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ABSTRACT

Seismic imaging is a tool for the structural geologists allowing them to extrapolate observations beyond the outcrop, and even to obtain clues on the nature of deep and inaccessible rocks. One of the most promising seismic methods is waveform tomography or full waveform inversion (FWI), an inversion technique for extracting properties of the subsurface at high resolution. For tectonic and structural purposes, the technique, dicult to apply, is very suitable for the study of shallow forearc basins. This thesis discusses the FWI application to two 45km-long 2D seismic sections crossing the Sanak forearc basin in Alaska. The objective of the thesis is to successfully apply the imaging method to this real data and also to show how the results can be useful in the context of an academic case study.

For this we rst introduce the Sanak forearc basin located in the Shumagin segment of the Alaska-Aleutian Subduction Zone. This segment was imaged in 2011 by the ALEUT seismic cruise. ALEUT Line 5 imaged a deep landward-dipping reector visible from the subduction zone interface to the seabed where a scarp of 5 m is observed. This type of fault is also present in Japan in the Tohoku region, where it is associated with a mechanism explaining the shallow slip of the subduction interface during the 2011 Mw9.0 earthquake in Japan, which generated a large tsunami. In the Sanak Basin in Alaska, however, it is dicult to assess whether recent movement on this fault is signicant, due to the complexity of the local sediment record. In addition, on one of the lines (ALEUT 6), the extension in the basin is mainly localized on seaward-dipping faults, a sign of slope collapse, and not so much on the landward-dipping fault. We show the diculty of the conventional seismic methods to properly image the geometry of the basement under a thin water column and the diculty of correlating the sedimentary horizons through the faults.

Before producing the FWI images coincident with our reectivity proles to improve the imaging, the methodology of acoustic waveform inversion is briey described. Streamer traveltime tomography is performed to build an accurate enough starting model for FWI.

Frequency domain FWI is then applied but challenges arose due to the presence of guided waves at the shelf. Surgical mutes are applied in time domain FWI to solve the issue. After dealing with the complex distribution of sound wave velocity in the water column, the nal high resolution velocity elds are obtained. The velocity eld seems to be aected by bottom currents on line 5. A linear velocity inversion from a BSR (bottom simulating reector) is detected, explaining unexpected amplitude variations troublesome for the interpretation.

The velocity anomaly due to the BSR abruptly disappears through the main fault, implying its impermeability. On line 6, low velocity anomalies above the basement highs could indicate uid escapes, but there is no signicant velocity discontinuity across the faults.

Finally, our results are added to legacy data in order to redraw a structural map of the forearc around the Shumagin segment. We suggest that the Sanak Central oblique basin is a pull-apart basin resulting from the onset of the partitioning of the Aleutian oblique convergence. In this context it is possible that recent activity on landward-dipping sedimentary faults is not necessarily related to motion on the deep reector. We conclude on the possibility of future investigations on the origin of the imaged uids in order to better answer the question of the role of the deep reector. RÉSUMÉ L'imagerie sismique est un outil pour le géologue structural qui lui permet d'extrapoler ses observations au delà de l'aeurement, et même d'obtenir des indices sur la nature de roches profondes et inaccessibles. Une des méthodes sismique les plus prometteuses est la tomographie de forme d'onde (FWI), une technique d'inversion permettant d'extraire des propriétés de la subsurface à haute résolution. Pour des intérêts tectoniques et structuraux, la technique, dicile à appliquer, est très adaptée à l'étude des bassins avant-arcs peu profonds.

Cette thèse discute l'application FWI à deux sections sismiques 2D de 45 km de longueur traversant le bassin avant-arc de Sanak en Alaska. L'objectif de la thèse est de réussir à appliquer la méthode d'imagerie avec succès à ces données réelles et aussi de montrer comment les résultats peuvent être utiles dans le cadre d'une étude de cas académique.

Pour cela nous introduisons d'abord le bassin avant arc de Sanak situé au coeur du segment de Shumagin de la Subduction Alaska-Aléoutienne. Ce segment fut imagé en 2011 par la campagne sismique ALEUT. La ligne 5 de la campagne ALEUT image un réecteur profond à vergence continentale visible de l'interface de subduction jusqu'au fond marin où un rejet de 5 m est observé. Ce type de faille est également présente au Japon dans la région de Tohoku, où elle est associée à un mécanisme permettant le glissement superciel de l'interface de subduction, comme lors du séisme Mw9.0 de 2011 au Japon. Dans la bassin de Sanak en Alaska, il est cependant dicile d'évaluer si le mouvement récent sur cette faille est signicatif à cause de la complexité de l'enregistrement sédimentaire local. De plus, l'une des lignes montre également que l'extension dans le bassin se localise principalement sur des failles à vergence océanique, signe d'eondrement de pente, et moins sur la faille à vergence continentale. Le traitement sismique conventionnel montre la diculté à bien imager la géométrie du socle sous faible tranche d'eau et la diculté de corréler certains horizons sédimentaires à travers les failles. Avant de produire les images FWI permettant d'améliorer l'imagerie, la méthodologie de l'inversion de forme d'onde acoustique est brièvement décrite. La tomographie de temps de trajets est utilisée pour construire un modèle de départ pour la FWI. La FWI en domaine fréquentiel est d'abord testée mais des problèmes d'onde guidées au niveau de la plateforme nous obligent à masquer ces signaux dans un code FWI en domaine temporel. Les prols de vitesse naux sont obtenus après la prise en compte de variations de vitesses dans la colonne d'eau. Ces champs de vitesses de haute résolution semblent être aectés par l'eet des courants de fond sur la ligne 5. Une inversion de vitesse en continuité d'un réecteur BSR (bottom simulating reector) est détectée, expliquant certaines variations d'amplitudes gênantes pour l'interprétation. L'anomalie de vitesse due au BSR disparait brusquement à travers la principale faille, implicant son imperméabilité. Sur la ligne 6, des anomalies de vitesses lentes autour des hauts de socle pourraient indiquer des échappements de uides, mais il n'y a pas de discontinuité signicative des vitesses au travers des failles.

Finalement, nos résultats sont comparés à des données existantes an de redessiner une carte structurale de l'avant arc autour du segment de Shumagin. Nous suggérons que le bassin oblique de Sanak Central est un bassin pull-apart résultant de l'apparition du partitionnement de la convergence oblique aléoutienne. Dans ce contexte, il est possibile que l'activité récente sur les failles sédimentaires à vergences continentales ne soit pas nécessairement liée à un mouvement sur le réecteur profond. Nous concluons sur la possibilté d'investiguer à l'avenir l'origine des uides dont on image la circulation par FWI an de mieux répondre à la question du rôle du réecteur profond.
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CHAPTER 1

INTRODUCTION

Exploring the Earth subsurface using conventional Seismic Imaging

Our knowledge of the Earth subsurface is limited to discrete, sparse sampling by wells, reaching limited depth. Active seismic methods use articially triggered sources and can indirectly image the subsurface on a much larger scale, through the propagation of elastic waves. Although seismic imaging has a variety of purposes, we summarize in the following how seismic imaging is a tool for structural geologists allowing them to extend observations beyond the outcrop and landscape and even in some cases allowing to replace very basic sample analysis of unreachable rocks.

Geometry of subsurface structures through Reection imaging

The most widely used geophysical method is reection imaging allowing to decipher the geometry of the subsurface structures (exploration) through the detection of impedance contrasts. From conventional reection imaging, geophysicists and geologists can reconstruct past and recent deformations of the subsurface, mainly by deciphering the sedimentary record of fault activity through geological times. The frequency content of the source signal impacts the resolution of the image and the penetration of the signal at depth (Fig. 1.1) To build a seismic image, processing requires many steps (e.g. denoising, amplitude scaling, anti-multiples) with manual setting of parameters [START_REF] Claerbout | Toward a unied theory of reector mapping[END_REF][START_REF] Claerbout | Toward a unied theory of reector mapping[END_REF][START_REF] Yilmaz | Seismic data analysis: Processing, inversion, and interpretation of seismic data[END_REF]). To replace events at their correct location, seismic migration can be performed in time domain (e.g. Kirchho Migration, Fig. 1.2) or depth domain. Sophisticated depth migration codes (Fig. 1. 3 and Fig. 1.4) depend on less and less approximations of the wave equation (e.g. reverse time migration, [START_REF] Ribodetti | Joint ray+ Born least-squares migration and simulated annealing optimization for targetoriented quantitative seismic imaging[END_REF])) but also on the necessity to build a more and more accurate estimation of the P-wave velocity eld, although reection traveltimes are not very sensitive to deep velocities [START_REF] Jannane | Wavelengths of earth structures that can be resolved from seismic reection data[END_REF]).

(a) (b) Retrieving elastic properties of the subsurface through seismic methods

Beyond reectivity and the geometry of the impedance contrasts, seismic methods can retrieve some elastic properties of the propagation medium: Two conventional methods are Amplitude versus Oset (AVO, [START_REF] Ostrander | Plane-wave reection coecients for gas sands at nonnormal angles of incidence[END_REF] and [START_REF] Rutherford | Amplitude-versus-oset variations in gas sands[END_REF]) and traveltime tomography. While AVO can quantify the impedance contrast at an interface through the variations of amplitudes in function of the incident angle of the signal, it is still a local estimation.

To retrieve a more continuous eld of parameters, traveltime tomography use the traveltimes of velocity-sensitive diving waves and the ray theory/eikonal equation to compute a low resolution (1-10 km) velocity eld, which itself depends on elastic parameters (e.g. [START_REF] Toomey | Tomographic imaging of the shallow crustal structure of the East Pacic Rise at 9 30 N[END_REF] and [START_REF] Zelt | Inversion of three-dimensional wideangle seismic data from the southwestern Canadian Cordillera[END_REF].) But traveltime tomography inversion smooths the real earth, as regularization is needed and ray theory is not valid for high velocity gradients (in other words, this is a high frequency approximation). It is possible to force the presence of interfaces in the propagation medium which may allow to model triplications and secondary arrivals [START_REF] Zelt | Seismic traveltime inversion for 2-D crustal velocity structure[END_REF]. However, this approach is criticized as this may lead to overinterpretation, a criticism to be balanced with the fact that all tomography models are non-unique [START_REF] Zhdanov | Geophysical inverse theory and regularization problems[END_REF][START_REF] Fichtner | Full seismic waveform modelling and inversion[END_REF]).

As in Figure 1.5, P-wave velocities interpreted alongside with the reection image can help discriminate sedimentary rocks from crystalline rocks, crustal domains from mantle domains, and velocity anomalies due to fracturing or hydration.

Figure 1.5: Modied from [START_REF] Delescluse | The oceanic crustal structure at the extinct, slow to ultraslow Labrador Sea spreading center[END_REF]. (A) Layered model [START_REF] Zelt | Seismic traveltime inversion for 2-D crustal velocity structure[END_REF] of the Labrador Sea spreading center with superimposed depth converted reection image.

(B) First arrival traveltime tomography [START_REF] Korenaga | Crustal structure of the southeast Greenland margin from joint refraction and reection seismic tomography[END_REF] of the same prole. Black lines are the layered model interfaces of (A) compared with velocity contour envelopes of the tomographic model.

Limitations of the conventional methods

The joint interpretation of reection images and velocity elds can give hints at the nature of rocks composing the geological structures, but the gap in resolution between reection and velocity imaging is a clear limitation. In addition, velocity inversions due to uids, for instance, are dicult if not impossible to detect in a smooth traveltime tomography velocity model (Fig. 1.6). Also, the approximations made in the physics of elastic wave propagation can lead to poor imaging, in particular in the case of complex geometries and complex mediums. For a given acquisition system, there is a method to bypass, in theory, many of the limitations of conventional imaging: Full Waveform Inversion (FWI) [START_REF] Lailly | The seismic inverse problem as a sequence of before stack migrations[END_REF]Tarantola 1984a;[START_REF] Virieux | An overview of full-waveform inversion in exploration geophysics[END_REF]. Applying Full Waveform Inversion to eld seismic datasets Contrary to conventional reection imaging, FWI does not divide the seismic imaging problem into manually parameterized processing steps to nd the position of the impedance contrast where seismic energy is reected, nor does it approximate the wave propagation using ray theory to retrieve a velocity eld. Instead, FWI inverts the full waveeld (phases + amplitudes) using a wave equation to obtain a subsurface map of the elastic parameters at the resolution of the seismic signal wavelength (e.g. Fig. 1.6). In a way, FWI can be viewed as the true seismic imaging problem while conventional methods are approximations of it. Velocities and impedance are obtained at a similar resolution, and the method can in theory manage complex geometries and complex medium and physics. We will, however, detail the challenges to apply FWI in practice [START_REF] Sirgue | Waveform inversion in the frequential domain of large osets seismic data[END_REF][START_REF] Sirgue | Ecient waveform inversion and imaging: A strategy for selecting temporal frequencies[END_REF][START_REF] Virieux | An overview of full-waveform inversion in exploration geophysics[END_REF][START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF], with, again, a focus on the academic purposes of a structural/marine geologist.

Choice of wave equation and parameterization

The basic principle of FWI is to backpropagate residuals between a synthetic forward model and the eld data [START_REF] Lailly | The seismic inverse problem as a sequence of before stack migrations[END_REF]Tarantola 1984a). These residuals are considered to originate from a scatterer that is not yet included in the model of the subsurface. As a result, an iterative process can progressively update an initial guess of the subsurface model to reach a nal model (minimizing the residuals). Of course, the physics included in the forward modeling of the waveeld is crucial; for instance, if a 3D eld dataset is aected by strong anisotropy of the propagation medium, and the forward model physics does not include anisotropy, the residuals will never be correctly minimized. So in theory, the best would be to always consider a visco-elastic wave equation (e.g. [START_REF] Yang | A review on the systematic formulation of 3-D multiparameter full waveform inversion in viscoelastic medium[END_REF]) allowing to retrieve anisotropic elastic parameters and attenuation. However, in addition to a heavy numerical cost, multi-parameter inversions (Vp,Vs,density, attenuation...) are complex and involve tradeos/cross-talks between parameters [START_REF] Gholami | Which parametrization for acoustic VTI full waveform inversion?-part 1: sensitivity and trade-o analysis[END_REF][START_REF] Operto | A guided tour of multiparameter full-waveform inversion with multicomponent data: From theory to practice[END_REF], even in synthetic tests.

Consequently, most applications of FWI, especially in academia [START_REF] Shipp | Two-dimensional full waveeld inversion of wide-aperture marine seismic streamer data[END_REF][START_REF] Operto | Quantitative imaging of complex structures from dense wide-aperture seismic data by multiscale traveltime and waveform inversions: a case study[END_REF][START_REF] Operto | Crustal seismic imaging from multifold ocean bottom seismometer data by frequency domain full waveform tomography: Application to the eastern Nankai trough[END_REF][START_REF] Dessa | Multiscale seismic imaging of the eastern Nankai trough by full waveform inversion[END_REF][START_REF] Operto | Quantitative imaging of complex structures from dense wide-aperture seismic data by multiscale traveltime and waveform inversions: a case study[END_REF][START_REF] Morgan | Full waveform tomographic images of the peak ring at the Chicxulub impact crater[END_REF][START_REF] Takougang | Application of waveform tomography to marine seismic reection data from the Queen Charlotte Basin of western Canada[END_REF][START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF][START_REF] Kamei | Waveform tomography imaging of a megasplay fault system in the seismogenic Nankai subduction zone[END_REF][START_REF] Christeson | Shallow oceanic crust: Full waveform tomographic images of the seismic layer 2A/2B boundary[END_REF][START_REF] Harding | Velocity structure near IODP Hole U1309D, Atlantis Massif, from waveform inversion of streamer data and borehole measurements[END_REF][START_REF] Qin | Insight into frontal seismogenic zone in the Mentawai locked region from seismic full waveform inversion of ultralong oset streamer data[END_REF][START_REF] Davy | Resolving the nescale velocity structure of continental hyperextension at the Deep Galicia Margin using full-waveform inversion[END_REF][START_REF] Gray | Imaging the shallow subsurface structure of the North Hikurangi Subduction Zone, New Zealand, using 2-D full-waveform inversion[END_REF][START_REF] Gras | Full-waveform inversion of short-oset, band-limited seismic data in the Alboran Basin (SE Iberia)[END_REF], consider much simpler kinds of wave equation like the acoustic wave equation even if it cannot deal with P to S conversions. In that case, the dataset must be acquired in conditions where such conversions do not happen or are limited. If this is not the case, data preconditionning can be applied to mimic the amplitude behavior of the forward model [START_REF] Brenders | Full waveform tomography for lithospheric imaging: results from a blind test in a realistic crustal model[END_REF], which of course brings the FWI closer to a phase inversion. Fortunately, even phase-only inversion would provide a much higher resolution than traveltime tomography.

