Summary

Significant gas discoveries have been made recently in the Eastern Mediterranean (www.nobleenergyinc.com), which turned the attention of oil companies towards the Levant Basin. This region is considered today as a typical hydrocarbon frontier province. Hence, a considerable amount of geophysical data has been produced and a series of academic and industry-based studies have been performed. Understanding the crustal and sedimentary architecture, the actual and past thermicity of this basin, in particular on the Lebanese continental margin, has major academic and economic interests. This has important implications on understanding tectonic evolution and earthquakes generation and on assessing petroleum systems. Despite numerous old and recent geophysical studies in this region, the deep crustal configuration of the Levant Basin, known to be the site of rifting in the Late Paleozoic and Early Mesozoic, remains enigmatic. The transition from a typical thick continental crust to thinner attenuated crust offshore (possibly even oceanic crust) has been invoked, but not yet proven. Integrated geophysical approaches and modeling techniques are used in this thesis to study the deep structure of the lithosphere underlying the easternmost Mediterranean region.

A 2D modeling approach was accomplished at a regional scale (1000x1000 km 2 ) extending from the Nile delta in the south, to Turkey in the north, from the Herodotus Basin in the west to the Arabian plate in the east. The algorithm used is a trial and error method that delivers the crustal thickness and the depth of the lithosphere-asthenosphere boundary (LAB) as well as the crustal density distribution by integrating top basement heat flow data, free-air gravity anomaly, geoid and topography data. Moho depth and crustal thickness were locally constrained by refraction data where available. Three models are presented, two in EW direction (580 and 650 km long) and one in SN direction (570 km long). The models in EW sections show a progressively attenuated crystalline crust from E to W (35 to 8 km). The SN section presents a 12 km thick crust to the south, thinning to 9-7 km towards the Lebanese offshore and reaching 20 km in the north. The crystalline crust is best interpreted as a strongly thinned continental crust under the Levant Basin, represented by two distinct components, an upper and a lower crust. The Herodotus Basin, however, shows a very thin crystalline crust, likely oceanic, with a thickness between 6 and 10 km. The Moho under the Arabian plate is 35-40 km deep and becomes shallower towards the Mediterranean coast. Within the Levant Basin, the Moho appears to be situated between 20 and 23 km, reaching 26 km in the Herodotus Basin. While depth to LAB is around 110 km under the Arabian and the Eurasian plates, it is about 150 km under the Levant Basin and plunges finally to 180 km under the Herodotus Basin.

A 3D joint inversion of gravity, geoid and topography data applied on the same region confirmed the results of the 2D modeling. A total of 168 of simulations were run, among which the simulation with the minimal data misfits corresponds to a model where the Moho depth varies between 23 and 26 km in the Levant Basin and becomes deeper in the Herodotus Basin and off the African coast. The LAB is 100 to 150 km deep in the Levant Basin and deepens to more than 180 km in the Herodotus Basin.

The interpretation of five representative 2D Pre-Stack Time Migration (PSTM) seismic reflection sections (14 s TWT) covering the northern Levant Basin (offshore Lebanon) revealed a total of 10 horizons, among which one is interpreted as the Moho. The interpretation of seismic packages and their bounding surfaces as well as the seismic facies analysis were constrained by published 2D seismic interpretations of the northern Lebanese offshore (Hawie et al., 2013b), in which recent stratigraphic and sedimentological knowledge of the Lebanese margin was extrapolated to the basin. A total of eight seismic packages are identified in the basin with ages varying from the Middle Jurassic to the Quaternary. Consequently, 2D crustal models of five sections across the northern Levant Basin (offshore Lebanon) were constrained following the same workflow used previously and integrating seismic data. More precisely, the interpreted horizons on the five PSTM seismic lines were converted into depth using two different techniques and then used to constrain the crustal modeling. The models show a progressively attenuated crystalline crust in an EW direction. The crystalline crust is best interpreted as a strongly thinned continental crust under the northern Levant Basin. The Moho appears to be situated between 15.5 and 17 km towards the northern Lebanese coast and deepens to reach up to 20-23 km in the southern Lebanese offshore.

The last part of the study focuses on the integration of the present-day lithospheric architecture resulting from the geophysical modeling into the existing basin model, already established for the region with the software TemisFlow TM (IFPEN) (Bou Daher et al. 2016; Barabasch et al., in preparation). This software allows to include the time evolution of the crustal configuration into the basin modeling. The basin model constructed based on our prior results shows lower maturation of the potential source rocks in terms of vitrinite reflectance in the offshore domain but no noticeable effect can be detected in the onshore and along the margin. In the deepest offshore, the fast burial that occurred during the last 60 Ma resulted in the thermal maturation of all potential Mesozoic and Early Cenozoic source rocks. For an initial crustal thickness of 25 km, Triassic source rocks would have entered the overmature stage in most of the offshore basin. Upper Jurassic to Lower Cretaceous potential source rocks would have entered the dry gas stage at present day in most of the offshore but are overmature only in the deepest part of the basin. The Upper Cretaceous Cenomanian source rocks are most probably at the dry gas stage at the present day and the Campanian and Paleocene source rocks are mostly in the oil window in the offshore basin, apart from the deepest part.

Sensitivity analysis to the following parameters was accomplished: i) initial crustal thickness, ii) lithospheric mantle thickness, iii) rifting process and iv) thermal relaxation. Parameters related to past processes (pre-rift crustal thickness, rifting process and thermal relaxation) showed no remarkable effect on the present-day heat flow, geothermal gradient and vitrinite reflectance. The present-day lithospheric mantle thickness seems to have the most important impact on today's geothermal gradient. Varying the present-day crustal thickness does not have a noticeable effect on the source rock maturation. The thickness of the pre-Messinian (Oligocene and Miocene) biogenic zone varies between 800 m (for the least pessimistic scenario) and 1700 m (for the most optimistic), assuming a biogenic zone from 0 °C to °C).

Résumé

D'importantes découvertes de gaz ont été faites récemment en Méditerranée orientale (www.nobleenergyinc.com), incitant les compagnies pétrolières à s'intéresser de plus près au bassin du Levant, considéré aujourd'hui comme une véritable province pétrolière. Par conséquent, une quantité considérable de données géophysiques a été produite et une série d'études académiques et industrielles ont été réalisées. La compréhension de l'architecture crustale et sédimentaire associée à celle de la thermicité actuelle et passée des marges de ce bassin, notamment la marge continentale du Liban, présente des enjeux industriels et scientifiques majeurs. Cette question a des implications majeures pour l'évolution tectonique, les prévisions des tremblements de terre ainsi que celle des systèmes pétroliers. Malgré les différents travaux géophysiques menés sur la Méditerranée orientale ces dernières années, la configuration crustale profonde du bassin du Levant, connu pour avoir été le siège d'un rifting à la fin du Paléozoïque et au début du Mésozoïque, reste imprécise. La transition d'une croûte continentale épaisse vers une croûte atténuée en mer (peut-être même une croûte océanique) a été invoquée, mais pas encore prouvée. Des approches géophysiques intégrées ainsi qu'un travail de modélisation ont été utilisés dans cette thèse pour étudier la structure profonde de la lithosphère sous la région Est de la Méditerranée.

Une modélisation crustale 2D à l'échelle régionale (du delta du Nil au sud à la Turquie au nord, et du bassin Hérodote à l'ouest à la plaque arabe à l'est) a été effectuée dans le but d'étudier l'architecture de la croûte dans cette partie de la méditerranée orientale. L'algorithme utilisé est une méthode d'essai-erreur qui fournit l'épaisseur crustale et la profondeur de la limite lithosphère-asthénosphère (LAB) ainsi que la distribution de la densité crustale par l'intégration du flux de chaleur surfacique, l'anomalie gravimétrique à l'air libre, les données du géoïde et la topographie. La profondeur du Moho et l'épaisseur de la croûte ont été contraintes localement par des données de sismique réfraction là où elles sont disponibles. Les résultats montrent une croûte cristalline progressivement atténuée dans une direction EW. Dans le bassin du Levant, la croûte est interprétée comme continentale et composée de deux croûtes distinctes, une supérieure et une inférieure, contrairement au bassin Hérodote qui repose sur une croûte mince, probablement océanique.

Une inversion 3D jointe des données de gravité, du géoïde et de la topographie appliquée sur la même région a confirmé les résultats de la modélisation crustale 2D. A total of 168 simulations ont été réalisées, parmi lesquelles, la simulation avec les erreurs les moins grandes sur les données correspond à l'inversion d'un modèle dans lequel la profondeur du Moho varie entre 23 et 26 km dans le bassin du Levant et devient plus profond dans le bassin Hérodote et aux larges des côtes africaines. La profondeur de la LAB est située entre 100 et 150 km dans le bassin du Levant et atteint plus de 180 km dans le bassin Hérodotes.

L'interprétation de cinq lignes de sismique réflexion 2D PSTM à 14 s TWT couvrant la partie nord du bassin du Levant a révélé un total de 10 horizons, dont le plus profond pourrait être une interface croûte-manteau. L'interprétation des paquets sismiques, leurs surfaces de raccord ainsi que l'analyse des facies ont été contraints par les interprétations sismiques 2D publiées de la partie nord de l'offshore Libanais (Hawie et al., 2013b), dans lesquelles les connaissances stratigraphiques et sédimentologiques récentes de la marge libanaise ont été extrapolées jusqu'au bassin. Un total de huit paquets sédimentaires a été identifié dans le bassin aux âges variant du Jurassique Moyen au Quaternaire.

Les résultats de l'interprétation sismique ont été ensuite utilisés pour contraindre les modèles crustaux 2D de cinq sections couvrant la partie nord du bassin du Levant (au large des côtes Libanaises) avec la même technique utilisée précédemment. Les horizons interprétés sur les cinq lignes sismiques PSTM (Pre-Stack Time Migration) ont été convertis en profondeur à l'aide de deux techniques différentes et ensuite utilisés pour contraindre la modélisation crustale. Les modèles montrent une croûte cristalline progressivement atténuée dans une direction EW. La croûte a été interprétée comme une croûte continentale extrêmement atténuée sous la partie nord du bassin du Levant. Le Moho est situé entre 15.5 et 17 km en face de la côte Libanaise vers le nord et devient plus profond en allant vers le sud pour atteindre des profondeurs de 20-23 km au large du sud Liban.

La dernière étape du projet se focalise sur le couplage de l'architecture lithosphérique résultante de la modélisation géophysique avec un modèle de bassin déjà établi à l'aide du logiciel IFPEN TemisFlow TM . Le nouveau modèle de bassin montre une maturation moins prononcée des roches mères potentielles en termes de réflectance de vitrinite par rapport au modèle de référence. Dans l'onshore le plus profond, l'enfouissement accéléré qui a eu lieu pendant les dernières 60 Ma a abouti à la maturation thermique de toutes les roches mère du Mésozoïque et du début du Cénozoïque. Pour une épaisseur crustale initiale de 25 km, les roches mère du Triasique sont surmatures dans la plupart du domaine offshore. Les roches mères potentielles de la fin du Jurassique jusqu'au début du Crétacé sont dans la fenêtre à gaz sec aujourd'hui dans la plupart de l'offshore mais sont surmatures uniquement là où le bassin est le plus profond. Les roches mère du Cénomanien sont à l'état de gaz sec aujourd'hui et les roches mères du Campanien et du Paléogène sont majoritairement dans la fenêtre à huile dans l'offshore, mis à part la partie la plus profonde.

Une analyse de sensitivité a été réalisée pour les paramètres suivants: i) épaisseur crustale initiale, ii) épaisseur du manteau lithosphérique, iii) processus de rifting, et iv) relaxation thermique. Les paramètres en relation avec les événements passés (épaisseur crustale initiale, processus de rifting et relaxation thermique) n'ont pas d'effets remarquables sur le flux de chaleur actuel, le gradient géothermique ni la réflectance de la vitrinite. L'épaisseur du manteau lithosphérique semble avoir l'impact le plus important sur le gradient géothermique actuel. La variation de l'épaisseur crustale actuelle montre un effet peu d'effet sur la maturation des roches mères. L'épaisseur de la zone biogénique du pré-Messinian (Oligocène et Miocène) varie entre 800 m (pour le scenario le moins optimiste) et 1700 m (pour le plus optimiste), si on considère une zone biogénique entre 0 °C et 80 °C). 2-6: Regional stratigraphic column of the Levant Basin [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF]. ....... Figure 2-7: E-W and N-S interpreted seismic profiles offshore Lebanon (Hawie et al., 2013b) [START_REF] Daëron | Constraints on the post ∼25-ka slip rate of the Yammoûneh fault (Lebanon) using in situ cosmogenic 36Cl dating of offset limestone-clast fans[END_REF]. ......... Figure 2-11: Regional N-S 2D seismic section across the Levant Basin offshore Lebanon [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF] 2-16: Schematic cross section of the Levant Basin and margins from the Eratosthenes to the Dead Sea showing the main structural elements, stratigraphic units and seismic velocities (Garfunkel, 1998). See Figure 2 Figure 2-18: Schematic cross section through the Levant lithosphere showing the interfaces and the layers as interpreted by various authors (modified from [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF]. The blue line on the map indicates the location of this cross section. .................................................... Figure 2-19: Comparison of tomographic models: S wave models (a) SAVANI [START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF] and (b) EU30 [START_REF] Zhu | Structure of the European upper mantle revealed by adjoint tomography[END_REF] and P wave models (c) MITP08 [START_REF] Li | A new global model for P wave speed variations in Earth's mantle[END_REF] and (d) PM0.5 [START_REF] Piromallo | P wave tomography of the mantle under the Alpine-Mediterranean area[END_REF]. Horizontal layers in the upper mantle at 70, 150, 300, and 450 km. Seismic velocities are expressed as percent differences in wave speeds with respect to a reference model; note the difference in color scale for each panel ( from [START_REF] Faccenna | Mantle dynamics in the Mediterranean[END_REF] [START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF]. EAFS, East Anatolian fault system; ESM, Eratosthenes Seamount; YF, Yammouneh fault; RSF, Rachaya-Serghaya fault; RF, Roum fault; PFB, Palmyrides fold belt; GB, Ghab Basin; CF, Carmel fault; HB, Hula basin. In A, lines in black and red correspond to track lines along which seismic reflection data were acquired in the original study. In B, red boxes correspond to figures in the original study. ... Figure 2-22: Bouguer Gravity anomalies map for the Eastern Mediterranean in mGal [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF] [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] (see Figure 2-17 for location). Upper part shows observed (+) and calculated (-) free air anomaly. ...................... Figure 2-28: Density distribution in the crystalline crust calculated by weighting the thickness of the mafic crust having a density of 2.9 g/cm 3 , with the thickness of the felsic crust having a density of 2.77 g/cm 3 [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF] 4-4: (A) Regional stratigraphic column of the Levant Basin based on the interpretation of seismic packages and their bounding surfaces and supported by correlations with adjacent exposed strata and the use of well data of the coastal northern Levant margin (Hawie et al., 2013), (modified from [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF]. (B) A simplified version of the regional stratigraphic column in terms of similar rock properties. ........................................................ Figure 4-5: Isopach maps offshore Lebanon based on seismic interpretation (Hawie et al., 2013). [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] used to constrain the models, (B) Free-air gravity anomaly (TOPEX database), JA= Jarrafa anomaly mentioned in the discussion (C) Geoid heights EGM2008 [START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF]), (D) Surface heat flow [START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF]Shalev et al., 2013) [START_REF] Bar | Accelerated subsidence and sedimentation in the Levant Basin during the late tertiary and concurrent uplift of the Arabian platform: tectonic versus counteracting sedimentary loading effects[END_REF]. Curve 1 is the basement subsidence curve obtained by the cumulative thickness of the sedimentary column as measured in wells and corrected from compaction during burial. Curve 2 is the basement subsidence curve of a water filled basin after gradual sedimentary layers unloading. Curve 3 represents the tectonically driven basement subsidence curve as in curve 2, with a correction for paleo-water-depth (marked by pale blue). ................................ 1) Topography (TOPEX database). The red dashed lines correspond to the refraction data from [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] used to constrain the models, (2) Free-air gravity anomaly (TOPEX database), (3) Geoid heights EGM2008 [START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF]), (4) Surface heat flow [START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF]Shalev et al., 2013) 4-2 5-3: P-wave velocities for the deduced layering from [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] ........... Table 6-1: Eleven different scenarios tested for sensitivity analysis for the Levant Basin. The parameters modified for the scenarios are β factor, thermal relaxation (thermal β factor), Lithospheric Mantle thickness and rifting process. For scenarios 1-6, beta factor values are distributed equally between the three rifting events. For scenarios 6-11, beta factor maps were calculated for each rifting event. The crust thins from 35 km to 25 km over the whole study area during the Permian, from 25 to 12 km in the offshore during the Triassic, and from 12 to 7 km in the offshore during the Early Jurassic. 
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Scientific questions

One of the major uncertainties regarding basins at plate boundaries such as the Levant Basin which is also known to be the site of rifting in the Late Paleozoic and Early Mesozoic, concerns its deep crustal configuration. In spite of numerous geophysical studies in this region [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF][START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF][START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF], there is no agreement on the nature of the crust, its age, or on its overall geometry. The existence of a thick sedimentary rock sequence is a main handicap for obtaining information about the deep structure in this region. Gravity investigations have been undertaken on the Arabian plate (onshore Lebanon and Syria; e.g. Al [START_REF] Kwatli | Volcano-tectonic evolution of the northern part of the Arabian plate in the light of new K-Ar ages and remote sensing: Harrat Ash Shaam volcanic province (Syria)[END_REF], underlining relatively thick crustal and sedimentary segments which appear to thin towards the Mediterranean coastline. Still, little is known about the crustal and sedimentary sections underlying the Lebanese offshore.

The transition from typical thick continental crust to thinner attenuated crust offshore, possibly even oceanic crust, has been invoked but not yet proven [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF].

Taking into account the current context, the aim of this project is to give answers to the following questions:

 What is the most plausible architecture and the nature of the crust in the Levant Basin and surroundings as well as the lithospheric structure underneath this region?

 How can the crustal evolution be recreated with integrated geophysical data analysis?

 To what extent, understanding crustal characteristics help in constraining the heat flow evolution which is a major input for sedimentary basin models?

Significance of this PhD project

Understanding the lithospheric, crustal and sedimentary architecture, as well as burial/thermal evolution of the Levant Basin and its margins, in particular, the eastern, continental margin in Lebanon, has major academic and industrial interests. It has significant implications for constraining tectonic evolution. The present-day crustal and lithospheric structure integrate all the changes that the study area has witnessed through the geological past.

One major practical interest of this study is to provide further constraints for properly assessing petroleum systems. The heat flow can be evaluated based on the crustal thickness and nature. By recreating the crustal evolution, the heat flow can be calculated through time and thus the maturation of petroleum source rocks can be more precisely deduced.

The architecture and nature of the crust have also important effects on earthquake predictions.

The rigidity of the lithosphere can be calculated based on its structure and therefore the location of seismogenic area can be better defined.

This project consists of an integrated study approach applied on the Levant Basin in order to study the configuration of its crust and its impact on the thermicity of this basin. The outcome of this thesis consists in proposing a structural model of the crust of the Levant Basin margin and the continent ocean transition by combining various geophysical data available: seismic reflection/refraction, bathymetry, gravimetry, and magnetic data in order to constrain the evolution of heat flow that can be directly used in the basin modeling tools. Such results obtained from the lithospheric modeling are then integrated into basin-scale fluid evolution models (TemisFlow TM ; PhD project of S. Bou Daher (RWTH Aachen University/ IFPEN)).

The different crustal and lithospheric geometries result in distinct heat flow evolutions, whose impact on petroleum systems modeling might be further investigated.

Flowline of this PhD

An overview of the geological context is firstly presented, through a comprehensive literature review exploring the geologic and geophysical settings of the Levant Basin and underlining the importance of the geodynamics, the tectonic evolution and the seismicity in better understanding this area. It is followed by an overview on the previous works accomplished regarding the crustal structure and the geophysical data surveys covering the study area.

Based on the literature review, a 2D modeling application on a regional scale where the results are discussed in order to deduce the deep structure of the lithosphere underlying the easternmost Mediterranean region. This application is presented in the following article: [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF]. Further discussions regarding the rigidity and elasticity of the plates are added to supplement the article. This knowledge is used afterwards to construct 3D crustal models in order to better evaluate the deep structure of the Levant Basin and surroundings using global data and sensitivity tests which were applied on the area of study.

The study area is narrowed down to northern Levant Basin (offshore Lebanon Chapter 2

Geological Context

Chapter 2: Geological context

Regional geodynamics

The Tethys was an ocean issued from the Pangea breakup at the end of the Paleozoic with an E-W orientation, separating the continents into two main masses Gondwana and Laurasia [START_REF] Ricou | Tethys reconstructed: Plates continental fragments and their boundaries since 260 Ma from Central America to south-eastern Asia[END_REF]. It evolved through additional branches including a southernmost realm further separated into two domains "Alpine Tethys" [START_REF] Favre | From rifting to passive margin: The examples of the Red Sea, central Atlantic and Alpine Tethys[END_REF] and NeoTethys [START_REF] Stöcklin | Possible ancient margins in Iran[END_REF] (Figure 2-1). The East Mediterranean basin is considered as a relic of Neo-Tethys but is interpreted either as part of the main ocean or as a secondary southern branch belatedly connected to it. [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF] During Early Triassic times, the Levantine passive margin formed to the west and spreading in the eastern Mediterranean was still active. The post-rift phase followed associated with cooling and subsidence. In the Late Triassic, Gondwana continued its northward migration while a global transgression started. At the end of the Jurassic, Alpine Tethys and Neo-Tethys oceans merged likely somewhere east of Sicily and outlined the northern African plate boundary (Frizon de [START_REF] Frizon De Lamotte | The southernmost margin of the Tethys realm during the Mesozoic and Cenozoic: Initial geometry and timing of the inversion processes[END_REF].

The Tethys realm started its progressive closure by the Late Cretaceous, due to the convergence between Afro-Arabia and Eurasia. The different segments of the convergence zone of this continental collision witnessed different stages of progress but two main synchronous geodynamic events marked the whole Tethys southern margin. The Santonian -Campanian event which coincides with a progressive change in plate kinematics [START_REF] Rosenbaum | Relative motions of Africa, Iberia and Europe during Alpine orogeny[END_REF] was accompanied by an abrupt increase of velocity of Africa relatively to Europe [START_REF] Agard | Plate acceleration: The obduction trigger[END_REF] (Figure 2-2). The second event is the middle to late Eocene event which corresponds to the onset of collision in the northern part of Arabia [START_REF] Agard | Plate acceleration: The obduction trigger[END_REF] and the related decrease of the Afro-Eurasian convergence velocity (Figure 2-2) [START_REF] Frizon De Lamotte | The two main steps of the Atlas building and geodynamics of the western Mediterranean[END_REF]. Marginal uplift and tilting of the easternmost part of the Levant Basin and further inland [START_REF] Walley | Peri-Tethys Memoir 6: Peri-Tethyan Rift / Wrench Basins and Passive Margins[END_REF] started from the Late Eocene onwards. During the Oligocene, the Afar Mantle Plume reached the surface initiating rifting in the Red Sea [START_REF] Zeyen | Styles of continental rifting: crust-mantle detachment and mantle plumes[END_REF][START_REF] George | Earliest magmatism in Ethiopia: evidence for two mantle plumes in one flood basalts province[END_REF][START_REF] Segev | Effects of Cretaceous plume and convergence, and Early Tertiary tectonomagmatic quiescence on the central and southern Levant continental margin[END_REF]. Left-lateral movements between Eurasia and Africa were enhanced due to the collision of the Indian Plate with the Eurasian Plate in Mid-to Late Eocene times and the initiation of block faulting in the Red Sea/Aden Gulf marking the onset of the separation of Arabia from Africa [START_REF] Hempton | Constraints on Arabian plate motion and extensional history of the Red Sea[END_REF] along the Levant Fracture System (Figure 234). 

Tectonic evolution of the Levant and the Palmyra Basins

Several reconstruction schemes for the evolution of the Tethys and eastern Mediterranean regions were proposed, (e.g. [START_REF] Robertson | Aspects of the geological evolution of the Eastern Mediterranean[END_REF][START_REF] Dercourt | Geological evolution of the Tethys belt from the Atlantic to the Pamir since the Lias[END_REF][START_REF] Ricou | Tethys reconstructed: Plates continental fragments and their boundaries since 260 Ma from Central America to south-eastern Asia[END_REF][START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF][START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. It is generally believed that three main stages of passive margin formation have affected the Gondwanian Margin including the Afro-Arabia plate [START_REF] Stampfli | Tethyan margins in space and time[END_REF] through the evolution of Paleo-and Neo-Tethys. In addition, the Palmyra Basin is one of the major tectonic features influencing the Levant region that existed since that time. [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] describe the major tectonic events that shaped the Levant Basin and surrounding area by three distinct phases: (1) a rifting phase, (2) a passive margin phase and (3) a convergence phase. The tectonic evolution of the Levant and the Palmyra Basins in a regional and global context will be presented in this section.

Precambrian (>545 Ma) to end Paleozoic (248Ma)

The southern Arabian Plate formed through Proterozoic accretion of island arcs and microplates against Africa, most probably between about 950 Ma and 640 Ma [START_REF] Beydoun | Middle East hydrocarbon reserves enhancement, 1975-1990; significant developments and implications for potential future large increases[END_REF]. Many unconformities punctuated the Paleozoic rock succession. This was a time of relatively shallow water over most of Arabia; consequently, relatively minor eustatic variations easily caused hiatuses and erosion. In the Carboniferous, the Palmyride depositional trough was fully developed across central Syria, contrasting the uniform and parallel-bedded early Paleozoic deposition. This trough continued to be the main depocenter in Syria until Late Cretaceous time (Brew at al., 2001).

The opening of the Neo-Tethys in the Permian led to radical changes in regional tectonics.

The Cimmerian continent was separated from Gondwana by oceanic spreading [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] (Figure 23). Rifting along the northern African margin in Permian and Early Mesozoic followed. It is considered as the second phase of extension after the one that began in the Early Carboniferous [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF]. Two other extensional pulses followed, one in Late Triassic and one in Early Jurassic [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF]. [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF] These pulses have generated normal faulting with vertical throws reaching several kilometers, magmatic activity and a NE-SW oriented graben and horst system in Syria (the Palmyra Graben) connected to the Levantine Rift System [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. The development of the Palmyra Trough is then considered as a consequence of extension along the northern African margin that led to sea-floor spreading in the eastern Mediterranean [START_REF] Dercourt | Atlas Peri-Tethys, Palaeogeographical maps, 24 maps and explanatory notes: IXX[END_REF]. During Early Triassic times, synrift Permian-Triassic siliciclastic deposits filled the Eastern Mediterranean and the Palmyra Basin, where they exceed 1000 m in thickness. These synrift sediments are intercalated with some carbonate to the west and continental terrigenous deposits to the northeast in the Palmyra Basin [START_REF] Beydoun | Some open questions relating to the petroleum prospects of Lebanon[END_REF]. The presence of Permian-age normal faults in the Levant subparallel to the Palmyrides trend and an increasing sediment thickness westward suggest that rifting (opposed to downwarping and subsidence) controlled most of Permian-Triassic deposition in the Palmyra Basin [START_REF] Brew | Tectonic and geologic evolution of Syria[END_REF].

Mesozoic (248 Ma to 65 Ma)

Synrift deposition in the Palmyra Trough appears to have continued through the Early Triassic when the Levantine passive margin formed to the west. During this margin development at least 1,600 m of Triassic-Jurassic sediments were deposited along the present coastline. By the end of the Early Triassic, rifting in the Palmyra Basin had ceased, whereas spreading in the eastern Mediterranean was still active. The post-rift phase is associated with cooling and subsidence. In the Middle Triassic, the Kurrachine Dolomite was extensively deposited over most of Syria unlike the synrift Permian and Early Triassic clastics confined in the Palmyra Trough. Facies variations between dolomite and limestone, with the increased carbonate content and locally developed pelagic faunas indicate deeper waters. Post-rift subsidence [START_REF] Sawaf | Geologic evolution of the intraplate Palmyride Basin and Euphrates fault system, Syria[END_REF][START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF] followed and was the dominant control on the Triassic depocenter.

In the Late Triassic, Gondwana continued its northward migration while a global transgression started. Limestone, dolomite, and occasional marl [START_REF] Mouty | The Jurassic in Syria: an overview. Lithostratigraphic and biostratigraphic correlations with adjacent areas[END_REF] prevailed in the Palmyra Trough, SW Syria (up to 2,100 m of Jurassic strata) and Lebanon (up to 2,250 m) toward the eastern Mediterranean [START_REF] Walley | Peri-Tethys Memoir 6: Peri-Tethyan Rift / Wrench Basins and Passive Margins[END_REF]. This period was also characterized by intense volcanic activity between 200 and 205 Ma [START_REF] Dercourt | Atlas Tethys, Palaeoenvironmental maps[END_REF]. Oxfordian to Kimmeridgian alkaline volcanics, with continuing volcanism through Aptian times, have been identified in the Anti-Lebanon, the Syrian Coastal Ranges, the Palmyrides, and other parts of the eastern Mediterranean [START_REF] Mouty | Lithostratigraphic and paleogeographic evolution of Syria during the Jurassic[END_REF].

Regression began at the start of the Bathonian and became more pronounced, and accompanied by widespread erosion at the beginning of the Kimmeridgian. Most of Syria was subaerially exposed at the end of Kimmeridgian [START_REF] Mouty | The Jurassic in Syria: an overview. Lithostratigraphic and biostratigraphic correlations with adjacent areas[END_REF]. Hence, major hiatus and erosion events mark the Late Jurassic to Early Cretaceous times. By Early Cretaceous, Gondwana was already separated into Afro-Arabia-South America, India, and Australia [START_REF] Dercourt | Atlas Tethys, Palaeoenvironmental maps[END_REF] and the Levant region was located in the Equatorial and Tropical zones. Transgression covered most areas of the northern Arabian platform with hundreds of meters of fluvio-deltaic to shallow-marine sands locally mixed with clays, carbonates and orbitolinid-rudist carbonate platforms (Early Cretaceous Rutbah sandstone; Palmyra sandstone [START_REF] Mouty | Lithostratigraphic and paleogeographic evolution of Syria during the Jurassic[END_REF]; Grès de Base in Lebanon [START_REF] Dubertret | Liban, Syrie et bordure des pays voisins. Tableau stratigraphique avec carte géologique au millionième[END_REF]. In the Late Cenomanian, South America broke away from Afro-Arabia, which started a continuous northward drift away from the Equator until present time. A second marine transgression was initiated in the eastern Mediterranean area in the Early Senonian, also resulting in the deposition of platform carbonates over a large part of the Arabian shield [START_REF] Le Nindre | Histoire géologique de la bordure occidentale de la plate-forme arabe[END_REF]. In the Early Senonian, phosphate beds were deposited in the eastern Mediterranean region followed by the deposition of chalky pelagic carbonates in the Maastrichtian [START_REF] Dubertret | Carte géologique du Liban au 1/200000 avec notice explicative[END_REF].

