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mean sea level in the Gulf of Aqaba and up to 500 m on the Tiran island, reflects a significant vertical motion over the last few million years. The corals collected on these surfaces during a field trip in March 2017, and analyzed by Uranium-Thorium dating and Strontium isotopy, reveal an establishment of these coral terraces during the interglacial periods. These levels thus serve as temporal markers to constrain the vertical uplift generated by the faults. The precise location of the coral terraces, determined using Pleiades satellite images, allows us to understand how the tectonic activity is structured in the Gulf of Aqaba and the Strait of Tiran areas. By correcting the current elevation of the terraces with the eustatic data available in the literature, and by knowing precisely their ages of formation, we deduced the uplift rates of the eastern coast of the Gulf of Aqaba and along the Tiran island. The uplift along the Gulf of Aqaba, estimated using the coral terraces, does not agree with the long-term uplift determined by thermochronology. Further analyses suggest that this uplift is distributed over the off-shore active structures, but also along the on-land structures which were previously considered inactive. This reactivation is due to the change in position of the Arabia-Sinai rotation pole there is 5 My ago. The conclusions of this work raises new questions as to how the deformation is distributed along this fault section before the change in position of the rotation pole, and how the system is connected to the triple junction Red Sea -Gulf of Suez -Gulf of Aqaba. Is the basin south of the Tiran island is the last pull-apart basin before connecting to the extensive system, or do additional steps, now masked by large evaporite deposits in the Red Sea, propagate further south before connecting to the extensive system? 

Résumé

La faille du Levant, également appelée faille de la Mer Morte, est une faille décrochante senestre d'environ 1200 km de long. Elle s'étant du nord au sud, des monts Taurus et du système décrochant de la faille Est Anatolienne, à la terminaison nord du système extensif de la Mer Rouge. L'activité senestre décrochante de la faille du Levant, liée au déplacement vers le nord de la plaque Arabique par rapport à la microplaque Sinaï, est aujourd'hui bien contrainte avec un déplacement de 5mm/an et près de 107 km de décalage cumulé sur 20 Ma.

Cependant, la composante verticale de ce grand système de faille reste encore mal définie. A partir de l'étude des marqueurs de l'activité tectonique dans la région du Golfe d'Aqaba et du Détroit de Tiran, les travaux de thèse consistent à contraindre l'architecture du système de faille dans sa terminaison Sud. A l'aide de nouvelles données bathymétriques multifaisceaux hautes résolutions collectées durant deux campagnes marines, nous avons ainsi défini un nouveau modèle de faille dans le golfe d'Aqaba. Le soulèvement de terrasses coralliennes à près de 100 mètres au-dessus du niveau marin dans le golfe d'Aqaba et jusqu'à 500 mètres sur l'île de Tiran, traduis un décalage vertical non négligeable au cours de ces derniers millions d'années. Les coraux collectés sur ces surfaces durant la mission de terrain réalisée en Mars 2017, et analysés par datation Uranium-Thorium et isotopie du Strontium, révèlent un établissement de ces terrasses coralliennes pendant les épisodes interglaciaires. Ces niveaux servent ainsi de marqueurs temporels pour contraindre le décalage vertical engendré par les failles. La localisation précise des terrasses coralliennes, déterminée à l'aide d'images satellite Pléiades, permet de comprendre comment se structure l'activité tectonique dans la région du Golfe d'Aqaba et du détroit de Tiran. En corrigeant l'altitude actuelle des terrasses par les données eustatiques disponible dans la littérature et en connaissant précisément leurs âges de formation, nous en avons déduit une vitesse de soulèvement. Le soulèvement le long du Golfe d'Aqaba, estimé à l'aide de l'âge des terrasses coralliennes, ne tombe pas en accord avec le soulèvement long terme déterminé par thermochronologie. En poussant l'analyse, il semblerait que ce soulèvement se répartisse sur les structures actives mais également le long de structures bordières, jusque lors considéréées comme inactives, en raison de la modification de la position du pôle de rotation Arabie-Sinai il y a 5 Ma. L'issue de ces travaux soulève de nouveaux questionnements : comment se répartissent les décalages le long de cette section de faille avant le changement de position du pôle de rotation, et comment se connecte le système décrochant en direction du point triple Mer Rouge-Golfe de Suez-Golfe d'Aqaba. La présence d'un bassin visible dans la bathymétrie au sud de l'île de Tiran est-il le dernier bassin de type pull-apart avant la connexion avec le système extensif, ou est-ce que des échelons supplémentaires, aujourd'hui masqués par les dépôts importants d'évaporite en Mer Rouge, se propagent encore plus au Sud avant de se connecter au système extensif ? 

Résumé détaillé

La faille du Levant, aussi appelée faille de la Mer Morte, est une faille décrochante senestre d'environ 1200 km de long. Elle s'étends du nord au sud, des monts Taurus et du système décrochant de la faille Est Anatolienne, à la terminaison nord du système extensif de la Mer Rouge. L'activité senestre décrochante de la faille du Levant, liée au déplacement vers le nord de la plaque Arabique par rapport à la microplaque Sinaï, est aujourd'hui bien définie par les études GPS et morphotectoniques avec un déplacement de 5mm/an, et près de 107 km de décalage cumulé sur 20 Ma. Cependant, la composante verticale de ce grand système de faille reste encore mal contrainte, notamment au niveau du Golfe d'Aqaba. Le long de la faille de la mer Morte, le décalage sénestre est accommodé par une succession de failles en échelon quasi alignées le long d'un axe N20, tandis que le long de la mer Rouge, le déplacement vers le nord de la plaque Arabique entraîne la formation d'une série de failles normales orientées NW-SE en direction du bassin. Dans le temps, la rotation de la plaque Arabique dans le sens anti-horaire par rapport à la plaque Afrique entraîne une ouverture différentielle du rift de la mer Rouge depuis le rift est-africain jusqu'au golfe d'Aqaba [START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Sultan | New constraints on red sea rifting from correlations of arabian and nubian neoproterozoic outcrops[END_REF][START_REF] Stockli | Timing of extensional faulting along the magma-poor central and northern red sea rift margin-transition from regional extension to necking along a hyperextended rifted margin[END_REF][START_REF] Stern | Constraining the opening of the red sea: evidence from the neoproterozoic margins and cenozoic magmatism for a volcanic rifted margin[END_REF][START_REF] Schettino | Plate motions around the red sea since the early oligocene[END_REF]. Le golfe d'Aqaba est situé au niveau de la zone de transfert entre le système décrochant de la mer Morte et le système extensif de la mer Rouge. Il est affecté par les deux systèmes, mais la forme nord-sud du golfe souligne que ce dernier reste principalement influencé par le mouvement sénestre de la faille de la Mer Morte. Cependant, le relief élevé de chaque côté du golfe suggère qu'une partie importante du mouvement normal est accommodé dans la région.

Ce contexte particulier soulève plusieurs questions : 1) comment et où s'effectue le transfert de déformation ? 2) Comment les systèmes de la mer Morte et de la mer Rouge sont-ils reliés ? 3) Où se trouve le point triple Sinaï-Arabie-Nubie ? 4) Quel est le moteur qui génère la déformation qui se produit dans le golfe d'Aqaba ? 5) L'extension générée par la mer Rouge influence t-elle le système décrochant de la mer Morte même si le rifting n'a pas encore atteint le point triple ?

Durant ces travaux de thèse, à partir de l'étude des marqueurs de l'activité tectonique dans la région du Golfe d'Aqaba et du Détroit de Tiran, j'ai donc cherché à apporter des précisions sur la façon dont la déformation se transfère d'un système décrochant à un système extensif, et plus précisément, comment se réalise la transition entre le système décrochant sénestre Mer Morte et le système extensif Mer Rouge.

Afin de répondre à cette question, nous avons décidé d'orienter notre recherche sur trois axes de recherche principaux.

La géométrie des failles dans le golfe d'Aqaba

Dans une première partie nous avons cherché à mettre en évidence quelle était la géométrie des failles qui structurent le golfe d'Aqaba. Pour cela nous avons réalisé deux campagnes marines à bord du R/V Thuwal (2018,2019). La première campagne était focalisée sur le golfe d'Aqaba, tandis que la deuxième était localisée au niveau du détroit de Tiran et le nord de la Mer Rouge. Nous espérions réaliser une cartographie précise de l'ensemble du golfe d'Aqaba et du détroit de Tiran, mais du fait des restrictions locales, nous n'avons pu établir que la cartographie de la partie Saoudienne. Les résultats de ces campagnes ont néanmoins été bénéfiques. En couplant nos résultats avec les différents jeux de données disponibles, nous avons ainsi établi la première carte bathymétrique multifaisceaux du golfe d'Aqaba (voir Chapitre 2). Depuis la première carte bathymétrique établie par [START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF] dans les années 80, aucune mise à jour des données marines n'avait été réalisée dans la partie Saoudienne. Grâce aux avancées technologiques, nous avons ainsi pu mettre en évidence, avec une résolution de 10m, quelles sont les structures actives qui controllent la morphologie du golfe.

Depuis le dernier grand séisme majeur dans la région (e.g. seisme de Nuweiba Mw 7.3, 1995), causant de sérieux dégâts sur les villes d'Eilat, d'Aqaba, et de Nuweiba, la question du risque sismique, dans une région qui connaît aujourd'hui un développement économique, est important. En effet, à la suite de l'événement de Nuweiba en 1995, un tsunami a frappé les côtes du golfe. La vague la plus forte fut enregistrée au niveau de Nuweiba, atteignant près de 3-4 m [START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF], alors que d'autres témoignages attestent de l'événement dans les villes d'Eilat et d'Aqaba mais avec une amplitude moindre [START_REF] Wust | The november 22, 1995, nuweiba earthquake, gulf of elat (aqaba), post-seismic analysis of failure features and seismic hazard implications[END_REF][START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF]. Cet évènement de 1995 n'est pas un cas unique. En effet, l'analyse de deux carottes collectées en mer révèle que le golfe présente des preuves d'un petit nombre de tsunamis liés à des événements sismiques passés, ainsi qu'un paléotsunami majeur qui s'est produit il y a ∼ 2300 ans [START_REF] Shaked | Large earthquakes kill coral reefs at the north-west Gulf af Aqaba[END_REF][START_REF] Shaked | Late Holocene events that shaped the shoreline at the northern Gulf of Aqaba recorded by a buried fossil reef[END_REF][START_REF] Goodman-Tchernov | Holocene-era submerged notches along the southern Levantine coastline: Punctuated sea level rise?[END_REF].

Lors du tremblement de terre de Nuweiba en 1995, les modèles sources proposés pour ce séisme présentent une certaine variabilité due à l'absence d'observations directes de glissement et de mesures GPS le long et à proximité de la zone de rupture [START_REF] Baer | Coseismic deformation associated with the november 1995, mw= 7.1 nuweiba earthquake, gulf of elat (aqaba), detected by synthetic aperture radar interferometry[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF][START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]. Deux modèles se font face : 1/ une rupture localisée sur le seul segment de la faille Aragonese, 2/ une rupture en cascade sur plusieurs segments de failles mais dont la rupture principale se localise sur la faille Aragonese. Les valeurs proposées pour le glissement vertical maximum vont de 20 cm à 1.4 m, et les valeurs proposées pour le décalage sénestre maximum vont de 2.1 m à 5 m [START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF][START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF]. A partir de l'analyse de la bathymétrie, l'absence de trace de déformation au nord et au sud du segment de la faille Aragonese, ainsi qu'une ligne longue et ininterrompue dans la bathymétrie le long de la faille, suggère que le principal sous-événement du Mw7.3, 1995, se limite à cette section centrale de 53 km de long de la faille Aragonese. En utilisant la relation d'échelle typique pour les séismes décrochants (e.g. [START_REF] Wesnousky | Seismological ans structural evolution of strike-slip faults[END_REF]; [START_REF] Wells | New Empirical Relationships among Magnitude , Rupture Length , Rupture Width , Rupture Area , and Surface Displacement[END_REF], une longueur de rupture de 53 km correspond à un séisme Mw7.1 avec un déplacement maximal de 1.9 m. Cette observation semble plus compatible, à la fois en termes de localisation et de taille, avec les modèles de source de tremblement de terre qui incluent plusieurs sous-événements en cascade, qu'avec les modèles de source impliquant un sous-événement unique [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF][START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF].

De plus, nous avons également mis en évidence, dans la partie sud du golfe, la présence d'une faille longue de 83 km de long. En s'intéressant à la sismicité historique le long de la faille de la Mer Morte, plusieurs auteurs ont démontré que l'activité sismique de la faille résulte en une organisation temporelle d'essaims sismiques durant 100 à 200 ans, espacés d'une période de quiescence de 350 à 400 ans [START_REF] Klinger | 5000 yr of paleoseismicity along the southern Dead Sea fault[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF].

Dans le sud du golfe d'Aqaba, le dernier grand séisme avant celui de 1995 aurait eu lieu soit en 1212 (AD) soit en 1588 (AD) [START_REF] Ambraseys | Earthquakes in the Mediterranean and Middle East: A Multidisciplinary Study of Seismicity up to 1900[END_REF][START_REF] Bektas | Seismoturbidites in the Gulf of Aqaba during the past 500 years[END_REF]. Conformément au modèle d'activité de la faille, ceci suggère que la faille de la mer morte est proche de la rupture et que potentiellement le séisme de 1995 marque le début d'un nouvel épisode sismique. Par conséquent, en considérant une vitesse de glissement de 5 mm/an le long de la faille de la Mer Morte [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Parker | [END_REF], le déficit de glissement cumulé le long du segment de la faille Arnona s'élève entre 2 m et 4 m, ce qui correspond à un potentiel séisme de magnitude compris en 7.2 et 7.5.

Un dernier point important : la présence de grand cônes alluviaux visibles dans la bathymétrie pouvant être déstabilisés lors d'un épisode sismique soulève la question du risque tsunamigénique dans le golfe d'Aqaba et devrait alerter la communauté scientifique, tout comme les autorités locales, d'un besoin d'estimer le risque sismique ainsi que le risque tsunamigénique dans la région du Golfe d'Aqaba.

Déformation verticale le long de la frontière orientale du Golfe d'Aqaba

Dans une deuxième partie nous avons étudié les marqueurs de la déformation rencontrés à terre, le long de la bordure est du golfe d'Aqaba. Plusieurs niveaux de terrasses corraliennes se trouvent aujourd'hui soulevés par l'activité tectonique des failles dans la région. Pour cela, une campagne d'échantillonnage a été réalisée en mars 2017. Au total, 87 échantillons ont été collectés sur près de 10 niveaux de terrasses coralliennes soulevées par l'activité des failles présentes dans la région. L'altitude de ces terrasses coralliennes s'échelonne entre 1 et 100 mètres au-dessus du niveau marin au niveau du Golfe d'Aqaba, et localement, comme au niveau de l'île de Tiran, on retrouve d'anciens niveaux marin jusqu'à 500 mètres au-dessus du niveau actuel de la mer.

Dans le but d'estimer la vitesse de soulèvement de la côte, nous avons réalisé une série d'analyses sur les échantillons collectés le long du golfe. Du fait de leur formation par bioconstruction (en aragonite) proche de la surface des eaux, les coraux perchés et abandonnés sont d'excellent marqueurs de l'activité tectonique [START_REF] Woodroffe | Coral reefs and sea-level change[END_REF]. Formés à l'altitude du niveau marin, leur présence à plusieurs mètres, voir dizaines de mètres, au-dessus de ce dernier, permet d'établir à quelle vitesse ils ont été soulevés.

Les résultats de ces analyses (voir Chapitre 3) montrent que la majeure partie des échantillons présentent des signes importants de recristallisation. Cette recristallisation est visible soit par un fort pourcentage de calcite secondaire et l'absence d'aragonite primaire, soit par la présence d'aragonite secondaire. Dans l'un ou l'autre des cas, l'âge obtenu par analyse 230 Th/ 234 U se révèle être inutilisable pour contraindre le soulèvement tectonique puisque la structure corallienne a été diagénétisée. L'effet de la diagénèse, encore aujourd'hui largement discuté avec la question de départ ou apport d'élément soluble (U) et avec ou sans remobilisation d'élément insoluble (Th) [START_REF] Ku | U-Series dating of last interglacial high sea stands: Barbados revisited[END_REF][START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF][START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], entraine l'estimation d'âges biaisés qui ne reflète ni l'âge réel du corail, ni l'âge de la recristallisation. Cependant, certains paramètres et techniques peuvent être utilisés afin de comprendre l'effet de la diagenèse et ainsi tracer les sources potentielles de recristallisation. Nous avons décidé de coupler les mesures faites par 230 Th/ 234 U avec une technique de datation relative par isotopie du strontium. Les isotopes du strontium étant généralement utilisés pour des périodes de temps plus longues, la précision analytique ne nous permet pas de l'utiliser pour contraindre l'âge des échantillons.

Cependant, nous avons pu mettre en évidence que la recristallisation entraine la remobilisation de l'uranium et du strontium, avec incorporation ou départ, de ces derniers, de la structure corallienne.

Par ailleurs, sachant que la valeur isotopique du ratio 87 Sr/ 86 Sr incorporé dans un cristal dépend de la valeur de la source du strontium radiogénique dans laquelle il est formé (i.e. Sr marin ou Sr continental), il est alors aisé de discriminer entre plusieurs sources de recristallisation. L'analyse détaillée de l'isotopie du strontium de nos échantillons nous a permis de mettre en lumière que la recristallisation provient d'un apport d'eau douce du continent, chargé avec un rapport isotopique en strontium plus ou moins radiogénique, pouvant correspondre à une source en provenance des granites ou basaltes environnants.

Par conséquent, l'explication concernant l'effet de cette recristallisation que nous retenons et qui nous semble la plus logique, suit une idée proposée par [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF] et reprise par [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF] : c'est la présence d'une nappe d'eau douce, peu de temps après la formation des coraux (e.g. quelques milliers ou dizaine de milliers d'années), qui entraine la remobilisation de l'uranium et du strontium. En plus de cela, nous proposons également un autre phénomène jusque-là pas discuté dans la région. La signature isotopique en strontium de certains échantillons est incompatible avec celle des échantillons voisins. Par conséquent, nous supposons que l'apport de ce strontium radiogénique se fait de façon éolienne, avec l'apport de particules exogène riche en strontium avec une composition très radiogénique provenant de l'érosion du socle granitique Précambrien alentour.

Au final, entre les échantillons ne présentant pas de signes de diagénèse et les échantillons ré-interprétés à l'aide des modèles de recristallisation [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], les analyses 230 Th/ 234 U révèlent que les trois premiers niveaux de terrasses coralliennes (T1, T2, et T3) sont des niveaux formés durant les stades isotopique marin (MIS) interglaciaires et présentent un âge respectivement de 5.9 ka, 121 ka, et 205 ka. Ces âges sont compatibles avec les données qui ont déjà été publiées dans la région du Golfe d'Aqaba [START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF][START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF][START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF][START_REF] Shaked | Late Holocene events that shaped the shoreline at the northern Gulf of Aqaba recorded by a buried fossil reef[END_REF][START_REF] Moustafa | Mid-Holocene stable isotope record of corals from the northern Red Sea[END_REF][START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF][START_REF] Barnea | Radiocarbon and U-Th dating of Holocene reefs from the northern Gulf of Aqaba : Implications for sea-levels , tectonics and reservoir ages[END_REF] et du détroit de Tiran [START_REF] Gvirtzman | Fluctuations of sea level during the past 400 000 years: the record of Sinai, Egypt (northern Red Sea)[END_REF]El-Asmar, 1997;[START_REF] Parker | Biodiversity of foraminifera from Late Pleistocene to Holocene coral reefs, South Sinai, Egypt[END_REF]. Les analyses 230 Th/ 234 U révèlent également que les terrasses T7, T8, et T9, présentes à une altitude supérieure à 89m sont plus vieux que 500 ka puisque l'équilibre séculaire entre le 234 U et le 230 Th a été atteint, mais plus jeune que 2 My puisque qu'il n'y a pas équilibre entre les deux uranium (i.e. 234 U et 238 U). Par conséquent, compte tenu de l'étagement vertical des terrasses, nous interprétons que les terrasses T4, T5, T6, T7, T8, et T9 sont respectivement associées aux stages MIS 9,11,13,15,17,et 19. Comme évoqué plus haut, l'île de Tiran présente un enregistrement spectaculaire de ter-rasses marines. Sur près de 500 m de haut, 18 niveaux de terrasses marines sont soulevées par l'activité des failles. A l'aide d'images satellite haute résolution Pléiades, nous avons cartographié finement ces niveaux de terrasses avant de réaliser un modèle d'âge (voir Chapitre 4) nous permettant de caractériser la vitesse de soulèvement de l'île et de discuter de l'interaction entre le système décrochant Mer Morte et le système extensif Mer Rouge. Pour définir le modèle, nous avons procédé pour les premiers niveaux à une corrélation latérale entre les terrasses localisées au niveau du golfe d'Aqaba et les terrasses présentes sur l'île de Tiran.

La vitesse de soulèvement déduite du modèle nous indique que l'île de Tiran se soulève à une vitesse de 0.23 ± 0.05 mm/an. En comparant cette vitesse avec les vitesses de soulèvement obtenues le long du golfe d'Aqaba [START_REF] Barnea | Radiocarbon and U-Th dating of Holocene reefs from the northern Gulf of Aqaba : Implications for sea-levels , tectonics and reservoir ages[END_REF][START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF][START_REF] Lazar | Diagenetic effects on the distribution of uranium in live and Holocene corals from the Gulf of Aqaba[END_REF][START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF][START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF] ou de la Mer Rouge [START_REF] Brown | Geology of the Arabian Peninsula: shield area of western Saudi Arabia[END_REF][START_REF] Dawood | Isotope geochemistry of the Miocene and Quaternary carbonate rocks in Rabigh area, Red Sea coast, Saudi Arabia[END_REF], nous avons mis en évidence que le soulèvement de l'île de Tiran résulte de l'interaction entre d'une part le système décrochant Mer Morte et d'autre part le système extensif Mer Rouge. La forme en éventail des terrasses le long de l'île de Tiran suggère que l'activité de la faille de Tiran, localisée à l'ouest de l'île et principalement décrochante senestre, est associée à u ne composante verticale et génère un soulèvement de l'ordre de 0.06 ± 0.01 mm/an. En soustrayant la part du soulèvement en lien avec l'activité extensive de la Mer Rouge (∼ 0.08mm/an, [START_REF] Brown | Geology of the Arabian Peninsula: shield area of western Saudi Arabia[END_REF]; [START_REF] Dawood | Isotope geochemistry of the Miocene and Quaternary carbonate rocks in Rabigh area, Red Sea coast, Saudi Arabia[END_REF], nous supposons que le reste de la déformation est lié à l'activité de la faille Hume, localisée au Sud de l'île, entre le block Tiran et le bassin de Hume. [START_REF] Goldberg | Tiran Island : an internal block at the junction of the Red Sea rift and Dead Sea transform[END_REF] ont proposé que le soulèvement tectonique de l'île de Tiran a commencé entre 1.7 et 2.5 Ma. A partir de l'analyse des terrasses et de l'estimation de l'âge des derniers marqueurs visibles au sommet de l'île, nous proposons que l'île se soulève depuis au minium 2.4 Ma. Cependant, il est facile d'étendre cette limite à 5 Ma, âge du changement de régime tectonique connu dans la région avec le changement de position du pôle de rotation Arabie-Sinai (Le Pichon and Gaulier, 1988;[START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Smit | The rift-like structure and asymmetry of the Dead Sea Fault[END_REF]. Cette limite voudrait également augmenter la quantité de soulèvement accommodé par le block de Tiran.

Si l'on considère une vitesse de soulèvement autour de 0.2 mm/an, comme cela est suggéré par le modèle d'âge, sur l'intervalle de temps 0-5 Ma, le soulèvement tectonique est d'environ 1000 m. En considérant un décalage de l'ordre de 1/3 de soulèvement pour 2/3 de subsidence, le décalage total entre le sommet de l'île de Tiran et le sommet du bassin de Hume est de 3000 m. Aujourd'hui, la profondeur du bassin atteint les 1400 m, laissant un différentiel d'altitude de 1900 m. Nous supposons alors que la part manquante (∼ 1100 m) est due au remplissage sédimentaire du bassin de Hume.

Une question persiste : à quel système tectonique la faille de Hume appartient-elle ? En effet, la propagation vers le sud de la faille de Tiran, le long de la limite ouest des bassins de Hume et de Sharm, avance l'idée que la faille normale de Hume est toujours associée à la faille de la mer Morte et est intégrée dans le système en-échelon. Par conséquent, une dernière faille décrochante délimitant les deux bassins à l'est, et déjà couverte par d'importants dépôts de sel provenant du continent, pourrait se poursuivre vers le point triple Mer Rouge -Golfe de Suez -Golfe d'Aqaba [START_REF] Courtillot | The Sinai triple junction revisited[END_REF]. Cependant, une autre solution serait que la faille de Tiran est la dernière grande faille décrochante senestre du système de failles de la mer Morte et qu'elle délimite un hémi-graben aligné avec l'ensemble du système. Dans ce cas, la faille normale délimitant le bloc de Tiran est une faille normale appartenant au système de failles de la mer Rouge et le soulèvement de l'île de Tiran résulte principalement de l'accommodation du mouvement normal dû à la propagation du système extensif Mer Rouge vers le système décrochant de la Mer Morte. Notre analyse nous pousse à pencher pour la première solution, mais néanmoins la deuxième hypothèse n'est pas à exclure.

Déformation long terme le long de la section sud de la faille de la

Mer Morte

Enfin, dans une troisième partie, nous avons utilisé les résultats de nos travaux en lien avec les recherches menées précédemment afin d'étudier quelle était la déformation long terme que nous pouvions retracer. Ce travail a été mené conjointement avec Marthe Lefèvre. Le but était de réussir à concilier les résultats des analyses 230 Th/ 234 U avec les données cosmogéniques ( 10 Be) et les données thermochronologiques ((U/Th)/He). Les données ther-mochronologiques n'étant pas comparables directement avec les données 230 Th/ 234 U et 10 Be, nous avons réalisé un modèle thermocinématique afin de mettre ces jeux de données en perspectives.

Les résultats de ces recherches nous ont permis de discuter et de reconstruire l'évolution tectonique du golfe d'Aqaba depuis 5 Ma, mais également de comparer et de comprendre l'évolution latérale des différentes vitesses de soulèvement estimées le long du golfe.

En effet, la comparaison des âges thermochronologiques obtenus à travers la chaîne de montagnes, avec les datations isotopiques cosmogéniques sur les terrasses alluviales soulevées le long de la faille frontale, nous indique une augmentation de la vitesse de soulèvement depuis le Mio-Pliocène. Cette augmentation semble s'être produite il y a environ 5 Ma, ce qui coïncide avec l'âge du changement de position du pôle Eulérien, mais aussi avec la rotation de la plaque Arabique par rapport à la micro plaque Sinaï liée au changement de pôle.

Cette translation a été associée à un changement régional des contraintes le long de la faille [START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF], avec l'apparition de zone en transpression dans la partie nord de la faille (nord du Liban) et de zone en transtension dans la partie sud de la faille, au niveau du golfe d'Aqaba.

L'augmentation de l'extension dans le golfe d'Aqaba a entraîné une augmentation de la vitesse de soulèvement sur les failles principales offshore, mais a également entrainé la réactivation de failles héritées, localisées à terre.

Les terrasses coralliennes mettent en évidence une variation latitudinale du soulèvement de la côte le long du golfe, suggérant une variation probable de la vitesse d'extension le long des différents segments de failles off-shore. Néanmoins, sur la base de l'étude du système de failles à terre et de la reconstruction tectonique du système off-shore, nous proposons que la vitesse d'extension soit homogène tout au long du système de failles off-shore, et que les variations de soulèvement sont juste apparentes et résultent de l'activité des failles à terre.

Nous estimons que la vitesse de soulèvement totale actuelle le long de la côte est du golfe est de 0,35 mm/an. The theory of plate tectonics emerged in the late 1960s. Taking up from Wegener's conceptions, it has been developed with a solid theoretical basis and based on the very recent hypothesis of the expansion of the ocean floor [START_REF] Hess | History of ocean basins[END_REF][START_REF] Morgan | Rises, trenches, great faults, and crustal blocks[END_REF][START_REF] Le Pichon | Sea-floor spreading and continental drift[END_REF][START_REF] Dewey | Mountain belts and the new global tectonics[END_REF][START_REF] Oliver | Deep earthquake zones, anomalous structures in the upper mantle, and the lithosphere[END_REF]. Universally adopted today, it constitutes one of the paradigms of Earth sciences. It offers a remarkable kinematic model of large-scale horizontal movements at the surface of the globe and it provides a coherent interpretative framework for all geological phenomena and structures. Thus, according to the relative movement of the plates, we distinguish three types of plate boundaries: subductions and collisions in the convergence zones, where thrust faults dominate, ridges and rifts in the divergence zones, where normal faults are in the majority, and finally areas where the plates slide horizontally relatively to each other. Localized at several thousand of kilometers between each other, each system is characterized by different mechanisms and drivers. Yet, we observe a link between them: it is easily understandable that on a sphere, if the crust is spread over thousand kilometers, on another place of the sphere, the part of the displaced material should be remobilized by accretion or subsidence. However, in a closer view, the transition between two systems sometimes remain difficult and not as simple as our small example. How two systems are connected together and what is the engaged process? A difficult question with most of the times a non-simple answer.

In this work, we aim to focus on the transition zone between a strike-slip fault system and an extensive fault zone and we would like to provide information's on the large-scale crustal deformation processes. Along the world, many cases present this type of connection from strike-slip faults toward extensive ridge as for example the junction between the San Andreas fault and the East Pacific Rise, or the transition between the Red river fault zone and the South China Sea spreading center, or even the transfer zone between the Sagaing Fault zone and the Andaman Sea. et al., 2018;[START_REF] Lonsdale | Geology and tectonic history of the gulf of california[END_REF][START_REF] Curray | Geologic history of the gulf of california[END_REF][START_REF] Alvarez | Bathymetry and active geological structures in the upper gulf of california[END_REF]. 

The case of the Red River fault zone

Regarding the case of the Red River fault zone, this case is a typical case to understand the large-scale crustal deformation processes. The on-shore strike-slip system, related to the India-Eurasia collision which engender the extrusion of the Indochina block (Figure 1-2A), continues off-shore along approximately a thousand kilometer. The Red River fault zone stretches from eastern Tibet to the extensional South China sea and connects to the latter thanks to a well-developed horse tail at the end of the strike-slip system (Figure 1-2B). The extensive structure of the Gulf of Tonkin as well as makers of deformation along the fault revealed that the strike-slip fault was as a left-lateral structure (e.g. [START_REF] Tapponnier | Propagating extrusion tectonics in asia: New insights from simple experiments with plasticine[END_REF]; [START_REF] Leloup | The ailao shan-red river shear zone (yunnan, china), tertiary transform boundary of indochina[END_REF]). However, the formation and opening of the South China Sea generate a late Neogene structural inversion around the northern Gulf of Tonkin, and affect with a right-lateral displacement the Red River fault zone [START_REF] Fyhn | Late neogene structural inversion around the northern gulf of tonkin, vietnam: Effects from right-lateral displacement across the red river fault zone[END_REF] and reference therein). The analyses performed on the the Red River system and especially on its off-shore connection to the extensive South China Sea, lead to understand and council the on-shore markers of left-lateral and right-lateral displacements as well as to constrain the timing of the motion of the strike-slip system. 

The case of the Sagaing fault

The last example is the Sagaing fault zone, which is also a typical case to understand the longterm and large-scale processes of the deformation near the connection between a strike-slip fault system and an extensive boundary.

Similarly, to the Red River fault zone, the Sagaing fault zone has been formed thanks to the extrusion of the Sumatra-Andaman block due to the India-Eurasia collision [START_REF] Tapponnier | Propagating extrusion tectonics in asia: New insights from simple experiments with plasticine[END_REF]. The right-lateral system connects the compressive eastern Himalayan syntaxis to the extensive Andaman Sea system [START_REF] Jourdain | Crustal accretion at a sedimented spreading center in the andaman sea[END_REF]. The Sagaing fault measures 1200 km-long and cuts through the center of the Myanmar. It is the principal boundary between the Burma plate to the west and the Sunda plate to the east [START_REF] Curray | Geologic history of the gulf of california[END_REF][START_REF] Bird | An updated digital model of plate boundaries[END_REF][START_REF] Curray | Tectonics and history of the andaman sea region[END_REF]. The connection of the Sagaing fault to the south, on the Andaman Sea Spreading Center, is done today by a right-stepping en-echelon fault in the off-shore domain (Figure 1-3). This led to a transition and relocation of the deformation from the Sagaing Fault zone to the active spreading faults and transform faults in the Andaman Sea. Regarding the long-term deformation, studies and reconstructions (see [START_REF] Curray | Tectonics and history of the andaman sea region[END_REF] and reference therein) of the past history of the Andaman Sea proposed that the effect of the highly oblique convergence of the Australian plate, conducted to the formation of the Burmese sliver plate between the subduction zone and the right-lateral Sagaing Fault system (Figure 1234). This intensive work done in the Andaman Sea leads to evaluate how the transfert of the deformation from the strike-slip system toward the back-arc extension of the Andaman Sea Spreading Center is made and also leads to evaluate the timing of formation and development of the Andaman Sea. 

The Dead Sea Fault, a particular case

The enumerated transitions from a nearly pure strike-slip motion to a nearly pure extensive system have the particularity to present a transfer of the deformation from the on-shore to the off-shore domains. Notice also that the transfer of the deformation occurs along the same axis of the strike-slip system before slowly decreasing and jumping to the extensive system.

This imply that the deformation is distributed along the horse-tail of the strike-slip faults before being accommodated by the normal faults of the extensive system. The similar case of the Dead Sea strike-slip fault system retains our attention. This 1200 km long strike-slip fault system connects the compressive Taurus Mountain belt in the north and the extensional Red Sea spreading in the south. This system appears as an analogous to the previous enumerated examples. However, the nearly perpendicular connection to the south between the strike-slip fault and the extensive normal faults in a few hundred kilometers, as well as the interaction with a triple junction between the Gulf of Suez, Gulf of Aqaba and Red Sea [START_REF] Courtillot | The Sinai triple junction revisited[END_REF], put the case of the Dead Sea Fault aside from the previous examples.

Main interest and contents

Along the Dead Sea Fault, the strike-slip motion is accommodated by a succession of enechelon faults nearly aligned on a N20 axis, while along the Red Sea, the northward displacement of the Arabian plate leads to the formation of a series of normal faults-oriented NW-SE and towards the basin, to accommodate the deformation. The counterclockwise rotation of the Arabian plate with respect to the Nubian plate result in a differential (spatial and temporal) opening of the Red Sea rift from the East African rift to the Gulf of Aqaba [START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF][START_REF] Sultan | New constraints on red sea rifting from correlations of arabian and nubian neoproterozoic outcrops[END_REF][START_REF] Stockli | Timing of extensional faulting along the magma-poor central and northern red sea rift margin-transition from regional extension to necking along a hyperextended rifted margin[END_REF][START_REF] Stern | Constraining the opening of the red sea: evidence from the neoproterozoic margins and cenozoic magmatism for a volcanic rifted margin[END_REF][START_REF] Schettino | Plate motions around the red sea since the early oligocene[END_REF]. The Gulf of Aqaba corresponds to the transfer zone between the Dead Sea strike-slip system and the Red Sea extensive system. It is affected by both deformations (e.g. strike-slip motion, and opening), but the north-south shape of the gulf emphasize that the latter remains mostly influenced by the strike-slip faults. However, the high-topographic relief along each side of the gulf suggest that a significant part of normal To tackle these different axes, this manuscript is divided in 6 different chapters:

• Chapter 1, this chapter, introduces the general setting of the connection between strikeslip fault system and extensive system. It presents also the studied case of the Dead Sea Fault and its geographical and geological context. Even after 60 years of tectonic studies along the South Levant, several questions subsist, mostly due to a lack of information regarding the offshore structures.

• Chapter 2 focuses on the geometry of the active faults that structure the Gulf of Aqaba.

In this chapter, we study the bathymetric dataset collected during a bathymetric campaign operated in the Gulf of Aqaba. We highlight the location of the main active faults and discuss the seismic potential of the fault identified.

• Chapter 3 is dedicated to the geochemistry analyses performed on coral samples collected along the uplifted terraces of the Gulf of Aqaba. We performed and coupled different types of analyses in order to determine the age of the uplifted terraces to estimate in-fine the tectonic uplift of the Arabian coast. Because many of the collected samples present clear signs of alteration, to get a useful interpretation of the ages, we also discuss the diagenetic processes occurring in the area.

• Chapter 4 presents the application of our understanding of the fault system and our knowledge of tectonic uplift on the southernmost markers deformed by the tectonic activity of the Dead Sea Fault system. We present the calibrated age model developed
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for the coral terraces preserved up the 500 meters above the mean sea level on Tiran

Island. The result of this model leads us to discriminate between the part of the uplift generated by the Dead Sea Fault and the part due to the interplay with the Red Sea system.

• Chapter 5 displays the combination of the results of our study with the results performed by [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]. In this chapter, we draw a new hypothesis regarding the vertical deformation and a possible reactivation of inherited structures and discuss the different uplift rates obtained all along the gulf.

• Chapter 6 draw the conclusions and perspectives of this work.

The methodological part is provided as a complementary information for further details regarding the data acquisition and processing.

Geographic and Geological context

The Levant fault

The Levant area is a region of the Middle East designating the countries bordering the eastern coast of the Mediterranean Sea. Traditionally, the Levant region encompasses Lebanon, Syria, Israel, Palestine and Jordan. Geologically, the Levant region also encompasses Sinai and the northwestern part of Saudi Arabia, and lies at a plate boundary. The Levant fault, also known as the Dead Sea Fault, separates the Levant region over nearly 1200 km long between the Arabian Plate to the east and the Sinai sub-plate to the west [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Badawy | Recent stress field of the sinai subplate region[END_REF]. The Dead Sea Fault is a long left-lateral strike-slip fault system, which accommodates the relative displacement of the Arabian plate towards the north with respect to the Nubian plate (Figure 1-6A) [START_REF] Reilinger | GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions[END_REF]. The Dead Sea Fault has been initially interpreted by several authors [START_REF] Lartet | Essai sur la géologie de la Palestine et des contrées avoisinantes telles que l'Egypte et l'Arabie[END_REF][START_REF] Quennell | Tectonics of the dead sea rift[END_REF][START_REF] Quennell | The structural and geomorphic evolution of the dead sea rift[END_REF]Quennell, , 1959) ) as a connector between the compressive Taurus Mountains in Turkey in the north and the extensive Red Sea fault system in the south (Figure 1-6B).The Dead Sea Fault is an enechelon fault system, varying in geometry between north and south, and has three major complexities: the Lebanon bend, the Dead Sea pull-apart, and the Gulf of Aqaba pull-apart.

Classically, two sections are defined along the fault. The northern part is going from the East Anatolian Fault System (EAFS) to the north of Mount Lebanon, this section is not studied in this manuscript. The southern part is going from the South of Mount Lebanon to the junction with the extensive Red Sea system. Their structure and morphologies are quite distinct. The northern section is organized in a series of faults with different azimuth orientation, while the southern section is characterized by a longitudinal sequence of pullapart basins and deep valleys located along the fault. From north to south, the successive sections of the South Levant are: the Sea of Galilee, the Jordan Valley, the Dead Sea, the Wadi Araba, and the Gulf of Aqaba (Figure 1234567). Mostly due to its offshore location the complex junction with the extensive Red Sea system, at the level of a triple junction between Gulf of Suez -Gulf of Aqaba -Red Sea [START_REF] Courtillot | The Sinai triple junction revisited[END_REF], remains loosely constrain.

