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Introduction

The Makran Accretionary Prism (MAP) exposed in SE Iran and SW Pakistan, is one of the largest accretionary prisms in the world, located in between two major collisional zones, Zagros to the West and Himalaya to the East [START_REF] Agard | Zagros orogeny: a subduction-dominated process[END_REF][START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF] (Figure 1.1). The ∼ 1000 km long and ∼ 400 km wide, 2/3 of it subaerial, Makran accretionary prism results from the convergence of the Arabian and Eurasian plates at a 27 -40 mm/yr rate for the past 3 Ma [START_REF] Argus | The angular velocities of the plates and the velocity of earth's centre from space geodesy[END_REF][START_REF] Demets | Geologically current plate motions[END_REF][START_REF] Demets | Location of the africa-australia-india triple junction and motion between the australian and indian plates: Results from an aeromagnetic investigation of the central indian and carlsberg ridges[END_REF][START_REF] Vernant | Present-day crustal deformation and plate kinematics in the middle east constrained by gps measurements in iran and northern oman[END_REF]) (Figure 1.1b).

Despite its size and high convergence rate, Makran is one of the few subduction zones left with a largely unconstrained seismogenic potential. Due to the sparsity of past settled population, the region lacks of historical records and because of the difficult access to the field, it is still poorly instrumented. Along the Pakistani side, three significant events in 1756, 1851 and 1945 have been reported, the last one with a magnitude of Mw 8.1 (Figure 1.1a). Along the Iranian side, only one major event dated back to 1483 could be linked to the subduction although its location and date are strongly debated. Large accretionary prisms have often been considered of limited seismic and tsunamigenic risk because of the rate-strengthening nature of their unconsolidated sediments [START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF][START_REF] Scholz | Earthquakes and friction laws[END_REF]. This classical view, the particular dimension of the Makran prism, and the lack of historical earthquake led many authors to disregard the seismogenic potential of the area. However, the idea of limited extent of earthquakes to accretionary prisms was strongly challenged by the 2011 Mw 9.0 Tohoku-Oki and the 2004 Mw 9.0 Sumatra Andaman events e.g., [START_REF] Chlieh | Coseismic slip and afterslip of the great m w 9.15 sumatra-andaman earthquake of 2004[END_REF][START_REF] Loveless | Spatial correlation of interseismic coupling and coseismic rupture extent of the 2011 mw= 9.0 tohoku-oki earthquake[END_REF][START_REF] Noda | Stable creeping fault segments can become destructive as a result of dynamic weakening[END_REF]. The recent development of Chabahar and Gwadar Ports, the risk of potential tsunamis for the region, calls for a better hazard assessment.

Nowadays, seismic assessment mostly relies on geodetic studies and inversions from dislocation models [START_REF] Okada | Internal deformation due to shear and tensile faults in a half-space[END_REF][START_REF] Savage | A dislocation model of strain accumulation and release at a subduction zone[END_REF]. However, Makran is a very poorly instrumented region. From 17 GPS stations (among which 7 distributed along the coast over 1000 km long), [START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF] were only able to propose partial coupling along two profiles (one at 58 o E, geometries and material properties, and can quantify a large range of parameters e.g., [START_REF] Buiter | The numerical sandbox: comparison of model results for a shortening and an extension experiment[END_REF]. Here, these approaches are briefly reviewed for compressional wedges in order to discuss their benefits and disadvantages, and how they can complement themself. 1.1.1 Static models 1.1.1.1 The Critical Taper Theory [START_REF] Chapple | Mechanics of thin-skinned fold-and-thrust belts[END_REF] emphasized that fold-and-thrust belts and accretionary wedges are characterized by: (1) a wedge shape of the deformed material, thicker at the back end with a topographic slope dipping towards the deformation front (Figure 1.2a); (2) a weak layer at the base of the wedge undergoing little deformation, and dipping towards the interior of the mountain belt; and (3) a large amount of thickening and shortening above the basal décollement within the wedge. [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF] mentioned that, mechanically, a fold-and-thrust belt or an accretionary wedge is analogous to a wedge of sand or snow pushed by a moving bulldozer (Figure 1.2b). Rock deformation in the upper lithosphere is governed by pressure dependent and time independent coulomb behaviour (equation 1.1 i.e., by brittle fracture [START_REF] Paterson | Experimental rock deformation-the brittle field[END_REF] or frictional sliding [START_REF] Byerlee | Friction of rocks[END_REF]:

|τ| = C + µ(1 -λ )σ n = C + tan φ (1 -λ )σ n (1.1)
where τ is shear stress, σ n normal stress, C cohesion, µ friction coefficient. µ = tan φ , φ angle of internal friction, and λ the pore fluid ratio defined as the ratio of pore fluid pressure to normal stress [START_REF] Hubbert | Role of fluid pressure in mechanics of overthrust faulting: I. mechanics of fluid-filled porous solids and its application to overthrust faulting[END_REF].

Sand, rock or sediments deform until reaching a certain critical taper formed by the topographic slope (α) and the décollement dip (β ). [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF]'s solution describes the critical taper angle formed by the topographic slope α and the megathrust dip β as a function of the angle ψ B formed by the maximum principal stress σ 1 and the base of the wedge and the angle ψ 0 formed by σ 1 and the top of a cohesionless wedge (Figure 1.2b). For the lower compressive branch case, this relation reads as follows:

(α + β ) c = ψ B -ψ 0 (1.2) with ψ B = 1 2 arcsin( sinφ ′ b sinφ b ) - 1 2 φ ′ b
( 1.3)

ψ 0 = 1 2 arcsin( sinα
The angles φ and φ b are the internal and basal coefficients of friction defined as µ = tanφ and µ b = tanφ b , and

φ ′ b = arctan ( 1 -λ b 1 -λ ) tan φ b (1.5) φ ′ b = arctan ( 1 -ρ w /ρ 1 -λ ) tan α (1.6)
The internal and basal Hubbert-Rubbey fluid pressure ratios λ and λ b are defined in [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF] as:

λ = ρ -ρ w gD |σ z |ρ w gD , λ b = ρ b -ρ w gD |σ z |ρ w gD (1.7)
where ρ and ρ w are the wedge material and water densities and D is the water depth. The equations describing the whole envelope are provided by [START_REF] Lehner | Comments on "noncohesive critical coulomb wedges: An exact solution" by fa dahlen[END_REF].

The Critical Taper Theory [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF] defines the different possible mechanical states, from the internal and basal frictions and the internal and basal pore fluid pressures. This theory allows us to relate the general shape of a wedge formed by its α and β with the frictional properties of the wedge and megathrust. The relation forms an envelope separating three different mechanical states (Figure 1.3a-b): (1) a critical state, if the wedge follows the envelope. In that case, the megathrust and the wedge are on the verge of failure, implying active faulting within the wedge;

(2) a stable state, if the wedge is inside the envelope.

At stable state, the whole wedge slides along its megathrust without producing any internal permanent deformation;

(3) unstable state, if the wedge is outside the envelope and cannot slide along its megathrust. [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF] in figure 1.3a illustrates different mechanical behaviours along two branches of the critical envelope. Points 1 and 8 act as an extensional region by normal faulting; points 2 and 7 are at angle of repose; points 3 and 6 combine normal and thrust faulting; points 4 and 5 are at compressional state with thrust faulting. However, the normal ranges of β and α for accretionary prisms are typically from 0 to 10-20 degrees, so states 1 and 5 are the most common, and called extensional and compressional critical envelopes respectively. A wedge will always tend to stay close to the compressional critical state, because it requires a lower tectonic pushing force [START_REF] Cubas | Relationship link between landward vergence in accretionary prisms and tsunami generation[END_REF].

The analytical critical taper theory of Coulomb wedges has been very successful in describing the geometry of wedges in response to accretion, changes in internal strength in the upper plate, and variations in basal strength of the décollement [START_REF] Dahlen | Noncohesive critical coulomb wedges: An exact solution[END_REF][START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF]. The CTT has been widely used to constrain décollement strength e.g., (Cubas et al., 2013a,b;[START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Fagereng | Wedge geometry, mechanical strength, and interseismic coupling of the hikurangi subduction thrust, new zealand[END_REF][START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic erosion and/or frontal accretion[END_REF][START_REF] Suppe | Absolute fault and crustal strength from wedge tapers[END_REF], strongly facilitated by its analytical solution allowing for inversion. However, the CTT is confronted to strong limitations: first, the wedge is considered uniform, no complexities can be taken into account. The bulk properties are thus averaged. Second, the properties can only be retrieved if the wedge is at critical state.

1. 1.1.2 Limit analysis approach

The limit analysis method [START_REF] Chandrasekharaiah | Continuum mechanics[END_REF][START_REF] Salençon | De l'élasto-plasticité au calcul à la rupture[END_REF] is based on the principle of virtual powers and the theorem of maximum rock strength [START_REF] Maillot | Kink-fold onset and development based on the maximum strength theorem[END_REF]. The Coulomb criterion is usually used for maximum rock strength. The principle of virtual power consists in studying the collapse mechanisms, faults in the accretionry wedge setting, by applying a virtual displacement over the structure. The method investigates all possible distribution of faults as a function of the mechanical properties and selects the optimal one minimizing the tectonic pushing force. The advantages compared with the critical taper theory are that there is no need to assume homogeneous mechanical properties nor that the wedge be at critical state. And here again, the static and efficient approach allows for fast computing and hence inversion. Limit analysis has been applied to retrieve the effective basal friction of several accretionary wedges (Cubas et al., 2013a[START_REF] Cubas | Prediction of thrusting sequences in accretionary wedges[END_REF][START_REF] Kuncoro | Tsunamigenic potential due to frontal rupturing in the sumatra locked zone[END_REF][START_REF] Pons | Fluid pressure control on splay fault activation in accretionary prism based on the maximum strength theorem with application to the nankai wedge[END_REF][START_REF] Souloumiac | Predicting stress distributions in fold-and-thrust belts and accretionary wedges by optimization[END_REF] (example Figure 1.4) and has been quantitatively validated from comparison with analogue experiments [START_REF] Cubas | Inverse method applied to a sand wedge: estimation of friction parameters and uncertainty analysis[END_REF]. However, the limit analysis, as the CTT, is a static approach. And, although the strength of the décollement can be constrained, as there is no notion of rates in the formulation, its rheology, frictional or viscous, can not be firmly confirmed. 1.1.2 Long term models 1.1.2.1 Analogue models

Analogue or laboratory models are simplified scaled representations of a particular component of the nature using simplified geometries, rheologies, and boundary conditions (Figure 1.5). In the beginning, a large amount of models were developed to investigate the folding mechanisms [START_REF] Cadell | Vii.-experimental researches in mountain building[END_REF][START_REF] Daubrée | On points of similarity between zeolitic and siliceous incrustations of recent formation by thermal springs, and those observed in amygdaloids and other altered volcanic rocks[END_REF][START_REF] Daubrée | Etudes synthétiques de géologie expérimentale[END_REF][START_REF] Favre | Experiments on the effects of repressions or 'e lateral crushings in general[END_REF][START_REF] Forchheimer | Über Sanddruck und Bewegungs-Erscheinungen im Inneren trockenen Sandes[END_REF][START_REF] Hall | Ii. on the vertical position and convolutions of certain strata, and their relation with granite[END_REF][START_REF] Pfaff | Der mechanismus der gebirgsbildung[END_REF][START_REF] Reade | The origin of mountain ranges considered experimentally, structurally, dynamically, and in relation to their geological history[END_REF][START_REF] Schardt | Geological studies in the pays-d'enhant vaudois[END_REF][START_REF] Willis | The Mechanics of Appalachian Structure[END_REF], evolution of different kind of folding, folding and faulting relationships, thrust and normal faulting, salt dome formation, etc e.g., [START_REF] Chamberlin | Low-angle faulting[END_REF][START_REF] Davy | Experiments on shortening of a 4-layer model of the continental lithosphere[END_REF][START_REF] Gzovsky | The use of scale models in tectonophysics[END_REF][START_REF] Meunier | La géologie expérimentale[END_REF][START_REF] Rich | Mechanics of low-angle overthrust faulting as illustrated by cumberland thrust block, virginia, kentucky, and tennessee[END_REF]. As the theory of plate tectonics was developed in the 1960s, analogue models of plate tectonic processes followed, including the first analogue models of subduction e.g., [START_REF] Jacoby | Model experiment of plate movements[END_REF][START_REF] Jacoby | Paraffin model experiment of plate tectonics[END_REF][START_REF] Kincaid | An experimental study of subduction and slab migration[END_REF], lithospheric rifting e.g., [START_REF] Benes | Modes of continental lithospheric extension: experimental verification of strain localization processes[END_REF][START_REF] Brune | Structural features in a brittle-ductile wax model of continental extension[END_REF][START_REF] Shemenda | Physical modeling of slow seafloor spreading[END_REF], collision-indenter tectonics e.g., [START_REF] Davy | Indentation tectonics in nature and experiment. 1. experiments scaled for gravity[END_REF][START_REF] Ratschbacher | Lateral extrusion in the eastern alps, part 2: structural analysis[END_REF][START_REF] Tapponnier | Propagating extrusion tectonics in asia: New insights from simple experiments with plasticine[END_REF], and lithospheric shortening e.g., [START_REF] Davy | Experiments on shortening of a 4-layer model of the continental lithosphere[END_REF]. In the last three decades a number of reviews have been written on the history of analogue modelling e.g., [START_REF] Koyi | Analogue modelling: from a qualitative to a quantitative technique-a historical outline[END_REF][START_REF] Ranalli | Experimental tectonics: from sir james hall to the present[END_REF][START_REF] Schellart | Analogue modelling of large-scale tectonic processes: an introduction[END_REF]. Among these works, [START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF] wrote a review on accretionary wedges, and [START_REF] Schellart | A review of analogue modelling of geodynamic processes: Approaches, scaling, materials and quantification, with an application to subduction experiments[END_REF] on geodynamic processes of subduction. Models of accretionary prism have covered the influence of many parameters such as the geometry [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Koyi | The effect of décollement dip on geometry and kinematics of model accretionary wedges[END_REF][START_REF] Smit | Deformation of brittle-ductile thrust wedges in experiments and nature[END_REF], basal friction [START_REF] Colletta | Computerized x-ray tomography analysis of sandbox models: Examples of thin-skinned thrust systems[END_REF][START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic erosion and/or frontal accretion[END_REF][START_REF] Mulugeta | Modelling the geometry of coulomb thrust wedges[END_REF][START_REF] Nieuwland | Wedge equilibrium in fold-and-thrust belts: prediction of out-of-sequence thrusting based on sandbox experiments and natural examples[END_REF], or surface processes e.g., [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the alpine orogen: Analogue modeling insights[END_REF][START_REF] Konstantinovskaya | Accretionary orogens: erosion and exhumation[END_REF][START_REF] Leturmy | Piggyback basin development above a thin-skinned thrust belt with two detachment levels as a function of interactions between tectonic and superficial mass transfer: the case of the subandean zone (bolivia)[END_REF][START_REF] Storti | Influence of syntectonic sedimentation on thrust wedges in analogue models[END_REF] (example Figure 1.5). Some studies have focused on the role of a layer of viscous material along the décollement (Bonini, 2007a;[START_REF] Borderie | Impact of an interbedded viscous décollement on the structural and kinematic coupling in fold-and-thrust belts: Insights from analogue modeling[END_REF][START_REF] Costa | Experimental insights on the geometry and kinematics of fold-and-thrust belts above weak, viscous evaporitic décollement[END_REF][START_REF] Couzens-Schultz | Duplex style and triangle zone formation: insights from physical modeling[END_REF][START_REF] Gutscher | Non-coulomb wedges, wrong-way thrusting, and natural hazards in cascadia[END_REF][START_REF] Pichot | Influence of synkinematic sedimentation in a thrust system with two decollement levels; analogue modelling[END_REF][START_REF] Smit | Deformation of brittle-ductile thrust wedges in experiments and nature[END_REF], representing a pre-existing salt like layer.

The most important pros of using analog modeling is that they overcome some inherent limitations that exist when studying the Earth directly. Due to only accessing the present state of the Earth, the long term evolution of geological processes and in depth being the source of the most geological activities, make the study of the geodynamic processes difficult. The models are intrinsically 3D and allow direct observations of the experiment, while deformation may be quantified using image analysis (e.g., Particle Image Velocimetry), laser scanning (miniature laser altimetry), and volumetric scanning using computerised X-ray tomography [START_REF] Adam | Shear localisation and strain distribution during tectonic faulting-new insights from granular-flow experiments and high-resolution optical image correlation techniques[END_REF][START_REF] Colletta | Computerized x-ray tomography analysis of sandbox models: Examples of thin-skinned thrust systems[END_REF].

However, developing and running a complex analogue model requires a large amount of time. Moreover, although experiments can be repeated with similar results, exact reproducibility does not exist. In addition, laboratories that do not have access to tomographic techniques can only monitor the outside boundary of models, with observation of internal structures limited to

cutting the model open at the end of the experiment. In the last decade, the reproducibility of analogue models has been under investigation with benchmark studies of upper crustal shortening and extension [START_REF] Buiter | The numerical sandbox: comparison of model results for a shortening and an extension experiment[END_REF], and upper crustal shortening [START_REF] Schellart | A review of analogue modelling of geodynamic processes: Approaches, scaling, materials and quantification, with an application to subduction experiments[END_REF].

Such studies provide new insight into the influence of a variety of conditions (e.g., lab environment, experimental apparatus, analogue materials, model preparation techniques, the human factor) on the experimental outcomes and reproducibility of analogue experiments. Finally, in the particular case of our study, analogue models present two strong limitations: (1) analogue material have a much larger friction than what is measured on earth, (2) brittle and viscous layers have to be prescribed and cannot evolve with time and temperature.

Numerical models

Evolution and distribution of internal deformation of accretionary wedges have been intensively

studied by numerical models in two [START_REF] Buiter | Benchmarking numerical models of brittle thrust wedges[END_REF][START_REF] Burbidge | Numerical models of the evolution of accretionary wedges and fold-and-thrust belts using the distinct-element method[END_REF][START_REF] Miyakawa | Effect of increased shear stress along a plate boundary fault on the formation of an out-of-sequence thrust and a break in surface slope within an accretionary wedge, based on numerical simulations[END_REF][START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Simpson | Mechanics of non-critical fold-thrust belts based on finite element models[END_REF][START_REF] Stockmal | Mechanics of thin-skinned fold-and-thrust belts: Insights from numerical models[END_REF][START_REF] Strayer | A numerical model of deformation and fluid-flow in an evolving thrust wedge[END_REF] and three dimensions [START_REF] Braun | Structural evolution of a three-dimensional, finite-width crustal wedge[END_REF][START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF][START_REF] Ruh | High-resolution 3d numerical modeling of thrust wedges: Influence of décollement strength on transfer zones[END_REF]. These models have covered the influence of the same parameters as analogue modelling, such as the geometry [START_REF] Mandal | Imbricate thrust spacing: experimental and theoretical analyses[END_REF][START_REF] Ruh | Crustal deformation dynamics and stress evolution during seamount subduction: High-resolution 3-d numerical modeling[END_REF], basal friction [START_REF] Burbidge | Numerical models of the evolution of accretionary wedges and fold-and-thrust belts using the distinct-element method[END_REF][START_REF] Nieuwland | Wedge equilibrium in fold-and-thrust belts: prediction of out-of-sequence thrusting based on sandbox experiments and natural examples[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF] (example Figure 1.6), or surface processes e.g., [START_REF] Fillon | Syntectonic sedimentation effects on the growth of fold-and-thrust belts[END_REF][START_REF] Hoth | Influence of erosion on the kinematics of bivergent orogens: results from scaled sandbox simulations[END_REF][START_REF] Mary | Predicting orogenic wedge styles as a function of analogue erosion law and material softening[END_REF][START_REF] Simpson | Modelling interactions between fold-thrust belt deformation, foreland flexure and surface mass transport[END_REF][START_REF] Stockmal | Mechanics of thin-skinned fold-and-thrust belts: Insights from numerical models[END_REF][START_REF] Willett | Rheological dependence of extension in wedge models of convergent orogens[END_REF].

Numerical experiments are exactly reproducible (unless they are seeded by random noise).

They allow great flexibility in choice of geometries and material properties, and can quantify a large range of parameters directly, such as, stress, strain, velocity, and energy dissipation. Their resolution in 3-D may still be limited, but this is improving rapidly e.g., [START_REF] Braun | Structural evolution of a three-dimensional, finite-width crustal wedge[END_REF][START_REF] Gerya | Introduction to numerical geodynamic modelling[END_REF][START_REF] Popov | Slim3d: A tool for three-dimensional thermomechanical modeling of lithospheric deformation with elasto-visco-plastic rheology[END_REF]. The main limitation of numerical models are that they are particularly costly, in time and/or cpu. As a consequence, they can only be used for solving direct problems and, therefore can only be used to interpret data, not to fit them.

Most of these numerical models, sandbox alike, consists of a rectangular domain that contains a thick layer of frictional or viscous material overlying a relatively weak and thin décollement layer without temperature evolution (as Figure 1.6). To study an accretionary prism of the size of Makran, it will be mandatory to consider temperature evolution. 1.2 Geological Setting of Makran [START_REF] Stoneley | Evolution of the continental margins bounding a former southern tethys[END_REF], [START_REF] Shearman | The geological evolution of southern iran: the report of the iranian makran expedition[END_REF], and [START_REF] Farhoudi | Makran of iran and pakistan as an active arc system[END_REF] were the first studies proposing that Makran was the result of a subduction boundary between the Arabian and Eurasian Plates. The subduction which started during Early Cretaceous, is located in between two major collisional zones, Zagros to the West, and Himalaya to the East [START_REF] Agard | Zagros orogeny: a subduction-dominated process[END_REF][START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF] (Figures 1.1,1.7). Active transitions to collisional domains are accommodated by two major strike-slip systems, the Ornach Nal fault to the East, and the Minab-Zendan fault to the West. The subduction was probably initiated in the Paleocene [START_REF] Platt | Slip vectors and fault mechanics in the makran accretionary wedge, southwest pakistan[END_REF] and accretion started in Eocene [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]. For the last 3 Ma, the convergence rate estimates show a slight increase from 35.5 -36.5 mm/yr in western Makran to 39 mm/yr in the East [START_REF] Demets | Geologically current plate motions[END_REF] (Figure 1.1). The MAP is the widest accretionary wedge system in the world (350 km, e.g., [START_REF] Smith | The structure and fault activity of the makran accretionary prism[END_REF]). The prism accumulates up to 7.5 km of incoming sediments, brought by the Indus river and erosional portions of the growing prism [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF]. The incoming sediments consist of 3 km of Makran sands that are derived from the North [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF]. They unconformably overlie 4 km of Himalayan turbidites derived from the Indus fan to the East [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF]. The amount of sediments decreases to the West because there are no major river system providing sediment input to the Oman Sea from Iran. The interaction between climate, tectonic, and sea-level parameters have strongly influenced the timing, rates, and location of sediment supplies to the basins. Climate in the hinterland control the average sand-to-mud ratio in the deep water deposits of the turbidite system.

Arid conditions were associated with thin sand-rich turbidity currents and wetter periods were associated with frequent thicker (∼300 m), mud-rich turbidity currents [START_REF] Bourget | Highstand vs. lowstand turbidite system growth in the makran active margin: Imprints of high-frequency external controls on sediment delivery mechanisms to deep water systems[END_REF].

The subducting plate has a northward dip of 2 o until 27 o N, then it bends down to an angle of 30 o [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF]. Further north, it dips approximately to 30 o beneath the Lut and Afghan microcontinents and the Pleistocene volcanic arc. Due to the very low subduction angle, there is no trench developed at the front [START_REF] Mokhtari | Structural elements of the makran region, oman sea and their potential relevance to tsunamigenisis[END_REF]. Two-thirds of the accretionary complex is located onshore, defined mainly by the last ∼10 Ma of wedge growth [START_REF] Burg | Structural style of the makran tertiary accretionary complex in se-iran[END_REF][START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF]Yang et al., 2020). Deformation includes southward verging E-W anticlines. These thrust-related growth folds formed accretionary ridges. The distance from the accretionary front to volcanics arc (the Bazman, Taftan and Soltan calc-alkaline andesitic volcanic chains) is of 400-600 km. Magmatic activity is considered to have been active from the Early Miocene based on the 19 Ma the Mirabad granitic pluton [START_REF] Pang | On the magmatic record of the makran arc, southeastern iran: Insights from zircon u-pb geochronology and bulk-rock geochemistry[END_REF]. The two large depressions to the south of Bazman and Soltan, Jaz Murian and Hamun-I-Mashkel, have been interpreted as forearc basins [START_REF] Farhoudi | Makran of iran and pakistan as an active arc system[END_REF]. It was still completely submarine until 12 Ma ago (Yang et al., 2020), according to submarine olistostrome dated to Tortonian that crops out in the north where the Sistan is connected to the Makran accretionary wedge [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF]. A few studies have published geological cross-sections of the MAP e.g. [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]Ellouz-Zimmermann et al., 2007a) (Figure 1.8). However, none of these works present a detailed structural cross-section into the Makran hinterland due to lack of surface and subsurface data.

I now describe in more details the on-shore and off-shore parts of the MAP, both separated by a narrow coastal belt along which normal faults and mud volcanoes are prominent e.g., [START_REF] Back | Growth faults above shale-seismic-scale outcrop analogues from the makran foreland, sw pakistan[END_REF][START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Von Rad | Gas and fluid venting at the makran accretionary wedge off pakistan[END_REF]. 1.2.1 Offshore Makran 1.2.1.1 Stratigraphy The Oman Sea study area is a real frontier area without any wells or even proven stratigraphic column. The only well drilled in the Iranian part is Karati-1 (Figure 1.1), no formation names were used; only the lithology and geological ages of the sediments had been mentioned. Some general stratigraphic column has been introduced for Makran/Pakistan basin in Pakistan [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF][START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF]. Most of the published general stratigraphy is available from onshore Pakistan [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF]Ellouz-Zimmermann et al., 2007a;[START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF]. 1.2.1.2 Oman sea basin

The Oman Sea Basin is a 350 km wide and 950 km long oceanic basin, between Oman and southern Pakistan-Southern Iran, bordered on the west by Arabia and on the east by the Murray Ridge along the Arabian-Indian Plate boundary. The Strait of Hormuz connects the western part of this Basin to a shallow epicontinental sea, the Persian Gulf. (Figure 1.7). The margins of the basin range from active convergent on the north to a passive margin on the south and active transtension margins on the west and east [START_REF] Michaelis | Seismic interpretation of the structure and stratigraphy of the strait of hormuz[END_REF]. [START_REF] Hutchison | Heat flow and age of the gulf of oman[END_REF] mentioned the present sedimentation rate in the abyssal plain of the Oman Sea is 250-400 m/Ma. The age of the basement below the North Arabian sea remains uncertain due to the lack of magnetic anomalies (Ellouz-Zimmermann et al., 2007a). Based on heat flow measurement, [START_REF] Hutchison | Heat flow and age of the gulf of oman[END_REF] mentioned an oceanic plate age of 70-100 Ma.

Imbricated zone

Published seismic sections studies show the total thickness of deformed and undeformed sediments reaches more than 10 km near the coast line e.g., [START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF][START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] White | Deformation of the makran accretionary sediment prism in the gulf of oman (north-west indian ocean)[END_REF] and place a décollement at a depth of 3-4 km near the deformation front [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF](Figures 1.8, 1.9). Sediments are partly folded and thrusted above the décollement e.g., (Ellouz-Zimmermann et al., 2007a;[START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF][START_REF] White | Deformation of the makran accretionary sediment prism in the gulf of oman (north-west indian ocean)[END_REF] and partly subducted [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF]) down to at least the coast line [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF]. Shortening has been accommodated by a series of north-dipping imbricated thrusts and associated fault-propagation folds that form distinct topographic ridges on the sea floor [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF]. The asymmetric synclines between the thrust-anticline systems are infilled with fanning growth stratal sequences that have wedge geometries. Upwardly fanning, rotational patterns of growth strata indicate progressive limb rotation during fold growth and amplification [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF]. Onlap geometries suggest active thrusting at the wedge front.

Mud volcanoes

Mud volcanoes have been reported both onshore and offshore along the Makran accretionary wedge [START_REF] Babadi | Origin of fluids discharged from mud volcanoes in se iran[END_REF][START_REF] Kassi | Lithostratigraphy, petrology and sedimentary facies of the late cretaceous-palaeocene ispikan group, southwestern makran, pakistan[END_REF][START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF][START_REF] Snead | Active mud volcanoes of baluchistan, west pakistan[END_REF][START_REF] Wiedicke | Mud volcanoes at the front of the makran accretionary complex, pakistan[END_REF] (Figure 1.1).

Published seismic sections across the eastern offshore Makran accretionary prism show diapirs on the slope section [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF][START_REF] Minshull | Sediment compaction and fluid migration in the makran accretionary prism[END_REF][START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF]. Across the western offshore side, the mud diapirs are located between a large seaward normal fault and the imbricated zone [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF] (Figure 1.9).

Due to the weak resolution of the seismic image in this area, the source layer is debatable.

According to previous studies [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF][START_REF] Babadi | Origin of fluids discharged from mud volcanoes in se iran[END_REF][START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Delisle | Active mud volcanoes on-and offshore eastern makran, pakistan[END_REF][START_REF] Kassi | Lithostratigraphy, petrology and sedimentary facies of the late cretaceous-palaeocene ispikan group, southwestern makran, pakistan[END_REF][START_REF] Snead | Active mud volcanoes of baluchistan, west pakistan[END_REF][START_REF] Wiedicke | Mud volcanoes at the front of the makran accretionary complex, pakistan[END_REF], it is most likely confined within a shallower and local décollement level.