Importance of the starting model for a highly non-linear inversion

Even in the acoustic case, FWI is a very non-linear inversion method. The starting model of the FWI must lead to synthetic waveforms within half a cycle of the real data phases.

If not, it is very likely that cycle skipping will occur, e.g. the residual between synthetic and observed data will be considered small although the phases are shifted from one entire wavelength (Fig. 1.7) (a local minimum of the mist/cost function). In practice, a chaotic velocity eld, a much too low velocity or a much too high velocity will be obtained. The phase dierence between observed and synthetic data is more than half a cycle: FWI will likely update the velocity in a wrong direction to match the wrong phase. It is clear that a lower frequency of the waveform makes it less likely that a given traveltime mist ∆t reaches half a wavelength.

To mitigate this, an accurate starting model is necessary. Traveltime tomography [START_REF] Zelt | Three-dimensional seismic refraction tomography: A comparison of two methods applied to data from the Faeroe Basin[END_REF] is usually the method used to obtain a suciently good starting model.

However, this is far from ideal, because the smallest velocity wavelength retrieved by traveltime tomography (2-10 km depending on acquisition systems) is larger than the largest wavelength possibly retrieved by FWI (λ max = V min /f min =0.3(sediments)-1 km(crust) at best). In case of a complex geology structure at the km scale, the wavelength gap may lead to an unsuccessful inversion. Another important way to mitigate the non-linearity of the inversion is to use data with the lowest possible frequency content. To quickly grasp why, it is easy to visualize that the half wavelength condition is easier to respect when the frequency is low (Fig. 1.7).

Acquisition systems

The lowest frequency in a seismic dataset directly depends on the seismic acquisition system.

For deep targets, large airguns arrays can emit frequencies as low as 1-4Hz in the best case scenario (Fig. 1.1), which implies receivers capable of recording these frequencies. For instance, a typical geophone, if it is not a broadband one (expensive) has a at response starting from 4Hz only. Many conventional seismic acquisition system provide a minimum frequency of 8Hz or more, as they are designed for higher resolutions and shallow targets.

Another very important parameter depending on the acquisition system is the oset (source-receiver distance) range and the ability to record diving waves (Fig. 1.8). Indeed, the diving waves are more sensitive to the "background" velocity eld, e.g. the large wavelength variations in the velocity eld. On the contrary reection waves are less sensitive to the "background" velocity eld, especially at depth since their trajectory is . A rule of thumbs is that in reection imaging, it is dicult to evaluate velocities at depths larger than the maximum oset. If traveltime tomography must be used before FWI, the largest osets will provide the deepest turning waves above which "background"

velocities will be constrained. From this point of view, data acquired from autonomous receivers like Ocean Bottom Seismometers (OBS) are best adapted since it is possible to have hundreds of kilometers between the source and the receiver, leading to deep velocity constraints.

Figure 1.8: Modied from [START_REF] Hübscher | Reection/refraction seismology[END_REF]: sketch of marine reection and refraction acquisition. Reected waves have subvertical raypaths so that the deep layers velocities do not aect the traveltimes of reections signicantly. Refracted waves (diving waves) recorded at autonomous receivers travel much more horizontally in the layers and their arrival times is very sensitive to these layers velocities.

The source and receiver spacings are also important parameters. The dataset must sample the waveeld without (too much) aliasing. The sampling number (e.g. [START_REF] Brenders | Full waveform tomography for lithospheric imaging: results from a blind test in a realistic crustal model[END_REF]) is dened as N s = 2 dsfmax V min with d s the maximum source and receiver spacing, f max the highest considered frequency to be inverted, and V min the minimum velocity in the propagation medium. Sampling numbers larger than 1 in theory indicate aliasing, but in practice large incident angles allow for larger sampling numbers [START_REF] Sirgue | Ecient waveform inversion and imaging: A strategy for selecting temporal frequencies[END_REF][START_REF] Brenders | Full waveform tomography for lithospheric imaging: results from a blind test in a realistic crustal model[END_REF]. This time refraction datasets are not favored. A classic receiver spacing in conventional refraction studies is 10 km, but [START_REF] Brenders | Full waveform tomography for lithospheric imaging: results from a blind test in a realistic crustal model[END_REF] show that 5 km is the minimum spacing to be considered for FWI, in the best case. A dense 1 km spacing is ideal, but expensive for crustal scale studies. Inversely, Multichannel Seismic (MCS) datasets have excellent sampling with shot spacing typically of 50m and receiver spacing of 12.5m.

Multichannel Seismic datasets (MCS) in sedimentary basins

From the previous sections summarizing the challenges of applying FWI, it appears that MCS datasets with long to ultra-long osets (6-15 km) are best suited for FWI because of the dense receivers and shots as well as the possibility, in some cases, to record refracted arrivals that can be used to build a background velocity model. Long streamers are also used with large sources to image as deep as possible targets, and the low frequency content can be equivalent to sources used for OBS refraction surveys. Of course, the limited oset compared to refraction surveys limit the target to be shallow, but it can be an advantage if sedimentary basins are of interests. [START_REF] Qin | Insight into frontal seismogenic zone in the Mentawai locked region from seismic full waveform inversion of ultralong oset streamer data[END_REF] and [START_REF] Gras | Full-waveform inversion of short-oset, band-limited seismic data in the Alboran Basin (SE Iberia)[END_REF] show that it is possible to image deeper basins using downward continuation of the waveeld.

The datasets from crustal scale refraction surveys are less likely to correspond to the acoustic approximation because of basement interfaces triggering conversions. Sedimentary basins however, imply a progressive velocity increase in function of depth with limited velocity contrasts (conversions are maximum when P wave velocities above an interface are equal to S wave velocities below the interface). As a result there is a better chance to stick to the acoustic approximation [START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF], especially when the basin is not too deformed and its structure simple, mitigating the aforementioned wavelength gap issue. This adequacy of MCS datasets in shallow sedimentary basins with FWI is of course nothing new: the oil industry developed FWI a lot (e.g. [START_REF] Sirgue | Thematic set: Full waveform inversion: The next leap forward in imaging at Valhall[END_REF] and [START_REF] Huang | Full-waveform inversion for full-waveeld imaging: Decades in the making[END_REF]) for reservoir properties and imaging of complex structures. Although FWI, as it is the case for migration, gives better results in 3D, these datasets are almost non-existant in academia (an exception can be found in [START_REF] Marjanovic | Elastic versus acoustic 3-D full waveform inversion at the East Pacic Rise 9°50 N[END_REF]). However there are now more and more 2D long-streamer seismic datasets available in Academia. Beyond reservoir geology and passive margins, and for the academic geologists and marine geoscientists who are interested in a joint interpretation of reection and velocity images for tectonic or even sismo-tectonic purposes, how can FWI imaging of shallow sedimentary basins be useful? Among the relatively few examples of FWI applications to academic 2D long streamer MCS eld data applications, two recent studies [START_REF] Qin | Insight into frontal seismogenic zone in the Mentawai locked region from seismic full waveform inversion of ultralong oset streamer data[END_REF][START_REF] Gray | Imaging the shallow subsurface structure of the North Hikurangi Subduction Zone, New Zealand, using 2-D full-waveform inversion[END_REF]) image subduction zone forearcs and accretionary prisms to investigate uid circulations and the localization of deformation on a selection of the faults. We will review in the next subsection why forearc basins in particular are an interesting target.

The rationale for an application to forearc basins Forearc basins form landward of the accretionary prism in subduction zones [START_REF] Dickinson | Widths of modern arc-trench gaps proportional to past duration of igneous activity in associated magmatic arcs[END_REF][START_REF] Karig | Evolution of arc systems in the western Pacic[END_REF][START_REF] Scholl | Sedimentary masses and concepts about tectonic processes at underthrust ocean margins[END_REF]. [START_REF] Song | Large trench-parallel gravity variations predict seismogenic behavior in subduction zones[END_REF] and [START_REF] Wells | Basin-centered asperities in great subduction zone earthquakes: A link between slip, subsidence, and subduction erosion? In[END_REF] suggested the existence of a link between large subduction zone earthquake asperities and the subsidence of forearc basins. Many parameters however inuence their formation (e.g. [START_REF] Noda | Forearc basins: Types, geometries, and relationships to subduction zone dynamics[END_REF]).

Indeed, the structure and deformation of the upper plate at subduction zones depend on many factors like the accretionary or erosive [START_REF] Huene | Tectonic erosion along the Japan and Peru convergent margins[END_REF][START_REF] Huene | Observations at convergent margins concerning sediment subduction, subduction erosion, and the growth of continental crust[END_REF][START_REF] Pichon | Accretion and erosion in subduction zones: The role of uids[END_REF][START_REF] Clift | Controls on tectonic accretion versus erosion in subduction zones: Implications for the origin and recycling of the continental crust[END_REF]) nature of the subduction zone, the along-dip variation of frictional properties of the interface (e.g. [START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic ero-203 sion and/or frontal accretion[END_REF]), and the subduction of oceanic plate reliefs [START_REF] Watts | Seamount subduction and earthquakes[END_REF], among many others [START_REF] Jarrard | Relations among subduction parameters[END_REF][START_REF] Lallemand | Subduction zones parameters[END_REF].

The extensive or compressive deformation within forearc basins (Fig. 1.9) may vary or even reverse through time in function of the incoming sediment input [START_REF] Noda | Forearc basins: Types, geometries, and relationships to subduction zone dynamics[END_REF], seaoor roughness and changes in frictional properties, which make them interesting to study in details to better understand long term subduction regimes. Forearc basins sediment deposition may record such changes and also, at shorter term, forearc basins may record the activity of splay faults branching on the subduction zone interface (Fig. 1.9). In Japan for instance, seismic and well data show that a reverse splay fault has episodic periods of inactivity and activity [START_REF] Strasser | Origin and evolution of a splay fault in the Nankai accretionary wedge[END_REF].

Detailed interpretation of the forearc basins from seismic imaging is, however, not always easy because the sedimentary horizons are not only aected by faults, but also by uid circulations and erosion by bottom currents [START_REF] Calvès | Fore-arc seaoor unconformities and geology: Insight from 3-D seismic geomorphology analysis, Peru[END_REF], gravity sliding and mass transports deposits (e.g. [START_REF] Ratzov | Multiscale imaging of complex structures from multifold wide-aperture seismic data by frequencydomain full-waveform tomography: Application to a thrust belt[END_REF]). In addition, conventional imaging in areas close to the shelf break may be dicult to perform because of strong water multiples of the shallow seaoor, hiding primary reections and preventing an ecient estimation of shallow velocities. Canyons and mass transports deposits in the slope can also generate strong variations of the seaoor reectivity as well as diractions. Velocity inversions due to uids and gas hydrates [START_REF] Martin | Erosion and sedimentation as processes controlling the BSR-derived heat ow on the Eastern Nankai margin[END_REF][START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF][START_REF] Jaiswal | Seismic characterization of hydrates in faulted, ne-grained sediments of Krishna-Godavari Basin: Full waveform inversion[END_REF]) may also impact the imaging process. Figure 1.9: Sketch of main forearc categories from [START_REF] Noda | Forearc basins: Types, geometries, and relationships to subduction zone dynamics[END_REF]. Although forearc subsidence and extension are generally associated to basal erosion, many other parameters aect the styles of deformations of the forearc.

If conventional processing is aected by the shallow position of forearc basins, we have however seen that this is a very good situation to apply Acoustic FWI. By modeling multiples, and being sensitive to velocity inversions, we think FWI may help improve forearc basin imaging at shallow depth. Obtaining a high resolution velocity eld may help interpret the complex sedimentary processes at work to isolate tectonic deformations and possibly highlight uid circulations.

Thesis outline: The case study of the Sanak Basin, Alaska Subduction Zone

An objective of this work is to apply acoustic FWI to eld long-streamer MCS data, which in itself remains challenging even with a carefully selected dataset. Another objective is to show the usefulness of the result in an academic case study. This case study locates in the Sanak forearc Basin, Alaska Subduction Zone.

Following this introduction, the second chapter presents the regional context of the Alaska Subduction zone and the Shumagin Gap, where ALEUT cruise lines 5 and 6 cross the Sanak Basin. The basin formed during Miocene from a trench parallel landward normal fault obviously branching on the plates interface. The existing literature is reviewed to demonstrate how the forearc structures in the Shumagin Gap may give clues to seismogenesis and tsunamigenesis in this poorly locked zone with no historical great earthquake. We question the recent activity of the landward normal fault.

In chapter three, conventional (re)processing of the Sanak sections of proles 5 and 6

is performed and we show the challenges in understanding the recent interactions between sedimentary processes and tectonic extension, in particular because of strong amplitude variations along sedimentary horizons, mass transports deposits and bottom currents.

In chapter four, the application of Acoustic frequency domain and time domain Full Waveform Inversion is detailed to investigate whether a high resolution P-wave velocity eld can help us decipher the complex sedimentary processes and detect uids at the fault scale.

We will rene our interpretation previously made from conventional processing.

Finally, in chapter ve, all results are discussed with nearby legacy data, the nature of the extension in the Sanak Basin, producing a revised structural map of the Shumagin segment of the Alaska Subduction zone.

In conclusion, we summarize what was learned from the FWI-derived high resolution velocity eld of the Sanak Basin and perspectives are drawn regarding improvement of the current FWI images and how it can already signicantly help future investigations related to uid circulations in forearcs. We also review remaining steps to further validate and highlight the FWI results.

CHAPTER 2

THE SHUMAGIN SEGMENT OF THE ALASKA SUBDUCTION ZONE

The Alaska Subduction Zone marks the place where the Pacic plate is descending beneath the North American plate since the mid-Jurassic [START_REF] Martin-Short | Seismic imaging of the Alaska subduction zone: Implications for slab geometry and volcanism[END_REF]. The Alaska Subduction Zone has caused some of the largest earthquakes of the 20th century, some of them triggered large and transoceanic tsunamis. In this chapter, after reviewing the basic large scale geological background of Alaska, and the historical seismicity and tsunamigenesis, we present the ALEUT project at the origin of the dataset used in this study. We then describe the structural conguration of the subduction zone o southern Alaska, considering the reliable information interpreted from published seismic data, including the geometry of interplate subduction interface and also the presence of structures, e.g. seamounts and faults from the oceanic fabric, which can act as boundaries separating megathrust regions and may impede rupture propagation during great megathrust events.

Along the Alaska convergent margin, the Shumagin segment, a creeping and weakly coupled fragment of the Alaska subduction zone, did not record any remarkable great earthquakes in the instrumental period. The structural congurations of subduction zone segments capable of generating tsunamigenic earthquakes tend to be consistent and some studies, using controlled-source seismic imaging, demonstrate that the structural congurations supporting tsunamigenic earthquakes also occur within the Shumagin Gap. Heterogeneous plate interfaces, a small wedge of deformed sediment at the toe of the overriding plate, and splay faults in the overriding plate crust rooting in the plate boundary megathrust are examples of these structures. Seismic data especially imaged a prominent landward-dipping normal fault similar to the one involved in the 2011 Tohoku-oki earthquake in Japan [START_REF] Fujii | Tsunami source of the 2011 o the Pacic coast of Tohoku Earthquake[END_REF].

It indicates that these structural congurations may occur in other area with no historical megathrust earthquakes, but that they are underappreciated.

The Eastern Sanak forearc Basin within the "Shumagin Gap" is nally shown to be formed by the landward normal fault system, with a clear Miocene sedimentary wedge recording the fault activity. The post-Miocene activity of the fault system and its meaning have however not been studied in details yet. 

An overview of the Alaska Subduction Zone

A brief Geodynamical background

The Alaska-Aleutian subduction zone (AASZ) extends from the Kamtchatka Peninsula (West) to the Gulf of Alaska (East). The evolution of the AASZ through geological times is detailed in [START_REF] Lewis | Structural development of an accretionary prism by thrust and strike-slip faulting: Shumagin region, Aleutian Trench[END_REF] and [START_REF] Worrall | Tectonic history of the Bering Sea and the evolution of Tertiary strike-slip basins of the Bering Shelf[END_REF] and [START_REF] Plafker | Overview of the geology and tectonic evolution of Alaska[END_REF] From Unimak Pass to the Gulf of Alaska, the overriding plate is composed of the accreted Mesozoic terranes intruded by an Eocene magmatic arc.