In the following subsections, we will start with a quick description of the different sections which structure the southern Dead Sea Fault so as to have a small overview of the entire system before going into the timing of initiation of the fault. 

The Sea of Galilee

The Sea of Galilee, also known as Tiberias Lake, is the relic of a larger basin originating in the Jordan Valley and extending to the entrance to the Jordan Gorges (Figure 12345678). The Sea of Galilee is the result of the complex interplay of two fault systems: the Dead Sea Fault, oriented mainly N-S, and the extensive faults oriented mainly NW-SE. These oblique normal faults, mainly related to counter-clockwise rotation and reactivation of older systems [START_REF] Ron | Block rotation by strike-slip faulting: Structural and paleomagnetic evidence[END_REF]), in Ben-Avraham et al. (2008)), lead to the separation of the basin into two parts.

In the north, the change of orientation of the Dead Sea Fault leads to an accommodation of the displacement by the normal faults, while in the south, bordered by two strike-slip faults, the left-lateral motion of the Dead Sea Fault leads to the creation of a pull-apart basin [START_REF] Hurwitz | The tectonic framework of a complex pull-apart basin: Seismic reflection observations in the Sea of Galilee, Dead Sea transform[END_REF][START_REF] Ben-Avraham | Geology and evolution of the Southern Dead Sea fault with emphasis on subsurface structure[END_REF]. Further north, the Dead Sea Fault extends through the Jordan Gorges and forms the Hula basin, the northernmost pull-apart basin of the South Levant section. From this basin, to the north, the Dead Sea Fault divides into several faults to form the Roûm and Yammouneh faults to the west and the Rachaïya fault to the east. These faults will structure the compressive Mount Lebanon relay in the north.

The Jordan Valley

Essentially made up of recent lacustrine deposits from the Lisan and Damya formation, that were deposited between 70 ky and 16 ky BP [START_REF] Landmann | Geochemistry of the Lisan and Damya Formations in Jordan, and implications for palaeoclimate[END_REF], the Jordan Valley is a narrow valley varying from 3 to 5 km wide. The Dead Sea Fault is linear, and it separates the Jordan valley in two by a series of en-echelon faults, with locally small extensive or compressive relays [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Ferry | A 48-kyr-long slip rate history for the Jordan Valley segment of the Dead Sea Fault[END_REF]. To the south, lacustrine deposits of the Lisan formation associated with the Dead Sea [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF] 

The Dead Sea

Located more than 400 m below the current sea level, the Dead Sea basin is the lowest continental depression in the world. The Dead Sea basin is about 150 km long and 8-10 km wide, and it forms the largest pull-apart basin of the Dead Sea Fault system. It is bounded to the west by the left-lateral strike-slip faults of Jericho and Sedom. To the east, the Ghor Safi strike-slip fault bounds the southern Dead Sea basin before connecting to the Arava fault. The transverse normal faults, dipping toward the basin, architecture the Dead Sea in a series of two sub-basins: a north basin and a south basin [START_REF] Ben-Avraham | Geology and evolution of the Southern Dead Sea fault with emphasis on subsurface structure[END_REF]. These two basins are separated by a salt diapir which forms the Lisan peninsula [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF].
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The northern Dead Sea basin is totally submerged, whereas the Southern Dead Sea basin continued to dry up since the 1960s. The sedimentary thickness reaches 6 km in the northern part, while in the southern part, the sedimentary filling is more important and reaches 14 km [START_REF] Ginzburg | A seismic refraction study of the north basin of the Dead Sea, Israel[END_REF]. With a sedimentation rate of 1 km/My, the initiation of the Dead Sea basin date from at least 15 My [START_REF] Garfunkel | The structure of the Dead Sea basin[END_REF].

The Wadi Araba

South of the Dead Sea, the Wadi Araba is a linear valley of nearly 160 km long and about 20 km wide. It is bordered by two plateaus: the Jordanian plateau to the east and the Negev plateau to the west (Figure 123456789). The Wadi Araba is bounded to the north by the Dead Sea and to the south by the Gulf of Aqaba. The Wadi Araba is bordered on both sides by active normal faults [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Béon | Quaternary morphotectonic mapping of the Wadi Araba and implications for the tectonic activity of the southern Dead Sea fault[END_REF][START_REF] Zilberman | Surface ruptures induced by the devastating 1068 AD earthquake in the southern Arava valley, Dead Sea Rift, Israel[END_REF], and separated in two by the Dead Sea Fault. In this section, the Dead Sea Fault is made up of three en-echelon faults separated by a compressive relay to the north, at the Jebel al Risha, and an extensive relay to the south, at the Yotvata playa [START_REF] Le Béon | Early holocene and late pleistocene slip rates of the southern dead sea fault determined from10Be cosmogenic dating of offset alluvial deposits[END_REF][START_REF] Parker | [END_REF]. To the south, the Dead Sea Fault goes through the city of Eilat and continue toward the Gulf of Aqaba.

The Gulf of Aqaba and Strait of Tiran

The Gulf of Aqaba is the southernmost section of the strike-slip fault system. Over its 180 km long and 15 to 30 km wide, it is the largest and deepest trantensional depression observed along the fault system (Quennell, 1959;[START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF].

The Gulf of Aqaba is bounded on both sides by Precambrian magmatic and metamorphic rocks. Structurally, the Gulf of Aqaba is formed by a succession of five sub-basins (Figure 1-10). From north to south these basins are the Eilat, Aragonese, Arnona, Dakar and Tiran deeps [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF], 2008;[START_REF] Sade | The Multinational Bathymetric Survey: Northern Gulf of 'Aqaba/Elat Poster[END_REF]. With a maximum depth reaching 1800 m in the Aragonese deep (see Chapter 2, [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF])and an eastern shoulder reaching an elevation of 2300 m, the Gulf of Aqaba has the most marked relief 1.2. GEOGRAPHIC AND GEOLOGICAL CONTEXT of the entire system. Tectonically, it is composed of 3 successive pull-apart basins: the Eilat basin in the north, the Aragonese-Arnona basin in the center, and the Dakar-Tiran basin in the south. Each basin is bounded on both sides by left-lateral longitudinal faults which accommodate most of the horizontal motion [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF][START_REF] Garfunkel | The structure of the Dead Sea basin[END_REF] within the Gulf of Aqaba (Figure 1-10). We will come back in detail in Chapter 2 of this manuscript on the geometry of the faults which structure the gulf. Transverse normal faults, trending NW-SE, formed the northern and southern edge of each basins. Geophysical analyzes of these basins, as well as the general morphology of the Gulf, revealed an eastward asymmetry of these basins. Generally deeper along their eastern margins, the pull-apart basins have on average nearly 3 to 5 km of sediment infill [START_REF] Ben-Avraham | Structural framework of the Gulf of Elat (AQABA), Northern Red Sea[END_REF][START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF], 2008;[START_REF] Segev | Late Oligocene and Miocene different seaways to the Red Sea-Gulf of Suez rift and the Gulf of Aqaba-Dead Sea basins[END_REF][START_REF] Hartman | Quaternary tectonic evolution of the Northern Gulf of Elat/Aqaba along the Dead Sea Transform[END_REF]. This infill is directly linked to the differential activity of the active faults bordering the pull-apart basins.

To the south, the Gulf of Aqaba connects with the Red Sea through the Strait of Tiran.

The Strait of Tiran is limited to the north by the Tiran deep and to the south by the Hume deep, to the east by the Tiran island and to the west by the southern termination of the Sinai sub-plate. The strait has two main channels: to the east the Grafton passage, which also acts as a maritime gateway, and to the west the Enterprise passage, which serves as a maritime exit to reach the Red Sea from the Gulf of Aqaba. The two channels are separated by four coral reef islands, named respectively from north to south, Jackson, Woodhouse, Thomas, and Gordon reefs (Figure 1-10).

The average slip-rate of 5 mm/yr measured along the Dead Sea Fault [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Parker | [END_REF][START_REF] Hamiel | Crustal Deformation across the Jericho Valley Section of the Dead Sea Fault as Resolved by Detailed Field and Geodetic Observations[END_REF][START_REF] Reilinger | GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions[END_REF][START_REF] Sadeh | Crustal deformation along the Dead Sea Transform and the Carmel Fault inferred from 12 years of GPS measurements[END_REF][START_REF] Al Tarazi | GPS measurements of near-field deformation along the southern Dead Sea Fault System[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Niemi | Late Pleistocene and Holocene slip rate of the Northern Wadi Araba fault, Dead Sea Transform, Jordan[END_REF] spreads over a wide area (Figure 1-11). To the north, along the Wadi Araba, all of the 105 km of left-lateral motion are located along the fault across a strip of 10 km wide. Farther south, in the Gulf of Aqaba, where only ∼ 60 km of strike-slip displacement can be accommodated inside the gulf, the deformation is spread over a wide band of 70 km. The western edge with nearly 24 km left-lateral offset over a 1.3. GEOLOGY AND STRUCTURE OF THE SOUTH LEVANT wide strip of 16 km accommodates almost a quarter of the entire total offset [START_REF] Eyal | The tectonic development of the western margin of the gulf of elat (aqaba) rift[END_REF]. The eastern edge accommodates almost 18 km of strike-slip motion, along a 25 km wide strip (Afifi(pers.com)).

Regarding the vertical deformation, the steps marked along the edge of the Gulf of Aqaba reflect the significant part of the normal activity of the active structures. Still discussed, this uplift seems to result from the reactivation of border structures present along the margins of the gulf (see Chapter 5).

Geology and structure of the South Levant

The regional basement structure surrounding the Gulf of Aqaba and the entire South Levant termination is inherited from the Pan African orogeny, and is dated to the Neo-Proterozoic [START_REF] Johnson | Late cryogenian-ediacaran history of the arabian-nubian shield: a review of depositional, plutonic, structural, and tectonic events in the closing stages of the northern east african orogen[END_REF][START_REF] Fowler | Structural and tectonic framework of neoproterozoic basement of egypt: From gneiss domes to transpression belts[END_REF][START_REF] Bosworth | The Red Sea and Gulf of Aden Basins[END_REF][START_REF] Eyal | The tectonic development of the western margin of the gulf of elat (aqaba) rift[END_REF]. The development of a stable continental shelf from the Cambrian to the late Mesozoic along the Arabian margin over metamorphic and plutonic rocks attests to the region's relative tectonic stability for several hundred million years. The limit of the carbonate platform to the south of the Wadi Araba as well as the absence of continental deposits at the level of the current region of the Gulf of Aqaba, where the basement is exposed, indicate that the region must have remained emerged for most of its history (Figure 1-12).

The more recent history of the Levant Fault (Figure 1-13), is closely linked to the development of the extensive Red Sea system. In the Oligocene, in parallel with the closure of the great Tethys Ocean in the north, we observe the initiation of rifting in Afar [START_REF] Garfunkel | Constraints on the structural development of Afar imposed by the kinematics of the major surrounding plates[END_REF] and in the Gulf of Aden [START_REF] Davison | Geological evolution of the southeastern red sea rift margin, republic of yemen[END_REF], before a rapid spreading towards the NW, towards the current Red Sea and Gulf of Suez (∼ 24 My) [START_REF] Garfunkel | Fault pattern and mechanism of crustal spreading along the axis of the red sea from side scan sonar (gloria) data[END_REF][START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF] (Figure 1-13A). In the Miocene (23-5 My), it is established that the Red Sea rift was connected with the compressional system of the Taurus Mountains by the Levant fault [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Freund | The shear along the Dead Sea rift[END_REF] (Figure 1-13B). However, the exact age of the initiation of the Levant fault is still unknown and debated. Several solutions Modified from [START_REF] Segev | Late Precambrian-Cambrian tectonic setting of the crystalline basement in the northern Arabian-Nubian Shield as derived from gravity and magnetic data: Basin-and-range characteristics[END_REF] according to [START_REF] Eyal | Geological map of the sinai[END_REF].

are proposed: One proposition sets a maximum limit at 20 My [START_REF] Eyal | The tectonic development of the western margin of the gulf of elat (aqaba) rift[END_REF][START_REF] Lyberis | Tectonic evolution of the Gulf of Suez and the Gulf of Aqaba[END_REF], age of the dikes affected by the maximum offset of the fault along the Egyptian and Saudi Arabian coasts. Others proposed a more recent initiation, around 14 My, moment of the rotation of the direction of extension in the Red Sea, which becomes more oblique to the rift and aligned along the same axis of the Levant fault (N20) [START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Badawy | Recent stress field of the sinai subplate region[END_REF][START_REF] Khair | Crustal structure of the northern levant region: multiple source werner deconvolution estimates for bouguer gravity anomalies[END_REF], and leading to the development of the Levant fault along the western margin of the Arabian plate [START_REF] Bayer | Sedimentary and structural evolution of the nurthw ˜st Arabian Red Sea margin[END_REF]. This second solution is consistent with the slowdown activity in the Gulf of Suez [START_REF] Steckler | Lithospheric strength variations as a control on new plate boundaries: Examples from the northern red sea region: Earth and planetary letters[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF]. In order to estimate the initiation age of the fault and its spatial development, different studies estimated the total amount of slip along the fault.

A total of ∼ 105 km of left-lateral displacement along the southern segment and a total of ∼ 25-35 km along the northern section since the initiation of the fault has been estimated [START_REF] Dubertret | Les formes structurales de la Syrie et de Ia Palestine leur origine[END_REF]Quennell, 1959;[START_REF] Freund | A model of the structural development of israel and adjacent areas since upper cretaceous times[END_REF][START_REF] Freund | Age and rate of the sinistral movement along the dead sea rift[END_REF][START_REF] Mckenzie | Plate tectonics of the mediterranean region[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF]. Quennell (1959) estimated that the total offset is separated into two stages: a first stage of shear of 62 km taken place in late Oligocene to early Miocene and a second stage of 45 km during the Plio-Pleistocene. The discrepancy of 82 km between the north and the south lead [START_REF] Chaimov | Crustal shortening in the palmyride fold belt, syria, and implications for movement along the dead sea fault system[END_REF] to estimate that a part of the missing motion between the northern and southern section has been absorbs by the Palmyrides fold belt. However, the shortening accommodated is insufficient to explain this discrepancy. To deal with this, [START_REF] Chaimov | Crustal shortening in the palmyride fold belt, syria, and implications for movement along the dead sea fault system[END_REF] estimated that the formation of the southern Dead Sea segment propagates from south to north and that the formation of the northern section started since the Pliocene. In contrast, [START_REF] Khair | Crustal structure of the northern levant region: multiple source werner deconvolution estimates for bouguer gravity anomalies[END_REF] proposed another solution in order to explain the discrepancy between the northern and southern Dead Sea Fault. They suggested that the shortening in the Palmyrides could exceed 30 km, and thanks to adjacent strike-slip faults along this fold belts, it could have accommodated nearly 70 km of the 107 km of left lateral displacement of the southern section. This theory goes along with the idea of development of the entire Dead Sea Fault in the same time, and is opposed to the idea proposed by [START_REF] Chaimov | Crustal shortening in the palmyride fold belt, syria, and implications for movement along the dead sea fault system[END_REF]. [START_REF] Badawy | Recent stress field of the sinai subplate region[END_REF] offered an alternative view and explained that Fault. The first phase is mainly characterized by the passive subsidence of continental graben since the Early Oligocene along the Red Sea and the Gulf of Suez. This corroborates with the age of the earliest synrift sediments in the Midyan area [START_REF] Bayer | Sedimentary and structural evolution of the nurthw ˜st Arabian Red Sea margin[END_REF]. The second phase, mainly driven by the strike-slip motion of the Dead Sea Fault and emphasized by the post Langhian compressional structure in Sinai [START_REF] Lyberis | Tectonic evolution of the Gulf of Suez and the Gulf of Aqaba[END_REF] as well as in the Midyan area [START_REF] Bayer | Sedimentary and structural evolution of the nurthw ˜st Arabian Red Sea margin[END_REF], dated as younger than 14 My, agrees with a recent development of the fault. The main issues with this result are first that the oldest structures associated with the Levant fault are pull-apart tectonic basins in the Tiberias and Dead Sea regions, dated at the Burdigalian (17-18 My) [START_REF] Garfunkel | Tectonic setting of phaneroozoic magmatism in israel[END_REF][START_REF] Garfunkel | Basins along the dead sea transform[END_REF][START_REF] Bosworth | The Red Sea and Gulf of Aden Basins[END_REF]. Second, the evaporite deposits of the Magna group, recorded in the Midyan basin and dated to the Miocene [START_REF] Tubbs | Midyan Peninsula, northern Red Sea, Saudi Arabia: Seismic imaging and regional interpretation[END_REF][START_REF] Roobol | Cenozoic faults and recent seismicity in northwest saudi arabia and the gulf of aqaba region[END_REF] and consistent with the evaporitic deposits present in a proto Gulf of Aqaba [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF], underline an older initiation of the Dead Sea Fault. Third, the concomitant change in dynamics in the Red Sea, marked by the acceleration of the opening and the transition to an active rifting [START_REF] Garfunkel | Constraints on the structural development of Afar imposed by the kinematics of the major surrounding plates[END_REF][START_REF] Hansen | Imaging ruptured lithosphere beneath the Red Sea and Arabian Peninsula[END_REF], supports an initiation of the Levant fault from the Burdigalien (20-16 My).

Actually, no consensus on a single solution about the timing of initiation of the Dead Sea Fault has been acted. Probably because a part of the history of the Dead Sea Fault is still unknown due to the complex interaction in the north with the Lebanese compression and in the south with the Red Sea extensive system.

Restorations of the motion along the Dead Sea Fault, of a ∼ 105 km left-lateral offset along the South Levant [START_REF] Dubertret | Les formes structurales de la Syrie et de Ia Palestine leur origine[END_REF]Quennell, 1959;[START_REF] Freund | A model of the structural development of israel and adjacent areas since upper cretaceous times[END_REF][START_REF] Freund | Age and rate of the sinistral movement along the dead sea rift[END_REF][START_REF] Dubertret | Review of structural geology of the red sea and surrounding areas[END_REF][START_REF] Mckenzie | Plate tectonics of the mediterranean region[END_REF][START_REF] Bartov | Sinistral movement along the Gulf of Aqaba -Its age and relation to the opening of the Red Sea[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF], show a change in the direction of motion along the Dead Sea Fault, and involve a Euler pole of the Arabia-Sinai in the Pliocene located further east than the previous pole during the Miocene [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF]. The change in the position of the eulerian pole results in the appearance of transtensional and transpressional areas along the fault (Quennell, 1959;[START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF] (Figure 1-14) as well as the beginning of the main subsidence in the Dead Sea basin, and the formation of the Sea of Galilee and the Hula Basin [START_REF] Garfunkel | Basins along the dead sea transform[END_REF].

The change of the state of stress of the Arabian plate around 5 My, seems only influence the position of the eulerian pole plate without impacting the slip rate along the fault as all the markers of the strike-slip motion imply that the long-term activity of the fault appears to be similar to the short-term measured activity.

Hence, the slip rate, mostly driven by the opening of the Red Sea and the differential motion of the Arabian plate and the Sinai micro-plate, has been extensively studied and discussed by several authors at different times scales between Lebanon and the Gulf of Aqaba.

With the help of the magnetic anomalies in the Red Sea, some authors estimated between 37 km and 45 km of displacement accommodated along the Dead Sea Fault since the end of the Miocene [START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Garfunkel | Constraints on the structural development of Afar imposed by the kinematics of the major surrounding plates[END_REF], which directly implies that the strike-slip motion along the Dead Sea Fault during the Miocene is approximately 70 km. This led to the authors to estimate a first order slip rate of 6 mm/yr since 5 My [START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF] while others proposed values around 7 mm/yr or higher for the same period of time [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF]. For the Miocene, Garfunkel (2010) estimated a slip rate of 4-5.5 mm/yr. Although the earthquake activity does not appear to be regular through time [START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF][START_REF] Marco | Long-term earthquake clustering: A 50,000year paleoseismic record in the Dead Sea Graben[END_REF][START_REF] Wechsler | Variable slip-rate and slip-per-event on a plate boundary fault: The Dead Sea fault in northern Israel[END_REF], a slip rate of 5 ± 1 mm/yr agrees as well with geodetic data at decadal scale [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Hamiel | Crustal Deformation across the Jericho Valley Section of the Dead Sea Fault as Resolved by Detailed Field and Geodetic Observations[END_REF][START_REF] Reilinger | GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions[END_REF][START_REF] Sadeh | Crustal deformation along the Dead Sea Transform and the Carmel Fault inferred from 12 years of GPS measurements[END_REF][START_REF] Al Tarazi | GPS measurements of near-field deformation along the southern Dead Sea Fault System[END_REF], as with rate determinations averaged over the Holocene using morphological markers (gullies, building) displaced by the tectonic activity of the Dead Sea Fault [START_REF] Le Béon | Early holocene and late pleistocene slip rates of the southern dead sea fault determined from10Be cosmogenic dating of offset alluvial deposits[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Niemi | Late Pleistocene and Holocene slip rate of the Northern Wadi Araba fault, Dead Sea Transform, Jordan[END_REF], or even during the entire Quaternary with the measurements of displaced alluvial fans [START_REF] Le Béon | Quaternary morphotectonic mapping of the Wadi Araba and implications for the tectonic activity of the southern Dead Sea fault[END_REF].

Chapter 2

Geometry and kinematics of active faults in the Gulf of Aqaba (southern Dead Sea Fault), using multibeam bathymetric data

Abstract

Detailed knowledge of fault geometry is important for accurate seismic hazard assessment.

The Gulf of Aqaba, which corresponds to the southern termination of the 1200-km-long Dead Sea Fault system, remains one of the least known parts of this plate boundary fault, in large part due to its location offshore. Classically, the Gulf of Aqaba has been described as a succession of three pull-apart basins. Here, building on a new multibeam bathymetric survey of the Gulf of Aqaba, we provide details about the geometry of the faults at the bottom of the gulf that controls its morphology. In particular, we identify a 50 km-long fault section that shows evidence of recent activation. We associate this fault section (Aragonese fault) with the main fault section that ruptured during the 1995 magnitude Mw7.3 Nuweiba earthquake.

In the southern part of the gulf, bathymetry emphasizes the strike-slip nature of the Arnona fault, while dip-slip motion seems to be accommodated mostly by faults located along the eastern edge of the gulf. Considering the simple linear geometry of the Arnona fault and the absence of any large earthquake for several centuries, despite an average slip-rate of ∼ 5 mm/yr, this fault should be considered as a significant candidate for an earthquake rupture of magnitude 7 or above in the near future.

Introduction

The Dead Sea Fault (DSF) is a left-lateral strike-slip fault separating the Arabian plate from the Sinai micro-plate (Figure 2-1A). Along its southern section, between Lebanon and the Gulf of Aqaba, the slip rate has been extensively studied at different time scales. Although the earthquake activity does not appear to be regular through time [START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF][START_REF] Wechsler | Variable slip-rate and slip-per-event on a plate boundary fault: The Dead Sea fault in northern Israel[END_REF][START_REF] Marco | Long-term earthquake clustering: A 50,000year paleoseismic record in the Dead Sea Graben[END_REF], a slip rate of 5 ± 1 mm/yr agrees well with geodetic data at decadal scales [START_REF] Reilinger | GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions[END_REF][START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Hamiel | Crustal Deformation across the Jericho Valley Section of the Dead Sea Fault as Resolved by Detailed Field and Geodetic Observations[END_REF][START_REF] Sadeh | Crustal deformation along the Dead Sea Transform and the Carmel Fault inferred from 12 years of GPS measurements[END_REF][START_REF] Al Tarazi | GPS measurements of near-field deformation along the southern Dead Sea Fault System[END_REF] as with rate determinations averaged over the Holocene [START_REF] Le Béon | Early holocene and late pleistocene slip rates of the southern dead sea fault determined from10Be cosmogenic dating of offset alluvial deposits[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Niemi | Late Pleistocene and Holocene slip rate of the Northern Wadi Araba fault, Dead Sea Transform, Jordan[END_REF] or even over the entire Quaternary period [START_REF] Le Béon | Quaternary morphotectonic mapping of the Wadi Araba and implications for the tectonic activity of the southern Dead Sea fault[END_REF].

INTRODUCTION

The 180-km-long southern stretch of the fault system is located offshore the cities of

Aqaba and Eilat (Figure 2-1B

). There, the fault system forms the Gulf of Aqaba (GA), before the fault goes through the Strait of Tiran (ST) to connect to the Red Sea extensional system [START_REF] Courtillot | The Sinai triple junction revisited[END_REF].The first bathymetric survey of the GA, which included seismic reflection profiles, was completed in the early 70's. It revealed that the GA is formed by a succession of pull-apart basins [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF].The limited resolution of this survey, however, hampered deciphering any further details of the fault geometry inside the GA. Since then, due to the peculiar geopolitical situation of the GA, which waters are shared by four different countries, only very localized additional geophysical marine data have been acquired [START_REF] Ben-Avraham | The northern edge of the Gulf of Elat[END_REF][START_REF] Ehrhardt | Seismic study of pull-apartinduced sedimentation and deformation in the Northern Gulf of Aqaba (Elat)[END_REF][START_REF] Sade | The Multinational Bathymetric Survey: Northern Gulf of 'Aqaba/Elat Poster[END_REF][START_REF] Tibor | Active tectonic morphology and submarine deformation of the northern Gulf of Eilat/Aqaba from analyses of multibeam data[END_REF], which did not provide a general view of the detailed structure of the GA.

Indeed, the GA has been the most seismically active part of the DSF during the last century, with the Mw7.3 Nuweiba earthquake in 1995 [START_REF] Abdel-Fattah | Fault plane solutions of the 1993 and 1995 Gulf of Aqaba earthquakes and their tectonic implications[END_REF][START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Pinar | Source inversion of the 1993 and 1995 Gulf of Aqaba earthquakes[END_REF][START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF] that severely affected the coastal city of Nuweiba in Egypt, triggered a small tsunami that swept beaches in Eilat and Aqaba [START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF],and was also strongly felt in different cities along the Saudi coast. Beside this major event, several significant earthquake swarms have affected the GA during the instrumental period, in 1983, in 1990, and in 1993, that included events with magnitudes as large as Mw6.1, in addition to a sustained background seismicity [START_REF] Mostafa | Review of the Seismotectonic Setting of the Gulf of Aqaba with Respect to the 27 June 2015 and the 16 May 2016 Earthquake Sequences[END_REF][START_REF] Abou Karaki | La crise sismique du golfe d'Aqaba de 1983: implications tectoniques[END_REF][START_REF] Al-Arifi | Migration of local earthquakes in the Gulf of Aqaba, North Red Sea[END_REF][START_REF] Almadani | Source parameters of the 27th of June 2015 Gulf of Aqaba earthquake[END_REF][START_REF] Ambraseys | Earthquakes in the Mediterranean and Middle East: A Multidisciplinary Study of Seismicity up to 1900[END_REF][START_REF] El-Isa | The Gulf of Aqaba earthquake swarn of 1983[END_REF][START_REF] Hussein | Source parameters of the significant earthquakes in Egypt, 1992-1998 inferred from the P-waves magnitude spectra of teleseismic seismograms[END_REF][START_REF] Shamir | Earthquake sequences in the Gulf of Elat[END_REF]. Several large historical and prehistorical earthquakes have also been documented that likely occurred in the GA and along the on-shore DSF sections farther north [START_REF] Ambraseys | Earthquakes in the Mediterranean and Middle East: A Multidisciplinary Study of Seismicity up to 1900[END_REF][START_REF] Klinger | 5000 yr of paleoseismicity along the southern Dead Sea fault[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF][START_REF] Shaked | Large earthquakes kill coral reefs at the north-west Gulf af Aqaba[END_REF][START_REF] Thomas | Structural Damage from Earthquakes in the Second -Ninth Century at the Archaeological Site of Aila in Aqaba, Jordan[END_REF].

Here, combining a new multibeam bathymetric dataset acquired in 2018 in the Saudi waters with preexisting data, we establish a detailed map of the active tectonic structures in the GA. Based on the submarine morphology of the active fans, analysis of slope variations, and the mapping of markers of the tectonic deformation involved with the different faults CHAPTER 2. GEOMETRY AND KINEMATICS OF ACTIVE FAULTS IN THE GULF OF AQABA (SOUTHERN DEAD SEA FAULT), USING MULTIBEAM BATHYMETRIC DATA located at the bottom of the GA, we identify the main structure that was most likely activated during the 1995 Mw7.3 Nuweiba earthquake, and we discuss the seismic potential of the other faults located elsewhere in the gulf.

Materials and Methods

A high-resolution bathymetric survey of the eastern half of the GA (within Saudi waters)

and the ST was conducted on board the R/V Thuwal from May 20 th to June 7 th , 2018. We used a Kongsberg EM710-MK2 multibeam echo sounder (operating in the 70-100 kHz range) calibrated with CTD (Conductivity, Temperature, Depth) profiles. Due to local regulation, no additional sub-surface geophysical data could be collected at that time. In order to maximize the range capability and to reduce interference from multiple returns we used a transmit fan which sequentially divides the signal into three sectors with distinct transmit frequencies and waveforms. We limited the system to a swath of 2000 m (i.e. 1000 m swath on each side of the beamer) in order to ensure appropriate beam density as to grid the data in a 10m wide pixel raster across the track. Similarly, the survey speed was kept at 5-6 kn (∼ 10 km/h) to limit the spacing between successive survey points and to ensure that the maximum pixel width is 10 m along the track as well. Survey lines were acquired every ∼ 1000 m in deep water and 500 m near the shore, to ensure a double coverage of each point in opposite directions. The GA and ST survey was split into 9 distinct areas. We performed 10 CTD casts in order to calibrate the sound velocity profile of the water column for each surveyed area (see Supplementary A.1). The results were imported into the commercial SiS multibeam software and used to correct the incoming multibeam data. Then, the bathymetric data were automatically screened for obvious outliers and, additionally, we manually identified and removed remaining spurious data points.

From this dataset, we built a Digital Elevation Model (DEM) of the bathymetry by averaging raw data values to a 10 m horizontal grid. We combined this new DEM with pre-existing multibeam data from the western part of the GA (F/S Meteor cruise 44 -1999, maximum resolution of 30m [START_REF] Sade | The Multinational Bathymetric Survey: Northern Gulf of 'Aqaba/Elat Poster[END_REF]) to cover ∼ 70% of the gulf. The remaining gaps were filled using a lower resolution (∼50m) dataset produced from older ship track surveys [START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF]. The contour lines of the bathymetric chart of the Gulf of Eilat were digitized and then resampled using a linear interpolation algorithm to get a regular horizontal posting at 50 meters. In addition to the bathymetric DEM (Figure Meteor (1999) and [START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF] datasets (B) Shade bathymetry of the Gulf of Aqaba with an azimuth of 315N and a sun angle of 25°(C) Slope map of the Gulf of Aqaba from low slope angle (white: 0°) to high slope angle (black: >45°). All maps are projected in WGS 84 -UTM 36N. On-land grey background from a Landsat-8 image, courtesy of the U.S. Geological Survey.

Results

Our new bathymetry confirms that the GA is formed by a succession of pull-apart basins [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF][START_REF] Ben-Avraham | The northern edge of the Gulf of Elat[END_REF][START_REF] Tibor | Active tectonic morphology and submarine deformation of the northern Gulf of Eilat/Aqaba from analyses of multibeam data[END_REF]. In addition to the dominant strike-slip motion, these faults also accommodate some limited amount of normal motion. The average fault azimuth for these three faults are N24, N17 Ben-Avraham and [START_REF] Ben-Avraham | The northern edge of the Gulf of Elat[END_REF][START_REF] Ehrhardt | Seismic study of pull-apartinduced sedimentation and deformation in the Northern Gulf of Aqaba (Elat)[END_REF][START_REF] Hartman | Quaternary tectonic evolution of the Northern Gulf of Elat/Aqaba along the Dead Sea Transform[END_REF][START_REF] Reches | Sedimentary and tectonic features in the northwestern Gulf of Elat[END_REF][START_REF] Tibor | Active tectonic morphology and submarine deformation of the northern Gulf of Eilat/Aqaba from analyses of multibeam data[END_REF]. To the south, however, the faults are buried under sediments from the Nuweiba alluvial fan and could only be recognized owing to slope changes and variations in submarine canyon patterns 2-4.

(Figure 2-1B) (Ben
The Aragonese fault connects the Eilat Deep, to the north, to the Aragonese Deep, to the south. This fault is sub-vertical and it accommodates mainly strike-slip motion [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF].In the north, however, this fault bounds the central part of the Eilat Deep to the east and is slightly dipping westward. Conversely, along its southern section this fault is slightly dipping eastward, as it bounds the Aragonese Deep to the west. This quick change of dip is typical of strike-slip faults in pull-apart configuration [START_REF] Wu | 4D analogue modelling of transtensional pull-apart basins[END_REF]. In addition to the dominant horizontal motion, the Aragonese fault is also accommodating some normal displacement, as part of the pull-apart deformation pattern (Figure 2-4A). It is worth noting that despite the presence of numerous submarine landslides that affect the footwall though the two basins appear as morphologically distinct, the existence of a major structural limit between them remains ambiguous [START_REF] Ben-Avraham | Structural framework of the Gulf of Elat (AQABA), Northern Red Sea[END_REF][START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF].

Both basins are bounded to the east by the Dakar fault. This fault scarp is not very continuous all along the well-developed morphological escarpment, as it is incised in many places by small canyons related to gullies flowing from the large coastal plain. Conspicuous along its southern section, the Dakar fault has a double scarp with unambiguous evidence of vertical motion (273m and 349m of cumulative displacement, see supplementary), while no indication of strike-slip motion could be observed. This is consistent with the normal-fault seismic swarm activity that characterizes this section of the GA (e.g., the 1993 earthquake [START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]).

To the west, the higher Dahab plateau (mean depth of 900 m) can be distinguished from The folding seems to be associated with salt diapirs [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF], which origin is likely not tectonic. During the Miocene, post-rift deposits of massive salt layers of the Magna Group are associated with the Red Sea spreading [START_REF] Tubbs | Midyan Peninsula, northern Red Sea, Saudi Arabia: Seismic imaging and regional interpretation[END_REF].At that time, the GA was not well defined and thick evaporitic layers covered the entire area. Owing to the DSF activity and the relative motion between Arabia and Sinai, a part of these deposits became isolated in the GA where they sedimented on this plateau. Driven by gravity, the Indeed, these geomorphic features are too large to correspond to only one event, for instance Based on geophysical data, two classes of models have been proposed for the source model of the 1995, Mw 7.3 Nuweiba earthquake: a single source event, or a series of cascading sub-events [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF]. To be consistent with earthquake scaling laws [START_REF] Wesnousky | Displacement and geometrical characteristics of earthquake surface ruptures: Issues and implications for seismic-hazard analysis and the process of earthquake rupture[END_REF], the single source models need to have a longer rupture and/or larger co-seismic slip than individual sources included into a multisources model. Based on the new data presented here, the length of the uninterrupted 2.5. DISCUSSION

sharp morphology along the central Aragonese fault is limited to 53 km. Thus, based on scaling laws, a seismic rupture that would be limited to that rupture length only would have a maximum magnitude of Mw7.1, which is not consistent with the magnitude derived from seismological data. Hence, we suggest that our observation advocate for a multi-source earthquake model. The Aragonese fault, indeed, hosted the main sub-event, while an earlier sub-event occurred along the Arnona fault, and a last sub-event occurred on the Eilat fault, as suggested by seismological data as well as dynamic rupture modeling [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Ulrich | Exploring the dynamics of the dead-sea transform fault using data-integrated numerical models[END_REF]. These additional ruptures, however, are smaller and cannot be identified unambiguously in our multibeam bathymetry, calling for further bathymetric investigations at higher resolution in the GA.

Earthquake potential along the Arnona Fault

The None of the fault discontinuities, however, is large enough that it might hinder earthquake rupture propagation [START_REF] Wesnousky | Predicting the endpoints of earthquake ruptures[END_REF]. Thus, the extent of a possible full-length rupture along the Arnona fault should also include the 18.5 km that correspond to the Arnona fault section in the Aragonese Deep. Historical records along the DSF have revealed evidence for several large earthquakes that likely occurred in the GA during the past 3000 years (e.g., 4th

century BC, AD 363, 8th century, AD 1068, AD 1212, and AD 1588 [START_REF] Ambraseys | Earthquakes in the Mediterranean and Middle East: A Multidisciplinary Study of Seismicity up to 1900[END_REF]. The temporal organization of large events along active faults [START_REF] Schlagenhauf | Earthquake supercycles in central italy, inferred from 36cl exposure dating[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF], suggests that earthquakes might occur in clusters during short seismically active periods. Along the DSF, the clusters seem to last about 100 yr to 200 yr, separated by longer quiescent seismic periods lasting 350 yr to 400 yr [START_REF] Klinger | 5000 yr of paleoseismicity along the southern Dead Sea fault[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF].

In the GA, the time gap between the last earthquake, in 1995, and the previous earthquake in AD 1588 conforms to this scheme and it suggests that the DSF might be ripe for a new earthquake sequence with the 1995 Nuweiba earthquake as a starter. Both extremities of the 1995 rupture were brought closer to failure by the 1995 event, and sustained micro-seismicity is observed in the GA (e.g. 2016 sequence (Abd el aal et al., 2018)). To the south, along the Arnona fault section, our current knowledge does not allow to determine whether the last significant rupture at this location happened in AD 1212 or in AD 1588 [START_REF] Bektas | Seismoturbidites in the Gulf of Aqaba during the past 500 years[END_REF].

Thus, considering a slip-rate along the DSF of ∼ 5 mm/yr [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Parker | [END_REF], the accumulated slip deficit along the 83-km-long Arnona fault stands between 2 m and 4 m, which corresponds to a potential earthquake of magnitude comprised between 7.2 and 7.5.

The Gulf of Aqaba as a series of pull-apart basins

Beyond the detail of the activity for the different faults in the GA, the entire fault system that forms the GA illustrates how transtensional fault systems might evolve through time, including by forming multiple imbricated pull-apart basins. The left-lateral DSF along most of its length follows a small circle path, resulting into almost pure strike-slip motion, with two notable exceptions, the Dead Sea pull-apart basin, and the Lebanese restraining bend. At its southern end, however, the small circle geometry is less sustainable as the DSF geometry is also under the influence of the nearby Red Sea spreading center, which connects to the DSF at the triple junction between the GA, the Gulf of Suez, and the Red Sea [START_REF] Courtillot | The Sinai triple junction revisited[END_REF]. Although discussing detail of such junction and its time evolution is beyond the scope of this paper, our bathymetric data emphasize how the departure from a simple small circle geometry leads to the transtensional regime controlling the fault geometry into the gulf, with a large number of normal faults in addition to the strike-slip. The normal evolution of such system should have been toward a simplification of the fault geometry with time [START_REF] Mann | Development of pull-apart basins[END_REF][START_REF] Stirling | Fault trace complexity, cumulative slip, and the shape of the magnitude-frequency distribution for strike-slip faults: A global survey[END_REF] and the localization of the tectonic activity on the main fault [START_REF] Marco | Temporal variation in the geometry of a strike-slip fault zone: examples from the dead sea transform[END_REF]. It is likely, however, that the reorganization of the regional tectonics about 5 millions years ago, with a change in the position of the pole of rotation of the Arabia plate relative to the Sinai microplate [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF], has increased the extensional component of motion at the southern extremity of the DSF, counteracting the fault simplification process and reactivating normal motion on the numerous faults in and around the GA, largely inherited from an early deformation episode presiding at the emplacement of the DSF [START_REF] Wu | 4D analogue modelling of transtensional pull-apart basins[END_REF].