In the Upper Cretaceous, a change in the regional tectonic regimes occurred with a transition from a predominantly extensional to a compressional regime. The collision of the Afro-Arabian Plate with the Eurasian Plate initiated the formation of the Syrian Arc Fold Belt (Garfunkel, 1998;[START_REF] Walley | Peri-Tethys Memoir 6: Peri-Tethyan Rift / Wrench Basins and Passive Margins[END_REF][START_REF] Nader | The Geology of Lebanon[END_REF]. The different stages of the collision in the hinterland of northern Arabia led to inversions of Early Mesozoic normal faults and folds generation in the Levant Basin and the Palmyrides [START_REF] Guiraud | Senonian basin inversion and rejuvenation of rifting in Africa and Arabia: synthesis and implications to plate-scale tectonics[END_REF].

Cenozoic (65 Ma to present)

The Paleogene was largely a time of quiescence in northern Arabia. Most areas remained under marine conditions with extensive pelagic deposition. The prominent subsidence in the Palmyrides area that had begun in the Maastrichtian continued. The Paleocene consists of a monotonous succession of pelagic marly limestone. In the Middle Eocene, minor contraction occurred in northern Arabia and pelagic carbonate deposition formed chalk, chalky limestone, and marl rich in microfossils and nanofossils [START_REF] Brew | Tectonic and geologic evolution of Syria[END_REF]. The sea level dropped in the Early Oligocene, while the northward drift of Afro-Arabia continued. In the Early Miocene, the Arabian block, which was moving northward, collided with the Neo-Tethyan Asian margin along the Zagros, which was already partly emergent. At the same time, riftingaccompanied by significant magmatismintensified along the southern Red Sea domain, which became connected to the western Indian Ocean through the Gulf of Aden [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF]. Africa and Arabia became eventually emergent in Late Miocene and the Arabian plate broke away completely from Africa, and drifted in a northern direction [START_REF] Beydoun | Petroleum habitat, northern Middle East; a review[END_REF]. The separation of the Arabian Plate and the African Plate along the Levant fracture system caused an important contraction in the Palmyra fold and transpression through the Lebanese mountain chains. The Levant fracture system is a sinistral strike-slip fault system extending about 1000 km from the Gulf of Aqaba to the Taurus Mountains, and principally consists of the Dead Sea Transform fault, the Yammouneh fault and the Ghab fault [START_REF] Dubertret | Liban, Syrie et bordure des pays voisins. Tableau stratigraphique avec carte géologique au millionième[END_REF]. This last event is also responsible for most of the inversion, uplift and erosion of the Palmyride fold and thrust belt [START_REF] Sawaf | Geologic evolution of the intraplate Palmyride Basin and Euphrates fault system, Syria[END_REF]. Currently, the Palmyride region is deforming by dextral transpression [START_REF] Chaimov | Crustal shortening in the Palmyride fold belt, Syria, and implications for movement along the Dead Sea fault system[END_REF], due to the compression from the north and northwest. (Hawie et al., 2013).

Stratigraphy from seismic reflection

Several seismic reflection surveys and interpretation studies were undertaken for the past years throughout the Levant Basin, the most important of which will be presented in this section. Seismic reflection surveys offshore Tripoli in 1970 and 1971 revealed the compressional Ile du Palmier structure. A later survey, in 1993, detected the presence of pre-Jurassic salt inside this structure [START_REF] Beydoun | Petroleum Prospects of Lebanon: Reevaluation[END_REF]Beydoun &[START_REF] Beydoun | Lebanon revisited: new insights into Triassic hydrocarbon prospects[END_REF]. Studies on shallow coverage seismic from Shalimar cruise detected two basin-wide prominent reflectors named "M" and "N" that correlated well with reflectors identified in different studies [START_REF] Garfunkel | Geology and structure of the continental margin off northern Israel and the adjacent part of the Levantine Basin[END_REF]Vidal et al., 2000a). They separate three different sedimentary sequences, from top to bottom, the Plio-Quaternary turbidites, the Messinian evaporites and the pre-Messinian sequence [START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF]. The uppermost reflector "M" lies between 2.9s and 3s TWT. It has high acoustic reflectivity and represents the base of the Plio-Quaternary sedimentary sequence (Ryan et al., 1971;Ryan and Hsu, 1973). The second reflector "N" [START_REF] Garfunkel | Geology and structure of the continental margin off northern Israel and the adjacent part of the Levantine Basin[END_REF][START_REF] Tibor | Late subsidence history of the southern Levant Margin, Eastern Mediterranean Sea, and its implications to the understanding of the Messinian event[END_REF] Other recent studies [START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Steinberg | Origin and nature of the rapid late Tertiary filling of the Levant Basin[END_REF] revealed a thick Cenozoic unit below the Messinian evaporite cover in the Levant Basin. [START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF], analyzed over 20,000 km-linear of 2-D seismic data from the Levant Basin and adjacent areas and suggested that the Mesozoic and Cenozoic strata deposited above rifted Triassic -Early Jurassic terrain offshore Lebanon is 10,000 m thick, including up to 1500 m of evaporites from the "Messinian Salinity Crisis". These salts are generally thinner in the northern part of Levant Basin compared to the south and thicker to the west of the Latakia Ridge (Northern part of the Levant Basin) than to the east of the Ridge [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF]. Six depositional sequences of Jurassic and Cretaceous age have been described by [START_REF] Gardosh | The Sequence Stratigraphy and Petroleum Systems of the Mesozoic, Southeastern Mediterranean Continental Margin[END_REF] for the Levant Basin. The highstand system consists of various types of carbonate platforms and the lowstand system consists of silicilastic and carbonate deep-water turbidite complexes.

Even though well data from the southeastern part of the Levantine Basin revealed that the basin was established since the Middle Jurassic [START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF], different interpretations on seismic units proposed uncertain ages for the sedimentary layers because they were extrapolated from neighboring wells [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF][START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]). An analysis of 2D seismic profiles and their bounding surfaces (onlap, toplap, downlap and truncations) offshore Lebanon was accomplished by Hawie et al. (2013b). A detailed assessment of the Levant paleogeography and partial correlations with adjacent exposed strata was included to the seismic analysis in order to investigate the architectural evolution of the northern Levant Basin. They identified nine horizons ("R1" for the oldest and "R9" for the youngest) that allowed to subdivide the sedimentary sequence of the northern Levant Basin into eight seismic packages (from SP1 for the deeper to SP8 for the shallower) defined by their large-scale reflection configurations, their stratigraphic contacts with lower and upper bounding surfaces, their terminations and the types of seismic facies observed in each package (Figure 23456). Two profiles with E-W and N-S directions describing the architecture of the Levant Basin offshore Lebanon are shown in Figure 234567.

The deepest horizon R1 is interpreted to correspond to the Middle Jurassic. It separates a seismic unit with typical patterns of platform carbonates from a discontinuous low amplitude reflection unit on top (SP1), consisting of hemipelagic material interbedded by silts, shales and carbonates deposited in deep marine settings. This reflector marks the end of rifting around the Middle Jurassic period [START_REF] Montadert | New seismic may put offshore Cyprus hydrocarbon prospects in the spotlight[END_REF]. Horizon R2 refers to the Late Jurassic-Early Cretaceous sequence transition marked by a major sea-level drop and the emersion of most of the Afro-Arabian Plate. Important amount of carbonate and clastic material resulting from erosion were then deposited in the basin forming SP2. The "Senonian unconformity" described by [START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF], [START_REF] Lie | New insights into the Levantine Basin[END_REF][START_REF] Montadert | New seismic may put offshore Cyprus hydrocarbon prospects in the spotlight[END_REF], is represented by the reflector R3. It is believed to coincide with the initiation of the Afro-Arabian collision with Eurasia. The drowning of the Levant margin since the Coniacian created a deep marine environment deposition. The "Eocene unconformity" (R4) [START_REF] Lie | Seismic characterization of the first 3D surveys offshore Cyprus and Lebanon[END_REF] lies under a thick Oligocene-Miocene sequence. Marginal uplifts and sea-level lowstands around the Late Eocene led to canyon incisions on the margin [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] bringing siliciclastic material into the basin. R5 is known in the Levant Basin as the "Base Miocene" and delimits hemipelagic deposits intercalated by deep-water channels, basin floor fans and mass transported deposits. In the Middle Miocene, hemipelagic sediments and deep-water clastic deposits were driven through canyons and channels. These sediments are underlain by the horizon R6, the "Base Mid-Miocene" unconformity. R7 or the "Base Messinian" horizon represents the lower limit of the Messinian evaporites withdrawn from the margin towards the basin with continuous shedding of clastics. A major sea level drop of about 500 m [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF] due to the closure and desiccation of the Mediterranean was responsible for the "Messinian crisis" phenomenon [START_REF] Ryan | Initial report of the Deep Sea Drilling Project[END_REF][START_REF] Hsü | Initial reports of the Deep Sea Drilling Project[END_REF][START_REF] Biju-Duval | Variety of margins and deep basins in the Mediterranean[END_REF][START_REF] Butler | Calibrating the duration and timing of the Messinian salinity crisis in the Mediterranean: linked tectonoclimatic signals in thrust-top basins in Sicily[END_REF]. A deposition of 500 to 1000 m of thick evaporites with intercalated evaporites resulted in the deepest areas of the Eastern Mediterranean, creating a very efficient regional seal [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. The shallower unit interpreted is the Plio-Quaternary separated from the Messinian evaporites by the "Base Pliocene" or R8. It is composed from hemipelagic and pelagic sediments intercalated by turbiditic sheets. The work of Hawie et al. (2013b) led to suggesting a new tectono-stratigraphic framework for Lebanon (Figure 2345) showing a margin mainly carbonate and a basin of carbonate-siliciclastic nature. The thick Oligo-Miocene rock unit in the northern Levant Basin could have been probably formed by the contribution of regional drainage systems transporting sediments from the north (Latakia region), from the south (Nile region) and from the Lebanese coast. Clastic systems revealed in the Oligo-Miocene package (sub-Messinian salt) have the shape of channel systems and sand bodies (Figure 2345678). They were interpreted by [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] as resulting from two depositional regimes for the Oligo-Miocene sands: channel filling confined to intra-slope canyons and unconfined sand sheets and lobes at the more distal slope and on the basin floor as shown in Figure 2-9 [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF]. This diversity observed in sediment sources and in the mechanisms of sediment transport through varied pathways (the Levant margin canyons, the Latakia region and the Nile Delta deep-sea cone) needs to be further investigated through detailed 3D seismic and stratigraphic interpretations. [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF]Hawie, 2013b).

Figure 2-6: Regional stratigraphic column of the Levant Basin [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF].
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Figure 2-7: E-W and N-S interpreted seismic profiles offshore Lebanon (Hawie et al., 2013b).

The Late Paleozoic/Early Mesozoic rift that lasted till the Middle Jurassic has led to the formation of the passive margin of the Levant Basin along which carbonate platforms are dominant with a setup of deep-water conditions in the basin. Continuous marine deposition occurred in the basin without interruption until the Late Jurassic [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF]. The collision of the Afro-Arabia Plate with the Eurasia Plate since the Late Cretaceous induced the formation of a basin with an important subsidence in the north in front of the Latakia Ridge.

The shift of depocenter location in the Miocene from north Lebanon to the south was triggered by a change in the stress field along the Latakia Ridge and by the westward escape of the Anatolian Plate. A series of uplifts and emersion followed during Mesozoic and Cenozoic leading to deposition in the Levant Basin of siliciclastic sediments coming from the erosion of Nubian regions and granitic sediments from the coastal Red Sea area and Arabian Shield [START_REF] Hawie | Architecture, geodynamic evolution and sedimentary filling of the Levant Basin; a 3D quantitative approach based on seismic data[END_REF]. (Hawie et al., 2013).

Figure 2-9: Schematic petroleum system model for Lebanon showing Oligocene sand sheets and lobes on the distal slope and basin floor [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF]. [START_REF] Daëron | Constraints on the post ∼25-ka slip rate of the Yammoûneh fault (Lebanon) using in situ cosmogenic 36Cl dating of offset limestone-clast fans[END_REF]. [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF] was able to map deeper structures by working on 3D PSDM seismic data down to 9 seconds TWT. In contrast to the previous authors, [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF] demonstrated that the Levant Fracture System (LFS) is contained onshore. They integrated regional 2D seismic lines and 3D seismic cubes to interpret detailed structural elements within the units. PSDM data was necessary to correct the effect of the 2 km thick salt unit in the basin that creates velocity anomalies [START_REF] Hsü | Late Miocene desiccation of the Mediterranean[END_REF]. The sections were depthconverted using a velocity model built from stacking velocities because of the absence of well data. [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF] claim that there is no shortening offshore Lebanon because they did not find arguments for active NNE-SSW strike-slip faults parallel to the restraining bend as mentioned by [START_REF] Elias | Thrusting offshore Mt Lebanon: Source of the tsunamigenic, 551 AD Beirut-Tripoli earthquake[END_REF] and [START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF]. These theoretical faults might not correspond to real fault scarps but rather erosional cuestaforms [START_REF] Dubertret | Carte géologique du Liban au 1/200000 avec notice explicative[END_REF][START_REF] Gomez | Late Cenozoic uplift along the northern Dead Sea transform in Lebanon and Syria[END_REF]. The main structural elements in the basin can be divided into pre-Cenozoic and Cenozoic structures. Figure 2-11: Regional N-S 2D seismic section across the Levant Basin offshore Lebanon [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF].

Structural geology

The structural scheme built from seismic interpretation is illustrated in 

Active present deformation and associated seismicity

The geologic history of the Eastern Mediterranean, briefly described above implies a complex tectonic setting, involving the Arabian, African and Eurasian plates. The Arabian Plate colliding with Eurasia in the North, is diverging away from Africa through sea-floor spreading in the Red Sea. At the beginning of the rifting, the Red Sea propagated NNW towards the Mediterranean Sea initiating the Gulf of Suez . The rotation of extension in the Gulf of Suez from NNE to NE induced a shift in the rifting from the Gulf of Suez to the Gulf of Aqaba (Figure 2-13) that became the preferred location for the continuation of the Red Sea [START_REF] Steckler | Subsidence in the Gulf of Suez: implications for rifting and plate kinematics[END_REF]. The majority of this relative movement between the plates have shifted eastward to the Dead Sea transform creating a new plate boundary between Arabia and Africa, accommodating at least 75% of the plate motion north of the Red Sea [START_REF] Steckler | Lithospheric strength variations as a control on new plate boundaries: examples from the northern Red Sea region[END_REF]. This movement have been transferred to the Levant Fracture System as a strike-slip motion since the onset of the Miocene. [START_REF] Steckler | Lithospheric strength variations as a control on new plate boundaries: examples from the northern Red Sea region[END_REF] explained the creation of this boundary as a result of an increase in the strength of the lithosphere across the Mediterranean continental margin that acted as a barrier to the propagation of the rift.

They based their assumption on an analysis of lithospheric strength variations across the Mediterranean continental margin using the inferred crustal thickness and composition, the geotherm, and thickness of the overlying sediments. The study showed an increase in strength seaward of the hinge zone and a minimum strength landward of the hinge zone [the hinge zone is a feature in the continental margins that marks the beginning of the region affected by substantial extension during rifting] (Figure 2 The area involved in this rotation from the Red Sea to the Hellenic arc including the domain located west of the Dead Sea Fault system is approximately 7x106 km 2 (Le Pichon and Kreemer, 2010) with a velocity magnitude increasing with decreasing distances from the trench and reaching high values of 20 to 35 mm/year [START_REF] Nocquet | Present-day kinematics of the Mediterranean: a comprehensive overview of GPS results[END_REF]. At approximately 40 Ma, a huge East African plume reached the surface under the northern East African Rift. Since 30 Ma, the center of volcanism moved to the northeast below the Afar region [START_REF] Vidal | Afar magmatism; nature and evolution of mantle sources[END_REF]. [START_REF] Mcclusky | Global positioning system constraints on plate kinematics and dynamics in the eastern Mediterranean and Caucasus[END_REF] and Le Pichon and Kreemer ( 2010) propose that the radial spreading of the asthenosphere below the lithosphere must have generated this movement and put the Arabian Plate into motion. [START_REF] Zeyen | Styles of continental rifting: crust-mantle detachment and mantle plumes[END_REF] advocates for a plume activity in addition to horizontal extensional far-field forces responsible for the Afar-Arabian rift. These extensional forces in the direction of the movement (slab pull) under the Zagros Mountains result from the collision between Arabia and Eurasia that started at the beginning of the Red Sea rifting. [START_REF] Nocquet | Present-day kinematics of the Mediterranean: a comprehensive overview of GPS results[END_REF] deduced from his study on the published GPS results over the last three decades that the convergence of the Nubia and Arabia plates towards Eurasia explains the deformation across only very few segments along the plate boundary zone. The deformation along the Dead Sea Fault (DSF) system dominated by a leftlateral motion, has yet to be further investigated. Geodetic results west of the DSF provide evidence favoring a Sinai-Levantine block independent from Nubia with extensional deformation occurring within this block [START_REF] Alchalbi | Crustal deformation in northwestern Arabia from GPS measurements in Syria: slow slip along the northern Dead Sea fault[END_REF][START_REF] Arrajehi | Geodetic constraints on present-day motion of the Arabian Plate: implications for Red Sea and Gulf of Aden rifting[END_REF]. Finally, a roll-back of the Hellenic Arc is observed with GPS rotation velocities in Anatolia and the Aegean region relative to Eurasia, which are much higher than the Africa-Eurasia collision rates. That was explained by Le Pichon (1982) as a consequence of a landlocked oceanic eastern Mediterranean basin with a relatively slowly converging collision zone compared to the much more rapid subduction of the remaining basin.

The considerable seismic activity of this region located at the limit of lithospheric plates show that the area is subjected to significant present deformation. The map has been restricted to this time interval because it has been estimated that the epicentral determinations have been more particularly consistent during this last period in order to give a more accurate representation of low-level seismic activity in Lebanon. In Syria, there are remarkable epicentral clusters in the regions of Damascus and Nebek. This latter cluster probably corresponds to the terminal structure of Serghaya fault. Within the Lebanese borders, the contrast is clear between a particularly silent zone in the northern Lebanon and a zone in the south of the capital, more particularly source of low level telluric tremors. This configuration is confirmed by independent determinations carried out by international networks and the history of seismicity of Lebanon during the last hundred years. Earthquakes appear to be rare at sea, but it is difficult on the Lebanese network «GRAL» to detect them more precisely because of the lack of seismic stations offshore. 

Crustal structure

Determining whether the underlying crust is continental or oceanic is crucial for the reconstruction of the Neo-Tethys opening and the position of its spreading axes and also for the thermal history of the basin. The Early Mesozoic rifting activity is considered by most authors to be the cause of the thinner crust identified within the Levant Basin but the composition of the crust in the southeastern Mediterranean Sea is still unconfirmed. During the Early Mesozoic periods, a series of horst and graben structures evolved in successive pulses and was accompanied by magmatic activity (Gardosh et al., 2006) (Figure 2-16).

In general, some authors believe that an oceanic crust was formed when the initial rifting evolved into full-scale sea-floor spreading [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Ginzburg | The deep structure of the Levant continental margin[END_REF][START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF] while others claim that only stretched and intruded crust of continental origin was formed during rifting [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF][START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF]. Finally some researchers think that the composition of the crust is a mixture of both [START_REF] Nur | The eastern Mediterranean and the Levant: tectonics of continental collision[END_REF]Robertson, 1998a,b;[START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF][START_REF] Chamot-Rooke | A synthesis of deep marine data in the Eastern Mediterranean[END_REF]. These last authors postulate old oceanic crust under the basin with an age varying from Triassic to Cretaceous and suggest that the Eratosthenes Seamount was separated from the African margin in the Permian along with other continental fragments. Robertson (1998a,b) dates the rifting phase that separated the Eratosthenes from the Levant margin to the Late Triassic, assuming that the oceanic crust probably exists only in selected areas separated by continental crustal units and that most of the oceanic crust was consumed in the subduction at the Cyprus Arc. (Garfunkel, 1998). See Figure 2-17 for location.

Deep seismic studies have been carried out onshore by [START_REF] Ginzburg | The deep structure of the Levant continental margin[END_REF][START_REF] Ricou | Tethys reconstructed: Plates continental fragments and their boundaries since 260 Ma from Central America to south-eastern Asia[END_REF][START_REF] El-Isa | A crustal structure study of Jordan derived from seismic refraction data[END_REF][START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF], and the DESERT2000 project [START_REF] Weber | The crustal structure of the Dead Sea Transform[END_REF], and provided information on the crustal structure under Israel, Jordan and the Sinai Peninsula.

Studies of seismic refraction data in the southern part of the Levant Basin [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Weber | The crustal structure of the Dead Sea Transform[END_REF][START_REF] Zverev | The deep structure of Eratosthenes Seamount from seismic refraction data[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] showing results of seismic refraction data and their interpretation based on various authors referenced on the cross-section (modified from [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF].

The compiled velocity model obtained from refraction profiles along the Eastern Mediterranean indicates an 8 km crustal thickness beneath 12-14 km of sedimentary sequence near the center of the Levant Basin. This was deduced based on layering data presented in P-wave velocity (km/s) Plio-Quaternary sediments 1.9-2.1 Evaporites (Messinian desiccation episode) 4.3-4.4 Sediments from Jurassic to Miocene 3.5-3.9 Marine carbonate 4.4-4.9 Upper Crystalline basement 5.7-6.4 Lower Crystalline basement 6.5-6.9

The Moho is located at 27 km depth at the edges of the basin and decreases till 22 km towards the center of the basin. In the Dead Sea transform region, [START_REF] Weber | The crustal structure of the Dead Sea Transform[END_REF] place the Moho at 26 km in the Mediterranean and at 39 km under the Jordan highlands. [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF] proposed a model of the lithosphere structure and the sedimentary succession (Figure 2 -18) showing that the southeastern margin of the Levant Basin coincides with the thinning of the Lower and Upper Crustal segments. [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] concluded that the Levant Basin lies on a thin continental crust for the following reasons: (i) a velocity gradient typical of shear zones that are much more common in continental than in oceanic crusts; (ii) high P-wave velocity (ca. 6.9 km/s) which is not high enough for an oceanic crust; (iii) calculated stretching factor of 2.25 that is typical for continental crust; and (iv) continuous (lower and upper) crustal layers, discarding any transition in the crust nature.

This last argument of continuity of the two crustal layers contradicts the observation made by [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF] of the existence of a major structural boundary south of the Eratosthenes Seamount. A major transition of the crustal structure was detected separating the continental Cyprus-Eratosthenes block to the north from the presumed oceanic crust in the Levant Basin to the South. [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF]. The blue line on the map indicates the location of this cross section.

Mantle structure

Seismic tomography is an important tool in investigating the mantle structure beneath an array of seismic stations. The mantle structure beneath the Mediterranean region has been studied by many authors using seismic tomography (Spakman, 1985;Bijwaard et al., 1998;[START_REF] Piromallo | P wave tomography of the mantle under the Alpine-Mediterranean area[END_REF][START_REF] Li | A new global model for P wave speed variations in Earth's mantle[END_REF][START_REF] Zhu | Structure of the European upper mantle revealed by adjoint tomography[END_REF][START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF]. The detection of high-and low-seismic wave speed regions through seismic tomography has become a fundamental tool for linking tectonics and mantle geodynamics.

Figure 2-19 shows a selection of representative P and S wave velocity models in the region of interest, expressed as percent differences with respect to their reference models. P and S models differ in terms of resolution, mainly because the former are based on body wave data only, while the latter also include surface wave observations. Potential sources for seismic velocity anomalies imaged by tomography are temperature anomalies, compositional variations, the presence of partial melt, and anisotropy [START_REF] Nolet | Mantle plume tomography[END_REF]. Given the strong sensitivity of upper mantle velocities to temperature variations [START_REF] Goes | Shallow mantle temperatures under Europe from P and S wave tomography[END_REF], velocity anomalies are here simply interpreted in terms of temperature anomalies in a first pass, as alternative interpretations, e.g., in terms of composition, would require further constraints. P and S models of [START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF] and (b) EU30 [START_REF] Zhu | Structure of the European upper mantle revealed by adjoint tomography[END_REF] and P wave models (c) MITP08 [START_REF] Li | A new global model for P wave speed variations in Earth's mantle[END_REF] and (d) PM0.5 [START_REF] Piromallo | P wave tomography of the mantle under the Alpine-Mediterranean area[END_REF]. Horizontal layers in the upper mantle at 70, 150, 300, and 450 km. Seismic velocities are expressed as percent differences in wave speeds with respect to a reference model; note the difference in color scale for each panel ( from [START_REF] Faccenna | Mantle dynamics in the Mediterranean[END_REF]. -The continental "slope" is gentle south of Saida and north of Tripoli and extends the shelf while an important increase in steepness is noticed between Beirut and Tripoli and reaches 21-23 at some points and the water depth increases from 100 to 1500 m in less than 5 km. It is the continuation of the elevated topographic gradient onshore where the mountains rise up to 4000 m above the seafloor (Figure 2-20).

-The "abyssal plain" is the sea floor beneath the slope toe. Along the margin, the slope toe is sharply cut by fault scarps and deeply indented by sea valleys, a submarine promontory and submarine flat-floored canyons where water depth can reach 2000 m.
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Gravity investigations

Different gravity investigations were carried out onshore and offshore in the Eastern Mediterranean region. [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF] (Figure 2-22), Makris and Wang (1994) and [START_REF] Chamot-Rooke | A synthesis of deep marine data in the Eastern Mediterranean[END_REF] published several maps of free air and Bouguer gravity anomalies with different values but with the same regional anomalies described below as interpreted by Montadert el al. (2014).
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Figure 2-22: Bouguer Gravity anomalies map for the Eastern Mediterranean in mGal [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF]. ECB= Eratosthenes Continental Block.

Firstly, a positive Bouguer Gravity anomaly of the Cyprus Arc is noticed with relatively high values above the Cyprus Island in particular (up to 230 mGal). This anomaly delineates the Late Cretaceous ophiolitic belt [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. Another positive anomaly is observed with values of 120-185 mGal, which may also be due to a probable oceanic crust, is located west of the ECB. It is connected in the WSW with a positive anomaly along the Libyan Margin [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. Negative Bouguer gravity anomalies delineate the Cyprus Arc from the south and east, separated by two breaks, one north of the ECB and one north of the Levant Basin. These anomalies might be the result of low-density sediments and continental crust accreted under the Cyprus Arc. One last observed positive anomaly trend, oriented SW-NE, is found in the middle of the Levant Basin with lower values in the northern part of the basin, probably because of the thicker sediment cover. This anomaly might come from a possible existence of an oceanic crust surrounded by an extended continental crust. A possible presence of a volcanic high in the central part of the Levant Basin could be linked with an initiation of a spreading center [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF]. 63 Gravity investigations were achieved on the northern part of the Arabian plate to understand the lithospheric structure under Harrat Ash Sham volcanic province (Al [START_REF] Kwatli | Volcano-tectonic evolution of the northern part of the Arabian plate in the light of new K-Ar ages and remote sensing: Harrat Ash Shaam volcanic province (Syria)[END_REF].

A method combining free-air gravity, geoid, surface heat flow and topography data based on a two-dimensional lithospheric thermal and density model was applied (Zeyen and Fernandez, 1994;[START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF].

The algorithm used to calculate the temperature distribution is a 2D finite element algorithm with a constant temperature at the surface and at the base of the lithosphere and with no lateral heat flow at the vertical model boundaries. The geophysical model obtained showed a thinned lithosphere underneath this volcanic province and close to the Dead Sea fault system (Figure 2 -26). This thinned lithosphere provided the heat to produce melting under the decompressing conditions through the counterclockwise rotation of the Arabian plate which explains the volcanism of the northern part of this plate.

64 Other onshore gravity surveys [START_REF] Beydoun | Petroleum Prospects of Lebanon: Reevaluation[END_REF][START_REF] Khair | Bouguer gravity and crustal structure of the Dead Sea transform fault and adjacent mountain belts in Lebanon[END_REF][START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF] show a westward thinning of the continental crust beneath Lebanon and Syria. In Lebanon the crust thins from 36 km beneath the Anti-Lebanon mountain chain to about 27 km near the coast [START_REF] Khair | Bouguer gravity and crustal structure of the Dead Sea transform fault and adjacent mountain belts in Lebanon[END_REF][START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF]Ginzburg and[START_REF] Ginzburg | The deep structure of the Levant continental margin[END_REF]. The crustal thickness is estimated to exceed 36 km under the Aleppo high, in northern Syria [START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF].

Gravity data were used in several studies to constrain crustal structural models established with seismic refraction technique [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Zverev | The deep structure of Eratosthenes Seamount from seismic refraction data[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF][START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF]. [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] Segev et al. ( 2006) constructed a 3-D gravity model where the densities for the sedimentary cover were determined according to its composition and compaction in borehole data and the density distribution in the crystalline crust was calculated by weighting the thickness of the lower mafic crustal layer with a density of 2.9 g/cm 3 and the upper felsic layer with a density of 2.77 g/cm 3 (Figure 2 -28). This gravity model calculated for the 3D lithospheric structure confirmed that most of the Levant Basin is isostatically compensated (the deficiency of mass in the Earth's crust below sea level is exactly balanced by the mass above sea level). This study suggests an oceanic nature of the Levant Basin crust. In case of a thin continental crust beneath the Levant Basin, the average crustal density would decrease from 2.9 to 2.8 g/cm 3 and the simulated gravity values would decrease by more than 50 mGal. Such a decrease in simulated gravity would indicate that the Levant Basin is not isostatically compensated and would elevate the Levant Basin by 400 m from its present-day depth in order to reach isostasy.

Figure 2-28: Density distribution in the crystalline crust calculated by weighting the thickness of the mafic crust having a density of 2.9 g/cm 3 , with the thickness of the felsic crust having a density of 2.77 g/cm 3 [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF].

