼1500 Cal yrs CE. The third coral species is the mustard hill coral (Porite astreoides) with 25 fragments among which 2 were dated at ∼ 1500 Cal yrs CE. Their locations are indicated in Figure4.28. The boulders used for this study are the ones dating from the Pre-Columbian period but also some boulders integrated in sand sheet dating from this same period and considered by[START_REF] Atwater | Extreme waves in the British Virgin Islands during the last centuries before 1500 CE[END_REF] as evidence of Pre-Columbian extreme waves.

  Table of the simulation conditions required to validate the model. B1 and B2 correspond to respectively synthetic boulders of 1 m and 2 m diameter. ZA to ZG correspond to the geographic zones with boulder deposits indicated in Figure
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Figure 2.33: Caption next page
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Chapter 4. Simulation of the tsunami boulder transport displace the boulders identified in Bonaire Island [START_REF] Engel | Bonaire's boulder fields revisited: evidence for Holocene tsunami impact on the Leeward Antilles[END_REF]. They conclude that some boulder fields may have been transported onshore by strong swells of tropical cyclones but that the wave intensities needed for the largest boulder correspond rather to a tsunami wave. Otherwise, very few forward transport simulations 4.8). However, we did not observe any transport by sliding so we decided to neglect the latter and to model only the rolling and saltation modes. We model those two modes separately, one mode is chosen at each time step depending on the transport conditiosn and the two equations are always solved independently of each other as presented in Figure 4.2.

The first condition test is the balance between the gravitational force and the lift force. If the lift force is superior to the gravitational force (Fl>Fg), the boulder enters the saltation mode of transport, the equation of translational motion is then solved (4.10) with a zero friction force (Ff=0).

If the gravitational force is superior to the lift force (Fg>Fl) then the boulder will stay in contact with the ground and will rotate with a motion expressed through the translational velocity of a rotating particle as previously defined (Equations 4.11 and 4.12):

Immersion and emersion

If the height of the boulder is greater than the depth, the acting forces and their formulas need to be adapted to the ratio of the immersed volume (Vbi) and the total volume (Vb). Then the boulder mass appearing in the friction and gravitational force, the volume (Vbi) and area (Abi) to which are applied the flow forces (drag, inertia and added mass) depend on the water depth h (Figure 4.1).

Integration in the tsunami code

We have developed a module to be integrated into TAITOKO tsunami code. This way, it simultaneously computes the wave propagation and the boulder transport as presented in Figure 4.2. The module is written in fortran 2003 (used language for TAITOKO), is parallelized with the Message Passing Interface (MPI) library and can be used for heavy calculation on large and high-resolution grids using a cluster of machines. It can compute the transport of multiple boulders with different parameters in one simulation. The boulder transport module is composed of around 1000 coded lines with additional modifications done in different modules of TAITOKO for optimal integration of the transport model. The equations of transport are solved with a first order Runge-Kutta method and are divided into two modes: the equations of transport by rolling (equations 4.11 and 4.12) and the equations of transport by saltation (equation 4.14). The mode is selected through a condition on the forces of gravity and lift (Figure 4.2). The parameters of each boulder (position, size, density...) and the values of the force coefficients (Cd, Ca, Ci, Cl) are entered in a separate configuration file that is read by the code at the beginning of the simulation.

Chapter 4. Simulation of the tsunami boulder transport