Conclusion

Detailed mapping of active tectonic structures in the GA reveals that the deformation is strongly partitioned between faults accommodating strike-slip motion and extension oblique to the gulf. The two groups of faults are largely parallel, and aligned with the dominant direction of the gulf. In addition, a third group of faults includes shorter normal faults, usually located at extremities of basins, and oblique to the general direction of the gulf. The length of the strike-slip faults identified in our bathymetric map demonstrates the potential for large strike-slip earthquakes, such as the 1995, Mw 7.3 Nuweiba earthquake, especially in the southern part of the gulf. The normal faults are more discontinuous and thus, the potential for large normal-fault events is lower, although earthquakes of magnitude up to Mw 7 cannot be ruled out. Such normal fault earthquakes, even of moderate magnitude could potentially trigger devastating tsunami into the gulf. Similarly, although strike-slip earthquakes are less prone to directly trigger major tsunamis, a moderate dip-slip component associated to a large strike-slip motion could also produce significant tsunami [START_REF] Ulrich | Coupled, Physics-Based Modeling Reveals Earthquake Displacements are Critical to the 2018 Palu, Sulawesi Tsunami[END_REF]. In addition, the bathymetry has revealed the existence of several large submarine alluvial fans in the gulf, with slopes that could be destabilized during either strong strike-slip or normal faulting events and trigger significant tsunami [START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF][START_REF] Goodman-Tchernov | Holocene-era submerged notches along the southern Levantine coastline: Punctuated sea level rise?[END_REF]. The absence of large earthquakes and the general seismic quiescence during the last centuries along most of the Dead Sea Fault system, including the GA, might give a false sense of security. The 1995, Mw7.3, Nuweiba earthquake, however, should remind the scientific community, as well as civil society and local communities, of the need of a

Chapter 3

Utilization of the geochronology on the uplifted marine terraces of the

Gulf of Aqaba

The multibeam bathymetry described in the previous Chapter allowed for a precise determination of the location of the main active faults which structure the off-shore morphology of the Gulf of Aqaba. Nevertheless, the high topographic step marked along each side of the gulf revealed that the vertical motion driven by the activity of the faults in the area is non-negligible. In this part, we focus on the several markers of the tectonic uplift which are preserved along the eastern shore of the gulf and are uplifted up to 100 m above the mean sea level. We aim to estimate the ages of the coral terraces in order to constrain the vertical uplift of the area.

We will first present the 230 Th/ 234 U chronometer and its application for dating our coral terraces. Then, we will focus on the samples presenting clear signs of alteration and propose to use the strontium isotopic composition to finally discuss together with other mineralogical observations the diagenesis mechanisms. The establishment of an accurate chronology of corals is a main issue for different fields of researches, including climate [START_REF] Beck | [END_REF], sea level change [START_REF] Neumann | Sea level events and Pleistocene coral ages in the northern Bahamas[END_REF][START_REF] Deschamps | Ice-sheet collapse and sea-level rise at the Bølling warming 14,600 years ago[END_REF] or tectonic [START_REF] Chappell | Geology of coral terraces, Huon Peninsula, New Guinea: A study of quaternary tectonic movements and sea-level changes[END_REF][START_REF] Pedoja | On the long-lasting sequences of coral reef terraces from se sulawesi (indonesia): Distribution, formation, and global significance[END_REF]. Since the first measurements and intent for chronology [START_REF] Barnes | Ratio of ionium to uranium in coral limestone[END_REF], the Uranium-Thorium (or 230 Th/ 234 U or U/Th) chronometer is the mostly used for these studies as it provides precise ages for the past 500 to 600 ky since the technological improvement of the last decade [START_REF] Cheng | Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry[END_REF]. However, one main issue for coral dating, and in particular for uplifted terraces, is the diagenetic alteration which can result in biased ages (Figure 3-1) due to open system behavior and departure or arrival of chemical elements [START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF][START_REF] Bender | Uranium-series dating of the Pleistocene reef tracts of Barbados, West Indies[END_REF][START_REF] Bar-Matthews | Diagenesis of fossil coral skeletons: Correlation between trace elements, textures, and 234U238U[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF][START_REF] Bar | Last interglacial sea levels and regional tectonics from fossil coral reefs in the northeast Gulf of Aqaba[END_REF][START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF].

In this chapter, we present in a first part the 230 Th/ 234 U chronometer and its application for the dating of the uplifted terraces in the eastern part of the Gulf of Aqaba. In a second part, we discuss the criteria for the validity of the ages and the possible corrections. In a third part, we propose the use of the strontium isotopic composition in order to try to give relative ages for the oldest terraces or for the altered coral samples. Finally, we discuss the geochemical data of the studied corals ( 230 Th/ 234 U, 87 Sr/ 86 Sr) together with mineralogical observations, in order to understand the mechanism of diagenesis of the corals from our studied terraces.

Principle of the 230 Th/ 234 U Chronology

The 230 Th/ 234 U dating method is based on a disequilibrium within the decay chain with the decay of a parent isotope ( 238 U) into daughter isotopes ( 234 U, and 230 Th) (Figure 3-2).

This disequilibrium results of the different chemical behavior of U and Th isotopes: U have higher solubility than Th in surface conditions, and a long residence time within the ocean. In parallel, within the ocean there is a disequilibrium between 234 U and 238 U, with an activity ratio of about 1.147 (corresponding to a 𝛿 234 𝑈 of 146.8 ± 0.01‰) within present day waters [START_REF] Andersen | The timing of sea-level high-stands during Marine Isotope Stages 7.5 and 9: Constraints from the uranium-series dating of fossil corals from Henderson Island[END_REF] due to erosion process and alpha recoil ( 234 U is preferentially leached during alteration of the continent).

Equations and age determination

The number of decay events per unit of time corresponds to the activity (A) of a number of atoms of a nuclide (N). The decay law for a given number of atoms (N) can be written as:

𝑑𝑁 𝑑𝑡 = -𝜆𝑁 (3.1)
By integration of the equation 3.1, we can express the general radioactive decay law as:

𝑁 (𝑡) = 𝑁 0 • exp -𝜆𝑡 (3.2)
With: 𝑁 (𝑡) the number of atoms at the time 𝑡 𝑁 0 the number of atoms at the time 𝑡 = 0

𝜆 the decay constant in year

The decay constant is related to the half-live (𝑇 1/2 ) of the studied radio-element and can be written as:

𝜆 = ln 2 𝑇 1/2 (3.3)
For the daughter atoms, the decay equation follows equation 3.1 and integrate the production of daughter nuclides by decay of mother nuclides. The equation can be written as:

𝑑𝑁 2 𝑑𝑡 = -𝜆 2 𝑁 2 + 𝜆 1 𝑁 1 (3.4)
Within the 238 U decay chain, N 234 and N 230 are produced through time (t) with respect to their decay constants (𝜆 23𝑖 𝑤𝑖𝑡ℎ𝑖 = 8, 4, 0 for 238 U, 234 U, and 230 Th, respectively). For each element, the set of equations in number of atoms (N 23i ) and in activities (A 23i ) are expressed following equations 3.2 and 3.4 and are expressed as: [START_REF] Ivanovich | Uranium-series disequilibrium: applications to earth, marine, and environmental sciences[END_REF] for further detail about derivation):

𝑁 238(𝑡) = 𝑁 238(0) • exp -𝜆 238 •𝑡 (3.5) 𝐴 238(𝑡) = 𝐴 238(0) • exp -𝜆 238 •𝑡 (3.6) 𝑁 234(𝑡) = 𝜆 238 𝜆 234 -𝜆 238 • 𝑁 238(0) • (exp -𝜆 238 •𝑡 -exp -𝜆 234 •𝑡 ) + 𝑁 234(0) • (exp -𝜆 234 •𝑡 ) (3.7) 𝐴 234(𝑡) = 𝜆 238 𝜆 234 -𝜆 238 • 𝐴 238(0) • (exp -𝜆 238 •𝑡 -exp -𝜆 234 •𝑡 ) + 𝐴 234(0) • (exp -𝜆 234 •𝑡 ) (3.8) 3.1. INTRODUCTION TO THE U-SERIES CHRONOLOGY 𝑁 230(𝑡) = 𝜆 234 • 𝜆 238 • 𝑁 238(0) • ( 1 (𝜆 234 -𝜆 238 ) • (𝜆 230 -𝜆 238 ) • exp -𝜆 238 •𝑡 - 1 (𝜆 234 -𝜆 238 ) • (𝜆 230 -𝜆 234 ) • exp -𝜆 234 •𝑡 + 1 (𝜆 230 -𝜆 238 ) • (𝜆 230 -𝜆 234 ) • exp -𝜆 230 •𝑡 ) + 1 𝜆 230 -𝜆 234 • 𝜆 234 • 𝑁 234(0) • (exp -𝜆 234 •𝑡 -exp -𝜆 230 •𝑡 ) + 𝑁 230(0) • exp -𝜆 230 •𝑡 (3.9) 𝐴 230(𝑡) = 𝜆 234 • 𝜆 238 • 𝐴 238(0) • ( 1 (𝜆 234 -𝜆 238 ) • (𝜆 230 -𝜆 238 ) • exp -𝜆 238 •𝑡 - 1 (𝜆 234 -𝜆 238 ) • (𝜆 230 -𝜆 234 ) • exp -𝜆 234 •𝑡 + 1 (𝜆 230 -𝜆 238 ) • (𝜆 230 -𝜆 234 ) • exp -𝜆 230 •𝑡 ) + 1 𝜆 230 -𝜆 234 • 𝜆 234 • 𝐴 234(0) • (exp -𝜆 234 •𝑡 -exp -𝜆 230 •𝑡 ) + 𝐴 230(0) • exp -𝜆
234 𝑈 238 𝑈 (𝑡) = ( 234 𝑈 238 𝑈 (0) • exp -𝜆 234 •𝑡 ) + 1 (3.11) 230 𝑇 ℎ 238 𝑈 (𝑡) = (1 -exp -𝜆 230 •𝑡 ) + ( 234 𝑈 238 𝑈 (𝑡) -1) • 𝜆 230 𝜆 230 -𝜆 234 • (1 -exp -(𝜆 230 -𝜆 234 )•𝑡 ) (3.12)
The 234 U/ 238 U activity ratio can also be expressed with a 𝛿-notation in per mill: At the secular equilibrium, in a close system evolution, the production rate of a given element (here 230 Th or 234 U) is equal to its decay rate. Considering this secular equilibrium, the dating limit of the 230 Th/ 234 U chronometer is given by the return to equilibrium between 234 U and 230 Th, and is about 500 to 600 ky using the up to date techniques [START_REF] Cheng | Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry[END_REF]. The return to equilibrium between 234 U and 238 U is done in about 2 million years, and this disequilibrium could be used for dating with a precisely known 234 U/ 238 U initial ratio.

𝛿 234 𝑈 = 234 𝑈 238 𝑈 (𝑚) -
The age of the sample and the initial 234 U/ 238 U ratio are obtained by solving the system equation 3.8 and 3.10 by iteration or using an Isochron evolution diagram (see Figure 3-3).

Control on the 230 Th/ 234 U age validity

As mentioned in the introduction, the main issue for the determination of precise age is the open system behavior with nuclides exchange between coral and the outside that may occur in different circumstances. The main (but not the only, see discussion below) phenomenon is the aragonite to calcite transformation as aragonite is metastable within surface condition.

In order to validate the calculated ages, two main controls are necessary. The first condition is to control the mineralogy of the samples and, for aragonitic species, to check that there are close to 100% aragonite in composition (tolerance of 10% to 20% of calcite can be accepted, see [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF]). The second one is the coherency between the U isotopic composition (expressed as 234 U/ 238 U or as 𝛿 234 𝑈 ) of the coral and the one on the ocean water (𝛿 234 𝑈 (𝑚𝑠𝑤) ). At present, this U isotopic composition is uniform within all the ocean basins (e.g. [START_REF] Delanghe | New TIMS constraints on the uranium-238 and uranium-234 in seawaters from the main ocean basins and the Mediterranean Sea[END_REF]; [START_REF] Andersen | The timing of sea-level high-stands during Marine Isotope Stages 7.5 and 9: Constraints from the uranium-series dating of fossil corals from Henderson Island[END_REF]; [START_REF] Chen | 238u, 234u and232th in seawater[END_REF]). This isotopic composition could have been slightly different within the past, due for instance to changes in continental weathering processes or different river discharge [START_REF] Hamelin | 234U238U mass spectrometry of corals: How accurate is the UTh age of the last interglacial period?[END_REF][START_REF] Chutcharavan | Seawater 234U/238U recorded by modern and fossil corals[END_REF][START_REF] Riotte | Uranium colloidal transport and origin of the 234u-238u fractionation in surface waters: new insights from mount cameroon[END_REF].

Hence, validation of the 230 Th/ 234 U age is made by comparing the U isotopic composition of the sample, recalculated for the initial time using equation 13 (and expressed as 𝛿 234 𝑈 (0) ), with the one of the ocean (Figure 3-3). A 𝛿 234 𝑈 (0) of the coral different from the expected oceanic value would thus imply U income (with different value) and/or U or Th departure, leading to wrong age and consequently wrong 𝛿 234 𝑈 [START_REF]1: Mean values of the sea level of the the Gulf of Aqaba measured by DGPS in March 2017. latitude longitude height (m) Q ns sdn (m) sde (m) sdu (m) sdne (m)[END_REF] .

Several authors proposed an interval of "acceptability" for 𝛿 234 𝑈 (0) : 8‰ for the young ages [START_REF] Chutcharavan | Seawater 234U/238U recorded by modern and fossil corals[END_REF], and 15‰ for the corals older than 60 ky [START_REF] Tissot | Controls of eustasy and diagenesis on the 238U/235U of carbonates and evolution of the seawater (234U/238U) during the last 1.4 Myr[END_REF].

Aqaba coral terraces ages determination

Coral samples and methods

During a field trip in March 2017, a total of 79 coral samples on the uplifted terraces of the Gulf of Aqaba were collected (Figure 34). The samples sites are spread over the eastern shores of the Gulf of Aqaba, within Saudi Arabia, and are distributed on nine individualized levels, from 1 m above the mean sea level (amsl) to almost 100 m amsl. The identification (genus and when possible species) was done by Prof. Francesca Benzoni (KAUST, Saudi Arabia). For some of them, the preservation quality lead to a precise identification of the coral species, for the others, we only assessed the genus level (see Table 3.1).

A total of 86 230 Th/ 234 U analyses on 42 samples with 19 replicates and 25 duplicates have been realized (Table 3.1) (see Chapter 7 for details about the analytical procedure).

We carried out multiples analysis on samples presenting clear signs of diagenesis in order to estimate the effects of the recrystallization on the ages.

For the multiple analyses, each sub-sample was manually drilled directly into the pristine skeleton of the corals, when possible. The pristine skeleton mostly corresponds to the walls of the coral's corallites or to the dense part of the samples for the massive species. For the Porites genus, the corallites are too small to drill into the aragonitic skeleton, so we drill into the most preserved part of the coral samples. The samples were then processed following the methodology described in the Chapter 7. 

XRD Mineralogy

We performed 72 + 1 (small) and 2 (total) XRD analyses on a total of 72 samples. On the total of the 79 samples collected, 7 samples were rejected for XRD analyses due to their bad preservation quality. Results of the XRD are presented in Supplementary A.2.

The X-Ray Diffraction (XRD) analysis revealed the presence of secondary mineralization (Calcite (CaCO 3 ), Halite (NaCl), Anhydrite (CaSO 4 ), Gypsum (CaSO 4 -2H 2 O)). Most of this secondary mineralization (Halite, Anhydrite, Gypsum) is generated from the sea spray as the coral terraces are directly exposed along the shore. We assume that the presence of evaporites is only superficial and is not going through the pristine skeleton. Hence, we assume also that the evaporites are not impacting the U-Th ages, as the corals have been manually cleaned by removal of the interior of the corallites and washed with miliQ water before the chemical isolation of the Uranium and Thorium fractions. The presence of calcite, implies that some aragonite from the coral skeleton has been recrystallized. This recrystallization, present in most of the samples and in different proportion, implies that the close system evolution of the U-Th dating has been broken.

In order to avoid calcite contamination due to bias during sample preparation (aragonite to calcite transformation during the crushing), we test this phenomenon: we performed a hard-manual crushing in an agate mortar of a sample (Aq.5) presenting no sign of diagenesis.

The hard-manual crushing induced the apparition of a bulge area at ∼ 29.4°(2𝜃 copper). The bulged area and the non-individualize spike, usually well-defined in the case of the calcite, reflect that the neo-formed calcite is amorphous. This amorphous calcite is present at less than 1% of the total sample mass. However, the calcite observed in the diffractograms of the other samples, and in the calibrated abacus (Miska(pers.com)), is well-crystallized, with a real and individualized spike at ∼ 29.4°(2𝜃 copper). In fact, in many of our samples, the total mass of calcite averages between 10% and 99%. In the case where the crushing would generate well-crystallized calcite, the total mass would not exceed more than 1%. Thus, the smooth manual crushing performed on the samples is not inducing the formation of secondary mineralization, and is not a source of the recrystallization in our sample.

On the total of 72 XRD measurements on 65 samples, 36 samples present less than 20% of calcite. We considered the corals to be pure when less than 1% of calcite is found in the sample. We allow a small part of recrystallization, less than 20% of calcite, as we can apply

on these samples open-system models (see section 3.4.2 of this chapter for further detail about open-system).

Thin section analysis

We studied 27 thin-sections realized on selected samples with a different proportion of aragonite and calcite (see Chapter 7 for further details about analytical procedure). Integrality of the results of the thin sections can be found in supplementary (see Supplementary A.3).

Observation of the thin sections reveals that some of the corals presenting acceptable aragonite values (≥ 70%), present clear signs of diagenesis with at least two crystallization phases. The first crystallization phase corresponds to the initial crystallization of the coral skeleton in aragonite. It is identifiable through the presence of calcification center and growth bands of the corals along a clear and discernable skeleton (Figure 345). Regarding the second mineralization phase, it is more complex as it corresponds to the crystallization of minerals in the porosity and/or recrystallization of the coral skeleton. In most cases, we identify secondary minerals along a neo-formed crystallization fringe distributed along the porosity.

This goes along with pseudomorphose of aragonite into calcite, which erases the location of the calcification center, and the growth band, along the coral skeleton (Figure 3456). Therewith, the percentage of calcite identified on the thin-section corroborates with the percentage of calcite determined by XRD.

However, in addition to the secondary calcite mineralization, we identify another secondary mineral. It is present in two forms: massive and acicular. Mostly, the massive form is found where the coral skeleton has been replaced (no more evidence of growth bands or calcification center), while the acicular form is found at the edges of the coral skeleton and in the porosity . The acicular form is the most visible occurrence. The birefringence color of the mineral is of the third order and is typical of the birefringence col-
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ors of the carbonates. All of this suggest that this mineral is secondary aragonite, as it was already observed by previous studies (e.g. [START_REF] Bar-Matthews | Diagenesis of fossil coral skeletons: Correlation between trace elements, textures, and 234U238U[END_REF]; [START_REF] Hendy | Impact of skeletal dissolution and secondary aragonite on trace element and isotopic climate proxies in Porites corals[END_REF]).

This neo-formed aragonite implies that the assumption of a close system evolution of the U series in the aragonite skeleton of the corals is definitely not correct, even if XRD measurement of a coral indicates "pure aragonite". 

Validation criteria of the 230

Th/ 234 U ages

Criteria

In order to validate the ages obtained by the U-series, we define various criteria. The criteria are adapted and updated from developed criteria for the U-series (e.g. [START_REF] Stirling | Timing and duration of the last interglacial: evidence for a restricted interval of widespread coral reef growth[END_REF]; [START_REF] Muhs | Timing and warmth of the Last Interglacial period: New U-series evidence from Hawaii and Bermuda and a new fossil compilation for North America[END_REF]):

• Studies of pristine and recent tropical corals from the Atlantic, Indian, and Pacific

Ocean as well as in the Gulf of Aqaba, reveal that the concentration in 238 U ranges between 2.2 ppm and 3.3 ppm, which yield an average 238 U concentration of 2.75 ± 0.55 ppm [START_REF] Robinson | Controls on d234u in surface waters of the south island of new zealand[END_REF][START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF][START_REF] Lazar | Diagenetic effects on the distribution of uranium in live and Holocene corals from the Gulf of Aqaba[END_REF][START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF].

Consequently, we define as a first criterion that the 238 U measured in the sample has to range within the natural variation of the modern analogues from the same area.

• The variation of the 𝛿 234 𝑈 (0) from the 𝛿 234 𝑈 (𝑚𝑠𝑤) at more than 8‰ for the young age [START_REF] Chutcharavan | Seawater 234U/238U recorded by modern and fossil corals[END_REF] and 15‰ for the samples older than 60 ky [START_REF] Tissot | Controls of eustasy and diagenesis on the 238U/235U of carbonates and evolution of the seawater (234U/238U) during the last 1.4 Myr[END_REF] suggests an intake or a departure of the U or Th. Therefore, we define as a second criterion that the variation of this 𝛿 234 𝑈 (0) should lie within the strict range of 146.8 ± 15‰.

• The coral terraces have been formed mainly during the glacial and interglacial periods [START_REF] Lisiecki | A Pliocene-Pleistocene stack of 57 globally distributed benthic D 18 O records[END_REF], when the sea level is stable (Figure 3456789). The glacial terraces are formed during the low-stand period, mostly when the sea level is close to a hundred meter below the mean sea level. On the contrary, the interglacial terraces are formed during the high-stand period, when the sea level is close to the actual sea level [START_REF] Rohling | Antarctic temperature and global sea level closely coupled over the past five glacial cycles[END_REF]; [START_REF] Siddall | Sea-level reversal during Termination II[END_REF] and reference therein). In an area where the tectonic uplift or subsidence is sufficient, the different levels of coral terraces are disposed in a successive sequence. In the case where no tectonic activity is observed, all the levels are stacked in one group of terraces and it is then difficult to distinguish the low-stand terraces from the high-stand ones [START_REF] Woodroffe | Coral reefs and sea-level change[END_REF]. In the Gulf of Aqaba, the tectonic activity of the Dead Sea Fault results in an uplift of the coast, and subsequently an uplift of the coral terraces, due to presence of off-shore faults (see previous chapter for further details about the fault geometry in the gulf).

Considering the tectonic activity and the climatic cycle variations in the Gulf of Aqaba, we thus expect the terraces to get an age corresponding to the high-stand periods when the terraces are formed close to the actual mean sea level. A development of theses terraces during the glacial periods would imply a high uplift rate, higher than 1 mm/yr, which is inconsistent with the tectonic setting in the Gulf of Aqaba and the Dead Sea

Fault system [START_REF] Gvirtzman | Fluctuations of sea level during the past 400 000 years: the record of Sinai, Egypt (northern Red Sea)[END_REF][START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]. Hence, we assume as a third criterion that the uplifted terraces in the Gulf of Aqaba are interglacial marine terraces (Figure 3-10).

• For the samples presenting high calcite proportion, the XRD is used as a unique condition to sort out samples that were already affected by the diagenesis. However, in 100 Only the ages obtained from the U-series that fulfill all these criteria are believed to be reliable and are used to determine the tectonic uplift of the Gulf of Aqaba. For the others, we discuss the possible correction models for diagenesis.

230 Th/ 234 U Results

On the total of the 86 230 Th/ 234 U analyses, 12 of them check the criteria listed above and give reliable ages, and 4 of them are already too old for this technic (see Table 3.2). The 72 remaining analyses present inconsistency both on their ages, U concentration, or on their 𝛿 234 𝑈 (0) (see Figure 3-11 and Table 3.2).

However, out of these 12 reliable ages, 4 of them present inconsistencies regarding their age in front of their elevation with respect to the others. The samples Aq 51, Aq 52, and Aq 55 are located on an elevation of ∼ 1 m amsl and express a 230 Th/ 234 U age consistent with Table 3.2: Uranium-Thorium ages of coral samples from the Gulf of Aqaba. Ages are expressed in thousand of years before the year 1950 (ky BP) and are corrected for detrital fraction using 230 𝑇 ℎ/ 232 𝑇 ℎ = 1.5 ± 50% .

𝛿 234 𝑈 = ({ 234 𝑈/ 238 𝑈 }𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/{ 234 𝑈/ 238 𝑈 }𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 -1) × 1000 , with 234 𝑈/ 238 𝑈 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 54.89 × 10 -6 (molar ratio. [START_REF] Cheng | Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry[END_REF]). 𝛿 234 𝑈 [START_REF]1: Mean values of the sea level of the the Gulf of Aqaba measured by DGPS in March 2017. latitude longitude height (m) Q ns sdn (m) sde (m) sdu (m) sdne (m)[END_REF] is the initial 𝛿 234 𝑈 recalculated. Ar (%) is percentage of aragonite obtained by X-ray diffraction performed at GEOPS. ND: Not Defined. The yellow squares corresponds to the values following the criteria enounced previously. Several samples show values that are not far from the limits of the validity criteria set above.

Sample

We will study different correction models in order to obtain corrected ages on these samples.

Ages corrections: processes and models

Existing models

In order to estimate the impact of the diagenesis on the 230 Th/ 234 U ages, several studies proposed different diagenetic scenarios with various combination (Figure 3-12) of gain or loss of U or/and Th. The Figure 3-12 emphasize the complexity in the estimation of the diagenetic effects on the U and Th behavior and consequently on the U-Th age. The main issue is to determine the effect of the recrystallization or dissolution, as all of the processes highlighted are strongly dependent on the episodic or continuous duration, frequency, magnitude, and timing of the diagenesis [START_REF] Hamelin | 234U238U mass spectrometry of corals: How accurate is the UTh age of the last interglacial period?[END_REF][START_REF] Bar-Matthews | Diagenesis of fossil coral skeletons: Correlation between trace elements, textures, and 234U238U[END_REF][START_REF] Henderson | 234U238U ratios and 230Th ages for Hateruma Atoll corals: implications for coral diagenesis and seawater 234U238U ratios[END_REF][START_REF] Chen | Precise chronology and the last interglacial period: 234 U-230 Th data from fossil coral reefs in the Bahamas[END_REF]. Several open-system models have been proposed to correct for the impact of the diagenesis [START_REF] Ku | U-Series dating of last interglacial high sea stands: Barbados revisited[END_REF][START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF][START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]. Each of these models incorporates one or multiple mechanisms raised by many authors, who detected a correlation between high measured 𝛿 234 𝑈 ratios and 230 Th/ 234 U ages [START_REF] Stein | Tims u-series dating and stable isotopes of the last interglacial event in papua new guinea[END_REF][START_REF] Fruijtier | Mass-spectrometric 234 U-230 Th ages from the key largo formation, Florida Keys, United States: Constraints on diagenetic age disturbance[END_REF] or 230 Th/ 234 U activity ratios [START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF][START_REF] Stirling | Timing and duration of the last interglacial: evidence for a restricted interval of widespread coral reef growth[END_REF][START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF]. The model proposed by [START_REF] Ku | U-Series dating of last interglacial high sea stands: Barbados revisited[END_REF] considers the gain and/or loss of both 234 U and 238 U through a continuous exchange with U from the land or from the soil water. This model follows the ideas of diagenetic open system model for fossil coral reef presented by [START_REF] Bender | Uranium-series dating of the Pleistocene reef tracts of Barbados, West Indies[END_REF], which assumed that their corals suffered from continuous 234 U and 230 Th addition. After an extensive dating of the Barbados corals, [START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF] proposed a new model that incorporates a continuous addition of 234 U and 230 Th. This model has been largely used for corals in many areas, although it has been disputed. It is difficult to consider that the 234 U and 230 Th should be added at similar rate due to their different chemical behavior. The U is easily leached by groundwater or pore water and transported, compared to Th.

Nevertheless, the results of the model of [START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF] suggest that the transport and the deposition did not influence U and Th concentrations. In order to explain this result, the authors proposed that the radionuclides may have been transported together with particles in the water.

This model agrees with the explanation given by [START_REF] Chen | Precise chronology and the last interglacial period: 234 U-230 Th data from fossil coral reefs in the Bahamas[END_REF] who supposed that 238 U, 234 U, and 230 Th may be leached out from a part of the coral by chemical dissolution and deposited onto another solid surface of the same coral. However, this scenario would require a large amount of aragonite dissolution and is considered by [START_REF] Bar-Matthews | Diagenesis of fossil coral skeletons: Correlation between trace elements, textures, and 234U238U[END_REF] as a speculative scenario.

The models proposed by [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF], [START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF] Although numerous models and approaches have been proposed to try to estimate the impact of open-system on the 230 Th/ 234 U ages, there is actually no consensus on a single solution to correct the diagenetically altered fossil corals, maybe because several diagenetic processes exist.

Age correction on Aqaba corals

Under oxidizing conditions, the U is water-soluble in contrast to the Th, which is insoluble in water.

Consequently, during the formation of the coral skeleton, no Th is incorporated into the structure, and during the recrystallization, only the U is removed or incorporated by the corals.

In the case of an early recrystallization with marine water, the intake of U will not impact the 𝛿 234 𝑈 of the sample as the isotopic composition (𝛿 234 𝑈 (0) ) remains unchanged. On the contrary, a late recrystallization event can interfere with the isotopic signals of the corals, as the U disintegrates into Th through time. The departure or intake of U from the samples in that case will change the isotopic signature (𝛿 234 𝑈 ), as the 230 Th/ 234 U ratio is changed.

In the case of recrystallization with freshwater, the U signature of the samples could also be modified with the intake of U by input with an elevated or low 𝛿 234 𝑈 coming from the continent (see [START_REF] Robinson | Controls on d234u in surface waters of the south island of new zealand[END_REF]).

Either way, in the case of a quick recrystallization event appearing just after the formation of the corals, the incorporation or loss of U lead to an increase or decrease of the U concentration and/or the 𝛿 234 𝑈 .

For some of our samples, the 238 U concentration is varying out of the range of 2.2-3.3 ppm (Figure 3-13) as well as they have a 𝛿 234 𝑈 (0) values higher or lower than 146.8 ± 15‰. These variations sign that diagenesis processes occurred on our samples.

For the terrace T1, the 238 U concentration is ranging in the natural interval of the modern coral, consequently we assume that this terrace did not suffer from recrystallization.

Concerning the terrace T2, U content of samples Aq 43, Aq 45, and Aq 49 are within the confident interval. However, samples Aq 44, Aq 46, and Aq 47 show lower 238 U concentration. On 

The Thomson's model

We tested the model of [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF] on corals which present %Ar ≥ 80%, a 238 U values on the expected range (see above), and that didn't fall within the range 𝛿 234 𝑈 (0) = 146.8 ± 8‰ for the MIS 1 terrace and 𝛿 234 𝑈 (0) = 146.8 ± 15‰ for the MIS 5 terraces and older.

On the 27 samples tested, which satisfied the enumerated criteria, 10 gave ages in agreement with an expected interglacial age and their terrace elevation (see Table 3.3). For the other samples, the modeled ages are rejected because 1) they did not fall within an interglacial periods (Aq 9, Aq The 10 modeled ages of the corals are spread over the terraces T1 (Aq 42a), T2 (Aq 43, Aq 45, Aq 49) and T3 (Aq 13a, Aq 79). However, the modeled age for the sample Aq 42a (terrace T1) is ∼ 104 ky, which is not consistent with the age of the terrace discussed before. It might have been remobilized from the upper terraces.

Villemant and Feuillet's model

We tested the model of [START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF] on the corals from terraces T2 and T3. The limited number of samples on terraces T4 (2 samples) and T6 (1 sample) did not allow running the model on these levels.

This model combines the possible initial 230 Th excess and a continuous redistribution with a gain or loss of 234 U, 234 Th and 230 Th. The results of the model gave us information about the age of the terraces, and also helped to recover the ages of the diagenetised samples.

For the terrace T2, combining all the samples (e.g the ones in place and the ones displaced by gravity, see section 3.3.2) we obtained an average age of 122 ± 12 ky. This result agrees with the ages provided by other studies in the gulf and surroundings [START_REF] Dullo | Facies , Fossil Record , and Age of Pleistocene Reefs from the Red Sea ( Saudi Arabia ) Fazies , FossilOberlieferung und Alter der pleistoz & nen Rifle am Roten Meer ( Saudi Arabien )[END_REF]El-Asmar, 1997;Friedman, 1965;Goldberg and Yaron, 1978;[START_REF] Goldberg | Tiran Island : an internal block at the junction of the Red Sea rift and Dead Sea transform[END_REF][START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF][START_REF] Moustafa | Mid-Holocene stable isotope record of corals from the northern Red Sea[END_REF][START_REF] Parker | Biodiversity of foraminifera from Late Pleistocene to Holocene coral reefs, South Sinai, Egypt[END_REF][START_REF] Schick | Studies of the marine terraces T1, T2, T3, and T4, located from 1 m to almost 60 m above the mean sea level, revealed[END_REF]. In detail (see Table 3.4), the model recovers values between 100 ky and 150 ky. For the oldest, we assume that the model is overestimating the age due, to the initial assumption. For the youngest, a rational possibility is that the samples correspond to the MIS 5a period. If we remove the oldest samples (Aq 44(1) and Aq 44( 2)) from the model, we obtain an age for this level of 118 ± 7 ky. Consequently, we assume that the terrace T2 at on an elevation of 20 m amsl corresponds to a level developed during the MIS 5 period.

For the terrace T3, the age obtained by combining the different samples for this level is around 202 ± 31 ky, which confirms that this level belongs to the MIS 7 period. In detail (see Table 3.4), the model recovers ages between 190 ky and 220 ky for the samples Aq 13a, Aq 13b, and Aq 15, while it recovers an age of ± 160 ky for the sample Aq 12 and Aq 9. The model also recovers an age of ± 285 ky for the sample Aq 79. We assume that the ages of the samples Aq 12 and Aq 9 are underestimated and the ages of the sample Aq 79, Aq 13a(3), and Aq 13a(5) are overestimated due to the initial assumption of the model. Consequently, we reject these samples and we recalculate the age of the terrace T3 using the samples Aq 13 and Aq 15 and we get an age of 205 ± 13 ky.

This age is not significantly different from the previous calculation and confirms that the terrace T3 ranging at an elevation of ± 30 m amsl corresponds to the MIS 7a sub-stage. 

Yehudai's model

This model is based on supposed U fluxes and force the data to enter within the defined "acceptable range" of 238 𝑈 = 2.75±0.55 ppm. For this model, we use the data of all the samples for each terrace T2 and T3.

The results of the model, using all the samples from the same terrace and corrected from the detrital value ( 232 Th), gave us the age of 119 ± 34 ky for the terrace T2 and 195 ± 67 ky for the terrace T3. These values agree with an age for the terrace T2 of the MIS 5 and for the terrace T3 of the MIS 7. However, with this model we cannot discriminate between the different sub-stages due to our limited sampling on these sub-levels.

The results obtained here agree with the results obtained using the model of [START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF], and additionally gave us also an information about the time interval between the deposition age (t dep ) and the recrystallization age (t rec ). For the terrace T2 and T3, t rec is about 19.7 ± 1.1 ky. This emphasizes that the recrystallization event appeared slightly after the deposition age, which agrees with the results discussed previously. However, in this case with a "single model"

for each terrace, we assume that the diagenetic history of the terraces is the same in the different sampled points (sometimes distant of several 10 of km). This may not be the case as the geological setting along the gulf is evolving quickly.

The age of the terraces

We distinguish that the terrace T1 did not suffer from the diagenesis. Consequently, we consider that the average age of 5.9 ky obtained with the 230 Th/ 234 U analyses is not biased.

The combination of the three models, with on one hand the modeling of the age of the entire set of terraces [START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], and on the other hand the modeling of the age for each sample [START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF], allow us to identify that the terraces T1, T2, and T3 are respectively terraces from the MIS 1, MIS 5, and MIS 7. The ages obtained, agree with other studies performed in the area of the Gulf of Aqaba [START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF][START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF][START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF][START_REF] Shaked | Late Holocene events that shaped the shoreline at the northern Gulf of Aqaba recorded by a buried fossil reef[END_REF][START_REF] Moustafa | Mid-Holocene stable isotope record of corals from the northern Red Sea[END_REF][START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF][START_REF] Barnea | Radiocarbon and U-Th dating of Holocene reefs from the northern Gulf of Aqaba : Implications for sea-levels , tectonics and reservoir ages[END_REF] and in the surroundings of the Strait of Tiran [START_REF] Gvirtzman | Fluctuations of sea level during the past 400 000 years: the record of Sinai, Egypt (northern Red Sea)[END_REF]El-Asmar, 1997;[START_REF] Parker | Biodiversity of foraminifera from Late Pleistocene to Holocene coral reefs, South Sinai, Egypt[END_REF].

However, the use of all the samples from a same terrace, to recover its age, could be wrong. In fact, a bias could be brought by the occurrence of different geochemical processes along the gulf (e.g.

same terrace if we consider the elevation, but different geochemical history because the samples are quite far away between each other).

For that reason, if we consider only the age obtained individually, with or without the help of open-system models (Figure 3-14), we can identify the MIS 5a (∼ 100 ky) and 5e (∼ 125 ky)

sub-stages for the terrace T2 and the MIS 7a (∼ 200 ky) and 7e (∼ 240 ky) sub-stages for the terrace T3. This difference coincides with the differential elevation of the terraces and goes along with the tectonic history of the area (i.e. the oldest are more elevated than the youngest).

We also defined that the coral terraces are formed during the interglacial periods, consequently, we consider that the terraces T4, T5, and T6 have been formed respectively during the MIS 9, MIS 11 and MIS 13. This agrees with the fact that the samples from the terraces T6 are probably already too old to be dated by 230 Th/ 238 U chronology. is a relative dating technique applicable to coral samples . The principle is based on the analysis of the 87 Sr/ 86 Sr ratio within marine samples, to be compared to a calibrated curve [START_REF] Mcarthur | Recent trends in strontium isotope stratigraphy[END_REF][START_REF] Howarth | Statistics for Strontium Isotope Stratigraphy : A Robust LOWESS Fit to the Marine Sr-Isotope Curve for 0 to 206 Ma , with Look-up Table for Derivation of Numeric Age 1[END_REF] in order to get the relative age of the sample analyzed (Figure 3-16). In fact, unlike of Sr, Rb in very poorly incorporated within coral skeletons.

Thus, without 87 Sr ingrowth due to 87 Rb decay, the 86 Sr/ 87 Sr of coral skeletons reflects strontium signature of seawater at the time of coral formation.

This relative dating method could allow determining coral ages for altered terraces if diagenetic alteration result in Sr departure, as isotopic composition of the remaining Sr within the coral skeleton is not changed. However, in the case of recrystallization and Sr incorporation from freshwater coming from the continent or younger sea water, the 87 Sr/ 86 Sr will change toward higher or lower values depending on the "new" Sr source.

In some cases, the 87 Sr/ 86 Sr ratio shift of the sample toward higher or lower values can help to distinguish between marine and freshwater environments. This phenomenon, in the case of altered coral terraces is useful to understand the diagenesis. 

The Aqaba corals

We established that the uplifted coral terraces of the Gulf of Aqaba and in surroundings of the Strait of Tiran are marine terraces developed during the interglacial periods, when the sea level is stable. Theses marine terraces respectively from T1 to T9 have been dated with 230 Th/ 234 U dating technic (and in some cases the ages were modeled, see paragraph above) and they indicate that at least the three first levels (e.g. T1, T2 and T3) correspond respectively to the MIS 1, 5, and 7.

If we combine the hypothesis of a constant tectonic uplift and of a cyclic variation of the glacialinterglacial periods, we then propose that the terraces T4, T5, T6, T7, T8, and T9 correspond respectively to the MIS 9,11,13,15,17,and 19. As the terraces older than 500 ky cannot be dated using the 230 Th/ 234 U chronometer, we will test dating the oldest levels by using the SIS. For the youngest levels, we will compare the expected value (marine 87 Sr/ 86 Sr curve) and the observed one to discuss possible diagenetic effects.