Heat Flow prediction

The concept of predicting heat flow using gravity anomalies comes from the assumption of Vening [START_REF] Vening Meinesz | I. The expeditions, the computations and the results[END_REF] that values of gravity and subsidence in certain areas can be explained by the study of convection currents in the Earth's mantle. His analysis of gravity anomalies offshore shows that positive anomalies in basin are often continental regions that have recently collapsed. The positive anomaly at the surface of the Earth was interpreted as result of the convective downdraft developed in bedrock that produces excessive weight (higher density). He then explained the subsidence by the fact that the bedrock surface above the downdraft should be lower than that above the convective updrafts associated.

In order to calculate the surface heat flow onshore Syria and Iran respectively, Al [START_REF] Kwatli | Volcano-tectonic evolution of the northern part of the Arabian plate in the light of new K-Ar ages and remote sensing: Harrat Ash Shaam volcanic province (Syria)[END_REF] and Motavalli-Anbaran et al. ( 2013) used the idea of Vening Meinesz and assumed a geoid sensitive to mantle density variations under the assumption of local isostasy (Zeyen and Fernandez, 1994;[START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF]. In this case, the mantle density variations are interpreted as thermally induced due to lithospheric thickness variations. The algorithm used is described in [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF]. It is based on a finite element code that allows calculating the temperature based on a given surface temperature (10 °C) and asthenospheric temperature (1300 °C), as well as radioactive heat production and thermal conductivity distribution. In a rifted continental margin context, top basement heat flow prediction within the ocean continent transition is crucial for understanding hydrocarbon maturation. When a continental lithosphere stretches and thins leading to breakup, an oceanic lithosphere is formed producing a high geothermal gradient that decreases gradually with the cooling of the lithosphere. Top basement heat flow at present time is a combination of the base lithosphere background heat flow, the transient post break-up heat flow component and the contribution from the remaining continental crust radiogenic heat productivity. This concept was applied to the Eastern Mediterranean [START_REF] Cowie | Gravity inversion mapping of crustal thickness and lithosphere thinning for the eastern Mediterranean[END_REF] using continental lithosphere thinning derived from gravity inversion to predict the continental crustal radiogenic heat productivity and the transient lithosphere heat flow cooling time. (2001). Globally low heat flow in the basin is observed, which matches with the age of its formation and the important blanketing effect linked to the very thick sedimentary cover (Montadert et al., 2014).

Magnetic surveys

Magnetic surveys were undertaken in the Eastern Mediterranean and led to the publication of a magnetic anomalies map by [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF] (Figure 2-30A), followed by Makris et al. (1994) and [START_REF] Chamot-Rooke | A synthesis of deep marine data in the Eastern Mediterranean[END_REF]. The maps showed several positive anomalies following the Cyprus Arc corresponding to the ophiolitic belt, which is shown as well in the gravity anomalies map (in paragraph 3.2.1). Another high positive anomaly is noticed on the eastern side of the ECB and finally a series of anomalies along the Levant Margin probably related to ancient volcanic sediments. [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] believe that this series of magnetic anomalies is not directly related to the deep crustal structure of the Levant Basin but comes from magnetic bodies found within the sedimentary section and they are interpreted as extrusive volcanics probably associated with the Early Jurassic volcanic activity termed the Asher Volcanics [START_REF] Gvirtzman | Early Jurassic shield volcano below Mount Carmel; new interpretation of the magnetic and gravity anomalies and implication for early Jurassic rifting[END_REF]. They represent a thick 2500 m pile of basalts and pyroclastics accumulated in a fault-controlled depression oriented in a NW-SE direction [START_REF] Garfunkel | Tectonic setting of Phanerozoic magmatism in Israel[END_REF][START_REF] Gvirtzman | Early Jurassic shield volcano below Mount Carmel; new interpretation of the magnetic and gravity anomalies and implication for early Jurassic rifting[END_REF]). They have an intraplate basalt affinity and range in age from 206 to 189 Ma [START_REF] Segev | Synchronous magmatic cycles during the fragmentation of Gondwana: radiometric ages from the Levant and other provinces[END_REF]. This last series of anomalies coming from volcanic activity is better observed on the map of magnetic anomalies offshore Lebanon (central Levant Basin margin) that was published in [START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF] (Figure 2-30B). Large positive anomalies can be clearly discerned offshore Tyr in the south and offshore the coast between Batroun and Tripoli in the North. Woodside, 1977, (B) [START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF]. ECB= Eratosthenes Continental Block.

Due to the screening effect of the thick sedimentary cover in the Levant and Herodotus basins, magnetic anomalies were not used in the crustal modeling in this study but they were included as part of the geophysical cartography.
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Understanding the structure and evolution of the lithosphere relies on key parameters such as Moho depth (the boundary between crust and mantle), depth to the lithosphere-asthenosphere boundary (LAB) and density distribution of the Earth's interior. Methods like measurements on rock samples or in boreholes may give us a direct assessment of physical rock properties, but remain limited to relatively shallow depths. Indirect methods based on seismic tomography, often available in the form of low-resolution layer maps, and potential field (principally gravity and magnetic) data, give us information about the deeper depths. These potential field methods can detect and model lateral variations of the properties and they are therefore suitable for determining lateral variations in Moho depth and LAB. However, trying to distinguish between parallel layers in depth or to determine absolute depth values raises the problem of the non-uniqueness of the proposed models. This is why models must be constrained by other data (borehole data, seismic) in order to reduce the range of possible solutions. In contrast to expensive seismic methods, gravity and magnetic data as well as bathymetry/topography are readily available at regional and global scale.

This research project follows these three PhD projects:  "Architecture, geodynamic evolution and sedimentary filling of the Levant Basin; a 3D quantitative approach based on seismic data" by Nicolas Hawie, 2013.  "Structural modeling of the complex Cenozoic zone of the Levant Basin offshore Lebanon" by Ramadan Ghalayini, 2015.  "Source rock maturation and petroleum generation and migration modeling of the Levantine Basin, offshore Lebanon: An integrated approach" by Samer Bou Daher, 2016. Results of these projects will constitute the basic building blocks for the current PhD.

In addition, available data specifically for this PhD project are the following: -Public domain free-air gravity, topography/bathymetry and geoid data. In order to propose a complete model of crustal structure of the margin of the Levant Basin, the use of the above-mentioned data combined all together is necessary. Two different algorithms were used for the crustal modeling, one in 2D and one in 3D. Basin modeling is then used to study the impact of the resulting crustal models on the heat flow evolution and thus the potential source rock maturation. In this section, these different methodologies are presented.

2D crustal modeling

The numerical model combines joint interpretation of thermal and mass distribution related data. The following three assumptions are the base of the algorithm: (1) temperature is governed by steady state conditions with no advective heat transport, (2) topography is entirely supported by local isostasy (shear stress is not supported by the lithosphere), and (3) density in the lithospheric mantle is only temperature dependent (the effect of pressure is not taken into account). A detailed explanation of the algorithm can be found in [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF] and Zeyen and Fernandez (1994). It is a trial and error method in which the user changes manually the lithosphere architecture and the properties of the bodies mentioned in the previous paragraph in order to obtain a best-fit solution that reproduces the measured geophysical data. The temperature distribution is calculated using a finite element algorithm in two dimensions using the ponderation method of Galerkin (Zienkiewicz, 1977) within the bodies forming the model by the following equation (Lachenbruch and Sass, 1977):

∇( 𝜆 ∇𝑇) + 𝐴(𝑥, 𝑧) = 0 where λ is thermal conductivity (W m -1 K -1 ), T is the temperature (°C), ∇= ( ∂ ∂x , ∂ ∂z
), and A is radiogenic heat production (W m -3 ).

The following boundary conditions are used for the resolution of the heat transport equation: a constant surface temperature of 0 °C, constant temperature of 1300 °C at the base of the lithosphere and no lateral heat flow across the vertical lateral boundaries are considered.

Once the temperature distribution is determined, the density distribution is calculated as a function of temperature assuming that the density of the lithospheric mantle increases upward with decreasing temperature [START_REF] Lachenbruch | Continental extension, magmatism and elevation: Formal relations and rules of thumb[END_REF] after this formula:

𝜌 𝑚 (𝑧) = 𝜌 𝑎 [1 + 𝛼(𝑇 𝑎 -𝑇(𝑧))]
where 𝜌 m(z) is the density in the lithospheric mantle (kg m -3 ), 𝜌 a is density of the asthenosphere (kg m -3 ), α is thermal expansion coefficient (K -1 ), Ta is temperature at the lithosphere-asthenosphere boundary (°C) and T(z) is temperature in the lithospheric mantle (°C).

3D crustal modeling

The 3D crustal modeling algorithm used in this study is implemented by Motavalli-Anbaran et al. in 2013 and it is a joint inversion of free-air gravity, geoid and topography data under the assumption of local isostatic equilibrium (Figure 3-1). Also a priori information from other data sets (e.g. crustal seismic models) may be integrated. The inversion process begins with a starting model which may e.g. result from a 1D inversion of geoid and topography data (Fullea et al., 2009). It gives, in a relatively short time, maps of Moho depth, LAB depth and average crustal density by minimizing the following three terms, the importance of which may be controlled by the user: Minimization of data misfit, which is the difference between the measured and the calculated data. The misfits of the data have to be normalized by pseudo-uncertainties, which allow normalization of the different data sets, since topography values are larger than gravity data values by an order of magnitude, those again are more than geoid undulations by an order of magnitude. Minimization of distance to a priori data, which is the difference between the starting model and the calculated model by integrating a priori information or stabilization of inversion. Minimization of the roughness of the model which is defined here by simple gradients between neighboring blocks. The code includes factors that enable relative weighting of a priori information and smoothing with respect to data adjustment. These results may be used afterwards for more detailed modeling using forward codes such as LitMod3D [START_REF] Fullea | A rapid method to map the crustal and lithospheric thickness using elevation, geoid anomaly and thermal analysis. Application to the Gibraltar Arc System, Atlas Mountains and adjacent zones[END_REF]. This method also provides information on the uncertainties of the resulting model parameters on the one hand through the calculation of an uncertainty matrix and on the other hand through the statistical analysis of the results obtained using different initial models and varying the different control parameters described above. In addition, the methods gives an estimation of surface heat flow and Moho temperatures. The inversion procedure is direct, linearized and iterative, based on a Bayesian approach with Gaussian probability density functions, in order to determine lateral variations in crustal thickness, average crustal density and lithospheric thickness. The studied region is divided into constant-size rectangular columns in (X) and (Y) directions. In (Z) direction, each of these columns is subdivided into four layers: Sea water if present (with a thickness coming from bathymetry, and a density of 1030 kg/m 3 ), crust, lithospheric mantle and asthenosphere. The crust is automatically subdivided into an upper and a lower crust with the same thickness but different physical properties. The topography is calculated in one dimension as a function of thickness and average density of the lithosphere along vertical columns of the model [START_REF] Turcotte | Geodynamics[END_REF]. The program offers two possibilities to calculate the vertical density variations inside the crust, assuming the crust as a single layer (with no distinction between sediments, and crystalline crust). First, this is done by fixing the density at the Moho and the inversion algorithm calculates the density variations at the surface through variable vertical density gradients. Alternatively, the density contrast between surface and Moho is fixed and the algorithm estimates the average crustal density. As for the thermal model, the mantle temperature is estimated in one dimension and geotherms are calculated using fixed, user-defined temperatures at the surface (e.g. 10 °C) and at the LAB (e.g. 1300 °C). The continental crust is divided into two layers of equal thicknesses; i.e., the upper and lower crust with different thermal conductivity and heat production that are defined by the user. The limitation of this method, like all potential field methods capable of modeling lateral density, Moho and lithosphere-asthenosphere boundary variations, is the distinction between parallel layers in depth, which causes the problem of non-uniqueness. However, this algorithm gives the possibility to reduce the non-uniqueness of the solution in this inversion process. This can be accomplished by applying two actions at the same time: damping and smoothing followed by constraining the model through a probabilistic approach by prior information (where available) coming from other domains, such as seismic information for crustal thickness, borehole information for sediment densities and thicknesses, allowing estimation of average crustal density. Synthetic models were tested and showed the utility of stabilizing procedures like damping, smoothing and use of a priori data. 

Petroleum system modeling

Petroleum systems are geologic systems that include geologic elements and processes needed for hydrocarbon accumulation to exist as well as the hydrocarbon source rocks and all related oil and gas. Modeling petroleum systems can help simulate the interrelated processes in order to understand and predict them. As for basin modeling, it is a dynamic modeling of geological processes in sedimentary basins over geological times including deposition, erosion, compaction, heat flow analysis, expulsion, phase dissolution, hydrocarbon generation, accumulation and migration [START_REF] Ben-Awuah | Oil sands mine planning and waste management using goal programming[END_REF]. A 3D thermal history model coupled with new source rock kinetic data was constructed within the PhD of Samer Bou Daher (2016) using the basin modeling tool (TemisFlow TM ) and covering the Levant Basin, margin, and onshore. The model seeks to answer questions about the thermal history of the region, the distribution, properties, and maturity of major source rocks as well as the prospects the hydrocarbons have migrated into. In TemisFlow TM , the computation of the temperature distribution as a result of the heat transfer through the sedimentary basin requires the definition of a thermal basement. The options available for thermal regimes computation are the following: geothermal gradients, heat flow at base sediments, heat flow at base upper mantle and temperature at base upper mantle. The thermal basement describes the lithosphere lying below the sediments. The lithosphere acts as a thermal buffer between lower limit of the upper mantle and lower limit of the sedimentary section. It can also be the location of radiogenic heat production. Heat transfer computation implies that adequate thermal conditions along the upper and lower boundaries are defined. The upper condition must be defined by a history of surface temperature. The lower condition can be defined either as a history of temperature or a history of heat flow. In TemisFlow, the basement is defined according to the lithospheric McKenzie model (isopach model) or user-defined geometry (anisopach model) . Thus, the thermal basement is made of three or more units. The characteristics of these units depend on their lithology content. By default three units are defined as follow: •

The Upper Crust, corresponding to the seismic refraction definition used by the geophysicists. It is composed of granitic and/or metamorphic rocks.

•

The Lower Crust, described by geophysicists also as the layered crust. It is composed of metamorphic or igneous rocks. It bottoms at the Moho depth.

•

The Upper Mantle is composed of peridotite. Only the solid part of the mantle (the upper mantle) is included in the lithosphere.

When rifting takes place, the mantle convection and crustal stretching phenomena are not explicitly considered, but the lithospheric deformation is described by thinning factors (geometric or thermal beta factor).

In the case of the isopach model the thickness of the crust varies linearly according to the following equation:

ℎ𝑐(𝑥, 𝑡) = ℎ𝑐(𝑥,𝑡𝑏) 𝛽(𝑥,𝑡) with 𝛽(𝑥, 𝑡) = 𝛽(𝑥)( 𝑡𝑏-𝑡 𝑡𝑏-𝑡𝑒 )
Where,  hc(x,t) : crustal thickness at the abscissa x at time t  hc(x,t): crustal thickness at the abscissa x at the beginning of the rift event  β(x,t): crustal thinning factor value at the abscissa x at time t  tb: age of the beginning of the rift  te: age of the end of the rift  β(x): total crustal thinning factor value for the considered rifting event at abscissa x.

In the case of a homogenous rifting, the thermal thinning profile of the upper mantle is the same as the crustal thinning profile.

In the case of the anisopach model, the geometries at the beginning and at the end of the rifting phases are defined by the user and thermal relaxation is not computed. This modeling approach will not be used in this study, since the effect of the thermal relaxation process is very important to be considered and thus should be taken into account in our computations.
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Lithospheric architecture of the Levant Basin -(Inati et al., 2016)

The following article entitled "Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach" has been published in Tectonophysics journal under [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF]. It was received on February 24, 2016 and accepted on October 26, 2016.

Based on the previous literature review and methodologies, this paper represents a 2D geophysical modeling application on a regional scale (1000x1000 km 2 ) discussing the deep structure of the lithosphere underlying the easternmost Mediterranean region, in particular the Levant Basin and its margins. The resulting models show that the Levant Basin is floored by a thinned crust, divided into two layers, an upper and a lower crust. The nature of this crust is interpreted as continental in contrast to the crust flooring Herodotus Basin, best interpreted as oceanic. This article also showed that detailed 2D lithosphere modeling using integrated geophysical data and constrained with geological findings can help understand the mechanisms responsible for the modeled structures.

Abstract

This paper discusses the deep structure of the lithosphere underlying the easternmost Mediterranean region, in particular the Levant Basin and its margins, where the nature of the crust, continental versus oceanic, remains debated. Crustal thickness and the depth of the lithosphere-asthenosphere boundary (LAB) as well as the crustal density distribution were calculated by integrating surface heat flow data, free-air gravity anomaly, geoid and topography. Accordingly, two-dimensional, lithospheric models of the study area are discussed, demonstrating the presence of a progressively attenuated crystalline crust from E to W (average thickness from 35 to 8 km). The crystalline crust is best interpreted as a strongly thinned continental crust under the Levant Basin, represented by two distinct components, an upper and a lower crust. Further to the west, the Herodotus Basin is believed to be underlain by an oceanic crust, with a thickness between 6 and 10 km. The Moho under the Arabian Plate is 35-40 km deep and becomes shallower towards the Mediterranean coast. It appears to be situated at depths ranging between 20 and 23 km below the Levant Basin and 26 km beneath the Herodotus Basin, based on our proposed models. At the Levantine margin, the thinning of the crust in the transitional domain between the onshore and the offshore is gradual, indicating successive extensional regimes that did not reach the beak up stage. In addition, the depth to LAB is around 120 km under the Arabian and the Eurasian Plates, 150 km under the Levant Basin, and it plunges to 180 km under the Herodotus Basin. This study shows that detailed 2D lithosphere modeling using integrated geophysical data can help understand the mechanisms responsible for the modeled lithospheric architecture when constrained with geological findings.

Introduction

The Eastern Mediterranean is a complex region with remarkable structural features that have been formed through a long tectonic history since the Early Permian. These features include the Cyprus Arc, the Mediterranean Ridge, the Eratosthenes Continental Block (ECB), the Nile delta cone, the Herodotus Basin and the Levant Basin (Figure 4-1). We focus in this paper on the Levant Basin which is bounded by the Eurasian Plate and the Cyprus Thrust zone to the north, the Levant Margin on the Arabian Plate to the east, the Nile Delta deep sea fan to the south and the Eratosthenes Seamount to the west (Figure 4-1).

81 Recent natural gas discoveries made offshore Israel (Tamar, Noa, Mari-B and Dalit fields), Cyprus (Aphrodite-A and Leviathan fields), and Egypt (Zohr field), have raised the interest of international oil companies for exploring the Levant Basin with its margins. This eastern part of the Mediterranean is considered today as a high-potential hydrocarbon frontier province with numerous plays in shallow to deep waters as highlighted by modern seismic data (e.g. [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF][START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]Hawie et al., 2015). One of the remaining major uncertainties regarding the Levant Basin concerns its deep crustal configuration. The continental character of the crust under the Eratosthenes Seamount and Cyprus is undisputed [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]), yet the nature of the crust in the axial part of the Levant Basin is still a matter of debate despite numerous old and recent geophysical studies in this region [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF][START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF][START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF]. Therefore, the understanding of the crustal architecture and evolution of the Levant Basin and its margins has become a recurring research topic tackled by several academic and industrial groups [START_REF] Cowie | Gravity inversion mapping of crustal thickness and lithosphere thinning for the eastern Mediterranean[END_REF][START_REF] Saleh | 3D Crustal and Lithospheric Structures in the Southeastern Mediterranean and Northeastern Egypt[END_REF]. Such achievements will have significant implications for constraining tectonic evolution, better earthquake predictions and last but not least properly assessing petroleum systems; the latter being strongly influenced by spatial and temporal heat-flow evolution.

Based on recent review of the geodynamics and tectonic evolution of the Eastern Mediterranean region, as well as new modern, high-quality seismic reflection data, crustal tomography and geophysical data, we provide in this paper two interpreted crustal-scale profiles across the marginal edges of the Afro-Arabian continental Plates (continent-to-basin).

The crustal configurations that are proposed are also the result of numerical modeling integrating surface heat flow data, free-air gravity anomaly, geoid and topography.

Geological settings

Geodynamics

The Tethys was an ocean issued from the Pangea breakup at the end of the Paleozoic with an E-W orientation, separating the continents into two main masses, Gondwana and Laurasia [START_REF] Ricou | Tethys reconstructed: Plates continental fragments and their boundaries since 260 Ma from Central America to south-eastern Asia[END_REF]. It evolved through additional branches including a southernmost realm further separated into two domains "Alpine Tethys" [START_REF] Favre | From rifting to passive margin: The examples of the Red Sea, central Atlantic and Alpine Tethys[END_REF] and "Neo-Tethys" [START_REF] Stöcklin | Possible ancient margins in Iran[END_REF] (Figure 4-2). The Alpine Tethys extended northeastward from the Atlantic to the Alps while the Neo-Tethys propagated westward to northwestern Arabia during the Permian, separating the Cimmerian continent from Gondwana by oceanic spreading [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF]. Rifting along the northern African margin took place in Permian and Early Mesozoic. Two other extensional pulses followed, one in Late Triassic and one in Early Jurassic [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF]. The fragmentation of Pangea followed by further extension and spreading during the Upper Jurassic and Lower Cretaceous resulted in the formation of two basins: the Levant Basin at the extremity of the NW Arabia, and the Herodotus Basin, a bit further close to the Neo-Tethys rifting axis, floored by an oceanic crust of Mesozoic age, probably a remnant oceanic crust of the Neo-Tethys (Figure 4-2). The Levant Basin was closer to the continent at its edge, where the continental crust is stretched and attenuated. After the rifting phases occurred, post-rift thermal subsidence affected the outer part edge of the Afro-Arabian Plate, resulting in relatively thick successions of sediments. At the Late Cretaceous, the collision of the Afro-Arabian Plate with the Eurasian Plate caused a transition from a predominantly extensional to a compressional regime [START_REF] Guiraud | Senonian basin inversion and rejuvenation of rifting in Africa and Arabia: synthesis and implications to plate-scale tectonics[END_REF][START_REF] Agard | Plate acceleration: The obduction trigger[END_REF]. The compression started with a first collision to the east that didn't result in the closure of the Neo-Tethys. The passive margin of edge of Afro-Arabian Plate at the level of Egypt to Syria was progressively pulled towards the collision site, where subduction started with the moment this passive edge reached that point. The Cyprus Arc was then created [START_REF] Ricou | Tethys reconstructed: Plates continental fragments and their boundaries since 260 Ma from Central America to south-eastern Asia[END_REF] above an active subduction over thrusting the older Mesozoic structural units (Levant Basin, the ECB and the Herodotus Basin) during the Paleogene. While the northward drift of Afro-Arabia continued, subduction pulled the passive margin edge down, while proximal continental parts were uplifted. Sea level dropped during the Early Oligocene, initiating subsidence that resulted in accumulating huge amounts of sediments in the Levant Basin of Oligocene age and none on the margins.

In the Early Miocene, the Arabian block, which was moving northward, collided with the Neo-Tethyan Asiatic margin along the Zagros, which was already partly emergent. At the same time, riftingaccompanied by significant magmatismintensified along the southern Red Sea domain, which became connected to the western Indian Ocean through the Gulf of Aden [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF]. At the beginning of rifting, the Red Sea propagated NNW towards the Mediterranean Sea initiating the opening of the Gulf of Suez. The rotation of extension in the Gulf of Suez from NNE to NS induced a shift in the rifting from the Gulf of Suez to the Gulf of Aqaba that became the preferred location for the continuation of the Red Sea [START_REF] Steckler | Subsidence in the Gulf of Suez: implications for rifting and plate kinematics[END_REF]. The majority of this relative movement between the plates has shifted eastward to the Dead Sea transform creating a new plate boundary between Arabia and Africa, possibly because an increase in the strength of the lithosphere across the Mediterranean continental margin that acted as a barrier to the propagation of the rift [START_REF] Steckler | Lithospheric strength variations as a control on new plate boundaries: examples from the northern Red Sea region[END_REF]). This movement have been transferred to the Levant Fracture System as a strike-slip motion since the onset of the Miocene. In connection with the progressive separation of Arabia from Africa, compression affected offshore Cyprus in the Levant Basin and west of the ECB with the development of the Mediterranean Ridge [START_REF] Sage | Convergence of the African and Eurasian Plate in the Eastern Mediterranean. Petroleum and Tectonics[END_REF]Robertson, 1998a). The separation of the Arabian and African Plates along the Levant fracture system caused an important transpression along the margins that were uplifted to form the Lebanese mountain chain.

The Levant Basin crust

Several reconstruction schemes for the tectonic evolution of the eastern Mediterranean were previously proposed (e.g. [START_REF] Van Der Meer | Towards absolute plate motions constrained by lower-mantle slab remnants[END_REF][START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF]. It has been postulated that the Eastern Mediterranean is Late Triassic in age and it is linked to the breakup of Pangea and the closure of the Neo Tethys Ocean [START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF]. On another hand, some authors believe that the Eastern Mediterranean results from the closure of the Tethys Ocean and was thus formed during the Cretaceous [START_REF] Dercourt | Atlas Peri-Tethys, Palaeogeographical maps, 24 maps and explanatory notes: IXX[END_REF].

Ideas also diverge when it comes to ocean spreading and therefore to the nature of the crust flooring the Levant Basin in particular. Considering that the initial rifting evolved into fullscale sea-floor spreading [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Ginzburg | The deep structure of the Levant continental margin[END_REF]Garfunkel, 1998;Robertson, 1998a,b;[START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF] the Levant Basin would be of oceanic nature.

Various dating of the sea floor spreading exist. Based on the subsidence history of the neighboring passive margins, sea floor spreading in the easternmost Mediterranean would have begun as early as the Late Permian and thus the oceanic crust would be of Permian age [START_REF] Stampfli | Tethyan margins in space and time[END_REF][START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF]Cavazza et al., 2004). Some authors consider a rifting that lasted from Triassic to Mid-Jurassic, followed by sea floor spreading, dated therefore from the Mid-Jurassic (Biju-Duval et al., 1977;Barrier et al., 2008). For others, rifting occurred in the Triassic, but ocean-crust spreading in the easternmost Mediterranean has not been active before the Tithonian and lasted until the Maastrichtian (Dercourt et al., 1985;[START_REF] Dercourt | Atlas Peri-Tethys, Palaeogeographical maps, 24 maps and explanatory notes: IXX[END_REF][START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF][START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF]. In this scenario, a silver of a continental crust was detached from Arabia by ENE-WSW rifting, the Eratosthenes Continental Block (ECB) with a southern boundary corresponding to a transform fault along the Egyptian Margin. The Eastern Margin of the ECB would therefore be the conjugate margin of the Levant Margin [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF] separated by the NNE-SSW oriented Levant Basin [START_REF] Walley | Some outstanding issues in the geology of Lebanon and their importance in the tectonic evolution of the Levantine region[END_REF]Longacre et al., 2007;[START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF].

The hypothesis that no spreading occurred to form oceanic crust at any time in the easternmost Mediterranean area was also explored. Only stretched and intruded crust of continental origin would have been formed during rifting [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF]Vidal, 2000a;Gardosh and Druckman, 2005;[START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF][START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF]. In this case, lower Jurassic volcanics are an evidence of only intra-plate rifting (Hirsch et al., 1995).

A third possibility was also brought up, where the composition of the crust has been considered to be a mixture of both [START_REF] Nur | The eastern Mediterranean and the Levant: tectonics of continental collision[END_REF]Kempler and Mart, 1994;Robertson, 1998a,b;[START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF][START_REF] Chamot-Rooke | A synthesis of deep marine data in the Eastern Mediterranean[END_REF]. This latter hypothesis of a mixed crust assumes that old oceanic crust exists under the Basin with the age varying from Triassic to Cretaceous and further suggests that the Eratosthenes Seamount was separated from the African margin in the Permian along with other continental fragments. Robertson (1998a,b) suggests that rifting occurred roughly in N-S direction, implying that a right-lateral transform boundary has developed along the continental margin of the Levant at the same time. They assumed that the oceanic crust probably exists only in selected areas separated by crustal units of continental composition.

Deep seismic refraction studies have been carried out onshore the Arabian Plate by [START_REF] Ginzburg | A seismic study of the crust and upper mantle of the Jordan-Dead Sea Rift and their transition toward the Mediterranean Sea[END_REF], [START_REF] Ginzburg | Crustal structure of northern Israel[END_REF][START_REF] El-Isa | A crustal structure study of Jordan derived from seismic refraction data[END_REF], and the DESERT2000 project [START_REF] Weber | The crustal structure of the Dead Sea Transform[END_REF] in order to investigate the crustal structure under Israel, Jordan and the Sinai Peninsula. A steady decrease of the Moho depth from 39 km under the Arabian Plate to 26 km at the Mediterranean Sea was revealed. This decrease in Moho depth is accompanied with a thinning of the crust towards the Mediterranean Sea with a thickening of the sedimentary column in the same direction (Figure 4-3). This was highlighted by studies of seismic refraction data in the southern part of the Levant Basin [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF][START_REF] Weber | The crustal structure of the Dead Sea Transform[END_REF][START_REF] Zverev | The deep structure of Eratosthenes Seamount from seismic refraction data[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF]. Accordingly, about 8 km thick crystalline crust beneath 12-14 km of sedimentary sequence would occur near the center of the Levant Basin. The depth of the Moho is situated at 27 km below sea level at the edges of the basin and decreases till 22 km towards the center of the basin. The southeastern margin of the basin is characterized by thinning of the lower and upper crustal segments [START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF]. It was also proposed that the basin comprises a series of en-echelon oceanic sub-basins, possibly separated by thinned continental crust, which formed in Cretaceous times [START_REF] Chamot-Rooke | A synthesis of deep marine data in the Eastern Mediterranean[END_REF]. The thin continental crust flooring the Levant Basin was defended by [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] who advocates for a sea-floor spreading in the Eastern Mediterranean Sea that occurred only north of the Eratosthenes Seamount, and the oceanic crust was later subducted at the Cyprus Arc. No discontinuity of the two crustal layers was found discarding any transition in the crustal nature. This argument of continuity contradicts the earlier observation made by [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF] of the existence of a major structural boundary south of the Eratosthenes Seamount separating the continental Cyprus-Eratosthenes block to the NW and SE from the presumed oceanic crust in the Levant Basin to the south. showing results of seismic refraction data and their interpretation based on various authors referenced on cross-section (modified from [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] Since the previous studies, based on seismic refraction data, did not lead to a clear conclusion regarding the variation of crustal type in the Levant Basin and since little is known about its northern part, considering alternative integrated methods becomes enticing. Mapping crustal thicknesses and ocean-continent transition structures can be solved with integrated geophysical approaches and techniques like the ones proposed by [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF].