Mud volcanoes onshore appear to be associated with E-W-trending fault zones [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF] and sourced from the Upper Miocene Parkini mudstones [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF] (Figure 1.10). The amount and size of identified mud extrusions seem to decrease from the east to the west on land [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF] (Figure 1.10). The quantity of mud extrusions is higher along the Ornach-Nal Fault and their distance from each other is smaller than further in the west [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF]. Then, they are distributed in coastal areas (onshore), parallel to the regional trend of the accretionary belt. Some of them are related to earthquakes (e.g., EQ May 1935 Thok [START_REF] Harrison | Mud volcanoes on the makran coast[END_REF], EQ November 1945 [START_REF] Sondhi | The makran earthquake, 28th november 1945, the birth of new islands[END_REF]), the others line-up along the thrusts and anticlinal axes, defining the exit paths of the mobile mud. Fault activity seems to be a key controlling factor of the rate of mud extrusion [START_REF] Bonini | Interrelations of mud volcanism, fluid venting, and thrust-anticline folding: Examples from the external northern apennines (emilia-romagna, italy)[END_REF][START_REF] Kopf | Making calderas from mud[END_REF] and sometimes the location of mud volcanoes is the evidence of the presence of active fault systems [START_REF] Lynch | The wister mud pot lineament: Southeastward extension or abandoned strand of the san andreas fault?[END_REF]. They are exit ways and geological evidence of over-pressured fluids escaping from the accretionary system e.g., [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF]. The relationship between earthquakes and the enhanced eruption of mud volcanoes has also been analyzed [START_REF] Bonini | Mud volcano eruptions and earthquakes in the northern apennines and sicily, italy[END_REF][START_REF] Jakubov | Mud volcanoes of the azerbaijan ssr[END_REF]. They can erupt within days after nearby large earthquakes [START_REF] Madonia | Geomorphological and geochemical characterization of the august 11, 2008 mud volcano eruption at s. barbara village (sicily, italy) and its possible relationship with seismic activity[END_REF][START_REF] Manga | Did an earthquake trigger the may 2006 eruption of the lusi mud volcano? Eos[END_REF][START_REF] Manga | Earthquake triggering of mud volcanoes[END_REF][START_REF] Mellors | Correlations between earthquakes and large mud volcano eruptions[END_REF], a correlation between these events is not always straightforward, though. Liquefaction typically occurs after earthquakes in shallow soils and is often manifested by sand volcanoes [START_REF] Galli | New empirical relationships between magnitude and distance for liquefaction[END_REF]. Liquefaction caused by shaking (dynamic strain) has been proposed to be a potential mechanism for triggering the eruption of mud volcanoes expelling mud from depths exceeding a few kilometers [START_REF] Manga | Seismic triggering of eruptions in the far field: Volcanoes and geysers[END_REF].

In all cases, they pierce the Upper Miocene Parkini Formation and the Pliocene Hinglaj/-Talar and Chatti Formations [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF]. [START_REF] Feizi | Mud diapirism on the makran, iran: Case study on the napag mud volcano[END_REF] mentioned Mud Volcano in the coastal Iranian side (the Napag) has been controlled by tensional tectonic forces, that have been considerable during the roll-back of oceanic lithosphere in the Makran subduction zone (beneath of Oman Sea). Organic gas compounds associated with mud volcanism are typically dominated by CH4 [START_REF] Dia | Trinidad mud volcanoes: where do the expelled fluids come from?[END_REF][START_REF] Dimitrov | Mud volcanoes-the most important pathway for degassing deeply buried sediments[END_REF][START_REF] Etiope | Methane emission from mud volcanoes in eastern azerbaijan[END_REF], with significant concentrations of heavier hydrocarbons, CO2, H2S, N2, and noble gases [START_REF] Blinova | Hydrocarbon gases in deposits from mud volcanoes in the sorokin trough, north-eastern black sea[END_REF][START_REF] Tassi | Origin of light hydrocarbons in gases from mud volcanoes and ch4-rich emissions[END_REF]. Mud volcanoes emitting CO2-rich fluids were occasionally recognized close to volcanic areas [START_REF] Chiodini | Geochemistry of gases and waters discharged by the mud volcanoes at paternò, mt. etna (italy)[END_REF][START_REF] Giammanco | Focused and diffuse effluxes of co2 from mud volcanoes and mofettes south of mt. etna (italy)[END_REF][START_REF] Tassi | Origin of light hydrocarbons in gases from mud volcanoes and ch4-rich emissions[END_REF][START_REF] Yang | Composition and exhalation flux of gases from mud volcanoes in taiwan[END_REF]), though, Schlüter et al. (2002) argued presence of higher hydrocarbon illustrate thermally more mature source rock.

Estimated temperatures for the on-shore mud volcanoes appraised using the Mg-Li and Mg-K geothermometers range from 84 to 165 o C, corresponding to 3-7 km depth [START_REF] Babadi | Origin of fluids discharged from mud volcanoes in se iran[END_REF]. (1979). The uplift rate derived from Uranium series on shell sand and 14C chronology, which yields minimum ages, has been estimated from 0 -0.2 mm/yr (western) to 0.5 -2 mm/yr (eastern Makran) [START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF]; [START_REF] Reyss | Quaternary marine terraces and tectonic uplift rates on the south coast of iran[END_REF]. These rates have been ascribed to coseismic uplift [START_REF] Haghipour | Active deformation and landscape evolution of the Makran Accretionary Wedge (SE-Iran): New constraints from surface exposure dating of fluvial terraces[END_REF]. Some studies have proposed that the 2 mm/yr of coastal uplift during the Holocene along the Iranian side is associated with a large ancient earthquake e.g., [START_REF] Ambraseys | A history of persian earthquakes cambridge university press[END_REF][START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF][START_REF] Snead | Uplifted marine terraces along the makran coast of pakistan and iran[END_REF]. However, there is not enough evidence to indicate that large earthquakes have occurred in the last 1000 yr.

Onshore Makran

Two-thirds of the accretionary complex are exposed on land, from the coast to the contact with the Jaz Murian Depression, to the north (Figure 1.11). The onshore Makran accretionary wedge is divided into four main sub-parallel tectonic zones [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF][START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF] towards S:

(1) North Makran-Cretaceous (2) Inner Makran -Eocene-Oligocene (3) Outer Makran-Earlymiddle Miocene (4) Coastal Makran -Late Miocene -Pleistocene (Figure 1.11b). Figures 1.11 shows the major structural elements.

Again, having a proven stratigraphic column in Iran is difficult due to the influence of changing lateral facies, environment, climate, tectonic, sea-level parameters and lack of well 

Coastal Makran

The lowermost tectonic unit of coastal Makran, its southern border, is the present-day coastline (Figures 1.11 and 1.15). This unit is composed of Late Miocene-Quaternary shallow-marine marl-dominated and calcareous sandstone-dominated sediments. Upper miocene units mostly outcrop around en é chelon synclines. Darkhunish, Sabz, Makran, Vaziri and Dar Pahn units are present in this zone. Coarsening-up from mudstone-dominated to sandstone-dominated sequences with abundant bioturbation along with mollusc shells, in particular marine gastropods, represents the transition from shallow marine shelf into foreshore deltaic and fluviatile conditions [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. The wide shelf consists of undeformed Mio-Pliocene sediments and a flat slope with present-day high accumulation rates (> 2 mm/a), which could lead to overburden of soft sediments, collapse and normal faulting [START_REF] Bourget | Highstand vs. lowstand turbidite system growth in the makran active margin: Imprints of high-frequency external controls on sediment delivery mechanisms to deep water systems[END_REF]. Coarse fanglomerates of Pleistocene age are unconformable over wide areas of southern Makran [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. The Holocene comprises cemented coastal and fluvial sandstones and unconsolidated sand dunes.

The frontal southern half of the wedge developed below sea level since the late Miocene [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF]. As discussed in the previous section, since mid-Pliocene times, uplift and normal faulting produce tilted and faulted terraces [START_REF] Platt | Slip vectors and fault mechanics in the makran accretionary wedge, southwest pakistan[END_REF] (Figure 1.14) while compression occurred at the front of the prism.

Outer Makran

The Chah Khan thrust fault separates Outer Makran from the coastal part (Figure 1.11). The most extended sedimentary units over the Outer Makran are related to Miocene and the dominant facies is sandstone. Miocene sandstone units in western onshore Iranian side expand more than eastern (Figures 1.13 and 1.16). It comprises Angoharan, Shahr pum, Ghasr Ghand, Chabahar of [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF], Band e Chaker, Roksha, Nahang, Jaghin and Pishin units (Figure 1. 

Inner Makran

A narrow Paleocene belt and Eocene-Mid Miocene units provide the material for Inner Makran (Figures 1.11 and 1.17). These sequences include the Ruk, Nargakan, Shirinzad, Hichan, Bam Posht, Mashkid, Mosri, Jarut, Darban, Guredak, Rig, Peersohrab of [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF], Ghasr Ghand and Irafshan units (Figure 1.13) which consist of marine deposits. The Ghasr Ghand thrust is the southern boundary of the Inner Makran. Some fragments of North Makran ophiolites (Cr-spinel and blue amphibole clastic grains) and the Late Cretaceous blueschists are in sandstones [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Lower Eocene volcanic activity are indicated by pillow lavas, massive extrusions, ash layers, volcaniclastic sandstones and monomictic breccia-conglomerate with a volcanic arenitic matrix [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. The deep-marine Eocene environment is characterized by the presence of radiolarian mudstone and pelagic red limestone to thin-bedded, green and black shales to hemipelagic facies and terrigenous turbidites [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Lower Oligocene deposition is still in deep waters based on Palaeodictyon and Spiroraphe fossils [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Wood fragments and fossil leaves demonstrate shallow deposition in Lower and Mid-Miocene [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Paleocurrent measurements consistently indicate provenance from the north [START_REF] Mohammadi | Detrital zircon and provenance analysis of late cretaceous-miocene onshore iranian makran strata: Implications for the tectonic setting[END_REF].

Olistostrome

The olistostrome is a non-metamorphic formation with a muddy, shaly matrix supported, containing randomly mixed blocks of various compositions (limestones, sandstones, shales, chert, schist, pillow lava, gabbro and serpentinite), in different shapes and sizes (mm to km across) [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF]. The olistostrome is not reported in the Pakistani Makran, while a source area suggested to the northeast Iranian Makran, crops out over an area of ∼10000 km 2 between the imbricated thrust zone (backstop) to the north and the present-day coast line [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF] (Figure 1.18). It overlies Paleocene to Oligocene turbidites in the north, and Lower to Upper Miocene turbidites farther south [START_REF] Mccall | Mélanges of the makran, southeastern iran[END_REF]. The mé lange (the gravity-induced mass flow) is dated as late middle Miocene by fossils [START_REF] Mccall | Mélanges of the makran, southeastern iran[END_REF] and in more detail maximum in Tortonian time (11.6 Ma; [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF]) and the minimum age of the overlying marls (9.6 Ma; [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF]). From numerical modelling, [START_REF] Ruh | Shale-related minibasins atop a massive olistostrome in an active accretionary wedge setting: Two-dimensional numerical modeling applied to the iranian makran[END_REF] proposed that the olistostrome acted as a low-density, low-viscosity layer enabling the growth of gravitationally assisted minibasins. They proposed that the olistostrome emplacement enhanced underplating and exhumation of the wedge rear, and minibasin subsidence at the front. The shortening would have finally led to horizontal squeezing of the minibasin province, corresponding to Coastal Makran, and the establishment of a new imbricated zone ahead.

North Makran

Ophiolites, oceanic sediments and volcanic rocks have been obducted during the Cretaceous in the northern Makran (Figure 1.11). Some Jurassic patches (continental fragments) from Northern regions involved in the Ophiolite mé lange seem to be the source. 2002)) in which the plutonic crust is dominantly troctolite and the volcanic crust is mostly diabase, thinner than in the northern complete ophiolite, possibly because it has been eroded before unconformable sedimentation of Early-Late Cretaceous pelagic sediments [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. This sequence is exposed in a narrow, long and fault-bounded synform (Figure 1.20 CD) [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF] which includes ultramafic rocks (moderately serpentinized harzburgites), troctolites, isotropic gabbro, massive diabase, doleritic lava and pelagic sediments and associated basaltic lava. 3-Jurassic continental fragments (the Bajgan-Durkan zone of [START_REF] Mccall | The makran, southeastern iran: the anatomy of a convergent plate margin active from cretaceous to present[END_REF]). 4-An imbricated zone (the coloured mélange of previous studies) involving tectonic slices of various lithologies, including Cretaceous ophiolitic rocks [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. The Bashakerd thrust is the southern boundary of the North Makran (Figure 1.11).

The contact between the Jaz Murian depression to the north and the MAW to the south is generally faulted. The eastern part of the Jaz Murian depression mostly consists of NE-SW sinistral strike-slip faults associated with NW-SE conjugate dextral faults and many NW-SE to N-S normal and reverse faults [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF]. Strike-slip faults are younger than reverse faults [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF]. The western part of the mapped Jaz Murian boundary is nearly E-W, dominated by normal faults with variable orientations suggesting sub-radial extension [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF]. 

Field work

The onshore Makran accretionary prism is not easily accessible and therefore not well documented. In this thesis, I aim to understand the structure along the eastern and central iranian Makran. Therefore, I collected some structural data that I used to draw cross-sections and to estimate the shortening. Due to the safety situation in the area, I followed the outcrops located along the three main roads as indicated on Figure 1.22. A study on folds is provided in Appendix 3 of the thesis.

the deformation of the whole Makran wedge, and the role of the structural, mechanical and thermal inheritance on the short-term deformation.

The results are presented in the form of 3 papers and a concluding statement.

The first paper (Chapter 2) has been published in Earth and Planetary Science Letters Chapter 5 concludes the thesis by presenting its main findings (combining geodynamic, friction, and thermomechanical modellings), and proposes a long-term evolution of the whole Makran accretionary wedge and some perspectives. [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF] FIGURE 1.3: a: Labels 1-8 correspond to points in critical state from [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF]. b: Mechanical states of a wedge defined by the critical taper theory [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF], basal friction controls the envelope size [START_REF] Cubas | Relationship link between landward vergence in accretionary prisms and tsunami generation[END_REF][START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF] FIGURE 1.4: Limit analysis modeling was here used along a profile of the Mentawai region in Sumatra [START_REF] Kuncoro | Tsunamigenic potential due to frontal rupturing in the sumatra locked zone[END_REF]. The authors found that a µ ≤ 0.08 along the décollement was necessary to activate the pop-ups. c Normalized vertical virtual velocity field, d: minimal amount of slip expected by assuming the activation of three frontal pop-ups.

FIGURE 1.5: Key stages of an analogue model considering subduction with structural and lithological inheritances, (hence varying strength), and surface processes [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the alpine orogen: Analogue modeling insights[END_REF]. 2014)). Sections AB and CD illustrate the structural setting and relationships between the two main ophiolitic sequences from [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Published by journal of Earth and Planetary Science Letters (EPSL)

abstract

Western Makran is one of the few subduction zones left with a largely unconstrained seismogenic potential. According to the sparse GPS stations, the subduction is accumulating some strain to be released during future earthquakes. To enhance the seismic hazard assessment, we here propose to study the finite deformation of the western Makran accretionary wedge. Mechanical modelling is used to retrieve the spatial variations of the frictional properties of the megathrust, and discuss its seismogenic potential. To do so, we first build a structural map along the Iranian part of the Oman Sea and investigate three N-S seismic profiles. The profiles are characterized by a long imbricated thrust zone that takes place at the front of the wedge. A diapiric zone of shallow origin lies in between the imbricated zone and the shore. Along the eastern and western shores, active listric normal faults seem to root down to the megathrust.

Eastern and western domains have developed similar deformation, with three zones of active

Chapter 2 32 faulting: the normal faults on shore, thrusts ahead of the mud diapirs, and the frontal thrusts.

On the contrary, no normal faults are identified along the central domain, where a seamount is entering into subduction. Two mechanical analyses are performed to retrieve the frictional properties of the megathrust. We first apply the critical taper theory to constrain the pore fluid pressure of the wedge. We then apply the limit analysis on two selected profiles. Along the eastern profile, a transition from very low to extremely low friction is required to activate the large coastal normal fault (µ e f f deep = 0.01-0.06, µ e f f middle = 0.003-0.012). To propagate the deformation to the front, an increase of friction along the imbricated zone is necessary (µ e f f f ront = 0.017 -0.031). The method could not be applied on the incomplete western profile. However, since the deformation is similar to the eastern profile, the same transitions of friction are expected. The Central domain is also characterized by very low effective friction;but, the absence of normal fault does not allow to evidence any frictional transition.

Since dynamic effective friction coefficients are significantly lower than frictions at slow slip rate, the region of extremely low friction between the normal fault and the imbricated zone might reveal the location of a seismic asperity. The difference in deformation along strike would thus reveal the existence of two different asperities, one along the eastern domain and a second along the western domain. Since no earthquake have occurred in the region for, at least, the last 1000 years, an event of large magnitude may strike the Iranian Makran, in particular the Eastern domain.

keyword: Makran, Seismic hazard, Frictional properties, Mechanical modelling

Introduction

The 1000 km long Makran is one of the few subduction zones left with a largely unconstrained seismogenic potential. The region indeed lacks historical records due to the sparsity of past settled population and is still poorly instrumented. However, the development of Chabahar and Gwadar Ports, and the risk of potential tsunamis for the region calls for a better hazard assessment. Along the Pakistani side, only three significant events in 1756, 1851 and 1945 have been reported [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]. The last one, with an estimated magnitude of Mw 8.1, is the only major event instrumentally recorded so far [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF] 

(Figure 2.1a).
Along the Iranian side, one major event dated back to 1483 could be linked to the subduction [START_REF] Ambraseys | A history of persian earthquakes cambridge university press[END_REF], but its location and date are strongly debated [START_REF] Musson | Subduction in the western makran: the historian's contribution[END_REF].

Recent geodetic and InSAR studies have shown that some accumulation of elastic strain along the plate interface is required to explain the velocity profiles on both the Pakistani and Iranian sides [START_REF] Frohling | Gps constraints on interplate locking within the makran subduction zone[END_REF][START_REF] Lin | High interseismic coupling in the eastern makran (pakistan) subduction zone[END_REF][START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF] (Figure 2.1b). All studies proposed a relatively strong coupling along eastern Makran (where the 1945 earthquake occurred), a decrease along the central part, and a possible increase westward. However, due Chapter 2 33 to the sparsity of stations, large trench-coast distance, and limited constraints on slab dip, these studies were unable to constrain neither the along-dip nor the along-strike extent of possible coupled zones e.g., [START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF].

The Makran subduction zone is famous for its impressive ∼7.5 km thick and 400 km wide accretionary prism, half of it sub-aerial [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF]. Large accretionary prisms have often been considered of limited seismic and tsunamigenic risk because of the rate-strengthening nature of their unconsolidated sediments [START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF][START_REF] Scholz | Earthquakes and friction laws[END_REF]. This classical view, the particular dimension of the Makran prism, and the lack of historical earthquake led many authors to disregard the seismogenic potential of the area. However, the idea of limited extent of earthquakes to accretionary prisms was strongly challenged by the 2011 Mw 9.0 Tohoku-Oki and the 2004 Mw 9.0 Sumatra Andaman events e.g., [START_REF] Loveless | Spatial correlation of interseismic coupling and coseismic rupture extent of the 2011 mw= 9.0 tohoku-oki earthquake[END_REF].

According to heat flow measurements and modelling e.g., [START_REF] Gao | Strength of stick-slip and creeping subduction megathrusts from heat flow observations[END_REF], lab experiments e.g., [START_REF] Toro | Fault lubrication during earthquakes[END_REF], drilling e.g., [START_REF] Fulton | Low coseismic friction on the tohoku-oki fault determined from temperature measurements[END_REF] or structural studies e.g., (Cubas et al., 2013a,b), megathrust effective friction appears to differ significantly between aseismic or seismic areas. Megathrusts undergoing mostly aseismic deformation are indeed characterized by intermediate values of effective friction (µ ≥ 0.1), whereas lower effective (or apparent) friction is found where major earthquakes occur (µ ∼ 0.01-0.03) [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF][START_REF] Gao | Strength of stick-slip and creeping subduction megathrusts from heat flow observations[END_REF]. Such differences in effective friction are significant enough to produce wedge segments with varying morphologies and deformation patterns. For instance, a wedge characterized by aseismic slip and thus intermediate friction along the megathrust will reach more easily its critical state generating internal deformation e.g., [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF]. On the contrary, seismic asperities characterized by very low effective friction coefficients are expected to construct a stable wedge, impeding any internal deformation [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF]. Moreover, the transition of effective friction coefficients from aseismic to seismic asperities can also induce activation of splay faults (Cubas et al., 2013a). As a consequence, the deformation observed in the continental wedge brings information on the mechanical behavior of the megathrust [START_REF] Cubas | Relationship link between landward vergence in accretionary prisms and tsunami generation[END_REF].

The Western Makran accretionary prism appears as an ideal candidate to study and link the finite deformation with spatial variations of megathrust frictional properties and seismic behavior. We here propose to take advantage of seismic profiles released by NIOC along the whole Iranian side to improve the assessment of seismic and tsunamigenic hazards of the region. We first present a brief seismo-tectonic description of the region before describing selected seismic lines. We then conduct a mechanical study to retrieve the spatial variation of the frictional properties of the megathrust. Seismic and tsunamigenic hazards are finally discussed in the last section. Chapter 2 35

Seismo-tectonic setting

The Makran subduction, which started during Early Cretaceous, is located in between two major collisional zones, Zagros to the West, and Himalaya to the East [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Transitions to collisional domains are accommodated by two major strike-slip systems, the Ornach Nal fault to the East, and the Minab-Zendan fault to the West (Figure 2.1). Current motions recalculated from seafloor spreading rates and fault azimuths for the major plates show comparable along strike convergence rates increasing slightly from 35.5 -36.5 The Makran accretionary wedge is about 400 km wide, two-thirds of it being located onshore to the North. A narrow (few kilometers wide) coastal belt along which normal faults and mud volcanoes are prominent separates the on-and off-shore parts e.g., [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Von Rad | Gas and fluid venting at the makran accretionary wedge off pakistan[END_REF]. On its eastern side, the Makran accretionary prism accumulates up to 7.5 km of incoming sediments [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF], brought by the Indus river and erosional portions of the growing prism. The incoming sediments consist of 3 km of Makran sands that are derived from the North [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF]. They unconformably overlie 4 km of Himalayan turbidites derived from the Indus fan to the East [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF]. There are no major river system providing sediment input to the Oman Sea from Iran. Hence, the amount of sediments decreases to the West. In the present deep-water areas, sediments older than Lower to Middle Miocene are subducted together with the oceanic crust, and the younger sediments above the décollement zone are thrusted and accreted [START_REF] Smith | The structure and fault activity of the makran accretionary prism[END_REF].

Mud volcanoes have been reported both on-and off-shore along the Makran accretionary wedge e.g., [START_REF] Delisle | Active mud volcanoes on-and offshore eastern makran, pakistan[END_REF][START_REF] Kassi | Lithostratigraphy, petrology and sedimentary facies of the late cretaceous-palaeocene ispikan group, southwestern makran, pakistan[END_REF]. Mud volcanoes onshore appear to be associated with E-W-trending fault zones [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF] and sourced from the Upper Miocene Parkini mudstones [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF]. Active mud volcanoes are present and pictured on offshore seismic profiles all along and near (within a few kilometers) the coast from West e.g., [START_REF] Delisle | Active mud volcanoes on-and offshore eastern makran, pakistan[END_REF] to East, into Pakistan e.g., [START_REF] Kassi | Lithostratigraphy, petrology and sedimentary facies of the late cretaceous-palaeocene ispikan group, southwestern makran, pakistan[END_REF]. The extruded very lowviscosity muds are cold, with near-ambient temperatures with few degrees variation e.g., [START_REF] Delisle | Active mud volcanoes on-and offshore eastern makran, pakistan[END_REF]. Traces of heavier hydrocarbons and isotopic compositions indicate gas generation from thermally mature source rocks. Fossils collected in erupted mud suggest a Middle Miocene over-pressured shale source [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF].

Elevated marine terraces along the Makran coast indicate Quaternary surface uplift [START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF]. The uplift rate derived from Uranium series on shell sand and 14C chronology, which yields minimum ages, has been estimated from 0 -0.2 mm/yr (western) to 0.5 -2 mm/yr (eastern Makran) [START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF][START_REF] Reyss | Quaternary marine terraces and tectonic uplift rates on the south coast of iran[END_REF]. Some studies have proposed that the Chapter 2 36 2 m of coastal uplift during the Holocene along the Iranian side is associated with a large ancient earthquake e.g., [START_REF] Ambraseys | A history of persian earthquakes cambridge university press[END_REF][START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF]. However, there is not enough evidence to indicate that large earthquakes have occurred in the last 1000 yr.

The Makran region is not characterized by a high seismic activity (Figure 2.1a). The eastern part of the subduction zone has been proposed as more seismically active than the western segment (e. g., 1765, 1851, and 1945 earthquakes), which is in good accordance with the occurrence of the 1945 Mw 8.1 earthquake [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]. According to thermal modelling, eastern

Makran may have a wide seismogenic zone [START_REF] Smith | Thermal structure and megathrust seismogenic potential of the makran subduction zone[END_REF]. In contrast, only one major event was proposed for the western part, supposed to have occurred in 1483, with an inferred magnitude of 8.0 [START_REF] Ambraseys | A history of persian earthquakes cambridge university press[END_REF][START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]. However, available oral records for this event are few and they are unable to certify the location along the subduction zone and the precise date. [START_REF] Musson | Subduction in the western makran: the historian's contribution[END_REF] mentioned it was located in the Straight of Hormuz and probably not on the subduction megathrust itself.

Few studies have tried to estimate the interseismic coupling [START_REF] Frohling | Gps constraints on interplate locking within the makran subduction zone[END_REF][START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF]. [START_REF] Frohling | Gps constraints on interplate locking within the makran subduction zone[END_REF] proposed a depth of locking of 38 km from the modelling of GPS velocities. [START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF] tried to retrieve coupling with better constrained slab dips. This study (with 17 stations among which 7 GPS stations along the coast distributed over 1000 km long) was only able to propose partial coupling along two profiles, one at 58 o E, the second at 60.5 o E. The authors found faster velocities along the eastern profile.

They admitted that while precise geometry of locking could not be resolved with current data, the decrease of velocity towards the coast implied that some elastic energy must accumulate along the wedge.

Data acquisition and processing

The study area is located offshore, with seismic profiles gathered under auspices of NIOC (National Iranian Oil Company) in 2000 using conventional marine 2D seismic methodology. These are part of the PC2000 project covering both the Persian Gulf and the Oman Sea. The project comprises a seismic grid of 4x4 km in the west and 8x8 km in the central and eastern domains (Suppl. Mat. S1). The grid covers most of the seismic acquisition area, except in the deepest water areas towards the abyssal plain to the South.

Two phases of acquisition were conducted by seismic vessel Bin Hai 517, with basic acquisition parameters (recording length 8192 ms, fold of coverage 120, cable length 6000 m, [START_REF] Skarpnes | Nioc-statoil joint exploration study oman sea[END_REF]). A last phase was recorded using seismic vessel Pejwak, with basic acquisition parameters (recording length 20480 ms, fold of coverage (nominal fold) 90, cable length 7200 m). Four lines were recorded in 20 seconds record length, although only two of them extend across the prism and deformation front. We also had access from NIOC to one onshore well located in Iran (black star, Figure 2.1). All steps of the conventional processing work flow such as demultipling, denoising, and prestack time migration (PSTM) have been applied to available data. The post-stack processing flow includes FX deconvolution and AGC (Automatic gain control). We here present three of these NS profiles orthogonal to the trench, located on the eastern, central and western part of the Iranian Makran. All seismic lines were interpreted in order to generate a structural map and to identify different structural provinces (Figure 2.1). In this study, the only source for depth conversion of seismic sections are seismic velocities. For proper integration of seismic velocities in a velocity model, we built a pseudo-3D velocity cube along each of our selected profiles to account for structural complexities in the velocity model processing (Figure Suppl. Mat. S1). The velocity model was obtained from the extrapolation of average velocities derived from seismic processing velocity data using Dix equation [START_REF] Dix | Seismic prospecting for oil[END_REF]. Depth conversion using interval velocities has also been tested. However, due to structural complexity, presence of shale diapirs and significant lateral variations of velocities within the wedge [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF], this method did not provide results in good agreement with structures. Results obtained from average velocities for the three selected profiles are discussed in the following sections.

Seismic data interpretation 2.5.1 Structural analysis

The Oman Sea Basin is characterized by a complex structure (i.e., several plate boundaries, numerous thrusts and transfer faults [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Smith | The structure and fault activity of the makran accretionary prism[END_REF]) making the interpretation of regional and deep horizons difficult. While several deep horizons can be interpreted within localized basins or sub-areas, their correlation into the next sub-basin is uncertain since they may be separated by a tectonic high, mud volcanoes, transfer faults and/or thrusts extending nearly to the seabed. Seismic horizons in the Oman Sea Basin were thus defined herein by screening all seismic lines and picking out potential correlations based on particularly strong reflectors, clear unconformities or other characteristics as the cross-cutting BSR horizon and the décollement. Profiles were further scrutinized whenever data quality allowed.

The wide continental wedge can be divided into three parts (Figures 2.1; 2.2; 2.4; 2.5): (1) the accretionary wedge, (2) the accreted mélange and (3) the forearc high. In western Makran, the accretionary wedge consists of a series of fold/thrust ridges separated by small piggy-back basins. A Bottom Simulating Reflector is caused by small amounts of free gas trapped below the sealing gas hydrate layer that cross-cuts seismic reflectors. The horizon runs parallel to the seabed (Figures 2.2; 2.4) and is observed on nearly all seismic lines, for water depths greater than 1300 m. The accreted mélange is a complex structure, where nearly no primary bedding is preserved and no major structure is observed [START_REF] Mokhtari | Structural elements of the makran region, oman sea and their potential relevance to tsunamigenisis[END_REF]. In general, the accreted mélange has a diapiric character along the entire accretionary complex. Major seaward normal faults that seem to root down to the décollement and shallower ones are observed along the coast and the shelf on the eastern and western domains [START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF]. By cross-cutting lithologies, their age is estimated to be younger than Late Miocene [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF].