We performed 59 87 Sr/ 86 Sr analyses on 48 samples (See Chapter 7 for further details about sampling and chemical preparation and mass spectrometry analysis). The results are presented in the Table 3.5 and Figure 3-17. The results of the 87 Sr/ 86 Sr analyses show that most of the samples present lower ratios than expected, except for the samples of the MIS 11 terrace, which present higher 87 Sr/ 86 Sr values.

Our first aim was to test the SIS as relative dating method for the oldest terraces. The results

show that 1) the analytic precision (i.e. ca 24 ppm) is not sufficient to distinguish isotopic ratios of samples with 100 -150 ky age difference and 2) a high dispersion of the values (in some cases far from the marine expected value) is observed, due to possible diagenetic processes.

This dispersion could be used to discuss the mechanism responsible for coral alteration as: 1) A recrystallization/neomorphism, such as aragonite to calcite transformation of coral skeleton with Sr departure, is not expected to change the 87 Sr/ 86 Sr signature. 2) Recrystallization with marine Sr not very late (some ky or tens of ky) after coral growth is not expected either to change drastically the isotopic Sr signature. 3) An important variation with respect to the marine isotopic signature is indicative of Sr input from the continent. Indeed, basalts have low 87 Sr/ 86 Sr ratios similar to 0.70352 ± 15 [START_REF] Lanphere | 87sr/86sr ratios for basalt from loihi seamount, hawaii[END_REF] while granite, depending on their initial composition and their ages, have a 87 Sr/ 86 Sr ratio below 0.706 [START_REF] Shibata | Initial 87 sr/86 sr ratios of plutonic rocks from japan[END_REF][START_REF] Lee | Geochemical implication of 87sr/86sr ratio of high-temperature deep groundwater in a fractured granite aquifer[END_REF] or more generally higher values close to 0.72638 ± 4 [START_REF] Gray | A strontium isotopic traverse across the granitic rocks of southeastern australia: petrogenetic and tectonic implications[END_REF].

The shift (from marine values) of coral Sr isotopic composition toward lower values, except for samples Aq15, Aq27, Aq28, Aq29, Aq30, and Aq73, indicates that our samples incorporated nonmarine Sr with low radiogenic value. This Sr with poorly radiogenic composition could originate from the basaltic dikes that intruded the Precambrian basement in the surroundings of the Gulf of Aqaba [START_REF] Eyal | The tectonic development of the western margin of the gulf of elat (aqaba) rift[END_REF][START_REF] Weinstein | The dead sea transform and the volcanism in northwestern arabia[END_REF][START_REF] Roobol | Cenozoic faults and recent seismicity in northwest saudi arabia and the gulf of aqaba region[END_REF].

For the samples Aq15, Aq27, Aq28, Aq29, Aq30, and Aq73, the higher 87 Sr/ 86 Sr ratios above the marine value indicates that these samples are affected by incorporation of non-marine Sr with high radiogenic value. This high Sr ratio could originate from the surroundings granitic Precambrian basement.

Because the incorporation of high or low Sr radiogenic composition on selected samples with similar history is difficult to conciliate, we search to understand the concurrent presence of samples with high and low 87 Sr/ 86 Sr ratio at a same sampling site.

In detail, if we look at the samples presenting high 87 Sr/ 86 Sr ratio incorporated basaltic Sr-rich particles thanks to an aquifer, while the samples with high 87 Sr/ 86 Sr ratio incorporated non-marine Sr with a high radiogenic value thanks to freshwater flowing from the mountains and loaded with particles coming from the eroded granitic basement.

Laser ablation 87 Sr/ 86 Sr analysis

The sampling for the classical strontium isotopic analyses has been realized on a little piece (dissolved and purified through chromatographic columns, see details in Chapter 7) that includes more or less altered parts of the coral. In order to try to differentiate different zones with different alteration stages, we measured strontium isotopic composition by laser ablation coupled with MC-ICPMS, according to a protocol by Thil et al.(in prep).

We applied this technic on 3 samples (Aq 13, Aq 73, and Aq 75) from the terraces T3, T8 and T9. We realized a total of 47 analysis lines (see Chapter 7 for details about the analytical procedure). The lines have been realized along and across the pristine and/or the diagenetized The green line represents the variation of the 𝛿 234 𝑈 of the modern sea water with respect to its 87 Sr/ 86 Sr ratio.

during a recrystallization event.

In addition, the fact that our results present higher 𝛿 234 𝑈 activity and lower 87 Sr/ 86 Sr values than expected, is consistent with the idea of the incorporation of exogenous strontium and is consistent with the hypothesis of [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF] which estimated that a coastal aquifer lead to an aragonite-aragonite recrystallisation and an increase of the 𝛿 234 𝑈 activity ratio. However, the single process of recrystallization with freshwater cannot explain alone the presence on a same site of samples with high and low 87 Sr/ 86 Sr ratio.

Conclusion

We dated the corals collected in March 2017 on the uplifted coral terraces of the Gulf of Aqaba in order to estimate the tectonic uplift of the area. On the total of the 42 studied samples, 30 of them presented clear sign of diagenesis either because the U concentration is too high or too low compared to regional corals, or because of the presence of calcite. Among those presenting 100% of aragonite, there is even diagenesis due to the presence of secondary aragonite, leading to the estimation of non-reliable ages. We tested 3 models of corrections that allowed us to recover some ages on the total of the 12 usable samples.

Our data (using both ages on pristine samples and modeled ages on the slightly altered ones) permit to determine terraces ages at 5.9 ± 0.03 ky, 121 ± 0.85 ky, and 205 ± 3.25 ky.

The 230 Th/ 234 U analyses (Table 3.2) reveal that the three main first levels of terraces, named T1, T2 and T3, have been formed during interglacial Marine Isotopic Stage (MIS) periods (Figure 3-9) more precisely during the MIS 1 (∼ 6ky), MIS 5a (∼ 100 ky), 5e (∼ 125 ky), 7a (∼ 200 ky) and 7c (∼ 240 ky) sub-stages. The 230 Th/ 234 U analyses revealed also that the marine terraces T7, T8, and T9, ranging at an elevation over 82 m are older than 500 ky, because the secular equilibrium between 234 U and 230 Th is reached, but younger than 2 My, because the secular equilibrium between 234 U and 238 U is not yet achieve. Consequently, we consider that the terraces T4, T5, T6, T7, T8

and T9 are respectively associated to the MIS 9,11,13,15,17,and 19.

The use of the strontium isotopic composition did not allow to constrain the age of the oldest samples because 1) the isotopic marine curve have little variation compared to analytical precision achieved using MC-ICPMS analysis (by both liquid or laser ablation mode) and 2) because of clear isotopic perturbation due to possible diagenetic alteration. Our results confirm that secondary mineralization appears in our samples. Important shifts in the 87 Sr/ 86 Sr coral signature (leading to both lower or higher signature than marine curve) indicate that Sr is incorporated during coral diagenetic process (a simple Sr departure would not change its isotopic signature). The shift toward higher isotopic signatures in some cases and toward less radiogenic signatures in other cases suggest distinct Sr source and/or diagenetic process.

The presence of a coastal aquifer [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF] as well as freshwater flowing at the 3.6. CONCLUSION surface of the terraces may be the primary source of the recrystallisation, but we also supposed that particles transported by the wind can also interfere with the isotopic signals.

In the same manner, U-series data permitted us to identified different step and mode of alteration, with in some cases U departure and in other U income (with different signatures), and possible Th mobility [START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF].

As many studies and results are based on the 230 Th/ 234 U and 87 Sr/ 86 Sr analyses, the estimation of biased ages due to the diagenesis should remind to the scientific community the necessity of a better assessment of the processes engaged in the diagenesis. In order to estimate the impact of the diagenesis on the 230 Th/ 234 U ages or strontium analyses, further investigations to estimate the percentage of remobilization and identify in which conditions the uranium and strontium are remobilized (temperature, pressure conditions, precipitation-dissolution conditions) in the coral skeleton would be helpful to the scientific community as today, even if a numerous models and approaches have been tried, no magic tool exists to measure the impact of the recrystallisation.

Introduction

Assessment of the vertical deformation along a plate boundary is not always possible and particularly along transform faults, were most of the deformation is accommodated by horizontal strike-slip motion. Most often, the vertical motion relates to compressional or extensional motion in addition to the dominant strike-slip displacement. The vertical motion results from the combination of the position of the eulerian pole and some irregularities of the fault geometry [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF]. On the long time scale, however, the vertical component of deformation has
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an impact on the finite deformation and can imprint the landscape morphology.

Here, we propose to study the southern termination of the 1200-km-long Dead Sea strike-slip fault system in order to assess the part of the vertical motion in the area and to discuss the implications of the strike-slip faults in the tectonic uplift.

With a left-lateral displacement of ∼ 5 mm/yr during the Holocene, defined both by geological markers [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Garfunkel | The long-and short-term lateral slip and seismicity along the Dead Sea Transform: An interim evaluation[END_REF][START_REF] Le Béon | Quaternary morphotectonic mapping of the Wadi Araba and implications for the tectonic activity of the southern Dead Sea fault[END_REF][START_REF] Garfunkel | The long-and short-term lateral slip and seismicity along the Dead Sea Transform: An interim evaluation[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Niemi | Late Pleistocene and Holocene slip rate of the Northern Wadi Araba fault, Dead Sea Transform, Jordan[END_REF][START_REF] Goren | Modes and rates of horizontal deformation from rotated river basins: Application to the Dead Sea fault system in Lebanon[END_REF][START_REF] Wechsler | Variable slip-rate and slip-per-event on a plate boundary fault: The Dead Sea fault in northern Israel[END_REF][START_REF] Bartov | Sinistral movement along the Gulf of Aqaba -Its age and relation to the opening of the Red Sea[END_REF] and by GPS displacement [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Hamiel | Crustal Deformation across the Jericho Valley Section of the Dead Sea Fault as Resolved by Detailed Field and Geodetic Observations[END_REF][START_REF] Reilinger | GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions[END_REF][START_REF] Sadeh | Crustal deformation along the Dead Sea Transform and the Carmel Fault inferred from 12 years of GPS measurements[END_REF][START_REF] Al Tarazi | GPS measurements of near-field deformation along the southern Dead Sea Fault System[END_REF][START_REF] Masson | Variable behavior of the Dead Sea Fault along the southern Arava segment from GPS measurements[END_REF][START_REF] Gomez | Global Positioning System measurements of strain accumulation and slip transfer through the restraining bend along the Dead Sea fault system in Lebanon[END_REF][START_REF] Pietrantonio | Kinematics of the Suez-Sinai area from combined GPS velocity field[END_REF][START_REF] Wdowinski | GPS measurements of current crustal movements along the Dead Sea Fault[END_REF], the horizontal motion is well constrained. However, the estimation of the vertical motion is still debated, as the deformation rate is small [START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF][START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF].

In this area, the interaction between the Dead Sea strike-slip fault system and the extensive Red Sea spreading center leads to the formation of a complex fault zone with faults oriented N20, along the main axis of the Dead Sea Fault, and faults oriented N140, along the main axis of the Red Sea spreading (Figure 4-1). At the intersection of these two systems, the Tiran island is the last on-land marker of the deformation at the termination of both systems (Figure 4-1B).

The Tiran island covers a surface of ∼ 63 km 2 , and is composed of two main part. The northern peninsula (∼ 12 km 2 ) is separated from the main southern part (∼ 50 km 2 ) by the Foul Bay. The two parts are connected by "the neck" [START_REF] Schick | Studies of the marine terraces T1, T2, T3, and T4, located from 1 m to almost 60 m above the mean sea level, revealed[END_REF]. The Tiran block is made of Precambrian basement (Goldberg and Yaron, 1978), covered by thick layers of evaporites of the Mio-Pliocene (Figure 4-1C). Along its south-western side, several levels of coral terraces have been preserved [START_REF] Goldberg | Tiran Island : an internal block at the junction of the Red Sea rift and Dead Sea transform[END_REF]Goldberg and Yaron, 1978;[START_REF] Schick | Studies of the marine terraces T1, T2, T3, and T4, located from 1 m to almost 60 m above the mean sea level, revealed[END_REF]. These well-preserved terraces provide a unique opportunity to study the progressive vertical deformation of the island, and thus, the tectonic uplift along a strike-slip plate boundary.

To do so, we first describe the morphology of the terraces preserved on the island. Then, based on the terraces, we develop an age model to decipher the uplift of the island, in order to understand the part of the deformation related respectively to the Dead Sea Fault system and the Red Sea [START_REF] Lisiecki | A Pliocene-Pleistocene stack of 57 globally distributed benthic D 18 O records[END_REF][START_REF] Grant | High rates of sea-level rise during the last interglacial period[END_REF][START_REF] Siddall | Sea-level fluctuations during the last glacial cycle[END_REF].

Coupling the eustatic variation over the Quaternary, the current altitude of the terraces, and their age, it is possible to determine the vertical deformation rate linked to the quaternary tectonic activity of the active faults [START_REF] Woodroffe | Coral reefs and sea-level change[END_REF]. In the case of significant tectonic activity, the terraces are found at several meters, tens, or even hundreds of meters above the current sea level (eg. New Guinea [START_REF] Yokoyama | Coupled climate and sea-level changes deduced from huon peninsula coral terraces of the last ice age[END_REF][START_REF] Chappell | Geology of coral terraces, Huon Peninsula, New Guinea: A study of quaternary tectonic movements and sea-level changes[END_REF][START_REF] Ota | Holocene coral reef terraces and coseismic uplift of huon peninsula, papua new guinea[END_REF],

Corinth [START_REF] Armijo | Quaternary evolution of the Corith Rift and its implications for the Late Cenozoic evolution of the Aegean[END_REF][START_REF] De Gelder | Lithospheric flexure and rheology determined by climate cycle markers in the Corinth Rift[END_REF], Aqaba [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], Chapter 3)).

On the contrary, with a low or absence of tectonic activity, the several levels of terraces are found at the same elevation and it is then difficult to extract any vertical signal (eg. Red Sea, [START_REF] Plaziat | Quaternary marine and continental sedimentation in the northern red sea and gulf of suez (egyptian coast): influences of rift tectonics, climatic changes and sealevel fluctuations[END_REF][START_REF] Plaziat | Diagenetic rejuvenation of raised coral reefs and precision of dating. The contribution of the Red Sea reefs to the question of reliability of the Uranium-series datings of middle to late Pleistocene key reef-terraces of the world[END_REF][START_REF] Bantan | Lithology, fauna and environmental conditions of the late pleistocene raised reefal limestone of the jeddah coastal plain, saudi arabia[END_REF][START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF]).

Another phenomenon needs to be considered to estimate the tectonic uplift. Indeed, due to the elastic nature of the crustal deformation, the vertical deformation at the fault decreases when one moves away from the fault. Hence, to determine the slip rate at the fault, which is different from a local uplift rate, it is important to factor in the distance between the fault and the terrace [START_REF] De Gelder | Lithospheric flexure and rheology determined by climate cycle markers in the Corinth Rift[END_REF][START_REF] Bott | Modeling the formation of a half graben using realistic upper crustal rheology[END_REF]. This quick attenuation can generate a different elevation of the same terrace depending on its distance to the fault. Because the uplift rate is determined by two parameters (e.g. the age and the elevation), the distance to the fault in relation to those paleo-markers, which record the uplift, must therefore be considered.

Methods

DSM calculation

We built a Digital Surface Model (DSM) with 0.5-meter ground posting from high-resolution

Pleiades satellite tri-stereo imagery. Using MicMac open source software [START_REF] Rosu | Measurement of ground displacement from optical satellite image correlation using the free open-source software micmac[END_REF], we processed the images following a three steps scheme in order to produce a DSM. First, control points over the three images are detected automatically by the software. Second, the three images are combined into a single floating image. Third, the software scans each image of the triplet with a window of four pixels and determines the relative motion of each pixel together before producing the DSM at 0.5 meters posting. During this last step, the associated orthoimage is also calculating using the obtained DSM. The resulting elevation of the DSM is calibrated using the location of the coast line obtained from the orthoimage, which should be at zero all along the gulf. To do so, we aligned vertically the DSM by matching the coast line elevation from the DSM with the average elevation of the mean sea level value determined with DGPS realized on-shore, before subtracting the value of the mean sea level to the entire DSM. We controlled the vertical uncertainty of the sea level used as reference by averaging the standard deviation of the vertical component of the DGPS for the measures of the sea level (see Supplementary A.4). Then, we proceed with a manual From this calibrated DSM, various hillshades, a slope map, and a contour map with 2 m spacing (see Supplementary A.5) have been generated using the GDAL open source software, in order to map in detail the numerous marine terraces along Tiran Island. The shaded topography was adjusted according to the orientation of structure of interest with an azimuth varying between N315 and N135, and with a low-angle altitude of the source of the light of 25°.

Coral terraces mapping

The coral terraces were mapped using the free open-source software QGIS. With the help of the different datasets (hillshades, slope maps, satellite ortho-images, and pictures from the field), we drew carefully the contour of each preserved surfaces from 0 m to almost 500 m above the actual mean sea level. Then, we laterally correlated the different levels of terraces, considering two surfaces at a similar elevation as part of the same paleo-terrace. We attribute a number to each terrace between T0 and T18, with T0 the actual terrace and T18 the uppermost uplifted terrace.

Radiometric age for age model calibration

The corals samples presented in this manuscript were collected during a field trip realized from 9 th to 16 th March 2017. A total of 79 samples distributed along the eastern part of the Gulf of Aqaba have been collected at 8 different sites. The elevation of the coral terraces where we collected samples ranges from 0 to almost 100 m above the mean sea level (amsl) and are separated into 9 distinct terraces, from T1 to T9, with T1 the terrace closest to the actual mean sea level and T9 the terrace at an elevation close to 100 m amsl. The coral samples have been sliced in the Institut de Physique du Globe de Paris (IPGP, France) in order to access into the pristine skeleton of the corals. Before dating, X-Ray Diffraction analyses were performed at GEOsciences Paris Sud (GEOPS, France).

Only samples having less than 20% of calcite have been selected for the radiometric chronology.

RESULTS

Table 4.3: Uranium-thorium ages of coral samples from the Gulf of Aqaba. Ages are expressed as thousands of years before the year 1950 (ky BP) and are corrected for detrital fraction using 230 𝑇 ℎ/ 232 𝑇 ℎ = 1.5 ± 50%. We used Excel spreadsheet from [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF] to calculate open-system ages for samples (marked with *) presenting a wrong 𝛿 234 𝑈 0 out of the defines limits (see text for details). Ar (%) is percentage of aragonite obtained by X-ray diffraction performed at GEOPS. The ages from the terrace T1 are consistent with the development of a coral terrace during the Holocene, after the last glacial maximum, when the sea level is close to the current mean sea level (+1 m [START_REF] Shaked | Late Holocene events that shaped the shoreline at the northern Gulf of Aqaba recorded by a buried fossil reef[END_REF][START_REF] Woodroffe | Mid-Pacifi c microatolls record sea-level stability over the past 5000 yr[END_REF]). The ages of the terrace T2 are consistent with the development of a coral terrace during the Marine Isotopic Stage (MIS) 5. Sample Aq 45 displays an age corresponding to the MIS 5c (90-110 ky) and samples Aq 43 and Aq 49 display ages of the MIS 5e (115-130 ky). During the MIS 5c, the global mean sea level was about -10 m below the actual mean sea level, while during the MIS 5e the sea level was around +4 m above the actual mean sea level [START_REF] Rohling | Antarctic temperature and global sea level closely coupled over the past five glacial cycles[END_REF][START_REF] Grant | High rates of sea-level rise during the last interglacial period[END_REF][START_REF] Siddall | Sea-level fluctuations during the last glacial cycle[END_REF]. The terrace T3 displays ages consistent with the development of the terraces during the MIS 7. Samples Aq 13a

and Aq 15 display a terrace formed during the MIS 7a substage, while the age of the sample Aq 79 agrees with a terrace formed during the MIS 7c substage. During the MIS 7a and 7e, the sea level was -3 m below the actual sea level [START_REF] Rohling | Antarctic temperature and global sea level closely coupled over the past five glacial cycles[END_REF][START_REF] Grant | High rates of sea-level rise during the last interglacial period[END_REF][START_REF] Siddall | Sea-level fluctuations during the last glacial cycle[END_REF].

After correction of the eustatic variations for each terrace T1, T2, and T3, we obtain uplift rates of respectively 0.17 ± 0.35 mm/yr, 0.13 ± 0.03 mm/yr, and 0.16 ± 0.05 mm/yr for the terraces in the Gulf of Aqaba.

Tiran island terraces

The marine terraces preserved along Tiran island are similar to the uplifted corals terraces from the Gulf of Aqaba. The terraces visible along the south-western side of Tiran island are depositional platforms, mainly formed by bio-construction of coral colonies. Along the isthmus separating the northern to the southern part of the island, the terraces are more generally erosional surfaces (or wave-cut surfaces).

In both cases, they display the typical morphology of a marine terrace, namely a flat surface limited at both ends by steep slopes. The flat surface gently slopes seawards. As defined by [START_REF] Armijo | Quaternary evolution of the Corith Rift and its implications for the Late Cenozoic evolution of the Aegean[END_REF], the marine terraces have a landward margin, named inner edge (see Figure 4-3) marked by the shoreline angle, and a seaward margin marked by an eroded edge. The succession of marine terraces imprints the landscape morphology like the succession of steps of a staircase.

Following this definition, we mapped in detail the coral terraces visible all along Tiran island. At least 18 levels of marine coral terraces are preserved along the south western side of the island, from 1 m to 500 m above the mean sea level, on a swath of ∼ 1.5 km parallel to the coast. The terraces are narrow and do not exceed 100 m in width (Figure 456).

Hereafter we describe the successive levels of terraces and we highlight the characteristics of each level. 

General description of the Tiran terraces

T0 -The first level (Level 0) corresponds to the living coral platform. It is found all around Tiran Island at a water depth ranging between 0 m and 5 m. In the north, the terraces T0 reaches nearly 5000 m in width in between Tiran island and the Ras Gasabah (Ras Qisbah) and Ras Alsheikh

Hamid. Conversely, along the southern coast of the island the platform is narrower, between 10 m and 130 m in width.

T1 -

The Level 1 is the first emerged level found along Tiran island. It is a fairly undeveloped level, locally marked by a coral terrace, or a marine notch. This level is clearly visible near the Foul bay and the isthmus separating the northern part from the southern part of the island. It becomes more scattered in the southwest part of the island, and is no longer visible along the southern coast.

This level is between 1 m and 5 m asl. and 40 m in width. Its elevation is not constant, but presents higher elevation values in the west than in the east, which is consistent with a tilt of the terrace towards the east.

T2 -The

T5 and T6 -Levels 5 and 6, both located southwest of the island, respectively at an average elevation of 80 m asl and 97 m asl on the south-west side and at an average elevation of 110 m 4.5. RESULTS

asl and 130 m asl on the west side, are two benchmarks levels along the island. Level 5 is about 20 m above Level 4, and Level 6 is about 17 to 20 m above Level 5. The Levels 5 and 6 are both well-developed and easy to recognize in the landscape. They are on average between 20 to 80 m in width, and locally up to 150 m. These two levels show a significant variation in their lateral elevation. Moving along the terrace, elevation changes from west to east from 110 m asl to 74 m asl for Level 5, and from 138 m asl to 95 m asl for Level 6. This shift in the elevation, respectively of 36 m and 43 m, shows a tilt of the terraces towards the east.

T7 -Level 7 is difficult to identify. It is outcropping only along the southwestern edge of the island over a width of a few meters, between 110 and 120 m asl. Level 7 is located about 10 m above Level 6. It is not possible to determine whether the terrace presents a tilt to the east or not. For the Level 4 (T4), Level 5 (T5), Level 6 (T6), Level 7 (T7), and Level 8 (T8), the differential elevation between each level remains constant. Considering a cyclic development of the terraces during the interglacial periods, we assume that the terraces are respectively from the MIS 9, MIS 11, MIS 13, MIS 15, and MIS 17. A more accurate age for each terrace will be discussed later using the age model.

T8 -

From the Level 9 (T9), relative dating is no longer possible since the gap between the different levels becomes too large, which induces a loss of correlation.

Age model

The uplift rate is determined with 𝑉 (𝑢𝑝𝑙𝑖𝑓 𝑡) = Δ𝑍/Δ𝑇 , with Δ𝑍 the differential elevation between two levels corrected from the eustatic variation, and Δ𝑇 the time gap between two Marine Isotopic Stages. This simple equation relies on the knowledge of the exact elevation and the exact age of each terrace. The exact elevation of the terraces is determined by the elevation of the inner edge (see [START_REF] Armijo | Quaternary evolution of the Corith Rift and its implications for the Late Cenozoic evolution of the Aegean[END_REF]). However, along the Tiran island, the location of the inner edge of the terraces is not accessible due to colluvium deposits. One could project the location of the inner edge on a cross-section perpendicular to the paleo-shoreline. Due to the limited geographical extent of the terraces, however, the virtual prolongation of the slope of the terrace would generate more uncertainties than considering the average elevation of each terrace as representative of the paleo elevation of the sea-level. Furthermore, because we are looking at the differential elevation between two successive levels to estimate the uplift rate, and because we consider that the terraces are formed at a similar depth, the absolute position of the paleo-shoreline is not needed. The exact location of the inner edge, however, is useful for the current level (T0), as the uplift rate of the upper levels is relative and is calibrated on the elevation of the actual sea level. To calculate the differential elevation between T0 and T1, we will use the maximum elevation of the current terrace (T0). The elevation of T0 is determined by the elevation of the low tide. Several authors [START_REF] Friedman | Geology and geochemistry of reefs, carbonate sediments, and waters, gulf of aqaba (elat), red sea[END_REF][START_REF] Mergner | Morphologie, ökologie und zonierung von korallenriffen bei aqaba,(golf von aqaba, rotes meer)[END_REF][START_REF] Gvirtzman | Fluctuations of sea level during the past 400 000 years: the record of Sinai, Egypt (northern Red Sea)[END_REF][START_REF] Shaked | Evolution of fringing reefs: space and time constraints from the gulf of aqaba[END_REF] estimated that the difference between the high and low tide in the area is about 1 m, which leads us to evaluate the position of the terrace T0 at 0.5 m below the actual mean sea level.

For the estimation of the time gap between two terraces, we will consider that the preserved and uplifted terraces on Tiran island are formed when the sea level is at its highest level during each MIS period considered. For the stages where the amplitude of the sub-stages are similar (e.g. MIS 7), we will test the different possible ages and we will choose the one giving an uplift rate consistent with the upper and lower terraces.

The first model (Figure 4-8A) was built on the assumption of a complete record of the eustatic cycle by the marine terraces of Tiran Island. Each terrace developed during the high-stand period is preserved along Tiran Island, which leads to record 18 MIS period from the MIS 1 terraces (Level This first model is based on the assumption that the marine terraces present a complete record of the climatic cycles. This hypothesis implied that the recurrence time between two climatic cycles is sufficiently long to raise and isolate the marine terrace from the next marine isotopic stage. In the case where the climatic cycles are shorter (short recurrence time) or stronger (max sea level higher than the elevation of the neo-formed terrace), the possibility of a remobilization of the neo-formed terraces cannot be rules out. Combining this idea with the fact that we are observing a slow tectonic uplift definitely suggests that terraces could not necessarily be isolated and that gaps in the marine terrace record might exist.

Building on this idea, we derived a second model. In this second model (Figure 4-8B), we assume that the uplift rate should be constant through the last 5 My, time of the last known event responsible of the change of the tectonic constrain along the Dead Sea Fault [START_REF] Butler | The structural response to evolving plate kinematics during transpression: evolution of the Lebanese restraining bend of the Dead Sea Transform[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF]. In this model, we also consider the possibility that some terraces might not have been preserved. Indeed, for the first levels (MIS 1 to MIS 21), the climatic cycles present a recurrence of ∼ 100 ky, while the older marine terraces (> MIS 21) present a recurrence time of ∼ 40-60 ky. In addition, we search to minimize the number of missing terraces in order to estimate a maximum uplift rate of the island. Based on these assumptions, we determine an uplift rate based on the first levels (MIS 1 to MIS 17) according to the constant topographic difference between two levels (∼ 20 m) and the constant climatic cycle variation (∼ 100 ky). Then, for the higher levels, we determine the relative age of the upper terraces by adjusting the age and the elevation of the missing levels. We search to fit the obtained uplift rate in the range of uplift rate determined with the lower levels. In this second model, the 18 levels preserved along Tiran Island register at least ∼ 2.4 My of tectonic uplift. The uplift rate determined from the first levels (MIS 1 to MIS 17) yields a value of 0.21 ± 0.02 mm/yr. The upper terraces, constrained by their measured elevation and an uplift rate similar to the lower levels, yield a value of 0.23 ± 0.05 mm/yr.

We suppose that the missing level MIS 19 corresponds to a lack of information at the surface of the island as the differential elevation between the MIS 17 and MIS 21 is around 40 m, so twice as the measured differential elevation between the youngest MIS. We assume that the MIS 19 level is probably masked by thick slope deposits and is no longer visible with the satellite imagery. This second model allows to obtain a solution that is both consistent with the regional tectonic history that suggests a constant uplift rate and with our observations. It also confirms our hypothesis that coupling a low tectonic uplift, here 0.2 mm/yr, with a short recurrence time of 40-60 ky induced by the climatic forcing, the terraces cannot be raised and decoupled from the mean sea level.

Because the uplift rate is a local value, the values determined previously might differ a bit depending on the interaction with local structures (i.e. faults or gravitational disturbance, which can trigger local higher or lower elevation values), or due to the different conditions of preservation of the climatic record. We calibrated the model on the south-western part of Tiran Island, where the record of the tectonic markers is the most regular, out of visible perturbations, and register the maximum of marine terraces. If we move eastward or westward, we expect that the uplift rate might change, as the record of the marine terraces on the southern side of the island is scarce and the record on the western side of the island seems affected by the off-shore fault located in the Strait of Tiran. 

Conclusion

The uplift rate of 0.23 ± 0.05 mm/yr of the Tiran block reflects the vertical motion along the Arabia-Nubia plate boundary over 2.4 My. The tectonic evolution of the block result in the interaction of the DSF system and the Red Sea spreading. The interplay between the two systems on Tiran

Island induces an uplift and a tilt toward the east of the latter. This tilt, revealed by the differential lateral uplift of the terraces, results from the activity of the Tiran strike-slip fault, while the general uplift of the whole terraces mostly results on the activity of the Hume normal fault.

Introduction

In the previous chapters, we focused on the study of the on-shore and off-shore structures and markers to estimate the activity of the different faults in the Gulf of Aqaba and Strait of Tiran areas. Thus, we have located the main active faults thanks to the new bathymetric map of the Gulf of Aqaba and revealed that the strike-slip motion is mostly accommodated by the faults oriented N20 located in the gulf (Figure 5-1). The uplifted marine terraces visible in the landscape along the eastern coast of the gulf, as along the southern edge of Tiran island and along the southern termination of the Sinai Peninsula, revealed also the important long-term vertical deformation generated by the Dead Sea Fault.

The horizontal and vertical motion along the Dead Sea Fault system is mostly driven by the position of the Eulerian pole [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF] and reference therein). It is assumed that the change in the position of the Eulerian pole lead to the formation of compressional and extensional area along the fault system [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF]. The change in the position of the Eulerian pole leads to the development during the last 5 My of the extensional component, and so, to the evolution of the vertical uplift along the Dead Sea Fault.

The timing to constrain this deformation is a longer time scale is crucial to evaluate the past history of the southern termination of the Dead Sea Fault system. For the horizontal component, although the timing of initiation of the Dead Sea Fault is still debated (see section 1.3), there is a consensus for a slip rate around 5 ± 1 mm/yr. This rate has been determined for the southern section of the Dead Sea Fault, based either on geological markers [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Garfunkel | The long-and short-term lateral slip and seismicity along the Dead Sea Transform: An interim evaluation[END_REF][START_REF] Le Béon | Early holocene and late pleistocene slip rates of the southern dead sea fault determined from10Be cosmogenic dating of offset alluvial deposits[END_REF][START_REF] Parker | [END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Niemi | Late Pleistocene and Holocene slip rate of the Northern Wadi Araba fault, Dead Sea Transform, Jordan[END_REF][START_REF] Goren | Modes and rates of horizontal deformation from rotated river basins: Application to the Dead Sea fault system in Lebanon[END_REF][START_REF] Wechsler | Variable slip-rate and slip-per-event on a plate boundary fault: The Dead Sea fault in northern Israel[END_REF][START_REF] Bartov | Sinistral movement along the Gulf of Aqaba -Its age and relation to the opening of the Red Sea[END_REF], or on geodetic measurements of the strike slip motion [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Hamiel | Crustal Deformation across the Jericho Valley Section of the Dead Sea Fault as Resolved by Detailed Field and Geodetic Observations[END_REF][START_REF] Reilinger | GPS constraints on continental deformation in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions[END_REF][START_REF] Sadeh | Crustal deformation along the Dead Sea Transform and the Carmel Fault inferred from 12 years of GPS measurements[END_REF][START_REF] Al Tarazi | GPS measurements of near-field deformation along the southern Dead Sea Fault System[END_REF][START_REF] Masson | Variable behavior of the Dead Sea Fault along the southern Arava segment from GPS measurements[END_REF][START_REF] Gomez | Global Positioning System measurements of strain accumulation and slip transfer through the restraining bend along the Dead Sea fault system in Lebanon[END_REF][START_REF] Pietrantonio | Kinematics of the Suez-Sinai area from combined GPS velocity field[END_REF][START_REF] Wdowinski | GPS measurements of current crustal movements along the Dead Sea Fault[END_REF]. This value brings a horizontal constrain to estimate the finite slip along the faults, and so, to reconstruct the past history of the area. Some earlier studies tried to reconstruct the past morphology of the Gulf of Aqaba [START_REF] Roobol | Cenozoic faults and recent seismicity in northwest saudi arabia and the gulf of aqaba region[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Bosworth | The Red Sea and Gulf of Aden Basins[END_REF][START_REF] Freund | The shear along the Dead Sea rift[END_REF], but the evolution of the vertical component remains unclear.

DATASET

For the vertical component in the gulf area, uplift rates between 0.1 mm/yr and 0.2 mm/yr has been mostly derived from the marine uplifted markers [START_REF] Barnea | Radiocarbon and U-Th dating of Holocene reefs from the northern Gulf of Aqaba : Implications for sea-levels , tectonics and reservoir ages[END_REF]; [START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF];

El-Asmar (1997); [START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF]; [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF]; [START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF]; [START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF]; [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]; [START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF], Chapter 3, Chapter 4 and reference therein). Study by [START_REF] Kohn | 1 Introduction[END_REF] of the uplift history of the crystalline basement along the Egyptian shore, in Sinai, allows putting a limit for the regional uplift between 0.1 mm/yr and 0.2 mm/yr. However, the interpretation of this uplift as resulting from regional doming did not allow constraining the part of uplift due to the Dead Sea Fault.

During the Mw7.3 1995 Nuweiba earthquake, the main deformation occurs off-shore. Most of the strike-slip deformation appears along the Aragonese fault [START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]; [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF]; [START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF]; Ribot et al. (Chapter 2)). In addition, a part of the vertical motion has been accommodated along on-land secondary faults (Figure 5-2) [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF] suggesting that along the Gulf of Aqaba, the deformation is partly partitioned between the main off-shore active faults and the on-land inherited structures.

This chapter focuses essentially on how the regional extension is accommodated by the faults located in the Gulf of Aqaba and surroundings. We aim to combine the results of 230 Th/ 234 U analyses [START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF]; [START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF]; Chapter 4) with cosmogenic dating and thermochronological ages performed on-land (Figure 5-1) [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]. In a first part, we will propose a reconstruction of the Gulf of Aqaba over the last 5 My in order to estimate the extension accommodated by the offshore fault system. Then, in a second part, in order to understand the tectonic evolution in the Gulf of Aqaba, we will discuss the consistence of the different rates obtained offshore and on shore, to propose a tectonic model of the area.

Dataset

This work, jointly conduct with M. Lefèvre, brings together different datasets: the 230 Th/ 234 U ages (see Chapter 3), the cosmogenic ages (see [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]), and the thermochronological ages (see [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]). 

Cosmogenic ages

The cosmogenic ages (see Figure 5-3 and Supplementary A.8), or 10 Be ages, are used to provide information about the age of the alluvial terraces. The slip rate deduced from the cosmogenic ages are calculated assuming that the surfaces on each side of the fault correspond to the same paleo terrace, thus, the differential elevation between the two surfaces correspond to the total motion of the fault. Consequently, the 10 Be ages give directly the slip rate of the frontal fault and is use to constrain the slip rate of the frontal fault in the thermokinematic model (see Figure 5-4).

DATASET

Thermochronological ages

The last dataset, the thermochronological ages (see Supplementary A.9), or (U-Th)/He ages on apatites, gives information about the exhumation rate of the samples. The estimation of the exhumation rate is based on the cooling ages if the local geothermal gradient is known [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF]. This last dataset is not directly comparable with the two other datasets. We built a thermokinematic model in order to transform the thermochronological ages into comparable data and use this dataset in combination with the two other datasets to understand the vertical uplift in the area.

Thermo-kinematic modelling

The thermo-kinematic models have been developed and run by [START_REF] Lefevre | Multidisciplinary approach to understand the long-term tectonic evolution of the left-lateral strike-slip dead sea fault system in gulf of aqaba[END_REF]. The model 

(

Tectonic evolution of the Gulf of Aqaba

Tectonic reconstruction of the Gulf of Aqaba: 5 My to present

The Gulf of Aqaba consists of a complex system of offshore and onshore faults, which accommodate strike-slip and extensive deformation. The main structures are located offshore and accommodate mainly strike-slip motion. Nevertheless, the observation of uplifted coral terraces along the coast demonstrates that the extension along these offshore structures is significant. Since the gulf is characterized by pull-apart basins and we have observations only along the eastern coast, it is difficult to estimate the total extension accommodated into the Gulf of Aqaba, particularly as the dip of the faults is poorly constrained [START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF][START_REF] Ben-Avraham | Structural framework of the Gulf of Elat (AQABA), Northern Red Sea[END_REF][START_REF] Ben-Avraham | The northern edge of the Gulf of Elat[END_REF][START_REF] Ehrhardt | Seismic study of pull-apartinduced sedimentation and deformation in the Northern Gulf of Aqaba (Elat)[END_REF]. To circumvent these issues, we aim to reconstruct the time evolution of the geometry of the Gulf of Aqaba over the last 5 My due to the strike-slip motion along the Dead Sea Fault. At first, we proceed by involving only the offshore faults (Figure 56).

As The Gulf of Aqaba presents three successive pull-apart basins, which shape can inform us about the evolution of fault structures. Indeed, from an "ideal" pull-apart perspective, we consider that its length equals the amount of strike-slip motion during its formation and its width corresponds to the spacing between the two fault segments delimiting the basin. Secondary morphological events such as collapse of the graben walls can lead to a widening of the basins, but never to a shortening or narrowing. In the gulf, the shortest and narrowest basin is the Aragonese basin, suggesting that it is also the youngest one, even if today the Aragonese basin is the deepest depression of the Gulf of Aqaba. Therefore, for the most recent period, we accommodate the motion of the two blocks (Sinai and Arabia) along the Aragonese fault (N17) in order to close the Aragonese basin.

To determine the strike-slip motion accommodated offshore over the last 5 My, we need constrains on the slip rates of the main strike-slip offshore faults. At a geological scale, based on the cumulative offset measured along Miocene dykes, it has been shown that 2/3 of the total strike-slip motion was accommodated offshore [START_REF] Segev | Lithostratigraphy and paleogeography of the marine cambrian sequence in southern israel and southwestern jordan[END_REF][START_REF] Eyal | The tectonic development of the western margin of the gulf of elat (aqaba) rift[END_REF][START_REF] Garfunkel | Dead Sea Transform Fault System: Reviews[END_REF].