In this manuscript, we will mainly focus on the eastern part of the AASZ, and in particular on the transition towards the oceanic-oceanic convergence system, as our dataset locates there. We abusively name it the "Alaska Subduction Zone" although a more adequate name would be the "Eastern AASZ". Historical seismicity and along-strike rupture zone segmentation east of Unimak Pass

The Alaska convergent margin, extending from the Kenai Peninsula to the western end of the Alaskan Peninsula at Unimak Island (Fig. 2.2), has experienced a series of great instrumentally recorded megathrust earthquakes (Mw>8) in the mid 20th century [START_REF] Sykes | Aftershock zones of great earthquakes, seismicity gaps, and earthquake prediction for Alaska and the Aleutians[END_REF].

The main shocks were followed by aftershocks over areas thought to indicate the extent of rupture and segmentation of seismicity. In areas without large earthquakes, variations in the distribution of the shallow/intermediate/deep background seismicity [START_REF] Abers | Relationship between shallow-and intermediate-depth seismicity in the eastern Aleutian subduction zone[END_REF], or changes in seismic coupling [START_REF] Ru | Seismic coupling and uncoupling at subduction zones[END_REF] can help dene segments. Three out of four rupture zone segments along the Alaska convergent margin experienced major instrumentally reported earthquakes. The largest earthquake ruptured the Kodiak segment during the Mw 9.2 Good Friday great earthquake of 1964. The extent of the rupture zone extended 950-km along trench from the Prince William Sound to the southwestern end of Kodiak Island. The earthquake also ruptured both Prince William and Kodiak asperities [START_REF] Christensen | The rupture process and tectonic implications of the great 1964 Prince William Sound earthquake[END_REF]. This illustrates the challenge in better understanding and predicting areas prone to large destructive earthquakes: once started, rupture can stop between main asperities or only slow down before reaching the next during the same event.

Carver and [START_REF] Carver | Paleoseismicity and neotectonics of the Aleutian subduction zoneAn overview[END_REF] estimate in a paleo-seismology study that such exceptional events around Prince William Sound occur with a recurrence of 333-875 years.

Immediately south-west of the Good Friday earthquake rupture zone, maybe separated by the Patton Murray Ridge (Fig. 2.2) subduction, the Semidi segment ruptured during the earthquake of 1938. The Semidi rupture zone terminates at the Shumagin Islands [START_REF] Crowell | Shumagin seismic gap, Alaska Peninsula: History of great earthquakes, tectonic setting, and evidence for high seismic potential[END_REF]; see Fig. 2.2). This rupture zone correlates well with the subduction of the head of the Zodiac fan, made of Eocene turbidites of terrigeneous origin [START_REF] Stevenson | Tectonic and geologic implications of the Zodiac fan, Aleutian Abyssal Plain, northeast Pacic[END_REF].

At the trench, the Zodiac fan sediments are ∼ 1 -1.5 km thick.

Among the Alaska convergent margin segments, the third segment starting from North-East is the so-called Shumagin gap [START_REF] Sykes | Aftershock zones of great earthquakes, seismicity gaps, and earthquake prediction for Alaska and the Aleutians[END_REF]. This segment has no remarkable great earthquake rupturing its entire length in the instrumental period. The Shumagin segment extends northeastward from Sanak Island to a short distance past the Shumagin Island (Fig. 2.2). Although earthquakes in the adjacent segments have produced tsunamis, GPS data/geodetic studies in the Shumagin segment have failed to conrm a stress buildup, suggesting that this segment is creeping to weakly locked rather than releasing stress in large earthquakes [START_REF] Fournier | Transition from locked to creeping subduction in the Shumagin region, Alaska[END_REF]. This is in contrast with the neighboring Semidi segment where GPS observation indicates a 90% locking along the plate interface.

The fourth segment, the Unimak segment, has experienced a great earthquake in 1946 with an initial magnitude estimation of 7.4 [START_REF] Gutenberg | Magnitude and energy of earthquakes[END_REF]. It is only much later that [START_REF] López | A seismological reassessment of the source of the 1946 Aleutian `tsunami'earthquake[END_REF] re-estimated the length of the rupture to at least 180 km from the relocation of aftershocks. This led to a new Mw 8.6 estimation of the magnitude, in better agreement with the subsequent generation of the largest known tsunami source in Alaska during the instrumental era (Von [START_REF] Huene | The destructive 1946 Unimak near-eld tsunami: New evidence for a submarine slide source from reprocessed marine geophysical data[END_REF]. The Unimak earthquake is believed to be a typical tsunami earthquake which is characterized by low rupture velocities, a long duration, a lack of high frequency radiation [START_REF] Kanamori | Mechanism of tsunami earthquakes[END_REF]) and shallow slip.

Along-dip rupture boundaries, seismogenic zones and tsunami generation

The Pacic coasts of North America and the et al. 2012) by its great rupture depth (∼40 km). The last earthquake in the Semidi segment which generated a great tsunami, occurred in 1788 with run-ups ∼30 meters high [START_REF] Kirby | Background and documentation for the USGS/SAFRR* Alaska tsunami source for Southern California shorelines, in The SAFRR[END_REF]. The cycle of great tsunamis along Semidi, estimated from paleotsunami studies, is from 180 to 270 years [START_REF] Nelson | Tsunami recurrence in the eastern Alaska-Aleutian arc: A Holocene stratigraphic record from Chirikof Island, Alaska[END_REF].

As evidenced for the Alaskan case, the along-dip extent of the seismogenic zone strongly impacts the tsunamigenic potential of a subduction zone segment more than the absolute size of the seismogenic zone, even its along-dip extent also inuences the size of the earthquake.

The seismogenic zone (Fig. 2.3) corresponds to the unstable "stick slip" section of the plates interface. This region of unstable slip is mostly thermally controlled with temperatures ranging from 150°C to 350°C [START_REF] Hyndman | The seismogenic zone of subduction thrust faults[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]. Stable, aseismic slip at shallower depths is expected because of unconsolidated sediments [START_REF] Byrne | Loci and maximum size of thrust earthquakes and the mechanics of the shallow region of subduction zones[END_REF].

A transition zone from unstable to stable sliding is then present at depths where temperatures range from 350°C to 450°C (Fig. 2.3). For older plates (cold subduction zones), the downdip limit of the seismogenic zone was also suggested to correspond to the intersection with the forearc mantle [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]. A high rate of small events usually occur in this deep, conditionally stable region [START_REF] Scholz | Earthquakes and friction laws[END_REF]). vich et al. (1999). The up-dip limit corresponds to the 100-150°C isotherm, while the downdip limit corresponds to 350-450°A lthough tsunami earthquakes [START_REF] Kanamori | Mechanism of tsunami earthquakes[END_REF], like the 1946 Unimak earthquake, were long ago associated with shallow slip, it is only recently that more and more evidences were collected showing that seismic rupture during large subduction zone earthquake could, in some cases, propagate at shallow depths and even up to the trench. This can be explained by "unusually competent and strong" sediments in the case of the southernmost Aceh megathrust earthquake rupture [START_REF] Henstock | Seaoor morphology of the Sumatran subduction zone: Surface rupture during megathrust earthquakes?[END_REF][START_REF] Gulick | Updip rupture of the 2004 Sumatra earthquake extended by thick indurated sediments[END_REF] or even without any elastic loading, by the release of gravitational potential energy [START_REF] Mckenzie | Tsunami earthquake generation by the release of gravitational potential energy[END_REF]. Seaoor geodesy measurements before and after the 2011 Tohoku earthquake brought denitive evidence that very large coseismic slip (∼ 50m) was possible on the near surface plates interface and up to the trench [START_REF] Sato | Displacement above the hypocenter of the 2011 Tohoku-Oki earthquake[END_REF][START_REF] Fujiwara | The 2011 Tohoku-Oki earthquake: Displacement reaching the trench axis[END_REF].

Many physical and geological parameters inuence the along-dip and along-strike seismogenic zone extents: bathymetric rises on the subducting plate like seamounts, volcanic ridges, or tectonic structures [START_REF] Mogi | [END_REF][START_REF] Kelleher | Buoyant zones, great earthquakes, and unstable boundaries of subduction[END_REF], thermal regimes, plates hydration and uid circulations, sedimentation and oceanic plate roughness, upper plate geology, slab dip angle and many more [START_REF] Jarrard | Relations among subduction parameters[END_REF][START_REF] Lallemand | Subduction zones parameters[END_REF].

As a result, it is dicult to draw a rough picture of the expected seismogenic zone in a given area, particularly at depth. In the next section, we present the 10-years-old ALEUT project, an attempt to directly map the seismogenic zone from the reectivity of the plate interface from the Semidi Segment to the Shumagin Gap.

The ALEUT project

Mapping the reectivity of the plate interface

The ALEUT (Alaska Langseth Experiment to Understand the megaThrust) program was carried out in summer 2011 during R/V Langseth cruise MGL1110 in order to characterize the megathrust, overriding and down going plates, and other fault systems associated with the Alaska-Aleutian subduction zone from the Shumagin gap, across the Semidi segment, to the western end of the Kodiak asperity (Fig. 2.4) [START_REF] Shillington | Constraints on the Aleutian subduction zone from the Shumagin gap to Kodiak asperity from new MCS and OBS data of the ALEUT Project[END_REF][START_REF] Bécel | Constraints on the plate interface at the Alaska-Aleutian subduction zone from MCS and OBS data of the ALEUT Project[END_REF][START_REF] Shillington | Downdip and along-strike variations in the properties of the Alaska megathrust from active-source seismic imaging[END_REF][START_REF] Shillington | Link between plate fabric, hydration and subduction zone seismicity in Alaska[END_REF][START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF]. Multichannel seismic (MCS) reection and wide-angle reection/refraction (WARR) data using two 8-km-long seismic streamers, Ocean Bottom Seismometers (OBS) and a 6600 cu. in. tuned airgun array were employed to achieve and relate the reection and velocity images to the mechanical behavior of the megathrust (Shillington 2011). The data was obtained using the Langseth full 6600 cu. in. source and two 8-km streamers.

To optimize low frequencies (and deep imaging), the source and one of the streamers were towed at a depth of 12 m, while the second streamer was towed at 9 m to properly image the sediments and upper crust. West of Kodiak is the most easterly prole (Line 1). The Semidi section is the subject of three of the proles (Line 2,3,4). The Shumagin segment, where the fth and sixth proles are located, has never undergone a large megathrust earthquake. A strike line (Line 7) crossed from the locked Semidi section to the freely sliding Shumagin gap.

Red (seismogenic), Orange(transitional) and green(aseismic) areas are extrapolated from the thickness of the reectors imaging the plates interface (Fig. 2.6)

The eastern Alaska-Aleutian subduction zone is an excellent area for researching the seismogenic zone downdip side, where the megathrust transitions from stick-slip behavior to stable sliding [START_REF] Rogers | Episodic tremor and slip on the Cascadia subduction zone: The chatter of silent slip[END_REF]. The shelf is indeed submerged at large distance from the trench, which makes the transition zone accessible with a research vessel.

Assumptions of the landward limit of coseismic slip are commonly built, for instance, by geodetic and thermal modeling (Fournier et al. 2007;[START_REF] Govers | The geodetic signature of the earthquake cycle at subduction zones: Model constraints on the deep processes[END_REF][START_REF] Weiss | Illuminating subduction zone rheological properties in the wake of a giant earthquake[END_REF][START_REF] Payton | Advances in the thermal and petrologic modeling of subduction zones[END_REF]; although sophisticated, these models are not capable of representing the earth's true geologic complexity. To reduce the uncertainty in its location, more direct imaging of the locked/transition zone boundary is required. A single reection occurrence or a very thin reection package characterizes the brittle plate interface. The megathrust reection package thickens signicantly and shows a more dynamic signature in the transition zone, downdip of the locked zone (Fig. 2.5). According to [START_REF] Nedimovi¢ | Reection signature of seismic and aseismic slip on the northern Cascadia subduction interface[END_REF], this distinct reection signature may allow for direct imaging and mapping of the area, which has been conrmed after ALEUT (Li et al. 2015) (Fig.2.6).

Since major changes in locking tend to occur over relatively short distances within this particular system, the Alaska/Aleutian subduction zone provides an insight into controls on locking and seismogenesis [START_REF] Shillington | ALEUT project: Alaska Langseth Experiment to Understand the megaThrust[END_REF]; it varies from weak coupling in the Shumagin gap [START_REF] Fournier | Transition from locked to creeping subduction in the Shumagin region, Alaska[END_REF] The MCS proles (Fig. 2.4) were designed to image the reection and/or velocity structure in order to better understand and constrain the seismic hazards in the study area. The seismic data (e.g. Fig. 2.6), also include structures in the overriding plate, such as splay faults and forearc basins, as well as details of the plates interface geometry [START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF][START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]) and a clear along-dip denition of the Semidi rupture zone from reectivity (Fig. 2.4 and 2.6) [START_REF] Li | Downdip variations in seismic reection character: Implications for fault structure and seismogenic behavior in the Alaska subduction zone[END_REF][START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF]. In other words, the purpose of the ALEUT project is to measure the size of the seismogenic zone using marine seismic reection and refraction records, as well as to gure out how the properties of the seismogenic zone vary downdip and along the subduction zone, causing some areas to generate major earthquakes while others do not [START_REF] Shillington | ALEUT project: Alaska Langseth Experiment to Understand the megaThrust[END_REF]). Down-going plate properties and the plates coupling contrast between the Shumagin and Semidi segments

The "Shumagin Gap" is a creeping segment where, although no large earthquake is known to have ruptured the entire segment, signicant earthquake nonetheless occurred . [START_REF] Estabrook | The Shumagin Islands, Alaska, earthquake of 31 May 1917[END_REF] [START_REF] Freymueller | Active deformation processes in Alaska, based on 15 years of GPS measurements[END_REF]. Only the shallow part of the Shumagin Segment could be called a "Gap" and it has to be noticed that the shallow plate interface locking is known with a poor resolution, as it is very far from land GPS stations. The abrupt boundary between the Shumagin and Semidi segment, east of the Shumagin Islands, corresponds to many observed varying features of the downgoing plate investigated using the ALEUT data:

A gradual increase of the thickness of subducted sediments (Li et al. 2018) towards the Semidi segment. A smooth interface from subducted sediments favors large rupture zones (e.g. [START_REF] Bangs | Evolution of the Nankai Trough décollement from the trench into the seismogenic zone: Inferences from three-dimensional seismic reection imaging[END_REF]) contrary to starved segments where rough seaoor promotes creep and more frequent small earthquakes (Fig. 2.8).

The sudden change in the orientation of the Shumagin oceanic fabric [START_REF] Shillington | Link between plate fabric, hydration and subduction zone seismicity in Alaska[END_REF]) also has an eect on plate roughness by increasing the reactivation of the normal fault fabric by bending stresses when the fabric is parallel to the trench.

On the contrary, very oblique oceanic fabric will be less reactivated for a smoother downgoing plate. In addition, signicant normal faulting at the oceanic bulge favors uid circulations and hydration of the oceanic upper mantle. The uids can be later released at depth and aect the distribution of seismicity. In the transition from the Shumagin to Semidi segment, the fossil triple junction between the Pacic, Kula and Farallon plates leaves a fabric parallel to the Shumagin segment trench and suddenly a very oblique one along the Semidi Segment (Fig. 2.9).

The rapid and signicant increase of the slab dip angle toward the southwest [START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF]. Depth converted reectivity of the plate interfaces show a sharper variation of the slab dip angle than the one derived by seismology (e.g. Slab 1.0 model, [START_REF] Hayes | Slab 1.0: A three-dimensional model of global subduction zone geometries[END_REF]). This westward increase in slab dip angle corresponds to the transition from the oceanic-continental subduction zone along the Alaska Peninsula to the oceanic-oceanic subduction zone, dating from the Beringian margin subduction jump (see previous section). The peculiar trench perpendicular strike slip rupture of the October 2021 Mw 7.6 Shumagin earthquake is located within this laterally dipping slab area (Fig. 2.10). by the highest number of earthquakes observed in that depth interval within the search region [START_REF] Shillington | Link between plate fabric, hydration and subduction zone seismicity in Alaska[END_REF]; The black curve is the azimuth dierence between plate fabric and trench orientations.

Upper-plate Structural variations from Semidi to Unimak segment

In addition to obvious contrasts in the downgoing plate structure and geometry, the upper plate structure is also evolving across the main segments. The question whether aftershock area boundaries correspond to large tectonic structures have been discussed in dierent regional studies [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF][START_REF] Von Huene | TECTONIC SUMMARY OF LEG 18[END_REF][START_REF] Huene | Subducting plate geology in three great earthquake ruptures of the western Alaska margin, Kodiak to Unimak[END_REF][START_REF] Huene | The destructive 1946 Unimak near-eld tsunami: New evidence for a submarine slide source from reprocessed marine geophysical data[END_REF][START_REF] Huene | A possible transoceanic tsunami directed toward the US west coast from the Semidi segment, Alaska convergent margin[END_REF][START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF].