One onshore well is located on the Iranian side but does not intersect the seismic profiles (black star, figure 2.1). However, the well shows that a large thickness of young sediments is deposited close to shoreline, with a 4164 m drilled section and a total depth in Upper Miocene sediments. This well consists of silty shales and shaly sands, interbedded with thin sandstone intervals. Most of the published general stratigraphy is available from onshore Pakistan [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF]Ellouz-Zimmermann et al., 2007a;[START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF]. As mentioned above, the 7.5 km thick sediments [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF] consist of about 4 km of Himalayan Turbidites which have been interpreted as turbidites deposits and also as hemipelagic muds [START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF], and are equivalent to the Hoshab and Panjgur formations of onshore Makran. The Late Oligocene -Early Miocene Hoshab formation is composed of calcareous mudstones with intercalation

Chapter 2 39 of sandstones (Ellouz-Zimmermann et al., 2007a) and the Middle Miocene Panjgur formation [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF]) consists of thick bedded sandstone and conglomerates with thin bedded shale [START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF]. On top of the Himalayan Turbidites lies a 3 km unit of Makran Sands composed of sandstone and siltstone of possible age Late Miocene to Pliocene [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF]. This unit is alike the Parkini and Talar formations of onshore Makran [START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF]. The Quaternary hemipelagic sediments include a mixture of shelf and slope turbiditic sands, turbiditic silts or aeolian dust and, fluvial muds [START_REF] Prins | Controls on terrigenous sediment supply to the arabian sea during the late quaternary: the makran continental slope[END_REF] that are equivalent to the Chatti mudstone Ormara and Jivani formations [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF] (Figure 2.2b).

Eastern profile

The Eastern profile, located south of Chabahar, is the longest available seismic reflection profile, running over 140 km from the coast to the trench. The cross-section was first drawn in time (Figure 2.2) and then converted to depth (Figure 2.3). Water depth ranges from 0 m at the coastline to over 3300 m within the study area. There are 6.5-7 km of sediments deposited on the abyssal plain, with a total thickness of the sedimentary pile above the main basal décollement ranging between 7 and 11 km. The mud diapir is located between a large seaward normal fault and the imbricated zone. Due to the weak resolution of the seismic image in this area, its source layer is debatable. According to our interpretation and previous studies [START_REF] Ahmed | Tertiary geology of part of south makran, baluchistan, west pakistan[END_REF][START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Delisle | Active mud volcanoes on-and offshore eastern makran, pakistan[END_REF][START_REF] Kassi | Lithostratigraphy, petrology and sedimentary facies of the late cretaceous-palaeocene ispikan group, southwestern makran, pakistan[END_REF], it is most likely confined within a shallower and local décollement level. Due to the presence of shale and mud, the quality of the seismic data near the coast of the selected profile is quite poor. However, the comparison with surrounding lines allows us to root the seaward normal fault to the décollement (Figure Suppl. Mat. S3). The

Chapter 2 40 formation of these normal faults is probably related to the presence of deep duplexes [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF] visible on surrounding lines (Figure Suppl. Mat.

S4

), and to gravitational collapse (Yang et al., 2020). From tilting of recent sediments, fanning, wedge shaped growth packages of sediment and fault tip at surface, we identify three main locations of active faulting: (1) the large seaward normal fault, (2) some thrust faults ahead of the diapiric zone, and (3) the frontal thrusts.

To validate our structural interpretation, we restored the cross-section according to Dahlstrom (1969)'s method, based on the hypothesis that the length of beds remains constant during deformation in concentric folds. Cross-balancing was performed for the whole profile, excepted for the mud area where the volume conservation hypothesis does not hold (Figure Suppl. Mat.

S6).

The measured shortening from the deformation front to the northern tip of the section is of 65 km ± 10 km (32 ± 3 percent of the initial length).

Central profile

The total length of this cross-section is 122 km, excluding a 10 km gap located in the diapiric Along this Central profile and the surrounding lines, we observe an increased number of shale diapirs with a larger spatial distribution compared to the eastern section (Figure 2.1).

Moreover, unlike the eastern and western lines, we do not observe any evidence for major deep rooting normal faults (Figures Suppl. Mat. S3,S4).

The frontal thrusts and some thrusts located at the back of the imbricated zone are identified as active.

Balancing of the cross-section suggests a total shortening, from the deformation front to the diapiric zone (85 km of folded thrusts), of 50 ± 5 km (37 ± 2 percent of the initial length), i.e., 5 percent longer than in eastern section. The difference is most probably due to the presence of the seamount indentation causing a reentrant. 

Western profile

The 97 km long Western profile does not reach the trench (Figure 2.5). Water depth varies from 0 m to 1700 m to the southern end of the line. The profile is here again characterized by a large seaward normal fault that seem to root down to the décollement (Figure S3), a shale diapir zone, and the imbricated thrust zone. As along the eastern profile, we identify three main active fault zones: the seaward normal fault, thrusts ahead of the diapiric zone, and the frontal thrusts of the accretionary prism.

Seismic profiles allow proposing a structural map of the Iranian Oman sea with the following first-order characteristics: a long imbricated thrust zone takes place at the front of the wedge; a diapiric zone of shallow origin lies in between the imbricated zone and the shore; 

Mechanical modelling

In order to discuss the seismogenic potential of the megathrust, we propose to determine its frictional properties. Due to the high sedimentation rate, a high pore fluid pressure is expected in the sedimentary cover and needs to be estimated before running mechanical models. We thus conducted a two stage-analysis. First, we applied the critical taper theory over the entire area to confirm the location of active deformation, to constrain the pore fluid pressure of the wedge, and to provide a first estimate of the megathrust effective friction [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF][START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF]. Second, we applied the limit analysis approach, to get the along dip variation of the megathrust effective friction along the Eastern and Central profiles. Due to the seamount subduction, the décollement of the Central profile is quite rough, results are thus partial and presented in supplementary material (Suppl. Mat. S7). Since the Western profile does not reach the trench, the analysis could unfortunately not be carried out on this profile.

Critical taper map

We first explore the mechanical state and the frictional properties of western Makran with the help of the Critical Taper Theory (CTT) [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF][START_REF] Dahlen | Noncohesive critical coulomb wedges: An exact solution[END_REF]. This theory allows us to relate the general shape of a wedge formed by its topographic slope and the slab dip with the frictional properties of the wedge and megathrust. The relation forms an envelope separating three different mechanical states (Figure 2.6a): (1) a critical state, if the wedge follows the envelope. In that case, the megathrust and the wedge are on the verge of failure, implying active faulting within the wedge;

(2) a stable state, if the wedge is inside the envelope. At stable state, the whole wedge slides along its megathrust without producing any internal permanent deformation;

(3) unstable state, if the wedge is outside the envelope and cannot slide along its megathrust. Frictional properties can only be estimated if the wedge is at critical state and follows a critical envelop, which implies a co-variation of the topographic slope and slab dip. Following the method of [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF], we used ETOPO 1 for the bathymetric and topographic slope. The slab morphology could not be calculated from the full seismic data set because of partial coverage. We thus used slab 2.0 [START_REF] Hayes | Slab2, a comprehensive subduction zone geometry model[END_REF], after checking its consistency with the Eastern profile. We plotted cross-sections perpendicular to the trench and constructed swath profiles to get the co-variation of the topographic slope and slab dip with standard deviations for the inversion procedure (Figure 2.6b). Along these profiles, we looked for segments at critical state, i.e., parallel to a critical envelop (Figure 2.6a, b). For each of these segments, we retrieved by inversion the friction of the wedge, the pore pressure ratio of the wedge and the effective friction coefficient of the megathrust (Figure 2.6c, d). Effective friction coefficients are defined as µ e f f = tan φ e f f = (1λ ) tan φ , where λ is the Hubbert-Rubbey fluid pressure ratio [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF].

The slab morphology given by slab 2.0 is partly made of straight segments with kinks complicating the application of the method. However, although the errors on the slab geometry can affect the deduced effective frictions, the critical state usually remains valid for a large range of slab dip values [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF]. Along the Eastern profile, we found a µ e f f of 0.1 in front of the mud diapirs, and an internal pore fluid pressure ratio of λ =0.6.

Since this theory only provides effective friction of critical areas and since this coefficient might be biased by the slab geometry, we then look for the frictional properties allowing to reproduce the actual deformation with a complementary mechanical approach.

Spatial variation of frictional properties from mechanical modelling

To do so, we rely on the limit analysis method [START_REF] Chandrasekharaiah | Continuum mechanics[END_REF][START_REF] Salençon | De l'élasto-plasticité au calcul à la rupture[END_REF], which is based on the principle of virtual powers and the theorem of maximum rock strength [START_REF] Maillot | Kink-fold onset and development based on the maximum strength theorem[END_REF]. In this study, the Coulomb criterion is used for maximum rock strength. The principle of virtual power consists in studying the collapse mechanisms, in our study faults, by applying a virtual displacement over the structure. The method investigates all possible distribution of faults as a function of the mechanical properties and selects the optimal one minimizing the tectonic pushing force. Since deformation is obtained from the chosen mechanical properties (such as frictions and cohesions), if deformation is known, the frictional parameters can be retrieved by inversion. This approach has already been applied to constrain megathrust friction (Cubas et al., 2013a,b;[START_REF] Kuncoro | Tsunamigenic potential due to frontal rupturing in the sumatra locked zone[END_REF].

For this study, we used the Optum-G2 software (Optum G2, 2013). To model the Eastern profile, we used the geometry obtained from the depth conversion (Figure 2.3). Typical value of cohesions and internal frictions were chosen to reproduce the stratigraphy, composed of the Makran Sands formed by interbeds with different percentages of sandstone and siltstone, the Himalayan turbidites, a shale level for the décollement, and a basaltic basement (Figure 2.7a) [START_REF] Byerlee | Friction of rocks[END_REF]. Since the Optum software does not deal with over-pressure, we used effective friction coefficients, considering a wedge pore fluid ratio of λ = 0.6 as inferred from the CTT. To retrieve the effective friction coefficient along the megathrust, we searched for the range of values reproducing the observed deformation, i.e., the seaward normal fault rooting on the megathrust, the first thrusts located ahead of the mud diapirs and the thrusts at the toe.
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To activate the entire megathrust and fit the observed deformation, three segments are needed, hereafter named frontal, middle and deep décollement (Figure 2.7). Although deformation might be sequential at very short-time scale, the displacement of the middle and frontal segments is generated by the displacement of the deepest segment. Hence, the deformation of one segment can not be modelled independently of the others. All possible effective frictions along these three segments were investigated, which led to seven different kinematics described in figure 2.8a. Kinematics g captures the observed active faults, and we now discuss the range of frictions obtained.

First of all, simulations indicate that a very low effective friction coefficient is required to activate the entire megathrust (Figure 2.8b). However, to activate the normal fault, a decrease of friction from the deep segment to the middle one is necessary (Figures 2.8b, 2.7). To activate the out-of-sequence thrusts and propagate the deformation to the front, an increase of friction along the frontal segment is necessary. As a consequence, the effective friction of the middle décollement has to be lower than the deep and frontal segments. Only a limited range of effective frictions can reproduce kinematics g (Figure 2.8a and b, Table 1). For λ = 0.6, along the middle décollement, the effective friction can vary from µ e f f Middle = 0.003 to 0.012, with higher effective friction coefficients along the deeper and shallow segments as given in Table 1.

Deep

Middle (lower bound) Front φ e f f 0.8 -3. To strengthen our analysis, we also tested different pore fluid pressure ratios and a lower slab dip (λ = 0.7, β = 2 o , Figure 2.8C) (a larger slab dip is inconsistent according to crossbalanced reconstruction). Again, the effective friction of the middle décollement needs to be lower than the deep and frontal segments.

This result is consistent with the critical taper theory. The middle segment, with a normal fault at the back and thrusts ahead should be on the verge of extensional critical limit, whereas the frontal segment with only thrust faults is at or close to the compressional critical state. For similar α and β , this change of state can only be achieved with lower effective friction along the middle segment.

The same procedure was applied to the Central profile ( might not be captured with this approach. For the middle segment, we again found very low effective friction coefficients, ranging from 0.1 o to 2 o (µ e f f middle = 0.002-0.034).

Discussion -Conclusion

According to the structural analysis, western Makran can be separated in three different struc- To reproduce the deformation of the Eastern profile, an extremely low effective friction is required between the seaward normal fault and the back of the imbricated thrust zone. A decrease of effective friction is needed to activate the normal fault, whereas an increase is required to propagate deformation to the trench. Along the Central profile, an extremely low friction is also requiblue along the middle segment of the décollement. Although the method could not be applied to the partial Western profile, the fact that deformation resembles that of the Eastern profile suggests similar transitions of mechanical properties.

The very low and extremely low effective frictions are most probably explained by near lithostatic pore fluid pressures. Low effective frictions have also been proposed along the Pakistani side of Makran [START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF][START_REF] Smith | The structure and fault activity of the makran accretionary prism[END_REF], hence high pore pressures are probably a common trend over the whole subduction zone due to the extremely high sedimentation rate. However, these lithostatic pore fluid pressures can either be a long-term or transient feature. Indeed, the inferred effective frictions are the frictions necessary to reproduce the deformation. As a consequence, if deformation is aseismic, these frictions would represent the effective friction at slow slip rate and the pore fluid pressure would be a long-term feature.

If deformation is acquired during earthquakes or very shortly after, then the retrieved effective megathrust friction would correspond to the dynamic friction. In that case, a already high pore fluid pressure related to the sedimentation rate could reach even larger values due to additional dehydration processes and thermal-pressurization acting during the propagation of earthquakes [START_REF] Brantut | Fast slip with inhibited temperature rise due to mineral dehydration: Evidence from experiments on gypsum[END_REF][START_REF] Faulkner | Stuck in the mud? earthquake nucleation and propagation through accretionary forearcs[END_REF].

Considering that GPS data show some accumulation of elastic strain [START_REF] Frohling | Gps constraints on interplate locking within the makran subduction zone[END_REF][START_REF] Lin | High interseismic coupling in the eastern makran (pakistan) subduction zone[END_REF][START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF] and that dynamic effective friction coefficients are

Chapter 2 49 lower than friction coefficients of slow slip rate e.g., [START_REF] Gao | Strength of stick-slip and creeping subduction megathrusts from heat flow observations[END_REF], this extremely low friction may reflect dynamic weakening and the presence of a seismic asperity.

Splay faults branch upward from the plate boundary of subduction margins, and are common in most subduction zones e.g., [START_REF] Collot | Origin of a crustal splay fault and its relation to the seismogenic zone and underplating at the erosional north ecuadorsouth colombia oceanic margin[END_REF][START_REF] Melnick | Splay fault slip during the m w 8.8 2010 maule chile earthquake[END_REF]. Their high tsunamigenic potential due to their rupture during mega-earthquakes has been discussed in many mega-tsunami events. A particular relationship between normal and splay faults with seismic asperities has been observed during some recent major events. For instance, during the 2010 Mw 8.7 Maule earthquake, a backthrust splay fault located up-dip of the high slip patch has been activated leading to a significant uplift of the Santa Maria island [START_REF] Melnick | Splay fault slip during the m w 8.8 2010 maule chile earthquake[END_REF].

Two weeks after the main shock, two normal-faulting aftershocks occurred along the down-dip limit of the high slip patch [START_REF] Farías | Crustal extensional faulting triggered by the 2010 chilean earthquake: The pichilemu seismic sequence[END_REF]. A seaward normal fault rooting down to the megathrust was highlighted by crustal seismicity. During the 2011 Mw 9.0 Tohoku-Oki earthquake, a landward normal fault was activated at the transition between the high and the moderate slip patches [START_REF] Tsuji | Potential tsunamigenic faults of the 2011 off the pacific coast of tohoku earthquake[END_REF]. Moreover, the Tohoku-Oki earthquake was followed by a shallow normal-faulting earthquake sequence located along the Pacific coast, in a compressional domain [START_REF] Imanishi | Unusual shallow normal-faulting earthquake sequence in compressional northeast japan activated after the 2011 off the pacific coast of tohoku earthquake[END_REF]). An active crustal-scale normal fault system that dips landward and resembles the one involved in the Tohoku-oki earthquake as also been identified along the Shumagin Gap in Alaska, and has been associated to a high tsunamigenic risk [START_REF] Bécel | Tsunamigenic structures in a creeping section of the alaska subduction zone[END_REF]. The activation of these normal faults has been related to variations of effective friction along the megathrust from seismogenic to aseismic portions of the megathrust (Cubas et al., 2013a,b) and to the release of gravitational potential energy (McKenzie and Jackson, 2012).

According to [START_REF] Mckenzie | Tsunami earthquake generation by the release of gravitational potential energy[END_REF], earthquakes would not only release elastic energy stored during the interseismic period, but also gravitational potential energy due to the sudden and strong decrease of the megathrust friction.

These splay fault examples thus support our interpretation: the extremely low friction between the normal fault and the out-of sequence thrusts of the imbricated zone would thus correspond to dynamic frictions reached during earthquake propagation, leading to the release of gravitational potential energy and the activation of the listric normal faults, and possibly of the out-of-sequence thrusts.

Therefore, the slip deficit, the deformation and frictions along the megathrust are all pointing to the presence of at least two seismic asperities located in between the listric normal faults and the out-of-sequence thrusts, one along the eastern domain and a second along the western domain (Figure 2.9).

The behavior of the Central domain is more difficult to predict. The same low effective friction coefficient is consistent with a seismic asperity. However, frictional transitions are uncertain due to the lack of normal faults and more complex deformation at the front induced by the seamount. This absence can be interpreted in two ways: either the lack of normal faults is Several studies have also proposed that some continental wedge structures could attest to the propagation of earthquakes to the surface as landward vergence thrusts [START_REF] Cubas | Relationship link between landward vergence in accretionary prisms and tsunami generation[END_REF][START_REF] Gulick | Updip rupture of the 2004 sumatra earthquake extended by thick indurated sediments[END_REF]. Along western Makran, however, the prism is made of regular seaward thrusts that do not show any evidence for such propagation. Tsunamigenic hazard is thus probably limited to the identified normal faults and the out-of-sequence thrusts (McKenzie and Jackson, 2012).

Similar features along Pakistani Makran support our interpretation. Eastern Makran is also characterized by a 70 km long imbricated zone made of regular seaward thrusts [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF][START_REF] Smith | The structure and fault activity of the makran accretionary prism[END_REF], followed by a flat mid-slope terrace [START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF]. The frontal wedge is characterized by a low taper suggesting some overpressure [START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF][START_REF] Smith | The structure and fault activity of the makran accretionary prism[END_REF]. The three last major earthquakes, including the 1945 Mw 8.1, that struck Eastern Makran have a similar along-dip extent as our proposed asperities:

from the coastal region to the rear of the imbricated zone at the change of slope. [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]) (Figure 2.9). Based on 2D thermal modelling and assuming uniform coupling between the 150 • and 350 • isotherms depths, [START_REF] Smith | Thermal structure and megathrust seismogenic potential of the makran subduction zone[END_REF] have proposed a potentially wide seismogenic zone extending from the trench up to ∼350 km (60 km depth). However, this along-dip extent is not supported by InSAR observations, suggesting a high to moderate coupling down to 20 km depth (180 km from the trench), coincident with the down-dip limit of the 1945 earthquake, followed by a strong decrease with depth. The authors also detected lateral variations of coupling revealing a possible along-strike segmentation [START_REF] Lin | High interseismic coupling in the eastern makran (pakistan) subduction zone[END_REF].

Therefore, along Western Makran where no large earthquake has been historically reported despite the high convergence rate, a major event has to be expected. We suggest that the magnitude of this event will depend on the mechanical behavior of the Central domain, and the ability of 

Abstract

The local topographic slope of the accretionary prism is often used together with the critical taper theory to determine the effective friction on subduction megathrust. In this context, extremely small topographic slopes associated with extremely low effective basal friction (µ ≤ 0.05) can be interpreted either as seismically locked portions of megathrust, which deforms episodically at dynamic slip rates or as a viscously creeping décollement. Existing mechanical models of the long-term evolution of accretionary prism, sandbox models, and numerical simulations alike, generally do not account for heat conservation nor for temperature dependant rheological transitions. Here, we solve for advection-diffusion of heat with imposed constant heat flow at the base of the model domain. This allows the temperature to increase with burial, and therefore to capture how the brittle-ductile transition and dehydration reactions within the décollement affect the dynamic of the accretionary prism and its topography. We investigate the effect of basal heat flow, shear heating, thermal blanketing by sediments, the thickness of the incoming sediments. We find that while reduction of the friction during dewatering reactions result as expected in a flat segment often in the fore-arc, the brittle-ductile transition result unexpectedly in a local increase of topographic slope by decreasing internal friction. We show that this counter-intuitive backproduct of the numerical simulation can be explained and by the onset of internal ductile deformation in between the active thrusts. Our models, therefore, imply significant viscous deformation of sediments above a brittle décollement, at geological rates, and we discuss its consequences in term of interpretation of coupling ratios at subduction megathrust.

We also find that, with increasing burial and ductile deformation, the internal brittle deformation tends to be accommodated by backthrusts until the basal temperature becomes sufficient to form a viscous channel, parallel to the décollement, which serves as root to a major splay fault and its back-thrust and delimits a region with small topographic slope. Morphologic resemblances of the brittle-ductile and ductile segments with fore-arc high and fore-arc basins of accretionary active margins respectively allow us to propose an alternative metamorphic origin of the fore-arc crust in this context.

Introduction

Several studies have suggested a link between the morphology of fore-arc wedges and the seismic behavior of megathrusts, showing a correlation between large subduction earthquakes and fore-arc basins or deep-sea terraces [START_REF] Wells | Basincentered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion?[END_REF] or with negative free-air gravity anomalies [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF][START_REF] Wells | Basincentered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion?[END_REF].

Fore-arc wedges are to the first order well described by the critical taper theory (CTT) [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF]. This theory assumes that wedges are built by accretion of material equivalent to sand pushed by a moving bulldozer over a frictional basal décollement.

This theory has been very successful in describing the equilibrium morphology of wedges in response to accretion and as a function of its effective internal and basal frictional strength [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF].

The relationship between the fore-arc wedge morphology and the seismogenic behavior has been attributed to spatial variations of basal shear strength [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF] and fore-arc basins are generally associated with an extremely low effective friction within the seismogenic zone (µ ≤ 0.05) [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF][START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF], which is also supported by heat flow measurements and thermal modeling [START_REF] Gao | Strength of stick-slip and creeping subduction megathrusts from heat flow observations[END_REF].

The effective friction µ e f f = τ * /(σ n ) is the ratio of the effective shear stress τ * to the normal stress σ n acting on a specific plane. Effective shear stress is the shear stress τ corrected from isotropic fluid pressure contribution P f following τ * = τ -P f [START_REF] Terzaghi | Erdbaumechanik auf bodenphysikalischer Grundlage[END_REF]. Effective friction differs from the internal friction of rocks µ = τ/σ n , which is constant for most geological material except mineralogical clays [START_REF] Byerlee | Friction of rocks[END_REF]. Clay minerals are phyllosilicate-hydrated and their stability field is mainly controlled by temperature. Prograde metamorphic reactions that affect clay minerals release water in the system, which is suspected to raise fluid pressure Chapter 3 59 and diminish effective friction. Clay contents, their nature, and their evolution during accretion may therefore affect the effective friction of the décollement as a function of temperature history.

Several studies have related the depth-dependence of subduction megathrust seismicity to the diagenetic transformation of smectite to illite, two clay minerals [START_REF] Hyndman | Thermal constraints on the seismogenic portion of the southwestern japan subduction thrust[END_REF][START_REF] Moore | Updip limit of the seismogenic zone beneath the accretionary prism of southwest japan: An effect of diagenetic to low-grade metamorphic processes and increasing effective stress[END_REF][START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF][START_REF] Vrolijk | On the mechanical role of smectite in subduction zones[END_REF].

This transition appears at ∼2.5 -5 km depth or 100-150 o C temperature threshold in clayrich accretionary complexes [START_REF] Hyndman | Thermal constraints on the seismogenic portion of the southwestern japan subduction thrust[END_REF][START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF][START_REF] Pytte | The thermal transformation of smectite to illite[END_REF], and could account for up to 80 percent of the excess in pore fluid pressure [START_REF] Bekins | Influence of kinetics on the smectite to illite transition in the barbados accretionary prism[END_REF][START_REF] Lanson | Diagenetic smectite-to-illite transition in clay-rich sediments: A reappraisal of x-ray diffraction results using the multispecimen method[END_REF] necessary to explain the low topographic slope of fore-arcs basins according to CTT. This transition is found to roughly correlate with the up-dip limit of the seismogenic zone [START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF]). Yet, the relationships between fore-arc basins and seismogenic zones do not work along all subduction zones [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF][START_REF] Wells | Basincentered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion?[END_REF].

An alternative explanation for the flat slope of fore-arc basins could be the presence of a weak viscous décollement. This hypothesis is supported by rock records in exhumed large accretionary complexes [START_REF] Chen | Basal accretion, a major mechanism for mountain building in taiwan revealed in rock thermal history[END_REF][START_REF] Raimbourg | Long-term evolution of an accretionary prism: The case study of the shimanto belt, kyushu, japan[END_REF], which show that the increase in temperature with burial permits to reach the brittle-ductile transition. Yet, this transition from solid (rate independent or rate weakening) versus fluid (rate hardening) friction is hard to parametrize within the CTT as it produces rate dependent effective friction and rate dependence is absent of CTT. Long-term models which include the tectonic and thermal structure inherited from building the fore-arc wedge are thus needed to explore alternative or reconciling explanations.

The evolution and distribution of long-term internal deformation of fore-arc wedges has been intensively studied by numerical models in two [START_REF] Buiter | Benchmarking numerical models of brittle thrust wedges[END_REF][START_REF] Burbidge | Numerical models of the evolution of accretionary wedges and fold-and-thrust belts using the distinct-element method[END_REF][START_REF] Miyakawa | Effect of increased shear stress along a plate boundary fault on the formation of an out-of-sequence thrust and a break in surface slope within an accretionary wedge, based on numerical simulations[END_REF][START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Simpson | Mechanics of non-critical fold-thrust belts based on finite element models[END_REF][START_REF] Stockmal | Mechanics of thin-skinned fold-and-thrust belts: Insights from numerical models[END_REF][START_REF] Strayer | A numerical model of deformation and fluid-flow in an evolving thrust wedge[END_REF] and three dimensions [START_REF] Braun | Structural evolution of a three-dimensional, finite-width crustal wedge[END_REF][START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF][START_REF] Ruh | High-resolution 3d numerical modeling of thrust wedges: Influence of décollement strength on transfer zones[END_REF] complementing analogue models (see [START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF] for a review). These models have covered the influence of many parameters such as the geometry e.g., [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Ruh | Crustal deformation dynamics and stress evolution during seamount subduction: High-resolution 3-d numerical modeling[END_REF][START_REF] Smit | Deformation of brittle-ductile thrust wedges in experiments and nature[END_REF], basal friction e.g., [START_REF] Burbidge | Numerical models of the evolution of accretionary wedges and fold-and-thrust belts using the distinct-element method[END_REF][START_REF] Colletta | Computerized x-ray tomography analysis of sandbox models: Examples of thin-skinned thrust systems[END_REF][START_REF] Cubas | Prediction of thrusting sequences in accretionary wedges[END_REF][START_REF] Nieuwland | Wedge equilibrium in fold-and-thrust belts: prediction of out-of-sequence thrusting based on sandbox experiments and natural examples[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF], surface processes e.g., [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the alpine orogen: Analogue modeling insights[END_REF][START_REF] Fillon | Syntectonic sedimentation effects on the growth of fold-and-thrust belts[END_REF][START_REF] Mary | Predicting orogenic wedge styles as a function of analogue erosion law and material softening[END_REF][START_REF] Simpson | Modelling interactions between fold-thrust belt deformation, foreland flexure and surface mass transport[END_REF][START_REF] Storti | Influence of syntectonic sedimentation on thrust wedges in analogue models[END_REF][START_REF] Willett | Rheological dependence of extension in wedge models of convergent orogens[END_REF], and the presence of viscous material along the décollement e.g., [START_REF] Borderie | Impact of an interbedded viscous décollement on the structural and kinematic coupling in fold-and-thrust belts: Insights from analogue modeling[END_REF][START_REF] Costa | Experimental insights on the geometry and kinematics of fold-and-thrust belts above weak, viscous evaporitic décollement[END_REF][START_REF] Pichot | Influence of synkinematic sedimentation in a thrust system with two decollement levels; analogue modelling[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Simpson | Cell invasion with proliferation mechanisms motivated by time-lapse data[END_REF][START_REF] Smit | Deformation of brittle-ductile thrust wedges in experiments and nature[END_REF]. Despite the large amount of published studies, none of them included the dependence of effective basal friction on temperature due to metamorphic reaction or brittle-ductile transition.

Chapter 3 60 Here, we study how the introduction of temperature evolution and its feedback on rock rheology generates deviations from CTT. For that purpose, we use a typical CTT set up (Figure 4.3) and we solve for the heat equation on the same domain with a constant heat flow boundary condition at the base, which corresponds to plate age, to allow the temperature to increase with burial. As this contribution focuses on the thermal effect, we also include shear heating and thermal blanketing of sediments. We present different series of 2D thermo-mechanical simulations which assess how the brittle-ductile and the smectite-illite transitions affect the topographic slope of an accretionary prism and its internal deformation. We briefly discuss the internal deformation and the morphology of the wedge and also its potential seismic behavior.

We, therefore, retrieve the spatial and temporal variation of the morphologies and deformation patterns and discuss their implications in terms of the fore-arc basin and fore-arc high genesis and nature.

Modelling Approach

Method

In order to model the long-term behavior of the accretionary prism, we use pTatin2d [START_REF] May | ptatin3d: High-performance methods for long-term lithospheric dynamics[END_REF][START_REF] May | A scalable, matrix-free multigrid preconditioner for finite element discretizations of heterogeneous stokes flow[END_REF], a code based on finite element method that employs an arbitrary Lagrangian-Eulerian (ALE) discretization together with the material point method to solve the conservation of momentum (Eq. 3.1), mass (Eq. 3.2) and energy (Eq. 3.3) for an incompressible fluid.

It allows solving thermo-mechanical problems. It has been widely used to model lithospheric scale long-term tectonic problems coupled to surface processes [START_REF] Jourdon | Impact of range-parallel sediment transport on 2d thermo-mechanical models of mountain belts: Application to the kyrgyz tien shan[END_REF][START_REF] Perron | Control of inherited accreted lithospheric heterogeneity on the architecture and the low, long-term subsidence rate of intracratonic basins[END_REF] and benchmarked with sandbox experiments [START_REF] Buiter | Benchmarking numerical models of brittle thrust wedges[END_REF]. 1.
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The code solves for velocity v and pressure P assuming conservation of momentum:

∇ • (2η ε) -∇P = ρg, (3.1) 
in an incompressible fluid assuming

∇ • v = 0, (3.2)
of nonlinear effective viscosity η and constant density ρ. ε is the strain rate tensor and g the gravity acceleration. Evolution of temperature T is obtained by solving the time ,t, dependent conservation of heat,

∂ T ∂t = ∇ • (κ∇T ) -v∇T + H ρCp . (3.
3)

The coefficients of Eq.3.3 are κ the thermal diffusivity, Cp the heat capacity, and H the heat production. We do not include radiogenic heat production in our simulation and

H = τ i j εi j = 2η(ε 2 xx + 2ε 2 xy + ε2 yy ) (3.4)
corresponds to the sole shear heating. The Stokes problem Eqs. 3.1 and 3.2 is solved using high order stable elements (Q 2 -P 1 ), while the heat equation Eq.3.3 is discretized on Q 1 elements.