Accordingly, the goal of this study is to generate a 2D lithosphere model along two sections (one EW and one NW-SE) across the Levant Basin. The models will include the architecture of the crust with density and thermal properties distribution as well as an idea about the geometry of the lithosphere-asthenosphere boundary (LAB).

Levant Basin sedimentary infill

The known stratigraphic context of the region results from recent seismic reflection and refraction studies published for the Levant Basin (Rybakov and Segev, 2004;[START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF][START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF][START_REF] Lie | New insights into the Levantine Basin[END_REF][START_REF] Steinberg | Origin and nature of the rapid late Tertiary filling of the Levant Basin[END_REF], and from onshore-offshore correlations for the southern Levant area using of well and seismic data (Laws and Wilson, 1977;Garfunkel, 1998[START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF]. The 10 km-thick filling of the basin is made up of sediments deposited in deep water mixed-settings resulting from high-stand systems (various types of carbonate platforms) and low-stand systems (silicilastic and carbonate deep-water turbidite complexes) [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF]. Thick Cenozoic and Mesozoic strata are deposited above rifted Triassic -Early Jurassic terrain of the Levant Basin [START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Steinberg | Origin and nature of the rapid late Tertiary filling of the Levant Basin[END_REF]. Carbonate and siliciclastic systems are sealed by 1-1.5 km of evaporites, which were produced by the "Messinian Salinity Crisis" [START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF][START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF], and underlie Plio-Quaternary hemipelagic and pelagic sediments intercalated by turbiditic sheets. A total of eight seismic packages is identified in the basin with ages varying from the Mid Jurassic to the Quaternary as shown in Figure 4-4-A (Hawie et al, 2013;[START_REF] Müller | Revised stratigraphy of the Upper Cretaceous and Cenozic series of Lebanon based on nannofossils[END_REF][START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF][START_REF] Beydoun | Petroleum Prospects of Lebanon: Reevaluation[END_REF]. Hemipelagic/ pelagic marls mixed with carbonates, shales and sands (SP4, SP5 and SP6) deposited at such depths are highly compacted and therefore could have the same rock properties as carbonates deposited in deep water (SP2 and SP3) ( (Hawie et al., 2013), (modified from [START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF]. (B) A simplified version of the regional stratigraphic column in terms of similar rock properties. 

Method

Two profiles were selected in order to investigate the deep lithospheric structure across the Levant region (Figure 4-6), using an algorithm that jointly integrates the following various observables: surface heat flow data, free-air gravity anomaly, geoid heights and topography data. These data are dependent on the distribution of temperature and density in the crust and lithospheric mantle which can be partly constrained by available seismic and geologic data.

Although the geometry of the LAB might have an effect on the long-wavelength gravity field, we considered here that gravity anomaly data is mainly controlled by crustal density distribution. Under local isostasy, the elevation does not depend on distance; the depth of the source does not affect the calculated topography. Therefore, elevation is represented as a measure of the average lithosphere density which is also sensitive to changes in density and thickness of the lithospheric mantle. The gravitational field being the gradient of the geoid, the effect of density variations decays in general faster than that of the geoid. Surface heat flow data serve as an additional constraint on the lithospheric thickness, however, since it is strongly influenced by the not well-known distribution of radioactive elements and also by shallow processes (groundwater circulations, sedimentation, erosion…), its usefulness is limited. A thorough explanation of the method can be found in Zeyen and Fernandez (1994) and [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF].

Free-air gravity anomaly, topography, geoid and surface heat flow data are extracted from publicly available worldwide databases. A 50 km wide strip was extracted on both side of each profile for the gravity, geoid and topography data and the values were averaged every 5 km on the profiles and the variability of data within the strip was considered as data uncertainty (error bars in As for the heat flow, a strip of 100 km was considered on both sides of the profiles due to the limited data available and the values were projected on the profiles. The spherical harmonics of the geoid up to order 12 were removed in order to exclude most of the effect of the sub-lithospheric density variations on the geoid.

For each section, the modeled lithosphere is divided into bodies representing from the top to the bottom: different layers of sediments, a continental upper crust, a continental lower crust and a lithospheric mantle. Oceanic crust is considered to have similar properties as lower continental crust. These bodies are characterized by the following rock properties: (1) density and its dependence on temperature and depth, (2) thermal conductivity, and (3) heat production (Table 4-1). The shape, size and characteristics of the bodies are modified interactively in order to find the best-fitting model with the geophysical data used as input.

Refraction data from [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] was used to constrain the model in terms of Moho depth and sediment thickness with an accepted variability mostly within the uncertainty of the seismic refraction measures. The constrained parts are between distances 335 km to 455 km on profile (I), and 315 to 450 km on profile (II).

The algorithm

The numerical model combines joint interpretation of thermal and mass distribution related data. The following three assumptions are the base of the algorithm: (1) temperature is governed by steady state conditions with no advective heat transport, (2) topography is entirely supported by local isostasy (shear stress is not supported by the lithosphere), and (3) density in the lithospheric mantle is only temperature dependent (the effect of pressure is not taken into account). A detailed explanation of the algorithm can be found in [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF] and Zeyen and Fernandez (1994). It is a trial and error method in which the user changes manually the lithosphere architecture and the properties of the bodies mentioned in the previous paragraph in order to obtain a best-fit solution that reproduces the measured geophysical data. The temperature distribution is calculated using a finite element algorithm in two dimensions using the ponderation method of Galerkin (Zienkiewicz, 1977) within the bodies forming the model by the following equation (Lachenbruch and Sass, 1977):

∇( 𝜆 ∇𝑇) + 𝐴(𝑥, 𝑧) = 0
where λ is thermal conductivity (W m -1 K -1 ), T is the temperature (°C), ∇= (

∂ ∂x , ∂ ∂z
), and A is radiogenic heat production (W m -3 ).

The following boundary conditions are used for the resolution of the heat transport equation: a constant surface temperature of 0 °C, constant temperature of 1300 °C at the base of the lithosphere and no lateral heat flow across the vertical lateral boundaries are considered.

Once the temperature distribution is determined, the density distribution is calculated as a function of temperature assuming that the density of the lithospheric mantle increases upward with decreasing temperature [START_REF] Lachenbruch | Continental extension, magmatism and elevation: Formal relations and rules of thumb[END_REF] after this formula:

𝜌 𝑚 (𝑧) = 𝜌 𝑎 [1 + 𝛼(𝑇 𝑎 -𝑇(𝑧))]
where 𝜌 m(z) is the density in the lithospheric mantle (kg m -3 ), 𝜌 a is density of the asthenosphere (kg m -3 ), α is thermal expansion coefficient (K -1 ), Ta is temperature at the lithosphere-asthenosphere boundary (°C) and T(z) is temperature in the lithospheric mantle (°C).

Modeling results and interpretation

Profile (2006) used to constrain the models, (B) Free-air gravity anomaly (TOPEX database), JA= Jarrafa anomaly mentioned in the discussion (C) Geoid heights EGM2008 [START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF]), (D) Surface heat flow [START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF]Shalev et al., 2013) 

Profile (I)

Measured surface heat flow is around 30 mW/m 2 in Herodotus Basin and fluctuates between 10 mW/m 2 and 90 mW/m 2 onshore close to the Levantine coast. Free-air gravity anomaly varies between -120 mGal in the Herodotus Basin and 25 mGal onshore. The geoid increases from -18 m in the west to reach 2 m in the east. Finally, the bathymetry is around -2500 m in the Herodotus Basin, and it decreases to -1500 m in the Levant Basin. The topography elevation reaches 1000 m onshore (Figure 4567). The calculated data are in good agreement with the corresponding observed profile data. The calculated gravity anomalies fit the measured ones to better than 8.17 mGal and the geoid shows an error margin of 0.38 m. However, the topography shows an error margin of 451 m and locally, in the NW of the profile, a major misfit of 1500 m exists that will be discussed later. Otherwise, the calculated data are, generally, in good agreement with the corresponding observed profile data.

The geophysical model invokes a thick lithosphere in the west of the profile in the Herodotus Basin and thins towards the Arabian Plate to the east. The Moho depth under the Herodotus Basin varies from 20 to 27 km, underlying 8-10 km of lower crust of a density of 2900 kg/m 3 . West of the ECB, a local crustal structure (between distances 70 km and 150 km on the profile) constituted of a lower crust of a total thickness of 13 km can be observed. In the Levant Basin, the Moho lies between 20 and 23 km in depth under a progressively attenuated crust with a thickness varying from 8 km south of ECB to 15 km close to the Levantine coast. The crust is overlain by a sedimentary package of thickness varying between 8 and 15 km. The sedimentary infill of the basin used in the model is a simplified version of the sequence described above (Figure 4-4). This package is divided here into three layers based on density variations. The density of the shallower layer of Plio-Quaternary sediments is represented as a function of depth, since it is considered to be affected by compaction: 𝜌 𝑞 (𝑧) = 2600 -400𝑒 -𝑧/2 , where 𝜌 𝑞 (𝑧) is the density of Quaternary sediments and z is depth below surface measured in km. It varies thus between 2200 kg/m 3 and 2600 kg/m 3 . It is followed by a 2 km thick unit of salt with a density of 2100 kg/m 3 , and finally a thick layer of Cenozoic/ Mesozoic sediments of a constant density of 2500 kg/ m 3 overlying the crystalline crust. This last layer is considered compacted enough not to have a density dependent on pressure. Mantle density is a function of temperature and it is evaluated in the model after the equation of [START_REF] Lachenbruch | Continental extension, magmatism and elevation: Formal relations and rules of thumb[END_REF]: 3200[1 + 3.5 × 10 -5 (𝑇 𝑎 -𝑇(𝑧))] with Ta = 1300 °C. Rock properties used for each body in the models for the Levant Basin are summarized in The heat production values are from [START_REF] Morgan | The thermal structure and the thermal evolution of the continental lithosphere[END_REF] and [START_REF] Furlong | Crustal heterogeneities and the thermal structure of the continental crust[END_REF]. Sass et al. (1992) proposed that thermal conductivity 𝜆(𝑇) is a function of temperature. However, the variation of 𝜆(𝑇) decreases significantly for temperatures above 300 °C [START_REF] Clauser | Thermal conductivity of rocks and minerals, rock physics & phase relations: a handbook of physical constants[END_REF], thus the thermal conductivity of the lithospheric mantle can be considered as a constant. For sedimentary rocks, the main controlling factor on thermal conductivity is porosity. Sediments formed by compaction and cementation of clastic and carbonate material, as is the case for Tertiary and Mesozoic sediments, show very small variations of conductivity because of their low porosity. In contrast, ocean bottom sediments with high porosity (>80%) have low thermal conductivity due to the water fill of the void space. In both cases, thermal conductivity can be considered as constant. Thermal conductivity can also be considered as constant in the crystalline crust, made of igneous and metamorphic rocks, containing quartz, feldspars and mafic minerals. [START_REF] Clauser | Thermal conductivity of rocks and minerals, rock physics & phase relations: a handbook of physical constants[END_REF] suggest that the content of minerals from these three groups basically determines a rock's thermal conductivity independently from temperature.
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Profile (II)

Surface heat flow values vary between 10 mW/m 2 and 90 mW/m 2 in the eastern part of the profile and between 20 and 40 mW/m 2 in the western part. Free-air gravity anomaly smoothly varies between -50 mGal and 20 mGal in the Herodotus Basin and fluctuates between -20 mGal and 100 mGal on the Arabian Plate. The geoid is negative in the western and the middle parts (0 to -4 m) and increases to 4 m in the east. Finally, the bathymetry is around -2500 m in the Herodotus Basin, decreases to -2000 m in the Levant Basin and the topography data reaches 1000 m onshore (Figure 45678). Calculated gravity anomalies fit the measured ones to better than 7.59 mGal, calculated geoid to better than 0.42 m and calculated topography shows an overall misfit of 234 m. Some local misfits are observable in the elevation data especially around the Dead Sea Transform. It represents a short wavelength structure that is not in isostatic equilibrium and thus cannot be reproduced by the model. Yet, in general, the calculated data are in good agreement with the corresponding observed profile data.

The geophysical model invokes a thick lithosphere to the west that thins towards the Arabian Plate to the east. In the Herodotus Basin, the Moho is about 21 km deep underlying 7 km of oceanic crust (ρ= 2900 kg/m 3 ). A crust of the same thickness underlies the Levant Basin, however, this crust is subdivided into an upper (ρ= 2750 kg/m 3 ) and a lower part (ρ= 2900 kg/m 3 ). Finally, the sedimentary sequence is the same as in profile (I).

93 In contrast, the Herodotus Basin shows a thin oceanic crust, with a thickness between 6 and 10 km. West of the Eratosthenes Seamount, between distances 70 km and 150 km on the profile, a local 13 km thick structure can be observed. This crustal structure may be responsible for the noticeable gravity anomaly west of the ECB and similar to the wide positive Jarrafa gravity anomaly along the Libyan Margin. [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF] proposes that this anomaly is of "crustal origin" coming from a Mesozoic Oceanic Crust. This assumption is endorsed by the analysis of gravity and magnetic data undertaken by [START_REF] Reeh | Age of the source of the Jarrafa gravity and magnetic anomalies offshore Libya and its geodynamic implications[END_REF] who concluded that the source of the Jarrafa anomaly (Figure 456) is a mafic igneous rock and it may have formed during an Early Cretaceous extensional phase.

94 

Implications of the crustal models on geodynamics

The geophysical models show an attenuated crust flooring the Levant Basin (less than 9 km thick) divided into an upper crust of a density of 2750 kg/m 3 and a lower crust of a density of 2900 kg/m 3 . In the same location, refraction data used to constrain the model [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] highlight the presence of a layer interpreted as an upper crust (P-wave velocity of 6.2 km/s) clearly separated by a reflector from another layer interpreted as lower crust (Pwave velocity of 6.8 km/s). Therefore, the presence of an upper crust in the used algorithm indicates that the modeled crust must be continental. The oceanic nature of the crust in the Herodotus Basin was proved through paleogeographic reconstructions, seismic refraction (de Voogd et al., 1992), magnetic [START_REF] Granot | Palaeozoic oceanic crust preserved beneath the eastern Mediterranean[END_REF] and gravity data [START_REF] Cowie | Gravity inversion mapping of crustal thickness and lithosphere thinning for the eastern Mediterranean[END_REF] and dated from the Upper Jurassic to Lower Cretaceous (Voogd et al., 1992, Montadert et al., 2014). Our modeled crust represented with only one thin layer, with the properties of a lower crust confirms these studies. Generally, in all continental rifts the lower continental crust is thinned at least as rapidly as the upper crust, therefore if upper crust is completely missing, then it is an indication that the whole modeled crust must be new and therefore oceanic.

If we consider that the NNE-SSW oriented Levant Basin resulted from rifting in NW-SE direction, which is proposed in recently published works [START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF]Longacre et al., 2007;[START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF] on the region, a stretching factor β defined as the ratio between the crustal thickness before and after stretching can be calculated. Considering an initial crustal thickness of 35 km under the Arabian Plate, and a thickness of 8 km at the end of the rifting for profile 1, and a variation from 28 km to 7 km for profile 2 (Figure 4-9), with uncertainties in the range ± 1.5 km for the modeled crustal thickness, β factor ranges between 3.5 and 5.6 for profile 1 and between 3.1 and 5.4 for profile 2. Crustal stretching factor variation along the Levantine margin for profiles [1][2][3][4][5][6][7][8][9][10][11] show that the Levantine margin thins gradually and can be termed "soft" using the terminology of Davidson (1997). Multiple phases of extensional tectonics are generally responsible of such extreme thinning of the crust (Reston, 2009), therefore, we conclude that the Levantine crust geometry results from past successive regimes of extension that did not reach the beak-up stage. The concept of continental break-up marking the beginning of the oceanic accretion is not applicable to magma-poor rifted margins, such as the Levantine margin since the transition from rifting to seafloor spreading in deep margins is gradual (Peron-Pinvidic et al., 2006). This region can thus be considered as a transitional domain between the unthinned continental crust onshore and the true oceanic crust. The nature of this domain can be ambiguous as it may be a combination of an autochthonous part made by the stretched upper continental crust and an allochthonous part created by horizontal movement (slow seafloor spreading, mantle or lower crust denudation, intruded continental crust) [START_REF] Aslanian | Brazilian and African passive margins of the Central Segment of the South Atlantic Ocean: Kinematic constraints[END_REF].

96 The thinning process of passive continental margins includes exchanges between lower continental crust and upper mantle in addition to pure stretching [START_REF] Mckenzie | Some remarks on the development of sedimentary basins[END_REF] or simple shear [START_REF] Wernicke | Uniform sense normal simple shear of continental lithosphere[END_REF]. These vertical exchanges between lower continental crust and upper mantle result in the formation of an underplated lower continental crust intruded by partial melt, or corresponding to serpentinized peridotite material exhumed during the opening of the basin [START_REF] Sutra | How does the continental crust thin in a hyperextended rifted margin? Insights from the Iberia margin[END_REF]. Their presence in the Levant Basin thus cannot be excluded. This complex nature could also explain the local difference in Moho depth resulting from various refraction data accomplished in the Levant Basin (22-27 km [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] versus 19-24 km [START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF]) since decoupling horizons at the top of the mantle resulting from serpentinization can be found in hyper-extended rifted margins [START_REF] Sutra | How does the continental crust thin in a hyperextended rifted margin? Insights from the Iberia margin[END_REF]. Structures that are related to crustal thinning such as upper crustal tilted blocks and high-angle faults bounding the tilted blocks can also indicate the amount of extension accommodated in the crust (Reston, 2009[START_REF] Sutra | How does the continental crust thin in a hyperextended rifted margin? Insights from the Iberia margin[END_REF] and thus evaluate the maturation of the thinning process.

The total tectonic subsidence 𝑌, defined as the sediment unloaded depth to basement by Sawyer, (1985) can be used to estimate the extension during rifting if one assumes isostasy and that the current basement surface was at sea level prior to rifting. In this case, the present depth to basement, after sediment unloading, is the total amount of tectonic subsidence of the crust during and since rifting. Within extended continental crust, β factor is related to the total tectonic subsidence 𝑌 (Le Pichon and Sibuet, 1981;Dunbar, 1988)

: 𝑌 = [3.6 + 2.4(1 -𝑒 -𝑡 𝜏 )](1 - 1 𝛽
), where (t) is the continental break up age and the thermal time constant () value is 62.8 m.y. (Sclater et al., 1980). If the tectonic subsidence is known, then β factor can be calculated and compared to the modeled β factor. [START_REF] Bar | Accelerated subsidence and sedimentation in the Levant Basin during the late tertiary and concurrent uplift of the Arabian platform: tectonic versus counteracting sedimentary loading effects[END_REF] deduced from backstripping analysis of columnar stratigraphic sections based on oil wells in the southern part of the Levant Basin that only tectonic forces were responsible for subsidence in the Levant Basin and its continental margins before 37 Ma. The enhanced subsidence since 37 Ma was mainly due to heavy sedimentary loading. The paleowater depth was then corrected in order to deduce the basement subsidence if only tectonic forces operated with no sedimentation and erosion and the basin had been filled only with seawater. The total tectonic subsidence is estimated at 4.8 km . For a Triassic break up age (t = 200 Ma), β factor derived from tectonic subsidence is 2.65. In other words, the continental crust should have been extended by a factor of 2.69 during the rifting phase considered to be consistent with a subsidence of 4.8 km. Since β factor derived from tectonic subsidence for a continental break up age of 200 Ma (β= 2.69) is lower than the range of our β factor resulting from crustal modeling (β= 3.1-5.6), we deduce that additional extension must have affected the Levantine crust after this rifting episode. [START_REF] Bar | Accelerated subsidence and sedimentation in the Levant Basin during the late tertiary and concurrent uplift of the Arabian platform: tectonic versus counteracting sedimentary loading effects[END_REF]. Curve 1 is the basement subsidence curve obtained by the cumulative thickness of the sedimentary column as measured in wells and corrected from compaction during burial. Curve 2 is the basement subsidence curve of a water filled basin after gradual sedimentary layers unloading. Curve 3 represents the tectonically driven basement subsidence curve as in curve 2, with a correction for paleo-water-depth (marked by pale blue).

Depths to LAB

The estimated LAB under the Arabian Plate in the presented models is about 120 km deep and becomes deeper towards the basin. This is coherent with the previously estimated lithosphere thickness beneath Syria of 140 ±40 km [START_REF] Artemieva | Thermal thickness and evolution of Precambrian lithosphere: a global study[END_REF]. Under the Dead Sea Fracture, it peaks locally to about 100 km depth. The models highlight deep lithosphere-asthenosphere boundary (LAB) reaching 180 km and more below the Herodotus Basin. This high depth value of the LAB is in agreement with various reported ranges of values for the eastern Mediterranean: 150-300 km [START_REF] Hamza | Global distribution of the lithosphere-asthenosphere boundary: a new look[END_REF]. The deepening of the lithosphere coincides with a major misfit of 1500 m on the calculated topography over the Herodotus Basin (see profile (I)), indicating probably an absence of isostasy. This means that the plate would have been 1500 m more elevated if the assumption of local isostasy was respected.

The mechanism responsible for the absence of isostasy in the model is probably a slab pull of a subducting lithosphere, resulting in a measured topography lower than the one calculated over the Herodotus Basin. The western end of these profiles coincides with a subduction zone at the Mediterranean Ridge as shown in Figure 4-1. Available velocity models for the Eastern Mediterranean mantle structure resulting from seismic tomography [START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF][START_REF] Zhu | Structure of the European upper mantle revealed by adjoint tomography[END_REF][START_REF] Li | A new global model for P wave speed variations in Earth's mantle[END_REF][START_REF] Piromallo | P wave tomography of the mantle under the Alpine-Mediterranean area[END_REF] support this assumption. Mapped S wave velocities represented in Figure 4-13 show very high wave speeds underneath Herodotus Basin. Up to 5% δv/v at 150 km depth in the SAVANI model [START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF]. This velocity anomaly is connected to a global high wave speed anomaly that can be observed at 150 km. On cross section XY (Figure 4-13), the high-velocity anomaly observed can be linked to a deep inclined seismic zone that lies beneath the Aegean arc plunging into the mantle [START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF]. 

Conclusions

This contribution consists of geophysical interpretation and 2D lithosphere modeling of two sections, one NW-SE and one EW across the Levant Basin by integrating free-air gravity, geoid, topography and heat flow data. Resulting models show that the Levant Basin is floored by a thinned crust, divided into two layers, an upper and a lower crust. The nature of this crust is interpreted as continental. Herodotus Basin is also characterized by a thin crust, best interpreted as oceanic in contrast to the Levant Basin. At the Levantine margin, the thinning of the crust in the transitional domain between the onshore and the offshore is gradual, indicating successive regimes of extension that did not reach the beak up stage. However, it raises questions about the formation of passive margins and the real nature of the crust in the transitional domain between the unambiguous continental crust and the oceanic crust. The thick lithosphere under the Herodotus Basin is a consequence of a slab pull highlighted by an absence of isostasy and confirmed with tomography data. Detailed 2D lithosphere modeling using integrated geophysical data and constrained with geological findings can help understand the mechanisms responsible for the modeled structures.

Paper supplement: Crustal model of a N-S profile

An additional profile (III) was also selected to investigate the deep lithospheric structure across the Levant region and in particular the northern part of the basin using the same algorithm presented previously. It has a roughly S-N direction parallel to the Lebanese coast and is about 570 km long. It begins near the Sinai coast and crosses the Levant Basin along its axis from south to north until the Adana Basin offshore Turkey. The location of this profile is represented in Figure 4-14 on the maps of the geophysical data used in this study. (2006) used to constrain the models, (2) Free-air gravity anomaly (TOPEX database), (3) Geoid heights EGM2008 [START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF], ( 4) Surface heat flow [START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF]Shalev et al., 2013) A wide range of heat flow values (between 5 and 100 mW/m 2 ) is observed all over this profile. Gravity anomaly is negative all along the profile and reaches a minimum of -75 mGal at a distance of 370 km. The bathymetry has a minimum of -2000 m in the middle of the profile and is null on the limits . A good match is observed between the calculated and the measured geophysical data with less than 7.9 mGal for free-air gravity, 206 m for topography and 0.21 m for geoid.

The model obtained for this profile shows a 12 -km thick crust in the south that thins to 7 km between a distance of 250 and 400 km on the profile. In the northern part, the crust is thicker, up to 20 km. The Moho is located at a depth of 21 km in the middle part, 24 km in the southern part and reaches 26 km under the Anatolian Plate. The sedimentary package described in profile (I) is thicker in the middle and the southern parts of the profile, where the crust is much thinner than in the northern part. A 12 -km thick crystalline crust is present in the south, which thins to 9-7 km in the middle, towards the Lebanese coast and reaches 20 km in the north.

Unlike profiles (I) and (II) that only cover the southern part of the Levant Basin, profile (III) also covers the northern part of the Levant Basin, a region where geophysical data lack. The direction of this profile has a significant importance since it crosses the assumed N-S axis of the basin. The modeling results highlight a difference in the crustal thickness between a northern part where the crystalline crust is extremely thinned (around 7-km thick), and a southern part of the basin, where is the crust is also thinned but stays thicker than the north. 

Strength and elasticity analysis 4.3.1 Rigidity of the lithosphere

Strength of the lithosphere was computed for the three profiles based on the crustal models previously established in order to understand the geomechanical behavior of the lithosphere. We used the approach of [START_REF] Turcotte | Geodynamics[END_REF], for the calculation of the vertically integrated lithospheric strength that allows comparing average lithosphere rigidities along the profiles. For brittle rheology, the compressional strength depends on the effective normal pressure on an optimally directed fault:

  λ 1 f f 1 P 2f Δσ 2 brit     
where σbrit is the tectonic compressional stress, P the lithostatic pressure, f is the friction coefficient and λ the pore pressure coefficient. For the ductile strength, we use non-Newtonian rheology neglecting the pressure effect:

                 T R n E A a n duct exp   
where 𝜖̇ is the strain rate (10-14 s-1), A a strain rate normalization factor, Ea the activation energy, n the non-Newtonian exponential, R the ideal gas law constant and T the temperature in K. The used parameters shown in Table 4-2 are based on [START_REF] Turcotte | Geodynamics[END_REF] for brittle parameters and [START_REF] Okaya | A lithospheric cross-section through the Swiss Alps; I, Thermokinematic modeling of the Neoalpine orogeny[END_REF] for ductile parameters. The calculated compressional, extensional and strike slip strengths show that the rigidity is more elevated offshore than onshore, which makes the continent easier to deform . This result explains partly why the DSF is located inland where it is easier to deform a continent subject to shear stress than an ocean being extended . The development of a plate boundary requires the lithosphere to fail mechanically throughout its thickness. The yield stress envelope describes the stresses at which mechanical failure occurs. Therefore, the integrated area of the yield stress envelope is taken as a representative measure of the force needed to induce rifting, strike-slip or thrusting. Yield stress envelopes in compression were calculated for different positions along profiles Levant 1, 2 and 3 corresponding to oceanic and continental lithosphere. We computed strength in 1D on vertical columns in the basin and on the continent for each of profiles Levant 1 and Levant 2. For Levant 3, compressional strength was evaluated at the sides of the profile and in the middle (Figure 4-18).

The elasticity limit follows the linear frictional law of Byerlee that determines the failure stress in the brittle portions of the curves where strength increases with depth . The lowermost part of the yield envelopes is determined by the flow laws for quartz, plagioclase and olivine. The yield stress envelope in the oceans is entirely determined by Byerlee's law and the olivine flow law (Goetze, 1978). As can be seen, continental lithosphere is weaker than oceanic lithosphere for the same age mainly because of the low strength in the lower crust. In the basin, no rheological difference can be detected between the crust and the mantle, whereas on the continent, the base of the lower crust acts as zone of weakness. The lithosphere in the northern part of Levant 3 have the similar behavior as on the continent with a decrease of rigidity at the base of the lower crust.

104 To conclude, the development of new plate boundaries is controlled by the variations in the strength of the lithosphere. At the beginning of the rifting between Arabia and Africa, the Red Sea propagated NNW-wards towards the Mediterranean Sea initiating the Gulf of Suez and In the south

In the north

In the middle afterwards, the Gulf of Aqaba that became the preferred location for the continuation of the Red Sea [START_REF] Steckler | Subsidence in the Gulf of Suez: implications for rifting and plate kinematics[END_REF]. The majority of this relative movement between the plates has shifted eastward to the Dead Sea transform formed along a zone of minimum strength, creating a new plate boundary between Arabia and Africa. The creation of this boundary was a result of an increase in the strength of the lithosphere across the Mediterranean continental margin that acted as a barrier to the propagation of the rift [START_REF] Steckler | Lithospheric strength variations as a control on new plate boundaries: examples from the northern Red Sea region[END_REF].

Compressive and extensive rigidities for the three profiles (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22) show clearly that the thickness of the crust has a major control on the strength of the lithosphere. On the continent where the crust is thicker than in the basin, the rigidity across the lithosphere is clearly much smaller than in the basin. [START_REF] Vink | Preferential rifting of continents: source of displaced terranes[END_REF] concluded that the continents will always be weaker than the oceans if the geotherms in the ocean and the continent are the same.

A connection between the crust and the mantle can be observed since both the compressive and the extensive rigidities increase linearly on profile Levant 1 (Figure 4 

Equivalent elastic thickness of the lithosphere

The equivalent elastic thickness (EET) of the lithosphere, is used to estimate the lithospheric strength in response to loading by topography and subsurface loads.

The underlying principle of this approach is based on the concept of flexural isostasy, where large vertical loads are compensated by the flexure of a thin elastic plate. The vertical displacement of the plate (ω) is expressed as the following:

𝜔 = 𝜌 𝑐 . 𝑔. ℎ 𝐷 ( 2𝜋 𝜆 ) 4 + 𝑔. (𝜌 𝑎 -𝜌 𝑠 )
With 𝜌 𝑐 , 𝜌 𝑎 , 𝜌 𝑠 , the densities of the crust, the asthenosphere and the sediments respectively , 𝑔 gravity acceleration, ℎ the topography, 𝐷 the flexural rigidity and 𝜆 the wavelength of the deformation.