Since the main active fault system is located offshore, it is difficult to identify markers of the strikeslip motion under 1000 m of water depth. It is not excluded that more morphological markers are OF THE DEAD SEA STRIKE-SLIP FAULT SYSTEM present, but today, there are only few recently offset morphological markers which would allow us to measure the slip rate on shorter time scales. The only known marker is a coral reef near Eilat, displaced by the Evrona fault (e.g. [START_REF] Makovsky | Quaternary transform kinematics constrained by sequence stratigraphy and submerged coastline features: The Gulf of Aqaba[END_REF]). Several studies of this reef, point to a strike-slip rate of the order of 2.5-3 mm/yr during the Holocene [START_REF] Makovsky | Quaternary transform kinematics constrained by sequence stratigraphy and submerged coastline features: The Gulf of Aqaba[END_REF][START_REF] Tibor | Active tectonic morphology and submarine deformation of the northern Gulf of Eilat/Aqaba from analyses of multibeam data[END_REF][START_REF] Hartman | Quaternary tectonic evolution of the Northern Gulf of Elat/Aqaba along the Dead Sea Transform[END_REF], which would confirm that only 2/3 of the left-lateral motion is accommodated offshore since the total rate between the plates is closer to 5 ± 1 mm/yr (e.g. Le [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF]; [START_REF] Masson | Variable behavior of the Dead Sea Fault along the southern Arava segment from GPS measurements[END_REF]). Following this hypothesis of an accommodation of 2/3 of the strike-slip motion in the gulf, we would expect 15 km of cumulated offset in the gulf over the last 5 My. A second hypothesis of an accommodation of the entire strike-slip motion in the gulf can be discuss as lower Miocene deposits in the Midyan basin (28°13'48", 34°57'17") do not seem to present any marks of strike-slip deformation, suggesting that the on-land faults have not accommodated any strike-slip motion during the last 7 My [START_REF] Garfunkel | Dead Sea Transform Fault System: Reviews[END_REF]. In that case, we expect that the 5 ± 1 mm/yr of displacement is entirely accommodated by the offshore faults, yielding a total of 25 km accommodated over the last 5 My.

Accommodation of 3 mm/yr of strike-slip in the gulf

When backslipping 15 km of displacement along the main offshore faults with a N17 direction, we close the Aragonese basin . This basin opened into the preexisting Arnona basin, which has a slightly different orientation (N30 compared to N20). Hence, proposing that the Aragonese basin opened 5 My ago would make it coincide with the change of the regional constraints and explain the difference in orientation between the two basins.

These 15 km of displacement also partly close the remaining basins in the gulf. For instance, the southern part of the Tiran basin presents four small parallel normal faults spread over 8 km. Seismic reflection studies highlight the presence of additional parallel normal faults which do not reach the surface in the Strait of Tiran [START_REF] Mart | Tiran Straits : The transfer zone between the Red Sea and the Gulf of Elat and its tectonic signi fi cance[END_REF]. The southernmost one dipping to the north delimits the Gordon reef (28°00'43", 34°28'21"), and lies 7 km south of the others. Accommodating 15 km of displacement then corresponds to closing the interval between these faults, and aligns the Dakar and Tiran faults, implying that the relay zone in the Strait of Tiran and these four small normal faults were formed during the last 5 My. This also suggests that 5 My ago the fault at the eastern border of the Tiran-Dakar basin accommodated more strike-slip motion than presently.

Regarding the Eilat basin, this displacement appears to be linked to the formation of the deepest part of the Eilat basin (Figure 56).

Moreover, we notice that inverting the 15 km of strike-slip displacement along the main offshore faults with the direction of the Aragonese fault creates a gap between the plates bordering several basins. This gap can be interpreted as the result of extension in the gulf during the last 5 My. This extension was accommodated by the faults bounding the basins and locally activated transversal faults. Thus, in the southern part of the gulf, in order to adjust the reconstruction, one needs to accommodate some displacement along the fault dividing the Tiran and Dakar basins, suggesting that the individualization of these two basins took place during the last 5 My. In the same way, in the northern part of the gulf, the western margin of the Eilat basin is discontinuous, and to close the deepest part of this basin, one needs to accommodate some strike-slip motion along the small step between the two parts of the Eilat fault, so as to align them (Figure 56). From the motion along the transversal faults, we can estimate the amount of extension that was accommodated in the different parts of the gulf during this stage of deformation, corresponding to 1.8 km in the Eilat basin and 1.6 km in the Dakar-Tiran basin.

Accommodation of 5 mm/yr of strike-slip in the gulf

If we consider that there is 5 mm/yr of strike-slip displacement in the gulf itself, we need to accommodate an additional 10 km along the main structures during the last 5 My. Assuming that the constraints do not change much during this period, these 10 km have to be accommodated along a similar main direction (N17). In the central section of the gulf, given that the first 15 km correspond to the closure of the Aragonese basin (Figure 5-6), we assume that the 10 remaining kilometers are accommodated between the pre-Arnona and Dakar basins (Figure 567). Based on the geometry of the Arnona basin, we propose that in this scenario the northeastern part of this basin was opened last, as it is more aligned to the general gulf direction than the southwestern part.

Coevally we observed the gradual closure of the Tiran-Darkar and Eilat basins, which show only 

Comparison of the different fault slip rates across the gulf area

We are interested in the extensive deformation in the gulf, so first, we need to identify the corresponding active structures. The presence of an alluvial plain on the Saudi side allows us to easily identify a number of structures that are active during the Quaternary [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]. The orientation of the faults oriented N20 is reminiscent of the structures described in the Sinai [START_REF] Hildebrand | Structure of the western margin of the gulf of elat (aqaba) in the wadi ei quseib-wadi haimur area, sinai[END_REF][START_REF] Shalaby | Fracture patterns of the drainage basin of wadi dahab in relation to tectoniclandscape evolution of the gulf of aqaba-dead sea transform fault[END_REF], and are associated to an important vertical displacement, but affect old deposits and did not constrain precisely the time of activity of these faults. The geometry of these different structures suggest some symmetry in the distribution of the on-land deformation on each side of the gulf. We thus distinguish two major fault systems, which accommodate the deformation (both strike-slip and extensive) in the region: the offshore fault system and the on-land fault network. Morphological markers then allow us to put constraints on each system with respective contribution to the overall accommodation of the deformation. In the following we will discuss our result together with Be dating and thermo-kinematic results obtained by M. Lefevre to derive a general model of the area. For sake of space, however, we do not discuss here the details of M.

Lefevre measurements, which can be found in her PhD.

The on-land fault system

Regarding the on-land fault system, little quantitative data is available on the normal faulting activity of these structures. The only precise measures come from the cosmogenic dating (see Figure 5-1 and Supplementary A.8 extracted from [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF]). These dates inform us on the activity of the frontal fault which separates the Precambrian basement from the alluvial plain (see Figure 5-2), which has a major impact on the local morphology. The slip rate obtained for this fault is 0.23 ± 0.02 mm/yr. We do not have much other constrains on this rate, but this is consistent with previous GPS measurements on the Saudi coast, which found vertical slip rates between 0 and 1 mm/yr, i.e. close to the detection threshold, especially since this is not the only active fault on this side of the gulf (Castro-Perdomo, 2019).

In a more long-term perspective, in order to determine when this on land extension started, we used thermochronological dating (See Figure 5-1 and Supplementary A.9 extracted from Lefevre (2018)). However, the wide dispersion of the results (Supplementary A.9) suggests that the samples, currently present near the surface, were already in the partial retention zone of apatite at the onset of the uplift, which makes the direct geodynamical interpretation of the obtained ages more difficult.

Overall, these measures suggest a very slow uplift rate prior to 5 My ago, but we cannot tell if this exhumation is due to regional doming [START_REF] Kohn | 1 Introduction[END_REF][START_REF] Avni | Oligocene regional denudation of the northern afar dome: Pre-and syn-breakup stages of the afro-arabian plate[END_REF] or to uplift along the gulf structures. Hence, we used the thermo-kinematic model, which allow us to refine our estimate of the uplift rates as well as the timing of the different phases of vertical deformation in the gulf region. For the frontal fault, which accounts for the on-land deformation in the model, we obtained a slip rate of 0.1 ± 0.02 mm/yr for the period starting 5 My ago, of which around 40% translates into uplift while the remainder is associated to the subsidence of the hanging wall. This slip rate is lower than the one obtained from cosmogenic dating, but this can be explained by the fact that they are not obtained over the same time window. Indeed, the thermo-kinematic model yields an average slip rate for the last 5 My while the slip obtained from cosmogenic dating is averaged over 70 ky. Hence, if we consider that the on-land faults were reactivated there is 5 My ago, following the change of Eulerian pole (e.g. [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Joffe | Plate kinematics of the circum Red Sea-a[END_REF])), we can expect that the slip rate did not reach its maximal value immediately, as it is assumed by the model. In addition, even though the proposed uplift rates for the on-land structures, is quite low, the model shows that the ages measured by thermochronological dating (Figure 5-5) cannot be explained without on land deformation.

The off-shore fault system

The thermo-kinematic model also provides insights on the offshore activity. Indeed, we are trying to constrain the coast uplift rate, which is linked to the movements along the offshore faults. According to the model, the uplift rate of the coast is of the order of 0.28 mm/yr, corresponding to a slip rate of 0.65 mm/yr on the offshore fault.

If the fault dip is 85°, this yields a horizontal component of the movement of 0.05 mm/yr and a vertical component of 0.59 mm/yr. The impact of the fault dip on the model has not been can be explained either by the fact that some earthquakes have been missed, as offshore systems are harder to investigate and the area is scarcely populated, or by considering that this difference is real and that the lower rate observed on the offshore strike-slip slip faults is due to the fact that part of the strike-slip deformation is accommodated on land. The precise location of on-land and off-shore earthquakes would tend to validate one or either hypothesis as the sustained seismicity inform on the active structure. The dispersion of the seismic network along the eastern coast of the gulf allow a precise latitudinal estimation of the location of the earthquakes (Figure 5-8), however, the longitudinal dispersion is difficult to estimate but it is clear that some on-land earthquakes occur, even if they are not well-localized. This would tend to validate the first reconstruction model as it mean that on-land faults are also accommodating a part of the deformation. ). We can however note the presence of other levels of coral terraces, with sites presenting up to 18 different levels as in the Tiran Island (Goldberg and Yaron (1978); [START_REF] Goldberg | Tiran Island : an internal block at the junction of the Red Sea rift and Dead Sea transform[END_REF]; Chapter 4) or other sites inside the Gulf of Aqaba with between 5 to 10 levels [START_REF] Al-Rifaiy | The fossil coral reefs of al-Aqaba, Jordan[END_REF]; Chapter 4).

In the area where the cosmogenic and thermochronological samplings were carried out, two coral terraces have been dated and yield an uplift rate for the coast of the order of 0.12 mm/yr [START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF], which is lower than the rate obtained in the thermo-kinematic model. Nevertheless, other sampling sites along the gulf present uplift rates that are more similar to the ones obtained in the model. This is one of the highest rates in the gulf, in an area relatively far from the main strike-slip offshore fault, but quite close to the Haql fault, which is a normal fault that shows signs of activity (see Chapter 2). Along the Aragonese basin, the uplift rate is around 0.12 ± 0.01 mm/yr (Figure 5 this area many marine terraces have been recorded, including some that are not associated to the main interglacial peak, but to marine isotopic sub-stages (Chapter 3; Chapter 4). Based on these observations, this terrace in the peninsula would be the equivalent of the 8 m-high terrace level observed in Tiran, which formation could be related to the MIS 5c (around 96 kyr). The observed age difference could be explained by diagenesis problems. Indeed, several samples along the gulf present numerous secondary aragonite recrystallizations. Such recrystallization leads to migration of part of the uranium [START_REF] Lazar | Diagenetic effects on the distribution of uranium in live and Holocene corals from the Gulf of Aqaba[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], and therefore impacts the estimated age. Besides, at this site, only one sample could be dated, and this sample was not completely pure.

Latitudinal variation

Thus, if we relate this site to MIS 5c, after correction of the eustatic variations [START_REF] Siddall | Sea-level fluctuations during the last glacial cycle[END_REF][START_REF] Rohling | Antarctic temperature and global sea level closely coupled over the past five glacial cycles[END_REF], the corresponding uplift rate is then 0.20 ± 0.02 mm/yr, similar to what is obtained for the Tiran island terraces (of the order of 0.23 ± 0.05 mm/yr) (Figure 5-10).

We notice that the elevation of each terrace varies from one place to another, and so, generate differences in uplift rates along the coast (Figure 5-10). We could expect that these variations are linked to differences in the distance between the coast and the main active faults, as observed in the Corinth gulf (e.g. [START_REF] Armijo | Quaternary evolution of the Corith Rift and its implications for the Late Cenozoic evolution of the Aegean[END_REF]; de Gelder et al. ( 2019)). Indeed, in such extensional contexts, the uplift results from an interaction between the movement along the fault and the elastic flexural deformation of the footwall, thus the uplift decreases away from the fault (e.g. de Gelder et al. ( 2019)). We also expect the uplift to be reduced in the northern part of the gulf since GPS measurements show less extension around Eilat. However, our observations do not fit the expectations of a relation between the distance to the fault and the uplift rate as the slowest rates are measured very close to the fault (e.g. near the Aragonese basin). Consequently, we propose that these latitudinal variations result from the interactions between the offshore fault system and the various on land faults. Studies of the on-land strike-slip deformation show that the area accommodating deformation widens to the south of the gulf [START_REF] Eyal | The tectonic development of the western margin of the gulf of elat (aqaba) rift[END_REF][START_REF] Garfunkel | Dead Sea Transform Fault System: Reviews[END_REF]. To the north, it is limited to the fault bounding the Wadi Arab, while in the central part of the gulf the deformation affects a 20 km wide area on each side of the gulf, and keeps widening southward.

On-land faults location and activity

At the latitude of the Eilat basin, a single main fault accommodates the deformation on land. The fault is located at the limit between the Precambrian mountain range and the alluvial plain. The fault dips towards the gulf and generate the decrease of the elevation of the coast (Figure 5-10).

To the south, facing the Aragonese basin, the deformation area becomes wider and presents a steep topography associated to several parallel normal faults. The faults, which accommodate the extension, are located into the Precambrian basement and separates the latter into several blocks. Since these faults dip towards the gulf, they tend to lower the coastal plain, and the more extension is accommodated on land, the more we expect the coast to be lowered by these faults.

Independently of which Eulerian pole is used to estimate fault-normal motion across the Dead Sea Fault, the trend is to have slower rates near Eilat in comparison with location farther south in the gulf. So, we expect that the on-land activity would be reduced accordingly (Table 5.1). The coastal plain to the north would thus be less lowered than near the Aragonese basin. The combination of this trend with the successive normal faults near the Aragonese basin would explain the apparent higher uplift rates obtained with the corral terraces to the north and the lower uplift rate near the
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Aragonese basin.

More to the south (Figure 5-10), near the Dakar and Tiran basins, the uplift rates of the coast are more important (around 0.2 mm/yr), while the deformation zone on land is much larger and includes many faults. These faults, however, are laid out differently from their northern counterparts, as they are distributed on each side of a distinct basin, the Midyan basin. Indeed, even though the Midyan basin is formed simultaneously to the Red Sea (see seismic surveys from Tubbs et al.

(

)), evidence of recent deformation is associated to normal motion along the two north-south faults bounding the basin and dipping towards the basin [START_REF] Tubbs | Midyan Peninsula, northern Red Sea, Saudi Arabia: Seismic imaging and regional interpretation[END_REF], such as the Ifal fault which has been reactivated since the Lisan formation deposited during the Pliocene [START_REF] Hughes | Lithostratigraphy and depositional history of part of the midyan region, northwestern saudi arabia[END_REF]. In this area, we thus suppose that the east-west extension is accommodated in the gulf and in the Midyan basin. Since the on-land faults closest to the coast dip to the east, the coast is not lowered by their activity, explaining the larger apparent uplift rates (Figure 5 In the following we present two activation scenarios for these faults and the associated return time of seismic events responsible for the uplift on the on-land faults.

On a first scenario, we observed that during the 1995 strike-slip earthquake, fractures mostly down to the west occurred along the northern faults of the coastal plain (Figure 5-2). The uplift of the alluvial fan might thus be only due to secondary deformation during large earthquakes on the main offshore fault. In this case we can assume that the increment of deformation on the coastal faults during this large offshore earthquake is of the order of ∼ 15 cm, which is the average uplift observed after the 1995 earthquake (Figure 5-2). For the Wadi Al-Hasha fan (Figure 5-12), assuming that all the topography of the highest and oldest surface (S3) (i.e. ∼ 8.8 m in around 57.7 ky), would be built by increments of 15 cm, it yields a return time of about ∼ 1000 yr. The return time of large earthquakes in the gulf is not regular and it varies between 200 and 500 yr (e.g. [START_REF] Klinger | 5000 yr of paleoseismicity along the southern Dead Sea fault[END_REF]; [START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF]), which is significantly shorter than the estimated return time for the uplifted fans. In fact, the fault at the toe of this fan was not affected during the 1995 earthquake [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF], which would be consistent with a scenario where the bounding normal faults are not systematically activated simultaneously with the strike-slip fault.

On a second scenario, even if the recent seismic activity is dominated by strike-slip events, we can notice the occurrence of purely normal events in the catalogue, which are aftershocks of the 1995 earthquake or events of the swarm sequences in [START_REF] Lanphere | 87sr/86sr ratios for basalt from loihi seamount, hawaii[END_REF], 1990, and 1993[START_REF] Abdel-Fattah | Fault plane solutions of the 1993 and 1995 Gulf of Aqaba earthquakes and their tectonic implications[END_REF][START_REF] Pinar | Source inversion of the 1993 and 1995 Gulf of Aqaba earthquakes[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]Abd el aal and Badreldin, 2016). Thus, the uplift on the coast might be attributed to some of these events. The largest normal aftershock of the 1995 earthquake was of Mw5.2 [START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF] and the largest normal event during the swarm sequences that occurred in 1993 was of Mw5.8 (Abdel-Fattah et al., 1997;[START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]. According to the scaling laws of [START_REF] Wells | New Empirical Relationships among Magnitude , Rupture Length , Rupture Width , Rupture Area , and Surface Displacement[END_REF], this range of magnitude is associated to an average displacement of about 12-16 cm. This implies a similar return time as previously, i.e.

∼ 1000 yr. The uplift of the fans might thus be due to normal aftershocks occurring on the coastal faults, triggered by large earthquakes in the gulf.

In both scenarios, the observations fit with a return times of the big earthquakes around ∼ 1000 yr which imply that the on-land structure are not activated during all the activity periods of the Dead Sea Fault. This hypothesis agree with the general morphology, namely a deep depression where most of the strike-slip and dip-sip deformation is accommodated, and a non-negligible relief on the shoulder of the Gulf of Aqaba marked by the presence of a numerous markers of the tectonic activity.

Conclusion

While the dominant motion along the Dead Sea Fault is left-lateral, transtensional and transpressional features are often present. Thus, locally the motion is not necessarily purely strike-slip. The southern section of the Dead Sea Fault, the Gulf of Aqaba, is characterized by extension. This extension is accommodated by several structures most of which are localized offshore. Nevertheless, the morphotectonic map we realized for the southern part of the coastal plain along the Saudi coast highlights several secondary structures and show marks of quaternary activity. Some of these structures were activated during the 1995 Nuweiba earthquake, which occurred on the main offshore fault. The comparison of the thermochronological dating across the mountain range with the cosmogenic isotope dating on uplifted alluvial terraces along the frontal fault indicates an increase of the uplift rate since the Miocene. This increase seems to have occurred ∼ 5 million years ago, which corresponds to the reported age of the translation of the Euler pole associated to the rotation of Arabia related to Sinai [START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF]. This translation was associated with a regional change of the stresses along the fault, with the appearance of transpression in the northern part of the fault (north of Lebanon) and of transtension in the southern part of the fault, i.e. in the Gulf of Aqaba area. The increase of the extension in the Gulf of Aqaba led to an increase of the uplift rate on the main offshore fault, but also to the reactivation of inherited faults, localized on land. Several Precambrian faults on land present clear marks of deformation during the last 5 My [START_REF] Lefevre | Segmentation des grands decrochements, du cycle sismique a la deformation long terme, exemple de la faille du Levant[END_REF][START_REF] Hughes | Lithostratigraphy and depositional history of part of the midyan region, northwestern saudi arabia[END_REF], we thus assume that the extension on-land is accommodated along the same faults.

The coral terraces highlight a latitudinal variation of the coast uplift along the gulf, suggesting a possible variation of the extension rate along the different off-shore fault segments. Nevertheless, based on the study of the on-land fault system and of the tectonic reconstruction of the off-shore system, we reject this hypothesis. Regarding the perpendicular velocities obtained from the Eulerian poles (see Table 5.1), we assume that only the positive differential extension between the north and the south of the Gulf of Aqaba is representative of the opening of the Gulf of Aqaba. Indeed, the negative differential value of the extensional component would signify that the gulf area is in compression. This is not compatible with the general morphology as well as with the fault mechanisms extracted from earthquake source modelling [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Abou Karaki | La crise sismique du golfe d'Aqaba de 1983: implications tectoniques[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]. According to the different Eulerian poles, the variation of the differential extension rate between north and south range between 0.23 mm/yr and 0.66 mm/yr. We assume that such differences in the extension rate is not significative and could not really impact the uplift rate of the coast. Hence, we propose that the extension rate is homogeneous all along the off-shore fault system, and the uplift variations are just apparent and result from the activity of the on-land faults as some of them dip to the west and other to the east. We estimate the current total uplift rate across the eastern side of the gulf around ∼ 0.35 mm/yr which is almost ten times the rate calculated for the first stage of uplift during the Miocene. Even if such deformation rates are of low amplitude, this nevertheless changes the situation in term of hazard assessment, as it corresponds to secondary deformation in an area already presenting a high seismic hazard and going through a major economic development.

During this work, I sought to clarify how the deformation is transferred from a strike-slip fault system to an extensive fault system. To do this, I focused on the transition between the left-lateral Dead Sea strike-slip fault system and the extensive Red Sea fault system. This vast subject was impossible to fully explore in the given time. This is why we decided to focus our research on three main research axes.

The fault geometry in the Gulf of Aqaba

In a first part we searched to highlight the geometry of the faults that structure the Gulf of Aqaba.

For that we carried out two bathymetric campaigns on board the R/V Thuwal (2018,2019). The first campaign was focused on the Gulf of Aqaba, while the second one was located in the Strait of Tiran and the northern Red Sea. We hoped to carry out an accurate mapping of the entire Gulf of Aqaba and the Strait of Tiran, but local restrictions only allowed us to map the Saudi part.

The results of these campaigns were nevertheless fruitful. By coupling our results with the different datasets available, we were able to establish the first multibeam bathymetric map of the Gulf of Aqaba (see Chapter 2). Since the first bathymetric chart established by [START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF] in the 1980s, no update of the gulf bathymetry had been carried out in the Saudi part. We have thus been able to image with a resolution of 10 m, thanks to the technological advances, the active structures that control the morphology of the gulf.

Since the last major earthquake in the region in 1995 (Mw7.3, Nuweiba earthquake), which serious damaged the city of Nuweiba, and to less extent the cities of Eilat, Aqaba, and Haql, the issue of assessing the seismic hazard, in a region going through a fast economic development, is necessary. Indeed, following the Nuweiba event in 1995, a tsunami hit the coasts of the Gulf of Aqaba. The strongest wave was recorded at Nuweiba, reaching nearly 3-4 m [START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF], while in the cities of Eilat and Aqaba, a wave swept the coast, with a smaller amplitude [START_REF] Wust | The november 22, 1995, nuweiba earthquake, gulf of elat (aqaba), post-seismic analysis of failure features and seismic hazard implications[END_REF][START_REF] Frucht | A Fresh View of the Tsunami Generated by the Dead Sea Transform , 1995 M w 7 . 2 Nuweiba Earthquake , along the Gulf of Elat -Aqaba[END_REF]. This 1995 event is likely not the only earthquake that triggered a tsunami.

Indeed, geological record shows evidence of a small number of past tsunamis related to seismic events that occurred in the gulf, as shown by two offshore cores showing evidence of a major paleotsunami that occurred ∼ 2300 yr [START_REF] Shaked | Large earthquakes kill coral reefs at the north-west Gulf af Aqaba[END_REF][START_REF] Shaked | Late Holocene events that shaped the shoreline at the northern Gulf of Aqaba recorded by a buried fossil reef[END_REF][START_REF] Goodman-Tchernov | Holocene-era submerged notches along the southern Levantine coastline: Punctuated sea level rise?[END_REF].

During the Nuweiba earthquake in 1995, the proposed source models for this earthquake show some variability due to its off-shore location and due to the lack of direct slip observations and GPS measurements along and near the rupture zone [START_REF] Baer | Coseismic deformation associated with the november 1995, mw= 7.1 nuweiba earthquake, gulf of elat (aqaba), detected by synthetic aperture radar interferometry[END_REF][START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF]. Proposed values for maximum vertical slip range from 20 cm to 1.4 m, and proposed values for maximum left-lateral motion range from 2.1 m to 5 m [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF][START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF]. From the bathymetry analysis, the absence of deformation to the north and south of the Aragonese fault segment, suggests that the main sub-event of the Mw7.3, 1995 earthquake, is limited to the central 53 km long section of the Aragonese Fault. Thus, using the typical scaling low for strike-slip earthquakes (e.g. [START_REF] Wesnousky | Displacement and geometrical characteristics of earthquake surface ruptures: Issues and implications for seismic-hazard analysis and the process of earthquake rupture[END_REF]; [START_REF] Wells | New Empirical Relationships among Magnitude , Rupture Length , Rupture Width , Rupture Area , and Surface Displacement[END_REF]), a rupture length of 53 km corresponds to a Mw7.1 earthquake with a maximum displacement of 1.9 m. This observation seems more compatible, both in terms of location and size, with earthquake source models that include several cascading sub-events, than with source models involving a single sub-event [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Klinger | Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF][START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF][START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF].

In addition, we also highlighted, in the southern part of the Gulf, the presence of a fault of nearly 83 km long. Looking at the historical seismicity along the Dead Sea Fault, several authors have shown that the seismic activity of the fault is organized in temporal seismic swarms over a period of 100 to 200 yr and separated by a quiescence period of 350 to 400 yr [START_REF] Klinger | 5000 yr of paleoseismicity along the southern Dead Sea fault[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF]. In the southern Gulf of Aqaba, the last major earthquake before the one in 1995 is dated at AD 1212 or AD 1588 [START_REF] Ambraseys | Earthquakes in the Mediterranean and Middle East: A Multidisciplinary Study of Seismicity up to 1900[END_REF][START_REF] Bektas | Seismoturbidites in the Gulf of Aqaba during the past 500 years[END_REF]. In accordance with the fault activity model, we can therefore estimate that the Dead Sea Fault is close to rupture and that potentially the 1995 earthquake marks the beginning of a new seismic episode. Considering a slip rate of 5 mm/yr along the Dead Sea Fault [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF][START_REF] Parker | [END_REF], the cumulative slip deficit along the Arnona fault segment would be comprised between 2 m and 4 m, which corresponds to a potential earthquake of magnitude between 7.2 and 7.5.

A last important point: the presence of large alluvial fans visible in the bathymetry, that can be destabilized during a seismic episode, raises the question of the tsunamigenic hazard in the Gulf

THE VERTICAL DEFORMATION ALONG THE EASTERN BORDER OF THE GULF OF AQABA

attribution to one or either system is still discuss. [START_REF] Goldberg | Tiran Island : an internal block at the junction of the Red Sea rift and Dead Sea transform[END_REF] proposed that the tectonic uplift of the Tiran island began between 1.7 and 2.5 My. From the analysis of the terraces and the estimation of the age of the last visible markers at the top of the island, we propose that the island has been uplifted since at least 2.4 My.

However, it is easy to push this limit to 5 My, age of the last major known change of tectonic regime in the region (e.g. the change in position of the Arabia-Sinai rotation pole [START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Smit | The rift-like structure and asymmetry of the Dead Sea Fault[END_REF]). This limit would also increase the amount of uplift accommodated by the Tiran block. If we consider an uplift rate around 0.2 mm/yr, as suggested by the age model, over the time interval 0-5 My, the tectonic uplift is about 1000 m. Considering a motion of the order of 1/3 uplift for 2/3 subsidence along the Hume fault, the total motion between the top of the Tiran Island and the top of the Hume deep would be 3000 m. Today, the depth of the basin reaches 1400 m, leaving a differential elevation of 1900 m. We suppose that the missing part (∼ 1100 m) is due to the sedimentary filling of the Hume deep.

One question remains: to which fault system does the Hume fault belong? Indeed, the southward propagation of the Tiran Fault along the western boundary of the Hume and Sharm basins suggests that the normal fault is still associated with the Dead Sea Fault and is integrated into the enechelon system. Therefore, a last strike-slip fault delimiting the two basins to the east, and already covered by large salt deposits coming from the mainland, could continue towards the triple junction Red Sea-Gulf of Suez-Gulf of Aqaba [START_REF] Courtillot | The Sinai triple junction revisited[END_REF]. However, an alternative solution would be that the Tiran fault is the last strike-slip fault of the Dead Sea Fault system and would delimits a hemi-graben aligned with the whole system. In that case, the normal fault delineating the Tiran block is a normal fault belonging to the Red Sea fault system and the uplift of the Tiran Island is mainly the result of accommodation of the normal movement due to the propagation from the extensive Red Sea system to the Dead Sea strike-slip system. Our analysis leads us to lean towards the first solution, but nevertheless the second hypothesis is not to be ruled out. Further investigations are thus needed.
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times the rate calculated for the first stage of uplift during the Miocene.

To conclude this manuscript, the whole of this thesis work highlights the complex interaction between the senestral strike-slip fault system of the Dead Sea Fault and the extensive normal faulting of the Red Sea spreading system. We addressed numerous questions regarding the geometry and the location of the faults and assess that the deformation is partitioned between the on-shore and off-shore faults systems. We also deciphered a part of the history of the area of the Gulf of Aqaba and we estimated that the vertical motion, imprinted in the landscape, is driven by the activity of the Dead Sea Fault in the gulf, although the motion driven by the Red Sea spreading is never far away.

Perspectives:

The conclusions of this work raise new questions as to how the offset is distributed along the southern Dead Sea Fault section prior to the change in position of the pole of rotation, and how the strike-slip system connects to the triple junction Red Sea -Gulf of Suez -Gulf of Aqaba. In order to investigate this question, one would like to explore if the basin south of the Tiran island is the last pull-apart basin before connecting to the extensive system, or do additional steps, now masked by the large evaporite deposits in the Red Sea, propagate further south before connecting to the extensive system.

Beyond the multiplication of marine campaign to map the seafloor in the area, the issue of the seismic hazard in the area, which has been raised by the Nuweiba earthquake in 1995, should be addressed more thoughtfully. During our cruise in May 2018, we collected several cores in the different basins of the Gulf of Aqaba and Strait of Tiran. The 18 cores with length between 35 and 107 cm were analyzed and were able to give information about the past 800-1000 yr earthquakes [START_REF] Bektas | Seismoturbidites in the Gulf of Aqaba during the past 500 years[END_REF]. However, the fault activity model [START_REF] Klinger | 5000 yr of paleoseismicity along the southern Dead Sea fault[END_REF][START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF] suggest that such laps of time might barely represent the duration of one or two seismic cycles, and it is not sufficient to conclude on the actual seismic hazard in the area. We suggest that longer local contrast, or with a negative or positive peak in the brightness intensity (Figure 7-1). The number of control points is limited by the input parameters and classically corresponds to the half of the image size (e.g : for an image of 2000 × 2000 pixels, the number of control points is 1000).

Second, the three images are stacked on a single floating image. This step uses the previous determined control points. Third, the DSM at 0.5 meters resolution is calculated and its associated orthoimages calibrated on the obtained DSM. The pixel correlation software is based on a succession of five iterations. During the first iteration, the software calculates the relative displacement of pixels between the images with a resolution of a thumbnail size indicated in the input. In the next four iterations, the size of the thumbnail is progressively reduced, in a pyramidal way, to reach the size of the initial pixel of the images. During the last step, the software scans each image of the triplet with a square of four pixels and determine the relative motion of each pixels together.

Then, the relative motion is converted in elevation. By comparison with calibrated charts obtained by XRD measurements on powders with known percentages of aragonite and calcite, the diffractograms obtained allow a precise estimation of the amount of each mineral phase present in the sample.

In total, we performed 72+1 (small) and 2 (total) XRD analyses. Measurements were performed, with the help of Serge Miska, on an X'Pert Pro PANalytical x-ray diffractometer in the Géosciences Paris Sud laboratory (GEOPS, France), which is equipped with a copper x-ray tube (radiation length k𝛼 1 : 1,54Å). The samples were deposited on a non-reactive silicon support and analyzed between 24°-32°(2𝜃 copper) for the small window and between 6°-80°(2𝜃 copper) for the full-size window with a step size analysis of 0.0170°(2𝜃 copper). The obtained diffractogram (see Supplementary A.2) are then deconvoluted and input in Highscore Plus software to identify, by comparison with other databases, the mineral phases present in the sample. The percentage of Aragonite and Calcite in the samples is determined by comparison with calibrated abacus (Miska (pers.com)).

U-Th datation
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(Thermo Fisher Scientific) in order to prepare a 2 to 5 ml diluted fraction in 0.5M HNO 3 with ca 15 ppb of Sr used for the isotopic analysis. Isotopic ratios were determined using MC-ICPMS Ther-moFisher Scientific Neptune Plus fitted with a jet pump interface and an apex Ω desolvating system.

Corrections include blanks and Kr-Rb interferences, and mass fractionation using a normalization of the measured ratios to a fixed 88 Sr/ 86 Sr value at 8.3753 and exponential law. Even if recent studies underlined a slight fractionation of the strontium isotopes leading to a slight variability of the 88 Sr/ 86 Sr ratio in natural samples (see for instance for carbonate samples, [START_REF] Stevenson | Controls on stable strontium isotope fractionation in coccolithophores with implications for the marine sr cycle[END_REF]), this variation is low regarding the variability observed within the corals. A further correction using standard/sample/standard bracketing is used, with SRM987 as standard.

The validity of the entire procedure is controlled by repeated analysis of a reference material, here a marine carbonate (JCT modern giant clam) from the Geological Survey of Japan, with an expected value of 0.70915 ± 0.00005 [START_REF] Ohno | Simultaneous determination of mass-dependent isotopic fractionation and radiogenic isotope variation of strontium in geochemical samples by multiple collectoricp-mass spectrometry[END_REF].

Sr-Sr Laser

Following the analytical procedure of Thil et al. (in prep), we measured the isotopic composition along sections of three coral samples. Laser ablation was performed at the Laboratoire des Sciences du Climat (LSCE, France) with a NWR193 ERI ablation system. The beam diameter of the laser and repetition rate were adjusted according to the Sr concentration of the sample in order to get a signal of at least 5V on the 88 Sr. The beam diameter ranges between 75 𝜇m and 100 𝜇m, depending of the structures in the samples analyzed, and between 100 𝜇m and 150 𝜇m for the standards. The raster speed is fixed at 5 𝜇m/s except for the longer lines where the raster speed is fixed at 10 and 15 𝜇m/s.

During the analyses, the MC-ICPMS configuration measured simultaneously the signal of the masses 84, 85, 86, 87, and 88. We used the 88 Sr/ 86 Sr ratio with a value of 8,3753 to correct the mass bias of the 87 Sr/ 86 Sr ratio. The 82 Kr and 83 Kr were used to control the purity of the vector gas (Argon) and the blank level inside the laser chamber. During the analysis, we monitor also the masses 82 and 83 to control the interference from lanthanide. Mostly, in carbonates, the lanthanide concentration is low, but can be significant in case of detrital particles, especially with silicates average vertical uncertainty of 1.3 m for our bathymetric data. 7.1) are also indicated (red dots). 
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  case of the San Andreas faultFor the case of the San Andreas fault, the Gulf of California marks the transition zone between the two completely different tectonic regimes (Figure1-1). From Cape Mendocino in the north to Cabo San Lucas at the southern tip of Baja California Peninsula, the rightlateral strike-slip San Andreas fault separates the Pacific plate to the west to the North American plate to the east. At the southern termination of the San Andreas fault, the system is evolving linearly toward the extensive East Pacific Rise. In this case, the strikeslip system is aligned with the extensive system, and the deformation oriented parallelly to the San Andreas fault, jumps along the right-stepping faults localized in the Gulf of California. The right-stepping faults are separated by en-echelon normal spreading faults.The comprehension of this smooth transition from a nearly pure strike-slip motion toward a nearly pure extensive motion leads to estimate that the formation of the Gulf of California result into the displacement of the Baja California peninsula northward due to the opening of the East Pacific Rise and a transfer of the motion along the right-lateral system (Umhoefer
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 11 Figure 1-1: Tectonic setting of the Gulf of California and surrounding area. The red line represents the San Andreas-Gulf of California fault system. The relative motion between the plates is indicated by two arrows. The orange area represents the impacted area by the junction of the strike-slip system to the extensive system (Gulf Extensional Province). SAF = San Andreas Fault; IF = Imperial Fault; CPF = Cerro Prieto Fault; WB = Wagner Basin; GB = Guaymas Basin; E = Ensenada; SF = San Felipe; CT = Cabo Tepoca. Inset: M = Mendocino Triple Junction; R = Rivera microplate, extracted from Alvarez et al. (2009).

Figure 1

 1 Figure 1-2: (A) Schematic map of the Cenozoic extrusion due to the India-Eurasia collision. Bold lines represent the major fault or plate boundaries, thin lines represent less important faults. The white arrows represent the qualitative motion of the different block relative to Eurasia, black arrows represent the direction of extrusion-related extension. 1, 2 and 3 numbers represent the respective timing of motion of each block with 1: 50-20 My, 2:20-0 My, 3: recent and future. Extracted from[START_REF] Tapponnier | Propagating extrusion tectonics in asia: New insights from simple experiments with plasticine[END_REF]. (B) Simplified structural map with selected fault zones onshore and offshore Indochina and southernmost China. The red square represents the transition zone between the on-shore and off-shore area. AS: Ailao Shan metamorphic core complex, BLV: Bach Long Vi Island, DNCV: Dai Nui Con Voi metamorphic core complex, EVBFZ: East Vietnam Boundary fault zone, MPSZ: Mai Ping shear zone, TPSZ: Three Pagodas shear zone, and XXFS: Xianshuihe-Xiaojiang fault systems. Extracted from[START_REF] Fyhn | Late neogene structural inversion around the northern gulf of tonkin, vietnam: Effects from right-lateral displacement across the red river fault zone[END_REF].
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 13 Figure 1-3: Simplified map of the connection between the Sagaing Fault and the Andaman Sea Spreading. ATF: Andaman Transform Fault, ASSC: Andaman Sea Spreading Center, ANF: Andaman Nicobar Fault, SFS: Sumatra Fault System. Extracted from Jourdain et al. (2016).

Figure 1

 1 Figure 1-4: Schematic reconstruction of the evolution of the Sagaing fault zone over 32 My. The red line marks the position of the fault and its retreat northward due to the development of a sliver plate between the subduction (black line with small triangles) and the Sagaing strike-slip fault. (A) Reconstruction at about 4 My of the situation in the Andaman Sea. AR: Alcock Rise, SR: Sewell Rise, EB: East Basin, MR: Mergui Basin, IB: Invisible Bank, CF: Cocos Fault, EMF, Eastern Margin Fault, DF: Diligent Fault, O: Oceanic, C: Continental, SEU: Seuliman Fault, SFS: Sumatra Fault System. (B) Reconstruction at about 15 My, WAF: West Andaman Fault, RF: Ranong Fault, KMF: Khlong Marui Fault. (C) Reconstruction at about 23 My. (D) Reconstruction at about 32 My, MFZ: Mergui Fault Zone. Modified from Curray (2005).