Physical properties of rocks are computed on Lagrangian markers and projected to gauss points using constant value per element. Averaging of marker-defined coefficients within element is geometric for viscosity and algebraic for other properties. At every time step, the surface of the models, h, is smoothed according to the Culling diffusive erosion law,

∂ h ∂t = -∇ • (k∇h) (3.5)
with a diffusion coefficient k. Details on implementation of the surface process model in pTatin2d are to be found in [START_REF] Jourdon | Impact of range-parallel sediment transport on 2d thermo-mechanical models of mountain belts: Application to the kyrgyz tien shan[END_REF].

Rheological model

We use temperature and pressure-dependent nonlinear rheologies. Effective viscosity is evaluated on material points using first the Arrhenius flow law for dislocation creep,

η vis = A -1 n εII 1 n-1 exp Q + PV nRT (3.6)
written in term of the second invariant of the strain rate tensor εII . The activation volume is set to V = 8 × 10 -6 m 3 .mol -1 for all the lithologies, the other constants A, n, Q are listed for each 

η p = σ Y 2ε II . (3.9)
Finally, the friction angle φ and cohesion C decrease linearly with accumulation of strain in the brittle regime ε p from an initial friction φ 0 to a final friction φ ∞ (resp. C 0 and C ∞ for cohesion):

φ = φ 0 - ε p -ε min ε max -ε min (φ 0 -φ ∞ ) , (3.10) 
over a range of accumulated plastic strain varying from ε min = 0 to ε max = 0.5. This drop of friction and cohesion permits former faults to remain brittle where undeformed rocks creep viscously. The décollement is exempt from softening both to facilitate the comparison with CTT and because it is considered originally frictionally weak. Frictional parameters are listed together with viscous parameters, density, and thermal diffusivity in Table 3. 1. As all stokes solvers, pTatin2d also applies cut-off values on effective viscosity in order to maintain a reasonably well-conditioned system of equations. These are set to a minimum value η min = 10 16 Pa.s and a maximum value η max = 10 25 Pa.s. We made sure that the minimum is never reached to ensure that the frictional properties of the décollement reflect its extremely low friction.

Parameter Name Unit Sandstone a Shale b Sediment a A Pre-exponential factor MPa -n .s -1 6.8 × 10 -6 1.3 × 10 -67 6. [START_REF] Ranalli | Rheological stratification of the lithosphere[END_REF]) and b from [START_REF] Shea | Rheology and deformation mechanisms of an isotropic mica schist[END_REF]. * In models M13 to M15 the friction in the Shale is temperature dependent.
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Initial and Boundary Conditions

The model domain is 500 km long and its initial thickness is either 4 or 7.5 km (Figure 4.3).

It is constituted of 2 layers, a 500 m thick décollement modeled by shales, while the rest is modeled by sandstones/quartz. The domain is discretized with a mesh of 512×16 and 512×24

Q2 elements, for 4 and 7.5 km thickness, respectively. In the y-direction, two mesh elements are aligned with the initial décollement layer to better capture its interface and friction at small strain. The décollement material is considered as part of the domain, as such, we allow shales to be dragged in the rest of the model domain contrarily to frictional boundary conditions adopted to benchmark the code with sandbox experiments [START_REF] Buiter | Benchmarking numerical models of brittle thrust wedges[END_REF]. The shortening of the model is driven by a constant horizontal velocity v x = 4cm/yr applied both at the right and bottom boundaries. Above the décollement level, the left side of the domain is rigid. Within the 2 mesh elements of the left boundary which belongs to the décollement, a vertical velocity gradient is applied to ensure the continuity with the bottom boundary. The surface of the domain is modeled with a free surface above sea level (located 3 km above the top of the mechanical model, Figure 4.3), below sea level additional normal stress: on the vertical walls of the domain. As we assume no radiogenic heat production, the initial temperature in the domain is fixed to:

σ n = H w ρ w g (3.
T = T 0 -∇T b y (3.12)
consistently with the boundary conditions.

Post-processing

Models are named by a number within a bullet on the right of the panels. This number refers to Table 3.2 which contains all the specific parameters used for this realization of the model. For each simulation, we show the finite brittle strain in the rocks and the strain rate of the current state. The total strain (brittle and viscous) can be deduced from the geometry of the incoming sediments (grey and black originally horizontal).
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The finite strain figure displays the lithologies of rocks and the accumulated plastic strain on markers with a linear colormap. Markers with values of plastic strain ε p larger than 2 or 3 can be interpreted as being part of a fault. In order to better show the deformation, sandstone sequences have been colored with thin layers that have no physical existence. Sediment markers deposited by surface processes are colored by the time of deposition from brown to yellow colors. As the color palette for brittle strain would not show well in the sediments produced by the SPM, we actually do not plot the brittle strain on top of erosional products. However, they do deform in a brittle manner from the strain rate and as for incoming sedimentary rocks. The brittle/localized deformation in the sediments is outlined by the deformation of their bedding.

The current state figure displays whether the material is yielding plastically (blue) or deforms viscously (red). It is overlaid by green shades of the second invariant of strain rate to outline structures that are currently active by comparison to finite strain. A cut-off range from 5 ×10 -16 s -1 to 2 ×10 -14 s -1 is used for the post-processing. The actual values span a larger range. We also represent three isotherms (180, 300, and 450 o C) which have been chosen to correspond to the onset of viscous deformation in low strain islands, brittle-ductile transition for quartz at average strain-rate and completely ductile behavior. In the simulation with dehydration reactions, the 120 o C isotherm is added to locate the onset of the dehydration reaction. Finally, we represent the local slope with a color code at the top of the slice. Chapter 3
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Our aim is to provide the community with a first assessment of the topographic expression of the change in thermo-rheological regime with burial in an accretionary prism. We, therefore, have chosen a simple reference model which produces well defined thrust and back thrust, with a moderate amount of sedimentation. The effects of softening, basal friction, and basal slope on accretion have already been thoroughly studied e.g., [START_REF] Buiter | Benchmarking numerical models of brittle thrust wedges[END_REF][START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF][START_REF] Ruh | 3d effects of strain vs. velocity weakening on deformation patterns in accretionary wedges[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF].

Hence, we here concentrate on parameters that are known to affect the geotherm: basal heat flow (represented by basal thermal gradient ∇T b ), initial burial (H s ), coefficient of diffusion of the topography (erosion and sedimentation) (κ), and shear heating (SH) following the plan listed in Table 3.2. In all the experiments, thermal blanketing [START_REF] Jeffreys | The thermal effects of blanketing by sediments[END_REF][START_REF] Wangen | The blanketing effect in sedimentary basins[END_REF] is very roughly simulated by using a lower thermal diffusivity for sediments produced by the surface process model (see Table 3.1). As we do not simulate the compaction of sediments with burial, thermal insulation is probably over-estimated but it allows testing potential effects of sedimentation on the thermal state of the accretionary wedges. Looking at the internal part of the two accretionary prisms, the differences become of course more striking. In the case without thermal coupling (M0), deformation continues by pairing together more and more slices within sequences of thrust and back-thrust which root deeper and deeper as the accretionary prism thickens. The prolonged activity of these out-ofsequence thrusts and back thrust is best measured by the small out-of-sequence basins that form at their top, discordant on the older sediments. Very little exhumation occurs close to the backstop. In the case of thermal coupling, as soon as the 450 o C isotherm is reached, deformation becomes highly partitioned vertically. A thick layer at the base accommodates the simple shear and branches on main frontal thrusts which root at the brittle-ductile transition. The ductile material is exhumed along a normal fault that roots on the backstop. In between, the deformation in the brittle part is either very distributed or almost nonexistent as the strain rate remains below our visualization threshold.

Main Results

In the end, zooming out of these details and looking at the topographic slope, we can see that a brittle accretionary wedge displays a rather constant 4 o slope, as predicted by the CTT taking into account the softening parameter [START_REF] Ruh | 3d effects of strain vs. velocity weakening on deformation patterns in accretionary wedges[END_REF]. A mature brittle-ductile wedge forms three distinct segments that can be distinguished based on topographic slope. The back segment, close to the backstop where the décollement is viscous displays a rather low but non zero topographic slope. The third segment, at the toe where the wedge is purely brittle, displays a CTT predicted slope. In between, where both brittle and ductile deformation co-exist within the wedge while the décollement is still brittle, a central segment displays a distinctively larger topographic slope than predicted by CTT. We refer to that segment as the brittle-ductile transition segment of the wedge. As the shortening goes on, the temperature continues increasing at the back of the wedge due to burial. Between 5 and 10 Myr, the strain rate shows that the thickness of the décollement increases to reach 2 km. A normal fault forms near the backstop (which could be probably an inevitable boundary effect) and starts accommodating the exhumation of high metamorphic grade rocks, which deforms in a ductile manner. At the front of this wide ductile horizontal shear zone, which terminates right at the 300 o C isotherm, roots a system of low angle thrusts and high angle backthrusts which separates the warm distributed part of the wedge from the thrust dominated section of the wedge.

From 10 to 15 Myr, the warm part of the wedge grows in length and its topography flattens.

The vertical partitioning between simple shear at the base and pure shear at the top becomes evident. At the front of this ductile wedge, the transition zone, where thrusts and their backthrust roots directly in the ductile décollement near the 300 o C isotherm, develops giving rise to a distinctively larger slope than predicted by CTT. At the toe of the wedge, the slope remains constant and CTT compatible.

At 20 Myr, the overall architecture of the accretionary prism has not changed, the whole wedge is just shifted towards the right as the ductile part of the wedge has grown wider. One could state that the brittle-ductile wedge has reached some sort of steady state between 15 and 20 Myr. Rocks that are incorporated in the wedge start by rotating along with brittle thrust and maybe deforming in a pure brittle manner within the slice. In a second semi-brittle phase, internal viscous-ductile deformation affects the whole tectonic slices separated by brittle thrusts.

This phase of deformation corresponds to the moment at which the incoming sediments are incorporated to the second segment of the wedge where the topographic slope is larger than CTT predictions. Finally, depending on whether rocks were incorporated in the ramp or not, they go through passive rotation by distributed pure shear thickening associated with low temperature or intense ductile simple shear before being exhumed by the higher temperature.
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In conclusion, the large slope segment which corresponds to the brittle-ductile transition is acquired as soon as some viscous internal deformation occurs in between faults. The brittleductile wedge reaches a steady state when ductile deformation becomes predominant on the décollement that is for temperature greater than 450 o C. 1 and2 and color code for markers is given in Figure 3.2, 1:1 scale.

Sensitivity to shear heating, erosion and thickness of incoming sediments

Depending on the chosen thermal parameters, the three segments described above are more or less developed in our simulations. A major player in the development of the ductile flat part of the wedge associated with high grade metamorphic rock exhumation and formation of a forearc basin is the occurrence of shear heating.

Shear heating might be largely reduced by several factors and noteworthy enough the presence of water which reduces the ductile strength of the material or by thermal pressurization during earthquakes [START_REF] Lachenbruch | Heat flow and energetics of the san andreas fault zone[END_REF]Mase andSmith, 1984, 1987;[START_REF] Segall | Does shear heating of pore fluid contribute to earthquake nucleation[END_REF][START_REF] Sibson | Interactions between temperature and pore-fluid pressure during earthquake faulting and a mechanism for partial or total stress relief[END_REF]. [START_REF] Gao | Strength of stick-slip and creeping subduction megathrusts from heat flow observations[END_REF] actually showed that megathrusts that produce great earthquakes tend to dissipate less heat than megathrusts that slip mainly by creep.

Hence, our shear heating models give a maximum bound for the heat that could be produced in Chapter 3 70 the system. In order to study the other bound, we run some model with shear heating off which would correspond to a system where most slip is accommodated by earthquakes.

Results are clear, all models with shear heating (Figure 3.4) develop a large flat area because the shear at depth helps the temperature to rise above the 450 o C isotherm, which correlates with the formation of the topographic plateau where high grade metamorphic rocks are exhumed.

Models with no shear heating hardly develop a plateau and a normal fault to exhume high grade material at the back (Figure 3.5).

Actually, exhumation is reached under two conditions in our models, with large erosion coefficients, i.e. M4 and M6, and in presence of shear heating. The peak metamorphic temperature of rocks exhumed at the back-stop is compatible with thermochronometry studies in stationary accretionary prism like Taiwan [START_REF] Suppe | Mechanics of mountain building and metamorphism in taiwan[END_REF][START_REF] Willett | On steady states in mountain belts[END_REF]. Its samples are exhumed to the surface by rock uplift to compensate for the mass lost via erosion [START_REF] Fuller | A thermomechanical wedge model of taiwan constrained by fission-track thermochronometry[END_REF] and they have experienced temperatures in excess of 300-365 o C but below 440 o C e.g., [START_REF] Fuller | A thermomechanical wedge model of taiwan constrained by fission-track thermochronometry[END_REF][START_REF] Lo | Rejuvenation of kar systems for minerals in the taiwan mountain belt[END_REF]. 1 and2, 1:1 scale.

In absence of heat production and large vertical advective terms, the temperature is more or less proportional to the depth and thermal gradient in the models. Therefore, in experiments with thick sequences (M5 and M6 in Figure 3.5 and M7 and M8 in Figure 3.4) or in models with larger imposed basal gradient (M9, 10, 11, 12 in Figure 3.6), the brittle-ductile transition is reached earlier. As a result, the completely brittle part of the accretionary prism, located at the toe of the wedge, is less developed in models with a larger pile of incoming sediments and in Chapter 3 72 models with a larger thermal gradient. The local slope in these models is always larger than the CTT predicted one and back-thrust appear earlier in the history of deformation.

Effect of Dehydration reactions

We now report some models which intend to tackle the effect of fluid over pressure due to dehydration of shale materials which potentially corresponds to smectite-illite transition. In clay-rich accretionary complexes, this transition appears at ∼2.5 -5 km depth corresponding approximately to 100-150 o C [START_REF] Hyndman | Thermal constraints on the seismogenic portion of the southwestern japan subduction thrust[END_REF][START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF][START_REF] Pytte | The thermal transformation of smectite to illite[END_REF]. Smectite and illite clays are frictionally weak but illite is slightly stronger [START_REF] Morrow | Strain hardening and strength of clay-rich fault gouges[END_REF][START_REF] Saffer | Comparison of smectite-and illite-rich gouge frictional properties: application to the updip limit of the seismogenic zone along subduction megathrusts[END_REF]. We, therefore, consider that our clay rich décollement is initially smectite rich with an internal friction angle of 5 o . Once dehydration reaction is terminated the same décollement is considered illite rich and affected a friction angle of 10 o . We do not have a kinetic reaction included in the code but we assume that the reaction is occurring at fast rate in the 120-140 o C window. This is slightly smaller than the 100-150 o C reported in the literature and it is aimed at roughly accounting for a slow kinetic at lower temperatures and the lack of reactant (smectite) left at higher temperatures. During this phase of fast reaction, fluids are released in the clay rich décollement of low permeability permitting to build strong local fluid over pressure [START_REF] Bekins | Influence of kinetics on the smectite to illite transition in the barbados accretionary prism[END_REF][START_REF] Lanson | Diagenetic smectite-to-illite transition in clay-rich sediments: A reappraisal of x-ray diffraction results using the multispecimen method[END_REF]. The code does not explicitly include fluids, but these overpressures are reflected by an effective friction angle of 0. Chapter 3 75

Discussion

Slopes and modes of deformation

The thermomechanical model provides an opportunity to investigate the specific variations of topographic slope of an accretionary prism, supported by the CTT analysis [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF].

Our results show that very simple models of accretionary prism lead to the formation of four By plotting the surface slope on the critical taper diagram, we notice that this part is consistent with a critical taper of a lower internal friction angle (Figure 3.9b, red star).

The viscous part presents an approximate flat zone without effective internal deformation.

Décollement and above sequence deform viscously. The topographic slope is again consistent with the critical taper theory, considering that a viscous décollement is equivalent to a brittle décollement of extremely low friction. Therefore, the increase of the topographic slope between the brittle and viscous segments results from an equivalent decrease of internal friction rather than an increase of basal friction.

Comparison with exhumed accretionary prism

Based on the models, we can interpret that the rocks exhumed at the back of the models have been through 3 main phases of deformation through time. The first phase D1 is purely brittle and corresponds to the onset of accretion at the toe of the accretionary prism. The passive transport through the dehydration flat segment does not cause important deformation. The D1 Backthrusting between the imbricated segment and forearc basins have been described

along various accretionary margins of high sedimentation rate [START_REF] Silver | Backthrusting in accretionary wedges[END_REF]. Along the Sumatra subduction zone, well-known for its high sedimentation rate and high thermal gradient [START_REF] Chlieh | Heterogeneous coupling of the sumatran megathrust constrained by geodetic and paleogeodetic measurements[END_REF], the slope break predicted by our model is visible on seismic images of northern [START_REF] Chauhan | Seismic imaging of forearc backthrusts at northern sumatra subduction zone[END_REF] and southwestern [START_REF] Singh | Evidence of active backthrusting at the ne margin of mentawai islands, sw sumatra[END_REF]) Sumatra, and a clear backthrust has been imaged down to 7 s (TWT) (15 km) [START_REF] Chauhan | Seismic imaging of forearc backthrusts at northern sumatra subduction zone[END_REF]. Backthrusts have also been imaged along the Antilles subduction zone, in particular along the Barbados region, again known for its high sedimentation rate [START_REF] Laigle | Along-arc segmentation and interaction of subducting ridges with the lesser antilles subduction forearc crust revealed by mcs imaging[END_REF][START_REF] Silver | Backthrusting in accretionary wedges[END_REF].

A backthrust is also well documented in New Zealand [START_REF] Barnes | Formation of an active thrust triangle zone associated with structural inversion in a subduction setting, eastern new zealand[END_REF]) but has been interpreted as resulting from a change in basal friction. [START_REF] Noda | Forearc basins: Types, geometries, and relationships to subduction zone dynamics[END_REF] reviews a number of other compressive accretional margins which all seem to develop an active backthrust at the edge of the forearc basin like in our models.

However, most of these seismic studies place the splay fault and its back-thrust at the limit of the continental crust which posits, in a way, a stable position through time, at least relative to the upper plate. In our simulations, the splay fault roots at the location of the 450 o C isotherm along the décollement (Figure 3 

Up and down-dip end of the seismogenic zone

We here confirm that the smectite-illite transition produces a flat segment that can explain, for young or cold accretionary complexes, the observed correlation between deep-sea terraces or fore-arc basins with large subduction earthquakes [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF][START_REF] Wells | Basincentered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion?[END_REF].

In such specific contexts, the flat segment would thus underline the up-dip limit of the seismogenic zone (part of the megathrust geodetically coupled i.e., locked during the interseismic period). Along seismically active accretionary prisms, an increase of topographic slope and decrease in apparent geodetic coupling are interpreted as the down-dip limit of the seismogenic zone [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF]). In the first case, the rise in topographic slope indicates an increase of effective basal friction which corresponds to the down-dip end of dominant seismic slip [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF][START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. In the second case, geodetic deformation at velocities that differs from subducting plate velocities is generally interpreted as a lack of coupling on the plate interface based on elastic models [START_REF] Chlieh | Heterogeneous coupling of the sumatran megathrust constrained by geodetic and paleogeodetic measurements[END_REF][START_REF] Perfettini | Seismic and aseismic slip on the central peru megathrust[END_REF]). Here we show that Chapter 3 79 the brittle-ductile transition corresponds to the onset of internal distributed viscous deformation in between brittle structures in the accretionary prism above a brittle décollement. Internal deformation causes a decreased geodetic coupling and an increased apparent basal friction but does not imply any modification in the interface frictional properties or deformation mode. This questions both the search for field analogs of the down-dip end of the seismogenic zone and the interpretation of seismic coupling in terms of locked/creeping décollement.

Limitations and perspectives

Our simple models permit us to understand first order mechanisms in forearc formation, but improvements are still needed to better understand how the brittle-ductile transition affects the formation of splay faults providing an alternative model to the formation of forearc basins as well as an alternative origin for the forearc crust. We find that, the drop in friction between the ductile and brittle part of the accretionary prism and smectite to illite dehydration reaction is not sufficient to explain the normal faults observed along some accretionary margins like Chile or Makran [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF]; [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. This result leads us to conclude that the normal faults arise from phenomena we neglected in our simplified approach. This includes:

• the effect of heterogeneities in the subducting plate,

• the effect of elastic deformation during the seismic cycle and/or

• the over simplification of the bottom boundary conditions which does not allow an increase in taper angle with burial like in [START_REF] Beaumont | Erosional control of active compressional orogens[END_REF]; Ruh (2020).

We plan on testing these other hypotheses in the future and posit that improving the bottom mechanical boundary conditions will also permit performing more accurate simulations of the sedimentation in the forearc basins by keeping them below sea level.

conclusions

Despite the simplicity and limitations of our simulations, their results are sufficient to propose a new model for the interpretation of changes in topographic slope at compressive accretionary margins, at least, warm margins with large sedimentary supply. Using only the topographic gradient, our model distinguished four segments, which corresponds to 3 modes of deformations observed in exhumed accretionary complexes:

• brittle décollement and internal deformation at the toe where the topographic slope respects the CTT;
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• a flat area with little internal deformation in young accretionary prisms, if a dehydration reaction is considered;

• brittle décollement and viscous internal deformation of fault-bounded blocks, where the topographic slope is in excess compared to the CTT and these large slopes should not be interpreted as the downdip limit of the seismogenic zone;

• viscous décollement and backthrust bounded blocks in the most internal part where the topographic slope is close to zero.

The most important finding is that the onset of internal viscous deformation in fault-bounded blocks increases the topographic slope of the accretionary complex independently of the basal friction.

Comparing the simulations results with natural cases, we show that this anomalous topography related to the brittle-ductile transition is analogue to the forearc high in a compressional accretionary prism. It is indeed the location of an active back-thrust and splay fault system rooting on the viscous channel that forms in the internal part where the basal temperature reaches high sedimentation rates related to the Himalayan orogeny [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF][START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF] or other local sources [START_REF] Mohammadi | Detrital zircon and provenance analysis of late cretaceous-miocene onshore iranian makran strata: Implications for the tectonic setting[END_REF]. It expands over a ∼ 1000 km long and ∼ 400 km wide region (Farhoudi and Karig, Chapter 4 83 1977), and two-thirds of it is exposed onshore. The subducting plate has a northward dip of 2 • until 27 • N, then it bends down to a dip angle of 30 • [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF]. The Makran accretionary prism is classically divided in two domains, the offshore domain characterized by a classic imbricated zone [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF] and the onshore domain that can be subdivided into four tectonic units based on the age of deformation [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF][START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF]. From North to South these units are:

(1) North Makran -Cretaceous, (2) Inner Makran -Eocene-Oligocene, (3) Outer Makran -Early-Middle Miocene, and (4) Coastal Makran -Late Miocene -Pleistocene (Figure 4.11). A large submarine olistostrome dated to Tortonian that crops out along Inner, Outer and some part of Coastal Iranian Makran [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF][START_REF] Ruh | Shale-related minibasins atop a massive olistostrome in an active accretionary wedge setting: Two-dimensional numerical modeling applied to the iranian makran[END_REF] indicates that the wedge was still completely submarine until ∼ 9-12 Ma. The emergence of the prism was accompanied by growth structures of Late Miocene to Early Pliocene age [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF] until the compressional deformation ceased in the coastal domain in the Late Pliocene to migrate to its current imbricated complex offshore [START_REF] Platt | Slip vectors and fault mechanics in the makran accretionary wedge, southwest pakistan[END_REF].

Our study focuses on coastal and offshore Makran located south of the Chah Khan thrust fault (CKT) (Figure 4.2a); [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF]. These domains constitute the most recent and still deforming area of Makran [START_REF] Haghipour | Rate of crustal shortening and non-coulomb behaviour of an active accretionary wedge: The folded fluvial terraces in makran (se, iran)[END_REF]. They comprise Late Miocene-Quaternary shallow-marine marl-dominated and calcareous sandstone-dominated sediments that have been Chapter 4 84 folded along en échelon synclines [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF]. The coarsening-up from mudstonedominated to sandstone-dominated sequences with abundant bioturbation by marine gastropods in the late Pliocene represents the transition from shallow marine shelf into foreshore deltaic and fluviatile conditions before the deposition of coarse fan of Pleistocene age in unconformity over wide areas of southern Makran [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Mohammadi | Detrital zircon and provenance analysis of late cretaceous-miocene onshore iranian makran strata: Implications for the tectonic setting[END_REF]. Nonetheless, Quaternary surface uplift of coastal Makran is indicated by elevated marine terraces along the Makran coast [START_REF] Falcon | From musandam to iranian makran[END_REF][START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF][START_REF] Vita-Finzi | Quaternary deposits in the iranian makran[END_REF]. The mean Pleistocene uplift of the Makran coast was estimated at 0.2 mm.yr -1 from marine terraces [START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF]) and ∼ 0.3 mm.yr -1 of fluvial incision [START_REF] Haghipour | Correlation of fluvial terraces and temporal steady-state incision on the onshore makran accretionary wedge in southeastern iran: Insight from channel profiles and 10be exposure dating of strath terraces[END_REF] in the western to 0.5 -2 mm.yr -1 in the eastern Makran. The Holocene coastal uplift was faster, 2 mm.yr -1 [START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF] or 3 mm.yr -1 [START_REF] Haghipour | Correlation of fluvial terraces and temporal steady-state incision on the onshore makran accretionary wedge in southeastern iran: Insight from channel profiles and 10be exposure dating of strath terraces[END_REF]. The recent Pliocene emergence of coastal Makran has been attributed

to the onset of underplating [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF], and to internal pure shear deformation driven by the presence of weak olistolithic units with salt like mechanical behavior [START_REF] Ruh | Shale-related minibasins atop a massive olistostrome in an active accretionary wedge setting: Two-dimensional numerical modeling applied to the iranian makran[END_REF]. Recent models of a wedge with thermo-mechanical coupling [START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF] suggest that the onset of ductile deformation associated with splay faults could possibly also explain this phase of fast uplift which started in the Pliocene and is still ongoing. Today, the offshore and onshore domains are separated by a narrow (few kilometers wide) yet not completely continuous coastal belt along which normal faults and mud volcanoes are prominent e.g., [START_REF] Babadi | Origin of fluids discharged from mud volcanoes in se iran[END_REF][START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF][START_REF] Normand | Extension at the coast of the makran subduction zone (iran)[END_REF][START_REF] Schlüter | The makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF].

Together with offshore seismic data, we have used the geological maps of the coastal area, The eastern section cuts across an area where normal faults are documented on shore while the central section cuts across an area with no active normal faults. The central profile does not display large normal faults but rather deep duplexes along the shoreline (Figure 4.2c). It presents a larger diapiric zone and the imbricated zone at the toe of the wedge is found to be affected by a seamount entering into subduction [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. We note that this seamount is probably not the sole of this kind in the area, as the recent tomographic model [START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF] also suggests the presence of seamounts underneath onshore areas. Along the eastern profile (Figure 4.2b), three different structural domains have been defined [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]: (1) a north-dipping imbricated thrusts zone at the front, followed by (2) a diapiric zone of shallow origin, and (3) active listric normal faults, located along the shoreline, that seem to root down to the décollement. These three domains have been associated with three

Chapter 4 85 distinctive topographic gradients described by [START_REF] Kukowski | Morphotectonics and mechanics of the central makran accretionary wedge off pakistan[END_REF] as slope, middle slope, and lower slope in figure 4.2a.

The origin of these normal faults is debated. Some studies posit these normal faults are shallow gravitationaly driven structures [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF] related to underplating which increases surface slope and leads to a jump at the maximal critical value generating normal faults [START_REF] Ellouz-Zimmermann | Offshore frontal part of the makran accretionary prism: The chamak survey (pakistan)[END_REF][START_REF] Haghipour | Rate of crustal shortening and non-coulomb behaviour of an active accretionary wedge: The folded fluvial terraces in makran (se, iran)[END_REF][START_REF] Ruh | Effect of fluid pressure distribution on the structural evolution of accretionary wedges[END_REF]). Yet, based on seismic profiles, [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF] have interpreted these faults as large scale listric normal faults rooting on the main décollement. In the later case, their activation or reactivation requires a drastic change in basal friction according to limit analysis (Cubas et al., 2013a;[START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF].

As a large part of the coastal Makran region is covered with Quaternary sediments and due to the lack of subsurface data from the coastal areas, the link between off and onshore structures, especially at depth, remains unknown. The poor quality of seismic data at depth and its small coverage at the border of the offshore domain make its structural determination difficult.

Therefore, the relationships between the deep structure, the normal faults, the décollement and the pre-existing thrust faults remain unclear. In order to better understand the Quaternary evolution along the Iranian Makran, it is important to get a better knowledge of the geometry and dynamic of the structures responsible for the uplift of the coastal area. In this contribution, we perform thermo-mechanical simulations which include thermally control changes in basal and internal strength [START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF] thickened part of the accretion prism. Once the accretionary prism has been through sufficient accretion to reach this last stage, the wedge reaches a steady state shape and a flat plateau forms at its back. This plateau widens with time and is bounded by a large slope that corresponds to splay faults rooting at the brittle-ductile transition which act as a backstop to a brittle wedge following the critical taper theory (CTT). The amount of deformation to reach the brittle-ductile transition stage was found to decrease with increasing basal heat flow, heat production within the wedge, the thickness of the incoming sediment pile, and erosion-sedimentation rate. Since

Makran is one of the thickest accretionary prisms in the world, the contribution of heat to the rheology of the prism can not be ignored. Moreover, although including temperature evolution in a model of accretionary prism adds a fair amount of parameters, most of them can be calibrated with the seismic data available in Makran which display a clear BSR. [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF] and [START_REF] Burg | Structural style of the makran tertiary accretionary complex in se-iran[END_REF] proposed that the emergence of Makran was caused by the underthrusting of the sediments located underneath the shales which act as a décollement in the offshore section. Previous analogue and numerical experiments of wedge

Chapter 4 87 systems have shown that the presence of an intermediate décollement is essential for underthrusting to occur at the rear of the wedge [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the alpine orogen: Analogue modeling insights[END_REF][START_REF] Kukowski | Mechanical decoupling and basal duplex formation observed in sandbox experiments with application to the western mediterranean ridge accretionary complex[END_REF][START_REF] Ruh | Effect of fluid pressure distribution on the structural evolution of accretionary wedges[END_REF][START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Stockmal | Mechanics of thin-skinned fold-and-thrust belts: Insights from numerical models[END_REF]. Here, we follow the same approach using two décollements, yet we include thermal coupling effects.