Splay faults in the frontal prism The transition ridge highlights vertical tectonic displacement within the wedge. During an earthquake, rupture may either persist along the basal décollement beneath the frontal prism, dying out in soft sediments of the outer accretionary wedge in an attempt to reach the seaoor, or rupture could propagate up the splay fault [START_REF] Kame | Eects of prestress state and rupture velocity on dynamic fault branching[END_REF]. Rugosity may increase dynamic friction along the plate interface (Wang and Bilek 2014) (Fig. 2.8), which allows slip to deviate along a shorter path splay fault with less net frictional resistance.

Alternatively, weak low frequency plate interface reections often underlie the transition zone and this loss of plate interface reectivity has been linked to dehydration and increased friction at the up dip end of the seismogenic zone [START_REF] Bangs | Fluid accumulation along the Costa Rica subduction thrust and development of the seismogenic zone[END_REF]. The result is often that, the splay fault, as a weak fault zone, is likely to be frequently chosen as a stress-free easier pathway than the main décollement for rupture propagation of the earthquakes.

Consequently, in Japan, [START_REF] Park | Splay fault branching along the Nankai subduction zone[END_REF] interpret the up-dip limit of the seismogenic zone as being constrained by the structural extent of the splay fault and the outer ridge b) averaged crustal interval velocities for the continental crust from OBS rst arrival traveltime tomography; c) lower and upper crustal velocity from Christensen and Mooney, 1995;[START_REF] Jarrard | Relations among subduction parameters[END_REF] constant velocity of 6.5 km/s for oceanic crust [START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF];

the slab dip angle toward the southwest is signicantly increasing. Red stars show the approximate positions of the recent 2020 earthquakes [START_REF] Ye | The 22 July 2020 MW 7.8 Shumagin seismic gap earthquake: Partial rupture of a weakly coupled megathrust[END_REF][START_REF] Herman | Triggering an unexpected earthquake in an uncoupled subduction zone[END_REF]. Bottom: 1D proles of the plate interface geometry measured directly from the reectivity of the ALEUT lines [START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF]. There is evidence for a sharp slab dip increase in the Shumagin segment, from East(lines 3 and 4) to West (lines 5 and 6)

Figure 2.11: L-102 seismic image and line drawing interpretations [START_REF] Huene | A possible transoceanic tsunami directed toward the US west coast from the Semidi segment, Alaska convergent margin[END_REF]; it commonly shows a frontal prisms, which is pre-sumably younger as well as weaker, and older rock of margin framework; these two parts are separated by a line or a blank area for lack of seismic resolution, consistent with the seismic velocity shift.

topography, which is accumulated during repeated earthquake cycles. The splay fault efciently transfer displacement to the near surface, fostering tsunami genesis [START_REF] Moore | Threedimensional splay fault geometry and implications for tsunami generation[END_REF][START_REF] Wendt | Tsunamis and splay fault dynamics[END_REF][START_REF] Moore | Threedimensional splay fault geometry and implications for tsunami generation[END_REF][START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF][START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF][START_REF] Park | Splay fault branching along the Nankai subduction zone[END_REF]. In Alaska, landward of the major thrust splay fault (Fig. 2.11), the upper 12 km of strata are mildly deformed and faulted (Von [START_REF] Huene | The destructive 1946 Unimak near-eld tsunami: New evidence for a submarine slide source from reprocessed marine geophysical data[END_REF]. This diuse extension may, as in Nankai, indicate an ongoing postseismic or interseismic relaxation after the coseismic slip on the splay fault [START_REF] Park | Splay fault branching along the Nankai subduction zone[END_REF]. thrust mechanism with backwards-breaking branches that truncate the imbricate thrust faults inside the accretionary prism. This conclusion, along with the fact that the megasplay had overridden slope sediments overlying the thrust sheet, led to the suggestion that after regular in-sequence thrusting and the formation of an accretionary prism, the out-of-sequence megasplay fault broke through at the back of the prism; modied from [START_REF] Strasser | Origin and evolution of a splay fault in the Nankai accretionary wedge[END_REF].

Although their distance to the trench and seaoor expression vary, Von Huene et al.

(2020) identify similar backstop splay fault zones (BSFZ) in all segments of the Alaska subduction zone (Fig. 2.13) and argue that they indicate potential tsunami generators everywhere along strike, even if the Mw8.6 1938 Semidi earthquake ruptured only the deeper part of the seismogenic zone (Fig. 2.4) and did not rupture the shallow interface. The Semidi BSFZ (Fig. 2.13) may, however, be dierent in nature since its location corresponds to the subduction of a ridge related to Kula-Pacic fossil spreading (Von [START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF]. Other smaller embayments due to smaller seamount subduction are regularly visible (Fig. 2.14).

For instance, the seismic image called line 1237 (Fig. 2.13), is located at the southwestern edge of the Unimak segment, where an embayment from a subducted seamount is visible in the bathymetry (Fig. 2.14). The prole resolved the absence of an accreted frontal prism. Von [START_REF] Huene | A possible transoceanic tsunami directed toward the US west coast from the Semidi segment, Alaska convergent margin[END_REF] describe the area as the typical Unimak lower slope seaoor morphology formation. The frontal prism is deeply indented and at places completely removed (Fig. 2.14 E1). The sediments were pushed aside when a subducting seamount impinged the frontal prism. Therefore, an accreted prism is missing and the splay fault zone occurs farther landward [START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF]. The seamount that formed the semicircular embayment of E1, is resolved 7 km down the subduction interface in the seismic image (Fig. 2.13), where the splay fault elevates the outer mid-slope terrace. The hypocenter of the 1946 tsunamiearthquake is inferred to be just beneath the mid slope terraces seaward edge (Fig. 2.14), in the vicinity of the splay fault.

In the Shumagin Segment, a small accreted frontal prism is visible and a BSFZ is also imaged (Fig. 2.13) very close to the trench but there is no evidence for the presence of an uplifted mid-slope terrace. Nonetheless, the Shumagin segment structural conguration is described in details in [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF] as potentially tsunamigenic, but mainly because of its upper slope structure (Fig. 2.13): the Shumagin segment forearc (Fig. 2.13b) has a similar structure than the Unimak basin structure (Fig. 2.15), both of them being associated to a subsided paleo-shelf and landward normal faults. There is no such conguration in the Semidi segment (Fig. 2.11 and 2.13c). The next sections will rst describe the Sanak and Unimak forearc basins and then raise the issue of the role of the landward normal fault system in the present-day earthquake ruptures. The Sanak and Unimak forearc Basins from the Shumagin segment to the Unimak segment Since the 1980s, the Sanak and Unimak Basins have been surveyed using cores, refraction sonobuoys, dredges, reconnaissance bathymetric and single and multichannel seismic data [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF]. Fig. The Sanak Island basement high consists in the Sanak Island platform north of the 80-km long and up to 5-km-deep West Sanak Basin (Bruns et al. 1987) (Fig.2.16). The Unimak Ridge in the area is called the Unimak Seamount because of its shape (Fig. 2.14).

Just northeast of Unimak Seamount, the oblique trending Sanak Island and Central Sanak Basin (Fig. 2.16) mark the northeastern limit beyond which Unimak Ridge and the mid-slope terraces terminate [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF][START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF]. The Sanak Island basement high could have been formed between pull-apart basins with right-lateral strike slip fault, but neither [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] nor any recent study discuss the origin of this deformation. [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] just suspect reactivation of Beringian margin structures. The acoustic basement (Horizon A) in Fig. 2.17 corresponds to the paleoshelf eroded from Oligocene to Miocene [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF]). The basement is inferred from nearby land geology to be composed of Paleogene intrusive rocks of the Shumagin formation (with refraction velocities of 4.5 km/s). A similar landward-dipping extensional fault zone is interpreted to have formed the Unimak Ridge by [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF], with a more dramatic tilt of the paleoshelf and outcropping of the footwall (Fig. 2.15). [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] tend to discard thermal eects and favor basal erosion to explain general subsidence of the area. This subsidence seems to be or to have been specic to the Unimak and Shumagin segments as an equivalent of the Sanak Basin is not present in the Semidi segment. Basal erosion is in agreement with framework rocks located very close to the trench, rough oceanic plate (Fig. 2.8) and very small accreted prisms. The three sub-basins (Eastern Unimak, Central Sanak and Eastern Sanak) described above correlate spatially to seismicity segments (Fig. 2.19):

A regional-scale bathymetric map (Fig. To summarize, an out-of-sequence splay fault as well as a the landward-dipping extensional (LDE) fault zone [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]) are the common elements of the upper-slope in the fully creeping zones of the Unimak and Shumagin segments [START_REF] Li | Spatial variation of slip behavior beneath the Alaska Peninsula along Alaska-Aleutian subduction zone[END_REF]. The associated Sanak Basin dies out approximately where the October 2020 Mw 7.6 strike-slip earthquake occurred (Fig. 2.

19)

The eastern Sanak Basin is where ALEUT Lines 5 and 6, used in this study, are located (Fig. 2.19). Fig. 2.20 illustrates that the landward normal fault related to the formation of the Shumagin Ridge is also connecting the Sanak Basin to the deep plate interface through a 40°dipping reector [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]. This fact raises the question of knowing whether the extension in the Sanak Basin (and by extension Unimak Basin) could be directly related to large subduction zone earthquake like during the 2011 Tohoku earthquake [START_REF] Tsuji | Potential tsunamigenic faults of the 2011 o the Pacic coast of Tohoku Earthquake[END_REF][START_REF] Tsuji | Extension of continental crust by anelastic deformation during the 2011 Tohoku-oki earthquake: The role of extensional faulting in the generation of a great tsunami[END_REF][START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]) rather than just the result of broader extension due to basal erosion-driven subsidence. CHAPTER 3

CONVENTIONAL IMAGING OF THE SANAK BASIN

Before considering the application of Waveform Tomography using 2D MCS data from the Sanak Basin, this chapter details conventional processing of sections of lines 5 and 6. After a presentation of the dataset, we justify the re-processing of the lines by our willingness to improve existing images of the basin and the need for grasping the main features of the prestack dataset in sight of FWI: noisy traces, frequencies, multiples, events beyond acoustic propagation, contamination from an earthquake... A description of the main steps of the workow is presented, highlighting the main issues.

A second objective of the chapter relates to seismic interpretation of the reprocessed proles. Horizon picking and fault localization is performed on both proles with the help of already published studies. We, however, add a comparison between the two proles and unveil two dierences between the two images distant from roughly 50 km: (1) In line 5, bottom currents aect sedimentary record much more than in line 6 which leads to a dicult correlation of horizons through the faults. ( 2) Line 6 shows a much more distributed extension on seaward faults whereas deformation is localized almost exclusively on the landward normal fault in line 5. We discuss the gravity collapse of the slope around line 6 and show with satellite gravity anomalies that basement structures of line 6 are not directly comparable to those of line 5, in contradiction with published interpretations.

Finally, it is dicult to quantify even roughly the recent activity of the main landward fault knowing that erosion perturbates sedimentary record in line 5 and that most of the extension does not localize on such a fault in line 6. We conclude on the improvements that velocity imaging (travetime and waveform tomography) could imply in the next chapter.

In particular, the basement geometry beneath the shelf could be better constrained and potential uids could be detected in faults.

Résumé en français

Avant de considérer l'application de l'imagerie de forme d'onde aux données multitraces 2D dans le bassin de Sanak (décrit au chapitre précédent), ce chapitre détaille le traitement con- The navigation information is compiled for each shot into a P190 format navigation le that was created for every MCS prole separately; hereafter merged with the seismic information in the SEGD le. Selection of the sections of interests on ALEUT lines 5 and 6

Existing processing

Two MCS dataset of lines 5 and 6 have been recently processed and published in papers and literature with a focus on plate interface characteristics [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF][START_REF] Kuehn | Along-trench segmentation and down-dip limit of the seismogenic zone at the eastern Alaska-Aleutian subduction zone[END_REF]) and deep reectivity rather than the details of the Sanak basin. The shallow sedimentary record is not discussed in details and the basin scale comparison between line 5 and 6 (Fig. 3.3) is not discussed in details either. 

Rationale for reprocessing

The ∼45-km-long sections of line 5 and line 6 presented in Fig. 3.4 and Fig. 3.5 are centered on the major extensional faults and the Shumagin Ridge, and these are our areas of interest, in which we would like to try to image more details of the sedimentary record. In addition to that, these areas are also where refraction waves (diving waves) are available which are needed for waveform tomography.

Regarding the subsequent FWI application, a secondary objective of the reprocessing is to experience rst the challenges of conventional data processing: tackling the issue of multiples around the shelf edge during is a kind of challenge we encountered, as multiples considerably aect the velocity analysis, for instance (see section 3.3.3). The data are also contaminated by potentially dispersive guided waves and a Mw6 earthquake during acquisition. As a result, it is important to learn what is in the data before FWI, and conventional processing is a good way to do this as well as to prepare an initial very simple velocity model.

In the next section, we will discuss the processing procedures that were used to improve imaging and the resolution of seismic sections, with a focus on sediments, especially on post-Miocene sediments, and on structures associated with major landward-dipping normal faults within the Shumagin Seismic Gap.

Multichannel seismic (MCS) data processing

For producing 2D seismic images of the subsurface, all processing steps were carried out using industry-standard seismic processing software CGG geovation at ENS; in some circumstances we also needed to use MATLAB and Seismic Unix to improve the eectiveness of processing by use of innovative processing methods, such as the CTF approach [START_REF] Kahrizi | Eciency of complex trace analysis to attenuate ground-roll noise from seismic data[END_REF].

Each line, line 5 and line 6, is processed separately. ALEUT MCS Lines are used to illustrate the results of the processing steps. In this section, we mostly focus on the steps that were among the most signicant challenges during processing the MCS seismic data.

Preprocessing

The rst step in seismic data processing is to read in seismic eld data and convert them to a format that the program can support. The geometry le must also be compiled with the data set before any seismic data processing steps. It is a crucial phase in seismic data processing, as setting up the eld geometry improperly causes a variety of computing issue.

Owing to some contradiction in HEADER, some modication especially regarding to the shot point number and acquisition channel number were considered.

However, the seismic signal is cut for 12 seconds and is sampled at xed rate in time (from 2ms to 4ms). The highest frequency which can be resolved, the Nyquist frequency, is then reduced from 250Hz to 125Hz; to avoid the frequency aliasing, prior to resampling, the seismic data is ltered out. It results in keeping the recoverable frequency band between lowest possible frequency (∼2Hz) and the Nyquist frequency (125 Hz). The earthquake, however, spans frequency bandwidth of the data set, hence, making it dicult to be removed by standard frequency ltering. Also, if isolated noisy traces can be removed and interpolated, several shots in a raw are more dicult to replace. By use of the CTF method [START_REF] Kahrizi | Eciency of complex trace analysis to attenuate ground-roll noise from seismic data[END_REF], which addresses the issue of eliminating noise using complex trace analysis we were able to lter the earthquake signal that needs to be removed from seismic shot gathers (The interested reader can read more details explaining the CTF methodology in Appendix A). The result of ltering the earthquake is shown in Fig. 3.9; the earthquake is logically attenuated without distorting the reections.

Velocity analysis

In shot-receiver coordinates, seismic data with multifold coverage is acquired [START_REF] Yilmaz | Seismic data analysis: Processing, inversion, and interpretation of seismic data[END_REF].

The CDP gather is made up of all the traces that have the same midpoint spot, providing velocity information of the subsurface. Velocity analysis is performed on the selected CDP gathers and, then, it is interpolated between the CDP gathers to create a velocity model along the prole which is used for Normal-moveout (NMO) correction as well as migration, for instance.

Along the proles, every 100th CDP is used as an interval for initial velocity picking on CDP gathers, followed by the multiple attenuation using SRME method (Section 3.3.4).

The CDP increment for velocity picking is then reduced to every 50th gather in order to resolve a higher resolution velocity eld model. To achieve more consistent velocity spectra we simultaneously tracked the accuracy of the reection on the initial seismic section, the cohesion of the velocity eld, and that of the interval velocity function. reection hyperbola during velocity picking by selecting a multiple event rather than a real horizon. Hence, velocity analysis must be repeated with a more adequate picking. In addition, deep reections, especially below the basement, as a result of poor signal amplitude were more dicult to be detected in the velocity range. The nal velocity eld was attempted to be as smooth as possible (Fig. 3.12). 