  Figure 1-5: General map of the geological setting of the Arabian Peninsula.

Figure 1

 1 Figure 1-6: (A) Map of horizontal GPS motion of the Middle East relative to fixed Eurasia. The uncertainties on the speeds are given at 1𝜎. The simplified topography is taken from the SRTM 30 Plus. Modified from Reilinger et al. (2006) (B) Seismo-tectonic map of the Levant area showing the main structures along the Dead Sea Fault. Modified from Le Béon et al. (2008); Daëron et al. (2004); Elias et al. (2007).

Figure 1

 1 Figure 1-7: Geographical setting of the Dead Sea Fault (DSF). Modified from Le Béon et al. (2008); Daëron et al. (2004); Elias et al. (2007).
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 18 Figure 1-8: Map of major active faults in the Mount Lebanon region. The red line indicates the location of the Dead Sea Fault. Extracted and modified from Daëron et al. (2004).

  mark the northern extension of the Dead Sea basin in the Jordan Valley. The strong development of population and agriculture in the Jordan Valley masks the few markers of the tectonic activity of the Dead Sea Fault in this region.

Figure 1

 1 Figure 1-9: Map of the active faults in the Wadi Araba. The red lines represent the main left-lateral strike-slip fault, modified after Le Béon et al. (2012). Source imagery : World Esri imagery : Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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 1 Figure 1-10: Tectonic map of the Gulf of Aqaba showing the different active structures and pull-apart basins. To the north, the en-echelon system connects to the Wadi Araba with the Eilat fault. To the south, the Tiran fault crosses the Straits of Tiran towards the triple junction Red Sea-Gulf of Suez-Gulf of Aqaba. The red lines mark the main active strike-slip faults while the black lines represent the main normal faults. The geometry of the structures is discussed in Chapter 4 of this manuscript.Source imagery : World Esri imagery : Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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 1 Figure 1-11: Distribution of the deformation from the Dead Sea strike-slip fault toward the Red Sea spreading. The fault zone area (yellow area) is widening toward the south. Grey background is Landsat satellite imagery.
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 1 Figure 1-12: Simplified geological map of Sinai and the eastern margin of the Gulf of Aqaba. Modified from Segev et al. (1999) according to Eyal et al. (1980).
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 1 Figure 1-13: Reconstruction of the evolution of the Gulf of Aden-Red Sea-Dead Sea Fault since 24 My. (A) 24 My: Rapid propagation of the Red Sea spreading towards the NW and initiation of the rifting at the Gulf of Suez, the extension is perpendicular to the axis of the Red Sea, the Tethys Ocean closes in the north with the northward motion of the Arabian plate. (B) 20-13 My: Transition and rotation of the opening direction of the Red Sea toward a N20 axis (red arrows), initiation and parallel evolution of the Dead Sea Fault, abandon of the rifting in the Gulf of Suez. Beginning of the Arabian-Eurasian collision in the north. (C) 5 My: Change of the position of the Arabia-Nubia eulerian pole leading to a modification of the stress field along the Dead Sea Fault. Beginning of oceanization in the Red Sea. (D) 0 My: current state, accommodation of ∼ 105 km left-lateral strike-slip displacement along the Dead Sea Fault, propagation of the Red Sea spreading towards the NW. Extracted from Lefevre (2018) and modified after Bosworth et al. (2005).
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 1 Figure 1-14: (A) Location of the Arabia-Nubia eulerian pole with respect to fixed Eurasia in the Miocene and Pliocene (B) Schematic view of the modification of the position of the eulerian pole on the Dead Sea Fault. Extracted from Lefevre et al. (2018), after Garfunkel (1981); Le Pichon and Gaulier (1988); Smit et al. (2009).

Figure 2

 2 Figure 2-1: (A) Tectonic setting of the sinistral strike-slip Dead Sea Fault (DSF). Seismicity from the ISC earthquake catalogue 1964 -2015 (http://www.isc.ac.uk).The DSF connects to the north to the East Anatolian Fault System (EAFS) and to the South to the Red Sea ridge (modified from Le Béon et al. (2008)). GA: Gulf of Aqaba, ST: Strait of Tiran. (B) Multibeam bathymetric map of GA and ST with the main active faults, combining R/V Thuwal (2018), F/S Meteor (1999) and[START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF] datasets. The main strike-slip faults are in red while normal faults are in black. Fault traces have been simplified for clarity. The grey focal mechanisms corresponding to the successive sub-events for the, Mw7.3, 1995 earthquake, and location of the seismic swarm in1983, 1990, 1993 and other focal mechanisms after[START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF]. Grey background is Landsat 8 Imagery, courtesy of the U.S. Geological Survey (2018). ArF: Arnona Fault, AF: Aragonese Fault, DF: Dakar Fault, EF: Eilat Fault, HF: Haql Fault, TF: Tiran Fault.

  2-2A), using the GDAL free software we computed shaded bathymetry and slope map maps (Figure 2-2B & 2-2C) to help mapping the different active tectonic structures. The shaded bathymetries were calculated depending on the observed structure with an azimuth of N315 or N135 and with a low-angle altitude of the light source of 25°. The vertical resolution of the DEM is controlled by the pulse duration of the acoustic signal. The vertical resolution (R) can be calculated following R = v.d/2 with v the wave propagation velocity in water and d the duration of the signal. During the data acquisition, we tuned the pulse duration at 2 ms, and calibrated the wave propagation velocity with the CTD casts with values ranging between 1535 and 1558 m/s. Thus, it implies that the vertical resolution is 1.5 m.

Figure 2

 2 Figure 2-2: (A) Bathymetric map of the Gulf of Aqaba combining R/V Thuwal (2018), F/SMeteor (1999) and[START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF] datasets (B) Shade bathymetry of the Gulf of Aqaba with an azimuth of 315N and a sun angle of 25°(C) Slope map of the Gulf of Aqaba from low slope angle (white: 0°) to high slope angle (black: >45°). All maps are projected in WGS 84 -UTM 36N. On-land grey background from a Landsat-8 image, courtesy of the U.S. Geological Survey.

  The two basins in the northern part of the GA, the Eilat Deep and the Aragonese Deep, are well separated and display a typical pull-apart morphology. Southwest of the Aragonese Deep, near the Egyptian coast, is the smaller Arnona Deep. Further south, the Dakar and the Tiran Deeps, although they are morphologically distinct and separated by a small high, are bounded by a common set of faults; the Arnona strike-slip fault to the west, and the Dakar normal fault to the east. A sixth basin, the Hume Deep, is located in the southernmost section of the Dead Sea Fault, south of the Strait of Tiran. From north to south, the Eilat Deep averages to a depth of 900 m, the Aragonese and the Arnona Deeps average at depths of 1750 m and 1500 m, and the Dakar and the Tiran Deeps average at 1285 m and 1270m depths, respectively. The Hume Deep, that is located outside the proper GA, averages a depth of 1400 m. In fact, the depth of the different basins appears as a reverse image of the high topography surrounding the GA, with mountains reaching 1000 m and higher only a few kilometers off the eastern and western coasts of the GA. Hence, considering the narrowness of the GA at sea level, which does not exceed about 25 km at its widest, the GA corresponds to a dramatic topographic change reflecting upon the activity of the Dead Sea Fault system. These six basins are interconnected by 3 major left-lateral strike-slip faults, from north to south, the Eilat fault, the Aragonese fault, and the Arnona fault (Figure2-1B).

  respectively, similar to the strike-slip direction predicted from the position of the Euler pole between the Sinai micro-plate and the Arabian plate[START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF]. In addition, each basin is bounded by normal faults. The azimuth of the normal faults in the GA is either clustered around N20 or N160 (Figure2-1B). Indeed, the longer normal faults are sub-parallel to the Dead Sea Fault direction, which defines the long axis of the GA, about N20. The second set of normal faults, clustered around N160, corresponds to faults oblique to the GA, usually bounding basins to the north and the south.In the northern part of the gulf, the flat-bottom Eilat Deep is bounded by steep slopes.Along its eastern flank, northwest of the city of Haql, large canyons with well-developed submarine fans at their outlet incise through the topographic coastal escarpment formed by the Haql fault scarp (Figure2-2 & 2-3). The fault scarp is easily followed at the toe of the topography where one can often find a double scarp with values between 12m and 56m (see supplementary). We extracted 6 longitudinal profiles across these fans from our bathymetric dataset and projected these profiles with respect to the Haql fault (Figure2-3A). The profiles are showing regular undisturbed convex shape and no break-in-slope or knickpoint is visible along the cross-sections, except possibly along the D-D' profile, where a small perturbation is visible (Figure2-3B). This profile, however, is taken along the small fan D, onto which less sediments are likely deposited during local storms and could therefore preserve tectonic scarps longer than the larger fans (B, E, F). Thus, nowhere the surfaces of the fans A, B, C, F appear to have been disrupted by any recent fault activity, but at the southern end of the fault escarpment (Figure.2-3D) where a clear scarp is visible in the shaded topography and slope map. This scarp crosses about one third of the surface of the fan E before disappearing in the area, which corresponds to the current most active part of the submarine alluvial fan. This specific escarpment might possibly attest of some recent tectonic activity. Alternatively, this scarp might not be that recent and the preservation of the scarp would result from the scarp being protected from the sediment coming down the slope of the fan E by the large levee that is visible upslope from the scarp (Figure2-3D). This second possibility would be consistent with the fact that no recent scarp is visible either north or south along that strand. Although the morphology of the scarp indicates that this fault is dominated by normal motion, in a few places the shaded topography suggests that a small amount of strike-slip motion might have also been accommodated by this fault. Accurate quantification of lateral displacement, however, would require data with higher resolution.The western edge of the Eilat Deep is characterized by a set of sub-vertical cliffs going down to the bottom of the basin, as a direct continuation of the steep onshore topography.Unlike along the eastern shore, no wide coastal plain has developed along that part of the GA.Combining bathymetry, shaded bathymetry and slope map (Figure2-2), we could identify two fault sections along that edge of the basin that are connected by a left-stepping normal fault (29.3°N, 34.8°E). Despite the lower resolution of the bathymetric data along the western side of the Eilat Deep, in several places one can find evidence for cumulative left-lateral motion (Figure2-3A) of ∼200mz to ∼300m of left-lateral offset. It suggests that a significant part of the horizontal motion accommodated along the Dead Sea Fault system is taken up by that strand. The Eilat Deep is bounded both to the north and the south by NW-SE normal faults dipping toward the center of the basin[START_REF] Ben-Avraham | Structural framework of the Gulf of Elat (AQABA), Northern Red Sea[END_REF][START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF] 

Figure 2

 2 Figure 2-3: (A) Zoom-in of the northern part of the Gulf of Aqaba, along the morphological trace of the Haql fault (see location on Figure 2-2) with location of the cross sections shown in (B). The fault lines are more detailed than in Figure 2-1. Red lines represent the main strike-slip faults, black lines the main normal faults. Along the Eilat fault, a long-term displaced channel as well as the left-lateral displacement of a small hill confirm the strike-slip character of the Eilat fault. (B) Cross-sections along the longitudinal shape of the alluvial fans, north of the city of Haql. No vertical offsets are visible on these cross-sections, with the exception of a possible knickpoint along profile D-D'. The continuous convex shape of the fans suggests no recent activity of the Haql fault. (C) The trace of the Haql fault is buried by fans coming from the coastal plain, with no visible recent perturbations of the fans at this location. Nevertheless, the high relief shows the long-term normal or oblique character of the Haql fault. In few places, the shaded topography suggests that a small part of strike-slip motion is also accommodated along the Haql fault. (D) At the southern termination of the Haql fault, discontinuous small scarps across the fans suggest that this section of the fault might have been activated recently.

  the deeper Dakar and Tiran basins. While the Dahab plateau is characterized by a surface dipping toward the east (2-5B and seismic lines in[START_REF] Ben-Avraham | Sediments and structure of the Gulf of Elat (Aqaba)-Northern Red Sea[END_REF]), the western edge of the two basins is marked by distinctive diapiric features and cylindrical folds. On average, these folds are about 150 m high and 600 m wide. Their length ranges between a couple of kilometers and few tens of kilometers. Most of the fold axis that can be identified in the bathymetry are arcuate in shape, with the southern end pointing towards the SW and the northern end pointing towards the NW. We interpret the topographic drop (2-5B) that bounds the Dahab plateau and the basins to correspond to the location of the Arnona fault.

Figure 2

 2 Figure 2-5: (A) Southern part of the Gulf of Aqaba (see location on Figure 2-2). Dakar and Tiran Deeps are located between the sinistral strike-slip Arnona fault (red line) and the normal Dakar fault (bold black lines). The location of the main strike-slip fault is partly masked by diapiric foldings (black arrows) and secondary faulting (thin black and dashed black lines) associated with the destabilization of large salt deposits moving down from the Dahab plateau. (B) Cross-sections across the Dahab plateau showing the eastward sloping and the topograhic drop from the Dahab plateau toward the Dakar and Tiran deeps.

Figure 2

 2 Figure 2-6: Strait of Tiran (see location on Figure 2-2). (A) The sinistral strike-slip Tiran Fault is located between the Woodhouse and Jackson reefs. The sharp bathymetry to the north and to the south of the reef emphasizes the location of the fault. Red lines represent the main strike-slip faults, black lines represent the main normal faults. (B) Slope map of the Strait of Tiran, from low slope angle (white: 0°) to high slope angle (black: >45°).

  Arnona fault, located in the southern part of the gulf, extends from the Aragonese Deep to the Tiran Deep. The structure is linear for 64 km along the eastern edge of the Dahab plateau, partly buried under shallow salt deposits flowing downward from the plateau into the basins (Figure 2-1 & 2-5). To its northern end, between the Aragonese and Dakar Deeps, the fault azimuth changes from N20 to N35, leading to the formation of a relay fault zone with multiple parallel fault strands involving both strike-slip and dip-slip (Figure 2-4C).

Figure 3

 3 Figure 3-1: Schematic view of open-system for U-Th dating. In a close system evolution, the ratio between U and Th is fixed by the disintegration of 238 U into 234 U and then into 230 Th. In the case of open-system evolution, intake or departure of chemical element in a sample results in the evaluation of a biased age.

  Figure 3-2: Schematic drawing of the 238 U decay chain. U: Uranium, Th: Thorium, Pa: Protactinium, Pb: Lead. The half-life of the radio-isotopes are from Jaffey et al. (1971); Cheng et al. (2000).

  𝑈 (𝑒𝑞) correspond to the secular equilibrium and 234 𝑈 238 𝑈 (𝑚) the measured activity ratio.

  Figure 3-3: Diagram of isotopic ratio evolution with time for corals. The dashed lines represent the isochrones (ages). The grey confident area is given at 8‰ and 15‰ from the 𝛿 234 𝑈 (𝑚𝑠𝑤) (see the main text for further detail). Red line represents the 𝛿 234 𝑈 of the modern sea water.
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 3 Figure 3-4: Location of the samples collected during the field trip in March 2017, along the eastern border of the Gulf of Aqaba.
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 35 Figure 3-5: Polarized light microscopy of sample Aq 53. The pristine structure of the coral is preserved (growth bands and calcification center). Here, only a small fringe of calcite is visible along the porosity of the coral. PPL: Plane-Polarized Light, CPL: Cross-Polarized Light.
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 36 Figure 3-6: Polarized light microscopy of sample Aq 44 presenting intensive recrystallization and pseudomorphose of the coral skeleton from aragonite to calcite. PPL: Plane-Polarized Light, CPL: Cross-Polarized Light.

Figure 3

 3 Figure 3-7: Polarized light microscopy of sample Aq 55. Acicular secondary aragonite is well developed in the porosity and along the coral skeleton. PPL: Plane-Polarized Light, CPL: Cross-Polarized Light.

Figure 3

 3 Figure 3-8: Multifocus Polarized light microscopy of sample Aq 43. In this sample, we highlight the coexistence of massive and acicular secondary aragonite with secondary calcite. CPL: Cross-Polarized Light.
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 3 VALIDATION CRITERIA OF THE 230 TH/ 234 U AGES the case of pure aragonite, or with a small amount of calcite, the XRD is used together with the thin section analyses. As described previously, the presence of secondary aragonite undetected by the XRD reveals that the only use of the XRD is not sufficient. Combining the results of the thin section and the diffractogram obtained by XRD, we discriminate the samples presenting diagenesis trouble. Consequently, we define as a fourth criterion that the sample should present less than 20% of secondary mineralization (i.e. calcite and secondary aragonite).

Figure 3

 3 Figure 3-9: MIS variation over the last 800 ky. The red areas correspond to the interglacial periods. Modifed from Lisiecki and Raymo (2005).
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 3 Figure 3-10: Uplifted quaternary coral terraces along the Gulf of Aqaba. (A) Up to 9 levels are uplifted on a site near Haql. (B) In the central part of the gulf, uplifted coral terraces T1-T5 have been preserved and show the uplift of the area. A schematic cross section is presenting elevations of the terraces and their distance to the shore. (C) Near Magna, at least 4 levels of corals terraces are uplifted, extracted from Lefevre et al.(in prep).

3. 3 .

 3 VALIDATION CRITERIA OF THE 230 TH/ 234 U AGES the MIS 5 terraces. At the same elevation, samples Aq 4, Aq 5, Aq 6, Aq 24, Aq 25, and Aq 53, express an average 230 Th/ 234 U age of ∼ 6 ky. In parallel, sample Aq 42a, ranging on an elevation of ∼ 1 m amsl, presents a 230 Th/ 234 U age of 120 ky, while sample Aq 42b, at the same location, expresses a 230 Th/ 234 U age of ∼ 2 ky. Several authors in the Gulf of Aqaba (e.g. Scholz et al. (2004); Manaa et al. (2016); Bosworth et al. (2017); Yehudai et al. (2017); Bar et al. (2018); Shaked et al. (2011); Moustafa et al. (2000); Weil (2008); Barnea et al. (2015)) agreed that the terraces ranging on an elevation of ∼ 20 m amsl correspond to the MIS 5 terraces while the terraces ranging on an elevation of ∼ 2 m amsl correspond to the MIS 1 terrace.Consequently, we assume that the samples Aq 51, Aq 52, Aq 55 and Aq 42a have been remobilized from the overlying terraces and cannot be used to understand the vertical tectonic activity of the faults in the Gulf of Aqaba. Nevertheless, because they show consistent values in term of geochemistry, we will use these samples to understand the mechanism of diagenesis of the corals from our studied terraces.
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 3 Figure 3-11: Closed-system evolution diagram with marine 234 U/ 238 U curve (here red line = 𝛿 234 𝑈 (𝑚𝑠𝑤) ) evolution with time. The grey confidence area is given at 8‰ and 15‰ from the 𝛿 234 𝑈 (𝑚𝑠𝑤) . Dashed lines represent isochrones (ages). The color points represent our data from the different coral terraces from the Gulf of Aqaba.
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 3 Figure 3-12: Effect of the different diagenetic processes on the isotopic ratios of the U-series. The different diagenetic processes are shown by the different arrows. The black curved line corresponds to the seawater evolution curve. The dashed line represents the 100 ky isochron. Extracted from Scholz (2005).

Scholz ( 2005 )

 2005 made a compilation of the different models of open-system. In the following lines, we summarize and update the main ideas.

  and Yehudai et al. (2017) mobilize our attention. These models are proposed by the authors to correct the ages of the samples that present inconsistency on their 𝛿 234 𝑈 (compared to sea water value).[START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF] model considers possible initial 230 Th excess and a continuous redistribution with a gain or loss of 234 U, 234 Th, and 230 Th. This model is mainly driven by the 𝛼-recoil processes in the 238 U radioactive decay chain. On the contrary,[START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF] model deals with opensystem ages by forcing the 𝛿 234 𝑈[START_REF]1: Mean values of the sea level of the the Gulf of Aqaba measured by DGPS in March 2017. latitude longitude height (m) Q ns sdn (m) sde (m) sdu (m) sdne (m)[END_REF] of the sample to fit the 𝛿 234 𝑈 (𝑚𝑠𝑤) of the modern sea water.The authors consider that the observed positive correlation between 𝛿 234 𝑈 and 230 Th/ 234 U activity ratio is mostly due to the coupled decay of dissolved U and 𝛼-recoil mobilization of 234 Th and 230 Th produced from 234 U. These assumptions follow the idea of the single U migration without incorporation of residual Th. In the same way, the recent model from[START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], initially built to date the timing of the recrystallization on the samples from the terraces in the Gulf of Aqaba, applies the assumption of single U migration without leaching of Th. The model assumes that the pristine aragonite corals are characterized by a rather uniform initial U concentration and that the samples went through a single and quick recrystallization event.

Figure 3 -

 3 Figure 3-13: Evolution of the 238 U concentration of the samples of the terraces T1, T2 and T3, with respect to their 230 Th/ 234 U ages. The orange line represents the average 238 U concentration of 2.75 ± 0.55 ppm of the modern and pristine coral of the Gulf of Aqaba.

Figure 3 -

 3 Figure 3-14: Combination of the modeled and non-modeled ages of the samples of the terraces T1, T2 and T3. The 𝛿 234 𝑈 (0) modeled ratio are plotted with respect to their recalculated ages. The orange line represents the 𝛿 234 𝑈 of the marine sea water, the confident area is given at 8‰ and 15‰.

  Mostly used for correlation and dating marine sediments, the Strontium Isotope Stratigraphy (SIS)

Figure 3 -

 3 Figure 3-15: (A) 87 Sr/ 86 Sr ratio evolution for the period 0 to 206 My. (B) Zoom to the period 0 to 25 My. (C) Evolution curve of the 87 Sr/ 86 Sr ratio over the last 4 My. Extracted from Howarth and Mcarthur (1997).

Figure 3 -

 3 Figure 3-16: Schematic representation of the SIS.(1) The measured 87 Sr/ 86 Sr ratio is compared to (2) the calibrated curve[START_REF] Mcarthur | Recent trends in strontium isotope stratigraphy[END_REF] in order to get (3) the age of the sample. Higher or lower 87 Sr/ 86 Sr ratio is significant of diagenesis process by incorporation of radiogenic Strontium coming from the continent.

Figure 3 -

 3 Figure 3-17: Evolution curve of the 87 Sr/ 86 Sr ratio through time on Aqaba corals. The green line represents the strontium isotopic curve of McArthur (1994) with its confident area in grey. The blue points correspond to samples from Aqaba terraces with the isotopic value (measure) and their theoretical ages (elevation of the terraces). Values for samples Aq 10 and Aq 11 are not represented here due to their very low 87 Sr/ 86 Sr ratios (0.70766 and 0.70870 respectively).

Figure 3 -

 3 Figure 3-21: Evolution of the 87 Sr/ 86 Sr ratio with respect to the 𝛿 234 𝑈 𝑚 . The color code represents the different levels of coral terraces. The white points represent the older terraces. The green line represents the variation of the 𝛿 234 𝑈 of the modern sea water with respect to its 87 Sr/ 86 Sr ratio.

Figure 4

 4 Figure 4-1: (A) Tectonic setting of the Dead Sea Fault system, modify from Le Béon et al. (2008), after Daëron et al. (2004) and Elias et al. (2007). (B) Bathymetric map of the northern Red Sea combining R/V Thuwal (2019), Beautemps-Beaupré (2004), and GMRT 3.7 (Ryan et al., 2009) datasets. (C) Geological map of Tiran Island, modify from Goldberg and Beyth (1991) and adjusted on a high-resolution Pleiades Satellite imagery (Pléiades © CNES 2018, Distribution Airbus DS). The red lines represent the main active faults located off-shore. 141

Figure 4

 4 Figure 4-2: A schematic section through a fossil fringing reef terrace of the Aqaba type showing the three main reef zones. The blue line marks the inferred paleo-sea level. Extracted from Bar et al. (2018).

Figure 4

 4 Figure 4-3: Reconstruction of the past sea level over the last 500 ky compiled from Rohling et al. (2009) with a schematic view to the left of the reef terraces (modified from Woodroffe and Webster (2014)). The high-stands identified represent the Marine Isotopic Stage (MIS).The relative position of the terraces here is considering an uplift of the coast with a ranking of the paleoshore line from the oldest to the youngest as we move toward the sea. Δz : differential elevation between two terraces, Δt : differential time between two high-stands, MSL : Mean Sea Level.
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 44 Figure 4-4: Variation of the Marine Isotopic Stage across the Pleistocene. Lengthening and strengthening of the climatic cycle engender a modification of the record along the coast of the Gulf of Aqaba and Strait of Tiran. Modified from Lisiecki and Raymo (2005).
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 4 THE VERTICAL DEFORMATION ALONG A STRIKE-SLIP PLATE BOUNDARY: THE CASE OF THE DEAD SEA FAULT SYSTEM AND THE UPLIFTED CORAL TERRACES OF TIRAN ISLAND (RED SEA, SAUDI ARABIA)

  inspection of the tiles to control that no tilt or ripples of the tiles are left. The vertical resolution of the DEM is controlled by computing average elevation of 27000 m 2 in the northern part of the island where elevation if uniformly flat. Analyzing the standard deviation of the elevation, we derived an average vertical uncertainty of 0.87 m for our data.

Figure 4

 4 Figure 4-5: (A) 230 Th/ 238 U ages on coral terraces of the eastern margin of the Gulf of Aqaba. The fault model inside the gulf is modify from Ribot et al. (Chapter 2). *: corrected ages using open-system model from[START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF], see text for details.

Figure 4

 4 Figure 4-6: (A) Detailed map of the uplifted coral terraces along the southwestern part of the Tiran Island superimposed on a high-resolution Pleiades satellite image. Pléiades © CNES 2018, Distribution Airbus DS. (B) Zoom to the west of Tiran Island, see location in (A), the coral terraces range from 0 to almost 400 m above the mean sea level. (C) and (D) Lateral view from the boat of the Tiran Island.

Figure 4

 4 Figure 4-7: Coral terraces along the Neck on Tiran Island.

  Level 2 is the most visible and well-developed level along the western and southern coast of the island. This level is continuous, homogeneous, and it serves as a benchmark level during the lateral correlation. Its elevation gradually changes from ∼ 25 m asl to ∼ 15 m asl from west to east, reflecting a tilt of 10 m of the terrace toward the east. It is around 24 m above Level 1. To the west, the Level 2 corresponds to wave-cut terrace and it is directly carved in sandstone (probably Miocene) without coral cap or with a small thickness of coral reef (Figure4-7). In the south, the coral terraces are established on top of sandstones (probably Miocene) and limestones (probably Pliocene) deposits (Figure4-1C).T3 -TheLevel 3 is located between 40 m and 45 m asl, and around ∼ 20 m above Level 2. This level, less visible than the previous one, is present in the western and southwestern part of the island. It extends from a few meters to several tens of meters in width. T4 -The Level 4 is found only along the southwestern edge of Tiran Island, at an elevation ranging from 50 m to 70 m asl. It is located around 10 m above Level 3. Level 4 ranges between 25

  Level 8 is found in the southwestern part of the Tiran island, at an elevation ranging between 140 m to 160 m asl, and on average 30 m above Level 7. The terrace is well preserved and developed on a swath of 25 m on average. To the west, the terrace covers an area of 20,000 square meters. The general trend shows a decrease elevation values toward the east, which indicates that the terrace is tilted toward the east. T9 -Level 9 is found only along the southwestern edge of Tiran Island, at an elevation of 192 m asl. This level extends from 10 m to 50 m wide. The topographic difference with Level 8 is around 47 m. T10 -Level 10 is found only along the southwestern edge of Tiran island at an elevation varying between 225 m and 240 m asl, and on average 40 m above Level 9. This level is approximately 20 m wide. No tilt is visible. T11 -Level 11 passes gradually from 274 m asl to 240 m asl while moving eastward. This small level, 20 m wide on average, is only present along the southwest part of the island. On average, this level is between 40 m to 10 m above Level 10. T12 -Level 12 is located on the upper part of the island, on average at 270 m asl. This level is 20 m wide and does not shows any tilting. It is located about 30 m above Level 11. T13 -Level 13, is found on the southwestern part of Tiran Island. It is a well-developed level, although not very preserved. It is located at an elevation varying between 297 m and 310 m asl.

  the Gulf of Aqaba and surroundings of the Strait of Tiran, several studies (this study,[START_REF] Bar | Last interglacial sea levels and regional tectonics from fossil coral reefs in the northeast Gulf of Aqaba[END_REF];[START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF];[START_REF] Taviani | Pleistocene Coral Reef Terraces on the Saudi Arabian Side of the Gulf of Aqaba , Red Sea[END_REF];[START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF];[START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF];[START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]) estimated the age of the 20 m asl marine terrace at 121 ky. On Tiran Island, we assume that the Level 2 corresponds also to the main spike of the MIS 5. However, west of the Foul Bay, an intermediate level in between Level 1 and Level 2, at an elevation ranging between 5 and 8 m is preserved. This intermediate location implies that this level is younger than the MIS 5e terrace and older than the MIS 1 terrace. Therefore, we propose that this intermediate level is part of the MIS 5c or 5a terraces.The Level 3 (T3) is also visible in some places along the Gulf of Aqaba (Figure4-5) and it has been dated to the MIS 7. Several authors based on Uranium series dating (this study, El-Asmar (1997);[START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF];[START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]) estimated an age of ∼ 200 ky, during the MIS 7a. However, the age of the sample Aq 79 agrees with a development during the MIS 7e substage, which could also correspond to the age of the Level 3 on Tiran island.Along the Gulf of Aqaba and on Tiran island, the regular and cyclic morphology of the uplifted terraces seems influenced by the Milankovitch climatic cycles (i.e. 120 ky cycles). The general trend of the three first levels (T1, T2, and T3) correlates with the last three main interglacial peaks (MIS 1, MIS 5, and MIS 7). Consequently, because no absolute dating have been proposed for the higher terraces in the surroundings of the Gulf of Aqaba and Strait of Tiran areas, we propose to use the relative chronology to estimate the age of the upper terraces on Tiran island.

  ) to the MIS 49. The result of this first age model displays a sudden change of the uplift rate between MIS 21 and MIS 23, from 0.27 ± 0.01 mm/yr to 0.59 ± 0.03 mm/yr during the mid-Pleistocene. This quick variation coincides with the change from a global ∼ 100 ky glacial-interglacial cycle to a global ∼ 40-60 ky glacial-interglacial cycle (Figure4-3 & 4-4). However, in terms of tectonic activity, it is difficult to explain how and why the tectonic vertical motion slowed down suddenly by a factor of 2, in a time period where no major tectonic change in the area is known.

Figure 4

 4 Figure 4-8: Age models of Tiran Island based on the analysis of the Pleistocene terraces recorded on the island. (A) Age model based on the assumption of a complete record (every high sea level period) of the coral terraces. (B) Age model considering an incomplete record of the coral terraces. The red color corresponds to the 100 ky climatic cycle period, the yellow color corresponds to the ∼ 40-60 ky climatic cycle period. The dashed red squares in model B correspond to the missing level probably eroded.
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Figure 4

 4 Figure 4-9: Transverse view of the southwestern part of Tiran Island derived from stack swath profiles showing the marine terraces uplifted above the mean sea level. The terraces present a slight tilt toward the SE indicating a differential uplift of the coast.

Figure 4 -

 4 Figure 4-10: Transverse view of the southwestern part of Tiran Island derived from stack swath profiles showing the marine terraces uplifted above the mean sea level showing the differential uplift of the marine terraces. Z factor = 8. The inset in the top left corner is a schematic view of the lithospheric flexure generated by the fault activity, modified from de Gelder et al. (2019).
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 51 Figure 5-1: General tectonic setting of the gulf of Aqaba. (A) Inset map shows the tectonic settings of the Dead Sea Fault accommodating the senestral strike-slip motion the Arabian plate and the Nubian sub plate, the black arrow highlights the relative rate (modified from Le Béon et al. (2008)). The main figure shows the multibeam bathymetric map of Gulf of Aqaba and Strait of Tiran (Topography : SRTM 1 arc (resolution 30 m); Bathymetry : R/V Thuwal (2018,2019), F/S Meteor (1999), Hall and Ben-Avraham (1978)), with the fault model of Ribot et al. (Chapter 2), and the samples used in this study. Location of the swarms 1983, 1990, 1993 and focal mechanisms are from Abou Karaki et al. (1993); Klinger et al. (1999); Hofstetter (2003).

Figure 5

 5 Figure 5-2: Localization of the main faults in the Gulf of Aqaba. Strike-slip faults are in red while normal faults are in black. Fault traces have been simplified for clarity. Modified from Ribot et al. (Chapter 2). The right inset show pictures of the surface rupture associated to the 1995 Nuweiba earthquake, along the Saudi coast. a,b. evidences of the rupture in active stream bed. c,d. evidences of the rupture at the foot of the fans. Modified from Lefevre (2018).
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 53 Figure 5-3: Distribution of the 10 Be modeled ages for the three studied sites. The colored boxes represent the average ages for each surface that was used to compute uplift-rates, extracted from Lefevre (2018).

  Th/ 234 U agesThe 230 Th/ 234 U ages (seeTables 4.1 & 4.4) are used to give information about the uplift rate of the eastern coast of the Gulf of Aqaba. This value is a local value given by the elevation and the age of the sample. Refer to Chapter 4 of this manuscript for further details about the determination of the uplift rates from marine terraces.

  Figure5-4) is an updated version of the idea developed from[START_REF] Herman | Exhumation, crustal deformation, and thermal structure of the nepal himalaya derived from the inversion of thermochronological and thermobarometric data and modeling of the topography[END_REF] and refined by[START_REF] Riesner | Evolution tectonique des Andes centrales (33°S) : implications sur la mécanique des chaines de subduction[END_REF]. The model predicts through an iterative scheme the variation of the temperature field, influenced by the topographic evolution, the geometry of the faults, and the activity along the faults through time. It searches to minimize a cost function that depends on the evolution of the different parameters tested (initiation time of the model, time of the uplift, slip rate along the frontal fault, uplift rate of the coast, and slip rate offshore during the first stage of deformation). The range of tested parameters is chosen around the values obtained from the results of the 230 Th/ 234 U ages and cosmogenic ages. The outputs of the model are divided in two categories. First, the model derives the thermic field of the area from the heat transport equations (diffusion, advection, and radiogenic production) and the input parameters. In a second step, from the thermic field, the model reconstructs the thermic history of each samples and computed their ages. The modeled ages are then compared to the measured thermochronological ages, and the set of parameters is validated or rejected according to the quality of the fit of those ages, in particular regarding the trend of the age evolution with the distance to the faults. In this part we will present and discuss only the result of the best fit model (Figure5-5). For further explanation and details about the thermo-kinematic modelling, refer toLefevre et al. (in prep).The model, with the set of parameters allowing an initiation of the fault at 22 My, a beginning
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 54 Figure 5-4: Schematic view of the model. INPUT: initial parameters tested, MODEL: reconstruction of the finite morphology by iterative approach. The red lines represent the main active faults which control the morphology of the coast along the eastern border of the Gulf of Aqaba. The red points are the thermo-chronological ages positioned along an elevation profile. OUTPUT 1: Thermic field along a cross-section perpendicular to the eastern coast of the Gulf of Aqaba in the central part, derived from the heat transport equation (diffusion, advection, radiogenic production). The red dots highlight the position of the samples dated by (U-Th)/He on apatite, the white dots are their modeled positions in depth at the beginning of the model (22 My). The position of the partial retention zone (PRZ) of the He in apatites is indicated. OUTPUT 2: Result of the model showing the difference between the measured and modeled (U-Th)/He ages.

  we have only surface observations of the faults (e.g. Ben-Avraham et al. (1979); Ribot et al. (Chapter 2)), and nearly no sub-surface information in the gulf, we focus on the strike-slip offset reconstruction considering that this motion is little impacted by the geometry of these structures at depth. This reconstruction is performed using the high-resolution bathymetry presented in Ribot et al. (Chapter 2).
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 55 Figure 5-5: Comparison of the ages obtained with our preferred model and the measured ages. This model gives a total uplift rate in the gulf of the order of ∼ 0.3-0.35 mm/yr.
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 56 Figure 5-6: Tectonic reconstruction of the Gulf of Aqaba from 5 My to present after backslipping 15 km of strike-slip motion along the off-shore faults with Sinai fixed. This scenario considers that 3 mm/yr is accommodated off-shore and 2 mm/yr along different structure on-land on both sides of the gulf.. The faults in red are the main active strike-slip fault segment in the gulf, the fault in orange are the on-land faults reactivated as normal faults to accommodate part of the extension. The black dashed line represents the limit with the Precambrian basement. For more clarity we draw in dashed blue line the actual coastline in the areas that were submerged 5 My ago.
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 57 Figure 5-7: Tectonic reconstruction of the Gulf of Aqaba from 5 My to present after backslipping 25 km of strike-slip motion along the off-shore faults with Sinai fixed. This scenario considers that all of the 5 ± 1 mm/yr is accommodated off-shore. The faults in red are the main active strike-slip fault segment in the gulf, the fault in orange are the on-land faults reactivated as normal faults to accommodate part of the extension. The black dashed line represents the limit with the Precambrian basement. For more clarity we draw in dashed blue line the actual coastline in the areas that were submerged 5 My ago.
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 3 TECTONIC EVOLUTION OF THE GULF OF AQABA pendicular components of the velocity at each point of the fault. For instance, in the northern part of the gulf (29.30°N, 34.86°E), we obtain values for the perpendicular component ranging from -0.5 to 1.5 mm/yr (

Finally, another morphological

  marker providing clues on the extensive activity of offshore faults is the presence of uplifted corral terraces all along the coast of the gulf. Studies in this area have mainly highlighted the 125 ky-old terraces since it is visible almost all along the coast and rises about 20 m above sea level (Figure 5-9) (Bar et al. (2018); Bosworth et al. (2017); Gvirtzman et al. (1992); Manaa et al. (2016); Yehudai et al. (2017); Chapter 3; Chapter 4

  of the coastal uplift 5.3.3.1 Measure of the uplift rate along the gulf Measures of uplift rates from the coral terraces along the coast reveal that along the Eilat basin, a site south of Haql presents an uplift rate of the order of 0.16 ± 0.05 mm/yr (Figure 5-9a & 5-10).

Figure 5

 5 Figure 5-8: Seismicity from the Saudi Geological Survey (SGS) earthquake catalogue 2004 -2018 (https://ngd.sgs.org.sa).
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 59 Figure 5-9: Uplifted quaternary coral terraces along the Gulf of Aqaba. a. Up to 9 levels are uplifted on a site near Haql. b. In the central part of the gulf, uplifted coral terraces T1-T5 have been preserved and they show the uplift of the area. A schematic cross section is presenting elevations of the terraces and their distance to the shore. c. Near Magna, at least 4 levels of corals terraces are uplifted. Extracted from Lefevre et al.(in prep).

  10), while the coast is much closer to the main strike-slip fault and also above a normal fault.At the level of the Dakar basin, near Magna, we observe a series of coral terraces about 20 m above sea level, yielding an uplift rate of 0.18 ± 0.02 mm/yr. Finally, in the southern part of the gulf, on the Ras Alsheikh Hamid headland, which closes the Tiran basin, we observe coral terraces, which elevations are much lower than their northern equivalent. Indeed, the terrace dated from 120.1 ky lies only 8.7 m above the mean sea level[START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF], while it is around 19-20 m high in the rest of the gulf[START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF];[START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF]; Chapter 3). Combining this age and the low elevation yields an uplift rate of 0.02 ± 0.002 mm/yr, which is much lower than in other places, especially given the fact that this area is quite close to active structures (Figure5-1 and Figure5-10). Our analyses of the Tiran terraces show in fact that in
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 5 Figure 5-10: Schematic view of the uplifted and subsided areas by the on-land fault system. The main off-shore faults are in red and derived from Ribot et al. (Chapter 2). The main on-land faults are in pink and derived from Lefevre (2018) and from the limit between the Precambrian basement and the basins (e.g. coastal plain in the north and Midyan basin in the south). The red and blue blocks represent respectively the uplifted (+) and subsided (-) areas by the on-land fault system. The coastal uplifts derived from the coral terraces are in dark blue (U) (Bar et al. (2018); Yehudai et al. (2017); Bosworth et al. (2017); Chapter 4).