The parameter controlling the vertical displacement is the flexural rigidity (D), which is mainly a function of both the Young's Modulus (E) and the plate thickness (L), 𝐷 = 𝐸.𝐿 3 1-𝜈 2 , where ν is Poisson's ratio (taken to be 0.25).

Due to the stronger dependence of D on L compared to E, spatial variations in rigidity are mapped into variations in thickness of the elastic plate using a constant value for the Young's Modulus (E = 100 GPa). Vertical loads can be emplaced on the surface (e.g., topographic loading) or from below (e.g., underplating) and compensation results in the observed topography and the deflection of an internal surface at the depth of compensation. This surface is normally taken to be the crust-mantle boundary, and deflections can be estimated from the downward continuation of gravity anomalies.

In [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF], lithospheric modeling highlighted the presence of a deep lithosphereasthenosphere boundary (LAB) reaching 180 km and more below the Herodotus Basin and that the deepening of the lithosphere coincides with a major misfit of 1500 m on the calculated topography over the Herodotus Basin (Figure 4567). We proposed here different elastic thicknesses and calculated the deflection of the plate due to topography not explained by our local isostatic model in order to see whether or not the error found between the calculated and the observed topography in Herodotus Basin [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF] (Figure 4567) is supported by the elasticity of the plate (Figure 4 Results show that for the three elastic thicknesses proposed of 5 km, 30 km and 60 km, the calculated plate deflection reaches up to 1400 m, 1100 m and 900 m respectively in Herodotus Basin. If the plate deflection was close to the calculated supported topography difference, like the case on the middle and eastern side of the profile, the plate would be able to handle the misfit on the topography. One should note that the difference between the observed and calculated topography should equal the difference between the plate deflection and the supported topography difference. We can conclude that the elasticity of the plate (regardless of the plate elastic thickness), is certainly not responsible of the 1500 m difference between the measured and the calculated topography. It can be explained by an absence of isostasy probably due to a slab pull of a subducting lithosphere, resulting in a measured topography lower than the one calculated over the Herodotus Basin (see section 4.1.7).

Regional 3D crustal modeling

This section represents a 3D modeling approach applied on the same region presented in chapter 4.1. It is based on a joint inversion of gravity, geoid and topography data as described by the algorithm (chapter 3.2).

The method

A total of 168 of simulations were run in order to reduce the effect of the subjective parameters chosen by varying the following inputs (Figure 4 A priori Moho depths coming from refraction data [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] and from tomography (Mechie et al., 2012) were included. Statistics were then applied on the validated resulting models in order to measure the uncertainty through the computation of the results variability which is difficult to achieve with trial and error methods.

Results and interpretation

In this application, the deep structure of the region situated between latitudes 30° and 40°, and longitudes 25° and 40° is investigated. Geoid height variations correspond to the EGM2008 model [START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF]. The long-wavelength geoid spherical harmonics higher than degree 12 were removed. Free-air gravity and topography data were extracted from 1-min TOPEX global datasets (www.topex.ucsd.edu). All data were interpolated on a regular 10x10 km grid and the computation is done on blocs of 30x30 km resulting in 1665 blocks. In this study, a total of 168 inversions were accomplished with different 1D starting models and control parameters. Moho depth has been constrained by refraction [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] and tomography data (Menchie et al., 2012) available for this region . Lower uncertainty on the refraction data was attributed compared to tomography data. The physical properties used for calculating the thermal model are summarized in Table 4-3.

Table 4-3 The aim of the multitude of inversion runs with different initial models and parameters is to measure the uncertainty of the resulting models through the computation of the results variability which is difficult to achieve with trial and error methods.

For a standard deviation limit of 14 mGal for gravity anomaly, 0.3 m for geoid and 300 m for topography, 78 models among 168 were selected. Uncertainties on the Moho and LAB depths are the lowest in the Levant Basin, around 2 km and 25 km respectively, compared to the other regions on the map. This is probably due to the uncertainty on a priori data used in this area (Figure 4 These lateral variations in density values are tightly linked to the nature of the crystalline crust as well as the thickness and nature of sediments. The difference in crustal density values between the Levant and Herodotus basins is due to the difference in nature of the crust flooring these two basins. Since higher sediment thickness is expected in Herodotus Basin than in the Levant Basin [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF], the crystalline crust in Herodotus Basin, known to be of oceanic nature, must be of higher density than the crust in the Levant Basin, which advocates for continental crystalline crust in the Levant Basin. The localized high values of average crustal densities offshore the Libyan margin and in Cyprus would correspond to the Jarrafa magnetic anomaly (Reeh and Aifa, 2008) (Figure 4-6) and to the ophiolites belt located in southern Cyprus respectively.

111 The following article entitled "Seismic interpretation and crustal modeling offshore Lebanon" has been submitted to the Journal of Marine and Petroleum Geology under [START_REF] Inati | Crustal configuration in the northern Levant Basin based on seismic interpretation and numerical modeling[END_REF] on July 31 st , 2017 (Inati et al., 2017 in preparation).

Abstract

The interpretation of five 2D PSTM seismic reflection sections (14 s TWT) covering the northern Levant Basin revealed a total of 10 horizons, among which, one is interpreted as an interface that may represent the Moho. The interpretation of seismic packages and their bounding surfaces as well as the seismic facies analysis were constrained by published 2D seismic interpretations of the northern Lebanese offshore. A total of nine seismic packages are identified in the basin with ages varying from the Mid Jurassic to the Quaternary. The filling of the basin is made up of thick Cenozoic and Mesozoic strata deposited above rifted Triassic -Early Jurassic interval. The sediments are deposited in deep water mixed-settings resulting from high-stand systems (various types of carbonate platforms) and low-stand systems (siliciclastic and carbonate deep-water turbiditic complexes). Carbonate and siliciclastic systems are sealed by 1-1.5 km of evaporites, and underlie Plio-Quaternary hemipelagic and pelagic sediments intercalated by turbiditic sheets. The time horizons were converted into depth surfaces which were used to constrain the 2D crustal models integrating free-air gravity anomaly, geoid heights and topography data. Moho depth and the sediments thickness were constrained by the estimated depths of the interpreted horizons on the five PSTM seismic lines. The models representing five sections across the northern Levant Basin, show a progressively attenuated crystalline crust in an EW direction (away from the basin's eastern margin). The crystalline crust is best interpreted as a strongly thinned continental crust under the Levant Basin, represented by two distinct components, an upper and a lower continental crust. The Moho appears to be situated between 15.5 and 17 km towards the northern Lebanese coast and deepens to reach up to 20-23 km in the southern Lebanese offshore. Estimated surface heatflow in the basin is around 40 mW/m 2 , which is lower than reported values for the onshore and the margin. These differences in heatflow values between the offshore, the margin and the onshore have an important impact on hydrocarbon maturation and should be taken into account for better petroleum systems modeling and assessment.

Introduction

The Levant Basin, located in the easternmost part of the Mediterranean region, has raised the interest of international oil companies after the recent discovery of more than 1.7Tm 3 of natural gas in the region. The Eastern Mediterranean region has proven to be a world-class, frontier deepwater hydrocarbon province with numerous plays as highlighted by modern seismic data (e.g. [START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF][START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]Hawie et al., 2013b) and new confirmed discoveries in under-explored areas (e.g. Zohr field, offshore Egypt). Despite numerous old and recent geophysical studies in this region [START_REF] Woodside | Tectonic elements and crust of the Eastern Mediterranean Sea[END_REF][START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF][START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF], the deep crustal configuration of the Levant Basin is still debated. While refraction studies [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] and geophysical modeling [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF] (Figure 5-1) advocate for an attenuated continental character of the southern Levant Basin crust, the northern part (offshore Lebanon and Cyprus), which is characterized by a lack of data and a complex geodynamic history, has not been well investigated yet. Surface temperatures and the thermal history of the region remain uncertain. Few wells were drilled onshore and in the southern part of the basin but the thermal context of the northern part is yet unknown. Knowing these parameters would have important implications on thermogenic and biogenic petroleum systems in the study area.

Based on high-quality seismic reflection data and potential field geophysical data, we provide in this paper five interpreted crustal-scale profiles in the Lebanese offshore of the northern Levant Basin (covering the Lebanese Exclusive Economic Zone, EEZ). The seismic interpretation of five PSTM (pre-stack time migrated) long record length seismic reflection lines (14 s two-way travel time (TWT)) is first presented. Then, crustal models are proposed based on numerical modeling integrating surface free-air gravity anomaly, geoid and topography, and constrained by the interpreted seismic lines. The heatflow can then be inferred, invoking the impacts on maturation of hydrocarbon and petroleum systems.

117 [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF]. The profiles studied in this paper are represented in white (L2, L6, L25, L35, L39).

Geological setting

Geologic observations from around the eastern Mediterranean (e.g. [START_REF] Sawaf | Geologic evolution of the intraplate Palmyride Basin and Euphrates fault system, Syria[END_REF][START_REF] Gardosh | Evolution of the Levant Margin and Western Arabia Platform since the Mesozoic[END_REF][START_REF] Yousef | Structural setting and tectonic evolution of offshore north Sinai, Egypt[END_REF] suggest that the region was shaped by three extensional episodes, during the Permian, Triassic and Early Jurassic. A shallow marine environment is thought to have occurred in the central basin during these early stages of the Levant Basin's formation (i.e., Paleozoic to Middle Jurassic), while fluvio-deltaic to shallow marine settings prevailed along the margin [START_REF] Collin | Middle and Upper Jurassic stratigraphy and sedimentary evolution of Lebanon (Levantine margin): Palaeoenvironmental and geodynamic implications[END_REF][START_REF] Gardosh | Evolution of the Levant Margin and Western Arabia Platform since the Mesozoic[END_REF]. After the rifting activity ceased, the initiation of a passive margin together with the deposition of marine carbonates and deepwater siliciclastics followed in the Late Jurassic [START_REF] Cohen | Early Cretaceous buried canyon: influence on accumulation of hydrocarbons in the Helez oil field, Israel[END_REF][START_REF] Gardosh | The Sequence Stratigraphy and Petroleum Systems of the Mesozoic, Southeastern Mediterranean Continental Margin[END_REF][START_REF] Roberts | Hydrocarbon plays and prospectivity of the Levantine Basin, offshore Lebanon and Syria from modern seismic data[END_REF]. In the Early Cretaceous, a major emersion has led to the deposition of siliciclastic sediments along the Afro-Arabian Plate [START_REF] Brew | Tectonic and geologic evolution of Syria[END_REF][START_REF] Ziegler | Late Permian to Holocene paleofacies evolution of the Arabian plate and its Hydrocarbon occurrences[END_REF]. The collision of Afro-Arabia with Eurasia in the Late Cretaceous was followed by a regional uplift of the Levant margin in the late Eocene [START_REF] White | Magmatism at rift zones: the generation of volcanic continental margins and flood basalts[END_REF][START_REF] Zeyen | Styles of continental rifting: crust-mantle detachment and mantle plumes[END_REF][START_REF] George | Earliest magmatism in Ethiopia: evidence for two mantle plumes in one flood basalts province[END_REF][START_REF] Bosworth | The Red Sea and Gulf of Aden basins[END_REF]. In the Late Miocene, the 'Messinian Salinity Crisis' [START_REF] Cita | Messinian erosional surfaces in the Mediterranean[END_REF] which was caused by a combination of tectonic uplift and sea level changes [START_REF] Hsü | Late Miocene desiccation of the Mediterranean[END_REF][START_REF] Hsü | Initial reports of the Deep Sea Drilling Project[END_REF], led to a drop of sea level, a rise in salt concentration and finally salt precipitation (e.g., [START_REF] Gradmann | Salt tectonics off northern Israel[END_REF]. Consequently, a thick Messinian evaporitic sequence, exceeding 2000 m, has been found in the Levant

Basin. The basin has undergone significant subsidence for more than 100Ma [START_REF] Mart | The tectonic regime of the southeastern Mediterranean continental margin[END_REF][START_REF] Tibor | Late subsidence history of the southern Levant Margin, Eastern Mediterranean Sea, and its implications to the understanding of the Messinian event[END_REF]Vidal et al., 2000a), and is still subsiding at the present day [START_REF] Tibor | Late subsidence history of the southern Levant Margin, Eastern Mediterranean Sea, and its implications to the understanding of the Messinian event[END_REF]. The basement is now buried under up to 14 km of sediments [START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF]. These complex geodynamic events that shaped the area have impacted drastically the thermal history of the basin. The past rifting events followed by cooling phases are responsible for temperature swings along the process as well as variable heat flow production. The recent ongoing subsidence of the basin also constrain thermally the sediment system.

Methods and data

The available data-package consists of five 2D PSTM long record length seismic reflection lines (14 s TWT) covering the Lebanese offshore EEZ (courtesy of LPA [Lebanese Petroleum Administration] and PGS [Petroleum Geo-Services]), with free-air gravity data. The seismic reflection data was acquired by PGS in 2011 as multi-client survey MCD2D-LEB2011 using the Geostreamer technology (Figure 5-2). The properties of the acquisition tools used for this survey are summarized in Profile L25 is a NE-SW oriented 175 km long line parallel to the Lebanese coast. Profile L6 is 75 km long, EW oriented located offshore northern Lebanon. The two NW-SE profiles L35 and L39 are located offshore central Lebanon with lengths of 95 km and 105 km respectively. The remaining EW profile L2 is also offshore central Lebanon and is 120 km long. The software Geoframe Charisma was used for picking the horizons and the time-depth conversion. The depth converted horizons were then partly used (base of the Plio quaternary sediments, base of the Messinian evaporites, the Eocene unconformity and the Moho, where available) to constrain crustal modeling with an accepted variability mostly within the uncertainty of the seismic reflection measures and time/depth conversion.

119 Five profiles coinciding with the five seismic reflection lines were made/constructed in order to suggest/propose crustal models of the deep structure of the northern Levant Basin. The algorithm used jointly integrates free-air gravity anomaly, geoid heights and topography data. These data are dependent on the distribution of temperature and density in the crust and lithospheric mantle which can be partly constrained by available seismic and geologic data. A thorough explanation of the method can be found in Zeyen and Fernandez (1994) and [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF]. The free-air gravity anomaly and bathymetry were taken from PGS (courtesy of LPA). As for geoid data, it is extracted from publicly available EGM2008 global model [START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF]. 

Seismic interpretation

The interpretation of seismic packages and their bounding surfaces (onlap, toplap, downlap and truncations) as well as the seismic facies analysis follow seismic stratigraphic principles presented by [START_REF] Catuneanu | Toward the standardization of sequence stratigraphy[END_REF]. The analysis was constrained by published 2D seismic interpretations of the northern Lebanese offshore (Hawie et al., 2013b), in which recent stratigraphic and sedimentological knowledge of the Lebanese margin [START_REF] Boudagher-Fadel | Stratigraphy, paleoenvironment and paleogeography of Maritime Lebanon: a key to Eastern Mediterranean Cenozoic history[END_REF][START_REF] Collin | Middle and Upper Jurassic stratigraphy and sedimentary evolution of Lebanon (Levantine margin): Palaeoenvironmental and geodynamic implications[END_REF][START_REF] Müller | Revised stratigraphy of the Upper Cretaceous and Cenozic series of Lebanon based on nannofossils[END_REF]Hawie et al., 2013a, Hawie et al., 2013b) was extrapolated to the basin from two onshore coastal wells. All that said, and due to the absence of wells in this region, the age of the seismic units interpreted from the southern and northern Levant Basin remains speculative.

The seismic interpretation of the 2D seismic profiles revealed ten horizons named "R0" (the oldest) to "R9" (the youngest) and ten seismic packages referred to as "SP0" (the oldest) to "SP8" (the youngest) (Figure 5-4/8). These packages can be distinguished by their spatial reflectivity signature controlled by the type/pattern of their seismic facies, as well as the strata terminations and the bounding surfaces delineating each package. 

Seismic horizons

Each of the ten seismic horizons is interpreted as an unconformity surface that bounds a basin-scale depositional sequence. Significant changes in seismic character within the basinfill are marked by the interpreted surfaces. Horizons are analyzed in terms of depth, continuity and termination.

Horizon R0

The discontinuous horizon R0 represents the limit between a moderate amplitude unit SP0 and an underlying homogeneous part of higher reflectivity that does not show any geometry (Figure 5-4/8). The seismic attributes represented in Figure 5-9 highlight the difference of the seismic signature texture above and under R0, a limit that could possibly represent the Moho, especially based on suggested Moho depths from previous studies [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF].

Horizons R1-R9
Horizons R1 and R2 are discontinuous and can be identified by high reflectivity segments but is difficult to be pointed on all five lines. R1 constitutes the lower boundary of the seismic package SP1 that onlaps on the horizon R1 in the eastern part of the E-W sections (Figure A1).

It can be considered as the "Mid-Jurassic" horizon as reported in published studies [START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF][START_REF] Lie | New insights into the Levantine Basin[END_REF], Hawie et al., 2013b). R2 can be identified due to the difference in amplitude between SP1 and SP2 (Figure A2). It could represent the transition from the Upper Jurassic to the Lower Cretaceous, which is characterized by a major sea level drop, emersion and erosion of the Afro-Arabian plate at the end of the Jurassic as reported in literature [START_REF] Mouty | Lithostratigraphic and paleogeographic evolution of Syria during the Jurassic[END_REF].

The continuous R3 horizon forms an onlapping surface [a surface on which upper reflectors onlap] (Figure A3) of the SP3 seismic package at a large scale all over the basin (Figure 5-4/8). This major onlapping horizon R3 is probably the basin-scale unconformity called the "Senonian Unconformity" [START_REF] Lie | New insights into the Levantine Basin[END_REF][START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF], 2008, 2011, Hawie et al., 2013b) or "BL4" [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. This same horizon (R3) becomes diachronous as it reaches the eastern basin margin, near the Lebanese coastline. It makes somehow the contour of the Mesozoic/Cenozoic stacked platform carbonatesextending onto the onshore. Horizons R4, R5 and R6 consist of a discontinuous set of high reflectivity horizons, about a 100-150 ms thick and represents the lower boundary of SP4, SP5 and SP6 seismic packages respectively. R4 is highly reflective in the northern part of the study area (Figure A2 Toplaps of SP4 on R4 are observed within the basin (Figure A2). The R4 horizon is the boundary known in the Levant Basin as the "Eocene Unconformity" [START_REF] Lie | New insights into the Levantine Basin[END_REF] and "BL3" [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. Within the central basin, downlaps of SP5 are observed on the R5 horizon (Figure 5 .Towards the present-day coastline, SP5 onlaps on R3 (Figure 5-4) and R6 forms an onlapping surface for the SP6 unit.

A fault system spread in the basin at depths between 3800 ms and 6000 ms seems to be responsible of the discontinuity of R5, R6 and R7 (Figures A5,A7). Published works call R5 the "Base Miocene" [START_REF] Lie | New insights into the Levantine Basin[END_REF][START_REF] Bowman | Regional seismic interpretation of the hydrocarbon prospectivity of offshore Syria[END_REF] or "BL2" [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF] in the Levant Basin. The R6 horizon is known as "Base Mid-Miocene" [START_REF] Lie | New insights into the Levantine Basin[END_REF][START_REF] Bowman | Regional seismic interpretation of the hydrocarbon prospectivity of offshore Syria[END_REF] and "BL1" [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF] in the Levant Basin. Horizons R2-R8 show two dominant anticlinal structures around 30 and 50 km off the coast, northern Lebanon. The first structure (30 km from the coast) corresponds to the "Latakia Ridge" (Figure 5-2) as referred to by [START_REF] Hall | Structural evolution of the Latakia Ridge and Cyprus Basin at the front of the Cyprus Arc, Eastern Mediterranean Sea[END_REF] and Bowman (2011), while the second could represent a diaper structure or a mud intrusion. R7 represents a toplapping surface (a surface on which lower horizons toplap) for SP6 mainly in the northern and western parts of the basin (Figure A7). R7 lies at the base of the Messinian evaporites (SP7) and is called "Base Messinian" [START_REF] Lie | New insights into the Levantine Basin[END_REF][START_REF] Bowman | Regional seismic interpretation of the hydrocarbon prospectivity of offshore Syria[END_REF] or "N" reflector [START_REF] Garfunkel | Geology and structure of the continental margin off northern Israel and the adjacent part of the Levantine Basin[END_REF][START_REF] Tibor | Late subsidence history of the southern Levant Margin, Eastern Mediterranean Sea, and its implications to the understanding of the Messinian event[END_REF][START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF]. The upper boundary of the Messinian evaporites R8 corresponds to the "M" reflector [START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF] is located between 3.1-3.4 s (TWT). The seabed is referred to as R9 and is located between 1.5 and 3 s along the basin and becomes shallow close to the central Lebanese coast where it reaches 500 ms (L35, L39). 

Seismic packages

Table A2 summarizes the major characteristics of each seismic package and its relationship with its lower and upper bounding surfaces and strata termination. Furthermore, the fourteen seismic facies mentioned above have been compiled in Table A3. Also, the five seismic profiles offshore Lebanon have been filled with a color code that represent the expected type of deposits for the Levant distal margin and basin (Figure A10 in Appendix). Additional material is added in Figure A10 in Appendix to complement the previous seismic interpretation in terms of stratigraphy and facies analysis. Subparallel dimmed horizons intercalated locally with higher reflectivity facies (F0) form the unit SP0. Tilted blocks observed in SP0 in some northern and central parts of the basin towards the coast (Figure A1) lying under SP1 result possibly from rifting pulses that lasted till the Middle Jurassic.

Interpretation

The absence of geometry below SP0 could indicate a signal loss or the signature of the lithospheric mantle separated from SP0 by the R0 horizon. Thus, R0 would represent in this case the Moho, the limit between the crystalline crust and the lithospheric mantle. This assumption remains an interpretation based on the observation of the seismic data, supported by known, equivalent depths of Moho from other published work (e.g. [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF]Ben Abraham et al., 2002Netzeband et al., 2016).

Seismic package SP1 Description

SP1 is a high-amplitude reflection package separated from the transparent unit (SP0) by the horizon R1. The SP1 onlaps on the R1 horizon in the eastern part of the E-W sections (Figure A1). Two facies within SP1 package can be observed. Eastwards, scattered reflectors present high amplitudes and a prograding pattern close to the coast (F1), while towards the basin, strong parallel reflections are partly continuous and intercalated with lower amplitude reflectors (F2) (Figure A6). Towards the margin (East), several normal faults delimit prominent tilted blocks that lie under the deep marine sediments (SP1).

Interpretation

Along the distal margin, the extent of tilted compartments ends at the observed onlaps of deep marine sediments (SP1) over R1. The tilted blocks lying under SP1 result possibly from rifting pulses that lasted till the Middle Jurassic. Facies F1 is interpreted as the offshore extension of the Mesozoic (Early Cretaceous) carbonate platform (thicker to the East) onshore Lebanon [START_REF] Dubertret | Introduction à la carte géologique au 1/ 50000 du Liban[END_REF]Hawie et al., 2013a). In the deep basin, deposition of hemipelagic elements interbedded with silts, shales and carbonates (F2) prevail (e.g. [START_REF] Roksandic | Seismic facies analysis concepts[END_REF][START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF].

Seismic package SP2 Description

Seismic package SP2, separated from SP1 by the horizon R2, is characterized by highamplitude parallel reflectors (Figure A1), quite continuous in the basin (F2), and wedge-shaped deposits with parallel reflectors close to the present-day coastline (F3) (Figure A3). On the northern EW section (L6), SP2 seems to be thicker and more transparent towards the basin than it is in the central basin sections (F4).

Interpretation

The above described F2 seismic facies also present in this seismic package corresponds to eroded carbonates and clastics deposited in deep marine conditions in the basin based on the observed parallel seismic patterns and on previous published analysis (e.g. [START_REF] Roksandic | Seismic facies analysis concepts[END_REF][START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF]. Wedge shaped configurations (F3) are believed to represent based on their position and geometries, prograding deposits sliding on the coastal slope originating from the Cretaceous carbonate platform observed onshore Lebanon [START_REF] Dubertret | Introduction à la carte géologique au 1/ 50000 du Liban[END_REF]Hawie et al., 2013b). The transparent facies F4, present abundantly in the northern part of the basin, may represent over-pressurized sediments from the Late Jurassic/ Lower Cretaceous due to the deformation of the overlying seismic packages observed 50 km offshore the northern Lebanese coast that is probably triggered by the pressure emitted by this facies (Figure 5-5).

Seismic package SP3 Description

The SP3 seismic package onlaps on the continuous R3 horizon (situated at the base of SP3) at a large scale all over the basin. The seismic facies F2 includes dimmed reflectors and partly continuous reflections of higher amplitude, as observed in the lower packages.

Interpretation

In the northern part of the basin, SP3 is curved upwards twice as explained for horizon R3.

The deformation located more to the west could represent a diaper structure or a mud intrusion that appears to be taking roots from facies F4 in the Late Jurassic/ Lower Cretaceous over-pressurized sediments.

Seismic package SP4 Description

SP4 is formed of dimmed parallel continuous reflectors (F5) towards the north and the Lebanese margin (L6, L25). Basinwards, SP4 is constituted by partly continuous parallel reflectors of low amplitude intercalated with more pronounced reflections (F2) that create toplaps on R5 (Figure 5-4). Geometries/patterns similar to channelized facies (F6) can be observed within this package mainly in the central part of the basin (L39).

Interpretation

Carbonates and/or siliciclastics were driven into the basin through incised channels (F6 observed geometries) across the Levantine margin basin [START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] after the major sea level drop in the Late Eocene. Hemipelagic/pelagic material was deposited in deepwater conditions towards the center of the basin and is believed to be expressed by parallel continuous reflectors (facies F5). These sediments were produced by the erosion of the coastal areas that were uplifted due to the collision of Afro-Arabia with Eurasia [START_REF] Haq | Mesozoic and Cenozoic chronostratigraphy and eustatic cycles[END_REF].

Seismic package SP5 Description

High reflectivity horizons, about 100 ms thick (F7) represent the lower boundary of the SP5 seismic package. SP5 is constituted of continuous parallel horizons of high amplitude (F2) apart from the westernmost parts where lobe-shaped bodies (F8) can be detected within a homogeneous chaotic facies (F9) (Figure A7). Within the central basin, downlaps of SP5 are observed on the R5 horizon All over the basin, unit SP5 seems to be affected by a fault system, together with the overlying SP6.

Interpretation

The high-amplitude facies F7 might represent deep water clastic accumulations related to low-stand systems. This assumption can be endorsed with the downlapping observed on the "Base Miocene" (R5). The chaotic facies F9 intruded by lobes might result from mass transport crossing the margin slope into the basin [START_REF] Gardosh | The Late Tertiary Deep-Water Siliciclastic System of the Levant Margin -An Emerging Play Offshore Israel[END_REF].

127 Seismic package SP6 Description SP6 can be separated into two sections, with the upper part about 400 ms thick. The lower part is composed of parallel reflectors (F2) with some chaotic facies while the uppermost section shows high-amplitude channel facies (F6) (Figure A8). Toplaping configurations of SP6 on R7 are mainly observed in the northern and western parts of the basin (Figure 5-4, Figure 56) and onlaping of SP6 on R6 eastwards close to the present-day coastline.

Interpretation

In the Oligocene, sand and clastics from the Arabian plate could come through the south (Israel) [START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF], but after the establishment of the Dead Sea Fracture System (DSFS) and the formation of the Dead Sea Trough, all sediments would be trapped there and no more input is possible, except the Nile from the south. The Dead Sea fault plays thus an important role in shutting off any southern input. In the Middle Miocene, the emergence of the Mount Lebanon, further basin subsidence, and the increase in sedimentary input into the basin prevail. In the Serravallian in particular, hemipelagic deep marine basin facies prevailed (F7) and extended into platform carbonates on the margin [START_REF] Haq | Mesozoic and Cenozoic chronostratigraphy and eustatic cycles[END_REF] like the Chekka Miocene formation (Hawie et al., 2013a). In interval that corresponds to the Late Miocene (Tortonian), clear clastics can be observed coming probably from a northern source [onshore Syria] since Lebanon mountain was already there. The most upper section of SP6 (400 ms thick) showing high amplitude channel facies (F6) result from turbidities depositions through canyons incisions in the Levantine margin.

Seismic package SP7 Description

SP7 is a transparent unit (F10) that pinches out on the eastern margin and is intruded by highamplitude sets of 100 ms thick reflectors showing aggrading configurations (F11) . The high-amplitude reflectors are not distributed evenly in space but mainly localized in the lower section of SP7. Internal deformations of the F11 facies are observed along local small thrusts in the deep basin (Figure A9).

Interpretation

SP7 can be referred to as the "Messinian megasequence" as proposed by [START_REF] Gorini | Stratigraphy of the Messinian Sequences in the Deep Basin Setting of the Eastern and Western Mediterranean Basin[END_REF] and is bounded by the "Base Messinian" (R7). It results from a global Messinian megacycle depositional scheme with system tracts deposited in different stages [START_REF] Gorini | Stratigraphy of the Messinian Sequences in the Deep Basin Setting of the Eastern and Western Mediterranean Basin[END_REF]. A falling stage with marginal erosion and a basinal early lowstand characterized by huge clastics (F11) deposition localized in front of major Messinian rivers (Rhone, Nile, Antalia gulf rivers). These clastics are deposited in an oversaturated (salt) (F10) basin as shown by the alternation of evaporites (F10) and clastics facies (F11) [START_REF] Garfunkel | Geology and structure of the continental margin off northern Israel and the adjacent part of the Levantine Basin[END_REF][START_REF] Garfunkel | Permian -Early Mesozoic tectonism and continental margin formation in Israel and its implications to the history of the eastern Mediterranean[END_REF][START_REF] Bertoni | Clastic bodies at the base of the late Messinian evaporites of the Levant region, Eastern Mediterranean. In: Evaporite Deposits[END_REF][START_REF] Gorini | Stratigraphy of the Messinian Sequences in the Deep Basin Setting of the Eastern and Western Mediterranean Basin[END_REF]. Finally, an Upper "transgressive" or late lowstand system tract constituted by halite, dolomitic marls, gypsum and sands in the deep basin could (F10).

Seismic package SP8 Description

The SP8 sequence is about 0.5 s (TWT) thick in general but shrinks towards the margin. It is composed of dimmed parallel horizons (F2), subparallel wavy facies (F12), and mounds facies (F13) in the lower part of SP8. At the margin, downlaps of SP8 on horizon R8 are observed (L2) and a peripheral part of SP8 is plunging in the lower sediment units.