Multiple attenuation (SRME)

The high reectivity of the surface results in a large amount of multiple energy in seismic data. Multiple reections destructively interfere with the primaries and make interpretation dicult. Stacking the NMO-corrected data is the most reliable and ecient way to suppress multiples [START_REF] Yilmaz | Seismic data analysis: Processing, inversion, and interpretation of seismic data[END_REF]); but it would not remove all multiples.

Multiple attenuation are addressed by variety of methods; but, the surface-related multiple elimination (SRME) method [START_REF] Verschuur | Adaptive surface-related multiple elimination[END_REF]) is suggested for the removal of all surface-related multiples, chiey as no knowledge of the subsurface is required. This method eliminates the surface reectivity eect from the results. Having given the source signature and surface reectivity, the SRME approach has been adaptively applied. It means that multiple removal is built as an inversion mechanism in which the source and surface reectivity properties are calculated and, then, the multiple-free data equals the inversion residue [START_REF] Verschuur | Adaptive surface-related multiple elimination[END_REF]. As illustrated in Fig. 3.13, this method is based on 2D convolutions to construct a multiple model which would be subtracted from data. In principle, surface multiples being considered as the combination of primaries; that is, by adding the primary traveltime and multiplying the reection coecient, the multiple waveeld can then be predicted. The water depth along the ALEUT line 5 and 6, varies dramatically. Seaoor multiples period increase with water depth. The shelf area could be encountered by short-period multiples, such as peg-leg and/or ghost [START_REF] Badley | Practical seismic interpretation[END_REF], which are masking the arrival times of reections and impede their interpretation. Fig. 3.14 illustrates how the SRME algorithm is able to evoke the multiples. Fig. 3.15 illustrates that the multiples mostly degrade the signals arriving early, corresponding to shallow depth structure; it is where we faced strict issue on velocity picking. The residual multiples will be addressed by Radon transform as well as predictive deconvolution which are going to be discussed in the following sections. 

Multiple attenuation (Radon transform)

The Radon transform is used to transform CDP seismic data to the Radon domain, which is also known as the "τ -p" domain; in which τ is the intercept time and p is a ray parameter (e.g. [START_REF] Yilmaz | Seismic data analysis: Processing, inversion, and interpretation of seismic data[END_REF]). It will be fundamentally evaluated for attenuating multiples. Multiple events can be separated and processed in the transformed Radon domain because their normal moveout (NMO) times dier from their primaries, particularly at far oset (Fig. 3.16).

The data is transformed back to the x-t domain after removal of the undesirable events.

Having corrected for normal moveout, using the velocity eld achieved by velocity analysis, it is obvious that reections are still contaminated by multiples (Fig. 3.17). Multiples can be indicated by parabolic rather than linear event on the CDPs. Fig. 3.17 shows a magnied portion of CDP number 5000 of line 5; it illustrates how well the process operates on suppressing the multiples; primaries make up the majority of the reections. As a result of NMO correction the data faced NMO stretching which is muted prior to multiple attenuation. There is a signicant distinction in displaying amplitudes on CDPs due to the presence of strong amplitude at early time and geometry spreading eect. The AGC function is not used to compensate the eect of geometry spreading because it would be impossible to see how much the Radon transform suppressed the multiples.

It is worth noting that the velocity analysis could be improved since most of the multiples are attenuated from seismic data. As a result, before proceeding to the next processing stage, 

Predictive deconvolution

Predictive deconvolution, also known as gapped deconvolution [START_REF] Robinson | Digital imaging and deconvolution: The ABCs of seismic exploration and processing[END_REF], is primarily used for attenuation of short-period multiples, most importantly reverberations from a moderately at shallow water-bottom. It is also a mean of minimizing multiples that include the surface or near-surface reectors. The periodicity of the multiples, especially short-period multiples, is exploited to design an operator (Fig. 3.20). The operator identies and removes the predictable part of the wavelet, leaving only desirable signal. The predictive deconvolution operator tries to create a trace with no autocorrelation between the gap and the length of operator. Gap and the length of operator, are not governed by any mathematical rules; they are thoroughly checked, and the processors use their knowledge and judgment to choose the most pleasing parameters. Our analysis of the autocorrelation function along both proles (Fig. 3.21), reveals that multiple features and the shape of the autocorrelation are environment-dependent, and that their periodicity diers at various location along the prole. The shallow marine part of the data set, especially along the shelf has mostly interbed multiples [START_REF] Badley | Practical seismic interpretation[END_REF]. In the slope, the seaoor bathymetry generates multiples that are too far from the primary to be removed by predictive deconvolution. However, predictive deconvolution can still be used to focus the signal in a more compact wavelet at depth: the basin sediments progressively lter out high frequencies from the signal (Fig. 3.21b) and we can compensate for that eect (Fig. 3.22). Consequently, obtaining the optimal result is quite sophisticated. Depending on how the autocorrelation function feature varies, we divided the proles into separate parts.

Line 5 is divided into four segments, while line 6 proles which has a steeply dipping sea oor, reveals more lateral altering characteristics, so the number of sections is increased to six. The numbers assigned to the parameters (gap and operator length) are distinctive.

Customarily, the closer to the slope, the longest the operator should be considered. 

F-K ltering

Frequencywavenumber (F-K) ltering is often applied to prestack seismic data for attenuation of linear coherent noise or events. The process is a two dimensional Fourier transformation and must be sampled according to the Nyquist criterion to avoid aliasing. Horizontal events have an innite apparent velocity and are represented in the F-K domain by a vertical axis (Fig. 3.23); vertical phenomena have zero velocity and are represented in the F-K domain by a horizontal line. The positive velocities are on the right side of the spectrum, while the negative velocities are on the left [START_REF] Yilmaz | Seismic data analysis: Processing, inversion, and interpretation of seismic data[END_REF]. The areas to be maintained are delimited in the F-K plane by lines for which the slope must be determined; the slope is an apparent velocity in the T-X plane. A taper is introduced between the ltered and retained parts of the spectrum, described by two limit velocities, to prevent artifact on seismic data in time domain (Fig. 3.23). Having used four velocities to dene the limits corresponding to preserve or ltered area, the zone between V2 and V3 is preserved; the zone outside V1 and V4 is going to be ltered.

The area between V1-V2 and V3-V4 are tapering limits. Velocities must pass through the origin.

F-K ltering can be applied on data in any kind of oset-arranged domain such as shot gather and CDP gathers. An issue which could be faced is that a lter which covers too large spectrum of the coherent noise can also delete too much signal detail, making it dicult to interpret correctly. Furthermore, removing unwanted signals from data using seismic CDP gather, for example, may not be feasible, particularly at depth, because we cannot distinguish between desirable and unwanted signals. Since the oset-class provides insight into geological detail, it can be used to extract useful knowledge from seismic data; it allows us to nd the signal, not be related to geology. Fig. 3.24 illustrates how the F-K lter was able to suppress the linear coherent noise from data at depth. Linear event which do not correspond to the geological structures are dened, equivalent velocity ranges (V1, V2, V3 and V4) have been calculated; then, F-K lter is applied on oset-classes. Although this process is useful to improve signal to noise ratio at depth, where we do not expect highly dipping signal, it is not applied in shallow sediments. Fig. 3.26 shows the quality of the migration and its ability to improve the spatial resolution of seismic section of ALEUT line 5. To the seaward side of the line, after migration, the diractions have collapse to their apex, and the dipping events have shifted to a subsurface position. The deeper events in the neighborhood of three to six second are multiples associated with the seaoor above. Since they are migrated with the primary reection velocities, they are over migrated. Moreover, the bow-ties next to the landward dipping reector and branch faults are united and turn into synclines on the migrated section.

The entire processing workow was also applied on Line 6. The nal results of both lines are showed in Fig. 3.27. On the stack section the structures appear complex while on the migrated section they become interpretable. By extracting subsurface information from seismic data, we can convey the geologic signicance and properties of the data. 

Seismic data interpretation

Once the nal seismic sections have been prepared, the next step is seismic interpretation, which is the science of the analysis of subsurface geologic information from seismic observations. Physical structures in the rocks, mostly bedding surfaces and unconformities of velocity-density contrasts, produce primary seismic reections [START_REF] Payton | Advances in the thermal and petrologic modeling of subduction zones[END_REF]. From the reections, the seismic data interpretation can be categorized into distinct groups, including structural and stratigraphic interpretation.

The purpose of structural analysis is to decipher the architecture of subsurface conguration by imaging minute details of geologic framework [START_REF] Badley | Practical seismic interpretation[END_REF][START_REF] Mandal | Enhanced structural interpretation from 3D seismic data using hybrid attributes: New insights into fault visualization and displacement in Cretaceous formations of the Scotian Basin, oshore Nova Scotia[END_REF]. The basic principles are that sediments originally deposit horizontality, the younger strata above the older (superposition). Without deformation, there is lateral continuity of reectors but cross cutting relations indicate unconformities.

Interpreters would also look at some fundamental characteristics of the signal in the seismic record. The rst feature is the reection power, the frequencies it comprises and how they are transmitted through the signal. Another aspect is the coherent versus chaotic nature of the signal in a given area. All of these features lead to the notion of facies. This can give a hint of the mode of deposition of the sediments (pelagic, turbiditic, mass transport deposits).

Picking horizons

The initial step of interpretation establishes a stratigraphic basis for the principal interpretation. It is critical to determine which reections and unconformities must be mapped. They act as a guideline and a constraint. Although the lower-level sequence is characterized by poor and irregular reections, the horizon A, which is a strong reection phenomenon, distinguishes lower and middle-level sequences rocks. This horizon is thought to be an erosional surface cut during the regional Oligocene and early and middle Miocene erosional periods [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] Irrespective of the main sequences, we picked some minor horizons via tracking common reection properties. To nd the link between to proles, we tried to pick horizons that are in agreement with their counterparts on the other prole with the assumption that the sedimentation rate is similar. Picking the most reective horizons on each prole leads to some dierences in the horizon patterns along each line, particularly in terms of the dip of the reections and the thickness between horizons. Deeper horizons, for instance, have more pronounced contrasts, and are steeper on line 6. Sediment layer thicknesses in post-Miocene sediments are dierent from line to line, which means that we cannot respect our assumption of a similar sedimentation rate, casting doubts on our "minor" horizons picking. We will see in next sections some attempts to explain the challenges faced.

Faults conguration Detecting faults

The MCS prole of line 5 reveals two localized normal faults, branching upward from the LDR (Fig. 

Basement versus sedimentary fault osets

We have seen that the LDR on line 5, splays into two branches through the middle/upperlevel sequences (Fig. 3.29). This conguration caused some issues in picking horizons across the faults as most of the times, we could not nd a reector of similar properties across F2

(and F1 to a lesser extent). Consequently, the oset of our main horizons through the faults are not accurate. However, we are a bit more condent with the sedimentary faults osets in line 6 and they are very moderate.

In both lines, it appears clearly that the basement osets are much larger than the sedimentary ones. This observation depends of the correct interpretation of the basement geometry on line 6. On line 5, another intersecting conguration to be mindful of is the block between F1 and F2 just above the LDR on line 5; it is highlighted by a blue shadow in Fig. 3.29.a (also visible in Fig. 3.30 without color shading). The recognized block internal geometry is not shared by any surrounding sequence layer. It means that, regardless of normal movement due to tectonic extension, another scenario can impact the layers. This will be discussed in the next section. The impact of bottom-current circulation can be seen not only above the LDR basement, but also in the various contourites across the basin. Fig. 3.32 depicts that the positioning of the levee has been more diuse over time. Since the bottom current was trapped next to the scarp formed by normal displacement over the LDR (till late Miocene), chaotic facies show a succession of episodes of moat inll or mass wasting processes. After Miocene, the fault scarp is no longer marked enough to fully control the pathways of the bottom currents that appear less localized. Then, the position of bottom current is shifted. At the most recent spot, named phase II, the same trend as phase I can be deduced. The curved-pattern of the sediments ts that of phase I, particularly the deformation of the main horizons that cut through the region highlighted. The region bounded by two horizons (red and purple) shapes a package of levee with a similar pattern. It is likely that the rate of sedimentation outpaced the rate of erosion at this stage. Since the current was not trapped as tightly as it was in phase I, layers can be featured by less concavity; but they spanned larger area.

Near the seaoor, but at a dierent site, a new recent contourites have formed phase phase III. At the new zone, the same pattern as phase II can be found; it means that a similar mechanism exists in this region. The region enclosed by III reaches the position where fault 2 reached the seaoor. On prole line 6, however, the inuence of bottom current does not follow the trend from line 5. As shown in Fig. 3.33 the curved-looking layers may be found on the seaward ank of seaward-dipping fault. The major horizons (red and purple) pattern indicates that the bottom current was located seaward of the basin. In addition, the shape of the basement conrms our hypothesis. The sediments accumulated on the basement generally followed a similar trend. In comparison to line 5, the contourites on line 6 are localized; their positions stayed unchanged over time. As a result, we interpreted the topography on the seaoor as a levee created by the oceanic current or a Canyon, even though such feature has already been described as the scarp related to fault activity (see Fig. 2.17 from Von Huene et al. ( 2019)).

In summary, according to the gures, the location of the bottom current has not been The discussion about the presence of the bottom current erosion is important because classically, unconformities in forearc basins are interpreted by subsidence and hiatuses/variations of the sedimentation rate in a context of basal tectonic erosion. However, these unconformities can also correspond to erosion from above by bottom currents and this is poorly studied [START_REF] Calvès | Fore-arc seaoor unconformities and geology: Insight from 3-D seismic geomorphology analysis, Peru[END_REF]. Knowing this, it is not surprising that variations of amplitudes of reectors across the faults on line 5 are large, leading to correlations problems, since erosion can dier very locally in function of the width and activity of the current. In line 6, there are less variations of amplitude along reectors because the area is much less aected by bottom currents.

Discussion

Slope stability and gravity collapse around line 6

We cannot quantify at this stage the extent of post-Miocene extension in this part of the Sanak Basin. Even worse, we now think that it may not be possible to do so, because of bottom current erosion. However, we can discuss interesting dierences between the structures seen in the two proles that were not discussed in previous publications [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF][START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF]. A major dierence between the two lines is that, the so-called Shumagin Ridge is wider on Line 5. Slope destabilization is visible at km 36-44 (e.g. Fig. 3.29), but seaward faults are small and do not aect the basement, contrary to line 6 (e.g. Faults F3 on Fig. 3.33). Consequently, the Shumagin Ridge is very narrow on line 6.

To get a clearer understanding of the structural analysis of the seismic data set, we extend our interpretation of line 6 further, that is, we view the seaward, slope side of the landward normal faults location we have already interpreted. but we could speculate that it is related to the "double rollover" of the two opposite verging faults (F3 and F5) before the activity of F4. We see that the whole slope extension could be governed by gravity collapse. Another clue indicating that the slope is not stable are the chaotic facies near the seaoor (Fig. 3.35) that could correspond to a submarine landslide. We emphasize the fact that since waveform inversion is a highly nonlinear problem, a good starting model is essential for achieving the desired global minimum and avoiding cycle skipping. In this analysis, rst-arrival traveltime tomography is used to derive a waveform tomography starting velocity model. Preconditioning, on the other hand, is needed to ensure that the data input to waveform tomography is as compatible as possible with the acoustic assumptions of the method. This means that any part of the data not expected by the 2D acoustic propagation scheme should be omitted or corrected, as detailed in this chapter.

Importantly, in our case we had to switch from frequency domain to time domain FWI to have a successful preconditioning. Another challenge is the source wavelet inversion in a context of varying water-column velocities from the shelf to the slope. After correcting this issue, two successive inversions were performed with 4-6Hz data followed by 4-8Hz data.

The results are validated using qualitative eld data vs synthetic data comparisons and the agreement with existing PSDM images.

The FWI-derived velocity images follow the lithology except in areas where uid contents are suspected from negative velocity anomalies. The basement geometry is improved on line 6. On line 5, negative velocity anomaly cross-cut the lithology following and continuing a bottom simulating reector (BSR). We image an accumulation of gas/uids seaward of the main landward fault in line 5. It clearly appears that the fault acts as an impermeable barrier. We see velocity anomalies corresponding to erosion and inll phases of the bottom currents, conrming our previous interpretations. In line 6, the landward normal fault does not aect velocities and no eects of bottom currents are seen in the velocities. However, uid escapes are imaged at the seaward ank of the shelf horst and above the previously interpreted "double rollover" dome at the seaward edge of the section. The shelf uid escape correlates with a low multibeam seaoor reectivity. 