  -10).Since 5 My, approximately 250 m of sediment infill results from the normal activity of the faults bounding the basin[START_REF] Tubbs | Midyan Peninsula, northern Red Sea, Saudi Arabia: Seismic imaging and regional interpretation[END_REF] and lead to estimate a subsidence rate of 0.05 mm/yr. If we consider that the activity of the normal faults results from the activity of the Dead Sea Fault, this normal motion would reflect the motion relative to the on-land fault reactivation. According to the Eulerian pole Arabia-Sinai, and rejecting the one giving negative extensional component, the positive extensional component range between 0.18 mm/yr and 1.8 mm/yr. as only 1/5 of the total motion of the Dead Sea Fault is accommodated on-land, we consider that only a maximum of 1/5 of the extensional component is accommodated by the Ifal fault system. Considering a dip of the west Ifal fault around 65°[START_REF] Tubbs | Midyan Peninsula, northern Red Sea, Saudi Arabia: Seismic imaging and regional interpretation[END_REF], almost 30% of the extensional motion is accommodated vertically. This mean that between 0.01 and 0.11 mm/yr of subsidence is accommodated in the Midyan basin, so between 50 m and 550 m of sediment infill. This range of values are compatible with the observed sedimentary infill of the Mydian basin since 5 My.According to the hypothesis of the reactivation of on-land structure, the extension rate and hence the uplift rate of the coast linked to the offshore system would thus be uniform along the gulf, which agrees with what was obtained in the reconstruction, where the values obtained in the Eilat and the Dakar-Tiran basins are similar. Consequently, variations in the uplift rates obtained
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 5 Figure 5-11: Uplifted alluvial terraces (28°51'09", 34°52'10"). From Lefevre (2018).
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 5 Figure 5-12: (A) Interpreted morphology of the Wadi al Hasha. (B) Schematic cross-section of the fan showing the elevation across the fan. The vertical factor is 8.9. Extracted from Lefevre (2018).
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 1 THE FAULT GEOMETRY IN THE GULF OF AQABA
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 72 Figure 7-2: Deviation of the BASE location compared to the pixel size of the DSM. The resolution of the DSM is limiting its absolute positioning. The horizontal georeferencing of the DSM is accurate at less than 50 cm in our case.

  𝑛 × 𝜆 = 2 × 𝑑 × sin 𝜃 with: 𝜆 the wavelength used by the diffractometer, 𝑑 the distance between atomic planes of the studied crystalline structure, 𝜃 the measured diffraction angle, 𝑛 an integrer coefficient.X-ray diffraction is based on the ordered atomic (crystalline) structure of minerals to identify them, and not on the nature of the atoms present. It is an analytical technique complementary to chemical or isotopic analyses ( 230 Th/ 234 U, 87 Sr/ 86 Sr) carried out on the same samples, and thus makes it possible to discriminate polymorphic minerals, which have the same composition, but not the same structure (eg CaCO 3 : Calcite or Aragonite).

Figure 7

 7 Figure 7-3: Multibeam survey lines (in blue) in the eastern part of the Gulf of Aqaba within Saudi waters. The CTD casts locations and relative IDs (see Table7.1) are also indicated (red dots).
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 74 Figure 7-4: Multibeam survey lines (in blue) in the Tiran area. The CTD casts locations and relative IDs (see Table7.1) are also indicated (red dots).

Figure A- 1 :

 1 Figure A-1: Results of the X-Ray Diffraction measurements

Figure A- 2 :

 2 Figure A-2: Polarized light microscopy of sample Aq 5. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 3 :

 3 Figure A-3: Polarized light microscopy of sample Aq 6. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 6 :

 6 Figure A-6: Polarized light microscopy of sample Aq 13. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 7 :

 7 Figure A-7: Polarized light microscopy of sample Aq 15. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 10 :

 10 Figure A-10: Polarized light microscopy of sample Aq 42a. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 11 :

 11 Figure A-11: Polarized light microscopy of sample Aq 42b. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 14 :

 14 Figure A-14: Polarized light microscopy of sample Aq 44. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 15 :

 15 Figure A-15: Polarized light microscopy of sample Aq 45. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 18 :

 18 Figure A-18: Polarized light microscopy of sample Aq 53. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 19 :

 19 Figure A-19: Polarized light microscopy of sample Aq 55. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 22 :

 22 Figure A-22: Polarized light microscopy of sample Aq 67. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 23 :

 23 Figure A-23: Polarized light microscopy of sample Aq 69. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 26 :

 26 Figure A-26: Polarized light microscopy of sample Aq 73. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 27 :

 27 Figure A-27: Polarized light microscopy of sample Aq 77. PPL: Plane-Polarized Light (left), CPL: Cross-Polarized Light (right).

Figure A- 38 :

 38 Figure A-38: 10 Be data for the surface samples: Sample Information, 10 Be Concentrations, and Model Ages extracted from Lefevre (2018).
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  assumptions did not solve the problem of the initiation time of the fault. If we look at the development of the Sinai subplate, the latter is mainly governed by the Red Sea spreading and the development of the Gulf of Suez and the Gulf of Aqaba. The timing of development of the Red Sea in two phases governs the timing of development of the Gulf of Suez and of the Gulf of Aqaba and necessarily the timing of development of the Dead Sea

	1.3. GEOLOGY AND STRUCTURE OF THE SOUTH LEVANT
	most of the theory put forward are only considering the motion of Arabia relative to Nubia to
	explain the discrepancy between the northern and southern segment of the Dead Sea Fault.
	Therefore, they suggest another solution by involving the Sinai sub-plate. They consider the
	discrepancy between the total amount of strike-slip accommodated by the southern Dead Sea
	Fault (∼ 110 km) and the total opening of the Red Sea (∼ 190 km). They assumed that the
	observed offset between the northern and southern sections, could be due to the part of the
	opening in the Gulf of Suez (∼ 60 km). Their results suggest a northward propagation of the
	Dead Sea Fault system after the abandon of the Suez rift after 14 My and the development
	of the northern section during the last 5 My.
	Even if authors assumed a northward or bilateral propagation of the strike-slip fault
	system, these
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Table 3 .

 3 1: Result of the 230Th/ 234 U analyses: U and Th content, isotopic ratios, with replicates (blue and red) and duplicates (green and orange).

		Age (ky)		5.38 0.02	5.55 0.02	5.72 0.02	202.29 2.53	208.28 1.62	212.65 3.31	237.99 2.60	238.28 4.79	239.02 5.09	234.99 6.32	235.64 4.92	210.57 2.79	173.96 44.47	ND _	195.37 0.86	206.18 4.40	201.96 4.03
	Coral species [ 238 U] [ 232 Th] 𝛿 234 U ( 230 Th/ 238 U) ( 230 Th/ 232 Th)	(Genus -Species) ppm ppb (‰)	Cyphastrea 2.75 0.02 0.07 0.00 139.2 1.0 0.0548 0.0001 6725.3 15.0	_ 2.33 0.02 0.04 0.00 142.8 0.9 0.0567 0.0001 11265.8 22.5	_ 2.36 0.02 0.28 0.00 138.1 1.2 0.0581 0.0001 1477.0 2.9	Acropora 2.99 0.02 0.11 0.00 124.8 1.5 0.9735 0.0029 47934.6 141.2	Goniastrea edwardsi 2.91 0.02 0.10 0.00 133.4 1.3 0.9929 0.0014 86512.9 94.4	Goniastrea edwardsi 2.92 0.02 0.18 0.00 129.7 2.5 0.9929 0.0014 53362.5 145.1	Goniastrea steligera 3.16 0.03 0.13 0.00 113.2 1.1 0.9960 0.0027 74134.2 116.8	Goniastrea steligera 3.16 0.03 0.20 0.00 107.1 3.0 1.0143 0.0021 51964.4 135.6	Goniastrea steligera 3.36 0.03 8.51 0.07 89.0 1.9 0.9882 0.0040 1223.3 4.9	Goniastrea steligera 3.09 0.03 15.29 0.14 98.6 3.2 0.9939 0.0045 628.7 2.8	Goniastrea steligera 3.19 0.03 3.05 0.03 92.6 1.9 0.9880 0.0040 3283.7 13.0	Goniastrea steligera 4.97 0.04 0.23 0.00 82.9 1.3 0.9428 0.0029 63238.0 152.5	Goniastrea steligera 4.97 0.16 15.04 31.65 77.8 4.8 0.8526 0.0912 947.5 101.2	Goniastrea steligera 4.86 0.04 0.15 0.00 82.4 2.9 1.1093 0.0030 126031.8 338.5	Goniastrea steligera 4.58 0.04 0.13 0.00 83.4 0.8 0.9185 0.0006 104160.3 72.45	Goniastrea steligera 4.15 0.03 34.14 0.30 76.3 2.5 0.9290 0.0043 357.6 1.6	Goniastrea steligera 4.46 0.04 19.82 0.17 77.9 2.2 0.9238 0.0043 659.3 3.0	Continued on next page
	ample	Lab N°S	description	7412 Aq 4	7413 Aq 5	7414 Aq 6	7501 Aq 9	7455 Aq 12 (1)	7455 Aq 12 (2)	7456 Aq 13a (1)	7456 Aq 13a (2)	8728 Aq 13a (3)	8729 Aq 13a (4)	8730 Aq 13a (5)	7457 Aq 13b (1)	7457 Aq 13b (2)	7536 Aq 13b (3)	7783 Aq 13b (4)	8731 Aq 13b (5)	8732 Aq 13b (6)
										90										
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	Sample	Latitude Longitude	Age	[ 238 U] 𝛿 234 U (0) Ar Elevation	Terrace
	Name		(corrected) ppm	(‰) (%)	(m)
	Aq 13a (1) 29.21966 34.91114 201.19 1.89 3.16 0.03 146.8 95	29	T3
	Aq 13a (2) 29.21966 34.91114 206.72 4.72 3.16 0.03 146.8 95	29	T3
	Aq 13a (4) 29.21966 34.91114 212.23 5.53 3.09 0.03 146.8 95	29	T3
	Aq 42a (2) 28.50528 34.79583 122.25 1.54 2.21 0.02 146.8 99	0.5	T1
	Aq 43 (1) 28.50684 34.79582 127.92 0.76 2.57 0.02 146.8 80	20	T2
	Aq 43 (2) 28.50684 34.79582 131.58 0.99 2.35 0.02 146.8 80	20	T2
	Aq 45 (1) 28.50698 34.79576 113.52 0.51 3.07 0.02 146.8 99	20	T2
	Aq 45 (2) 28.50698 34.79576 108.70 1.12 3.07 0.02 146.8 99	20	T2
	Aq 49	28.42042 34.75297 125.67 0.85 2.46 0.02 146.8 80	28	T2
	Aq 79	29.1829 34.89636 232.59 2.01 2.95 0.02 146.8 85	35	T3
			114		

.3: Corrected coral ages using the open-system calculation of

[START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF] 

for samples presenting a 𝛿 234 𝑈 0 out of the defined variability range. Ar (%) is percentage of aragonite obtained by X-ray diffraction and is not exceeding the acceptable value of 20% of calcite. The 𝛿 234 𝑈

[START_REF]1: Mean values of the sea level of the the Gulf of Aqaba measured by DGPS in March 2017. latitude longitude height (m) Q ns sdn (m) sde (m) sdu (m) sdne (m)[END_REF] 

has been fixed to fit the 𝛿 234 𝑈 (𝑚𝑠𝑤) = 146.8.

Table 3 .

 3 4: 230 Th/ 234 U ages recovered using[START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF] open-system calculation. *: Rejected ages recovered by the model.

	T2	T3

Lab N°Sample 230 Th/ 234 U (ky) Lab N°Sample 230 Th/ U (ky)

  

				3.4. AGES CORRECTIONS: PROCESSES AND MODELS
	7532 Aq 44 (1)*	152	8731 Aq 13b (5)
	7417 Aq 44 (2)*	140	8732 Aq 13b (6)
	8680 Aq 44 (4)	127	7457 Aq 13b (1)
	8681 Aq 44 (5)	115	7783 Aq 13b (4)
	7421 Aq 51 (1)	126	7456 Aq 13a (1)
	7421 Aq 51 (2)	120	7456 Aq 13a (2)
	7422 Aq 52 (1)	115	8728 Aq 13a (3)*
	7422 Aq 52 (2)	115	8729 Aq 13a (4)
	7504 Aq 42a (1)	126	8730 Aq 13a (5)*
	8726 Aq 42a (3)	117	7455 Aq 12 (1)*
	8727 Aq 42a (4)	116	7455 Aq 12 (2)*
	7503	Aq 39	117	7501	Aq 9*
	7418 Aq 45 (1)	109	7502	Aq 15 (1)
	7418 Aq 45 (2)	103	7502	Aq 15 (2)
	7507	Aq 49	129	7472	Aq 79*
				116	

Table 3 .

 3 5: 87 Sr/ 86 Sr analyses performed on coral samples of the Gulf of Aqaba. Ar: aragonite, Ca: calcite, ND: Not Defined.

	Lab

N°Sample Estimated age 87 Sr/ 86 Sr ± 2𝜎 error Terrace Ar Ca

  

			3.5. THE SR ISOTOPIC COMPOSITION OF AQABA'S CORALS
	Aq 42a	5	0.709132 1.77 e -05	T1	99	1
	Aq 51	5	0.709156 1.77 e -05	T1	99	1
	Aq 52	5	0.709161 1.77 e -05	T1	99	1
	Aq 53	5	0.709165 1.77 e -05	T1	90 10
	Aq 53	5	0.709173 1.77 e -05	T1	90 10
	Aq 53	5	0.709164 1.77 e -05	T1	90 10
	Aq 53	5	0.709175 1.77 e -05	T1	90 10
	Aq 54	5	0.709150 1.77 e -05	T1	98	2
	Aq 55a	5	0.709169 1.77 e -05	T1	98	2
	Aq 55b	5	0.709172 1.77 e -05	T1	95 15
	Aq 40	120	0.709103 1.77 e -05	T2	5	95
	Aq 44	120	0.709148 1.77 e -05	T2	50 50
	Aq 45	120	0.709150 1.77 e -05	T2	99	1
	Aq 9	200	0.709102 1.77 e -05	T3	98	2
	Aq 10	200	0.707661 1.77 e -05	T3	1	99
	Aq 11	200	0.708705 1.77 e -05	T3	1	99
	Aq 12	200	0.709139 1.77 e -05	T3	97	3
	Aq 13a	200	0.709072 1.77 e -05	T3	95	5
	Aq 13b	200	0.709140 1.77 e -05	T3	98	2
	Aq 13b	200	0.709151 1.77 e -05	T3	98	2
	Aq 13b	200	0.709164 1.77 e -05	T3	98	2
	Aq 13b	200	0.709160 1.77 e -05	T3	98	2
	Aq 15	200	0.709181 1.77 e -05	T3	99	1
	Aq 19	200	0.707672 1.77 e -05	T3	1	99
	Aq 77	200	0.709148 1.77 e -05	T3	95	5
			Continued on next page
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Lab N°Sample Estimated age 87 Sr/ 86 Sr ± 2𝜎 error Terrace Ar Ca

  

	8146	Aq 78	200	0.709110 1.77 e -05	T3	99	1
	8141	Aq 28	330	0.709186 1.77 e -05	T4	1	99
	8144	Aq 31	330	0.709149 1.77 e -05	T4	ND ND
	8145	Aq 32	330	0.709130 1.77 e -05	T4	1	99
	8058	Aq 33	330	0.709165 1.99 e -05	T4	10 90
	8126	Aq 62	330	0.709136 1.77 e -05	T4	50 50
	8127	Aq 63	330	0.709125 1.77 e -05	T4	90 10
	8128	Aq 64	330	0.709155 1.77 e -05	T4	80 20
	8072	Aq 65	330	0.709148 1.77 e -05	T4	85 15
	8140	Aq 27	407	0.709182 1.77 e -05	T5	1	99
	8142	Aq 29	407	0.709251 1.77 e -05	T5	ND ND
	8143	Aq 30	407	0.709182 1.77 e -05	T5	1	99
	8073	Aq 66	485	0.709133 1.77 e -05	T6	99	1
	8129	Aq 67	485	0.709109 1.79 e -05	T6	90 10
		Aq 68	485	0.709131 1.77 e -05	T6	90 10
		Aq 68	485	0.709111 1.77 e -05	T6	90 10
	8130	Aq 68	485	0.709107 1.89 e -05	T6	90 10
		Aq 68	485	0.709114 1.77 e -05	T6	90 10
	8074	Aq 69	572	0.709113 1.77 e -05	T7	80 20
	8131	Aq 70	572	0.709146 1.77 e -05	T7	55 45
	8075	Aq 71	572	0.709144 1.77 e -05	T7	90 10
	8123	Aq 1	690	0.709136 1.77 e -05	T8	5	95
	8076	Aq 72	690	0.709118 1.77 e -05	T8	82 18
	8077	Aq 73	690	0.709170 1.77 e -05	T8	95	5
	8124	Aq 2a	775	0.709094 1.77 e -05	T9	1	99
	8125	Aq 2b	775	0.709066 1.77 e -05	T9	1	99
	8132	Aq 74	775	0.709147 1.77 e -05	T9	1	99
				Continued on next page

Lab N°Sample Estimated age 87 Sr/ 86 Sr ± 2𝜎 error Terrace Ar Ca

  

	8133	Aq 75	775	0.709110 1.77 e -05	T9	1	99
	8134	Aq 76	775	0.709140 1.77 e -05	T9	1	99
	8071	Aq 59	120	0.709146 1.77 e -05	ND	99	1
	8147	Aq 60	120	0.709118 1.77 e -05	ND	95	5
	8148	Aq 61	120	0.709137 1.77 e -05	ND	98	2

  87 Sr/ 86 Sr values, the location of the samples Aq 15 and Aq 73 is different from the location of the samples Aq 27 to Aq 30. The samples Aq 15 and Aq 73 are located south of Haql, on two sites with respectively 3 and 9 levels of coral terraces uplifted above the mean sea level. The high 87 Sr/ 86 Sr ratio of these samples, with respect to the adjacent samples (e.g. Aq 9, Aq10, Aq 11, Aq 12, Aq 13 and Aq 72), cannot be explained only by the incorporation of high or low Sr radiogenic composition from freshwater (aquifer or surface flow, see[START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF]). Another solution to explain the observed high and low Sr ratio is the incorporation of Sr-rich eolian particles originating from the erosion of the surrounding Precambrian basement. Thus, we propose that on these sites, the samples presenting a low 87 Sr/ 86 Sr ratio have been recrystallized with freshwater, and samples high 87 Sr/ 86 Sr ratio have incorporated granitic Sr-rich eolian particles transported.The location of the samples Aq 27 to Aq 30 differs from the previous location. They are located along the coastal mountain, on a site with 5 levels of coral terraces uplifted above the mean sea level. On the same site, samples Aq 31, Aq 32, Aq 33, Aq 39, and Aq 40, located in the northern part of the site, present a low 87 Sr/ 86 Sr ratio. The samples Aq 27 to Aq 30 are located in the southern part of the sampling site, next to a small canyon and gullies formed by the erosion. The local dispersion of the sample at this site leads us to propose that at this site, the incorporation of high and low 87 Sr/ 86 Sr ratio occurs thanks to freshwater. Probably, however, the samples with low

Table 4 .

 4 4: Table.2: 230Th/ 238 U ages performed along the Gulf of Aqaba and Strait of Tiran areas according to several authors. Ar (%) is percentage of Aragonite. T2* correspond to the MIS 5c terrace.

	Ar Elevation	Lvl	(%) (m)	98 1 T1	100 1 T1	77 10 T2	52 18 T1	0 12 T2	0 12 T2	0 12 T2	24 12 T2	0 12 T2	0 12 T2	0 12 T2	0 12 T2	0 20 T3	0 20 T3	99.2 19.12 T2	99 25.21 T2	100 22.61 T2	Continued on next page
	Age U-Th	Latitude Longitude	(ky)	29.425772 34.973236 5.700 ±164	29.403372 34.970517 5.067 ±0.1	29.446222 34.970403 118.367 ±2.6	29.439953 34.973286 223.000 ±9	29.426217 34.974406 130.750 ±2	29.426217 34.974406 122.250 ±1.25	29.426217 34.974406 162.000 ±5.33	29.426217 34.974406 152.250 ±2	29.426217 34.974406 155.750 ±2.75	29.426217 34.974406 131.000 ±2.83	29.426217 34.974406 124.000 ±1.25	29.426217 34.974406 132.750 ±2.5	29.426503 34.975492 202.500 ±6.5	29.426503 34.975492 141.000 ±2	29.189404 34.900366 123.930 ±0.83	28.768038 34.816637 125.560 ±1.48	28.712075 34.797449 118.580 ±1.45	
	Sample		Name	AMN 7.1	Maq-3	AMN B 3.1	AMN B 1.1	AMN 2.2	AMN 6.1	AMN 8.1	AMN 9.2 A	AMN 9.2 B	AMN 11.1	AMN 13.1	AMN 14.1	AMN 1.1	1MN 12.1	9	14	15	
										Yehudai et al. (2017)											

  Table5.1). The observed morphology is only compatible with positive values (i.e. extension). From the maximum and minimum values, we estimate that the cumulated extension at this location over the last 5 My is between 1 and 7.2 km. Our reconstruction suggests 1.7 km of cumulated extension during the same period (perpendicular velocity ∼ 0.3 mm/yr), which tends to rule out the poles leading to low extension rates. The other poles predict a larger extension suggesting that the remaining part of the overall extensive motion is accommodated on land (between 1/2 and 2/3 of the total extension). This confirms the fact that on land inherited structures were reactivated during the last stage of deformation.
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1: Predicted Velocity on the Arabia-Sinai Plate Boundary in mm/yr. Le Beon: Le Béon et al. (2008), McC: McClusky et al. (2003), Sella: Sella et al. (2002), Vigny: Vigny et al. (2006), Wdow: Wdowinski et al. (2004). Vpara and Vortho are fault-parallel and fault perpendicular velocity components respectively. For the Vortho, negative values correspond to compression while positive values correspond to extension.

Gulf of Aqaba north Gulf of Aqaba south (29,30N 34,86E) (28,38N 34,58E) Reference Vpara Vortho Vpara Vortho

  

	Le Beon	4.73	-0.32	4.73	-0.38
	Vigny (Ar) + Le Beon (Si)	5.69	-056	5.68	-0.67
	Vigny (Ar) + Wdow (Si)	5.95	-0.16	5.96	0.01
	Le Beon (Ar) + Wdow (Si)	5.0	0.04	5.0	0.27
	McC (Eu-Ar) + Wdow (Si-Eu) 4.29	0.22	4.3	0.54
	Reilinger et al. [2006]	4.46	1.45	4.48	2.11
	Joffe and Garfunkel [1987]	6.01	0.58	6.02	1.08
	Sella (Ar) + Le Beon (Si)	1.47	-0.5	1.47	-0.4
	Sella (Ar) + Wdow (Si)	1.62	-0.66	1.63	-0.27

  Table7.1: Information about the CTD casts deployed during this cruise both in the Gulf of Aqaba (a) and Tiran (b) areas, locations are shown in 

	No	Surveyed Area	Latitude(°) Longitude(°) Depth(m)
		(a) CTD casts in the Gulf of Aqaba area
		Area_A	28.09188	34.52236	1100
		Area_B	28.16192	34.55828	1202
		Area_C	28.31346	34.64138	1000
		Area_D	28.44042	34.66020	1275
		Area_E	28.72166	34.74274	1630
		Area_G	28.91438	34.77642	950
		Area_H	29.07976	34.82604	862
		Area_H_v2	29.22148	34.88298	251
		Area_I	29.28360	34.87894	902
		Area_Hume_deep 27.83830	34.51762	810
		(b) CTD casts in the Tiran area
		Area_B3	27.677067	34.695017	891
		Area_C3	27.731383	34.555933	1038
		Area_D3	27.727067	34.581350	1036
		Area_F3	27.790667	34.790983	450

Une connaissance détaillée de la géométrie et de la cinématique des failles actives est importante pour une évaluation précise de l'aléa sismique.Le Golfe d'Aqaba, qui correspond à la terminaison sud du système de 1200 km de long de la faille de la Mer Morte, reste l'une des parties les moins connues de cette frontière de plaque, en grande partie en raison de sa localisation en mer.Classiquement, le Golfe d'Aqaba a été décrit comme une succession de cinq bassins (Eilat, Aragonese, Arnona, Dakar, et Tiran Deep) composant trois bassins tectoniques successifs. Ici, en s'appuyant sur de nouvelles données bathymétriques multifaisceaux collectées au niveau du Golfe d'Aqaba, nous mettons en avant de nouveaux détails sur la géométrie des failles au fond du golfe qui contrôle sa morphologie. En particulier, nous identifions une section de faille de 50 km de long qui montre des signes d'activation récente. Nous associons cette section de faille (faille Aragonese) à la section qui a rompue lors du tremblement de terre de Nuweiba de magnitude Mw7.3 le 22 Novembre 1995. Dans la partie sud du golfe, la bathymétrie souligne la nature décrochante de la faille Arnona, tandis que le mouvement normal semble être principalement accommodé par les failles situées le long de la bordure est du golfe. Compte tenu de la géométrie quasi-linéaire de la faille d'Arnona et de l'absence avéré de grand séisme depuis plusieurs siècles, malgré une vitesse de glissement moyenne de ∼ 5 mm/an, cette faille devrait être considérée pour une rupture sismique de magnitude 7 ou plus dans un avenir proche.

2.3. MATERIALS AND METHODS

2.4. RESULTS

Th/ 234 U dating was performed at the Laboratoire des Sciences du Climat (LSCE, France).

Th/ 234 U dating were performed at the Laboratoire des Sciences du Climat (LSCE, France).Samples amount used for uranium-thorium analysis ranged between 50 and 200 mg. After
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been intensively recrystallized while sub-sample Aq 13a kept its original isotopic signature. The 238 U concentration averages 4.6 ppm for Aq 13b, while it averages 3.2 ppm for Aq 13a. This clear variation within the sample Aq 13 raises the hypothesis that local U-uptake/departure happens, due to precipitation/dissolution processes.

The terrace T4 appears in the natural range of the modern coral, although this level presents inconsistency in the apparent age with two poles around 400 ky (Aq 63 and Aq 64(3)) and 500 ky (Aq 64(1), Aq 64(2) and Aq 65(1), Aq65(2)).

No samples on the terrace T5 have been processed for 230 Th/ 234 U chronology. The last tested level, terrace T6, presents inconsistencies both for their 238 U concentration and for their 230 Th/ 234 U ages. Aq 67 presents a reproducible age of ∼ 150 ky, while sample Aq 66 presents two different ages of ∼ 544 ky and ∼ 413 ky, and sample Aq 68 is impossible to date. We assume that sample Aq 67 is an exogenous sample that was remobilized. However, the non-reproducible ages for the sample Aq 66 as well as the impossibility to estimate the age of the sample Aq 68, indicate that this terrace could be affected by high-recrystallization processes or can be already too old for the 230 Th/ 234 U chronology.

The variation in the 238 U concentration, within the same level of coral terrace, is a clear sign of intake and departure of 238 U of the coral skeleton and it marks that the diagenesis is impacting the estimation of the age. Already discussed by several authors, the departure of 238 U can be interpreted by the leaching of the terraces with freshwater [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF][START_REF] Bar | Last interglacial sea levels and regional tectonics from fossil coral reefs in the northeast Gulf of Aqaba[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF] and, thanks to the high porosity of the coral, the local dissolution and precipitation of the calcium carbonates leading to the remobilization of the U. Regarding the incorporation of 238 U , thanks to the freshwater coming from the continent, the 𝛼-recoil processes in the 238 U radioactive decay chain, and the proximity of the exposed crystalline basement in the Gulf of Aqaba, the supplying with elevated 𝛿 234 𝑈 cannot be ruled out [START_REF] Lazar | Diagenetic effects on the distribution of uranium in live and Holocene corals from the Gulf of Aqaba[END_REF].

We tested the three models described above according to several criteria of U content, 𝛿 234 𝑈 initial, and in some cases the available multiples data on the same coral, in order to model and constrain the effects of the diagenesis. parts of the corals (see [3][4][5][6][7][8][9][10][11][12][13][14][15][16][17][18][19].

The results of the analyses revealed that the mean 87 Sr/ 86 Sr ratio of the samples Aq 13, Aq 73, and Aq 75 are respectively of 0.70900 ± 428, 0.709129 ± 121, and 0.714688 ± 6962. The spatial resolution is very good, but the analytical resolution is low. In detail, the isotopic 87 Sr/ 86 Sr ratio is fluctuating as we go across the structure of the coral skeleton (see Figure 3-20 Aq 75 lines 15,18,19), while along the structure of the coral skeleton (see Figure 3-20 Aq 75 lines 10,12,13,17), or in the dense part of the coral (see Figure 3-18 Aq 13 b lines 3,4,5,15,17,18), the isotopic signal remains stable. Even if we remove the lines presenting a huge dispersion and using only the lines where the signal is more precise (reproducible), the resolution remains too low to identify clear isotopic signatures associated with structures.

On the line 13 and 14 of the sample Aq 13a (see Figure 3-18), the quick change in the 87 Sr/ 86 Sr ratio as we moved toward the center of the corallites, informed us about the presence of a strontiumrich mineral, probably a minerals of Celestine (SrSO 4 ), and confirmed the presence of secondary mineralization into the coral skeleton.

Implications for the comprehension of the coral's diagenetic alteration

If we consider the results obtained for our corals using the [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]'s model for T2 and T3 terraces chronology, a recrystallization event occurred a few ky after their deposition. [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF] estimated that the recrystallization episode in the Gulf of Aqaba occurred thanks to the presence of a coastal aquifer, which lead to an aragonite-aragonite recrystallization and an increase of the 𝛿 234 𝑈 activity ratio. [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], also discussed the implication of a coastal aquifer in the diagenetic coral alteration with, according to these authors, the incomplete transformation of original aragonitic coral skeleton into calcite with the preservation of the original coral texture.

In order to test this hypothesis, for our samples we combined the U-series results (see Table 3.2 and section 3.3.2 part of this chapter) with the strontium isotopic results.

To summarize: 1) Except for the samples Aq 15, Aq 27, Aq 28, Aq 29, Aq 30, and Aq 73 which present high 87 Sr/ 86 Sr values (see discussion above), the ratios are generally lower than the expected values [START_REF] Mcarthur | Strontium Isotope Stratigraphy : LOWESS Version 3 : Best Fit to the Marine Sr-Isotope Curve for 0 -509 Ma and Accompanying Look-up Table for Deriving Numerical Age[END_REF] 

The marine terraces

Two main types of marine terraces can be distinguished: the marine terraces formed by the mechanical abrasion of the waves (see [START_REF] Anderson | The generation and degradation of marine terraces[END_REF]; de Gelder et al. ( 2019)), and the marine terraces formed by bio-construction of living colonies (i.e. corals reef).

The terraces formed by bio-construction follows the typical reef structure (Figure 4-2) [START_REF] Friedman | Geology and geochemistry of reefs, carbonate sediments, and waters, gulf of aqaba (elat), red sea[END_REF][START_REF] Mergner | Morphologie, ökologie und zonierung von korallenriffen bei aqaba,(golf von aqaba, rotes meer)[END_REF][START_REF] Gabrie | Sedimentary facies from the modern coral reefs, jordan gulf of aqaba, red sea[END_REF][START_REF] Kennedy | Fringing reef growth and morphology: a review[END_REF] that is from the beach: 1) the back reef, also named lagoon, this zone is protected from the storms and the waves energy, 2) the Reef Flat, this zone is an horizontal surface corresponding to the sea level at low tide, 3) the Fore Reef, generally this zone is constituted of coarse debris, coming from the erosion of the Reef Flat, mixed with local well-developed live corals.

In this work, we will not go into this level of detail and we will consider the different areas of a reef as the same carbonate platform. However, notice that the development of this type of platform is close to the mean sea level, and the differential elevation between the Reef Flat and the Beach is given by the amplitude of the tide. In the area of the Gulf of Aqaba and Strait of Tiran, several studies [START_REF] Friedman | Geology and geochemistry of reefs, carbonate sediments, and waters, gulf of aqaba (elat), red sea[END_REF][START_REF] Mergner | Morphologie, ökologie und zonierung von korallenriffen bei aqaba,(golf von aqaba, rotes meer)[END_REF][START_REF] Gvirtzman | Fluctuations of sea level during the past 400 000 years: the record of Sinai, Egypt (northern Red Sea)[END_REF][START_REF] Shaked | Evolution of fringing reefs: space and time constraints from the gulf of aqaba[END_REF] estimate that the amplitude between the high and low tide is about 1 m. This information is crucial to build the age model discussed hereafter, as it gives us the uncertainty on the measurement on the elevation of the terraces.

The marine terraces are developed during glacial and interglacial periods, when the sea level is stable. They record the eustatic fluctuations over time (Figure 4-3) [START_REF] Lisiecki | A Pliocene-Pleistocene stack of 57 globally distributed benthic D 18 O records[END_REF][START_REF] Grant | High rates of sea-level rise during the last interglacial period[END_REF][START_REF] Rohling | Antarctic temperature and global sea level closely coupled over the past five glacial cycles[END_REF][START_REF] Rohling | Sea surface and high-latitude temperature sensitivity to radiative forcing of climate over several glacial cycles[END_REF][START_REF] Siddall | Sea-level fluctuations during the last glacial cycle[END_REF][START_REF] Siddall | Sea-level reversal during Termination II[END_REF]. These structures are used as a marker of the tectonic deformation and they have been used to describe the tectonic uplift or subsidence by comparison of their actual elevation with their original position (e.g. Indian ocean, Hawaii, New Guinea, Corinth, Aqaba [START_REF] Armijo | Quaternary evolution of the Corith Rift and its implications for the Late Cenozoic evolution of the Aegean[END_REF][START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF][START_REF] De Gelder | Lithospheric flexure and rheology determined by climate cycle markers in the Corinth Rift[END_REF][START_REF] Husson | Reef Carbonate Productivity During Quaternary Sea-Level Oscillations Reef Carbonate Productivity During Quaternary Sea Level Oscillations[END_REF][START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF][START_REF] Pedoja | Relative sea-level fall since the last interglacial stage: Are coasts uplifting worldwide?[END_REF][START_REF] Roberts | The implications of revised Quaternary palaeoshoreline chronologies for the rates of active extension and uplift in the upper plate of subduction zones[END_REF]Woodroffe The amount of samples used for the analysis ranged between 50 and 200 mg. After adding a triple 229 Th-233 U-236 U spike in a Teflon beaker, samples were dissolved with diluted HCl. The U-Th separation and purification were performed after coprecipitation with Fe(OH) 3 , on 0.6 ml columns filled with U-TEVA and pre-filter resins, in nitric media. The U and Th isotopic compositions were analyzed on a Multi-Collector Inductively Coupled Plasma source Mass Spectrometer (MC-ICPMS) Thermo Scientific TM Neptune Plus fitted with a jet pump interface and a desolvating introduction system (aridus II). For mass fractionation correction, we used an exponential mass fractionation law (normalized to natural 238 U/ 235 U isotopic ratio) and standard/sample bracketing. More details on the analytical procedure (chemistry and MC-ICPMS analysis) can be found in [START_REF] Pons-Branchu | A geochemical perspective on parisian urban history based on u-th dating, laminae counting and yttrium and ree concentrations of recent carbonates in underground aqueducts[END_REF]. After corrections for peak tailing, hydrate interference and chemical blanks, 230 Th/ 234 U ages were calculated from measured atomic ratios through iterative age estimation using the 230 Th, 234 U and 238 U decay constants of [START_REF] Cheng | Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry[END_REF] and [START_REF] Jaffey | Precision measurement of half-lives and specific activities of U235 and U238[END_REF].

Since coral terraces are subjected to diagenetic processes, validation of the 230 Th/ 234 U age has been done by comparison of the initial ratio between 238 U and 234 U (and expressed as 𝛿 234 𝑈 (0) of the coral with the modern sea water uranium isotopic composition (𝛿 234 𝑈 (𝑚𝑠𝑤) = 146, 8‰). For the age younger than 60 ky, a variation of the 𝛿 234 𝑈 (0) of 8‰ is acceptable [START_REF] Chutcharavan | Seawater 234U/238U recorded by modern and fossil corals[END_REF], while for the terraces older than 60 ky, this variation is 15‰ [START_REF] Tissot | Controls of eustasy and diagenesis on the 238U/235U of carbonates and evolution of the seawater (234U/238U) during the last 1.4 Myr[END_REF]. For samples presenting 𝛿 234 𝑈 (0) out of the determined ranges, we calculated open-system ages following [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF] model by forcing the 𝛿 234 𝑈 [START_REF]1: Mean values of the sea level of the the Gulf of Aqaba measured by DGPS in March 2017. latitude longitude height (m) Q ns sdn (m) sde (m) sdu (m) sdne (m)[END_REF] values of the samples to fit the ratio of the modern sea water.

RESULTS

Results

U-Th

Nine distinct coral terraces respectively named T1 to T9, uplifted above the mean sea level, have been sampled. On the total of 86 230 Th/ 234 U analyses and after correction of the diagenesis effect (see Chapter 3 for details about open-system procedure) 18 230 Th/ 234 U ages are reliable (Tables 4.1 &4.4).

The three first levels T1, T2, and T3 display a mean radiometric age of respectively 5.9 ky, 121 ky, and 205 ky (Figure 4-5 & Table 4.4). The higher terraces T4, T5, and T6 are already affected by intensive recrystallization, or are already too old for this technic (T7, T8 and T9).

In detail, the samples from the terrace T1 (Aq 4, Aq 5, Aq 6, Aq 24, Aq 25 and Aq 53) display ages between 5.38 ky and 7 ky for an elevation ranging between 1 m to 3 m (Table 4.4 Table 4.1: Uranium-Thorium ages of coral samples from the Gulf of Aqaba. Ages are expressed as thousand of years before the year 1950 (ky BP) and are corrected for detrital fraction using 230 𝑇 ℎ/ 232 𝑇 ℎ = 1.5±50%. 𝛿 234 𝑈 (0) = ( 234 𝑈/ 238 𝑈 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/ 234 𝑈/ 238 𝑈 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚-1) × 1000 , with 234 𝑈/ 238 𝑈 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 54.89 × 10 -6 (molar ratio. [START_REF] Cheng | Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry[END_REF]). Ar (%) is percentage of aragonite obtained by X-ray diffraction performed at GEOPS. Approximately 5 m of slope deposits (colluvium) are found on the terrace. It is not possible to determine if the level is tilted. Level 13 is between 27 m and 40 m above Level 12.

T14 -Level 14 is a well-developed level, although not very preserved. It is found in the southwest part of the island, at an average elevation of 325 m asl. This level is between 60 m to 90 m in width.

The geographical extension of this level does not allow to determine if it presents any tilt. The Level 14 is 15 m above Level 13. T15 -Level 15 is at elevation between 350 m and 355 m asl. The average trend shows a decrease of the elevation as we move southeastwards, indicating a tilt of the terrace. The Level 15 is around 60 m to 100 m in width. The difference in elevation from Level 14 is about 25 m. T16 -Level 16 is one of the summit levels of Tiran Island. It stands at an elevation of 367 m asl and it is 20 m to 50 m in width. Its small geographic extent does not make possible to find any evidence of tilting. The difference in elevation with Level 15 is about 17 m. T17-Level 17 culminates at about 500 m asl. It is one of the last markers of the tectonic uplift of the island. Being nearly 232 m apart from the underlying terrace (Level 16), it presents the same morphological characteristics as the lower levels, thus, suggesting that this terrace is also made up of coral reef. This level is between 30 m to 60 m in width. As the geographic extent of this level is limited, it is not possible to determine whether it tilts eastward like the lower levels.