Interpretation

The most recent sedimentary unit SP8, represents the Plio-Quaternary hemipelagic to pelagic sediments intruded by turbidities (Ryan et al., 1971). It was deposited in a deep marine setting. The sub-parallel wavy facies (F12) represents "contourite" systems resulting from marine currents in the Plio-Quaternary [START_REF] Heezen | Shaping of the continental rise by geostrophic contour currents[END_REF][START_REF] Faugères | Bottom-current-controlled sedimentation: a synthesis of the contourite problem[END_REF]. The mounds facies observed were referred to as clastic mounds [START_REF] Gardosh | The Late Tertiary Deep-Water Siliciclastic System of the Levant Margin -An Emerging Play Offshore Israel[END_REF]. Observed downlaps resulting from a maximum flooding surface have the shape represented in Figure A8 due to gliding of the hemipelagic sediments into the Messinian salt unit.

Time/depth conversion

For the picked horizons of the five seismic lines, stacking velocities were provided by PGS on each of the sections. The used software (see above, Data and Methods) generates interval velocities between the picked horizons using Dix formula, based on the stacking velocities.

For the time horizon R0, probably corresponding to the Moho, no reliable stacking velocity was provided. Therefore, an interval P-wave velocity of 6.5 km/s in the crystalline crust was used instead, in order to approximate the depth of horizon R0. This value was deduced from seismic refraction findings in the southern part of the Levant Basin [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Weber | The crustal structure of the Dead Sea Transform[END_REF][START_REF] Zverev | The deep structure of Eratosthenes Seamount from seismic refraction data[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] and other measures throughout the Eastern Mediterranean [START_REF] Ginzburg | Geology of the Mediterranean shelf of Israel[END_REF]Vidal et al., 2000b). 

2D crustal modeling

A 10-km wide strip was extracted on both sides of each of the five profiles for the gravity, geoid and topography data, and the values were averaged every 1 km along the profiles. The variability of averaged values within the strip was considered as data uncertainty (error bars in [5][6][7][8][9][10][11][12][13][14][15]. For each section, the modeled lithosphere is divided into units representing from the top to the bottom: different layers of sediments, a continental upper crust, a continental lower crust and a lithospheric mantle. These bodies are characterized by the following rock properties: (1) density and its dependence on temperature and depth, (2) thermal conductivity, and (3) heat production (Table 5-2). The shape, size and characteristics of the bodies are modified interactively in order to find the best-fitting model with the geophysical data used as input. Depth-converted horizons corresponding to the different limits between the sedimentary packages and the Moho, where available, were used to constrain the crustal model with an uncertainty of +/-900m if we consider that the uncertainty on the shallowest horizons depths till the Mid Miocene is negligible, the rest of the horizons depths are calculated with a 10% uncertainty on the stacking velocities values and that the average Pwave velocity in the crust is accurate within a range of 5%. 

NE-SW profile (L25)

The NE-SW profile (L25) shows a decrease of the free-air gravity anomaly from -25 mGal to -75 mGal from north to south . The geoid increases from -5 m to -1.7 m in the same direction and the values of the topography are between -2000 m and -700 m along the profile . The calculated values are in good agreement with the corresponding observed profile data with calculated gravity anomalies that fit the measured ones to better than 3.9 mGal, the geoid and the topography showing error margins of 0.13 m and 85 m, respectively. The geophysical model invokes a lithosphere thicker in the south than in the north; the Moho deepens from 17 to18 km in the north to 22 to 23 km in the south . All over the profile, the crust is represented by a lower crust of a density of 2900 kg/m 3 underlying an upper crust of a density of 2750 kg/m 3 under a sedimentary package of thickness varying between 8-9 km in the north and 11-12 km in the south. The sedimentary infill of the basin used in the model is a simplified version of the stratigraphic analysis resulting from the seismic interpretation (section 4) in terms of similar rock properties. This package is divided here into four layers based on density variations. The density of the shallower layer of Plio-Quaternary sediments is represented as a function of depth, since it is considered to be affected by compaction: 𝜌 𝑞 (𝑧) = 2600 -400𝑒 -𝑧/2 , where 𝜌 𝑞 (𝑧) the density of Quaternary sediments and z is depth below surface measured in km. It varies thus between 2200 kg/m 3 and 2600 kg/m 3 . It is followed by a 2 km thick unit of salt with a density of 2100 kg/m 3 , a layer of siliciclastic sediments of a density of 2450 kg/m 3 , and finally a layer of carbonates of a constant density of 2550 kg/ m 3 overlying the crystalline crust. These last two layers are considered compacted enough not to have a density dependent on pressure. Mantle density is a function of temperature and it is evaluated in the model after the equation of [START_REF] Lachenbruch | Continental extension, magmatism and elevation: Formal relations and rules of thumb[END_REF]: 3200[1 + 3.5 × 10 -5 (𝑇 𝑎 -𝑇(𝑧))] with Ta = 1300 °C. Rock properties used for each unit in the models for the northern Levant Basin are summarized in Table 5-2. The heat production values are from [START_REF] Morgan | The thermal structure and the thermal evolution of the continental lithosphere[END_REF] and [START_REF] Furlong | Crustal heterogeneities and the thermal structure of the continental crust[END_REF] and thermal conductivity values 𝜆(𝑇) are from [START_REF] Clauser | Thermal conductivity of rocks and minerals, rock physics & phase relations: a handbook of physical constants[END_REF]. 

EW profile offshore northern Lebanon (L6)

This profile is 75 km long located EW offshore northern Lebanon (see Figure 5-2 for location).

The free-air gravity anomaly decreases from -25 mGal to -75 mGal from east to west, the geoid increases from -5 m to -1.7 m in the same direction and the values of the topography are between -2000 m and -700 m along the profile (Figure 5 -16). Calculated gravity anomalies fit the measured ones to better than 3.9 mGal, calculated geoid to better than 0.13 m and calculated topography shows an overall misfit of 85 m. The Moho is situated between 17 and 18 km to the west and deepens towards the margin to reach 20 km depth . The crystalline crust is 11 km thick close to the margin and thins drastically basinwards to reach a thickness of 5 to 6 km. As for profile L25, the crust has the same configuration of an upper and a lower crust underlying a sedimentary package of thickness varying from 9 to 11 km. Finally, the sedimentary sequence is the same as in profile L25.

132 The misfit of gravity anomalies for L2, L35 and L39 is 1.9mGal, 4.4mGal and 5.4mGal respectively. The calculated geoid heights fit the measured ones to better than 0.3 m, 0.39m and 0.21m for L2, L35 and L39 and finally to better than 105m, 63m and 112m for topography.

The models show a progressively attenuated crust towards the basin with a thickness varying between 6 and 8 km in the basin . Moho depth is close to 20 km in the basin and deepens to reach 25 km at the margin. The crustal components and the sedimentary sequence are the same as described for the other profiles.
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Discussion

Crustal architecture

The interpreted Moho surface represent the lower limit of the crystalline crust and it is estimated to be around 20 km deep in the basin towards central and southern Lebanon, reaching down to 23 km close to the margin. Such ranges are very well compatible with known Moho depths in the same region based on previous studies [START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Ben Avraham | Crustal structure of the Levant Basin, Eastern Mediterranean[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF]. In the northern part of the basin, the shallow crust highlighted by Moho depths ranging between 15.5-17 km results from the subduction at the Latakia Ridge. This Moho interpreted limit remains only a suggestion based on the seismic sections bestpractice observation and geophysical data. One should also consider that the energy emitted in this seismic campaign might not be strong enough to obtain a relevant response deeper than 10 seconds TWT. Long line seismic refraction should be considered for the northern part of the Levant Basin since the accuracy of this technique in terms of Moho depth is more adequate for this kind of studies.

The models constrained by the seismic reflection presented above, also confirm the outcome of the regional study presented in [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF], where the deep structure of the lithosphere underlying the easternmost Mediterranean region, in particular the Levant Basin and its margins is discussed using the same modeling method used in this paper [START_REF] Zeyen | Lithospheric structure under the western African-European plate boundary: A transect across the Atlas Mountains and the Gulf of Cadiz[END_REF]. 

Geodynamics

The 2D seismic interpretation, presented above, revealed a thick stacked carbonate platform on the margin and even a thicker mixed carbonate-siliciclastic fill in the basin (previously proposed by Hawie et al. 2013b). These regions are underlain by thicker and thinner crystalline crust, respectively. It is such crustal geometry that will be further investigated here in order to better understand the geodynamic framework and the Levant Basin evolution.

The interpreted seismic data advocate for a passive margin model for the Levant Basin formation highlighted by tilted block structures observed on the Early Mesozoic carbonate platforms that have been affected by rifting pulses that did not reach the stage of break up.

The end of the rifting is dated around the Middle-Jurassic followed by deepwater settings that have prevailed in the basin. In the Turonian, the collision of Afro-Arabia with Eurasia has created a foreland basin with an enhanced subsidence at the front of the Latakia Ridge (offshore northern Lebanon) where the crust is elevated compared to the rest of the basin. The southwards advance of this foreland basin with the development of the Latakia Ridge is observed until the Early Miocene. This movement has been accompanied with a gradual shift of the depocenter from northern Lebanon (facing the Latakia Ridge) to southern Lebanon (Figure 5 -22). Around the Middle to Late Miocene, the separation of the Arabian Plate and the African Plate along the Levant fracture system caused an important transpression through the Levant margin and led to major uplifts of the Lebanese mountain chains and deepening of the basin. The increase of the accommodation space available offshore southern Lebanon, the proximity the Nile deep cone as a southern sediments entry-point and the accelerated erosion of the emerging inland margin (eastern sediments entry-point), are responsible of the thick sedimentary cover in the southern offshore (Hawie et al., 2013b). Both the inland and the Levant Basin were influenced by regional upward tectonic forces, but the extensive flux of clastic sediments into the basinwhere the crust is attenuated and thinnerresulted in a downward isostatic response to the growing sedimentary load that was greater than the upward tectonic force and thus caused a net subsidence (e.g. [START_REF] Bar | Accelerated subsidence and sedimentation in the Levant Basin during the late tertiary and concurrent uplift of the Arabian platform: tectonic versus counteracting sedimentary loading effects[END_REF]. These observations would help in understanding how the extremely attenuated crust flooring the Levant Basin can be overlain by such a thick sedimentary pile. Hawie et al., 2013b) Since the transitional domain between the onshore and the offshore appears to be gradual the known successive extensional regimes at the genesis of the Levant Basin did not reach the breakup stage, yet they resulted in an extremely thinned continental crust [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF].

An E-W rifting has been proposed based on new seismic data showing that the Eratosthenes Continental Block (ECB) was separated from Arabia due to the presence of a set of transfertransform faults crosscutting obliquely the northern African margin [START_REF] Montadert | Petroleum Systems Offshore Cyprus[END_REF]. Also, NW-SE rifting in the eastern Mediterranean was recognized [START_REF] Brew | Tectonic and geologic evolution of Syria[END_REF][START_REF] Gardosh | Evolution of the Levant Margin and Western Arabia Platform since the Mesozoic[END_REF][START_REF] Granot | Palaeozoic oceanic crust preserved beneath the eastern Mediterranean[END_REF], with seafloor spreading limited probably to the Herodotus Basin [START_REF] Granot | Palaeozoic oceanic crust preserved beneath the eastern Mediterranean[END_REF] and highlighted by the magnetic anomalies along the North African margin.

The Levant Basin was closer to the continent at its edge, where the continental crust is stretched and attenuated by the Jurassic times, allowing for the later development of southmigrating, flexural foreland basin in the Cenozoic.

Implications on heatflow and petroleum systems

The prediction of surface heat-flow within rifted continental margins is of great importance for hydrocarbon maturation in particular, and basin analysis in general. Present-day surface heatflow is mainly conditioned by continental crust radiogenic heat production. Crustal radiogenic heat productivity and transient lithosphere heatflow linked to thermal equilibration are generally used to calculate present-day surface heatflow. We consider here that the lithosphere has gone through post-thinning thermal re-equilibration and had enough time to cool since the last rifting, so that the transient lithosphere heatflow can be considered negligible. The rock thermal properties are given in The calculated value of surface heatflow offshore northern Lebanon (profile L6 and northern part of profile L25) is around 43 mW/m 2 , while offshore central and southern Lebanon (profiles L2, L35 and L39), surface heat flow slightly decreases to reach 40 mW/m 2 . In an E-W direction, no change in heatflow values is noticeable at this study scale. However, at larger scale, [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF] suggest surface heatflow values ranging between 50 and 60 mW/m 2 onshore the Arabian plate, 40 mW/m 2 in the Levant Basin and 30 to 35 mW/m 2 in the Herodotus Basin where the crust was interpreted as oceanic, with lower radiogenic heat production contribution. These differences in the heat flow values between the onshore, the margin and the offshore have certainly an important impact on the assessment of hydrocarbon generation. With a lower present-day heat flow in the offshore, the maturation process is slower than the onshore and the margin, we can expect that an over-mature source rock in the onshore might have reached less thermal maturity in the offshore. Depending on the thermal history of the study area, potential source rocks can be viable (resulting in considerable hydrocarbon expulsions) at different times in the offshore, margin and onshore, respectively. Therefore, further investigations on heat flow evolution through time are needed to properly assess hydrocarbon potential of the northern Levant Basin. In future works, the impact of the deduced crustal geometry on todays' potential petroleum systems will be tested through a basin modeling approach. The remaining challenge will be to constrain the heatflow evolution during rifting events, post-rift and basin formation/ subsidence of the northern Levant Basin.

Conclusions

The interpretation of five 2D PSTM seismic reflection sections (14 s TWT) highlighted the presence of ten horizons and nine seismic packages. The filling of the basin is made up of thick Cenozoic and Mesozoic strata deposited above rifted Triassic -Early Jurassic terrain.

The sediments are deposited in deep water mixed-settings resulting from high-stand and lowstand systems. Carbonate and siliciclastic systems are sealed by 1-1.5 km of evaporites, and underlie Plio-Quaternary hemipelagic and pelagic sediments intercalated by turbiditic sheets. Among the interpreted horizons, an interface that could possibly represent the Moho was revealed, as a border between a lower part without any geometry and an upper part interpreted as the crystalline crust. The picked time horizons were converted into depth and used to constrain 2D crustal modeling along the five profiles.

The resulting models show a progressively attenuated crystalline crust in E-W direction. The crystalline crust is best interpreted as a strongly thinned continental crust under the Levant Basin, represented by two distinct components, an upper and a lower continental crust. The Moho appears to be situated between 15.5 and 17 km towards the northern Lebanese coast and deepens to reach up to 23 km in the southern Lebanese offshore close to the coast. Differences in heatflow values between the offshore, the margin and the onshore have an important impact on petroleum systems and further basin modeling studies are needed to understand the thermal history of the northern Levant Basin.
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Paper complement: time/depth conversion using refraction data

A time-depth conversion method was also explored (other than the one presented in [START_REF] Inati | Crustal configuration in the northern Levant Basin based on seismic interpretation and numerical modeling[END_REF] using P-waves velocities resulting from a seismic refraction study covering the southern part of the Levant Basin [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] for the following layering: Plio-Quaternary turbidites, Messinian evaporites, sediments from Jurassic to Miocene, marine carbonates and the crystalline crust (Table 5-3). P-wave seismic velocity in sea water was taken as 1.5 km/s. The converted depths are in good agreement with the results of the conversion with the stacking velocities (Figure 5-19/23).

Table 5-3: P-wave velocities for the deduced layering from [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] P-wave velocities (km/s) Plio-Quaternary turbidites (SP8)

1.9-2.1 Messinian evaporites (SP7) 4.2-4.4 Sediments from Jurassic to Miocene (SP6-SP3) 3.5-3.9 Marine carbonates (SP2-SP1) 4.4-5 Crystalline basement (SP0) 5.7-6.9 Sedimentary basins are subsiding regions of the Earth that accumulate thousands of meters of sediments over prolonged periods of time [START_REF] Allen | Basin analysis: Principles and applications[END_REF]. The sedimentary fill is controlled by many parameters including eustatic sea-level, climate, and tectonics [START_REF] Littke | Dynamics of complex intracontinental basins[END_REF]. The interaction of these parameters results in the deposition of a large variety of sedimentary rocks among which are organic matter rich rocks. When these latter rocks are buried to great depths, their characteristics are altered by elevated temperatures and pressures which result in the generation of fluids such as oil and natural gas [START_REF] Welte | Petroleum and basin evolution; insights from petroleum geochemistry, geology and basin modeling[END_REF]. These types of rocks are referred to as petroleum source rocks. In order for a hydrocarbon accumulation to occur, many elements and processes are needed. The key petroleum system elements are source rocks, reservoir rocks, cap rocks, and overburden. The processes involved in the formation of a petroleum system are trap formation, burial, hydrocarbon generation, migration, and eventually accumulation. A good assessment of these petroleum systems resides in understanding the overall basin thermal evolution. One of the key parameters for studying the thermal state of a system is the good knowledge of the lithosphere and crustal architectures as well as their evolution.

The aim of this chapter is to integrate the findings of the crustal modeling presented in the previous chapters into a reference 3D basin model already established by IFPEN group and associated institutions (Ph.D. of S. Bou Daher (2016), and MSc of J. [START_REF] Barabasch | Integrated 3-D Forward Stratigraphic and Petroleum System Geomodel of the Levant Basin (Eastern Mediterranean)[END_REF]; University of Aachen/ IFPEN), in order to evaluate the effect of the precise definition of the lithosphere on the thermal history and sediments maturation of the northern Levant Basin. A sensibility analysis will also be presented.

The model consists of a 3D thermal history model (constructed with the software TemisFlow™, v. 2013.2) covering an area of 315 × 315 km with a grid resolution of 5 × 5 km, including the northern Levant Basin, margin, and onshore (Figure 6-1). The reference model of Bou Daher et al. ( 2016) is based on precise tectono-stratigraphic studies and modeling. The important source rock intervals present along the eastern margin of the Levant Basin were previously identified and well constrained, especially for the Cretaceous ones. The resulting thermal model is calibrated and the maturity and the timing of hydrocarbon generation of major source rocks were assessed. They proved the presence of several potential petroleum source rocks along the eastern margin of the Levant Basin and suggests different prospective working petroleum systems in the offshore, margin, and onshore Lebanon. Thus, structures of the same age can be charged by different source rocks in the offshore, margin and onshore. However, Bou Daher et al. ( 2016) did not make use of elaborate crustal and lithospheric descriptions that would have helped in proposing scenarios for original heatflow evolution.

After describing the original model used in Bou Daher et al. ( 2016), different scenarios were tested based on the results of the crustal modeling approach (Eleven different scenarios tested for sensitivity analysis for the Levant Basin. The parameters modified for the scenarios are β factor, thermal relaxation (thermal β factor), Lithospheric Mantle thickness and rifting process. Table 6-1). In the new models, the same dataset, upper boundary conditions and calibration method were used. The reference model was, hence, completed by proposing a more detailed rifting process and associated impacts on crust architecture. Different scenarios are proposed by varying the lower thermal boundary conditions as will be explained here below. The following data sets was used to construct the reference basin model and are kept the same for the present model (i.e. this study):  Regional isopach maps for the Levant Basin and margin from the Jurassic to the Plio-Quaternary were constructed by Hawie (2013b) based on available literature [START_REF] Ponikarov | The geology of Syria[END_REF][START_REF] Ukla | Subsurface geology and well correlation in North and Central Lebanon[END_REF][START_REF] Dubertret | Introduction à la carte géologique au 1/ 50000 du Liban[END_REF][START_REF] Brew | Tectonic and geologic evolution of Syria[END_REF][START_REF] Hardenberg | Sedimentology of the NW margin of the Arabian plate and the SWNE trending Nahr el Kabir half graben in northern Syria during the latest Cretaceous and Cenozoic[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Powell | Evolution of Late Cretaceous to Eocene alluvial and carbonate platform sequences in Jordan[END_REF][START_REF] Zilberman | Remnants of Miocene fluvial sediments in the Negev Desert, Israel, and the Jordanian Plateau: evidence for an extensive subsiding basin in the northwestern margins of the Arabian plate[END_REF]Hawie et al. 2013a&b).  The thicknesses of the pre-Jurassic units were inferred from data published in neighboring countries [START_REF] Brew | Tectonic and geologic evolution of Syria[END_REF][START_REF] Nader | Petrographic and geochemical study of the Kesrouane Formation (Jurassic), Mount Lebanon: implications on dolomitization and petroleum geology[END_REF][START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Naylor | Hydrocarbon potential in Jordan[END_REF]. However, for simplicity, constant values as shown in Figure 2-5 were used for the pre-Jurassic units.  Lithological information was based on published data (e.g. [START_REF] Dubertret | Introduction à la carte géologique au 1/ 50000 du Liban[END_REF][START_REF] Saint-Marc | Le Crétacé inférieur et moyen du bord occidental du Jabal-Sannine (Liban)[END_REF], 1974;Bou Dagher-Fadel and Clark 2006;[START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF][START_REF] Bowman | Regional seismic interpretation of the hydrocarbon prospectivity of offshore Syria[END_REF]Hawie et al. 2013a&b) according to the lithostratigraphic framework illustrated in Figure 2-5.  Bathymetry maps were defined using sedimentological and biostratigraphical investigation in the onshore and seismic facies interpretation in the offshore (Hawie et al. 2013a&b).

Boundary conditions

As an upper thermal boundary, the bottom water temperature (for the offshore) and the surface temperature (for the onshore) and its evolution through the basin history were derived from [START_REF] Wygrala | Integrated study of an oil field in the southern Po Basin, Northern Italy[END_REF]. The lower boundary condition and its evolution through time were determined using a McKenzie-type crustal model with the TemisFlow™ advanced basement tool functionality. This crustal model was constructed based on the assumption that the crust flooring the Levant Basin is attenuated continental rather than oceanic [START_REF] Beydoun | Petroleum Prospects of Lebanon: Reevaluation[END_REF][START_REF] Khair | Bouguer gravity and crustal structure of the Dead Sea transform fault and adjacent mountain belts in Lebanon[END_REF][START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF][START_REF] Makris | Seismic refraction profiles between Cyprus and Israel and their interpretation[END_REF][START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF][START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF]). Present-day crustal thicknesses were set to 8 km under the basin's central axis and 24 km under the onshore realm based on seismic refraction data presented in [START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF]. The present-day depth of the lithospheric-asthenospheric boundary (LAB) with a temperature of 1333 °C was adjusted to provide a best fit with the available calibration data and was set at 90 km under the stretched continental crust in the basin and 115 km onshore. Pre-rift crustal thickness was assumed to be 24 km. Thus, a Beta factor map was calculated and three rifting events were introduced in the Permian, Triassic, and Early Jurassic. A McKenzie-type crustal model was constructed with the TemisFlow™ advanced basement tool. "Scenario 1" (Table 6-1), integrating the results of the lithospheric modeling is compared here to the results of the reference model. Present-day crustal thicknesses were set to 7 km under the central axis of the basin and 25 km under the onshore area. A beta factor map was calculated and three rifting events were introduced in the Permian, Triassic, and Early Jurassic just like in the original study. The main difference in the boundary conditions between the reference model and the "Scenario 1" model, apart from the slight change in present-day crustal thickness, is the definition of the lithosphere-asthenosphere boundary (LAB). The lithospheric mantle thickness is derived from the 3D crustal modeling (see Chapter 5) and was set to 120 km under the basin, 100 km onshore and 70 km under Mount Lebanon.

Calibration well data

Different parameters are studied in this section in order to evaluate the impact of the deduced lithospheric architecture on the basin model (e.g. Top basement heat flow, geothermal gradient, vitrinite reflectance). The prediction of top basement heat flow at rifted continental margins as well as the geothermal gradient are of great importance for hydrocarbon maturation and other basin modeling parameters. Calculated vitrinite reflectance is used to evaluate the maturity of source rocks. It represents a paleo-thermometer since it keeps track of the maximal temperature reached in a source rock.

Calibration

The calculated vitrinite reflectance shows good agreement with the measured one, while simulated borehole temperatures fit the measured ones only in the upper intervals. In the deeper intervals, our models are colder than the observed borehole temperatures (Figure 6-3). 2016) study (B). Lines and dots represent the calculated and the measured temperatures respectively. See Figure 6-2 for location.

Heat Flow Evolution

The modeled basal heat flow showed similar trends in the basin, margin, and onshore areas (Figure 6-4). An elevated heat flow can be observed during the Permian-Early Jurassic resulting from the rifting pulses that occurred during that period, followed by a decrease in the heat flow. In the basinal realm, the heat flow decreases slowly during the post-rift cooling and subsidence phase until the Late Eocene/Early Oligocene when a fast decrease in heat flow occurs, most probably as a result of fast sedimentation. Along the margin, the heat flow evolution is relatively similar to the basin, but with a generally lower heat flow for the Permian-Early Jurassic due to a lower β factor and a slower decrease in the values during the sedimentation phase since the margin presents less accommodation space than the basin. Onshore, "Scenario 1" shows the same trend as in the offshore and the margin, unlike the model of Bou Daher et al. ( 2016), where relatively constant values were observed through time because no crustal thinning was introduced onshore. The modeled present-day heat flow shows higher values in the onshore than in the offshore domains, which is in accordance with the original study of Bou Daher et al. ( 2016). Now that rifting effects are over, radiogenic contribution is lower in the basinal part than in the onshore part since the thickness of the radiogenic continental crust decreases from the onshore to the offshore. 

Geothermal gradient

The present-day geothermal gradient map (Figure 6-5) shows lower predicted values for the offshore than for the Lebanese onshore, apart from Mount Lebanon. The geothermal gradient ranges between 19-21 °C/km for "Scenario 1" in the offshore and between 20-22 °C/km in the onshore at present day. These low values of the geothermal gradient are possibly related to the presence of the Messinian salt layer in the offshore. Compared to a classical temperature profile (in the absence of salt), higher temperatures are expected above the salt and lower temperatures beneath the salt due to its elevated thermal conductivity. In consequence, lower geothermal gradient is expected in the presence of a salt layer.

Superimposed on this general trend are several sites with high and low geothermal gradients. The eastern Bekaa Valley presents a gradient of 23 °C/km, probably a reflection of the shallow LAB (Figure 6-5) and thus a higher thermal gradient between the LAB and the surface.

The site with the lowest geothermal gradient of 17 °C/km is the elevated northern part of Mount Lebanon. These calculated differences in the geothermal gradient can be explained by the effect of the topography. In a valley, the geothermal gradient is more elevated than in a mountain even if the LAB and the Moho are at the same depths since variations of the thermal gradient is related to the wavelength of the topography [START_REF] Roy | Thermally Tailored Gradient Topography Surface on Elastomeric Thin Films[END_REF].

"Scenario 1" shows more similarities with the reference model (Bou Daher et al., 2016), where present-day geothermal gradient average varies from 19 °C/km in the Lebanese offshore basin to around 25 °C/km in the onshore area. The differences between the reference model and "Scenario 1" are due principally to the difference in the upper mantle thickness definition. In the reference model, the depth of the LAB was set at 90 km under the stretched continental crust in the basin and 115 km under the onshore. In "Scenario 1", as mentioned above, the lithospheric mantle was defined thicker under the basin (120 km) than onshore (100 km). This has been deduced from the previous lithospheric modeling (check chapter 4, paragraph 4.1.6 and chapter 5, paragraph 5.2). However, the only effect of the upper mantle thickness cannot account for the disparity between the onshore and offshore. There is surely an important contribution from the salt layer as explained earlier.

Figure 6-5: Geothermal gradient map for the reference model (Bou Daher et al., 2016) and Scenario 1 model (this study)..

Burial history and maturity

Up until the Late Cretaceous, the burial history is relatively similar in the different parts of the study area with a slightly higher thermal maturity in the offshore basin due to higher heat flow values as a result of the rifting pulses. During the Cenozoic, due to the various geodynamic events that happened in the Levant Basin and margin, the thermal history and source rock maturity are very different between the onshore and the offshore (Bou Daher et al., 2016). The emergence of the northwestern part of the Arabian Plate (Bar et al. 2011) since the middle Eocene, resulted in several regional erosion events (Hawie et al. 2013a), while the Levant Basin has been accumulating sediments and rapidly subsiding (Hawie et al. 2013b). In order to illustrate this differential vertical movement, three burial history diagrams were extracted from three different areas of the model for each of the considered scenarios (Figure 6-6). Also calculated vitrinite reflectance maps of the different reported source rocks are presented in Figure 6-7. These source rocks were defined by means of Rock-Eval data used in Bou Daher et al. ( 2016) that proved the presence of several oil-prone and gas-prone source rocks along the eastern margin of the Levant Basin (Table 6-2). The vitrinite reflectance values show globally similar trends between the reference model and "Scenario 1" with lower values for "Scenario 1" compared to the reference model (Figure 6-6 and Figure 67). Table 6-3 summarizes the present-day maturation stages of the different potential source rocks present in the system. In the deepest offshore, the fast burial that occurred during the last 60 Ma (Figure 6-6) resulted in thermal maturation of all the Mesozoic and Early Cenozoic source rocks for the reference model and "Scenario 1" (Figure 67). For the reference study and "Scenario 1", Triassic source rocks entered the over-mature stage in most of the offshore basin since the Late Miocene. Upper Jurassic to Lower Cretaceous source rocks entered the dry gas stage at present day in most of the offshore. They are overmature in the deepest part of the basin. The Upper Cretaceous Cenomanian source rocks are at the dry gas stage at present day and the Campanian and Paleocene source rocks are mostly in the oil window in the offshore basin, apart from the deepest parts and assuming that they do extend distally away from the margin (Figure 67).

The burial trend is similar along the margin, but with a shallower depth range, resulting in the thermal maturation of most of the Mesozoic with the exception of the Upper Cretaceous for the reference model (Bou Daher et al., 2016) and "Scenario 1" model. The Paleocene remains immature in the two cases. The gradual decrease of the source rock maturity makes the Cretaceous and Jurassic rock successions along the margin more oil prone as compared to the offshore.

Onshore, the Mount Lebanon sedimentary sequence has reached its deepest burial in the middle Miocene and the maturation process is assumed to have stopped since that time (Figure 6-6). In the reference model, the oil window has reached shallower intervals (up to 3 km deep) compared to that of "Scenario 1" model, where no obvious maturation is observed for the source rocks shallower than 5 km. The only potential petroleum system is expected in the pre-Jurassic rock succession which at present is in the oil and early gas window for both cases (Figure 67).

Figure 6-6: Extracted burial history and calculated vitrinite reflectance for the reference model and "Scenario 1" model from the deepest offshore, the margin, and the onshore.

154 2016) and (B) "Scenario 1" model.