Résumé en français

Methodology

In the context of waveform inversion, the concepts of forward and inverse problems have been addressed in literatures and papers in detail (Tarantola 1984b;Tarantola 1984a;[START_REF] Mora | Nonlinear two-dimensional elastic inversion of multioset seismic data[END_REF][START_REF] Pratt | INVERSE THEORY APPLIED TO MULTI-SOURCE CROSS-HOLE TOMOGRAPHY[END_REF]Pratt 1990;[START_REF] Pratt | Seismic waveform inversion in the frequency domain, Part 1: Theory and verication in a physical scale model[END_REF][START_REF] Pratt | Seismic waveform inversion in the frequency domain, Part 1: Theory and verication in a physical scale model[END_REF][START_REF] Virieux | An overview of full-waveform inversion in exploration geophysics[END_REF][START_REF] Yang | A review on the systematic formulation of 3-D multiparameter full waveform inversion in viscoelastic medium[END_REF]) and many others. Here we will only summarize the main issues.

In order to get a physical idea of what waveform tomography is, [START_REF] Pratt | Waveform Tomography: An introduction to theory and practice[END_REF] suggests to consider the simple tossing of pebbles into water and to watch the ripples spread outward from the initial impact. Ideally, one should be able to see the waves without losing sight of their almost perfect spherical shape. However, if the waves collide with an obstacle, the waves may be aected by the obstacle, but the shape of the wavefront may restore quickly.

Is it still possible to detect and locate the barrier from the record of the waves landing at the shore without being able to see the whole wave propagation unfold from above the water? This is the position the geophysicist nds himself in, when doing seismic tomography; we cannot see through the Earth directly, but we can record the arrival of the seismic waves.

We want to learn as much as we can about the structures that the waves meet along their path.

Basic waveform inversion

To tackle this problem we rst need forward modeling: we need to simulate the interaction between physical parameters (e.g. velocity, density) of the subsurface (model) and seismic waves using physics laws; this model produces a collection of results (synthetic data). For instance, we can compute synthetic seismograms using the following acoustic-wave equation . (Tarantola 1984b):

1 K(r) ∂ 2 ∂t 2 -div 1 ρ(r) grad U (r, t) = s(r, t) (4.1)
where K(r) represents the bulk modulus, ρ(r) the density, U(r, t) the pressure variation, and s(r, t) is the source of acoustic waves. For simplicity of the following development, if we assume that the density is constant, we can dene the velocity of the acoustic wave as

C(r) = K(r) ρ(r)
, the acoustic wave equation becomes

1 C 2 (r) ∂ 2 ∂t 2 -∇ 2 U (r, t) = s(r, t) (4.2)
In frequency domain, the equation is even simpler:

ω 2 U (r, ω) C 2 + ∇ 2 U (r, ω) = -s(r, ω) (4.3)
In order to relate data to a model, the solution of the Eq.4.2 or 4.3, ignoring sources, can formally be written as

O(m) = d (4.4)
where O(m) is a set of mathematical equations/operators depending on m (model parameter, for example velocities), and d is data (for example the pressure eld). The inverse problem involves determining a quantitative representation of a model m that accurately ts a collection of observed data d obs ; P-wave velocity is the most commonly used attribute for characterizing the model. Dening the inverse operator in theory provides a simple solution to the inverse problem such that the estimated solution is m = O -1 (d) 

E(m) = 1 2 δd T δd (4.9)
where δd T is the conjugate transpose of the data residual. The term optimize will refer to determining the value of m that minimizes E(m) for our objectives. We will now go through the iterative optimization technique. We start with an estimated assumption and then update it in steps based on an equation

m k+1 = m k + α k p k (4.10)
where the vector p k represents a search direction, and the positive scalar α k is step length. The choice of the search direction distinguishes the algorithm we explain in this section.

Since we use Eq.4.10 to update our prediction of the optimal (minimum) location, we want the function to decrease with each iteration E (m k+1 ) < E (m k ) . We can then consider the expansion of the second-order Taylor series of the updated model mist

E (m k+1 ) = E (m k + ∆m k ) ≈ E (m k ) + ∆m T k ∇E(m k ) + 1 2 ∆m T k H(m)∆m k (4.12)
with H the Hessian Matrix composed of the second derivatives of E, that can also be seen as the local curvature of the mist function. As in a Newton method, if we want to nd ∆m k minimizing the mist E(m k + ∆m k ), we can compute the partial derivatives of the right-hand expression of equation 4.12 with respect to each model perturbation in ∆m k . The resulting expression ∇E(m k ) + H∆m k must be equal to zero to nd the minimum, which gives us

∆m k = -H -1 ∇E(m k ) (4.13)
Although the Hessian is a square Matrix, it is very large and almost always singular, so that many developments of FWI (not detailed here) deal with the best way to approximate it with a step length α k :

m k+1 = m k -α k ∇E(m k ) (4.14)
The gradient vector involves the rst derivatives of the mist function E (m) with respect to the model parameters m and is dened as

∇E(m) =      ∂E/∂m 1 ∂E/∂m 2 . . . ∂E/∂m m      =       ∂u f wd1 ∂m 1 ∂u f wd1 ∂m 2 • • • ∂u f wd1 ∂mm ∂u f wd2 ∂m 1 ∂u f wd2 ∂m 2 ∂u f wd2 ∂mm . . . . . . . . . ∂u f wdn ∂m 1 ∂u f wdn ∂m 2 • • • ∂u f wdn ∂mm       T      δd 1 δd 2 . . . δd n      = J T δd (4.15)
where matrix J is known as the Fréchet derivative matrix. Each column in J is a partial derivative of the forward wave eld u f wd , which means that the column vector contains the change in the wave eld caused by a single model parameter perturbation (only the forward model depends on m, not the real data, hence ∂d i ∂m j = ∂u f wdi ∂m j ). The partial derivative of waveeld, is sampled at receiver locations, conjugated, and multiplied by data residuals;

then, summed across all receivers. Although we now know how to calculate the gradient, it is computationally expensive to get, so even if we nd a way to not calculate the Hessian, we also need to nd a way to replace the direct computation of the Fréchet matrix. This is where the inversion will meet the physics of wave propagation to avoid calculating the Fréchet matrix.

Backpropagating the data residuals to update the model

Here we will use the frequency domain acoustic equation to make it as simple as possible.

Our goal is to explain how the ∂u ∂m in the Fréchet matrix columns are related to a point scatterer problem, and how this can help, under some assumptions, to compute the Fréchet matrix and the gradient ∇E(m)

Wave scattering and the Born approximation

This development follows [START_REF] Wu | Diraction tomography and multisource holography applied to seismic imaging[END_REF], [START_REF] Miller | A new slant on seismic imaging: Migration and integral geometry[END_REF] and [START_REF] Pratt | Waveform Tomography: An introduction to theory and practice[END_REF]. We start with considering a point source δ(x -s) in a given velocity model C(x). The solution of the frequency domain acoustic Eq.4.3 is a Green function G(x, s, ω):

∇ 2 G(x, s, ω) + ω 2 C 2 (x) G(x, s, ω) = -δ(x -s) (4.16)
with s, the source location. Now we will consider that the velocity model C(x) is actually the sum of a "background" model C o (x) and a perturbation. We can write

C -2 (x) = C -2 o (x) + o(x) (4.17)
To remind us of our model update problem, we can imagine that the background model is m k the currently known model at iteration k, and C(x) is the model after another iteration (m k+1 ). In the background model C o (x), following Eq.4.16, we have for solution a Green function G o (x, s, ω). This is the solution we know in the velocity model we know at iteration k. Now we would like to write the waveled u(x, s, ω) in the model C(x) that we do not yet know:

G(x) = u(x, s, ω) = G o (x, s, ω) + u sc (x, s, ω) (4.18) 
with u sc (x, s, ω) a scattered waveeld due to the velocity dierences o(x) between C(x) and C o (x). We can indeed consider that the waveeld G o , when encountering these velocity perturbations, will generate diraction. The velocity perturbations are not at the source locations,so, we substitute Eq.4.17 into Eq.4.16 without the source term:

∇ 2 u(x, s, ω) + ω 2 C 2 o (x) u(x, s, ω) = -ω 2 o(x)u(x, s, ω) (4.19)
and since G o is solution of the wave equation with velocity C o , using Eq.4.18 we have:

∇ 2 u sc (x, s, ω) + ω 2 C 2 o (x) u sc (x, s, ω) = -ω 2 o(x)u(x, s, ω) (4.20)
This equation shows that the interaction of the total waveeld u with the scattering potential o(x) behaves as a new source propagating the scattered waveeld u sc , which is the dierence between the total waveeld u and the waveeld resulting from the propagation in the background model C o .

Let us imagine that we know o(x), the velocity perturbation. If one wanted for some reasons to compute the scattered waveeld from Eq.4.20, that would be a problem because to calculate u sc , we need to know the total eld u which is G o + u sc . However, in conditions of "weak scattering", the rst Born approximation allows to replace the total eld u in the source term by G o the background eld. In other words, if o(x) is a small velocity perturbation with respect to C o (x), it is possible to compute u sc from Eq.4.20. Now how does this relate to our waveform inversion problem?

Virtual sources: backpropagation data residuals

We can rst re-write the frequency domain wave equation of Eq.4.3, as S(m)u = f 

∂u ∂m i = S -1 f (i) (4.23)
where f (i) = -∂S ∂m i u is called a virtual source. It is a result of the interaction of the original waveeld with the changes generated by a perturbation in the model parameters.

Knowing that the derivatives ∂u ∂m i are the columns of the Fréchet Matrix, we rewrite it to get a new gradient equation (Eg.4.15):

∇ m E = J T δd = F T S -1 T δd (4.24)
where F T is the vector containing all the virtual sources f (i) for each model perturbation and [S -1 ] T δd is the back-propagated waveeld of the residuals. The back-propagated waveeld is obtained by solving a single forward modeling run in which the source terms are replaced with data residuals. The complex-conjugate of the dierentiating matrix corresponds to the wave equation with time reversed. As a consequence, the data residuals are then put back into the model where they are supposed to focus on missing diractors.

To summarize, [START_REF] Lailly | The seismic inverse problem as a sequence of before stack migrations[END_REF] argued that the gradient of the objective function can be derived via zero-lag cross-correlation of the forward propagated source waveeld with the back-propagated data residual waveeld at each given iteration of the calculation, without computing any partial derivatives of the data.

The virtual source is cheap to compute because for a P-wave only inversion, only one element of the matrix -∂S ∂m i will be non zero. There is however one approximation made: in theory the back-propagation of residuals should be done in the nal velocity including the missing scatterers, although we do not know them. In a similar way than with the Born approximation explained earlier, if the background model is not too far from the updated model we seek, we can do the back-propagation in the background model. This is one of the reasons we need a good starting model to perform FWI.

FWI starting model and traveltime tomography inversion

Since waveform inversion is a nonlinear problem, the gradient method may converge to a local minimum; generating a suciently accurate starting velocity model is critical for achieving the required global minimum [START_REF] Brenders | Full waveform tomography for lithospheric imaging: results from a blind test in a realistic crustal model[END_REF] or avoiding cycle skipping (Fig. 1.7. Traveltime tomography is a common approach for obtaining an accurate starting velocity model [START_REF] Zelt | Three-dimensional seismic refraction tomography: A comparison of two methods applied to data from the Faeroe Basin[END_REF]. However, using refracted arrivals, streamer traveltime tomography constrains only large wavelengths of the velocity model, generally around 1 km in the shallow section and larger than 2 km at depth [START_REF] Canales | Seismic evidence for large-scale compositional heterogeneity of oceanic core complexes[END_REF].

First arrival Traveltime tomography (e.g. [START_REF] Zelt | Three-dimensional seismic refraction tomography: A comparison of two methods applied to data from the Faeroe Basin[END_REF]) is an imaging approach which is used for determining a velocity structure by comparing the measured and predicted rst-arrival refracted travel times. The creation of the most featureless model that ts the data, within their uncertainties, is the primary priority of traveltime tomography application. In a way, we will seek to get the background model described in the wave scattering problem that is suciently close to the true model to verify the Born approximation for the ulterior FWI step.

Forward modeling of traveltimes and the Eikonal

As in the waveform inversion problem, traveltime inversion needs forward modeling to compute synthetic traveltimes and compare them with the observed ones. Travel times can be calculated by solving the eikonal equation, an innite frequency approximation of the wave equation. which relates the gradient of the travel time (or phase) to the velocity structure.

Eg.4.25 shows a two-dimensional eikonal equation (as our case is 2D) where x and z are the coordinate axes, while s is the slowness (inverse of velocity); it can be directly solved with numerical methods [START_REF] Vidale | Finite-dierence calculation of travel times[END_REF].

∂t ∂x

2 + ∂t ∂z 2 = s(x, z) 2 (4.25)
Transit times of seismic waves have been determined in a number of ways. Traditionally, from the eikonal equation, raytracing equations have also been derived to describe how energy travels in the same direction until it is refracted by laterally and vertically varying velocities (e.g. [START_REF] Lay | Modern global seismology[END_REF]). In reality frequencies are not innite, but they must be high to respect the approximation of the eikonal equation. This is equivalent to say that the velocity variation must be small at the scale of the signal wavelength. If this is respected, then ray theory provides a raypath and another way to compute traveltimes follows:

T = ray 1 c(x) dl (4.26)
where c(x) is the seismic velocity (as a function of position, x) and dl is an increment of length along the ray. We can rewrite it in 2D like this:

T (r, s, ω → ∞) = 1 c(x, z) L 0 (x, z; r, s)dxdz (4.27)
where L 0 is zero everywhere except on the very thin raypath.

On the wavelength gap between traveltime and waveform tomography Following [START_REF] Woodward | Wave-equation tomography: a dissertation submitted to the Dept[END_REF], it is interesting to compare this last equation with the solution of equation 4.20, the Born scattering equation:

u sc (r, s, ω) = ω 2 o(x)G 0 (r; x, z; ω)G 0 (x, z; s; ω)dxdz (4.28)
Here we see the incoming wave G 0 (x, z; s; ω) interacting with a scattering potential o(x) and a propagation of the result (G 0 (r; x, z; ω)) to the receiver where u sc is recorded. While the raypath L 0 in equation 4.27 can be seen as the spatial sensitivity of the traveltime to the velocity eld, G 0 (x, z; s; ω)G 0 (r; x, z; ω) is the wavepath, a much wider area where the scattered wave u sc is sensitive to the scatterer o(x). Comparing the two equations illustrates the complementarity of the Traveltime + Waveform inversion because one assumes high frequencies for ray theory, hence smooth velocities, while the other requires that the background velocity is not too dierent from the true velocity model when excluding scatterers at the scale of the wavelength.

There is however a gap between the largest perturbation of the velocity retrievable by FWI ( 2000m/s 4Hzminimumf requency = 500m) and the ∼ 2 km resolution of streamer traveltime tomography.

We think it is palatable in a quite simple sedimentary environment.

backprojection of traveltime residuals

A typical traveltime tomography begins by calculating the dierence (traveltime residual ∆t)

between observed travel-times and modeled travel-times which are determined by solving the eikonal equation (Eg.4.25) using the starting slowness model. For a given ray path with an accompanying travel time residual which is traveling through M cells, [START_REF] Zelt | Three-dimensional seismic refraction tomography: A comparison of two methods applied to data from the Faeroe Basin[END_REF] described an equation that relates the slowness update ∆s j in each cell to ∆t:

∆s j = s j ∆t M k=1 l k s k = s j ∆t t pre (4.29)
where s k are the cell prior slownesses (starting slownesses) and l k are the ray path lengths in each cell crossed by the ray. t pre is then the predicted travel time of the ray in the current velocity model. The basic principle is to distribute equally the slowness perturbation corresponding to the traveltime residual along the entire raypath, but here, slowness perturbation is calculated proportional to the existing slowness in the cell to avoid perturbating the shallow structure relatively more than the deep one. For a given cell, Zelt and Barton (1998) sum the contributions of all the M j rays crossing cell j in the following manner:

∆s j = M j i=1 1 σ i s j ∆t i t pre i M j i=1 1 σ i (4.30)
where σ i is the picking uncertainty for ray i. In part because at each iteration, ∆s j needs to be smoothed, the slowness update by packprojection only provides the slowness update direction, a bit like backpropagation help us calculate the gradient in the FWI case.

To improve the convergence, a scalar α can be calculated a bit like the step length described in the previous section:

s k+1 j = s k j + α∆s j (4.31)
where k is the iteration number. α is obtained by minimizing the mist function

N i ∆t i σ i 2
with ∆t i the traveltime residuals between observed times and those calculated with Eq.4.31

Using an iterative scheme, the updated model is used to compute travel times and ray paths until a normalized data mist χ 2 of one is attained or the mist does not improve suciently from the previous iteration. To reach a minimum structure, regularization is performed to minimize the model roughness with two parameters: s z and λ. We will discuss later how to choose their values: s z gives the relative level of vertical vs horizontal roughness, while λ is a tradeo parameter.