This reduction of the number of parameters permits us to include more complexity in our simulations and to increase their relevance to the dynamics of Iranian Makran at depth. To do so, we use pTatin2d [START_REF] May | ptatin3d: High-performance methods for long-term lithospheric dynamics[END_REF][START_REF] May | A scalable, matrix-free multigrid preconditioner for finite element discretizations of heterogeneous stokes flow[END_REF], the governing equations and rheological laws are detailed in the Appendix. All experiments with their parameters are listed in tables 4.1 and 4.2.

Model k DR Seamount 11 × 10 -6 off -2 1 × 10 -5 off -3 1 × 10 -6 on - 41 × 10 -6 on type 1 51 × 10 -6 on type 2 61 × 10 -6 on type 3 

Set up and Boundary Conditions

The depth-migrated profiles are available in [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. The length of the eastern profile is 140 km from the coast to the deformation front, with a maximum water depth of ∼ 3400 m.

The profile is characterized by a large seaward normal fault that seems to root down to the décollement, a shale diapiric zone, and the imbricated thrust zone. The 78 km long imbricated zone is composed of seventeen thrust sheets that branch from a shallow décollement at ∼ 3.5 km depth. The slab dip is of ∼ 2 • . The central profile is affected by a seamount at the front and shows no evidence of large normal fault at the back.

Therefore, the model domain is 500 km long and its initial thickness is 7.5 km. It is constituted of 3 layers, two 500 m × 500 km and 500 m × 350 km décollements modeled by a shale rheology, while the rest and in between is modeled by a sandstone-quartz rheology. The domain is discretized with a mesh of 512×24 Q2 elements (Figure 4.3). In the y-direction, two mesh elements are aligned with the first and the second décollement layers to better capture their interface and friction at small strain (Figure 4.3). The right and bottom boundaries of the models are shortened by a constant horizontal velocity V x = 4cm/yr. A constant landward slab dip of 2 • is also applied by including the slope in the gravity vector in the code. The décollement materials are considered as part of the domain, as such, we allow shales to be dragged from the décollement into the rest of the model domain contrarily to techniques adopted to benchmark codes with sandbox experiments [START_REF] Buiter | Benchmarking numerical models of brittle thrust wedges[END_REF]. The thermal boundary conditions assign the temperature T 0 = 0 • C at the surface and null horizontal heat flow on the vertical walls of the domain. As we assume no radiogenic heat production, the initial temperature in the domain is fixed using a constant thermal gradient reaching an initial bottom temperature that depends on basal heat flow. Sea level is defined at 3400 m.

Above sea level, the domain is modeled with a free surface, and below additional normal stress is applied on the deformed surface to mimic the weight of water, yet shear stress is zero like above sea level.

Tomographic models [START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF] running close to our cross-sections indicate packages with a higher velocity at depth underneath the land sections. They have so far been interpreted as localised underplating based on available numerical and analogue models. However, these bodies show P-wave velocities that are large enough to represent seamounts. Given that our central section is affected by a seamount too, and that, so far, no model of seamount subduction including temperature transition effects has been published, we decided to test the effect of seamount subduction on the deformation of an accretionary prism.

In some of our simulations, we also intend to roughly account for fluid overpressure due to dehydration of shale materials between 110 to 145 • C which potentially corresponds to smectiteillite transition as followed by [START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF]. We posit that for temperature lower than 110 • C, the internal friction angle of the décollement containing smectite is φ b = 5 • . We then arbitrary drop the friction angle from 5 to 0.1 degree in between 110 to 145 • C to reflect a fluid overpressure due to dehydration. Finally, we assume that once the dehydration is done, that is for temperature above 145 • C, the shaly décollement is now dry and rich in illite and we affect it an internal friction angle of 10 [START_REF] Ranalli | Rheological stratification of the lithosphere[END_REF]) and b from [START_REF] Shea | Rheology and deformation mechanisms of an isotropic mica schist[END_REF]. ▷◁

The friction of shale depends on peak temperature rather than plastic strain.

Calibration from BSR

The basal heat flow of young plates can normally be estimated from the age of the oceanic basement deduced from magnetic anomalies using the half-space cooling model or a plate cooling model with a maximum plate thickness of 95 km [START_REF] Turcotte | Geodynamics[END_REF]. However, there are some places like the North Arabian Sea, where due to the lack of magnetic anomalies, the oceanic lithosphere age remains uncertain (Ellouz-Zimmermann et al., 2007a) and alternative constraints need to be found. A few bottom hole temperature (BHT) data, that is the maximum recorded temperature during a logging run, exists for the Iranian well in Makran and it indicates a temperature gradient of 20 • C.km -1 [START_REF] Skarpnes | Nioc-statoil joint exploration study oman sea[END_REF]). Yet, it should be noted that the reliability of this datum is somewhat uncertain since the temperature data are rather old and there is no indication as to whether the maximum temperatures have been corrected to allow for the thermal disturbance caused by drilling (from report well). Nevertheless, these values are within the range of those calculated for five wells in the Pakistani part of Makran by [START_REF] Khan | Petroleum geology of the makran region: implications for hydrocarbon occurrence in cool basins[END_REF], i.e. 20-23

• C.km -1 .
Heat flow can also be estimated from the Bottom Simulating Reflector (BSR), well data, and plate age. The BSR is a cross-cutting seismic reflector caused by small amounts of free gas trapped below the sealing gas hydrate layer [START_REF] Skarpnes | Nioc-statoil joint exploration study oman sea[END_REF] which is thought to be the base of the hydrate stability zone and is approximately parallel to the seafloor [START_REF] Ganguly | Heat flow variations from bottom simulating reflectors on the cascadia margin[END_REF]. Phase diagrams of gas hydrate stability have been published from experimental data [START_REF] Dholabhai | Equilibrium conditions for methane hydrate formation in aqueous mixed electrolyte solutions[END_REF][START_REF] Dickens | Methane hydrate stability in seawater[END_REF][START_REF] Macleod | Gas hydrates in ocean bottom sediments[END_REF][START_REF] Maekawa | Equilibrium conditions for gas hydrates of methane and ethane mixtures in pure water and sodium chloride solution[END_REF] and empirical and numerical laws e.g., [START_REF] Englezos | Gibbs free energy analysis for the supersaturation limits of methane in liquid water and the hydrate-gas-liquid water phase behavior[END_REF][START_REF] Miles | Potential distribution of methane hydrate beneath the european continental margins[END_REF][START_REF] Sultan | Dynamics of gas hydrate: case of the congo continental slope[END_REF][START_REF] Tishchenko | Calculation of the stability and solubility of methane hydrate in seawater[END_REF]. These diagrams can be used to determine the approximate temperature at the base of the gas hydrate stability zone. This method has been applied to many accretionary prisms such as south America (Ecuador, Colombia, Chile, Perou); [START_REF] Marcaillou | Thermal regime from bottom simulating reflectors along the north ecuador-south colombia margin: Relation to margin segmentation and great subduction earthquakes[END_REF][START_REF] Quintero | Curie point depth, thermal gradient, and heat flow in the colombian caribbean (northwestern south america)[END_REF][START_REF] Villar-Muñoz | Heat flow in the southern chile forearc controlled by large-scale tectonic processes[END_REF], 2019), Nankai [START_REF] Grevemeyer | Gas hydrate stability and the assessment of heat flow through continental margins[END_REF][START_REF] Kinoshita | Heat flow estimated from bsr and iodp borehole data: Implication of recent uplift and erosion of the imbricate thrust zone in the nankai trough off kumano[END_REF][START_REF] Martin | Cognitive emotion regulation in the prediction of depression, anxiety, stress, and anger[END_REF][START_REF] Ohde | Distribution and depth of bottomsimulating reflectors in the nankai subduction margin[END_REF], Cascadia

Chapter 4 90 [START_REF] Ganguly | Heat flow variations from bottom simulating reflectors on the cascadia margin[END_REF][START_REF] Phrampus | Heat flow bounds over the c ascadia margin derived from bottom simulating reflectors and implications for thermal models of subduction[END_REF], and the Pakistani side of Makran [START_REF] Hutchison | Heat flow and age of the gulf of oman[END_REF][START_REF] Kaul | Comparison of measured and bsr-derived heat flow values, makran accretionary prism, pakistan[END_REF][START_REF] Sain | Evidence for a thick free gas layer beneath the bottom simulating reflector in the makran accretionary prism[END_REF]. In the Iranian part of the Oman Sea, the BSR is observed on nearly all the seismic lines, where water depths are greater than 1300 m. We picked the horizon of the BSR along the two seismic sections that were migrated to depth and interpreted in [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. In order to compute the temperature of the BSR, we used a salinity of 34.7 and 100 percent Methane together with the stability diagram of [START_REF] Tishchenko | Calculation of the stability and solubility of methane hydrate in seawater[END_REF]. Seafloor temperatures have been calculated according to a specific law considering the water temperature evolution through depth. Finally, the thermal conductivity of sediments is considered as k= 1.19 Wm -1 K -1 based on Pakistani wells [START_REF] Minshull | Sediment compaction and fluid migration in the makran accretionary prism[END_REF]. The heat flow q averaged between BSR and seafloor horizon, is then expressed as q = -kΓ, where Γ = T BSR -T sea Z BSR -Z sea , is the geothermal gradient.

The BSR-derived heat flow is computed and shown in red along the eastern (Figure 4.4a)

and central profiles (Figure Supp.4.10). The landward decrease in heat flow is explained by the landward deepening of the oceanic plate and accretion of cold sediments in the accretionary wedge [START_REF] Hyndman | Thermal constraints on the zone of major thrust earthquake failure: The cascadia subduction zone[END_REF]. Values range between 27-43 mWm -2 with local anomalies that correlate with tectonic slices. These local variations are similar to those observed by [START_REF] Minshull | Sediment compaction and fluid migration in the makran accretionary prism[END_REF] along the Pakistani side of Makran. The correlation of anomalously high temperature gradients with thrusts and their piggyback basins could either indicate fluid
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As seen in [START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF], four parameters affect the thermal regime of accretionary prism: basal heat flow, the thermal conductivity of recent sediments, shear heating and the thickness of the incoming sediment pile. This last parameter is constrained by seismic data. Basal heat flow and thermal conductivity of sediments can be deduced from adjusting our models to the mean value (basal heat flow) and the deviation (thermal conductivity) of our BSR derived heat flow. We varied the diffusivity of sediments, and found that κ = 5 × 10 -7 m 2 s -1 for deposited sediments produces variations that are in good agreement with the BSR-derived heat flow.

Hence, we found that a basal heat flow of 50 mW.m -2 explains the long wavelength variation of the BSR, while a thermal diffusivity of κ = 5 × 10 -7 m 2 .s -1 in the sediment captures the amplitude of the heat flow anomaly associated with piggyback basins. From now on, all the presented simulations will be run with these parameters reaching an initial bottom temperature of 135 • C.

Representation of results

For each simulation, frictional parameters are listed together with viscous parameters, density, and thermal diffusivity in Table 4.2. The finite brittle strain in the rocks and the strain rate of the current state are shown for each model. The finite strain figure displays the lithologies of rocks and the accumulated plastic strain on markers with a linear colormap. Markers with values of plastic strain ε p larger than 2 or 3 can be interpreted as being part of a fault. Sandstone sequences have been colored with thin layers that have no physical existence but to better display the deformation. Brown to yellow colors indicate deposition time of sediment markers deposited by the surface evolution model. The strain within deposited sediments can be deduced from the deformation of their bedding.

The current state figure displays whether material is yielding plastically (medium gray), deforms viscously (dark gray), or does not deform at a rate larger than the 10 -17 s -1 threshold (light gray). It is overlaid by a representation of the εxx component of strain rate to outline active structures in red when they accommodate extension and in blue for shortening. A cut-off range of -10 -14 s -1 to 10 -14 s -1 is used for the post-processing although the actual values span a larger range. We also represent the 110 • C isotherm to locate the onset of the dehydration reaction, the 180 • C isotherm which corresponds to the onset of viscous deformation and the 300 • C for the brittle-ductile transition for quartz [START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF]. Finally, a color code at the top of the slice represents the local topographic slope. The basal sequences of the model are underplated beneath the shallow décollement to establish series of duplexes which lead to the thickening and uplift of the rear of the wedge after 8 Myr.

The sharp transition in the topographic slope that separates the brittle frontal wedge from the thicker brittle-ductile wedge, corresponds to the zone of active underplating. According to CTT, this segment of the wedge jumps from critical compression to critical extension, causing the formation of gravitational normal faults (in red, Figure 4.23). At the back of this large slope, as the temperature continues increasing with burial, it finally reaches 300 • C, i.e., the brittle-ductile transition for quartz at average strain-rate. From this point (x = 445km after 8 Myr), the deep décollement has a fully ductile behavior and the topographic slope tends to flatten. From 11

Myr, the slope remains constant at the front and CTT compatible while the warm part of the wedge grows in length and its topography continues to flatten except at the corner of the domain where a normal fault, which is most probably an edge effect, develops. Active underplating is active between the 180 to 300 • C isotherms.

Sensitivity to erosion rate

In figure 4.6, we first compare the results of our reference model (M1) with model (M2) that is affected by larger erosion and sedimentation rates. This larger rate of sedimentation strongly modifies the geometry of the tectonic units at the frontal part of the wedge without modifying its slope. Instead of a small imbricated system, a smaller number of thrusts forms with larger spacing between them and more developed piggy-back basins. As erosion and sedimentation reduce the slope at every step, the wedge tries to recover its critical taper by the activation of back-thrusts along the frontal part and a larger amount of under-thrusting along the rear and Chapter 4 94 deeper part. As sediments have a lower conductivity than rocks (thermal blanketing), higher heat flow localizes on active thrusts and the temperature gradient of this model is larger [START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF]. As a result, underplating starts at earlier stages in model M2. Another noteworthy point is the life span of under-thrust faults in between the shallow décollement and the base of the model which forms a large antiformal stack duplex at the rear of model M2, unlike model M1 which propagates towards the front. This results in the exhumation of material from the lower structure of the wedge. The sequences above the décollement form a synform in front of the antiformal stack. This behaviour is comparable to the effect of erosion described in many analogue models, see [START_REF] Konstantinovskaya | Thrust wedges with décollement levels and syntectonic erosion: A view from analog models[END_REF] for a review. In this model, the large rate of offshore sedimentation is not compatible with the geometry of the imbricated zone displayed in the seismic data off-shore Makran.

Sensitivity to dehydration reactions

The 

Effect of seamount subduction

The seamounts of our models are defined as material with a larger frictional strength, φ = 35 • , and a larger activation energy than the rest of the material. They are initially located in the domain, in such way, they start to interact with the toe of a M1-type accretionary prism after 7 Myr of simulation time. They all are the same width, and we consider three heights. The large seamount (M4) disrupts and emerges above the shallow décollement. The medium height seamount (M5) disrupts the shallow décollement but does not emerge higher, and the smallest one (M6) does not disrupt the shallow décollement. At 7Myr, seamounts reach the toe of the taper at x =∼ 340km. The small seamount, that does not affect the shallow décollement, does not produce deformation of the toe nor modifies the dynamics of the accretionary prism. The two other types of seamount produce a large shallow dipping thrust fault and some gravitational sliding at the front of the wedge. In these models, during the next 2 Myr, the deformation is accommodated by sliding on a décollement of soft sediments at the front (orange markers in the Figure 4.7), that is mainly by gravitational collapse. At 9 Myr, a new thrust localizes at the front of the wedge above the shallow décollement.

After a period of basal erosion, accretion resumes at the front of the prism above the shallow décollement to form a new imbricated zone. Chapter 4
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At the same time, 9 Myr, a set of conjugate normal faults form at the rear of the seamount in between the soft sediment décollement and the shallow décollement. After little deformation, the deformation localizes on the seaward dipping normal fault at shallow dip. Above this normal fault a basin forms and accumulates the gravitationally collapsing pieces of the former accretionary prism as well as new sediments produced by the surface process model. This basin delimits the continent-ward limit of a large slice of undeformed incoming sediments which serves as a backstop for the new imbricated zone. As this long slice needs a seamount to erode the base of the accretionary prism, we consider that the presence of such object on a seismic line marks the suture or the scar of a seamount that has eroded basally the former steady state accretionary prism. In other words, this object is the geological record of a transition from erosion to accretion.

The last effect caused by seamount subduction occurs for the three types of seamounts.

Indeed, small seamount like larger ones, once subducted, have a larger activation energy. Therefore, when they reach the depth at which the temperature along the base of the domain is high enough to induce a deep ductile décollement, underplating ceases for a moment, because the seamount is not as sensitive to the temperature as the rest of the accreted material. This is particularly clear in the supplementary movie M6, where underplating ceases at 9 Myr and resumes at the last frame at about 12.40 Myr. The topography and topographic gradient obtained in these simulations are very similar to the results obtained for a brittle-ductile wedge with a single basal décollement [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. The toe of the wedge displays a slope which characterizes the frictional strength of the intermediate depth décollement. It is followed by a flat topographic segment that outlines the dehydration reaction zone. Most importantly, the over critical slope, characterized by back thrust and gravitational instability is just above the onset of the brittle-ductile transition. The main difference between the models with a unique basal décollement and these models with an intermediate décollement is the accommodation of the deformation at depth.
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While models with a unique basal décollement display pure shear shortening above a ductile décollement, models with an intermediate décollement produce underplating because the onset of the brittle-ductile transition in the sediments located beneath the intermediate décollement introduces a second décollement in the system. The occurrence of underplating in presence of two décollements is not new and has been described in many analogue and numerical models e.g. [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the alpine orogen: Analogue modeling insights[END_REF][START_REF] Kukowski | Mechanical decoupling and basal duplex formation observed in sandbox experiments with application to the western mediterranean ridge accretionary complex[END_REF][START_REF] Ruh | Effect of fluid pressure distribution on the structural evolution of accretionary wedges[END_REF][START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Stockmal | Mechanics of thin-skinned fold-and-thrust belts: Insights from numerical models[END_REF]. The novelty here, is that the second décollement is not introduced in the model explicitly but emerges self-consistently at the brittle-ductile transition. 

The geological signature of seamount subduction

Seamounts or submarine volcanoes migrate together with oceanic plates toward subduction trenches according to plate motion, and, eventually, collide with continental margins where oceanic plates subduct [START_REF] Von Huene | When seamounts subduct[END_REF]. In terms of deformation, the subduction of seamounts strongly deforms the overriding plate margin by creating intense fracturing of the upper plate [START_REF] Wang | Do subducting seamounts generate or stop large earthquakes?[END_REF]. Seamounts were studied by analogue e.g. [START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF][START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF][START_REF] Kukowski | Sediment accretion against a buttress beneath the peruvian continental margin at 12 s as simulated with sandbox modeling[END_REF] and numerical modeling [START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF]Zeumann and Hampel, 2015).

They found that:

• Seamount subduction influences the tectonic regime and controls the geodynamic evolution of the whole margin and is responsible for boosting the tectonic erosion by underthrusting frontal margin material.
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• Local variations of pore fluid pressure could result from 1-the underplating of large volumes of undeformed sediments containing fluid beneath the rear part of the seamount and 2-fluid escape through intense fracturing of the upper plate leading to a decrease in the fluid pressure.

• According to numerical modeling, large overpressure and underpressure areas develop on seamount flanks; compression develops along the wedge toe, and extension close to the rear.

• Strain weakening leads to a slightly more localized fracture system, but displacement remains generally little.

• Large-scale normal faults develop for very weak upper plates.

Our models with two décollements and brittle-ductile transition show that seamount subduction temporarily affects the length of the flat segment which corresponds to the temperature at which dehydration and possibly fluid over-pressure occur. [START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF] observed a long tilted zone in the sandbox experiments separating parts of the accretionary wedge developed before and after the seamount subduction and called it a suture zone. Indeed, the slope break of the underplated segment with the frontal segment marks the suture zone. Moore et al. (2001) defined the large-thrust-slice term and mentioned underneath these thrust slices, the presence of packages of strong reflectors signing a basement ridge or seamount. [START_REF] Bangs | Seamount subduction erosion in the nankai trough and its potential impact on the seismogenic zone[END_REF] interpreted these thrusts as primary thrusts because they extend from the décollement at the base of the Nankai Trough subduction zone through the entire wedge to the seafloor. But these large slices are only produced after seamount subduction in our models. So, we posit that their absence or presence permit to distinguish between underplating due to the shallow décollement and seamount subduction, or at least, an event of basal erosion of an accretionary prism. With constant frictional properties, surface processes affect the exhumation at wedge rear.

Application to Makran

According to [START_REF] Konstantinovskaya | Accretionary orogens: erosion and exhumation[END_REF], erosion is a necessary condition for exhumation in accretionary prisms. They concluded that the maximum uplift and exhumation occur where antiformal stack duplexes form, close to the backstop of their physical experiments comparable with the structure and evolution of the Nepalese Himalaya in the Miocene-Quaternary. We obtained the same results in one of our simulation (M2) with high erosion and sedimentation rates. As our models evolve with temperature evolution, underplating does not occur at early stage, whereas in their experiments underplating starts from the beginning thanks to the addition of a glass beads décollement.

Normal faults

According to the CTT, an extremely low basal friction, a very large topographic slope or a decrease of the décollement slope (that could either be related to underplating or seamount subduction) can allow reaching the extensional critical state, and hence forming normal faults.

A ductile décollement is equivalent to a very low friction angle building a low topographic slope.

Fast frictional drop by dehydration reaction could lead to normal faulting (Cubas et al., 2013a;[START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. However, neither the drop in friction associated with brittle-ductile nor dehydration reaction were sufficient to get normal faults emerging self-consistently from the simulations. However, dewatering during the smectite-illite transition permits to produce the three slope segments observed in accretionary prisms such as Makran.

As mentioned, underplating is in accordance with considering two décollements and viscous deformation. By changing the basal slope, it causes a sharp transition in the topographic The salt like mechanical behaviour of the décollement and mass-transport deposits (MTDs) which are common gravity-induced units in deep-water environments triggered by slope failure e.g. [START_REF] Ogata | The carbonate mass transport deposits of the paleogene friuli basin (italy/slovenia): internal anatomy and inferred genetic processes[END_REF], could also cause the formation of mini-basins and normal faults, but are not accounted for in our simulations.

A possible model based scenario

We posit that the intermediate depth décollement which serves today as the décollement level of the imbricated zone entered the Makran accretionary prism some 9 Ma ago (2 Myr model time) and caused the collapse of the former accretionary prism and the establishment of a small imbricated zone at the front. After 5 Myr model time, that is around 6 Ma in nature, the accretionary prism became mature enough for underplating to start in between the brittle-ductile décollement and the shallow décollement, causing both uplift and sporadic activity of normal faults as still observed today. However, given that a seamount is clearly imaged entering the toe of the central profile today, and given that the eastern profile seems to image a large slice at the back of the imbricated zone, we propose to interpret the large velocity anomaly of the tomographic model [START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF] 

Limitations and perspectives

Fluid over pressure due to dehydration of shale materials which potentially corresponds to smectite-illite transition has already been discussed e.g [START_REF] Hyndman | Thermal constraints on the seismogenic portion of the southwestern japan subduction thrust[END_REF][START_REF] Oleskevich | The updip and downdip limits to great subduction earthquakes: Thermal and structural models of cascadia, south alaska, sw japan, and chile[END_REF][START_REF] Pytte | The thermal transformation of smectite to illite[END_REF]. During dehydration reaction along the décollement, fluids are released in the clay rich décollement of low permeability permitting to build strong local fluid overpressure [START_REF] Bekins | Influence of kinetics on the smectite to illite transition in the barbados accretionary prism[END_REF][START_REF] Lanson | Diagenetic smectite-to-illite transition in clay-rich sediments: A reappraisal of x-ray diffraction results using the multispecimen method[END_REF]. This overpressure zone associated with an extremely low effective friction angle causes a flat distinct domain that is suitable for creating mud volcanoes. However, its fast drop in friction was not able to produce normal faults as observed along the Makran margin. In our models, we considered the effect of dehydration reaction (friction drop) but fluid release is absent, and could be the next step of going forward of our models.

Our model results are based on the assumption that the landward normal faults root on the décollement. However, due to the presence of shale and mud, the quality of the seismic data near the coast of the selected profiles is quite poor. The relationship between the normal faults and the underplating is difficult to establish. Despite all the parameters and models cited above, only the seamount scenario allowed us to generate normal faults. But, as we did not consider dynamic long-term models, we did not test the possibility of creating the normal faults by dynamic decrease of the effective megathrust friction [START_REF] Cubas | Relationship link between landward vergence in accretionary prisms and tsunami generation[END_REF].
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Conclusions

In this contribution, geometric analysis confirms that ∼50 percent of the incoming ∼7.5 km thick sedimentary sequence must be underthrusted along a secondary décollement and stacked further to the rear of the wedge as proposed by [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF] and confirmed by [START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF]. Two cross-sections are presented which are aligned with two offshore profiles that were previously balanced [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF] and with recently published seismic tomography models [START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF]. In order to ameliorate our interpretation at depth, we have run thermomechanically coupled simulations of formation of accretionary prism, focusing mainly on the role of the smectite-illite transition, underplating and seamounts subduction. The models have been calibrated by picking the BSR on the available seismic data, and interpreting it in terms of heat flow.

The simulations show that dewatering and smectite-illite transition together permits to produce the three slopes segments previously documented in Makran. Seamounts subduction does not affect the slope for very long but permits the formation of large tectonic slices and large normal faults which cannot be formed with a second décollement alone.

Our new cross-sections are compatible with a late Pliocene coast-line uplift which would corresponds to the onset of ductile décollement and splay fault system which permits to explain the large slope observed at the coast. The passage of eventual seamount changes the shape of the slices at depth.

Videosupplement: All the simulation videos are available. 

Appendix 1: Equations

pTatin2D [START_REF] May | ptatin3d: High-performance methods for long-term lithospheric dynamics[END_REF][START_REF] May | A scalable, matrix-free multigrid preconditioner for finite element discretizations of heterogeneous stokes flow[END_REF] is a code based on finite element method that employs an arbitrary Lagrangian-Eulerian (ALE) discretization together with the material point method to

Chapter 4 104 solve the conservation of momentum (Eq. 4.1), mass (Eq. 4.2) and, energy (Eq. 4.3) for an incompressible fluid. It allows solving thermo-mechanical problems. The codes solves for velocity v and pressure P assuming conservation of momentum:

∇ • (2η ε) -∇P = ρg, (4.1) 
in an incompressible fluid:

∇ • v = 0, ( 4.2) 
of nonlinear effective viscosity η and constant density ρ, ε being the strain rate tensor and g the gravity acceleration. Evolution of temperature T is obtained by solving for transient conservation of heat of the form:

∂ T ∂t = ∇ • (κ∇T ) -v∇T + H ρCp . (4.3)
where t is time, κ the thermal diffusivity, Cp the heat capacity, and the heat production H defined as:

H = τ i j εi j = 2η(ε 2 xx + 2ε 2 xy + ε2 yy ) (4.4)
corresponds to sole shear heating in this contribution. The Stokes problem is solved using high order stable elements (Q 2 -P 1 ), while the heat equation is discretized on Q 1 elements. At every time step, the surface of the models is smoothed according to Culling erosion law defined as:

∂ h ∂t = -∇ • (k∇h) (4.5)
where h is the altitude and k the diffusion coefficient. Details on implementation of the surface process model in pTatin2d are to be found in [START_REF] Jourdon | Impact of range-parallel sediment transport on 2d thermo-mechanical models of mountain belts: Application to the kyrgyz tien shan[END_REF]. We use temperature and pressure-dependent nonlinear rheologies. Effective viscosity is evaluated on material points using first the Arrhenius flow law for dislocation creep:

η vis = A -1 n εII 1 n-1 exp Q + PV nRT (4.6)
If the horizontal component of stress predicted with viscous creep and current strain rate exceeds Drucker-Prager plastic yield criterion, defined as:

σ Y = sin φ P +C cos φ (4.7)
with φ the friction angle and C the cohesion, the effective viscosity of the marker is corrected in order to fit the yield envelop:

η p = σ Y 2ε II . (4.8)
Chapter 4 105 for the current value of the second invariant of the strain rate tensor εII . Finally, the friction angle φ and cohesion C decrease linearly with accumulation of strain in the plastic regime ε p from an initial friction φ 0 to a final friction φ ∞ (resp. C 0 and C ∞ for cohesion):

φ = φ 0 - ε p -ε min ε max -ε min (φ 0 -φ ∞ ) , (4.9) 
4.9 Appendix 2: Structural evolution of western Makran accretionary prism

Inner and Outer Makran

Due to difficult access to the region, only very scarce field and geophysical studies have been conducted on shore e.g. [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Burg | Structural style of the makran tertiary accretionary complex in se-iran[END_REF][START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF][START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF].

Little is known about the geological history of the accretionary prism. As a result only very few, fragmentary and unconstrained cross-sections have been proposed [START_REF] Burg | Structural style of the makran tertiary accretionary complex in se-iran[END_REF][START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]Ellouz-Zimmermann et al., 2007a) (Fig. 4.11b). So, the seismogenic potential of the MAP is also very poorly constrained [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF].