Sensitivity analysis

The thermal history of a sedimentary basin is controlled by many parameters, generally poorly constrained, especially in the case of the Levant Basin. Testing the sensitivity of the model to some of those parameters can help in constraining the quantitative effects they have on the temperature of the basin and thus on source rocks maturation. We tested in this study the sensitivity of the present-day top basement heat flow and vitrinite reflectance to the following parameters: crustal thinning, present-day Lithospheric Mantle thickness, rifting process and thermal relaxation. Heat flow and geothermal gradient maps are compared for each simulation as well as 1D models for the deepest offshore basin. Table 6-1 summarizes the different scenarios selected for the sensitivity analysis.

Crustal thinning

The present-day crustal thickness under the basin was varied from 6 km to 10 km, with no remarkable effect noticed on the basal heat flow. The effect of crustal thickness on temperature is minor for shallow intervals. The resulting effect on the present-day geothermal gradient increases with depth. A difference of temperature of 15 ℃ between end-member scenarios, which represents 5% of the temperature value reached for the deepest intervals .

Varying the pre-rift thickness of the crust from 35 to 25 km does not show neither a noticeable impact on the basal heatflow and vitrinite reflectance. The temperature reaches a difference of 10 ℃ between the reference model and "Scenario 1" (Figure 6-8), which represents 4% of the temperature value reached for the deepest intervals. Lithosphere thinning controls the preservation of continental radiogenic heat productivity and the post-thinning lithosphere transient component. A higher lithosphere thinning gives a lower preservation of continental radiogenic heat productivity and a higher post-thinning lithosphere transient component [START_REF] Cowie | Gravity inversion mapping of crustal thickness and lithosphere thinning for the eastern Mediterranean[END_REF]. However, the present-day top basement heat flow is not controlled but the thinning process since we can consider that the thermal re-equilibration (cooling) is already established. 

Upper mantle thickness

The Lithospheric mantle thickness was varied from 80 to 120 km (Scenarios 7, 9, 10 and 11 (Table 6-1 156 

Rifting process

Two scenarios, "Scenario 2" and "Scenario 7", were tested by defining two different rifting processes. Pre-rift crustal thickness was assumed to be 35 km and present-day thickness was set at 7 km in the axis of the basin. We considered in both scenarios three rifting events, in the Permian, Triassic and Early Jurassic with different thinning sequences. In the former scenario ("2"), beta factor values are distributed equally between the three rifting events, but in the latter scenario, beta factor maps were calculated for each rifting event. The crust thins from 35 km to 25 km over the whole study area during the Permian, from 25 to 12 km in the offshore during the Triassic, and from 12 to 7 km in the offshore during the Early Jurassic.

Figure 6-10 shows that the effect of rifting process (i.e. whether the thinning is the same for the three rifting events or different for each event) is minor for present-day top basement heat flow and vitrinite reflectance. The resulting effect on the present day temperature increases slightly with depth. A difference in temperature of 11 ℃ (5% of the maximum reached temperature) is observed between "Scenario2" and "Scenario 7" at the deepest part of the basin .

157 for "Scenario 2" and "Scenario 7" models with same and different beta factors for each of the rifting events.

Thermal relaxation

Three scenarios were tested with different mantle thermal beta factors of 1.5, 2 and 3 in order to stay within physical ranges. These factors would imply different lithospheric thermal relaxation after the rifting events. The effect of this parameter is minor for the heat flow and the vitrinite reflectance . This is logical since it is generally considered that after 20 Ma, the thermal re-equilibration is already established (Hermann Zeyen (Paris XI) pers. Communication, 2017). A difference in temperature of 8 ℃ (4% of the maximum reached temperature) is observed between end members scenarios for the deepest interval (Figure 6-12).

158 for "Scenario 6" and "Scenario 8" models with thermal beta factors of 1.5 and 3.

Summary on the sensitivity analysis

As shown in the previous paragraphs, the effect of the parameters used in the analysis is not the same on the model's simulations. Since the present-day thermal state of the basin depends on the lithospheric and crustal architecture and associated attributes/characteristics, these parameters can be divided into two categories regarding their impact on the model:

 Parameters related to past events: pre-rift crustal thickness, thermal beta factors, crustal thinning process.  Parameters related to present-day state: present-day crustal thickness, present-day lithospheric mantle thickness.

The effect of parameters related to past events on the present-day basal heat flow and thermal gradient is minor. This result is approved by the fact that 20 Ma after a rifting event, the thermal re-equilibration of the lithosphere is already established (Lecture given by H. Zeyen, Paris XI). In the case of the Levant Basin, rifting has stopped since the Jurassic, which is considered old enough not to impact the present-day heat flow. Vitrinite reflectance does not seem to be affected by these parameters even though it depends on the maximum temperatures reached during the basin history.

The parameters related to present-day state have a more noticeable effect on the model. Lithospheric mantle thickness have remarkable impacts on the top basement heat flow.

Varying the thickness of the Lithospheric Mantle of 40 km affected mainly the offshore part by shifting downwards the temperature 10% with respect to the maximum reached temperature. For present-day crustal thickness a minor effect is noticeable on the temperatures. The difference between the present-day crustal thicknesses chosen for the sensibility analysis are possibly not big enough (4 km-difference between the end member scenarios) to observe a remarkable variation in the heat flow. It has also been noted (Bodri and Bodri, 1985) that the correlation between the heat flow and the crustal thickness depends on the mechanisms of the formation of the crust.

The effect of these five modified parameters on temperature is presented separately in Figure 6-12. Figure 6-13 shows the impact on source rock maturation and petroleum systems of the maximum and the minimum geothermal gradients that resulted from the different scenarios proposed. The thickness of the pre-Messinian (Oligocene and Miocene) biogenic zone varies between 800 m and 1700 m assuming a biogenic zone from 0 °C to 80 °C (Figure 6-13). The Oligocene is at present day in the early oil window only in the deepest parts of the basin while in the rest it remains in the biogenic zone (<80 °C). In the least optimistic scenario, the presalt Miocene in the deep offshore basin would have a biogenic gas potential in a zone of at least 800 m deep.
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Chapter 7

Conclusions and Perspectives

Chapter 7: Conclusions and perspectives

The present PhD work consisted of integrated geophysical approaches and modeling techniques used to study the global structure of the lithosphere underlying the easternmost Mediterranean region and in particular the Levant Basin. The aim was to understand how the crustal evolution can be recreated with integrated geophysical data analysis and to what extent, understanding crustal characteristics help in constraining the heat flow evolution which is a major input for sedimentary basin models. A 2D modeling application on a regional scale was firstly accomplished followed by the construction of 3D crustal models for the Levant Basin and surroundings using global data and sensitivity tests were applied on the region. Furthermore, the study scale was narrowed down and 2D seismic reflection profiles offshore Lebanon were used and different data sources were integrated within the whole large-scale model. Finally the present-day crustal geometry, nature and geological evolution were integrated into an already established basin model of the northern Levant Basin offshore Lebanon.

The outcome of these applications is presented hereafter and future perspectives are proposed in the last part of this chapter.

Crustal modeling

 The geophysical interpretation and 2D lithosphere modeling of three sections, one NW-SE, one EW and one NS across the Eastern Mediterranean was accomplished by integrating free-air gravity, geoid, topography and heat flow data. Resulting models constrained with seismic refraction data show that the Levant Basin is floored by a thinned crust, divided into two layers, an upper and a lower crust. The nature of this crust is interpreted as continental.

 Herodotus Basin is also characterized by a thin crust, best interpreted as oceanic in contrast to the Levant Basin. The thick lithosphere under the north eastern part of Herodotus Basin is a consequence of a slab pull highlighted by an absence of isostasy and confirmed with seismic tomography data.

 At the Levant margin, the thinning of the crust in the transitional domain between the onshore and the offshore is gradual, indicating successive regimes of extension that did not reach the break up stage. However, it raises questions about the formation of passive margins and the real nature of the crust in the transitional domain between unambiguous continental and oceanic crusts.

 A 3D joint inversion of gravity, geoid and topography data applied on the same region confirmed the results of the 2 D modeling. A total of 168 simulations were run, using a priori information (seismic refraction and tomography data) among which the best resulting model with the minimal data misfits corresponds to the inversion with the starting model of a density of 2750 kg/m 3 . In this model, Moho depth varies between 23 and 26 km in the Levant Basin and becomes deeper in the Herodotus Basin and off the African coast. The LAB is 100 to 150 km deep in the Levant Basin and deepens to more than 180 km in the Herodotus Basin.

 The interpretation of five 2D PSTM seismic reflection sections (14s TWT) offshore Lebanon highlighted the presence of ten horizons and nine seismic packages. The filling of the basin is made up of thick Cenozoic and Mesozoic strata deposited above rifted Triassic -Early Jurassic terrain. The sediments are deposited in deep-water mixed-settings resulting from high-stand and low-stand systems. Carbonate and siliciclastic systems are sealed by 1-1.5 km of evaporites, and underlie Plio-Quaternary hemipelagic and pelagic sediments intercalated by turbiditic sheets. Among the interpreted horizons, an interface that could possibly represent the Moho was revealed, as a border between a lower part without any reflected signal and an upper part interpreted as the crystalline crust. The horizon interpreted as the Moho appears to be situated between 15.5 and 17 km towards the northern Lebanese coast and deepens to reach up to 23 km in the southern Lebanese offshore close to the coast.

Basin Modeling

 The integration of the findings of the lithospheric modeling (new lithosphere thickness definition) into a basin model (S. Bou Daher's PhD, 2016) shows lower maturation of the source rocks in terms of vitrinite reflectance compared to the reference model. Different trends are expected onshore, on the margin and offshore Lebanon.

 Onshore, Mount Lebanon has reached his deepest burial in the middle Miocene and the maturation process stopped since that time. The only potential petroleum system is expected in the pre-Jurassic rock succession which at present is in the oil and early gas window.

 Along the margin, most of the Mesozoic with the exception of the Upper Cretaceous and the Paleocene has reached thermal maturation. This makes the Cretaceous and Jurassic rock successions along the margin more oil-prone as compared to the offshore.

 In the deepest offshore, the fast burial that occurred during the last 60 Ma resulted in thermal maturation of all the Mesozoic and Early Cenozoic source rocks. Triassic source rocks entered the over-mature stage in most of the offshore basin. Upper Jurassic to Lower Cretaceous source rocks entered the dry gas stage at present-day in most of the offshore but are over-mature only in the deepest part of the basin. The Upper Cretaceous Cenomanian source rocks are at the dry gas stage 167 at present and the Campanian and Paleocene source rocks are mostly in the oil window in the offshore basin, apart from the deepest part.

 Sensitivity analysis of the model to the following parameters was accomplished: pre-rift crustal thickness, lithospheric mantle thickness, rifting process and thermal relaxation. Parameters related to past processes (pre-rift crustal thickness, rifting process and thermal relaxation) showed no remarkable effect on the present-day heat flow, geothermal gradient and vitrinite reflectance. The present-day lithospheric mantle thickness seems to have the most important impact on today's geothermal gradient (10% of difference on the temperature in the deepest intervals for a variation of the upper mantle thickness of 40 km). Varying the present-day crustal thickness does not have a noticeable effect on the source rock maturation.

The thickness of the pre-Messinian (Oligocene and Miocene) biogenic zone varies between 800 m (for the least pessimistic scenario) and 1700 m (for the most optimistic), assuming a biogenic zone from 0 ℃ to 80 ℃.

Perspectives

Based on the achievements of this study, the following additional actions can be considered in future works:

 Long line seismic refraction should be considered for the northern part of the Levant Basin since the accuracy of this technique in terms of Moho depth is more adequate for this kind of studies. The Moho limit suggested in [START_REF] Inati | Crustal configuration in the northern Levant Basin based on seismic interpretation and numerical modeling[END_REF] remains only a proposition based on the seismic reflection sections best-practice observation and geophysical data.

 More refined basin modeling is suggested aiming to produce models with better fitting with the calibration data. This can be possible by improving the data set used at the beginning for the model construction or by varying different parameters used in the original model.

 Since the Levant Basin is considered as underexplored, uncertainties from other parameters related to hydrocarbon generation timing and petroleum systems should also be evaluated. Among these parameters: total organic carbon values (TOC), quality of source rocks and reservoirs, hydrocarbon generation kinetics, lateral changes in organofacies and migration paths.

 In order to better understand the significance of the past events on the hydrocarbon generation, the workflow proposed in chapter 7 can be accomplished after each important step of geodynamics. Lithospheric and crustal configurations can be conceptually proposed after each event and thermal evolution can be modeled.

 As soon as borehole will be drilled in the Levant Basin, calibration data would be very useful to better constrain our seismic interpretation and basin models. 
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Figure 5 -

 5 Figure 5-14: depth converted horizons of profile L39. .......................................................... Figure 5-15: Modeling results for profile L25. The first three graphs (a-c) represent the observed geophysical data (dots with error bars) and the data calculated for the model (solid line). The error bars correspond to the standard deviation within a range of 10 km to each side of the profile for the geophysical data (a-c). Figure d: lithospheric model with equal horizontal and vertical scales; the crust is represented in grey shades and the lithospheric mantle contains the temperature distribution with isotherms every 200 °C and finally the asthenosphere in white, separated by the lithosphere-asthenosphere boundary (LAB) from the lithosphere. The vertical blue lines indicate crossing points with the other modeled profiles. ................................................................................................................................................ Figure 5-16: Modeling results for profile L6. For more details, see Figure 5-15 .................. Figure 5-17: Modeling results for profile L2. For more details, see Figure 5-15 .................. Figure 5-18: Modeling results for profile L35. For more details, see Figure 5-15 ................ Figure 5-19: Modeling results for profile L39. For more details, see Figure 5-15 ................ Figure 5-20: 2D crustal models for the northern Levant Basin, offshore Lebanon: (a) Profile L6 located offshore northern Lebanon; (b) profile L25 parallel to the Lebanese coast; and (c)-(e) Crustal models of the profiles L2, L35 and L39 offshore central Lebanon. ..................... Figure 5-21: A and B represent crustal models across the Levant and Herodotus basins (from Inati et al., 2016). C: crustal model of profile L2 projected on profile Levant2. Check Figure 4-1 for location. ...................................................................................................................... Figure 5-22: Isopach maps (Senonian to Lower Miocene) showing the shift in depocenter location from northern to southern (modified from Hawie et al., 2013b) .............................. Figure 6-1: Surface extension of the TemisFlow TM model covering the northern Levant Basin, the Lebanese margin, and onshore. ........................................................................................ Figure 6-2: Map of the modeled area. PS1-PS8 are pseudo wells created for calibration. Wells represented by green dots (PS5-PS8) have only temperature data and wells represented by yellow dots (PS1-PS4) have temperature and vitrinite reflectance data (Modified from Bou Daher et al., 2016) .................................................................................................................. Figure 6-3: Temperature calibration in wells Delta01 and Tamar and vitrinite reflectance calibration in pseudo-wells PS1-PS3 for scenario 1 (A), and Bou Daher et al., (2016) study (B). Lines and dots represent the calculated and the measured temperatures respectively. See Figure 6-2 for location. ........................................................................................................... Figure 6-4: Top basement heat flow evolution with time of the offshore, margin and onshore Lebanon for the original model (A) [modified from Bou Daher et al., 2016] and scenario 1 (B). .......................................................................................................................................... Figure 6-5: Geothermal gradient map for the reference model (Bou Daher et al., 2016) and Scenario 1 model (this study).. ............................................................................................... Figure 6-6: Extracted burial history and calculated vitrinite reflectance for the reference model and "Scenario 1" model from the deepest offshore, the margin, and the onshore. ..... Figure 6-7: Present-day vitrinite reflectance maps calculated for the different source rocks reported in the system for (A) the reference model-Bou Daher et al. (2016) and (B) "Scenario 1" model. ................................................................................................................................ Figure 6-8: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B) for "Scenario 2" and "Scenario 1" models with initial crustal thickness of 35 km and 25 km. ...............................................................................................Figure 6-9: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B) for "Scenario 9" and "Scenario 10" models with Lithospheric mantle thickness of 80 km and 120 km. .................................................................................
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 6 Figure 6-10: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B) for "Scenario 2" and "Scenario 7" models with same and different beta factors for each of the rifting events. ............................................................... Figure 6-11: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B) for "Scenario 6" and "Scenario 8" models with thermal beta factors of 1.5 and 3. ................................................................................................................ Figure 6-12: Extracted 1D model from the deepest offshore basin showing the sensitivity of the system to changes in (A) Present-day crustal geometry, (B) Pre-rift crustal thickness, (C) Lithospheric Mantle thickness, (D) Rifting process and (E) Thermal relaxation .................. Figure 6-13: Extracted 1D model from the deepest offshore basin, showing the impact of the maximum and the minimum reported geothermal gradients on the expected depth of the oil and the gas windows. The grey rectangle represents the extension of the biogenic zone within the Oligocene and Miocene strata. .........................................................................................

  : Parameters used for the computation of strength for each of the following materials: quartz, plagioclase and olivine as main components of upper crust, lower crust and upper mantle respectively (see text for definition of parameters). ......................................... Table 4-3 : Thermal parameters ............................................................................................. Table 5-1: Surveying tools properties .................................................................................... Table 5-2: Rock properties of the different units used in the models. The density of the quaternary sediments is represented as a function of depth, since it is considered to be affected by compaction. ....................................................................................................................... Table

  ...................................................................... Table 6-2: Classification of the source rocks present in the system (from Bou Daher et al., 2016) ....................................................................................................................................... Table 6-3: Present day maturation stages for the different potential source rocks in the Levant Basin for the reference model and Scenario 1 ........................................................................ is entitled "Lithosphere dynamics and architecture of the Levant Basin margins (Eastern Mediterranean): integrated geophysical study combining 2D seismic, bathymetry, gravity and magnetic data." It started in December 2014 as an international collaboration between French and Lebanese academic institutions (UPMC, IFPEN, ESIB-USJ, LNCSR). The Levant Basin is located in the easternmost part of the Mediterranean region. It is bounded by the Eurasian plate and the Cyprus Thrust zone to the north, the Levant Margin on the Arabian plate to the east, the Nile Delta deep sea fan to the south and the Eratosthenes Seamount to the west (Figure 1-1).
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 11 Figure 1-1: Main structural features of the Eastern Mediterranean and location of the Levant Basin (Modified from Chamot-Rooke et al., 2005) This basin with its margins is considered today as a typical hydrocarbon frontier province where significant gas discoveries have been made relatively recently. The study area is located at the boundary of major plates, and thus, has a complex tectono-stratigraphic evolution. The prospective targets of the Levant Basin are in deep-water offshore (seabed around 2000m below sea-level) implying high exploration costs. Yet, a string of successful exploration wells offshore Israel and Cyprus operated by Noble Energy and ENI has resulted in the discovery of more than 40 Tcf of new gas resources in several fields (e.g. Aphrodite-A and Leviathan (offshore Cyprus), Tamar, Dalit, Mari-B and Noa, (offshore Israel) and Zohr (offshore Egypt). These discoveries have confirmed the presence of gas accumulations in
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 12 Figure 1-2: Reflection seismic dataset for the Lebanese offshore, EEZ and territorial waters (from the Lebanese Petroleum Administration, Ministry of Energy and Water-www.lpa.gov.lb) 
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 21 Figure 2-1: Paleogeographic reconstitution of the Tethyan area during Permian[START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF] 
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 22 Figure 2-2: Paleotectonic maps of the southernmost margin of the Tethys during (a) the Santonian-Campanian and (b) the Late Eocene (Frizon de Lamotte et al., 2011)
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 23 Figure 2-3: Paleogeographic reconstitution of the Tethyan area during the Early Permian[START_REF] Stampfli | Permo-mesozoic evolution of the western Tethys realm; the Teo-Tethys east Mediterranean Basin connection[END_REF] 

   shows the major tectonic events that shaped the area followed by the chronostratigraphic log for the onshore and its extrapolation into the northern Levant Basin (Figure2-5).
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 2 Figure 2-4: Major tectonic events that affected the Levant Basin. (a) Rifting of the Levant Basin (Triassic-Jurassic), (b) Afro-Arabia collision with Eurasia (Cretaceous) and (c) Levant Fracture System (dashed red line) initiation (Miocene-Neogene)(fromHawie et al., 2013a). ECB= Eratosthenes Continental Block; SAf= Syrian Arc folding.
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 2 Figure 2-5: Chronostratigraphic chart for the onshore sedimentary facies, hiatus ages and petroleum systems and their extrapolation into the northern Lebanon Levant Basin(Hawie et al., 2013).
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 2 Figure 2-8: Seismic facies image of the Oligo-Miocene deep-water settings of northern Lebanon with channel incisions andturbidites(Hawie et al., 2013).

  [START_REF] Gardosh | The Levant Basin offshore Israel: stratigraphy, structure, tectonic evolution and implications for hydrocarbon exploration[END_REF] and[START_REF] Gardosh | The Oligo-Miocene Deepwater System of the Levant Basin[END_REF] base their structural interpretations on 2D surveys offshore Israel. They propose a basement, considered crystalline with a series of horsts and grabens. The seismic profiling of Shalimar marine survey conducted in 2003 in order to map and characterize active deformation offshore Lebanon was interpreted in[START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF]. Accordingly,[START_REF] Daëron | Constraints on the post ∼25-ka slip rate of the Yammoûneh fault (Lebanon) using in situ cosmogenic 36Cl dating of offset limestone-clast fans[END_REF],[START_REF] Daëron | Rôle, cinématique et comportement sismique à long terme de la faille de Yammouneh[END_REF],[START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF] and[START_REF] Elias | Thrusting offshore Mt Lebanon: Source of the tsunamigenic, 551 AD Beirut-Tripoli earthquake[END_REF] mapped and interpreted a young submarine fold belt, bounded by thrusts and lateral ramps and extending up to 30 km from the shoreline as the foreland thrust system of the actively growing Mount Lebanon range. These authors further suggested that most of the deformation of Mount Lebanon is accommodated by this fold and thrust belt (90 km long and 30 km wide) offshore the Lebanese coast (between Saida and Tripoli) (Figure2-10), since motion is purely strike slip on the onshore Yammouneh and Serghaya faults. During the same Shalimar survey, both the Miocene and Plio-Quaternary sedimentary sequences were found affected by shortening and complex deformation patterns are found in the Messinian evaporites, including normal faults due both to folding accommodation and to gravity spreading.[START_REF] Briais | Neogene and active shortening offshore the reactivated Levant margin in Lebanon: Results of the SHALIMAR cruise [abs[END_REF] mentioned Plio-Quaternary turbidites detached above the Messinian evaporites and folded at about 30 km offshore Lebanon.[START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF] proposed that since the Miocene, the propagation of the Levant Fracture System was deviated along the more rigid oceanic crust flooring the Levant Basin, a process which led to the formation of the Lebanese restraining bend. They advocate for an Early Cretaceous spreading that took place along a roughly NE-SW trending axis segmented by transform fault. Such coastal transpression has resulted in local inversion of the passive margin, and it continues at a rate between 1 and 4 mm/a[START_REF] Daëron | Rôle, cinématique et comportement sismique à long terme de la faille de Yammouneh[END_REF][START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF][START_REF] Gomez | Late Cenozoic uplift along the northern Dead Sea transform in Lebanon and Syria[END_REF], which might eventually result in a new SE dipping subduction of the Levant lithosphere. The main argument supporting their hypothesis of an offshore thrust fault system is the identification of active thrust faults in the Tripoli region[START_REF] Elias | Thrusting offshore Mt Lebanon: Source of the tsunamigenic, 551 AD Beirut-Tripoli earthquake[END_REF] (Figure2-10).
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 2 Figure 2-10: Map showing the Lebanese offshore thrust system[START_REF] Daëron | Constraints on the post ∼25-ka slip rate of the Yammoûneh fault (Lebanon) using in situ cosmogenic 36Cl dating of offset limestone-clast fans[END_REF].

  Figure2-11 shows a regional 2D seismic line illustrating the overall geometry of the basin. The Saida-Tyr Plateau (STP) structure delimits the study area to the south and the Lattakia Ridge system (LRS) to the north. The STP is separated from the distal part of the Levant Basin by a deep crustal fault (F1) and from the thick Cenozoic units by NNE-SSW striking strike-slip faults to the west(Hawie et al., 2013). SP3 and SP4 units thicken to the north, indicating active subduction in the Upper Cretaceous[START_REF] Hall | Structural evolution of the Latakia Ridge and Cyprus Basin at the front of the Cyprus Arc, Eastern Mediterranean Sea[END_REF], whereas units SP5 and SP6 are the thickest in the basin center, suggesting a geodynamic change during the Miocene responsible in shifting the sedimentary depocenter toward the center of the basin, after being closer to LRS in the Senonian and Eocene (discussed above). The observed crustal thickness below STP is larger than the rest of the basin, an observation that fits well with the gravity and magnetic anomalies (Figure2-25 and Figure2-30), and hence, it might be an old fragment of a thick continental crust bordered by faults[START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF]. The LRS consists of a fold and thrust belt with many deep thrust faults and ramp anticlines. A vertical displacement of Tertiary strata of about 3 km is observed affecting all the units in the basin, from the Cretaceous until Pliocene.

  Figure 2-12. Four types of structures in the Cenozoic units were identified: • NW-SE striking normal faults regularly spaced found in the Oligocene-Miocene unit in the deepest part of the basin. They may not be related exclusively to a tectonic origin because there is no indication of a NE-SW extension in the Miocene in the Levant Basin. • NNE-SSW striking thrust-faults offshore Tripoli and Beirut. These faults were active prior to the deposition of the Miocene sediments and the deformation continued with lesser magnitude during the Late Miocene. Today they are considered as inactive. • ENE-WSW striking dextral strike-slip faults nearly vertical and narrow. They are old structures inherited from previous extensional activities and are still active at present time in a similar way to onshore strike-slip ENE-WSW latitudinal faults. • NNE-SSW anticlines overlying deeper faults and structures in the pre-Tertiary strata. They were probably structured in Late Cretaceous and are currently inactive.
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 2 Figure 2-12: Schematic map of the Levant Basin based on 3D seismic interpretation[START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF]. The last three structures are inherited from the Mesozoic and have been reactivated during Late Miocene by a NW-SE compressional stress field. The activity of these structures is linked to the movements of the LFS movement during late Miocene and Pliocene. The first stage of Levant Fracture System propagation in late Miocene is correlated with the onset of folding and ENE-WSW strike slip faulting. At this stage, all structures on the Figure 2-12 were active. The second phase of the LFS in the Pliocene corresponds to the only activation of the ENE-WSW dextral strike-slip faults that can be linked to block rotations caused by the continuous sinistral movement of the LFS in Lebanon.

  -13).
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 2 Figure 2-13: Gulf of Suez region showing the hinge zone of the continental margin in dark grey. DST= Dead Sea Transform (Modified from Steckler and Brink, 1986) GPS coverage of the Eastern Mediterranean has progressed over the last decade. Hence, a resolution of about 50 km of the present-day kinematics is available (Le Pichon and Kreemer, 2010), and can provide detailed information about the actual movement of the plates. McClusky et al. (2000), Le Pichon and Kreemer (2010) and Nocquet (2012) noted that the velocity field in the Eastern Mediterranean is dominated by a rapid counterclockwise rotation between Arabia, Eurasia and the Anatolian micro-plate with a general trend towards the
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 2 Figure 2-14: Regional GPS velocity data showing the rotation of Arabia, Anatolia and the Aegean area with respect fixed Africa (modified from Le Pichon & Kreemer, 2010). Focal mechanisms are from the Centroid Moment Tensor catalog. Length of white arrows shows the intensity and direction of velocities of moving blocks. The study area is indicated by the red rectangle.

  Figure 2-15 presents the recent seismicity (2006-2012) of Lebanon as reported by the Centre for Geophysical Research of the Lebanese National Council for Scientific Research CNRSL (www.cnrs.edu.lb).
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 2 Figure 2-15: Seismicity of Lebanon between 2006 and 2012, according to the Centre for Geophysical Research, part of the Lebanese National Council for Scientific Research CNRSL. The stars represent locations of seismic epicenters for the years
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 2 Figure 2-16: Schematic cross section of the Levant Basin and margins from the Eratosthenes to the Dead Sea showing the main structural elements, stratigraphic units and seismic velocities(Garfunkel, 1998). See Figure2-17 for location.

  led to the determination of the Moho depth as well as the depth of the different layers of the crust and the sedimentary cover, as well as the corresponding P-wave velocities (Figure2-17). Thinning of the crust towards the Mediterranean Sea was noted with a thickening of the sedimentary column in the same direction. Within the framework of the DOTMED program, seismic refraction data was acquired at sea combined with conventional tools for marine studies in order to characterize and understand the recent evolution of the eastern Mediterranean basins. The results revealed deep structures buried beneath several kilometers of sediments.[START_REF] Chamot-Rooke | A synthesis of deep marine data in the Eastern Mediterranean[END_REF] claim that the Levant Basin is a part of a series of en-echelon oceanic subbasins, possibly separated by thinned continental crust and formed in Cretaceous times.
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 2 Figure 2-17: Compilation model (red line on map) from Eratosthenes Seamount (NW) over Levantine Basin into Jordan (SE) showing results of seismic refraction data and their interpretation based on various authors referenced on the cross-section(modified from[START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF].
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 2 Figure 2-18: Schematic cross section through the Levant lithosphere showing the interfaces and the layers as interpreted byvarious authors (modified from[START_REF] Segev | The structure, isostasy and gravity field of the Levant continental margin and the southeast Mediterranean area[END_REF]. The blue line on the map indicates the location of this cross section.
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 2 Figure 2-19: Comparison of tomographic models: S wave models (a) SAVANI[START_REF] Auer | Savani: A variable-resolution whole-mantle model of anisotropic shear-velocity variations based on multiple datasets[END_REF] and (b) EU30[START_REF] Zhu | Structure of the European upper mantle revealed by adjoint tomography[END_REF] and P wave models (c) MITP08[START_REF] Li | A new global model for P wave speed variations in Earth's mantle[END_REF] and (d) PM0.5[START_REF] Piromallo | P wave tomography of the mantle under the Alpine-Mediterranean area[END_REF]. Horizontal layers in the upper mantle at 70, 150, 300, and 450 km. Seismic velocities are expressed as percent differences in wave speeds with respect to a reference model; note the difference in color scale for each panel ( from[START_REF] Faccenna | Mantle dynamics in the Mediterranean[END_REF].