Application to ALEUT lines 5 and 6

Existing work

This work follows the results of two previous studies which had already our goal in mind:

How to best apply FWI to the Sanak Basin long streamer MCS proles? Has there been recent landward fault activity? Or can there be uid in the fractured areas? Between km 20 and 25, [START_REF] Roche | Long streamer waveform tomography imaging of the Sanak Basin, Alaska subduction zone[END_REF] interpreted the shallow distributed faulting as rooting on a weak, low velocity décollement level that may correspond to a mass transport deposit (chaotic facies). [START_REF] Roche | Long streamer waveform tomography imaging of the Sanak Basin, Alaska subduction zone[END_REF], however, did not focus too much on the seaward faults, although on the PSDM image, the timing of the activity of fault F3 can be interpreted dierently than in Fig. 3.38. Indeed, the sediment reectors seaward of F3 tilt landward, contrarily to their tilting in the time image. Also, the deep basin seaward of F3 is logically thicker and more detailed on the PSDM (Fig. 4.1).

From the correct tilting of sediments and the deep basin, we see clearly that there are two episodes of extension on F3: Miocene, with a similar deep fanning than the F2 one, but opposite vergence, and also in the much more recent sediments (probably late Pliocene). In between, sediment thicknesses remain constant. This could mean that gravity collapse could have started very early but episodically reactivates. The image also conrms our previous interpretation of a dome structure (km 35-40) corresponding to rollover of F3 (and F5, but F5 is almost o prole). 

Some limitations and remaining work

A rst remark is that the seawardmost part of the prole in Fig. 4.1d shows "smiling" wavepath artefact above the structural dome. Here limited refracted arrivals at the end of the streamer correspond to rays turning in the basement (Fig. 4.1.b) but there are no rays recorded turning at shallower depths, which is a poor constraint for traveltime tomography.

In general, the fact that the limited osets of the streamer (8km) record refractions only sparsely sampling the basement is a challenge for traveltime tomography. In addition, in the case of the landward shelf horst, the velocity contrast is quite high with the sediments and we are likely note respecting the approximation for the eikonal. Also, the structure is very close to the edge of the model, which is clearly not ideal as the rst shot is 8km seaward of the landward limit of the model.

The shelf is very shallow (∼100 m deep) which means that we have shallow marine seismic eld data which are likely to be aected by guided waves [START_REF] Klein | Acquisition and inversion of dispersive seismic waves in shallow marine environments[END_REF]. Since these guided waves often overlap and distort the part of the time window of data required for the inversion (Fig. 4.3), they provide a challenge in the usage of acoustic waveform tomography for shallow marine seismic data. Acoustic waveform tomography cannot model these guided waves, as they are elastic wave phenomena. Due to their dispersive nature, attenuation or elimination of such waves by use of methods such as frequency-wavenumber (f-k) domain ltering, is ineective [START_REF] Vayavur | Mitigation of guided wave contamination in waveform tomography of marine seismic reection data from southwestern Alaska[END_REF] but the authors notice that frequency domain FWI deals with these guided waves much more easily. This might be why Roche et al. ( 2017) obtained a result with no mitigation of the guided waves, except the removal of the rst few tens of shots in the prole.

Our goal is also to see how velocity imaging can help image the shelf and shelf edge area, and we see that despite these problems, Fig. 4.1 seem to show clear improvements, but it is dicult to assess whether the relatively blurry shelf velocity model is really correct. We cannot really start our tomography in the slope because our zone of interests is too close to the shelf edge and we need to keep the faulted area exempt from edge eects.

Because of all these considerations, we rst needed to acquire our own experience of the streamer traveltime tomography and frequency domain FWI, rst using the challenging line 6 and its shallow basement, before also performing FWI on line 5, which had never been attempted before this study. We will also explain in next sections why we nally decided to use a time domain FWI code.

Streamer traveltime tomography

In our case, traveltime tomography models were obtained using the software FAST [START_REF] Zelt | Three-dimensional seismic refraction tomography: A comparison of two methods applied to data from the Faeroe Basin[END_REF] which has been modied by [START_REF] Canales | Seismic evidence for large-scale compositional heterogeneity of oceanic core complexes[END_REF] to account for direct waves coming ahead of refracted waves (Fig. 4.4); virtual sources are put at the seaoor to separate the problem into two halves and avoid direct source-receivers pathways in the water column.

The forward problem was solved in a uniform grid with 25m node spacing while the inverse model was parameterized as a uniform grid with 50m node spacing. The 45-km-long sections of line 5 and line 6, each consist in 274 shot gathers and around 50,000 traveltime picks each.

The sections were subjected to traveltime tomography. Regularized inversion was achieved via minimizing an objective function that involves model roughness and data mist norms [START_REF] Zelt | Three-dimensional seismic refraction tomography: A comparison of two methods applied to data from the Faeroe Basin[END_REF]. The uncertainty which is chosen is 15 ms.

Initial smooth velocity gradient

We chiey used a laterally variant velocity model with a steady vertical velocity gradient from the seaoor, to derive an initial velocity model which is used for traveltime tomography.

We picked the main interface layers (e.g. Fig. 4.5a) and assigned the velocity of each layer, inspired by the interval velocity model obtained after NMO velocity analysis. We dened ve interfaces harmonizing to seaoor, sedimentary packages and basement; the velocity ranges from 1480 to 4000 m/s, assigned to water column and deep basin, respectively.

Starting with line 6, we investigated a variety of structural models as the initial velocity model (Fig. . We started with extremely smooth interfaces that mostly followed the seaoor and would not oer any detailed structural information (Fig. Before studying the eects of the regularization parameters, we attempted to eliminate traveltime tomography artifacts by using additional structural information in the basic initial model to construct a more realistic initial basement geometry, keeping the velocities smooth. 

Regularization parameters study

Before further investigations of initial models, the regularization of the inversion must be checked. The performance of traveltime tomography is primarily controlled by two factors:

the proper value of the trade-o parameter (λ) and the relative importance of maintaining vertical versus horizontal model smoothness (s z ) (Zelt and Barton 1998). These cannot be determined by any clear rule but must be set. Classically, the correct conguration is discovered by trial and error. Hence, we implemented a variety of trials in order to determine the most appropriate parameters using starting velocity model B. indicates that the uctuating behavior occurs when a larger value of λ = 30 is employed, even for other starting models. For moderate λ, inversions always converge with large s z but visually they are not suitable. From our tests, we nd that λ = 10 and s z = 0.5 are the best parameters. Smaller λ produce a massive amount of "along-ray artefacts", while above 10, inversions do not converge well. These preferred values were used for Fig. 

Attempts at mitigating the shallow basement issue

The results of a great number of experiments with various initial models revealed that employing an alternative initial velocity with a laterally invariant model and a constant vertical velocity gradient improves the traveltime tomography result (Fig. 4.8), at the notable exception of the shelf basement high. The nal model (Fig. 4.8c), which can be named preferred model, also has a quite low vertical velocity gradient, which is why we see a small velocity inversion below the maximum turning depth of the rays. We noticed that the subsequent FWI step had a tendency to cycle skip if on the contrary we had a too high vertical velocity gradient in the initial model. In that last case, the traveltime inversion seek to decrease the velocity at the deepest turning rays, and FWI forward modeling then has a tendency to use the high velocity below the maximum turning ray depth to produce too early arrivals. Indeed, nite frequency wavepaths will sample the high velocity below the rays.

The preferred model VEL C accounts for this, and also almost imposes the entire shelf horst structure, as this is the only way to get rid of almost all the "along-ray" artefacts.

Traveltime tomography is probably not the best method to use here because of the sharp and shallow basement contrast, but we do not have another method in store yet. We can just hope that FWI, which does not suer from the limitation with high velocity contrasts, will successfully deal with the structure.

To evaluate the best traveltime tomography result among the dierent starting models trials, we surely do not only rely on qualitative indication, we also seek to present a quantitative representation to decide on the models. Table 4.2 reveals that the smooth basic model (initial model VEL A) led the algorithm to diverge; normalized chi-squared decreased during the rst four iterations, but it began to display a pattern of repeated uctuations;

it can be caused by the over-tting artifact we faced, for example, at the basement high. The constant value of 10 and 0.5 is used for λ and s z , respectively. but it also provides us with a way to choose the nal iteration. The optimal decision is when the normalized chi-squared values do not change signicantly, implying that updating the model has no eect on the algorithm performance. Always keeping the last iteration (here the 10th) is a risk of overtting with more raypath artefacts. Therefore, updated velocity model after four iterations can be selected as the nal output of traveltime tomography for VEL B, whereas after three iterations can be used for VEL C.

To have a more comprehensive understanding of the performance of traveltime tomography, we present the RMS residual graph (Fig. 4.9), which depicts the RMS value of the traveltime residual for every shot gather, before and after traveltime tomography. Fig. 4.9a

shows that initial RMS residual values of VEL A correlate well with the area where we have the shelf basement high.

The RMS residual function demonstrates where traveltime tomography failed to update the velocity model adequately. VEL A shows a lower RMS above the basement high than VEL B, although the broad structure was input in VEL B, which can be surprising, but in fact, it is because with VEL A, the initial model is so bad that some traveltimes are not even calculated, because FAST cannot compute the ray. As a result, helping the inversion with an a priori structure results in more rays being calculated in a shot gather and a larger initial mist. This will actually help the inversion converge better. Fluctuated values correlate well to the area where we have ray over-tting artifacts.

Despite the fact that this section mainly focuses on the description of traveltime tomography for line 6, all of the strategies discussed which are related to how initial velocity model, λ and s z parameters aect traveltime tomography, were also evaluated for line 5.

The dierence is that only the refracted arrivals from the seawardmost part of the prole corresponds to rays turning in the basement. Compared to line 6, the interfaces which have been drawn are much smoother and we found that λ = 10 and sz = 0.5 are still the best regularization parameters. In the following sections, we attempt 2D waveform tomography inversion in the frequency and time domain to produces high-resolution velocity images; strategies, challenges, advantages and disadvantages will be discussed as well. First we start with frequency-domain waveform inversion.

Frequency-domain waveform inversion

Main advantage of the frequency domain approach

When the temporal or spatial sampling interval is small, time domain methods might be computationally costly. A frequency-domain approach has the benet of eciently inverting large-aperture surveys using only a few frequencies [START_REF] Pratt | Two-dimensional velocity models from wide-angle seismic data by waveeld inversion[END_REF]. The reason behind this possibility is that one frequency illuminates a range of wavenumbers when the target structure is seen from a range of incident angles [START_REF] Sirgue | Ecient waveform inversion and imaging: A strategy for selecting temporal frequencies[END_REF]) (Fig. 4.12). In conventional processing, Normal Moveout stretching illustrates that same fact well (Fig. 4.13). Stretch illustrates that this same wavelength is "seen" with many dierent frequencies at dierent incident angles. This is equivalent to say that one frequency can see dierent wavelength at dierent incident angles.

We have seen that if we use a frequency domain approach, we simply need to compute part of the frequencies instead of all of them in the time domain. In addition, the wavefront takes a long time to reach the receivers in many circumstances, and we are only interested in a smaller window of data around the arrivals of interest. In the time domain, many numerical time steps are required to get the wavefront to the receivers, whereas in frequency domain, the notion of arrival time does not exist, we just need to compute frequency components, whatever the arrival time of the signal is.

To decrease the computing resources required, we also subsampled seismic data set of line 6. This was accomplished by decimating every second shots (decimated shot spacing of 125m), and then considering a recorder spacing of 25m instead of 12.5m. The seismic data were low-pass ltered up to 18 Hz, following application of a low-pass zero-phase lter, with corner frequencies of 16.5 and 18 Hz; it is the maximum frequency component that we plan to use during frequency-domain waveform inversion.

Data preconditioning

The purpose of preconditioning is to arrange seismic data such that waveform tomography can be well performed. This means that any feature of the data that is not anticipated by the 2D acoustic propagation scheme should be deleted or adjusted, such as shear waves, coherent noise, shot to shot energy changes, amplitude discrepancy, and poor traces (Takougang and Calvert 2011). Even if we exclude non acoustic events, we might still need to correct for real data amplitudes when they are inadequate because of the loss of energy by conversion, or because of the 3D vs 2D spreading of energy: The observed data were gathered using a point source, which corresponds to a 3D geometrical spreading of the acoustic energy, but the acoustic forward-modeling algorithm is 2D and assumes a line source with cylindrical spreading [START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF]; in our case we just used an incomplete but simple amplitude correction of √ t [START_REF] Hicks | Reection waveform inversion using local descent methods: Estimating attenuation and velocity over a gas-sand deposit[END_REF].

The input seismic eld data must then be converted to frequency domain. Before that, data were windowed in time to include only waveforms arriving within a few s TWT of the rst arrival. To achieve that, an exponential damping factor is used to damp arrivals beyond 2.5s TWT of the rst arrivals, these being roughly aligned in time by application of a linear moveout (Fig. 4.14). This damping factor being also taken into account by the forward model, this method gives stability to the inversion by excluding multiples and scattered energy which could emerge from outside the imaging plane [START_REF] Takougang | Application of waveform tomography to marine seismic reection data from the Queen Charlotte Basin of western Canada[END_REF] and late phases which cannot be modeled by the acoustic nite-dierence method [START_REF] Brenders | Full waveform tomography for lithospheric imaging: results from a blind test in a realistic crustal model[END_REF]. with a 3km/s linear moveout applied. First arrivals are all grouped within 1s TWT and an exponential damping is then used to strongly attenuate all arrivals after 2.5 sTWT (not applied here). Synthetic data use a modeled source.

Source signature estimation

A source function, S(r; ω) in Eq.4.3, is required for waveform tomography using the acoustic wave equation. [START_REF] Pratt | Seismic waveform inversion in the frequency domain, Part 1: Theory and verication in a physical scale model[END_REF] estimates the unknown frequency domain source signature by a complex-valued scalar

s = u t d * u t u * (4.32)
where s, a source signature, equals to the cross-correlation of the forward-modeled waveeld obtained from the current velocity model with the conjugate of the observed waveeld, divided by the auto-correlation of the forward-modeled waveeld [START_REF] Pratt | Seismic waveform inversion in the frequency domain, Part 1: Theory and verication in a physical scale model[END_REF]). This method converges in a single iteration and produces a reasonable estimate for both the amplitude and phase of the actual source signature, assuming the velocity model is at least relatively accurate. This approach is applied on the entire data set simultaneously to estimate a single best-tting source function, or an identical source signature for all shots in the data set.

In [START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF] and [START_REF] Roche | Long streamer waveform tomography imaging of the Sanak Basin, Alaska subduction zone[END_REF], a modeled source corresponding to the acquisition system was used instead, and time shifted to ensure a match of the synthetic and observed rst arrivals (of course only when the starting model is good, e.g. Fig. 4.3).

We will see later that this approach, in fact may have reached its limits in the case of the ALEUT lines with large variations of seaoor depths.

Frequency-domain FWI result

In [START_REF] Roche | Long streamer waveform tomography imaging of the Sanak Basin, Alaska subduction zone[END_REF], among 174 FWI inversions from 174 starting models producing in theory accurate synthetic rst arrivals, more than half produced cycle skipping. Cycle skipping is a recognized problem with conventional full waveform inversion, especially those based on the L2 norm [START_REF] Metivier | Overcoming Cycle Skipping in FWI-An Optimal Transport Approach[END_REF]. If the phase match between the two data sets is more than half a wavelength, cycle-skipping can occur, resulting in incorrect model updates and, in turn, erroneously imaged seismic data; it originates mostly from the initial model. The shaded area corresponds to the area with no turning waves recorded on the stramer.

The FWI gradient can still update the model below with wide angle reections.

We tried to improve the nal velocity of waveform tomography, but compared to the result which had been already derived, we could not add any considerable features. These results highlight that guided wave "noise" may be an issue when we use frequency-domain waveform tomography especially to image shallow marine structures. We have shown that the high frequency FWI divergence is most probably related to guided waves on the shelf, but if we want to remove them properly without getting rid of the entire shelf shots, we need surgical mutes. We can apply surgical mutes on real data, but we need to do it on synthetic data as well. In this term, we cannot apply any surgical mute on synthetic data because it is not possible in frequency-domain.