The Pakistani Makran, which hosted three large historical earthquakes [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF], is considered to be seismically more active than the Iranian Makran. Yet, despite the lack of evidence to indicate that large earthquakes have occurred in the last 1000 yr in the Iranian Makran, some studies have proposed that the 2 m of Holocene coastal uplift could be associated with a large ancient earthquake ( [START_REF] Ambraseys | A history of persian earthquakes cambridge university press[END_REF][START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF][START_REF] Snead | Uplifted marine terraces along the makran coast of pakistan and iran[END_REF][START_REF] Vita-Finzi | Quaternary deposits in the iranian makran[END_REF]). Uranium series on shell sand and 14C chronology, reaches estimates from 0 -0.2 mm/yr (western) to 0.5 -2 mm/yr (eastern Makran) of marine terraces uplift rate [START_REF] Page | Evidence for the recurrence of large-magnitude earthquakes along the makran coast of iran and pakistan[END_REF][START_REF] Reyss | Quaternary marine terraces and tectonic uplift rates on the south coast of iran[END_REF]. Moreover, according to geodetic and InSAR studies, some elastic strain is indeed being accumulated along the Iranian domain [START_REF] Frohling | Gps constraints on interplate locking within the makran subduction zone[END_REF][START_REF] Lin | High interseismic coupling in the eastern makran (pakistan) subduction zone[END_REF][START_REF] Penney | Megathrust and accretionary wedge properties and behaviour in the makran subduction zone[END_REF]. [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF] attempted to estimate the seismogenic potential of Makran using the geometry of active faults off-shore and the critical taper theory [START_REF] Cubas | Megathrust friction determined from mechanical analysis of the forearc in the maule earthquake area[END_REF]. They show that for the coastal normal fault to be active a large change in basal strength in the coastal area was necessary and that these normal fault could mark the down dip end of the seismogenic zone where they exist, but they could not conclude anything in the location where underplating rather than normal faults were visible on the seismic profile.

In order to better understand were the elastic strain is accumulated along the Iranian domain, it is important to get a better knowledge of the geometry and the dynamic of the structures responsible for the uplift of the coastal area and it is also important to better characterize the Chapter 4 107 we try to contribute by building a complete map of Iranian Makran based on geological map, interpretation of seismic data to proposed two new balanced cross-sections aligned with the two off-shore cross sections of [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF] using the dip domain technique. We then provide new heat flow estimates using the bottom sea reflector (BSR) available on our seismic section. We then build on the presence of seamounts in the seismic data as well as on our new constrains on thermicity to run two series of thermo-mechanically coupled model aimed at better understanding the role of the brittle-ductile transition and smectite/illite dehydration reaction on the topography of Makran and how these two processes interact with seamount subduction. The result of the simulation are finally used together with published tomographic model to extrapolate our surface cross-sections at depth.

Balanced land sections

Method

A few studies have published geological cross sections of the MAP e.g. [START_REF] Burg | Structural style of the makran tertiary accretionary complex in se-iran[END_REF][START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF]Ellouz-Zimmermann et al., 2007a) When available from the literature (suppl. Table 1 4.17) or from our own field campaign (Figure 4.13 and suppl. Table 2 4.18), structural and sedimentological details were also integrated. The profiles oriented perpendicular to the average strike of the bedding (E-W) in the continuity offshore cross-sections is drawn from seismic data which their details interpretation discussed in [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. We used the dip domain technique [START_REF] Faill | Kink band structures in the valley and ridge province, central pennsylvania[END_REF][START_REF] Faill | Kink-band folding, valley and ridge province, pennsylvania[END_REF][START_REF] Groshong | Cross sections, data projection and dip-domain mapping[END_REF] to attempt to balance the cross section. The kink method assumes a constant layers thickness over the cross sections and each dip measurement defines a zone where the dip is constant. The boundaries of the dip zones are the lines that bisect angles between adjacent dips (Figure 4.14). 

Tectonic and stratigraphic units of the Iranian Makran

The backstop of the fold and thrust belt, North Makran (Fig. 4.11) is composed of rocks of ophiolitic nature that have been obducted during the Cretaceous in the northern Makran [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF][START_REF] Mccall | The geotectonic history of the makran and adjacent areas of southern iran[END_REF][START_REF] Mccall | A summary of the geology of the iranian makran[END_REF]. North Makran is separated from the fold and thrust belt by the Bashakerd thrust. The oldest units of the Makran fold and thrust belt is the Inner Makran which incorporates Miocene rocks but also some Paleocene and Eocene sandstone units with clast of north Makran ophiolites and the Late Cretaceous blueschists [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF] [START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF]. This mélange (the gravity-induced mass flow) is dated as late middle Miocene by fossils [START_REF] Mccall | Mélanges of the makran, southeastern iran[END_REF] and in more detail maximum in Tortonian time (11.6 Ma;[START_REF] Burg | A giant catastrophic mud-and-debris flow in the miocene makran[END_REF]) and the minimum age of the overlying marls (9.6 Ma; [START_REF] Dolati | Stratigraphy, structural geology and low-temperature thermochronology across the Makran accretionary wedge in Iran[END_REF]).

Finally south of the Chah Khan thrust fault, the most recent and still deforming area of Makran is found. Coastal Makran together with off shore Makran comprise Late Miocene-Quaternary shallow-marine marl-dominated and calcareous sandstone-dominated sediments that have been folded along en échelon synclines, where the Upper Miocene units mostly outcrop [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF]. The coarsening-up from mudstone-dominated to sandstonedominated sequences with abundant bioturbation by marine gastropods in the the late Pliocene represents the transition from shallow marine shelf into foreshore deltaic and fluviatile conditions before the deposition of coarse fan of pleistocene age in unconformity over wide areas of southern Makran [START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. On shore, the Holocene comprises cemented coastal and fluvial sandstones and unconsolidated sand dunes. Since mid-Pliocene times, uplift and normal faulting produce tilted and faulted terraces [START_REF] Platt | Slip vectors and fault mechanics in the makran accretionary wedge, southwest pakistan[END_REF] on shore, while compression occurred at the front of the prism off shore. As a result coastal makran consists of a wide shelf undeformed Pliocene sediments and a flat slope with present-day high accumulation rates (> 2 mm/yr) [START_REF] Bourget | Highstand vs. lowstand turbidite system growth in the makran active margin: Imprints of high-frequency external controls on sediment delivery mechanisms to deep water systems[END_REF].

The off-shore domain is covered by seismic data released by the NIOC known as the Persian carpet. Published seismic sections studies show the total thickness of deformed and undeformed sediments reaches more than 10 km near the coast line (e.g. [START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF][START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] White | Deformation of the makran accretionary sediment prism in the gulf of oman (north-west indian ocean)[END_REF]) and place a décollement at a depth of 3-4 km near the deformation front [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. Sediments are partly folded and thrusted above the décollement e.g. (Ellouz-Zimmermann et al., 2007a;[START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Harms | The makran coast of pakistan: its stratigraphy and hydrocarbon potential[END_REF][START_REF] White | Deformation of the makran accretionary sediment prism in the gulf of oman (north-west indian ocean)[END_REF] and partly subducted (underplating of [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF]) down to at least the coast line [START_REF] Kopp | Structure of the makran subduction zone from wide-angle and reflection seismic data[END_REF].

Only two NS seismic profiles of the Persian carpet cover the full prism from the trench to the coast. The eastern section cut across an area where normal faults are documented on shore while the central section cut-across an area with no normal faults, or at least no active one (Fig. 4.11a). Along the central profile, three different structural domains have been defined [START_REF] Grando | Morphotectonics domains and structural styles in the makran accretionary prism, offshore iran[END_REF][START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]: (1) a north-dipping imbricated thrusts zone at the front, followed by (2) a diapiric zone of shallow origin, and (3) active listric normal faults, located along the shorelines, that seem to root down to the décollement. These three domains are associated to three distinctive topographic gradient indicated as slope, middle slope and lower slope (Kukowski et al., 2001) in (Fig. 4.11a). The central profile does not display large normal faults but rather deep duplexes along the shoreline. It presents a larger diapiric zone and the imbricated zone at the toe of the wedge is found to be affected by a seamount entering

.13: Outcrops along the eastern section (see table Suppl. 2 4.18 for their information)

into subduction [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF]. We note that this seamount is probably not the sole of his kind in the area, as recent tomographic models also suggests the presence seamounts underneath on-shore areas [START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF]. For this reason we did not attempt to balance these cross-sections, yet we did restore all the different horizon (see suppl. 

Land section and discussion

Internal deformation

One important thing, we see, in our cross sections and in published one as well, is that the size and in particular the layer thickness of imbricates in the cross-sections tends to increase landward 4.15a. A possible explanation is that the thickness of the incoming pile of sediments Chapter 4 112 diminishes with time. We do not deny this possibility but, based on our model results we would like to discuss an alternative explanation that is the increase in internal deformation which basically thickens the unit with time in a manner that is difficult to capture at regional geological map scale. In all the models, small initial imbricates, individual thrusts with their piggy-back basins, are stacked together into larger tectonic units as the thickness of the accretionary prism grows.

On the field, even when outcropping conditions are very good we can barely grasp that large coherent yet deformed units correspond to 2 to 4 small imbricates originally as outlined in figure 4.15.

This mechanism of stacking of imbricates makes it difficult to use a balancing technique to measure shortening in a cross section. Indeed, looking in more details at the cross section in figure 4.14, one sees easily, from the construction lines that the parts of the cross section with more detailed data are also more complexe and would results potentially in more local shortening than parts where slope and thickness are taken from the geological map.

Underplating vs seamounts

Roughness of oceanic plates are known as seamounts and volcanic highs e.g. [START_REF] Ambraseys | A history of Persian earthquakes[END_REF]. They migrate together with the ocean plates toward subduction trenches according to plate motion and eventually collide with continental margins where oceanic plates subduct (von Huene, 2008). Seamounts were studied by analogue e.g. [START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF][START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF][START_REF] Kukowski | Sediment accretion against a buttress beneath the peruvian continental margin at 12 s as simulated with sandbox modeling[END_REF] and numerical modeling [START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF]Zeumann and Hampel, 2015).

In terms of seismicity, the subduction of seamounts strongly deforms the overriding plate margin by creating intense fracturing of the upper plate, so it prevents great earthquake occurrence [START_REF] Wang | Do subducting seamounts generate or stop large earthquakes?[END_REF], although, some believe when these volcanic highs reach the seismogenic zone, they modify, the seismic coupling and favor the nucleation of strong earthquakes [START_REF] Christensen | Large earthquakes in the tonga region associated with subduction of the louisville ridge[END_REF][START_REF] Cloos | Thrust-type subduction-zone earthquakes and seamount asperities: A physical model for seismic rupture[END_REF].
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Our models cannot really state on seismic alea because there is no elasticity and the time scale considered is too long. However, we find that seamount subduction temporarily affects the length of the flat segment which corresponds to the temperature at which dehydration and possibility for fluid over-pressure is favoured, so that seamount could effectively temporarily limit the size of earthquakes. However, our model also show that large seamount subduction leaves behind them long-lived tectonic slice of larger size than typical imbricates at the back of the imbricate zone. These larger slices could also serve as patch or barrier for seismicity at longer timescale than the seamount subduction it-self.

Interestingly enough, these larger slices being only produced after seamount subduction in our models, we posit that their absence or presence permit to distinguished between underplating due to the second décollement and seamount subduction. Based on this statement and on the presence of large slice at the rear of the Eastern profile we decided to interpret the large velocity anomaly of the tomographic model as subducted seamount rather than underplating as suggested by the interpretation the authors provided with the model. 

Conclusion

In this contribution, we first bring new unpublished constraints on the geometry of the Iranian MAP and its thermicity. We have presented some new structural field data and integrated them, together with literature and geological map interpretation into two surface cross-sections using the kink method. Our geometric analysis confirms that ∼50 percent of the incoming ∼7.5 km thick sedimentary sequence must be underthrust along a secondary décollement and stacked further to the rear of the wedge as proposed by [START_REF] Platt | Stratal extension in thrust footwalls, makran accretionary prism: implications for thrust tectonics[END_REF] and confirmed by Ruh (2020). These two cross-sections are aligned with two off-shore sections that were previously balanced [START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF] and with recently published with seismic tomography models [START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF]. In order to ameliorate our interpretation at depth, we have run thermomechanically coupled simulation of formation of accretionary prisms, focusing mainly on the role of smectite/illite transition and seamounts subduction. The model have been calibrated by picking the BSR on the available seismic data, and interpreting it in terms of heat flow.

The simulations show that dewatering and smectite/illite transition together with the brittle ductile transition permits to produce the three slopes segments previously documented in Makran. Seamounts subduction does not affect the slope for very long but permits the formation of large tectonic slices which cannot be form with a second décollement alone.

Our new cross-section are compatible with a late Pliocene coast-line uplift which would corresponds to the onset of ductile décollement and splay fault system which permits to explain the large slope observed at the coast. The passage of eventual seamount changes the shape of the slices at depth but does not really affect the brittle ductile transition in the models.

Supplementary figures

FIGURE 4.17: Suppl. Chapter 5

Thesis statement

Results

According to static models presented in Chapter 2, to reproduce the actual deformation (shelf normal fault), a transition from low to extremely low friction is necessary.

This paper leaves two important questions: is this low friction related to seismicity? What kind of process is responsible for the formation of a normal fault and how does it relate with the deformation? The poor quality of seismic data in depth and its small coverage at the border of the off-shore domain makes its structural determination difficult. Therefore, the relationships between the deep structure, these normal faults, the décollement and the pre-existing thrust faults remain unclear.

To discuss the low friction origin, I ran 2-D long term thermo-mechanical modelling incorporating temperature evolution, looking for the deformation and topographic evolution related to the brittle-ductile transition, as presented in Chapter 3. I started this investigation with a simple accretionary prism with a single décollement layer. Thermal-modelling offered me the possibility to investigate the effects of basal heat flow, shear heating, thermal blanketing by sediments and thickness of the incoming sediments.

The results show the formation of three different structural zones which corresponds to three different type phase of deformation: (1) a pure brittle wedge with a rather constant slope predicted by the CTT at the front; (2) a large flat but non zero topographic slope close to the backstop, with a viscous décollement and a viscous sequence above; and (3) in between, a zone with distinctively steeper topographic slope with a brittle décollement and viscous internal deformation of fault-bounded blocks.

According to the CTT, an extremely low basal friction, a very large topographic slope or a Conclusion 119 decrease of the décollement slope (that could be related to either underplating or seamount subduction) should allow reaching the extensional critical state, and hence forming normal fault.

However, in my simulations, the decrease of friction related to the brittle-ductile transition never produced normal faults.

Therefore, I then decided to increase the complexity of the model by paying special attention to the whole Makran subduction zone (Chapter 4). Since there was no published detailed structural cross-section along the onshore part of the MAP, before going through Makran modeling, I draw two cross-sections in the continuity of the off-shore seismic profiles. To do so, I used the geological maps, literature and 30 m digital elevation model (DEM), field work together with off-shore seismic data. However, the lack of constraints led to large uncertainties, in particular for the deep structure.

The thermal parameters and boundary conditions of the numerical simulations were calibrated using the bottom sea reflector depth and few available well data. To reproduce the underplating, I ran models with two décollement layers. I investigated the influence of shear heating, thermal conductivity through the sediments, and thermally controlled variation of the strength of the décollements like illite-smectite transition and brittle-ductile transition, on the deformation, the deep structure, and the topography. As a seamount is visible on the Central segment, and as the tomographic data might suggest the presence of seamounts, I also investigated the influence of a seamount subduction.

I found that dewatering and illite-smectite transition permits to produce three slope segments observed in accretionary prisms such as Makran but that the drop in friction associated is not sufficient for normal faults to emerge self consistently from the simulations. Oppositely, the subduction of a large seamount is accompanied by large normal faults. While their location migrate through time, we find that the presence of long slices at the back of the imbricated zone are remnants structures which sign the passage of a seamount. Finally, using larger conductivities in sediments to account for potential convective heat transport permits to produce static normal faults associated with underplating at the brittle-ductile transition but we believe that a less hollisitic modelling approach of heat transport by fluid is needed to really demonstrate this last point.

In the 2nd Chapter, we placed potential seismic asperities along the segment of lowest ef- behavior, the down-dip limit of the seismogenic zone will correspond to the onset of underplating. By assuming that the up-dip limit of seismic asperities correlates with smectite-illite transition, then a seismic asperity may extend from this transition, down to the onset of underplating, and correlate with a relatively flat topography. This location is consistent with:

1-GPS modelling, showing a decrease of coupling from the coast to inland, coinciding with the brittle-ductile transition [START_REF] Lin | High interseismic coupling in the eastern makran (pakistan) subduction zone[END_REF].

2-The extent of the Mw 8.1 1945 EQ along the Pakistani side (Figure 2.9).

3-Makran seismic history that indicates shallow earthquakes along the onshore wedge and along the brittle thrusts, and none along deeper structures [START_REF] Byrne | Great thrust earthquakes and aseismic slip along the plate boundary of the makran subduction zone[END_REF].

Along the eastern profile, although the formation of the normal might relate either to underplating or seamount subduction, the actual normal fault is located above underplated structures, and is thus located above the brittle-ductile transition. The Central profile shows deep duplexes along the shoreline, and presents a larger diapiric zone. Since a flat topography and the location of mud volcanoes might reveal a illite-smectite type transition window, if the window means seismic asperity, this segment might also be seismic. In any case, those seismic asperities are narrow, and magnitude will only depend on their lateral extent.

Perspectives

Now that these results have been identified and I am aware of the modeling limitation and geology data shortcomings, in the future I can look for improving the results. Like coming back to the field in more details to look for transition evidence, running new static modeling based on the new crustal cross-sections, trying for find codes for involving fluid processes and mud volcanoes, a code with elasticity to do seismic cycle in the dynamic models and, add flexural bending and more complexity to the model after understanding the effect of every single parameters.

Apart from my specialty, I can also suggest that the quality of seismic profiles can be improved by using new geophysical methods, drilling wells not just for exploration goals even for estimate and evaluate thicknesses and lithology, adding much more GPS station especially along the coastal part.

Western Makran is one of the few subduction zones left with a largely unconstrained seismogenic potential. According to the sparse GPS stations, the subduction is accumulating some strain to be released during future earthquakes. To enhance the seismic hazard assessment, we here propose to study the finite deformation of the western Makran accretionary wedge. Mechanical modelling is used to retrieve the spatial variations of the frictional properties of the megathrust, and discuss its seismogenic potential.

To do so, we first build a structural map along the Iranian part of the Oman Sea and investigate three N-S seismic profiles. The profiles are characterized by a long imbricated thrust zone that takes place at the front of the wedge. A diapiric zone of shallow origin lies in between the imbricated zone and the shore.

Along the eastern and western shores, active listric normal faults seem to root down to the megathrust.

Eastern and western domains have developed similar deformation, with three zones of active faulting: the normal faults on shore, thrusts ahead of the mud diapirs, and the frontal thrusts. On the contrary, no normal faults are identified along the central domain, where a seamount is entering into subduction.

Two mechanical analyses are performed to retrieve the frictional properties of the megathrust. We first apply the critical taper theory to constrain the pore fluid pressure of the wedge. We then apply the limit analysis on two selected profiles. Along the eastern profile, a transition from very low to extremely low friction is required to activate the large coastal normal fault (μ ef f deep = 0.01-0.06, μ ef f middle = 0.003-0.012). To propagate the deformation to the front, an increase of friction along the imbricated zone is necessary (μ ef f f ront = 0.017-0.031). The method could not be applied on the incomplete western profile. However, since the deformation is similar to the eastern profile, the same transitions of friction are expected. The Central domain is also characterized by very low effective friction; but, the absence of normal fault does not allow to evidence any frictional transition. Since dynamic effective friction coefficients are significantly lower than frictions at slow slip rate, the region of extremely low friction between the normal fault and the imbricated zone might reveal the location of a seismic asperity. The difference in deformation along strike would thus reveal the existence of two different asperities, one along the eastern domain and a second along the western domain. Since no earthquake have occurred in the region for, at least, the last 1000 years, an event of large magnitude may strike the Iranian Makran, in particular the Eastern domain.

Introduction

The 1000 km long Makran is one of the few subduction zones left with a largely unconstrained seismogenic potential. The region indeed lacks historical records due to the sparsity of past settled https://doi.org/10.1016/j. epsl.2021.116789 0012-821X/© 2021 Elsevier B.V. All rights reserved.

Abstract. The local topographic slope of the accretionary prism is often used together with the critical taper theory to determine the effective friction on subduction megathrust. In this context, extremely small topographic slopes associated with extremely low effective basal friction (µ ≤ 0.05) can be interpreted either as seismically locked portions of megathrust, which deforms episodically at dynamic slip rates or as a viscously creeping décollement. Existing mechanical models of the long-term evolution of accretionary prism, sandbox models, and numerical simulations alike, generally do not account for heat conservation nor for temperature-dependent rheological transitions. Here, we solve for advection-diffusion of heat with imposed constant heat flow at the base of the model domain. This allows the temperature to increase with burial and therefore to capture how the brittle-ductile transition and dehydration reactions within the décollement affect the dynamic of the accretionary prism and its topography. We investigate the effect of basal heat flow, shear heating, thermal blanketing by sediments, and the thickness of the incoming sediments. We find that while reduction of the friction during dewatering reactions results as expected in a flat segment often in the forearc, the brittle-ductile transition results unexpectedly in a local increase of topographic slope by decreasing internal friction. We show that this counterintuitive backproduct of the numerical simulation can be explained by the onset of internal ductile deformation in between the active thrusts. Our models, therefore, imply significant viscous deformation of sediments above a brittle décollement, at geological rates, and we discuss its consequences in terms of interpretation of coupling ratios at subduction megathrust. We also find that, with increasing burial and ductile deformation, the internal brittle deformation tends to be accommodated by backthrusts until the basal temperature becomes sufficient to form a viscous channel, parallel to the décollement, which serves as the root to a major splay fault and its backthrust and delimits a region with a small topographic slope. Morphologic resemblances of the brittle-ductile and ductile segments with forearc high and forearc basins of accretionary active margins, respectively, allow us to propose an alternative metamorphic origin of the forearc crust in this context.

Introduction

Several studies have suggested a link between the morphology of forearc wedges and the seismic behavior of megathrusts, showing a correlation between large subduction earthquakes and forearc basins or deep-sea terraces [START_REF] Wells | Basincentered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion?[END_REF] or with negative free-air gravity anomalies [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF][START_REF] Wells | Basincentered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion?[END_REF].

Forearc wedges are to the first order well described by the critical taper theory (CTT) [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF]. This theory assumes that wedges are built by accretion of material equivalent to sand pushed by a moving bulldozer over a frictional basal décollement. This theory has been very successful in describing the equilibrium morphology of wedges in response to accretion and as a function of its effective internal and basal frictional strength [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF].

The relationship between the forearc wedge morphology and the seismogenic behavior has been attributed to spatial variations of basal shear strength [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF] and forearc basins are generally associated with an extremely Published by Copernicus Publications on behalf of the European Geosciences Union.

The distinct morphologic signature of underplating and seamounts in accretionary prisms, insights from thermomechanical modeling applied to Coastal Iranian Makran Sepideh Pajang a,b , Mohammad Mahdi Khatib b , Mahmoudreza Heyhat b , Nadaya Cubas a , Eloise Bessiere a , Jean Letouzey a , Mohammad Mokhtari c , Laetitia Le Pourhiet a

Western Makran is one of the few subduction zones left with a largely unconstrained seismogenic potential. According to the sparse GPS stations, the subduction is accumulating some strain to be released during future earthquakes. Mechanical modelling is first used to retrieve the spatial variations of the frictional properties of the megathrust, and discuss its seismogenic potential. To do so, we first build a structural map along the Iranian part of the Oman Sea and investigate three N-S seismic profiles. The profiles are characterized by a long imbricated thrust zone that takes place at the front of the wedge. A diapiric zone of shallow origin lies in between the imbricated zone and the shore. Along the eastern and western shores, active listric normal faults root down to the megathrust. Eastern and western domains have developed similar deformation, with three zones of active faulting: the normal faults on shore, thrusts ahead of the mud diapirs, and the frontal thrusts. On the contrary, no normal faults are identified along the central domain, where a seamount is entering into subduction. From mechanical modelling, we show that along the eastern and western profiles, a transition from very low to extremely low friction is required to activate the large coastal normal fault. To propagate the deformation to the front, an increase of friction along the imbricated zone is necessary. These along-dip transitions could either be related to a transition from an aseismic to seismic behavior or the brittle-viscous transition.

To decipher, we run 2-D thermo-mechanical modelling incorporating temperature evolution, with a heat flow boundary condition. Our simulations are first calibrated to reproduce the heat flow estimates based on the BSR depth. Then the effects of the illite-smectite and brittle-viscous transitions on the deformation are investigated. The decrease in heat flow landward is due to the landward deepening of the oceanic plate and thickening of sediments of the accretionary wedge. Deformation starts at the rear of the model and migrates forming in-sequence, forward verging thrust sheets. The two brittle-viscous and illite-smectite transitions affect the topographic slope and friction. A reduction of friction due to the illite-smectite transition reduces the slope by normal faulting that does not appear in the brittle-viscous transition simulations. Therefore, the presence Geoscience department, university of Birjand, Birjand, Iran (sepideh.pajang@birjand.ac.ir) Long-term tectonics numerical modelling at accretionary margin scale is a powerful tool to retrieve the influence of many parameters such as the spatial variations of the frictional properties along a simplified interface and its feedback on the deformation. Despite significant analogue and numerical studies on the evolution of accretionary prism, none of them account for heat conservation or temperature-dependent rheological transitions. Since Makran is one of the thickest accretion prisms in the world, the contribution of heat to the rheology of the prism cannot be ignored. Here, we solve for advection-diffusion of heat with imposed constant heat flow at the base of the model domain to allow the temperature to increase with burial. We start with a simple setup of one décollement layer to capture how the brittle-ductile transition affects the structures and geometry of the accretionary prism.

Our results show that a mature brittle-ductile wedge forms four different structural segments that can be distinguished based on topographic slope and deformation. An initial purely frictional segment is characterized by an imbricated zone and active in-sequence thrusts faults at the toe of the wedge. Its topographic slope is controlled by the basal friction of the décollement and is consistent with the critical taper theory prediction. The presence of the smectite-illite transition (dehydration reaction) leads to a flat topographic slope by the drop of friction. This flat segment produces little internal deformation and appears during the early stage of the accretionary prism formation. The third segment is marked by an increase of the topographic slope that begins with the onset of internal distributed viscous deformation in between brittle structures. Viscous deformation appears once the base of the model reaches 180°C while the décollement remains brittle. We refer to that segment as the brittle-ductile transition where both brittle and ductile deformation co-exists within the wedge together with high internal deformation. The last segment of deformation corresponds to the onset of the ductile deformation along the décollement by reaching a temperature of 450°C with an approximate flat zone without effective internal deformation. The topographic slope is again consistent with the critical taper theory, considering that a viscous décollement is equivalent to a brittle décollement of extremely low friction.

Knowing the impact of temperature transitions, we include more complexity in our simulations to increase the relevance of the models with the Makran accretionary prism. We calibrate the basal The concentration of these elements varies depending on the type of rock. Thus, the rocks of the continental crust contain relatively large amounts of radioactive elements compared to the other rocks that make up planet Earth. Estimates are of the order of 0.5µW m -3 for the continental crust. In comparison the radiogenic production of the oceanic crust is 0.5µW m -3 and that of the mantle is only 0.1µW m -3 (Vila et al., 2010). So, in thermo-mechanical modeling, we often make the approximation that the radiogenic production is restricted to the continental crust. The other source of internal production is related to the mechanical dissipation of energy (shear heating). This energy describes the amount of energy that is released as heat when material is deformed and is related to viscosity and strain. The more stress is required to deform the material, and the larger the amount of deformation, the more shear heating is produced. .31) The conductive heat flow, defined by Fourrier's law (or Fick's law); heat can be transported without material transport by simple diffusion which is represented by the term F d = -k∇T .

H shear = 2η ε 2 xx + 2ε 2 xy + ε 2 yy ρcp (A
Heat transports from the high to the low temperatures (hence the minus sign) at rate that is proportional to the local gradient of temperature and to the coefficient of thermal conductivity k.

k characterizes the material ′ s ability to conduct heat. Heat can also be transported with material (advection). The term ρC p v • ∇T corresponds to advective heat transport. It depends on the velocity the material moves with v, and on how much the temperature, and with that the thermal energy, changes in space, which can be expressed through the temperature gradient ∇T . List of Figures [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF]. b:

Mechanical states of a wedge defined by the critical taper theory [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF], basal friction controls the envelope size [START_REF] Cubas | Relationship link between landward vergence in accretionary prisms and tsunami generation[END_REF]Dahlen et al., 1984) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 Limit analysis modeling was here used along a profile of the Mentawai region in Sumatra [START_REF] Kuncoro | Tsunamigenic potential due to frontal rupturing in the sumatra locked zone[END_REF]. The authors found that a µ ≤ 0.08 along the décollement was necessary to activate the pop-ups. c Normalized vertical virtual velocity field, d: minimal amount of slip expected by assuming the activation of three frontal pop-ups. . 

  Marine terrasses Elevated marine terraces along the Makran coast indicate Quaternary surface uplift Page et al.

  data. The strong changes in tectonic style have been related to external and internal factors. External factors are velocity rates and convergence direction changes due to the opening of the Aden Gulf, which resulted in the rapid northward and clockwise rotation of the Arabian plate since the end of the Paleogene (Ellouz-Zimmermann et al., 2007a). Internal factors include location and rates of sedimentation over the growing prism. The main origin for Cenozoic sediments are direct influx from Indus River conveying eroded series from Indian shield or Himalayas and strong erosion of the inner parts of the growing accretionary prism (Ellouz-Zimmermann et al., 2007a).

Figure 1 .