  [START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF] published a bathymetric map of the Lebanese offshore, outcome of the Shalimar survey as well as a regional bathymetry map of the Levant Basin (Figure2-21). For a more detailed view, a bathymetric map is represented in Figure2-20, produced by the National Centre for Geophysical Research, part of the CNRSL. Onshore, the main features of the topography are Mount Lebanon and Anti-Lebanon that constitute mountainous entities separated by the Bekaa Valley. Physiography of the seafloor also shows three distinct areas of the Lebanese margin, west of Mount Lebanon[START_REF] Elias | Le chevauchement de Tripoli-Saida: Croissance du Mont Liban et risque sismique[END_REF]): -The "shelf" which is the shallowest part of the map. It is wide and shallow south of Beirut and north of Tripoli and separated by a sharp "slope" from the "abyssal plain". The shelf width narrows from Saida to Jounieh and widens from Tripoli to Akkar (Figure2-20).
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 2 Figure 2-20: Bathymetric map offshore Lebanon, outcome of Shalimar survey (2003), combined with shaded topographic relief of the central Levant region (property of CNRSL)

  Gravity surveying was undertaken onshore Lebanon in 1956 by Plassard and Stahl and led to a first version of the free-air gravity anomaly and Bouguer anomaly maps presented in Figure 2-23. The map in Figure 2-23 (a) represents the free-air gravity anomaly which is mainly controlled by the topography of Lebanon, while Figure 2-23 (b) is the Bouguer anomaly map.The general trend of the contours of Bouguer anomalies is subparallel to the Yammouneh fault. Negative anomaly values are found on the eastern side of Yammouneh fault, and they increase westward reaching positive values. This trend illustrates the thinning of the crust towards the basin. The contrast between positive and negative values is more pronounced in the southern part of the fault where the contour lines are narrower than the lines in the northern part. Gravity analysis[START_REF] Khair | Bouguer gravity and crustal structure of the Dead Sea transform fault and adjacent mountain belts in Lebanon[END_REF] revealed a negative gravity anomaly in the Bekaa Valley indicating a major crustal structure that could be a branch that bifurcates from the Yammouneh in central Bekaa and is hidden under the Quaternary cover. This fault would bisect the Bekaa Valley northeastward toward the Syrian border. As for the other Lebanese faults, the southern part of Serghaya fault and the northern end of Rachaya fault are very slightly reflected by gravity contours, while Roum fault shows a positive anomaly of 28 mGal. These observations coupled with results of two interpretation methods of the Bouguer gravity anomalies[START_REF] Khair | Crustal structure of the northern Levant region: Multiple source Werner deconvolution estimates for Bouguer gravity anomalies[END_REF] suggest that the main break in the crust, separating Africa from Arabia, is located under the Yammouneh fault, whereas no clear crustal break is discerned for the nearby Roum fault. A Bouguer anomaly map of Syria, produced by BEICIP in 1975 (Figure 2-24) shows an abrupt variation in gravity anomalies in the Palmyrides that coincides with topographic change. The map expresses also a clear contrast between the anomalies north and south of the Palmyrides. These observations coupled with the analysis of gravity models could indicate that northern and southern Syria overly different crustal blocks, sutured along the Palmyride trend. Walley (1998) argued that this suture zone is traceable through Lebanon. He correlated the deformation style of the northern and southern Lebanese Mountains with the NE Palmyrides and SW Palmyrides.
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 2 Figure 2-23: Onshore Lebanon gravimetric network established by Plassard and Stahl in 1956 and completed by Tiberghien in 1973. (a) Free-air anomaly, (b) Bouguer anomaly.
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 2 Figure 2-24: Bouguer anomaly map of Syria (BEICP, 1975) More recently, gravity surveying was undertaken offshore Lebanon (central part of the Levant Basin) in 2003 with the Shalimar R/V and has led to mapping the free-air gravity anomaly offshore Lebanon that was published by Carton et al. in 2009.Figure 2-25 represents this map at high resolution, produced by the Centre for Geophysical Research (LNCSR). Gravity trends are negative offshore in the northeastern part and become positive when approaching the coast.

  Figure 2-25 represents this map at high resolution, produced by the Centre for Geophysical Research (LNCSR). Gravity trends are negative offshore in the northeastern part and become positive when approaching the coast.
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 2 Figure 2-25: Gravity Free-air anomaly map resulting from the Shalimar survey in 2003 (property of the Centre for Geophysical Research, part of the Lebanese National Council for Scientific Research).
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 2 Figure 2-26: Regional map showing the Cenozoic volcanic provinces in the Arabian plate. DSFS= Dead Sea Fracture System, HASV= Harrat Ash Shaam Volcanic province (Al Kwatli et al., 2012).

  recorded gravity data along two seismic refraction lines. They established two velocity models based on the refraction data and used common velocity-density relationships to calculate density models. Gravity modeling was carried out using a 2D program based on[START_REF] Talwani | Rapid gravity computations for two-dimensional bodies with application to the Mendocino submarine fracture zone[END_REF]. The results matched well with the observed free-air gravity data, only a misfit of less than 10 mGal was noticed (Figure2-27).
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 2 Figure 2-27: Density models for P1 and P2 from Netzeband et al., 2006 (see Figure 2-17 for location). Upper part shows observed (+) and calculated (-) free air anomaly.

  Figure2-29 shows the resulting regional maps of present-day top basement heat flow for an initial vertically integrated heat production of 30 mW/m 2 and break up ages of 100 and 225 Ma. The thinned regions in the middle of the basin appear to be cooler than the thinned continental crust around.
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 2 Figure 2-29: Predicted heat flow map (in mW/m2) for the Eastern Mediterranean for break up ages 100 and 225 Ma for (a) and (b) respectively (from Cowie & Kusznir, 2012) Previously, many authors predicted heat flow values in the Levant Basin. Here is a summary of the predicted values given by Montadert et al. (2014): • 35 to 38 mW/m 2 of heat flow coming from measurements by Erickson et al. (1976) and Morgan et al. (1977) • 40 to 50 mW/m 2 in the basin and 50 to 60 mW/m 2 on the margins by Pollack et al. (1993) • 35 mW/m 2 for the basin without radioactivity by Montadert et al. (2014) • 40-50 mW/m 2 on the margins by Abdel Aal et al.(2001). Globally low heat flow in the basin is observed, which matches with the age of its formation and the important blanketing effect linked to the very thick sedimentary cover(Montadert et al., 2014).
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 2 Figure 2-30: Magnetic anomalies maps in nT ((A)Woodside, 1977, (B) [START_REF] Carton | Seismic evidence for Neogene and active shortening offshore of Lebanon (Shalimar cruise)[END_REF]. ECB= Eratosthenes Continental Block.

  -2D and 3D seismic data and interpreted horizons (PSTM [Pre-Stack Time Migrated] or PSDM [Pre-Stack Depth Migrated]), acquired by PGS (courtesy of LPA), especially across the margins; -High resolution multibeam bathymetry, gravity and magnetic data acquired by the Shalimar marine survey conducted in 2003, covering an area extending 100 km off the shores of Lebanon in the framework of a French-Lebanese partnership. Its main objective was to study characterize and map active deformation offshore Lebanon using a combination of marine geological and geophysical techniques. The data are available at the National Centre for Geophysical Research, part of the National Council for Scientific Research-Lebanon CNRSL.
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 31 Figure 3-1 :3D inversion algorithm description[START_REF] Motavalli-Anbaran | 3D joint inversion modeling of the lithospheric density structure based on gravity, geoid and topography data -Application to the Alborz Mountains (Iran) and South Caspian Basin region[END_REF] 
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 41 Figure 4-1: Major structural features of the Eastern Mediterranean and location of the Levant Basin. Profiles I-II represent the studied region in this paper.
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 42 Figure 4-2 : Paleogeographic reconstitution of the Tethyan area in the Early Permian (A) and the Late Permian (B) (modified from Stampfli et al., 2001). The red circle indicates the study area. LB= Levant Basin, HB= Herodotus Basin.
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 43 Figure 4-3: Compilation model (red line on map) from Eratosthenes Seamount (NW) over Levant Basin into Jordan (SE) showing results of seismic refraction data and their interpretation based on various authors referenced on cross-section(modified from[START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] 

  Figure 4-4-B). Thickness maps of the Plio-Quaternary sediments, the Messinian evaporites layer, the Miocene and the Upper Cretaceous sediments are represented in Figure 4-5. Along the Levant margin, dominant aggrading carbonate platforms of Paleozoic/Mesozoic age are observed[START_REF] Nader | The petroleum prospectivity of Lebanon: an overview[END_REF].
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 4 Figure 4-4: (A) Regional stratigraphic column of the Levant Basin based on the interpretation of seismic packages and theirbounding surfaces and supported by correlations with adjacent exposed strata and the use of well data of the coastal northern Levant margin(Hawie et al., 2013), (modified from[START_REF] Ghalayini | Impact of Cenozoic strike-slip tectonics on the evolution of the northern Levant Basin (offshore Lebanon)[END_REF]. (B) A simplified version of the regional stratigraphic column in terms of similar rock properties.

  Figure 4-5: Isopach maps offshore Lebanon based on seismic interpretation (Hawie et al., 2013). (A) Senonian to Eocene, (B) Oligocene, (C) Lower Miocene, (D) Mid to Upper Miocene, (E) Messinian and (F) Plio-Quaternary.

   shows the different datasets used in this study. Topography and free-air gravity (1 min grid spacing both) are taken from TOPEX global database (www.topex.ucsd.edu), geoid height from EGM2008 global model[START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF] and heat flow data from[START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF] Shalev et al. (2013).

Figure

  

Figure 4

 4 Figure 4-6: (A) Topography (TOPEX database). The red dashed lines correspond to the refraction data from[START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] used to constrain the models, (B) Free-air gravity anomaly (TOPEX database), JA= Jarrafa anomaly mentioned in the discussion (C) Geoid heights EGM2008[START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF], (D) Surface heat flow[START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF] Shalev et al., 2013) 

Figure 4 - 7 :

 47 Figure 4-7: Modeling results for profile (I). The first four graphs (a-d) represent the observed geophysical data (dots with error bars) and the data calculated for the model shown without vertical exaggeration in Fig. 4-7e (solid line). The error bars correspond to the data uncertainty for the heat flow (a) and for the standard deviation within a range of 50 km to each side of the profile for the other data (b-d). In figure 4-6 e, the crust is represented in grey shades and the lithospheric mantle contains the temperature distribution with isotherms every 200 °C and finally the asthenosphere in white, separated by the lithosphere-asthenosphere boundary from the lithosphere. The vertical black line indicates crossing point with the other modeled profile. LAB= Lithosphere Asthenosphere Boundary.
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 48 Figure 4-8: Modeling results for profile (II). For more details, see Fig. 3-7

Figure 4

 4 Figure 4-9 : Crustal model for profile (I)

Figure 4 -

 4 Figure 4-11: Crustal stretching factors vs distance along the Levant margin for profiles 1 and 2.

Figure 4 -

 4 Figure 4-12: Basement subsidence curves of the Levant Basin based on backstripping analysis of stratigraphic sections derived from 13 wells in the Levant Basin (modified from[START_REF] Bar | Accelerated subsidence and sedimentation in the Levant Basin during the late tertiary and concurrent uplift of the Arabian platform: tectonic versus counteracting sedimentary loading effects[END_REF]. Curve 1 is the basement subsidence curve obtained by the cumulative thickness of the sedimentary column as measured in wells and corrected from compaction during burial. Curve 2 is the basement subsidence curve of a water filled basin after gradual sedimentary layers unloading. Curve 3 represents the tectonically driven basement subsidence curve as in curve 2, with a correction for paleo-water-depth (marked by pale blue).

Figure 4 -

 4 Figure 4-13: S wave tomographic model (SAVANI) in the upper mantle from Auer et al., 2014. (A) At depth 70 km, (B) At depth150 km and (C) Vertical cross section XY. Seismic velocities are expressed as percent differences in wave speeds with respect to a reference model. The study area of this contribution is represented with the black rectangle (Modified from[START_REF] Faccenna | Mantle dynamics in the Mediterranean[END_REF] 

Figure 4 -

 4 Figure 4-14: (1) Topography (TOPEX database). The red dashed lines correspond to the refraction data from[START_REF] Netzeband | The Levantine Basin -crustal structure and origin[END_REF] used to constrain the models, (2) Free-air gravity anomaly (TOPEX database), (3) Geoid heights EGM2008[START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF], (4) Surface heat flow[START_REF] Pollack | Heat flow from the Earth's Interior: Analysis of the global data set[END_REF] Shalev et al., 2013) 

Figure 4 -

 4 Figure 4-15: Modeling results for profile (III). For more details see Figure 4-6.

Figure 4 -

 4 Figure 4-17: Calculated compressional, extensional and strike slip strengths for profiles Levant 1, Levant 2 and Levant 3. DSF= Dead Sea Fracture

Figure 4 -

 4 Figure 4-18: Yield stress envelopes for several positions along profiles Levant 1, 2 and 3.

  Levant 3: Compressional Strength in 1D

  -19). Rigidity on profiles Levant 2 and Levant 3 showing similar behavior of the lithosphere are represented in Figure 4-20 and Figure 4-21.

Figure 4 -

 4 Figure 4-19: Compressive and extensive rigidities for profile Levant 1.

Figure 4 -Figure 4

 44 Figure 4-20: Compressive and extensive rigidities for profile Levant 2.

  -22).

Figure 4 -

 4 Figure 4-22: Calculated and observed topography for profile I.

Figure 4 -

 4 Figure 4-23: Calculated plate deflection and supported topography difference for Profile I, for equivalent elastic thicknesses of 5 km, 30 km and 60 km.

  Figure 4-24: Method used for the 3D crustal modeling approach

  For each starting model, a set of simulations is accomplished by varying the numerous input parameters: reference data (reference Moho depth, reference density), parameter variability (density and Moho depth) and data uncertainty. No smoothing was used for Moho depth and density and a smoothing factor of 0.1 for LAB depth. Parameter variability used for Moho depth, density and LAB depth is 100 m, 1 kg/m 3 and 1 km respectively.

  Figure 4-25 and Figure 4-26 represent the uncertainties and average values for each of the parameters respectively.

Figure 4 -

 4 Figure 4-25: Uncertainties on the Moho, the LAB and the crustal density calculated on 78 selected models for a standard deviation of 14 mGal for density, 0.3 m for geoid and 300 m for topography.

Figure 4 -

 4 Figure 4-26: Average values of the Moho, LAB and crustal density calculated on 78 selected models for a standard deviation of 14 mGal for gravity anomaly, 0.3 m for geoid and 300 m for topography.

Figure 4 -

 4 Figure 4-27: Initial and final models resulting from 3D inversion: 5-4a) Moho depths resulting from 3D inversion. 5-4b) LAB depths resulting from 3D inversion. 5-4c) Average crustal density distribution. 5-4d) initial Moho depth model from 1D inversion including Moho depth a priori information. 5-4e) Initial LAB depth model from 1D inversion. 5-4f) Initial crustal density of 2750 kg/m 3 here. The dots on figure 5-4a correspond to the Moho depth values constraining the models.

Figure 4 -

 4 Figure4-28: 2D Lithospheric models for profilesLevant 1, 2 and 3 (see chapter 4) and their location on the average Moho and LAB depth maps calculated on 78 selected models for a standard deviation of 14 mGal for density, 0.3 m for geoid and 300 m for topography.

Figure 5 - 1 :

 51 Figure 5-1: Free-air gravity anomalies map (TOPEX database) showing the location of the thinned continental crust flooring the Levant Basin and the oceanic crust in the Herodotus Basin, resulting from 2D crustal modeling along profiles I and II (in black)(Modified from Inati et al., 2016). The profiles studied in this paper are represented in white (L2, L6, L25, L35, L39).

Figure 5 - 2 :

 52 Figure 5-2: Location of seismic reflection profiles offshore Lebanon provided by PGS (courtesy of LPA)

  Figure 5-3 shows the different datasets used in this study.

Figure 5 - 3 :

 53 Figure 5-3: Dataset used for crustal modeling: (A) Bathymetry map (from PGS), (B) Free-air gravity anomalies map (from PGS) (C) Geoid heights from EGM2008[START_REF] Pavlis | The development and evaluation of the Earth Gravitational Model 2008 (EGM2008)[END_REF] 

Figure 5 Figure 5

 55 Figure 5-4: Interpreted seismic line L2 showing the ten picked horizons and packages. Vertical lines indicate crossing points with other interpreted lines. For location of the profile refer to Figure 5-2.

Figure 5 - 6 :Figure 5

 565 Figure 5-6: Interpreted seismic line L25 showing the ten picked horizons and packages. Vertical lines indicate crossing points with other interpreted lines. For location of the profile refer to Figure 5-2.

Figure 5

 5 Figure 5-8: Interpreted seismic line L39 showing the ten picked horizons and packages. Vertical lines indicate crossing points with other interpreted lines. For location of the profile refer to Figure 5-2.

  , Figure 5-5 and Figure 5-6), and much less noticeable in the central and southern parts of the basin (Figure A4, Figure 5-4, Figure 5-6, Figure 5-8).

Figure 5

 5 Figure 5-9: Seismic attributes calculated on profile L39. A: 2D seismic section. B: Apparent polarity. C: Reflection strength. D: Response Frequency.

Figure 5 -

 5 Figure 5-10: depth converted horizons of profile L2.

Figure 5 -

 5 Figure 5-11: depth converted horizons of profile L6.

Figure 5 -

 5 Figure 5-13: depth converted horizons of profile L35.

Figure 5 -

 5 Figure 5-14: depth converted horizons of profile L39.

Figure 5 -

 5 Figure 5-10/14 show a thin crystalline crust between 6 and 9 km thick, bounded by reflector R0 (pink), interpreted as the Moho discontinuity lying between 16 and 22 km in the central and southern part of the basin. Along section L39, at about 40 km off the Lebanese coast, the Moho deepens to about 23 km. This Moho deepening coincides with the location of the Saida-Tyr plateau. In the northern part (Figure 5-11), the interpreted Moho seems to be much shallower with a depth varying between 15.5 and 17 km only.

Figure

  Figure[5][6][7][8][9][10][11][12][13][14][15]. For each section, the modeled lithosphere is divided into units representing from the top to the bottom: different layers of sediments, a continental upper crust, a continental

Figure 5 -

 5 Figure 5-15: Modeling results for profile L25. The first three graphs (a-c) represent the observed geophysical data (dots with error bars) and the data calculated for the model (solid line). The error bars correspond to the standard deviation within a range of 10 km to each side of the profile for the geophysical data (a-c). Figure d: lithospheric model with equal horizontal and vertical scales; the crust is represented in grey shades and the lithospheric mantle contains the temperature distribution with isotherms every 200 °C and finally the asthenosphere in white, separated by the lithosphere-asthenosphere boundary (LAB) from the lithosphere. The vertical blue lines indicate crossing points with the other modeled profiles.

Figure 5 -

 5 Figure 5-16: Modeling results for profile L6. For more details, see Figure 5-15

Figure 5 -

 5 Figure 5-17: Modeling results for profile L2. For more details, see Figure 5-15

  [START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF] advocate for a strongly thinned continental crust under the Levant Basin constituted by two distinct components, an upper and a lower crust. The Moho, 35-40 km deep under the Arabian Plate, was interpreted to become shallower towards the Mediterranean coast reaching depths between 20 and 23 km below the Levant Basin. At the Levantine margin, the thinning of the crust in the transitional domain between the onshore and the offshore is gradual, indicating successive regimes of extension that did not reach the beak up stage[START_REF] Inati | Lithospheric architecture of the Levant Basin (Eastern Mediterranean region): A 2D modeling approach[END_REF].

Figure 5 -

 5 Figure 5-21: A and B represent crustal models across the Levant and Herodotus basins (from Inati et al., 2016). C: crustal model of profile L2 projected on profile Levant2. Check Figure 4-1 for location.

Figure 5 -

 5 Figure 5-22: Isopach maps (Senonian to Lower Miocene) showing the shift in depocenter location from northern to southern(modified fromHawie et al., 2013b) 

Figure 5 -Figure 5 Figure 5

 555 Figure 5-19: Section L2 offshore central Lebanon, (a) Interpreted horizons in TWT, (b) Calculated depth of the interpreted horizons, (c) P-wave velocity model for the deduced layering used for time-depth conversion

Figure 6 - 1 :

 61 Figure 6-1: Surface extension of the TemisFlow TM model covering the northern Levant Basin, the Lebanese margin, and onshore.

  Calibration data used in BouDaher et al. (2016) consisted of borehole temperature data and vitrinite reflectance data. Temperature data for Delta 01 and Tamar wells was derived from Dubille and Thomas (2012) (Figure6-2). Due to the lack of wells in many parts of the basin, especially the offshore, temperature data from calibration wells was used not only at the wells location but also for calibration in pseudo wells in areas of the basin with similar crustal thickness, lithologies, salt thickness, and bathymetry to the location of the wells to which the calibration data belongs (Figure6-2). Vitrinite reflectance data in pseudo wells PS1-PS3 was measured on outcrop samples collected from Mount Lebanon(Bou Daher et al., 2016). In our study, calibration data will only rely on temperature data from Delta01 and Tamar wells and vitrinite reflectance data from pseudo-wells PS1-PS3 since they represent the most reliable data among the other pseudo wells.

Figure 6

 6 Figure 6-2: Map of the modeled area. PS1-PS8 are pseudo wells created for calibration. Wells represented by green dots (PS5-PS8) have only temperature data and wells represented by yellow dots (PS1-PS4) have temperature and vitrinite reflectance data (Modified from Bou Daher et al., 2016)

Figure 6 - 3 :

 63 Figure 6-3: Temperature calibration in wells Delta01 and Tamar and vitrinite reflectance calibration in pseudo-wells PS1-PS3 for scenario 1 (A), and Bou Daher et al., (2016) study(B). Lines and dots represent the calculated and the measured temperatures respectively. See Figure6-2 for location.

Figure 6

 6 Figure 6-4: Top basement heat flow evolution with time of the offshore, margin and onshore Lebanon for the original model (A) [modified from Bou Daher et al., 2016] and scenario 1 (B).

Figure 6

 6 Figure 6-7: Present-day vitrinite reflectance maps calculated for the different source rocks reported in the system for (A) the reference model-Bou Daher et al. (2016) and (B) "Scenario 1" model.

Figure 6 - 8 :

 68 Figure 6-8: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B) for "Scenario 2" and "Scenario 1" models with initial crustal thickness of 35 km and 25 km.

  )), without any observed effect on the top basement heat flow. Scenarios 9 and 11 show a difference in the present-day top basement heat flow around 5-10 mW/m 2 all over the study area, which is negligible since it is within the uncertainties of heat flow measurements. As for the temperature, varying the thickness of the Lithospheric Mantle affected mainly the offshore part by shifting downwards the temperature by 28 ℃ (10% of the maximum reached temperature) for the thickest Lithospheric Mantle (Figure6-12C). This shift in temperature and heat flow resulted in a decrease in the vitrinite reflectance values by about 0.5 for the whole sedimentary succession in the deepest offshore.

Figure 6 - 9 :

 69 Figure 6-9: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B) for "Scenario 9" and "Scenario 10" models with Lithospheric mantle thickness of 80 km and 120 km.

Figure 6 -

 6 Figure 6-10: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B)for "Scenario 2" and "Scenario 7" models with same and different beta factors for each of the rifting events.

Figure 6 -

 6 Figure 6-11: Top basement heat flow (A) and 1D model for the vitrinite reflectance extracted from the deepest offshore (B)for "Scenario 6" and "Scenario 8" models with thermal beta factors of 1.5 and 3.

Figure 6 -Figure 6

 66 Figure 6-12: Extracted 1D model from the deepest offshore basin showing the sensitivity of the system to changes in (A) Present-day crustal geometry, (B) Pre-rift crustal thickness, (C) Lithospheric Mantle thickness, (D) Rifting process and (E) Thermal relaxation

Figure A1 :

 A1 Figure A1: Close up showing tilted block structuring seismic package SP0 close to the margin and the horizon R1 onlaping on the tilted blocks in the box (I) as well as the horizon R2 as limit between low amplitude package SP1 and high amplitude package SP2 (II).

Figure A2 :Figure

 A2 Figure A2: Close-up on deformed horizon R8 (I) and toplaps of horizon R4 (II) identified on line L2.

Figure A4 :

 A4 Figure A4: Close-up from line L25 showing a clear horizon in the northern part of the basin that vanishes towards the south

Figure A8 :

 A8 Figure A8: Composition of the SP6 unit on line L2.

Figure A9 :

 A9 Figure A9: Close-up on the SP7 unit observable on all the sections.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 1: P-wave velocities (km/s) of the different components of the crust (sediments and crystalline crust) in the Levant Basin (from Netzeband et al., 2006) ....................................... Table 4-1: Rock properties of the different bodies used in the models. ................................... Table
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 1 

1. 

Table 1 -

 1 

1: P-wave velocities (km/s) of the different components of the crust (sediments and crystalline crust) in the Levant

Basin

(from Netzeband et al., 2006) 

  (I) is approximately 580 km long with a NW-SE direction. It starts in the northern Herodotus Basin, passes south of the Eratosthenes Continental Block (ECB), crosses the Levant Basin and ends west of the Dead Sea transform fault. Profile (II), is about 650 km long and traverses the southern Herodotus Basin, passes south of the ECB, and continues in the Levant Basin ending on the stable Arabian platform. The location of the two profiles is represented in Figure4-6 on the maps of the geophysical data used in this study.

	90

Table 4 -

 4 

1. 

Table 4 -

 4 

1: Rock properties of the different bodies used in the models.

Table 4 -

 4 2: Parameters used for the computation of strength for each of the following materials: quartz, plagioclase and olivine as main components of upper crust, lower crust and upper mantle respectively (see text for definition of parameters).

		F	λ	E0	n	Ea (J/mol)
	Quartz	0.7	0.4	3.16 * 10 -26	3.30	186500
	Plagioclase 0.7	0.4	6.31 * 10 -20	3.05	276000
	Olivine	0.7	0.4	7.00 * 10 -14	3.00	510000

Table A1

 A1 

summarizes the different input variables for each inversion.

  -4) to constrain the Moho depth. Refraction data used to constrain Moho depth in the Levant Basin was used with uncertainty values lower than the uncertainty attributed to tomography data used elsewhere. On the other hand, uncertainty on the density shows the highest values in this same region (around 50 kg/m 3 ). Since the Moho depth has been fixed, the software must have placed additional uncertainty on the density values. The best resulting model with the minimal data misfits corresponds to the inversion with the starting model of a density of 2750 kg/m 3 represented in Figure4-27. In this model, Moho depth varies between 23 and 26 km in the Levant Basin and becomes deeper in the Herodotus Basin and off the African coast to reach values of 26-29 km. The LAB is 100 to 150 km deep in the Levant Basin and deepens to more than 200 km in the Herodotus Basin. Finally, the resulting crustal density shows a crust in the Levant Basin with a density lower than in the Herodotus Basin. In the south west of this part of the Mediterranean, off the African coast, a crust of a density around 2800 kg/m 3 is present. A high crustal density is localized in Cyprus with a value of 2900 kg/m 3 .

Table 5

 5 

-1. 

Table 5

 5 

	-1: Surveying tools properties
	Shooting direction	100/190, Strike/dip
	Number of streamers	1
	Streamer length	10 050 m
	Shot interval	37.5 m
	Record length	14336 ms
	Sample rate	2 ms
	Bin dimensions (Acquisition)	18.75 m
	Bin dimensions (Processing)	18.75 m
	Fold	134

Table 5 -

 5 2: Rock properties of the different units used in the models. The density of the quaternary sediments is represented as a function of depth, since it is considered to be affected by compaction.

		Density	Heat production	Thermal conductivity
		(kg m -3 )	(µW m -3 )	(W m -1 K -1 )
	Quaternary sediments	2600 -400𝑒 -𝑧/2 (z in km)	0.5	2
	Salt layer	2100	0.1	6
	Siliciclastic sediments	2450	0.5	2
	Carbonates	2550	0.1	2
	Upper continental crust	2750	2	2.5
	Lower continental crust	2900	0.2	2.2
	Lithospheric mantle	T-dependent, see text	0.02	3.4

  Table 5-2.

Table 6 -

 6 1: Eleven different scenarios tested for sensitivity analysis for the Levant Basin. The parameters modified for the scenarios are β factor, thermal relaxation (thermal β factor), Lithospheric Mantle thickness and rifting process. For scenarios[1][2][3][4][5][6], beta factor values are distributed equally between the three rifting events. For scenarios 6-11, beta factor maps were calculated for each rifting event. The crust thins from 35 km to 25 km over the whole study area during the Permian, from 25 to 12 km in the offshore during the Triassic, and from 12 to 7 km in the offshore during the Early Jurassic.

	Scenarios	β factor	Thermal β	Lithospheric Mantle	MultiRifting
				thickness (km)	
	1	25/7	2	Defined from study	Same β
	2	35/7	2	Defined from study	Same β
	3	25/8	2	Defined from study	Same β
	4	25/6	2	Defined from study	Same β
	5	25/10	2	Defined from study	Same β
	6	35/25/12/7	1.5	Defined from study	Different β
	7	35/25/12/7	2	Defined from study	Different β
	8	35/25/12/7	3	Defined from study	Different β
	9	35/25/12/7	2	80	Different β
	10	35/25/12/7	2	120	Different β
	11	35/25/12/7	2	100	Different β

Table 6 -

 6 2: Classification of the source rocks present in the system(from Bou Daher et al., 2016) 

	Source rocks	Type
	Upper Paleocene	II Kerogen
	Campanian-lower Maastrichtian	II and IIs Kerogen
	Cenomanian	---
	Albian	III/IV Kerogen
	Neocomian	III Kerogen
	Kimmeridgian	III Kerogen

Table 6 -

 6 3: Present day maturation stages for the different potential source rocks in the Levant Basin for the reference model and Scenario 1

		Source rocks	Reference Model	Scenario 1
		Triassic	Over-mature in most of the offshore.
		Upper Jurassic	Dry gas stage at in most of the offshore. Over-mature only in the deepest part of the basin.
	Offshore	Lower Cretaceous	Dry gas stage at in most of the offshore. Over-mature only in the deepest part of the	Dry gas to wet gas stages at in most of the offshore.
			basin.	
		Upper Cretaceous	Dry gas. Over-mature in the	Dry gas.
		Cenomanian	deepest parts.	
		Campanian and Paleocene	Mostly in the oil window. parts. Dry gas in the deepest	Mostly in the oil window
	Margin	Cretaceous and Jurassic	Oil prone with the exception of the Upper Cretaceous
		Paleocene	Immature
	Onshore	Pre-Jurassic	Oil and early gas window
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