T18 -Level 18 is the top most level found on the island. It culminates between 514 m and 517 m asl. This terrace is located at the summit of the island over an area of 0.012 km 2 . It presents the same morphology as the Level 17 and, it is about 15 m above the latter.

Age of the Tiran terraces

The first level (T1) is similar to the one found along the Gulf of Aqaba and dated as being a 5.9 ky Holocene terrace (Figure 4-5)(this study, [START_REF] Al-Rifaiy | The fossil coral reefs of al-Aqaba, Jordan[END_REF]; [START_REF] Bar | Last interglacial sea levels and regional tectonics from fossil coral reefs in the northeast Gulf of Aqaba[END_REF]; [START_REF] Lazar | Diagenetic effects on the distribution of uranium in live and Holocene corals from the Gulf of Aqaba[END_REF]; [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF]; [START_REF] Moustafa | Mid-Holocene stable isotope record of corals from the northern Red Sea[END_REF]; [START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF]; [START_REF] Shaked | Large earthquakes kill coral reefs at the north-west Gulf af Aqaba[END_REF]).

The Level 2 (T2), also found along the coast of the Gulf of Aqaba with the same characteristics, was dated to the MIS 5 (Figure 45). Indeed, during the MIS 5, the development of marine terraces is driven by small eustatic fluctuations, which correspond to three different sub-stages (5a, 5c and to the main active fault as the tectonic uplift of the coast is directly link to the attenuation of the uplift with respect to the fault involved [START_REF] Armijo | Quaternary evolution of the Corith Rift and its implications for the Late Cenozoic evolution of the Aegean[END_REF][START_REF] De Gelder | Lithospheric flexure and rheology determined by climate cycle markers in the Corinth Rift[END_REF] and not due to a spatial organization of extensional fault which drive local tectonic uplift [START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF].

The Dead Sea Fault and the Red Sea spreading faults

The fault model established in the Gulf of Aqaba, using a new bathymetric dataset (Ribot et We extracted the elevation of the terraces located in the west of the island and with the calibrated age model, we estimate an uplift rate of 0.26 ± 0.03 mm/yr. For the terraces located in the southwest of the island, where we calibrated our age model, we estimate an uplift rate of 0.20 ± 0.04 mm/yr for the same sequence. We propose that the difference between the uplift determined in the west and the uplift determined in the southwest of the island corresponds to the part of the uplift generated by the activity of the Tiran fault.

Along the Red Sea, the emergence of marine terraces at an elevation of only 6-30 m above the mean sea level [START_REF] Brown | Geology of the Arabian Peninsula: shield area of western Saudi Arabia[END_REF] indicates a low tectonic activity. In the southern part of the Red Sea, between 13N and 23N, uplifted coral reef at 3 m were dated to be 135 ky old (Brown , 1989). To the north, at Rabigh (22°47'34", 39°02'01"), uplifted terraces at 2.5-3.3 m above the mean sea level, give an age of 212-235 ky [START_REF] Dawood | Isotope geochemistry of the Miocene and Quaternary carbonate rocks in Rabigh area, Red Sea coast, Saudi Arabia[END_REF]. All these ages suggest an uplift rate of 0.02-0.08 mm/yr for the Red Sea coast during the last 200 ky. We assume that a part of the tectonic uplift we measured along the Tiran Island is linked to the uplift due to the Red Sea spreading, and is in the order of magnitude of the uplift determined along the Red Sea coast.

Deducting a maximum uplift rate of 0.08 mm/yr from the uplift rate estimated on Tiran island, we found a remaining uplift rate close to 0.13 ± 0.02 mm/yr in the area of the Strait of Tiran. We consider that this remaining part is due to the uplift generated by the activity of the normal Hume fault located south of the island (Figure 4-1C). This rate is in the order magnitude of the uplift rate generated by the activity of the Dead Sea Fault system. We propose that the activity of the Hume fault is mainly driven by the Dead Sea Fault system, although without more evidence it is difficult to conclude on this hypothesis. [START_REF] Goldberg | Tiran Island : an internal block at the junction of the Red Sea rift and Dead Sea transform[END_REF] have proposed that the tectonic uplift of the island started between 1.7 My and 2.5 My. Based on the analyses of the coral terraces preserved along Tiran Island, and based on our estimation of the age of the last marker on the summit of the island, we agree with an uplift of the island since at least 2.4 My. However, we can easily admit that the initiation of the uplift of the Tiran block started earlier as the island had initially be submerged. We suggest that the initiation of the uplift of Tiran island started at 5 My. Indeed, if we consider that the history of the Tiran block follows the history of the Dead Sea Fault and the Red Sea spreading, many factors coincide around 5 My as 1) the migration of the Eulerian pole [START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF], 2) the intensification of the strike-slip motion along the southern Dead Sea strike-slip system [START_REF] Ehrhardt | Seismic study of pull-apartinduced sedimentation and deformation in the Northern Gulf of Aqaba (Elat)[END_REF], 3) the beginning of the main subsidence in the Dead Sea basin, the formation of the Sea of Galilee and the Hula Basin to the north along the Dead Sea Fault system [START_REF] Garfunkel | Basins along the dead sea transform[END_REF], 4) the initiation of active seafloor spreading in the southern Red Sea [START_REF] Roeser | A detailed magnetic survey of the southern red sea[END_REF], 5) and evidences of vertical motions in the Midyan basin (28°13'48", 34°57'17") in the beginning of the Pliocene [START_REF] Tubbs | Midyan Peninsula, northern Red Sea, Saudi Arabia: Seismic imaging and regional interpretation[END_REF].

Tectonic evolution of the island

DISCUSSION

In addition, if we consider also a constant uplift rate around 0.2 mm/yr, in the time interval of 0-5 My, the total uplift of the island would have been around 1000 m. With a first order of motion along the faults (1/3 of uplift for 2/3 of subsidence), if the Tiran block accommodated 1000 m of uplift, the total offset between the initial position of the Tiran block and the summit of the island would have been around 3000 m. Today, the depth of the hanging wall is around 1400 m and the differential elevation reaches 1900 m. We assume that the missing 1100 m are due to the sediment infill in the Hume Deep.

The Hume fault, located south of the Tiran block and oriented N150, could be associated to the Dead Sea Fault system or the Red Sea fault system. Our analysis on the uplift rates of the island allows us to discriminate between the part generated by the strike-slip system and the part due to the spreading system, but it does not allow us to discriminate to which system the Hume fault is associated. In our opinion, based on the analysis of the bathymetric dataset (Figure 4-1C), the propagation toward the south of the Tiran strike-slip fault, along the western border of the Hume Deep and Sharm Deep, pushes forward the idea that the normal fault is still associated to the Dead Sea Fault and is integrated in the en-echelon system. Therefore, a last strike-slip fault bounding the two basins, and already covered by large salt deposits flowing from the continent, might be continuing toward the triple junction Red Sea -Gulf of Suez -Gulf of Aqaba [START_REF] Courtillot | The Sinai triple junction revisited[END_REF]. Another solution would be that the Tiran strike-slip fault is the last main left-lateral fault of the Dead Sea Fault system and is bounding a hemi-graben aligned with the entire system. In that case, the normal fault bounding the Tiran block would be an accommodating fault belonging to the Red Sea fault system and the uplift of the Tiran island mainly results from the accommodation of Indeed, even if some modeled ages are out of the range of the measured ages, the wide dispersion of the (U-Th)/He ages within a sample (see Supplementary A.9) compared to the precision of the model leads us to think that the set of parameters for the model is the best possibility. This model gives a total uplift rate in the gulf of the order of ∼ 0.3-0.35 mm/yr and is in the same order than the uplift rates deduced from 230 Th/ 234 U ages and 10 Be ages. little extension (around 0.5 km) (Figure 567).

The first 15 km of back-slip displacement are associated to motion along transverse faults and to the opening of the Aragonese basin into the pre-Arnona basin, which is not well aligned to the other structures, while the next 10 km of back-slip displacement correspond to the initiation of the steady closing of the Dakar-Tiran, Eilat and Arnona basins, which is incidentally easier with a different direction of motion, around N21 (Figure 567).

Transfer of the vertical deformation toward the coast

We are dealing with deformation which took place during the most recent period (0-5 My). The change of position of the Eulerian pole [START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF][START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Smit | The rift-like structure and asymmetry of the Dead Sea Fault[END_REF] generate a change in the tectonic constrains. Consequently, the period since 5 My is characterized by a different stress field compared to the previous period, and it is expected that new structures appeared with possibly different orientation. In view of the respective reconstructions and assuming that the change in the position of the Eulerian pole impacted the distribution of the strike-slip motion, we favor the first scenario and suggests that some strike-slip motion is accommodated along the faults on land, up to 1/3 of the total strike-slip deformation. (e.g. [START_REF] Hamiel | Crustal Deformation across the Jericho Valley Section of the Dead Sea Fault as Resolved by Detailed Field and Geodetic Observations[END_REF]). The only GPS study that includes directly both sides of the gulf obtained 1.8 mm/yr of extension (Castro-Perdomo, 2019), but they also obtain an excess of strikeslip deformation, which they interpret arguably as the result of post-seismic deformation. Hence, their measurements might also be affected by other processes than the interseismic extension.

Measurements of the extension in

Another indirect estimate of the extension can be obtained from the Eulerian poles computed from the different GPS measurements along the fault [START_REF] Le Béon | Slip rate and locking depth from GPS profiles across the southern Dead Sea Transform[END_REF] and references therein).

Using these poles and the corresponding angular velocities, we can compute the parallel and per-tested over the full range of parameters but a number of tests have been performed a posteriori to evaluate the sensitivity of the slip rate relative to the dip. Indeed, the reconstruction of the gulf presented above provides an estimate of the east-west horizontal displacement associated to the normal motion along the offshore faults, yielding an overall rate of 0.3 mm/yr of horizontal displacement. The difference between the value obtained in the model and that obtained in the reconstruction can be reduced if in the model one assumes a smaller dip, e.g. between 75°and 80°.

In this case we obtain between 0.1 and 0.16 mm/yr of east-west horizontal displacement for a single offshore fault on one side of the gulf (thus corresponding to a total extension of 0.2 to 0.32 mm/yr).

We note that this fits with the dip angles proposed by the source models computed for the 1995 Nuweiba earthquake (e.g. [START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]; [START_REF] Shamir | Three-dimensional elastic earthquake modelling based on integrated seismological and InSAR data: Mw = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November[END_REF]; [START_REF] Baer | The 1995 November 22 , M w 7 . 2 Gulf of Elat earthquake cycle revisited[END_REF]).

Independently of the dip of the fault, the vertical component of displacement is comprised between 0.59 and 0.55 mm/yr, yielding a cumulated offset of the order of 2.8 km, which is in the expected range of values but cannot be used as a validation criterion. Indeed, given that the Aragonese basin was formed over the course of the last 5 My, its depth is related to the cumulated vertical offset accommodated over this period. Since it is also affected by subsidence, this only provides an overestimation of the cumulated offset. Values proposed in the literature are in a wide range comprised between 1.8 km and 6 km [START_REF] Ben-Avraham | Structural framework of the Gulf of Elat (AQABA), Northern Red Sea[END_REF][START_REF] Segev | Late Oligocene and Miocene different seaways to the Red Sea-Gulf of Suez rift and the Gulf of Aqaba-Dead Sea basins[END_REF].

In our reconstruction (Figure 5-6 & 5-7), we proposed two alternative models depending on the rate of the strike-slip deformation along the main offshore faults, which also affects the estimate of the extension rate. The values discussed up to now were taken from the first model (i.e. 3 mm/yr accommodated in the gulf and the remaining 2 mm/yr along the eastern and western border), but if we consider the second model with 5 mm/yr of strike-slip motion along the main offshore faults, the rate of east-west horizontal slip accommodated by the offshore system over the last 5 My becomes close to 0.4 mm/yr. This value is even less in agreement with what we found using the thermokinematic model, unless we consider even shallower dip values, which do not seem realistic given the morphological observations. We also note that, in the gulf, the recurrence time of large earthquakes is longer than what has been estimated on-land for the northern part of the Dead Sea Fault (e.g. [START_REF] Lefevre | Slip deficit and temporal clustering along the Dead Sea fault from paleoseismological investigations[END_REF]). This from the coral terraces would thus result from the activity of on land faults.

Implications for seismic hazard in the gulf area

The question of the seismic hazard in the gulf area came back to the fore with the 1995 Nuweiba earthquake. This Mw7.3 earthquake occurred in the Gulf of Aqaba on 22 November 1995, damaging buildings in the cities of Aqaba (Jordan) and Eilat (Israel) and causing serious destructions in the city of Nuweiba (Egypt). This is the largest seismic event recorded in the Gulf of Aqaba since the beginning of instrumental measurements. It occurred along the Aragonese fault, and is associated to a 53 km long surface rupture (Ribot et al. (Chapter 2)). This event is characterized by a left-lateral slip with a small dip-slip component (e.g. [START_REF] Klinger | Active Faulting in the Gulf of Aqaba: New Knowledge from the Mw=7.3 Earthquake of 22 November 1995[END_REF][START_REF] Hofstetter | Seismic observations of the 22/11/1995 Gulf of Aqaba earthquake sequence[END_REF]). This tends to confirm the fact that the main strike-slip faults in the Gulf of Aqaba indeed accommodates a small part of the regional extension. This is corroborated by the occurrence of several dip-slip or normal faulting events of smaller magnitude during the swarm sequences, such as in 1993, or among the 1995 aftershocks sequence, even along the main strike-slip structures of the gulf [START_REF] Hofstetter | Source mechanism of the 22 / 11 / 1995 Gulf of Aqaba earthquake and its[END_REF]. These events show that at least part of the extension is accommodated seismically in the gulf, which should thus be considered for the regional seismic hazard assessment.

The deformation on land constitutes another source of seismic hazard in the area. Indeed, our morphotectonic study of the eastern coast of the Gulf of Aqaba highlights evidence of Quaternary on land deformation, more specifically of local uplift. We identify the bordering structure which separate the basement from the quaternary deposits, but we probably did not identify all the active structures since we cannot determine if the faults that affect only the basement have been active recently. Moreover, at best we are able to distinguish that the zone that deforms is wider than if we only consider the offshore fault, and that therefore, it is necessary to include one or more onshore faults. Nevertheless, for the structures affecting quaternary deposits we can estimate their recent activity. Given the low deformation rates estimated for this area and its climate characterized by yearly flash floods with high erosive power, we suspect that the well developed uplifted alluvial terraces, as in Figure 5-11, are formed by the seismic deformation. Assuming that all the deformation is accommodated seismically, we can try to estimate a return time of the seismic deformation.

of Aqaba and should alert the scientific community, as well as the local authorities, about the need to estimate the seismic hazard as well as the tsunamigenic hazard in the Gulf of Aqaba.

The vertical deformation along the eastern border of the Gulf of Aqaba

In a second part, we studied the deformation markers found on land along the eastern edge of the Gulf of Aqaba. For this purpose, a sampling campaign was carried out in March 2017. A total of 87 samples were collected on nearly 10 levels of coral terraces uplifted by the activity of the faults present in the area. The elevation of these coral terraces ranges from 1 m to 100 m above the mean sea level in the Gulf of Aqaba, and locally, as on the Tiran island, the abandoned terraces are recorded up to nearly 500 m above the mean sea level.

In order to understand and estimate the uplift rate of the coast, we have conducted a series of analyses on samples collected along the gulf. Due to their bio-construction in aragonite, the robust crystal system preserved without leaching can be used to date phenomena as the tectonic uplift. Consequently, the corals terraces are excellent markers of the tectonic activity [START_REF] Woodroffe | Coral reefs and sea-level change[END_REF]. Formed at the sea level, the presence of coral terraces at several meters or even ten of meters above the sea level makes possible the estimation of the uplift rate.

The results of these analyses (see Chapter 3) show that the majority of our samples show significant signs of recrystallization. This recrystallization is visible either by a high percentage of secondary calcite and the absence of primary aragonite or by the presence of secondary aragonite.

In either case, the age obtained by 230 Th/ 234 U analysis is unusable to constrain the tectonic uplift since the coral structure has been diagenetized. The effects of diagenesis, still discussed today between departure or addition of soluble element (U) and with or without remobilization of insoluble element (Th) [START_REF] Ku | U-Series dating of last interglacial high sea stands: Barbados revisited[END_REF][START_REF] Gallup | The timing of high sea levels over the past 200,000 years[END_REF][START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], lead to an estimation of the age that reflects neither the true age of the coral nor the age of the recrystallisation. However, some parameters and techniques can be used to understand the effect of diagenesis and thus highlight potential sources of recrystallization. We 208 6.2. THE VERTICAL DEFORMATION ALONG THE EASTERN BORDER OF THE GULF OF AQABA decided to couple the measurements made by 230 Th/ 238 U with a relative dating technique based on strontium isotope stratigraphy. The strontium isotope stratigraphy is generally used for longer periods of time, and thus, unfortunately, the analytical precision did not allow us to use our results to constrain the age of the samples. However, we have been able to show that recrystallization leads to the remobilization of uranium and strontium, with the incorporation or departure of the latter from the coral structure. Moreover, knowing that the isotopic value of the ratio 87 Sr/ 86 Sr incorporated in a crystal depends on the value of the source of the radiogenic strontium in which it is formed (i.e., marine Sr or continental Sr), it is then easy to discriminate between several sources of recrystallization.

Detailed analysis of the 87 Sr/ 86 Sr ratio of our samples allowed us to highlight that the recrystallization would come from a freshwater supply from the continent, charged with a 87 Sr/ 86 Sr ratio corresponding to the surrounding basement (i.e. granite and/or basalt).

Consequently, the explanation concerning the effect of this recrystallization that we retain and which seems to us the most logical follows an idea proposed by [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF] and taken up by [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]: it is the presence of a freshwater aquifer, shortly after the formation of corals (e.g., a few thousand or tens of thousands of years), that leads to the remobilization of uranium and strontium. In addition to this, we also propose another phenomenon not previously discussed in the region. The strontium isotopic signature of some samples being incompatible with their neighboring samples, we propose that the input of this radiogenic strontium is winddriven, with input of exogenous strontium-rich particles coming from the erosion of the surrounding Precambrian basement.

Finally, between samples showing no signs of diagenesis and samples recovered using recrystallization models [START_REF] Thompson | An open-system model for U-series age determinations of fossil corals[END_REF][START_REF] Villemant | Dating open systems by the238U-234U-230Th method: Application to Quaternary reef terraces[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF], 230 Th/ 238 U analyses reveal that the first three levels of coral terraces (T1, T2, and T3) are formed during the interglacial Marine Isotopic Stages (MIS) and have ages of ∼ 5.9 ± 0.03 ky, ∼ 121 ± 0.85 ky, and ∼ 205 ± 3.25 ky, respectively. These ages are consistent with the previous published data from the Gulf of Aqaba [START_REF] Scholz | U-series dating of diagenetically altered fossil reef corals[END_REF][START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF][START_REF] Bosworth | Seismic Hazards implications of uplifted pleistocene coral terraces in the gulf of Aqaba[END_REF][START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF][START_REF] Shaked | Late Holocene events that shaped the shoreline at the northern Gulf of Aqaba recorded by a buried fossil reef[END_REF][START_REF] Moustafa | Mid-Holocene stable isotope record of corals from the northern Red Sea[END_REF][START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF][START_REF] Barnea | Radiocarbon and U-Th dating of Holocene reefs from the northern Gulf of Aqaba : Implications for sea-levels , tectonics and reservoir ages[END_REF] and the Strait of Tiran [START_REF] Gvirtzman | Fluctuations of sea level during the past 400 000 years: the record of Sinai, Egypt (northern Red Sea)[END_REF]El-Asmar, 1997;[START_REF] Parker | Biodiversity of foraminifera from Late Pleistocene to Holocene coral reefs, South Sinai, Egypt[END_REF]. 230 Th/ 238 U analyses also reveal that the terraces T7, T8, and T9, which range at an elevation over 89 m, are older than 500 ky since the secular equilibrium between 234 U and 230 Th has been reached, but younger than 2 My since the secular equilibrium between the two uranium (i.e., 234 U and 238 U) has not yet been achieved.

Consequently, we assume that terraces T4, T5, T6, T7, T8, and T9 are associated respectively with MIS 9,11,13,15,17,and 19.

The estimation of this chronology along the gulf is important since it is from this work that we have studied the uplift of marine terraces present along the coasts of the Tiran island.

As mentioned above, the Tiran island presents a spectacular record of marine terraces. On nearly 500 m high, 18 levels of marine terraces are uplifted by the fault's activity. Using highresolution Pleiades satellite images, we have mapped these terraces in detail before building an age model (see Chapter 4). This age model allowed us to characterize the uplift rate of the island and to discuss the interaction between the Dead Sea Fault system and the extensive Red Sea system.

To calibrate the age model, we proceeded for the first levels to a lateral correlation between the terraces located at the level of the Gulf of Aqaba and the terraces present on the Tiran island.

The uplift rate deduced from the model indicates that the island rises at a rate of 0.23 ± 0.05 mm/yr. Comparing this rate with the rates obtained along the Gulf of Aqaba [START_REF] Barnea | Radiocarbon and U-Th dating of Holocene reefs from the northern Gulf of Aqaba : Implications for sea-levels , tectonics and reservoir ages[END_REF]; [START_REF] Gvirtzman | Dated coral reefs of southern Sinai (Red Sea) and their implication to late Quaternary sea levels[END_REF]; [START_REF] Lazar | Freshwater on the route of hominids out of Africa revealed by U-Th in Red Sea corals[END_REF]; [START_REF] Manaa | Dating Quaternary raised coral terraces along the Saudi Arabian Red Sea coast[END_REF]; [START_REF] Weil | Holocene coral reefs evolution in the Gulf of Aqaba: Terraces, Sea-Levels and Growth patterns[END_REF]; [START_REF] Yehudai | U-Th dating of calcite corals from the Gulf of Aqaba[END_REF]; Chapter 4) or the Red Sea [START_REF] Brown | Geology of the Arabian Peninsula: shield area of western Saudi Arabia[END_REF][START_REF] Dawood | Isotope geochemistry of the Miocene and Quaternary carbonate rocks in Rabigh area, Red Sea coast, Saudi Arabia[END_REF], we have shown that the uplift of the Tiran island results from the interaction between the Dead Sea Fault system on one hand and the extensive Red Sea system on the other hand. The fan shape of the terraces along the island suggests that the activity of the Tiran Fault, located west of the island and mainly left-lateral, is also associated with an uplift of the order of 0.06 ± 0.01 mm/yr. By subtracting the part of the uplift related to the normal Red Sea activity (∼ 0.08 mm/yr, [START_REF] Brown | Geology of the Arabian Peninsula: shield area of western Saudi Arabia[END_REF][START_REF] Dawood | Isotope geochemistry of the Miocene and Quaternary carbonate rocks in Rabigh area, Red Sea coast, Saudi Arabia[END_REF])), we assume that the rest of the deformation is related to the activity of the Hume Fault (∼ 0.14mm/yr), located south of the island, between the Tiran block and the Hume Basin. To resume, the deformation of the Tiran Island results in the contribution of 35% of the opening of the Red Sea, 25% of the Dead Sea Fault activity, and 39% from the Hume fault which

Long-term motion along the southern Dead Sea

Fault

Finally, in a third part, we linked the results of our work with previous research to study the longterm deformation in the Gulf of Aqaba. This part of the work was jointly conducted with Marthe Lefèvre. We aimed at reconciling the results of the 230 Th/ 238 U analyses with the cosmogenic ( 10 Be) ages and thermochronological ((U/Th)/He) data. As the thermochronological data were not directly comparable with the 230 Th/ 238 U and 10 Be data, we carried out a thermo-kinetic model in order to compare these datasets.

The results of this research allowed us to discuss and reconstruct the tectonic evolution of the Gulf of Aqaba since 5 My, but also to compare and understand the lateral evolution of the different uplift rates observed along the Gulf. Indeed, the comparison of thermochronological ages across the mountain range, with cosmogenic isotopic dating on alluvial terraces raised along the frontal fault, indicates an increase in the uplift rate since the Miocene. This increase seems to have occurred about 5 My, which coincides with the age of the change of position of the Eulerian pole and in the beginning of the rotation of the Arabian plate relative to the Sinai sub-plate. This translation has been associated with a regional change in stresses along the fault [START_REF] Le Pichon | The rotation of arabia and the levant fault system[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF], with the appearance of zones in transpression in the northern part of the fault (northern Lebanon) and zones in transtension in the southern part of the fault, at the level of the Gulf of Aqaba.

The increase of the extension in the Gulf of Aqaba has led to an increase of the uplift rate on the main offshore faults, and has also led to the reactivation of inherited faults located onshore.

The coral terraces show a lateral variation in coastal uplift along the gulf, suggesting a possible variation in the rate of extension along the different offshore fault segments. Nevertheless, based on the study of the onshore fault system and the tectonic reconstruction of the offshore system, we propose that the uplift rate is homogeneous throughout the offshore fault system, and that the variations in uplift are just apparent and result from the activity of the onshore faults. We estimate that the current total uplift rate on the east coast of the gulf is ∼ 0.35 mm/yr, which is almost ten cores would be helpful for further assessment of the seismic hazard, as they would inform us about a longer time period. This would be probably more representative of the seismic activity in the area as we demonstrate that the horizontal and vertical motion is divided between the on-shore and off-shore faults. With longer cores we would probably be able to record the earthquakes with longer recurrence time (e.g. 1000 yr) and reconcile the off-shore record with our on-land observations. On the geochemical level, as many studies and results are based on the 230 Th/ 234 U and 87 Sr/ 86 Sr analyses, the estimation of ages, possibly polluted to some degree by diagenesis, should remind the scientific community of the need for a better assessment of the processes leading to diagenesis. In order to evaluate the impact of diagenesis on the 230 Th/ 234 U ages and strontium analyses, additional investigations to evaluate the percentage of remobilization, and to identify under which conditions uranium and strontium are remobilized (temperature, pressure conditions, precipitation-dissolution conditions) in the coral skeleton would be a important direction of research. Indeed, even though many models and approaches have been tried, the measure of the impact of the recrystallization remains difficult and includes a lot of assumptions.

Going deepest with the laser ablation measurements would be also another point to explore. In many cases the pristine skeleton is still discernable and out of recrystallisation. The combination U-Sr we tried revealed the relationship between the remobilization of these radioisotopes. The utilization of the laser ablation for the SIS is a work in progress. In fact, we suppose that such technic could also been applied to the U-Th chronology. We believe that such combinations could be the solution to understand the diagenesis mechanisms, and so, to estimate precise ages, which are at the base of a lot of geological studies.

Chapter 7 Methods

DGPS

During a field trip realized from 9 th to 16 th March 2017, 4 sites of uplifted coral terraces were measured with Differential Global Positioning System (DGPS). In addition, location of the coral samples pick-up at the same time, and sea level variation (high and low tides) were also measured precisely with the DGPS.

Ground GPS surveys were conducted using a Leica GS10 base station with AS10 antenna and a Leica GD15 smart antenna as rover. For surveying points, each point was measured for 2 minutes.

All measurements were conducted with raw data logging. The raw data from the base and rover were converted into RINEX 3.01 formats. The post-processing of the data was done using RTKPOST, a module of the RTKLIB GPS.

First, to find the location of the BASE station, the data is processed using Precise-Point-Positioning (PPP) static, and referenced in an absolute referential (WGS-84). The absolute position of the base is determined with the post-processed highly accurate satellite orbit and clock corrections of the GPS week and day of the observation (see supplementary A.6). The absolute position of the base is determined with accuracy of 20 ± 5 cm in horizontal and less than 20 cm in vertical.

Second, once the BASE station has been located in the WGS-84 coordinate system, we estimated the ROVER positions following Kinematic, and PPP kinematic methods. The Kinematic solution, referenced to the BASE location, presents some issues with wrong locations and sometimes wrong positions. The PPP kinematic solution is independent of the BASE location and is based on the accurate satellite orbit and clock corrections of the GPS week and day of the observation. The PPP kinematic solution gives better results within about 20 cm in vertical uncertainty for large parts of the area, and less than 15 cm in error for horizontal position.

Pleiades satellite imagery

The tri-stereo Pleiades satellite imagery was processed with the open source pixel correlation software MicMac.

We built a Digital Surface Model (DSM) at 0.5-meter ground resolution from high resolution Pleiades satellite tri-stereo imagery. The images have been acquired in 2017 and 2018 (ref:

ICR_FC_ 180915, ICR_FC_180916, ICR_FC_219129 ) for a total of 1262 square kilometer along the eastern margin of the Gulf of Aqaba. Numerical computation was performed on the S-CAPAD platform at the Institut de Physique du Globe de Paris (IPGP, France). The satellite optical images are greyscale panchromatic images. These images are 2D matrices with values comprised between 0 (white) and 255 (black). The methods consist in a three-steps scheme in order to produce a DSM.

First, control points over the three images are detected by the software. The control points are automatically computed using a SIFT algorithm (Scale-Invariant Feature Transform, [START_REF] Lowe | Distinctive image features from scale-invariant keypoints[END_REF]).The control point is visible in at least two images of the triplet (overlap) and is characterized by strong 

PLEIADES SATELLITE IMAGERY

The absolute DSM calibration is done by using the DGPS data and the sea level as reference. In a first step, we convert the DGPS dataset onto absolute points. This allow a good positioning of the DSM in vertical and horizontal as the absolute positioning error of the DGPS are smaller than the resolution of the DSM. The maximal error on the horizontal position in our case is lower than the maximal resolution of the DSM so lower than 50 cm (Figure 7-2). The accurate vertical positioning is more difficult as the vertical error is not controlled by the error on the GPS itself. The DGPS track and sample location revealed slight local distortion of the tile and lead to an uncertainty of the order of 1 m to 3 m in vertical. For the DSM tiles with no DGPS, we process in a lateral calibration of the DSM by computing the elevation of the overlapped part of the absolute referenced DSM part. For the Tiran island, the resulting elevation of the DSM is calibrated with the coast line obtained from the orthoimage. The vertical uncertainty of the mean sea level used as reference is determined with the tide measurement realized by DGPS, along the Gulf of Aqaba (see section 7.1 and Supplementary A.7). We process a manual inspection of the tiles to control that no tilt or ripples of the tile is happening. The vertical resolution of the DSM is controlled by computing average elevation of 27000 square meters in the northern flat part of the island. Analyzing the standard deviation of the elevation, we derived an average vertical uncertainty of 0.87 m for our data on Tiran Island.

From these calibrated DSM, various hillshades, slope maps, and contour maps with 2m spacing (see Supplementary A.5) have been generated using the GDAL open source software in order to map in detail the numerous marine terraces. The shaded topography was calculated depending on the observed structure with an azimuth of N315 or N135 and with a low-angle altitude of the light source of 25.

Coral terraces

The corals samples presented in this manuscript were collected during a field trip realized from 9 th to 16 th March 2017. A total of 79 samples distributed along the eastern part of the Gulf of Aqaba have been collected at 8 different sites. The elevation of the coral terraces ranges from 0 to almost 100 m above the mean sea level (amsl) and are separated into 9 distinct terraces from T1 to T9, with T1 the terraces close to the actual mean sea level and T9 at an elevation close to 100 m amsl.

The coral samples have been sliced in the Institut de Physique du Globe de Paris (IPGP, France) in order to access into the pristine skeleton of the corals.

Then, each coral was manually sampled at the Laboratoire des Sciences du Climat et de l'Envirronement (LSCE, France) with a minidrill and diamond tools to cut and clean the coral chips. The coral chips were sampled where they appear to be still largely pristine (discernible skeleton structure, visual lack of secondary recrystallization, no mark or discoloration and out of visual detrital particles).

The interior of each calyce was removed to avoid diagenesis effect and contamination from detrital sources (contamination in 232 Th).

On the total of the 79 samples, 65 of them looked good enough to be screened for mineralogical composition. The samples chips were smoothly crushed in a synthetic corundum mortar and split into four aliquots, one for X-Ray Diffraction (XRD) analysis, one for geochemistry dating processing, and two for reproducibility in case of future analysis. In a clean room, the chips used for U-Th dating and reproducibility were cleaned three times with ultra-pure water (miliQ), leached during 5 minutes on an ultrasound bench, washed another time with miliQ to remove the remaining residues, and dried at 60°C over night.

DRX

X-ray Diffraction (XRD) is a non-destructive method of analysis that identifies the mineral phases present in a crystalline sample. This method allows identifying the arrangement of the crystal structure for each mineral, based on how atoms are arranged and organized within the mineral.

The analysis is based on the Bragg's law: adding a triple 229 Th-233 U-236 U spike in a Teflon beaker, samples were dissolved with diluted HCl.

The U-Th separation and purification were performed after coprecipitation with Fe(OH) 3 , on 0.6 ml columns filled with U-TEVA and pre-filter resins, in nitric media. The U and Th isotopic compositions were analyzed on a Multi-Collector inductively coupled plasma source mass spectrometer (MC-ICPMS) Thermo Scientific TM Neptune Plus fitted with a jet pump interface and a desolvating introduction system (aridus II). For mass fractionation correction, we used an exponential mass fractionation law (normalized to natural 238 U/ 235 U isotopic ratio) and standard / sample bracketing. More details on the analytical procedure (chemistry and MC-ICPMS analysis) can be found in [START_REF] Pons-Branchu | A geochemical perspective on parisian urban history based on u-th dating, laminae counting and yttrium and ree concentrations of recent carbonates in underground aqueducts[END_REF]. After corrections for peak tailing, hydrate interference and chemical blanks, 230 Th/ 234 U ages were calculated from measured atomic ratios through iterative age estimation using the 230 Th, 234 U and 238 U decay constants of [START_REF] Cheng | Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-collector inductively coupled plasma mass spectrometry[END_REF] and [START_REF] Jaffey | Precision measurement of half-lives and specific activities of U235 and U238[END_REF].

In total, we performed 83 230 Th/ 234 U analyses on 40 samples with 26 replicates, and 17 duplicates.

Strontium isotopy

Two technics have been applied on our coral samples to measure 87 Sr/ 86 Sr ratios: a classical liquid analysis of the purified Sr fraction with a Multi-Collector inductively coupled plasma source mass spectrometer (MC-ICPMS) ThermoFisher Scientific TM Neptune Plus , and an in-situ laser ablation analysis of the 87 Sr/ 86 Sr ratio with a NWR193 ablation system coupled with the MC-ICPMS ThermoFisher Scientific TM Neptune Plus .

Sr-Sr Liquid

Chemical purification of the Sr fraction from coral samples was performed at LSCE laboratory following a procedure adapted from [START_REF] Pin | Evaluation of a strontium-specific extraction chromatographic method for isotopic analysis in geological materials[END_REF]. Homemade columns of ca 300 𝜇l volume were filled with pre filter resin at the bottom and Sr resin [START_REF] Horwitz | Separation and preconcentration of strontium from biological, environmental, and nuclear waste samples by extraction chromatography using a crown ether[END_REF] at the top, rinsed with water and 1N HCl and preconditioned with 3M HNO 3 . Sample of 5 to 10 mg were dissolved in 0.5 ml of 3M HNO 3 and loaded on the column. Unwanted elements were eluted using 3M HNO 3 and Sr were recovered using mQ water.

The Sr concentration of the solution was measured using quadripole ICP-MS Xseries II CCT [START_REF] Waight | Sr isotope ratio measurements by double-focusing mc-icpms: techniques, observations and pitfalls[END_REF]. This would lead to an overestimation of the 84 Sr/ 86 Sr ratio and necessarily impact the age as the 87 Sr/ 86 Sr ratio is not constantly shifted. To correct the interference between 87 Rb and 87 Sr, we measured the 85 Rb in parallel to the strontium isotopes, and we correct the Rb values using the natural Rubidium abundance. A standard/sample/standard bracketing method was used for instrumental bias correction with JCP (modern porites coral) standards from the Geological Survey of Japan, with an expected value of 0.70915 ± 0.00003 [START_REF] Ohno | Simultaneous determination of mass-dependent isotopic fractionation and radiogenic isotope variation of strontium in geochemical samples by multiple collectoricp-mass spectrometry[END_REF].

The validity of the procedure is controlled by repeated analysis of an inhouse reference material, here a Triassic coral (Pachysolenia cylindica) with an expected value of 0.707692 ± 0.00022 (Thil et al. (in prep)).

Thin sections

A total of 27 thin sections and 3 polished sections were produced at Géosciences Paris Sud (GEOPS) by Valérie Godard. The thin sections were screened in the Institut de Physique du Globe de Paris (IPGP) with a polarized light microscope. We identify the minerals present in the samples and we discriminate between primary Aragonite and secondary phases. Produced by the corals and radiating from the calcification center of the corals, the primary Aragonite is massive and is discernable with its growth band. The secondary phases (aragonite and calcite), produced by the recrystallisation of the corals, induce a loss of the growth band on the skeleton and the emergence of discernable crystals in the porosity. The polished sections were used for the laser ablation.

Multibeam mapping

Two high-resolution bathymetric surveys of the eastern half of the Gulf of Aqaba (within Saudi waters) and the Strait of Tiran areas were conducted on board the R/V Thuwal from May 20 th to June 7 th , 2018 and from September 3 rd to September 9 th 2019. We used a Kongsberg EM710-MK2 multibeam echo sounder (operating in the 70-100 kHz range) calibrated with CTD (Conductivity, Temperature, Depth) profiles. Due to local regulation, no additional sub-surface geophysical data could be collected at that time. In order to maximize the range capability and to reduce interference from multiple returns we used a transmit fan which sequentially divides the signal into three sectors with distinct transmit frequencies and waveforms. We limited the system to a swath of 2000 m (i.e. 1000 m swath on each side of the beamer) in order to ensure a maximum pixel width of 10 m across the track. Similarly, the survey speed was kept at 5-6 kn (∼ 10 km/h) to limit the spacing between successive survey points and to ensure that the maximum pixel width is 10 m along the track as well. Survey lines were acquired every ∼ 1000 m in deep water and 500 m near the shore, to ensure a double coverage of each point in opposite directions. The Gulf of Aqaba survey was split into 9 distinct areas. We performed 10 CTD casts in order to calibrate the sound velocity profile of the water column for each surveyed area (Figure 7-3 and Table 7.1). The Strait of Tiran survey was split into 5 distinct areas. We performed 3 CTD casts in order to calibrate the sound velocity profile of the water column for each surveyed area (Figure 7-4 and Table 7.1). The CTD results were imported into the commercial SiS multibeam software and used to correct the incoming multibeam data. Then, the bathymetric data were automatically screened for obvious outliers and, additionally, we manually identified and removed remaining spurious data points.

From this dataset, we built a Digital Elevation Model (DEM) of the bathymetry by averaging raw data values to a 10 m horizontal grid. We combined this new DEMs with pre-existing multibeam data from the western part of the GA (F/S Meteor cruise 44 -1999 [START_REF] Sade | The Multinational Bathymetric Survey: Northern Gulf of 'Aqaba/Elat Poster[END_REF] to cover ∼ 70% of the gulf. The remaining gaps were filled using a lower resolution dataset produced from older ship track surveys [START_REF] Hall | Bathymetric chart of the Gulf of Eilat[END_REF].The contour lines of the bathymetric chart of the Gulf of Eilat were digitized and then resampled using a linear interpolation algorithm to get a regular horizontal posting at 50 m. For the Strait of Tiran area, we combined our multibeam data with pre-existing multibeam data from the Beautemps-Beaupré (2004).

We computed shaded bathymetry and slope maps, using the GDAL free software, to help map- 
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