 1 Figure 1.13 illustrates integrated geological maps of Makran based on published geological maps (Figure 1.12).

  13) and Chah Khan thrust is the southern boundary. The thickness of sediments are very high in this areas of Makran, which indicates high sedimentation and subsidence rates. Oligo-Miocene deep marine turbiditic sequence have been deposited with calcareous mudstones by intercalation of sandstones in the Eastern Makran onshore Pakistan (Ellouz-Zimmermann et al., 2007a).
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 1 Description of Persian carpet and acquisitionTo conduct this thesis work, I had access to seismic profiles of the off-shore area, gathered under auspices of NIOC (National Iranian Oil Company) in 2000 using conventional marine 2D seismic methodology. The profiles are part of the PC2000 project covering both the Persian Gulf and the Oman Sea (Figure1.21). The project comprises a seismic grid of 4x4 km in the west and 8x8 km in the central and eastern domains. The grid covers most of the seismic acquisition area, except in the deepest water areas towards the abyssal plain to the South. Two phases of acquisition were conducted by seismic vessel Bin Hai 517, with basic acquisition parameters (recording length 8192 ms, fold of coverage 120, cable length 6000 m (Skarpnes et al., 2003)). A last phase was recorded using seismic vessel Pejwak, with basic acquisition parameters (recording length 20480 ms, fold of coverage (nominal fold) 90, cable length 7200 m). Four lines were recorded in 20 seconds record length, although only two of them extend across the prism and deformation front. I also had access from NIOC to one onshore well located in Iran (black star in Figure 1.1). All steps of the conventional processing work flow such as demultipling, denoising, and prestack time migration (PSTM) have been applied to available data. The post-stack processing flow includes FX deconvolution and AGC (Automatic gain control). I had access to three of NS profiles orthogonal to the trench, recorded in 20s, located on the eastern, central and western part of the Iranian Makran (Orange lines in Figures 1

(

  EPSL), in 2021, with the title of "Seismic hazard of the Western Makran subduction zone: insight from mechanical modelling and inferred frictional properties". In this paper, I analyzed the seismic profiles of the Persian carpet, produced a structural map, determined the active faults, and proposed cross-balanced profiles. Eastern and Western domains of the Iranian Makran are characterized by three different structural segments: (1) a north-dipping imbricated thrusts zone at the front, followed by (2) a diapiric zone of shallow origin, and (3) active listric normal faults along the shorelines. The Central region shows deep duplexes along the shoreline instead of normal faults, and presents a larger diapiric zone. Along the Central region, a seamount is currently entering into subduction at the front. I first took advantage of the efficient static approaches, such as the CTT and the limit analysis, to explore the range of parameters reproducing the observed deformation. I found that a decrease of friction from the deeper part of the wedge to the middle segment, and an extremely low friction along the middle segment were necessary to explain the activation of the normal fault. As discussed in the paper, such a low friction could either be related to earthquake propagation, a long-term high pore pressure or a viscous behavior. Since static approaches can neither explain the origin of the normal fault, nor determine the mechanical behavior responsible for the low friction, I then moved to long-term modelling. The second paper (Chapter 3) does not focus on Makran. It describes the effects of including thermal evolution into a simple critical taper type model. This allows to better understand the effect of the brittle ductile transition on the topography of the accretionary prism and leads to open reflexions on the nature of the forearc crust in warm subduction settings. It is submitted in journal of solid Earth, SE; entitled "The topographic signature of brittle/ductile transition in accretionary prism".The third paper (Chapter 4) is an application of this new methodology to numerical simulations that are designed to resemble Makran. It describes numerical models which are thermally adjusted to BSR data of Makran and includes the effect of the brittle ductile transition, a drop of effective friction in the dehydration windows as well as subducted seamounts. These models are then used to build two new cross-sections of Makran which corresponds to the two specific segments studied using static analysis in the first paper. They helps us to better understand the origin of normal faults in Makran and permit to better discuss the origin of lateral change in normal fault patterns at the surface and its interpretation in term of seismic hazard. This paper is planned to be submitted to journal of Geological Research, (JGR), entitled "Structural evolution of western Makran accretionary prism: insight from thermomechanical modeling".

FIGURE 1 . 1 :

 11 FIGURE 1.1: Seismo-tectonic map of Makran a. Seismicity, with earthquakes of magnitude ≥ 3.5 from 1945 to 2013 shown as colored circles. Red lines indicate known faults, mud volcanoes are shown by black contours. Offshore imbricate thrust faults within Pakistani side are taken from Smith et al. (2012) and positions of active mud volcanoes from (Kassi et al., 2013). Brown triangles indicate the positions of the Pleistocene volcanoes related to the subduction of the Arabian plate underneath the Eurasian plate. On the Iranian side, mud volcanoes, imbricate thrust faults, and normal faults are picked from PC2000 data released by NIOC. The onshore well in Iran is indicated by black star and the 1945 Mw 8.1 earthquake by yellow star. Thick orange lines indicate the 2D seismic lines used in this thesis.

FIGURE 1 .

 1 FIGURE 1.2: a: Schematic diagram of the laboratory sandbox model of Coulomb wedge. Underlying Mylar sheet is pulled out beneath a buttress on the left. b: Balance of forces in the x direction is shown and the terminology used for deriving the equations of critical taper is indicated[START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF] 
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 16 FIGURE 1.6: Numerical models from Ruh et al. (2012). Simulations with multiple décollements. a: Basal and intermediate frictional décollements. Simulation DF1: Intermediate décollement stronger than basal one; DF2: Intermediate and basal décollement have the same strengt; DF3: Basal décollement is stronger than intermediate one. b: Simulations with two salt layers. Simulation DV1: High salt viscosity, DV2: intermedaite, DV3: Low salt viscosity and increased salt thickness.
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 17 FIGURE 1.7: Tectonic setting of Oman sea. The red dots indicate location of mud volcano on-land and volcanic arcs are shown by purple color.

FIGURE 1 . 8 :

 18 FIGURE 1.8: Crustal section over Iranian part from (Burg, 2018) and Pakistani saide of MAP from (Ellouz-Zimmermann et al., 2007a). See Figure 1.7 for their locations.

FIGURE 1 .

 1 FIGURE 1.9: a: 2D offshore N-S seismic profile across the western sector of the Iranian MAP from (Grando and McClay, 2007). b: Interpreted profile.

FIGURE 1 .

 1 FIGURE 1.10: Landsat-5 TM image of the coastal belt of eastern Makran showing positions of active mud volcanoes onland within the Makran Zone of Active Mud Volcanoes, and depositsof the old mud volcanoes from[START_REF] Kassi | Lithostratigraphy, petrology and sedimentary facies of the late cretaceous-palaeocene ispikan group, southwestern makran, pakistan[END_REF] 

FIGURE 1 .

 1 FIGURE1.12: Published geological maps. The 1:100,000 scale geological maps of Jask, Gabric, Pveshk, Zarabad, Bandini, Kahir, Pirsohrab and Chabahar cover the coastal area, the rest is filled with maps of Taherui, Fannuj, Nikshahr and Pishin, 1:250,000 scale.

FIGURE 1 .

 1 FIGURE 1.13: Integrated geological maps of Makran based on published geological maps.

FIGURE 1 .

 1 FIGURE 1.14: Outcrops indicating active normal faults along Coastal Makran at a: 25 • 46 ′ 86′′N; 60 • 36 ′ 51.78 ′′ E, b: 25 • 21 ′ 11.34′′N; 60 • 18 ′ 10.44 ′′ E, c: 25 • 15 ′ 40.68′′N; 60 • 49 ′ 41.58 ′′ E and d: 26 • 35 ′ 51.7′′N; 60 • 28 ′ 02.6 ′′ E from (Dolati, 2010).

FIGURE 1 .

 1 FIGURE 1.21: Overview map of Oman Sea showing location of 2D seismic grid. Seismic grid is 4x4 km in the west and 8x8 km in the central and eastern areas. Orange lines are three main profiles used in this study.

FIGURE 1 .

 1 FIGURE 1.22: Map shows equivalent sequence along Iranian side of Makran. Dots indicate location of field stations.
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 21 FIGURE 2.1: Seismo-tectonic map of Makran a. Seismicity, with earthquakes of magnitude ≥ 3.5 from 1945 to 2013 shown as colored circles. Red lines indicate known faults, mud volcanoes are shown by black contours. Positions of active mud volcanoes within Pakistani side from (Kassi et al., 2013). Imbricate thrust faults in the Pakistanis side from Smith et al. (2012) picked from MCS data (multichannel seismic reflection) and correlated with bathymetric data. On the Iranian side, mud volcanoes, imbricate thrust faults, and normal faults are picked from PC2000 data released by NIOC. The onshore well in Iran is indicated by black star and the 1945 Mw 8.1 earthquake by yellow star. Thick orange lines indicate the 2D seismic lines used in this study. Based on the structural analysis western Makran can be separated in three different structural domains (Western, Central and Eastern) which are identified by dashed-orange boxes. b. Relative motions with respect to stable Eurasia. Yellow arrows are GPS velocity vectors with 95 per cent confidence ellipses (Frohling and Szeliga, 2016; Masson et al., 2007); MORVEL velocities from DeMets et al. (2010). Focal mechanisms reported by gCMT.

FIGURE 2

 2 FIGURE 2.2: a. 2D offshore Eastern seismic profile across the Makran subduction zone from PC2000 in time (see Fig. 2.1 for location). b. Interpreted profile showing the link between the extensional province on the shelf and the contraction at the toe with thrust systems, as well as the main structural domains.

FIGURE 2

 2 FIGURE 2.3: a. Smoothed average velocity profile for the Eastern profile obtained from the Seismic velocity data b. Depth section and interpretation (VE=1).

  zone (Figure 2.4). Water depth ranges from 0 m at the coastline to over 3100 m above the abyssal plain. A seamount of possible volcanic origin is visible at the front. The seamount is probably currently being subducted underneath the outermost part of the imbricated zone, generating strong uplift of the frontal folds. Thrusts on top of it are thus steeper in comparison with the Eastern profile. Only 4 km of sediments is deposited on top of the seamount.

  The seamount(Figure Suppl. Mat. S7) increases the basal slope and creates an imbricate stack leading to an increased shortening of the shallow portion of the wedge.

FIGURE 2

 2 FIGURE 2.4: a. Central seismic profile of the study area (location on Figure 2.1). b. Interpreted profile. A seamount is visible at the accretionary front and has created antiformal stack structures.

  some thrusts ahead of the diapiric zone are identified as active. The eastern and western areas are characterized by active listric normal faults located along the shorelines and rooting down to the décollement, whereas the central domain shows no evidence of large normal faulting, a larger diapiric zone, and is affected by a seamount entering into subduction. We thus propose to separate western Makran in three different structural domains: Eastern, Central and Western.

FIGURE 2

 2 FIGURE 2.5: a. Regional N-S Western profile of the offshore Makran accretionary prism (location on Figure 2.1). b. Interpreted profile.

FIGURE 2

 2 FIGURE 2.6: a. Critical envelopes and mechanical states for effective megathrust frictions of 0.15 and 0.03. b. Example of the α/β co-variation for a swath profile located along the eastern part of Makran (see location on c and d). Bold brown line: α/β values of the swath, cream lines: α/β mean ± standard deviation. The diamond symbols denote the 4 segments identified at critical state (i.e., parallel to a critical envelope as described in a.). For each of these identified segments, the frictional properties are retrieved by inversion and given in the legend. The dashed color lines represent the lower branch of the critical envelop for each of the best fit set of parameters. Their location and properties are reported on panel c and d with diamonds. c. Pore pressure ratio of the wedge for segments at critical state and d. Effective friction coefficient of the megathrust for segments at critical state. The diamond symbols denote the four segments of b. The three structural domains are identified by dashed-orange boxes.

Figure 2 .

 2 Figure 2.6c, d shows patches of the prism at critical state, in particular in front of the mud diapirs, near the active out-of sequence thrusts identified on the seismic lines. Critical patches are also found in the Central domain where mud diapirs are present. Some critical patches lie along the coast consistent with the presence of deep duplexes. Active faulting identified on the seismic lines is thus supported by the CTT analysis. On the eastern and western borders, frontal and coastal critical patches get closer. Effective friction of the megathrust range between 0.017 and 0.23 and the pore fluid pressure in the wedge varies from hydrostatic to almost lithostatic.

FIGURE 2

 2 FIGURE 2.7: a Model set-up with three distinct décollement segments, to seek for the frictional properties reproducing the observed active deformation. The deep décollement has a dip of β deep =5 o , and the pore fluid pressure ratio in the wedge is set to λ =0.6 as deduced from the CTT. b Normalized virtual vertical and c horizontal velocities showing the relative motion between the blocks, obtained for λ = 0.6, φ e f f deep = 3 o , φ e f f middle = 0.6 o and φ e f f f ront = 1 o (µ e f f deep = 0.052, µ e f f middle = 0.01 and µ e f f f ront = 0.017).

1 :

 1 Frictional properties along the megathrust reproducing kinematics g with λ = 0.6.

  Figure 2.4). We again used the depth converted geometry (Figure Suppl. Mat. S7), and set all cohesions and frictions to standard values corresponding to the lithology (Figure Suppl. Mat. S8). We applied a pore fluid ratio λ = 0.8 as deduced from the CTT (Figure 2.6c). Due to the presence of the seamount and the

  FIGURE 2.8: A. Kinematics obtained for the range of effective frictions along the décollement provided in figure B and C. a-f are failure models, g is the kinematics we seek to reproduce (a: Normal fault acts as reverse and décollement not active, b: Normal fault and décollement nonactive, c: Normal fault and out-of-sequence thrust faults non-active, d: Décollement partially active, e: Gravitational normal fault, f: Normal faulting but non-active out-of-sequence thrust faults, g: Normal faulting, out-of-sequence thrust faults and full décollement active). B.1 Exploration of kinematics for varying effective friction coefficients along the middle and deep décollement. Circles correspond to simulations, colored areas to kinematical domains, with kinematics g in green. B.2 Exploration of kinematics for varying effective friction coefficients along the frontal and middle décollement. C. 1-3. Frictions along the frontal and middle décollement reproducing kinematics g. Two different pore pressure ratios (λ =0.6 and 0.7) and two different décollement dips (β =2 o and 5 o ) are investigated.

  tural domains. The eastern one is characterized by active listric normal faults located along the shorelines and rooting down to the décollement, limited extent of mud volcanoes, out-ofsequence thrusts ahead, and an imbricated zone. The central domain shows no evidence of large normal faulting, presents a larger diapiric zone, and the imbricated zone is affected by a seamount entering into subduction at the front. The western domain is very similar to the eastern one. Three zones of active deformation have been identified, supported by the CTT analysis: listric normal faults on the shelf, several thrust faults ahead of the diapiric zone, and the frontal thrusts.
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 29 FIGURE 2.9: Areas of high seismogenic potential along the Makran subduction zone, according to our structural and mechanical analysis and past seismic ruptures from[START_REF] Lin | High interseismic coupling in the eastern makran (pakistan) subduction zone[END_REF].The three structural domains are identified by dotted-orange boxes .

FIGURE 2 .

 2 FIGURE 2.10: S1. Overview map of Oman Sea showing pseudo -3D velocity grid frame from 2D seismic grid. Seismic grid is 4x4 km in the west and 8x8 km in the central and eastern areas.In red rectangles, all data along the dip and strike lines are extrapolated and purple rectangles are extrapolated from dip lines.

FIGURE 2 .

 2 FIGURE 2.11: S2. Zoom-in of the Eastern profile (fold zone, Fig. 2). a. Uninterpreted and b. Interpreted 2D seismic line in time, showing imbricated structures and out-of-sequence faults. Orange horizon is the décollement zone and black arrows show active faults. For location see Figures 1 and 2a

  .

FIGURE 2 .

 2 FIGURE 2.12: S3. Along-strike evolution of deformation at the shelf (See top of the figure for location). Duplexes are visible along the whole subduction zone, while seaward normal faults are limited to the eastern (a and b) and western (c and d) domains. b comes from Fig. 2, and c from Fig. 5. Black arrows indicate normal fault trends.

  FIGURE 2.13: S4. Along-strike evolution of deformation at the shelf for the Central domain (See top of the figure for location, b comes from Fig. 4 and c is the closest line to the Central profile). Duplexes and mud diapirs are visible in this Central domain, as shown by black arrows.

FIGURE 2 .

 2 FIGURE 2.14: S5. Zoom-in of the Eastern profile (Fig 2.) a. Uninterpreted and b. interpreted 2D seismic line in time.

  FIGURE 2.15: S6. a. Restored cross-section of the eastern profile (Fig.2), the comparison with the balanced section yields a minimum of 65 km ± 10 km of total shortening.

FIGURE 2 .

 2 FIGURE 2.16: S7. Central profile (Fig.4) a. Smoothed average velocity profile obtained from seismic velocity data b. Depth conversion and interpretation (VE=1, for location see Figures 1).

FIGURE 2 .

 2 FIGURE 2.17: S8. Mechanical modelling of the Central profile. a: Model set-up. b, c: Normalized virtual horizontal and vertical velocity fields showing the relative motion between the blocks in the vertical and horizontal directions. To activate the entire megathrust with β = 5 o and λ = 0.8, we found µ e f f Deep = 0.026, µ e f f Middle = 0.034, µ e f f Front = 0.0087. Dotted lines show nonactive faults and solid lines indicate active faults.

FIGURE 3 . 1 :

 31 FIGURE 3.1: Model set-up. Mechanical boundary conditions are a non-deformable backstop on the left side, a constant velocity in the horizontal direction of 4 cm.year -1 , the top boundary behaves as a free surface above sea level while the weight of the water column is prescribed as stress normal to the deformed boundary below sea level. Temperature is fixed at the surface, the thermal gradient is prescribed across all other boundaries with the value of zero on vertical ones and value of ∇T b at the bottom boundary. The mesh consists of 512 × ny Q2P1 elements which deform to adapt to the deforming top boundary. Parameters are defined inTable1.

1 .

 1 If the prediction of the second invariant of stress for a viscous rheology σ II = 2η vis εII (3.7) exceeds the Drucker-Prager frictional plastic yield criterion, σ Y = sin φ P +C cos φ (3.8) which depends on φ the internal friction angle and C the cohesion, the effective viscosity of the marker is corrected in order to return to the yield envelop with

  11) is applied on the deformed surface to mimic the weight of water, yet shear stress is zero like above sea level. The thermal boundary conditions assign the temperature T 0 = 0 o C at the surface, a constant thermal gradient ∇T b = ∂ T ∂ y y=y b at the base and no horizontal gradient (insulating boundary)

3.4. 1

 1 Effect of brittle-ductile transition at one glanceIn Figure3.2, we first compare the results of our reference model (M1), with a 4 km thick pile of sediments affected by moderate erosion sedimentation, shear heating, and a thermal gradient of 15 o /km which corresponds to a plate age of 65Ma, with the same model run without thermal coupling (M0).While the frontal parts are not significantly different, with similar tapers and ramp spacing, as soon as the thickness of the wedge doubles (close to sea level at x c.a. 300 km), the backthrusts are more active in the purely brittle wedge than in the thermally controlled wedge for these brittle parameters. This results in the deactivation of one ramp over two, which leads to the formation of the distinct twinned-slice patterns observed between x = 430km and x = 300km in M0. In M1, the twinning of slice by back thrust occurs only once the temperature at the base of the model reaches 300 o C.

FIGURE 3 . 2 :

 32 FIGURE 3.2: Model M0: without temperature compared to Model M1: the same experiment with temperature dependant rheologies, both after 15 Myr evolution. The finite strain and the current state and strain rate are shown for basal frictional angle (φ b =5 o ) and internal friction angle dropping from 25 o to 10 o with strain. The yellowish-brown color illustrates syn-tectonic sedimentation in the form of piggyback basins which represent a given age that corresponds to the time of deposition. Where the material is yielding plastically is in blue or deforms viscously is in red with the onset of 180, 300, and 450 o C isotherms. Black arrows display decreasing thrust space towards the backstop and white arrows show increasing sequence thickness and inclination angle θ . The local topographic slope with a color code shown at the top of the slice is affected by temperature and frictional properties, 1:1 scale.

  Figure 3.3 shows the structural evolution of the reference simulation M1 through time. The wedge grows horizontally by in-sequence thrusting and vertically by reactivation of thrusts within the wedge. Most of the horizontal shortening is accommodated by the active frontal thrust.As the wedge evolves, the surface slope also changes and we detail here its evolution in time.

FIGURE 3 . 3 :

 33 FIGURE 3.3: Temporal evolution of the reference model (M1) from beginning to 20 Myr of shortening, 1:1 scale.

FIGURE 3 . 4 :

 34 FIGURE 3.4: Models with shear heating on after 15 Myr of shortening. a. Thin and b. Thick sequence pile models. M1, M3 and M7, M8 are the same experiment with normal and high surface diffusion rate respectively. Experiment parameters are given in Tables1 and 2and color code for markers is given in Figure3.2, 1:1 scale.

FIGURE 3 . 5 :

 35 FIGURE 3.5: Models with no Shear heating after 15 Myr of shortening for a. Thin and b. Thick sequence pile models. Normal sedimentation rate use in M2 and M5, and high erosion rate in M4 and M6. Refer to Figure 3.2 for color codes and Tables1 and 2for experiment parameters, 1:1 scale.

FIGURE 3 . 6 :

 36 FIGURE 3.6: High temperature gradient (25 o C/km) after 10 Myr for a. thin sequence and b. thick sequence. M9 and M11 are with normal erosion and sedimentation rate whereas M10 and M12 indicate high sedimentation rate. Color codes and experiment parameters are given in Figure 3.2 and Tables1 and 2, 1:1 scale.

  1 o within the reaction temperature window. The evolution of friction with temperature in the décollement layer is reported in Figure 3.7.

FIGURE 3 . 7 :

 37 FIGURE 3.7: Evolution of friction with temperature with our parametrisation of smectite-illite transition. The dashed line is for the evolution of friction in simulation M15 which serves as comparison with M1 at the brittle-ductile transition zone.

Figure 3 .

 3 Figure3.8b illustrates that shear heating tends to increase the extent of the flat dehydration segment by reducing both the size of the critical taper corresponding to the smectite décollement located at the toe of the wedge and the lateral extent of the steep segment located at the brittle-ductile transition. Figure3.8c demonstrates that the increase of slope of the brittle-ductile segment in model M14 as compared to model M1 is indeed related to the increase in basal friction up to 10 o after the dehydration reaction. As described above, without shear heating, the flat plateau above the viscous décollement hardly develops.

FIGURE 3

 3 FIGURE 3.8: a. 15 Myr of time evolution of simulation M14 with dehydration reaction and shear heating . b. model at 15 Myr for similar simulation without shear heating M13. c. model at 15 Myr for similar simulation M15 with 5 o friction instead of 10 o friction after the end of dehydration reaction, 1:1 scale.

  different structural zones which corresponds to three different type phases of deformation related to transitions in the rheology. The frontal brittle part of the wedge is characterized by an imbricated zone and active in-sequence thrusts faults ahead. The décollement and the above sequence behave plastically (Figure 3.9a). The topographic slope created in this section is controlled by the basal and average internal frictions and is consistent with the CTT predictions (Figure 3.9b and c, blue star). The presence of a smectite-illite transition (dehydration reaction) leads to a segment characterized by a flat topographic slope and little internal deformation, in between the frontal brittle wedge and the brittle-ductile transition (Figure 3.9a). This flat segment appears during the early stage of the accretionary prism formation. The brittle-viscous transition zone is characterized by out-of-sequence thrusts and backthrusts with high internal deformation (Figure 3.9a). This part forms a steeper topography slope than the brittle-only part. A careful examination of the behavior of this segment reveals that the décollement remains brittle, but the above sequence has entered the viscous phase (Figure 3.9a).

FIGURE 3

 3 FIGURE 3.9: a. Proposed model for the mature brittle ductile wedge which forms three distinct segments; pure brittle wedge with a rather constant slope predicted by the CTT at the front (blue star), low but non zero topographic slope close to the backstop corresponds to viscous deformation (black star) and, larger topographic slope in between these segments as a result of the brittle ductile transition (red star and yellow rectangle). b. Topographic slope versus internal friction for φ basal =5 o . c. Basal friction versus topographic slope for φ int 10, 17 and 25 o .

  FIGURE 3.10: a. Structure of accretionary wedge and forearc basin modified from Noda (2016) based on our modelling results for the geometry of isotherms and the distribution of brittle and viscous strain. Schematic cross-sections of b. Southern Sumatra based on Singh et al. (2011) c. Lesser antilles based on Laigle et al. (2013) with indication of the possible location of the brittle ductile transition based on our model and the observed geometry of faults.

  450 o C. The location of this viscous channel, which is active in greenschist facies conditions, corresponds to portions of seismic sections that are often interpreted as an attenuated continental crust or former arc crust. Our model provides, we believe, a valid alternative interpretation which has the advantage to explain why the forearc crust is always thinner than the continental crust on seismic sections but also why the warm subduction segments are representative of our mature stage simulation, such as South Sumatra or the Lesser Antilles are considered aseismic. and deep structures. We find that the inclusion of the brittleductile transition, dehydration, and the smectite-illite transition produces the three slope segments observed in the Makran accretionary prism. The three segments correspond to a regular accretionary prism, a flat segment that marks the smectite-illite transition, and a rise in topography that occurs where the brittle-ductile transition introduces a second deep décollement at the interface between the oceanic crust and the tegument. Nevertheless, the decrease in friction associated with dehydration, as well as the onset of underplating, proves insufficient for the observed normal faults to emerge self-consistently from the simulations. Crustal-scale normal faults only emerge in simulations that include subduction of a large seamount. These simulations also produce long tectonic slices that mark the scar of past seamount subduction, and serve as support for the formation of a new imbricated zone. Using offshore seismic reflection data as well as the published onshore tomographic profile, along with our thermo-mechanical simulation, we propose two cross-sections of the onshore and offshore Iranian Makran accretionary prism. highlights: * First heat flow estimation from the Bottom Simulating Reflector (BSR) visible along seismic profiles * We confirm that regional Quaternary uplift of coastal Makran is due to underplating * Underplating starts when brittle-ductile transition temperature is achieved * Seamount subduction permits the formation of a large-thrust-slice zone and lateral variation of basal erosion * Deep-rooted listric normal faults are indicators of past seamount subduction keyword: Coastal Iranian Makran; Heat flow; Brittle-ductile transition; Seamount subduction4.2 IntroductionThe Makran accretionary prism (MAP), located in SE Iran and SW Pakistan, is the largest accretionary wedge in the world e.g.[START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF]. Makran results from the ongoing subduction of the oceanic part of the lithosphere of Arabia plate beneath Eurasia since Early Cretaceous, with geological (MORVEL) velocities increasing from35.5 -36.5 mm yr -1 to 39 mmyr -1 from west to east (Figure 4.11); (DeMets et al., 2010). The MAP is located between two major collisional zones, Zagros to the West and Himalaya to the East (Figure 4.11). Active transitions to these collisional domains are accommodated by two major strike-slip systems, the Ornach Nal fault to the East, and the Minab-Zendan fault to the West (Figure 4.11). The MAP is characterized by

FIGURE 4 . 1 :

 41 FIGURE 4.1: Geodynamic setting of Makran. Straight black lines indicate location of the cross-sections of this contribution. Orange arrows are MORVEL velocities from (DeMets et al., 2010), CKT: Chah Khan thrust.

  literature, and 30 m digital elevation model (DEM) data of coastal Iran to build an integrated geological map of Makran including both on and offshore domains (Figure4.2a) on which we base our new cross-sections. The profiles are oriented perpendicular to the average strike of the bedding (E-W) in the continuity with offshore cross-sections drawn from the two only NS seismic profiles of the Persian carpet, seismic data base that cover the full prism from the deformation front to the coast. Their detailed interpretation is discussed in[START_REF] Pajang | Seismic hazard of the western makran subduction zone: insight from mechanical modelling and inferred frictional properties[END_REF].

  calibrated to Makran using new heat flow estimates from the Bottom Simulating Reflector (BSR). The simulation results are then used to propose two on-offshore crustal cross-sections which integrate constraints from offshore seismic profiles and the recent tomographic model of coastal Makran (Figure4.2b, c);[START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western makran subduction zone, iran[END_REF].

4. 3

 3 Modeling incentive and calibration of the models4.3.1 Needs for a thermo-mechanically coupled model of Makran[START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF] have shown that the increase of temperature with burial affects the modes of deformation and the growth of topography. Simulations of an accretionary prism with a simple décollement layer which account for the dependence of effective basal friction on temperature due to metamorphic reaction or brittle-ductile transition display three stages of growth associated with distinct signatures in terms of topographic slope. The slope of an initial purely frictional stage is directly related to the basal friction of the décollement. The second stage is marked by an increase of the topographic slope which corresponds to the onset of ductile deformation in between brittle structures while the décollement is still brittle. A last stage of deformation corresponds to the onset of the ductile deformation along the décollement in the most

FIGURE 4

 4 FIGURE 4.2: a. Structural map (offshore is taken from Pajang et al. (2021)) overlaid with age distribution of outcrops along with position of Olistostrome from Burg et al. (2008). b. Eastern and c. Central cross-sections in depth. Offshore part is taken from Pajang et al. (2021) and onshore from Haberland et al. (2020).

FIGURE 4

 4 FIGURE 4.3: a. Model set-up. Boundary conditions are a non-deformable backstop on the left side, a constant velocity in the horizontal direction of 4 cm.year -1 , free surface or water pressure considered below sea level, basal heat flow calibrated from BSR. b. Three different initial seamount geometries.

FIGURE 4 . 4 :

 44 FIGURE 4.4: Comparison of heat flow derived BSR and models. a. Zoom-in of Eastern offshore migrated profile. The BSR is indicated by black arrows, the BSR-derived heat flow is shown in red. b. Good fit between BSR-derived heat flow and model, reproducing the wiggles size and the pattern relative to thrusts and basins. c. Heat flow extracted from different diffusivities of sediments.

Figure 4 .

 4 Figure 4.23 displays the structural evolution of the reference simulation M1 through time. The wedge grows by horizontal shortening and vertical thickening. Most of the shortening is accommodated by thrusting and brittle deformation along the frontal part. Some of the vertical thickening is accommodated by reactivation of thrusts within the wedge, the rest by underplating. Temperature changes with respect to increasing depth affects the structure and surface slope.

FIGURE 4 . 5 :

 45 FIGURE 4.5: Temporal evolution of the reference model (M1) from beginning to 11 Myr of shortening.

  frontal part of the reference model and the dehydration reaction model (M3) displays similar tapers and ramp spacing. However, when the temperature reaches 110 • C at the depth of the shallow décollement, dehydration reaction causes a drop in friction. This leads to the formation of a flat topography (0.4 • , Figure 4.6 M3) which corresponds to the slope predicted by CTT for a basal friction of φ b = 0.1 • . As a result, the length of the frontal imbricated zone increases. Contrarily to the imbricated zone forming above a basal friction of φ b = 5 • , the segment with low friction (x = 330 -390km) displays almost no internal deformation. Once the shallow décollement exits from the the dehydration reaction window, that is in between 145 to 180 o C, its friction increases back up to φ b = 10 • which results in a larger topographic slope. At about the same x-location, the deep décollement starts to follow a ductile behavior marking the onset of underplating. At the back of the model, deformation patterns are very similar to those in model (M1). However, as the wedge is longer, less sediments are accreted at the back for the same amount of shortening.

FIGURE 4

 4 FIGURE 4.6: Model M1: with moderate erosion sedimentation diffusion coefficient compared to model M2: the same experiment with larger erosion coefficient. Model M3: with smectiteillite transition. All after 11 Myr evolution. The finite strain and the current state and strain rate are shown for an internal frictional softening drop from 20 • to 10 • . The yellowish-brown color illustrates syn-tectonic sedimentation in the form of piggyback basins which represents a given age corresponding to the deposition time. Where material is yielding plastically is in light grey or deforms viscously is in dark grey, with onset of 180 and 300 • C isotherms. The local topographic slope with a color code shown at the top of the slice is affected by temperature and frictional properties.

FIGURE 4 . 7 :

 47 FIGURE 4.7: Models with three different initial seamount geometries, large M4, medium without décollement on top M5, and small size under décollement layer M6.

4. 5

 5 Discussion of models 4.5.1 Underplating: possible marker for the brittle-ductile transition?

Figure 4 .

 4 Figure 4.8 represents a synthesis of our model results, for a very simplified geological setting, using yield strength envelopes. In our simulations, we have used two décollements in order to first build an over critical wedge which could represent the pre-existing outer Makran before the activation of the shallower décollement. Here, we only consider the final stage of the simulations and draw the synthesis with a décollement layer at intermediate depth within the pile of incoming sediments to summarize the main findings of our first set of simulations.

FIGURE 4 . 8 :

 48 FIGURE 4.8: Plot of the strength distribution (yield strength envelope) at the loading axis with depth along the first 30 km of a wedge.

4.6. 1

 1 Underplating and the Pliocene unconformityThe sedimentological data indicates that the emergence of the Makran accretionary prism took place 9-10 Myr ago approximately when the large olistotrome was deposited. The second sign of the emergence is the Late Pliocene age unconformity, which marks the emergence of the coastal area together with the inception of the coastal plateau and the migration of the deformation into the present day imbricated zone. From numerical modelling,[START_REF] Ruh | Shale-related minibasins atop a massive olistostrome in an active accretionary wedge setting: Two-dimensional numerical modeling applied to the iranian makran[END_REF] proposed that the olistostrome acted as a low-density, low-viscosity layer enabling the growth of gravitationally Chapter 4 100 assisted mini-basins. They proposed that the olistostrome emplacement enhanced underplating and exhumation of the wedge rear, and mini-basin subsidence at the front. The shortening would have finally lead to horizontal squeezing of the mini-basin province, corresponding to the coastal Makran, and the establishment of a new imbricated zone ahead.Considering two décollements, we found that underplating is associated with viscous deformation. Hence, along Makran, the brittle-ductile transition should coincide with the most frontal underplating slices. None of our models perfectly fit the history of Iranian Makran because they are meant to understand processes. However, they produce large thrusts at the back of the prism corresponding to the initial stage of shortening on the deep décollement (Figure4.2). As the shallow décollement gets involved, part of the accretionary prism slides gravitationally and underplating starts beneath the shallow décollement due to the onset of brittle-ductile transition. As the accretionary prism grows, temperature increases with burial and leads to the formation of ductile deformation and the typical splay fault described in[START_REF] Pajang | The topographic signature of temperaturecontrolled rheological transitions in an accretionary prism[END_REF].

  FIGURE 4.9: a. 3D block diagram across the western Makran along eastern and b. central cross-sections. See figure 4.11 for their location.

  as a subducted seamount rather than underplating as suggested by the interpretation the authors provided with the model. This seamount would have locally eroded the base of the accretionary prism between 5 and 3 Myr ago. Our interpretation is also strengthened by the fact that only the seamount scenario allowed us to generate listric normal fault rooting down to the décollement, as interpreted by Pajang et al. (2021). All our interpretations are represented in a 3D diagram along the Iranian part of the Makran prism (Figure 4.16).

FIGURE 4 .

 4 FIGURE 4.10: Zoom-in of Central offshore migrated profile. The BSR is indicated by black arrows, the BSR-derived heat flow is shown in black.

  FIGURE 4.11: a. Geodynamic setting of Makran. Orange lines indicated location of published cross-sections, black lines indicates the cross sections in this contribution. b. Modified crustal sections over A. Iranian part from (Burg, 2018) and B. Pakistani saide of MAP from (Ellouz-Zimmermann et al., 2007a).

  (Figure 4.11b). However, none of these works present a detail structural cross section into the Makran hinterland because the lack of subsurface data in onshore areas is a big challenge to balancing the cross-sections. Together with off-shore seismic data, we have used the geological maps (Figure 4.12a), literature and 30 m digital elevation model (DEM) data of Iran to build first an integrated geological map of Makran including off shore domain (Figure 4.12b) on which we could base our new crosssections. This work was done using Arc map GIS and 2D Midland Valley Move software and the project is available as supp. Material. Building the geological map from different available map at different scale required finding some equivalence of units between maps which are detailed in supplementary Figure 4.21.

  FIGURE 4.12: a. Published geological maps. The 1:100,000 scale geological maps of Jask, Gabric, Pveshk, Zarabad, Bandini, Kahir, Pirsohrab and Chabahar cover the coastal area, the rest is filled with maps of Taherui, Fannuj, Nikshahr and Pishin, 1:250,000 scale. b. structural map (offshore is taken from (Pajang et al., 2021)) overlay with age distribution of outcrops along with position of Olistostrome from (Burg et al., 2008).

Figure 4 .

 4 Figure 4.14 Suppl. 4.22 display the two cross sections, that we were able to build based on surface data and dip domain technique. They clearly highlight the lack of constrains at depth.

  Figure 3) to measure how much shortening the different horizons have been accommodated. To do this used the Midland Valley Move software together with Chapter 4 111 Dahlstrom (1969)'s method, based on the hypothesis that the length of beds remains constant during deformation in concentric folds. The measured shortening along Eastern section indicates 90± 10 percent of the initial length (155 km from Bashakard thrust fault to the shoreline, Figure.

4

  .20). Cross-balancing was performed for two offshore profiles byPajang et al. (2021) (Figure. 4.19, the measured shortening from the deformation front to the northern tip of the eastern section (140 km) is of 65 km ± 10 km (32 ± 3 percent of the initial length), and along central section from the deformation front to the diapiric zone (85 km of folded thrusts), of 50 ± 5 km (37 ± 2 percent of the initial length), i.e., 5 percent longer than in eastern section. The difference is most probably due to the presence of the seamount indentation causing a reentrant.According to the convergence rate min 2.7cm/yr ∼320km of shortening and max 4cm/yr ∼480km of shortening is expected. Although, we found total shortening of ∼235km along the Eastern cross section which is minimum 36 ± 10 and maximum 90 ± 10 underestimate. 15Percent is the rate of underestimating in compression domain (Jackson, 2016).

FIGURE 4 .

 4 FIGURE 4.14: Constructed cross section, a. with dip domain technique b. geological map with our points in black, literature points in red. c. onshore Eastern cross section.

FIGURE 4 .

 4 FIGURE 4.15: a. typical evolution of the thickness of slice landward b. the formation of the distinct twinned-slice patterns observed.

FIGURE 4 .

 4 FIGURE 4.16: Crustal cross section across the western Makran.

  FIGURE 4.21: S1. Integration of four startigraphy charts of Taherui, Fannuj, Nikshahr and Pishin, 1:250,000 scale is taken from an unpublished report.

FIGURE 4 .

 4 FIGURE 4.22: regional cross section across central Iranian part of Makran. see Fig 4.11 for its location.

  fective basal friction. With the 3rd Chapter, we realised that what we interpreted as a transition from a low to extremely friction actually relates to the brittle-ductile transition. This transition begins with the onset of internal distributed viscous deformation in between brittle structures in the accretionary prism while the décollement remains brittle. This should cause a decreased geodetic coupling without implying any modification in the interface frictional properties or deformation mode. In the 4th Chapter, considering two décollements, we found that underplating is associated to viscous deformation. Hence, along Makran, the brittle-ductile transition should coincide with the most frontal underplating slices. If the brittle décollements has a seismogenic Bibliography 120
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  FIGURE A.10: Following Figure A.9.

1. 1

 1 Seismo-tectonic map of Makran a. Seismicity, with earthquakes of magnitude ≥ 3.5 from 1945 to 2013 shown as colored circles. Red lines indicate known faults, mud volcanoes are shown by black contours. Offshore imbricate thrust faults within Pakistani side are taken from Smith et al. (2012) and positions of active mud volcanoes from (Kassi et al., 2013). Brown triangles indicate the positions of the Pleistocene volcanoes related to the subduction of the Arabian plate underneath the Eurasian plate. On the Iranian side, mud volcanoes, imbricate thrust faults, and normal faults are picked from PC2000 data released by NIOC. The onshore well in Iran is indicated by black star and the 1945 Mw 8.1 earthquake by yellow star. Thick orange lines indicate the 2D seismic lines used in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 a: Schematic diagram of the laboratory sandbox model of Coulomb wedge. Underlying Mylar sheet is pulled out beneath a buttress on the left. b: Balance of forces in the x direction is shown and the terminology used for deriving the equations of critical taper is indicated (Davis et al., 1983) . . . . . . . . . . . . 1.3 a: Labels 1-8 correspond to points in critical state from

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 Key stages of an analogue model considering subduction with structural and lithological inheritances, (hence varying strength), and surface processes[START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the alpine orogen: Analogue modeling insights[END_REF]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 Numerical models from Ruh et al. (2012). Simulations with multiple décollements. a: Basal and intermediate frictional décollements. Simulation DF1: Intermediate décollement stronger than basal one; DF2: Intermediate and basal décollement have the same strengt; DF3: Basal décollement is stronger than intermediate one. b: Simulations with two salt layers. Simulation DV1: High salt viscosity, DV2: intermedaite, DV3: Low salt viscosity and increased salt thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.7 Tectonic setting of Oman sea. The red dots indicate location of mud volcano on-land and volcanic arcs are shown by purple color. . . . . . . . . . . . . . . 1.8 Crustal section over Iranian part from[START_REF] Burg | Geology of the onshore makran accretionary wedge: Synthesis and tectonic interpretation[END_REF] and Pakistani saide of MAP from(Ellouz-Zimmermann et al., 2007a). See Figure1.7 for their locations. . . Resume: Difficilement accessible, le prisme du Makran a été assez peu étudié, en particulier sur sa partie émergée. Bien que les données GPS indiquent que la subduction accumule des contraintes qui devraient être libérées lors de futurs séismes, son potentiel sismogénique est très mal contraint. Lors de cette thèse, j'ai étudié la déformation finie du prisme d'accrétion du Makran occidental en me basant sur de nouvelles données structurales, des données de sismique réflexion ainsi que des profils tomographiques déjà publiés. J'ai utilisé la modélisation mécanique et thermomécanique pour proposer une évolution structurale mécaniquement valide afin de contraindre le risque sismique en particulier le long de trois profils sismiques N-S offshore et de deux nouvelles sections transversales à l'échelle crustale onshore. Pour ce faire, j'ai d'abord construit une carte structurale le long de la partie iranienne de la mer d'Oman. Suivant la direction de subduction, le prisme peut être decompose en 3 segments: (1) une longue zone de chevauchement imbriqués qui prend place à l'avant du prisme; (2) une zone diapirique d'origine peu profonde qui se trouve entre la zone imbriquée et le rivage; et (3) le long des rivages Est et Ouest, des failles normales listriques actives qui semblent s'enraciner jusqu'au decollement. Au contraire, aucune faille normale n'est identifiée le long du domaine central, où un mont sous-marin entre en subduction. Ensuite, j'ai contraint la pression de fluide interstitiel et les propriétés de friction du prisme à partir de la théorie du prisme critique et de l'analyse limite. Les résultats montrent que le long des profils Est et Ouest, une transition d'une friction très faible à une friction extrêmement faible est nécessaire pour activer la grande faille normale côtière (µ e f f deep = 0.01-0.06, µ e f f middle = 0.003-0.012). Pour propager la déformation vers le front, une augmentation de la friction le long de la zone imbriquée est nécessaire (µ e f f f ront = 0.017 -0.031). Les pentes topographiques extrêmement faibles associées à une friction effective basale extrêmement faible peuvent être interprétées soit comme des portions de decollement sismiquement verrouillées, qui ne se déformeraient qu'épisodiquement à des vitesse de glissement dynamiques, soit comme correspondant à un décollement visqueux. Pour étudier l'effet de la transition fragile ductile sur la topographie et la déformation, j'ai ensuite effectué une modélisation thermo-mécanique 2-D en imposant un flux de chaleur constant à la base du domaine du modèle, ce qui permet à la température d'augmenter avec l'enfouissement et la dénudation. J'ai commencé par des simulations simples pour étudier l'effet du flux de chaleur basal, de la chaleur produite par friction, de la couverture thermique induite par les sédiments et de l'épaisseur des sédiments entrants. Les résultats montrent la formation de trois zones structuralement différentes qui correspondent à trois phases de déformation différentes ; (1) un prisme purement fragile avec une pente plutôt constante comme prédite par le CTT au front ; (2) une large zone de très faible pente topographique (non nulle) près de la butée arrière, avec un décollement visqueux; et (3) entre les deux, une augmentation locale de la pente topographique caractérisant la transition fragile ductile avec un décollement fragile et une déformation interne visqueuse de blocs limités par des failles. Aucun des modèles n'a conduit à la formation d'une faille normale.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Cretaceous complexesthat have been named consists of the Bon Rud, Mokhtarabad, Ganj, DurKan, Remeshk, Bajgan and Deyader complex (Figures1.13 and 1.19). However, recent studies indicate that the western Durkan Complex represents fragments of seamounts tectonically incorporated in the Makran accretionary wedge during the latest Late Cretaceous-Paleocene[START_REF] Barbero | The ganj complex reinterpreted as a late cretaceous volcanic arc: Implications for the geodynamic evolution of the north makran domain (southeast iran)[END_REF][START_REF] Barbero | The western durkan complex (makran accretionary prism, se iran): A late cretaceous tectonically disrupted seamounts chain and its role in controlling deformation style[END_REF].The western Durkan Complex successions have recorded complex Late Cretaceous interplay of sedimentation and alkaline magmatism, which is significantly younger than the Middle Jurassic -Early Cretaceous rifting stages recognized in literature in the eastern DurkanComplex. North 

Makran's complexes have been divided into four categories (Figure

1

.20): 1-complete ophiolite sequence (the Fannuj-Maskutan Ophiolite

[START_REF] Mccall | The geotectonic history of the makran and adjacent areas of southern iran[END_REF][START_REF] Mccall | A summary of the geology of the iranian makran[END_REF]

) which consists of massive serpentinite with peridotite relice and exotic blocks, serpentinised dunite, harzburgite, lherzolite and minor troctolite, olivine gabbro and gabbro, diabase-massive porphyritic and aphyric types, basalt pillow lava, plagic limestone, sandstone, shale, red chert and conglomerate. This ophiolitic sequence has been eroded and unconformably covered by Upper Cretaceous-Paleocene shallow-water sediments and lavas whose geochemical features denote a supra-subduction environment

(Hunziker, 2014

). 2-Incomplete ophiolite sequence (the Remeshk-Mokhtarabad Ophiolite of McCall (

  • 36 ′ 51.78 ′′ E, b: 25 • 21 ′ 11.34′′N; 60 • 18 ′ 10.44 ′′ E, c: 25 • 15 ′ 40.68′′N; 60 • 49 ′ 41.58 ′′ E and d: 26 • 35 ′ 51.7′′N; 60 • 28 ′ 02.6 ′′ E from (Dolati, 2010). Two large synclines from Outer Makran at 26 • 15 ′ 35.28′′N; 60 • 10 ′ 45.12 ′′ E, and 26 • 08 ′ 59.1 ′′ N; 60 • 54 ′ 29.5 ′′ E from (Dolati, 2010). Oligocene-Lower Miocene Angoharan formation, Rhythmically bedded sandestone and shale with minor siltstone and mudstone. GPS: 26.36N; 59.60E. 5. Alternating shale and sandstone bedded in Angoharan formation, which are deposited in slope to basin environment. 6. Cretaceous-Miocene Sedimentary Melange. Sheared and boudined sediments at GPS: 26.23N; 59.55E.FIGURE 1.18: Position of Olistostrome from (Burg et al., 2008) FIGURE 1.19: Upper Cretaceous Ophiolites Units in North Makran (personnal field picture).

	FIGURE 1.15: Coastal Makran Outcrops (personnal field pictures). Miocene Darpahn, Sand-stone, siltstone, conglomerate, shale and mudstone at 1 and 3. GPS: 25.90N; 59.51E 2. GPS: mation at GPS: 26.33N; 59.55E, 2. Middle Eocene-Upper Eocene Guredak formation, Shaly facies, grey to green shale and siltestone with subordinate sandstone at GPS: 26.46N; 59.64E. 25.FIGURE 1.17: Inner Makran outcrops (personnal field picture). 1. Olistolite in Angoharan for-3 and 4.

96N;

59.61E. 4. GPS: 25.94N

;

59.60E. 5. GPS: 25.82N; 59.46E. FIGURE 1.16

: 1. GPS: 26.88N; 60.42E. 2. GPS: 26.74N; 60.19E. 3. GPS: 26.53N; 59.64E 4. GPS: 26.55N; 59.64E. 5 and 6. Unconformity between conglomerates and schists, tuff and volcanics at GPS: 26.57N; 60.00E FIGURE 1.20: Simplified geological map of North Makran (modified by Burg (2018) after Hunziker (

TABLE 3 .

 3 1: Variable rheological parameters and coefficients for the different lithologies; creep parameters a from

TABLE 4 .

 4 

1: Variable parameters between experiments. k: coefficient of diffusion for surface process model, DR: dehydration reaction.

  Shale bSediment a Diabase A Pre-exponential factor MPa -n .s -1 6.8 × 10 -6 1.3 × 10 -67 6.8 × 10 -6 6.3 × 10 -2

	Chapter 4					89	
	Parameter Name Sandstone a n Unit Stress exponent -3	31	3	3.05
	Q	Activation energy	kJ	156	98	156	276
	C 0	Initial cohesion	MPa	2	0.1	2	2
	C ∞	Final cohesion	MPa	1	0.1	1	1
	φ 0	Initial friction	o	20	5-0.1-10 ▷◁	20	30
	φ ∞	Final friction	o	10	5-0.1-10 ▷◁	10	30
	κ	Heat diffusivity	m 2 .s -1	10 -6	10 -6	5 × 10 -7	10 -6
	ρ	Density	kg.m -3	2400	2400	2000	2900
	TABLE 4.2: Variable rheological parameters and coefficients for the different lithologies; creep	
	parameters a from					

• . 

Table
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the earthquake to propagate from the eastern to the western asperity or to eastern Makran.
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See supplementary material for supporting figures.

supplementary Figures

Two mechanical analysises are performed to retrieve the frictional properties of the megathrust along three NS profiles orthogonal to the trench of the Western Makran subduction zone. The study area is located offshore, the seismic grid covers most of the seismic acquisition area, except in the deepest water areas towards the abyssal plain to the South (Fig. S1). Similar structures of an accretionary prism are visible in the profiles, like an imbricated zone composed of several thrust sheets, with increasing spacing between the thrusts and decreasing dips towards the front (Fig. S2), and active and buried in-out of sequence thrusts (Fig. S5). Eastern and western domains have developed similar deformation, especially the presence of the normal faults on shore. The comparison with surrounding lines allows us to root the seaward normal fault to the décollement (Fig. S3), though in the Central part, we observe an increased number of shale diapirs and duplexes (Fig. S4). Due to the presence of the seamount and the roughness of the frontal portion of the décollement (Fig. S7), extremely low effective friction is needed along the frontal décollement to propagate the deformation to the front (Fig. S8). Published by journal of Tectonophysics.

Abstract

The active structures of the Iranian Makran, especially the presence of normal faults, vary laterally in the upper plate and their relationship with the deep duplexes and seamounts at depth remain unknown due to the lack of subsurface data onshore. In this paper, we investigate the relationship between deep structures and the topography of the region using thermo-mechanical simulations. The initial and boundary conditions of the models, including two potential components, basal heat flux and convergence rate, are calibrated using the depth of the seafloor and seafloor reflectors and the few available well data. We specifically test the influence of seamount subduction and thermally controlled variation in rock strength and décollement on the Appendix 144 Yang, X., Peel, F. J., McNeill, L. C., and Sanderson, D. J. (2020). Comparison of fold-thrust belts driven by plate convergence and gravitational failure. Earth-Science Reviews, page 103136.
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A.2 Appendix 2: Equations

First, we refer to the specific set of equations the numerical code solves in our thermo-mechanical modelling. Then, we describe the model setup used in this study which the numerical model can then be executed multiple times with different material properties, initial and boundary conditions, to constitute multiple model simulations. Our models are all forward models, we try to predict of how the system behaves given its physical state concerning temperature evolution which afterwards are compared to observations.

A.2.1 Physical models

Physical models aim to describe processes through equations. Analytical solutions (e.g., Lamb, 1879;Samuel and Bercovici, 2006;Montési and Behn, 2007) and numerical methods have been used to solve a set of simple and complex physical equations describing a physical process. Despite recent developments in numerical methods and modelling studies, limitations still remain.

Governing equations usually consist of a mass balance equation, a force balance or momentum conservation equation, and an energy conservation equation. The solution to these equations states how the values of the unknown variables such as the material velocity, pressure, and temperature (i.e. the dependent variables) change in space, and how they evolve over time (i.e.

when one or more of the known/independent variables change) (van Zelst et al., 2021). In the following, we focus to solve these conservation equations by continuous medium, in order to determine the pressure (P (t, x, y)) and the velocity in x and y directions (vx (t, x, y) and vy (t,

x, y)).

A.2.1.1 Conservation of mass

This law is formulated mathematically as:

Where ρ is the density (mass per unit volume), t is time, ∇ is divergence, and v is the velocity vector. [START_REF] Lachenbruch | Heat flow and energetics of the san andreas fault zone[END_REF]Glatzmaier, 1988;Bercovici et al., 1992). In some geodynamic models, particularly the ones that span only a small depth range, density changes are negligible with time, in other words, Appendix 155 assuming that material is incompressible (i.e., its density is constant). So, conservation of mass corresponds to an incompressible material becomes:

*This means that the net influx and outflux of mass in any given volume of material is zero. This widely used method is called Boussinesq approximation. It is clear that mass is therefore never perfectly conserved in the models using that approximation but it is not always clear how much it affects the results. In Cartesian coordinates ∇ is written:

The divergence velocity is therefore a scalar:

.2 Conservation of the momentum

According to Newton's second law, in a closed system, the resulting force (F) exerted on a material point, of given mass (m), is equal to the mass of the point and its acceleration:

In a plate tectonics scenario, wave propagation and earthquake dynamic rupture are neglected, so that, scientist usually solve for the static approximation, that is neglecting completely inertia to reach .6) where F S represents surface forces and F V represents volume forces. The volume force in long term tectonics corresponds only to the weight of rocks, magnetic forces being negligible. If one considers a small volume V of rocks, one finds

where g is gravity acceleration and ρ is the density.

If we now want to consider the surface force acting on the same volume V in 2D, we can start from a simple case: the surface forces which apply to a unit square in a Cartesian coordinate system defined by the basis vector e x and e y . .11) Grouping the terms in the two directions of space reaches the linear relationship .12) which can be rewritten in matrix form .13) to highlight the projection of the stress tensor σ in the Cartesian space. Now that we have define the stress tensor, we can integrate the traction over the cube face in order to obtain F S .14) Using divergence theorem, we find a expression of surface force as a function of momentum :

Replacing F S and F V by their expression in A.15 and A.7,Equation A.6 becomes the weak form of the conservation of momentum,

The strong form of this equation is obtained by dropping the volume integral:

Now, the conservation equation does contains velocity, v nor pressure P the two unknowns we want to solve for. Pressure appears by splitting the the stress tensor into a deviatoric σ d tensor part and an isotropic scalar σ part:

The scalar part is the mean stress σ which is equal to pressure in absolute value, however for historical reasons sign convention differs. Pressure P is counted positive in compression while mean stress is counted positive in tension because the vector normal to a surface points outward.

So, a minus sign must be added for converting mean stress to pressure. .19) In the Cartesian 2D coordinates system, the gradient of the velocity field is .20) a 2×2 matrix that contains the individual derivatives of the 2 components of the velocity (v x ; v y )

for the 2 components of space (x; y)

To separate the rigid rotation from true deformation, that is change in shape, ∇v can be split into an anti-symmetric part (rotation rate ω) and a symmetric part (deformation rate ε) using the transposed operator to do this operation:

Motion in viscous fluids

Equation for a Viscous fluid indicates the strain rate ε is related to the shear stress σ d by viscosityη.

Viscosity therefore characterizes shear strength. The more viscous is a fluid , the slower it deforms.

In general, fluids are considered to be incompressible (∇ • v = 0). In this limit, conservation of mass implies that the trace of the strain rate tensor is zero (ε = εd ). Deviatoric stresses are rarely mentioned in fluid mechanics. So, for viscous rheology, one can simplify A.24 to

By replacing the strain rate by its expression in A.22, we can write .26) Reinserting this expression into A.17 leads to the incompressible Stokes equations:

By combining the continuity equation for a viscous fluid and the Stokes equation, we get a system of two partial differential equations with two unknowns:

.3 Conservation of Energy (heat)

The conservation of thermal energy as:

where ρ is density, C p is the heat capacity, T is the temperature, t is time, v is the velocity vector, κ is the thermal conductivity, H is a volumetric heat production term, and S is other sources of heat. Heat can be created by mechanical dissipation (shear heating), radioactive decay (radiogenic heating) and phase transition can also serve as source and sink depending on their Calpeyron slope (latent heat, consumed during melting or produced by crystallisation).

Latent heat is rarely accounted for at lithospheric scale because melting is often neglected, yet when melting is important latent heat might not be negligible. [START_REF] Dahlen | Noncohesive critical coulomb wedges: An exact solution[END_REF][START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Lehner | Comments on "noncohesive critical coulomb wedges: An exact solution" by fa dahlen[END_REF]. The number of thrusts in the sequence decreases with decreasing décollement friction angle. Versus, large basal friction will produce a large and regular relief buildup (Fig. A.1). 

Sequence and décollement thickness

With smaller friction angles on the décollement the spacing of the thrusts is smaller while their spacing increases with the thickness of the sequence (Fig. A.2) [START_REF] Cubas | Prediction of thrusting sequences in accretionary wedges[END_REF][START_REF] Gutscher | Episodic imbricate thrusting and underthrusting: Analog experiments and mechanical analysis applied to the alaskan accretionary wedge[END_REF].

Fault weakening

Weakening produced by the decrease of the friction angle over the ramp increases the relief accumulated before a new thrust is preferred [START_REF] Cubas | Prediction of thrusting sequences in accretionary wedges[END_REF]. The larger the amount of weakening, (i.e. the lower fully weakened friction angle φ ∞ ), the steeper the topographic slope as more displacement is accommodated on each shear zones. Morever without frictional softening folding is preferred over folding (Fig. A.3) and A.4) [START_REF] Buiter | The numerical sandbox: comparison of model results for a shortening and an extension experiment[END_REF][START_REF] Ellis | Comparisons between analogue and numerical models of thrust wedge development[END_REF][START_REF] Selzer | Sensitivity of shear zones in orogenic wedges to surface processes and strain softening[END_REF].

Appendix .2: Topographic wedge slopes evolving on frictional décollement are independent of the thickness of the moving rock sequence [START_REF] Dahlen | Mechanics of fold-and-thrust belts and accretionary wedges: Cohesive coulomb theory[END_REF], and the rate of forwarding migration of the deformation front decreases with increasing basal strength. Thrust spacing increases with the thickness of the sequence.

Transition of Basal friction

Transition of Basal friction can be decreasing or increasing. Mineral reactions such as the smectite to illite, thermally controlled transition like brittle to viscous and presence of fluid pressure indicate a severe drop of friction angle.

Surface processes

The surface processes have severe effects on the structural deformation by erosion and sedimentation rate and thermal blanketing. Here, we tested a moderate (10 -6 m 2 s -1 , odd models number) and high (10 -5 m 2 s -1 , even models number) erosion diffusion coefficient. Even, the size of sedimentary basins affect the dip of active faults and therefore their effective strength 
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on the left side, a constant velocity in the horizontal direction of 4 cm.year -1 , the top boundary behaves as a free surface above sea level while the weight of the water column is prescribed as stress normal to the deformed boundary below sea level. Temperature is fixed at the surface, the thermal gradient is prescribed across all other boundaries with the value of zero on vertical ones and value of ∇T b at the bottom boundary. 3.2 and Tables 1 and2, 1 
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Abstract

The Makran accretionary prism is not easily accessible and therefore not very well documented especially on-shore. It has a largely unconstrained seismogenic potential although GPS data indicate the subduction is accumulating some strain to be released during future earthquakes. So, here is proposed to study the finite deformation of the western Makran accretionary wedge based on new field structural data, seismic reflection data as well as published tomographic profile.

This thesis uses mechanical and thermo-mechanical modelling to propose a mechanically valid structural evolution to constrain the seismic risk especially along three N-S offshore seismic profiles and two new onshore crustal scale cross-sections.

To do so, we first build a structural map along the Iranian part of the Oman Sea which More complexity is added to the models, to reproduce the Makran features by calibrating the thermal parameters and boundary conditions of the numerical simulations using seafloor and bottom sea reflector depth and few available well data. Considering two décollements, the results show that, 1-underplating is associated to viscous deformation 2-dewatering and smectite/illite transition permits to produce three slopes segments observed in accretionary prisms but this friction drop is not sufficient for formation of normal faults. 3-the subduction of a large seamount is accompanied by large normal faults, while their location migrates through time.

If the brittle décollements have a seismogenic behavior, the down-dip limit of the seismogenic zone will correspond to the onset of underplating. By assuming that the up-dip limit of seismic asperities correlates with smectite-illite transition, then a seismic asperity may extend from this transition, down to the onset of underplating, and correlate with a relatively flat topography.

This location is consistent with: GPS modelling, the extent of the Mw 8. from the convergence rate. A possible explanation based on model results is that the increase in internal deformation which basically thickens the unit with time in a manner that is difficult to capture at regional geological map and seismic scale.