At this stage, we decided not to use the frequency-domain FWI technique on line 5; instead of using the frequency-domain approach, we will use the time-domain methodology, using the Toyxdac acoustic time domain FWI code 1 from the Seiscope consortium (see e.g. [START_REF] Yang | A review on the systematic formulation of 3-D multiparameter full waveform inversion in viscoelastic medium[END_REF]). There are other reasons to switch to another code:

The Fullwave08 code from Pratt ( 2004) is now 15 years old. Although it is an excellent code to learn FWI, it is a sequential code using only one processor. The numerical libraries used are not as modern and fast as what can be done today so that we realized 1 Courtesy of Romain Brossier and Ludovic Métivier, Grenoble 139 a parallelized time-domain code like ToyxDac is actually faster to perform FWI, even on a multi-core station instead of a cluster (t. domain: ∼4 hours on 16 cores vs f. domain: 24 hours on one core with equivalent grid size, see Tab. 4.3).

The Fullwave08 code was not made for streamer seismic data. A variety of home made procedures and programs are needed to simplify the geometry on a xed receiver array [START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF]). These codes are not user-friendly.

To check the validity of our inversions, we compare synthetic data with eld data in time domain (Fig. 4.14). To compute synthetic data, we need to compute frequency components with a frequency step ∆f = 1 T with T the trace length. Then we have to perform an inverse FFT. Although the computation of frequency components can be distributed on many cores to save time, this is again with complicated home-made scripts and checking in details the data t every time we try an inversion is far from immediate and easy.

In the following section the result of the time-domain FWI for both lines will be thoroughly discussed. Tab. 4.3 summarizes parameters used to produce all the inversions steps.

The interested reader can read more details explaining the frequency domain parameters in Appendix B and in [START_REF] Delescluse | 2D waveform tomography applied to long-streamer MCS data from the Scotian Slope[END_REF].

Time-domain waveform inversion

The 2D acoustic wave equation can be expressed using Eg.4.1 or equivalently

∂ tt U (x, z, t) = ρc 2 (x, z) ∇ • 1 ρ ∇U (x, z, t) + s(x, z, t) (4.33)
where ρ is the density, c is the propagation velocity and s is the source. TOYxDAC TIME implements Vertically Transverse Isotropic (VTI) anisotropy: the parameters characterizing the medium properties, in such media, are direction dependent. To know more about the implementation of VTI media in TOYxDAC TIME, the reader is referred to [START_REF] Yang | A time-domain preconditioned truncated Newton approach to visco-acoustic multiparameter full waveform inversion[END_REF]. A nite-dierence discretization of the acoustic VTI equation is used to solve the forward issue

           ρ∂ t v x = ∂ x g + f vx ρ∂ t v y = ∂ y g + f vy ρ∂ t v z = ∂ z q + f vx ∂ t g = c 11 (∂ x v x + ∂ y v y ) + c 13 ∂ z v z + f g ∂ t q = c 13 (∂ x v x + ∂ y v y ) + c 33 ∂ z v z + f q (4.34)
where the rst three equations relate the acceleration to the stress. The two following relate the stress to the velocities. f is the sources. The stress elds are denoted by g := σ xx = σ yy , q := σ zz . A second-order leap-frog technique is used to discretize the time derivative, while staggered-grid 4th or 8th order Finite Dierence techniques are used to discretize the spatial derivatives [START_REF] Levander | Fourth-order nite-dierence P-SV seismograms[END_REF][START_REF] Fornberg | Generation of nite dierence formulas on arbitrarily spaced grids[END_REF]).

The inverse problem, however, is formalized in the time-domain with calculation of the conventional least-squares mist function (L 2 norm) of the mismatch between observed (d obs )

and synthetic (d cal ) data.

J (d cal , d obs ) = 1 2 Nx s=1 Nr r=1 T 0 (d cal (x r , t; x s ) -d obs (x r , t; x s )) 2 dt (4.35)
where N r and N s , represent number of receivers and sources respectively. The purpose of the FWI formalism, hence, is to reduce the discrepancy between observed and synthesized data by use of the Eq.4.10 (for simplicity it is written here again)

m k+1 = m k + α k p k (4.36)
where the vector m belongs to the model space and expresses the subsurface parameters which can be either velocity (V p ), density (ρ) or velocity (V p ) and acoustic impedance (I p ). By updating the model vector m in a descent direction , the mist function is reduced. The step length (α k ) is determined using a line search approach, while the model update is commonly performed as an approximation solution of the Newton equation [START_REF] Yang | A time-domain preconditioned truncated Newton approach to visco-acoustic multiparameter full waveform inversion[END_REF])

H(m)∆m = -∇ m E(m), (4.37) 
where, H(m) is the Hessian operator, and, here, ∇ m E(m) can be computed through the adjoint-state approach [START_REF] Plessix | A robust three-dimensional iterative solver for the time-harmonic wave equation[END_REF]. For more details about the development of expression, the reader is referred to [START_REF] Yang | A review on the systematic formulation of 3-D multiparameter full waveform inversion in viscoelastic medium[END_REF].

Data preconditioning

The purpose of preconditioning, as previously stated, is to arrange seismic data in such a way that waveform tomography can be performed. The main preconditioning steps are similar to those used for frequency-domain waveform inversion, and include data resampling, low-pass ltering, and amplitude correction. However, in the case of time domain inversion, the ltered data is used entirely, and not only some specic frequency components. Hence, if the ltering in the frequency-domain inversion had a sole purpose of display to compare synthetic and observed data before and after inversion, here, the choice of ltering has a clear impact on the inversion. When rst testing time-domain inversion, we know that we must select low frequencies rst, for reasons already explained, but we do not know how wide can/must be the selected frequency bandwidth. (1 source per thread).

Our initial choice was to use of a Butterworth minimum-phase lter with the seismic data low-pass ltered to the dominant frequency of ∼5.5 Hz, with high-cut pass and highcut stop band of 4 and 8 Hz. Like the frequency-domain FWI, we use √ t to multiply the data in order to perform a very basic geometric spreading correction. We impose a window on data to utilize only the rst ∼8 seconds of traces, which amounts to 4096 samples per trace with a 2ms sampling. Reections at 8s TWT are well beyond the depth limit of the turning waves where our model is constrained, but at far oset, the refracted waves rst arrival times can reach 6s TWT. The data is transformed to direct access binary format after being spatially resampled, which means decimating every other shot(we utilize a total of 275 shots). Receivers are not decimated. Surgical mutes of the unwanted guided waves will be discussed later but of course are part of preconditioning too.

Grid size and sample rate However, we do not, at rst, resample data temporally like we did in the frequency domain;

instead, we preserve the sampling interval of the data at 2 ms per trace. We also have to dene the grid spacing of the velocity model. The Courant-Friedrichs-Lewy (CFL) condition, which is a key criteria for determining temporal sampling in the context of spatial discretization for stable waveeld extrapolation, must be considered. A 2D case with 4th order spatial nite dierence (FD) discretization is considered. In TOYxDAC TIME, the CFL criterion, which must remain smaller than 1, is written:

CF L = V pmax ∆t 0.606 × h (4.38)
where V pmax is the highest velocity of the model at any iteration, ∆t the time sampling rate and h the grid spacing. 0.606 is an approximated constant that we do not detail here. If we use the grid spacing of the traveltime tomography model (h = 25m), a 4 ms sampling rate gives a CFL value of just above 1 with a 4000 m/s V pmax , so we have to use a 2ms sampling rate even if it doubles the computing time with respect to a 4ms sampling rate.

In reality the velocity range hardly exceeds 3800 m/s but it is still very close to 1 and some iterations can still fail. Our early investigations were performed with a 25 m grid cell size (241×1801) and 2 ms sampling, and we later switched to a 50 m grid (121×901) and 4 ms sampling when we realized it was not too damaging for the nal velocity eld.

Source signature estimation

Using acoustic wave equation means we need to have a source function which can be obtain by the method described in the frequency-domain section (4.3.3). We realized that the time domain code is much more sensitive to the source and we also wanted to invert the source as a way to further check the validity of our starting models. As a result we abandoned the synthetic source used in frequency domain. We started with line 6.

At rst, we use a model similar to VEL C (Fig. 4.8), with constant value for density and a constant velocity for water along the model. We separated the model into two sections and performed source inversion for each section separately to see whether the wavelet is stable along the model. We rst use all osets, but we can also check if the inverted wavelet is stable in function of oset.

The initial ricker wavelet that we used to get the source wavelet for line 6 is shown in Fig. 4.17a ; Fig. 4.17 not only indicates that the shapes of the predicted source for various sections are not the same, but it also demonstrates the wavelet instability along the prole.

Compared to the wavelet estimated for the shelf, there is phase delay for the slope wavelet.

Shelf wavelet started with a peak at zero lag while there is a negative time shift in the slope wavelet. Moreover, the two wavelets can be described as non-causal signals that are wrapped around the origin (because the source inversion in Toyxdac is a frequency domain inversion). We rst assumed that this issue was due to improper seabed bathymetry and tried to resolve the phase shift of the two wavelets using a variety of starting velocity models including dierent seaoor depths. But in every case, the calculated wavelets were unstable.

The seaoor was either picked from time migrations and converted to depth with a constant velocity, or picked on the PSDM image from Anne Bécel, or even extracted from the multibeam bathymetry. Since the shelf seaoor depth varies between 80 m and 150 m, we are also forced to average it considering the relative coarse grid cell size. We tried 75, 100, 125, 150m without success.

We then remembered that oceanographic probes were deployed along ALEUT seismic lines (Fig. 4.18). 125 eXpandable Bathy Thermographs (XBTs) were deployed: 83 eXpendable sound velocities (XSVs) and 12 XTCDs. Approximately 60 km were sampled along the slope. During Lines 1,2 and 6, the spacing between all probes was as short as possible, ∼0.6 km. Oceanographic data (Fig. 4.18) were not collected at the shelf, but we can still see a stratied velocity structure, with a warm temperature layer in the shallow waters of the upper continental slope. Globally, the thermocline implies that the average water velocity seen by seismic rays before reaching the seaoor is signicantly higher at the shelf than at the slope.

We chose to model that with water velocities decreasing from 1540 m/s to 1515 m/s from north to south, respectively. Employing a linear horizontal gradient for water velocity, therefore, not only solves the issue of wavelet instability, but also ensures that both have the same shape (Fig. 4.19a and Fig.4.19b).

(a) (b) .

(c) (d) 
The use of variable water velocity requires the re-run of traveltime tomography for the new initial model, nevertheless, the velocity model was not modied considerably.

Until now, we provided a constant value for density in all of the previous situations; by using Gardner's equation [START_REF] Gardner | Formation velocity and densityThe diagnostic basics for stratigraphic traps[END_REF], we can link P-wave velocity to bulk density, which is a better approximation than simply suggesting a constant value. Fig. 4.20 shows that using density from Gardner's equation does not degrade the estimated source wavelets.

Hence, all of the 275 shots of each line can be used to approximate the source wavelet, which can then be employed in forward modeling. Although we did not present the results of line 145 5, we had encountered the identical water velocity problem during line 5 source inversion.

We addressed the challenge of source estimation of line 5 in the same way as line 6, that is using variable water velocity and density.

(a) (b) After all, now that we have gured out how to stabilize the estimated wavelets, we can use all of the seismic eld data to approximate source wavelet of each line (the earthquake contaminated shots excepted in the case of line 5). The wavelets after windowing, applying a ramp window to reduce the ringing characteristics, and resampling is shown in the Fig. 4.21;

it reveals that the wavelets of each lines are in agreement with each other and show that the idea of using a linear horizontal gradient for water velocity improves the results.

Initial forward modeling

The starting velocity model developed from traveltime tomography should be able to simulate the waveform to within half a cycle. A stable source inversion is already proof that we verify 

Muting the guided waves

There are 275 shot gathers in each prole. Residual guided wave noise is still evident in the preprocessed shot gathers acquired on the shelf (approximately the rst 80 shot gathers), and it is particularly visible at near osets where the noise masks the early arrivals. It was a problem we encountered while doing frequency-domain FWI; we could not mute the noise on frequency components, and they could not be successfully implemented in acoustic waveform tomography. Owing to frequency overlapping and dispersive nature, attenuation or elimination of such noise was ineective. However, working with waveform tomography in the time domain allows us to apply a type of surgical mute not only on real data, but also on synthetic data, avoiding the FWI from including the waveform relevant to the muted area; it also provides us the opportunity to extend the area to the north (involving shelf )

where we want to image as well.

First, to properly evaluate the results of the time-domain inversion with respect to the frequency-domain, we used seismic data taken after the shelf edge, which means only the seismic eld data that did not include guided waves are used for calculation. The location of the landward and seaward dipping faults is clearly demonstrated by vertical velocity inversion on both sides of the basement high, which agrees well with the frequency-domain conclusion. We can observe a low velocity anomaly to the south of the prole that could correspond to uid escape, as in the frequency-domain result that we discussed before. Without careful waveform quality checking, it is too early to claim this feature is robust, but the fact that it appears in the results of two dierent methods is important.

We can observe a spindle-shaped structure directly underneath the seabed at the ∼30 Km distance, which can conrm our suggestion of the presence of bottom current/Canyon in this area (km 27). The shelf area is not updated, as expected, because we muted the data here.

However, we can use all of the seismic data set to study the behavior of the timedomain methodology in the presence of guided waves. Fig. 4.24 depicts the cycle skipping that occurred as a result of guided waves, and emphasizes the need of using surgical mute on data. On line 5, keeping guided waves leads curiously to a dierent behavior: there is no cycle skip but almost no velocity update occurs. If we allow the water cells of the shelf to be updated, the inversion leads to a huge increase of the shelf seaoor velocity to try to match the high guided waves amplitudes by reectivity. Fig. 4.25 gives a clearer picture of how surgical mute aects data. By dening a number of key shot gathers as indexes, the aperture of the muted region would be linearly interpolated between these indexes. This attribute allows us to manage the region and shots we desire muted. For example, for shallow marine data we mute a larger region than when we deal with data at the upper slope. By moving to the lower-slope we can disregard any mute. We did forward modeling for frequency components of 4-8 Hz using the new muting approach, which is followed by waveform inversion for both lines. The FWI-derived velocity models were supposed to be improved. But, the FWI result of line 5 reveals that the computation was still subjected to cycle skipping. Fig. 4.26 displays a cycle skipping at shallow depth that appears to begin at the shelf edge; it results in excessively high velocity areas, particularly on the lower slope, even though an oblique low velocity area next to the location of the two normal branches faults is illuminated and may correspond to the up-slope extension of the bottom simulating reector (BSR).

A too high initial frequency content: new multiscale approach Using dierent congurations and even a dierent starting velocity models are the most basic ways to address the problem; nevertheless, it appears in all circumstances. Because the waveform inversion problem is nonlinear process, local minima may occur; since low frequencies have a more linear relationship with low wavenumber components of the model, retrieving these components early in the waveform tomography process mitigates the problem of non-linearity [START_REF] Sirgue | Waveform inversion in the frequential domain of large osets seismic data[END_REF]. Hence, we tried to start with lower temporal frequencies. It seems we need to revise the frequency bandwidth we used. Instead of using the frequency range of 4-8 Hz, data are ltered for 4-6 Hz in order to employ stricter lower frequencies. Of course we had to perform a new source inversion accordingly that led to a thicker wavelet. Since, we use a multi-scale approach to mitigate the non-linearity of FWI, we started with low temporal frequencies; retrieving these components early in the waveform tomography process mitigates the issue of cycle skipping. Now we need to rene the model with higher temporal frequencies. As a result, seismic eld data must be ltered for higher frequency bands, such as 4-8 Hz. In order to update the seismic source wavelet for a higher frequency range, we update the one computed using the 4-6Hz frequency bandwidth. With the higher frequency source and higher frequency data, after 10 FWI iterations, the results of a subsequent computation were derived, using the velocity model gained from the lower frequency (Fig. 4.27) band as the starting model. In table 4.3, this is the transition from column 3 to 4. The sediment-basement transition is well imaged in the middle of the models, even though it is masked by the ray coverage region to the deep depths; it seems it is updated by using reection waveforms rather than using refracted waves. We did not try higher frequencies by lack of time. The comparison of shot gathers between preprocessed eld data and equivalent synthetic shot gathers is shown in Fig. 4.30 as well as Fig. 4.31. Fig.4.30b,Fig.4.30d,and Fig.4.30f depict synthetic shot gathers created with FWI nal velocity models derived for line 5; The same image shows the dierence in the guided wave area (not muted in this display).

In Fig. 4.32 -Fig. 4.34, we display a more comprehensive overlay of the synthetic data (modeled using starting and nal FWI-derived velocity models) with the ltered eld data;

it demonstrates that the phase of the waveforms do not match perfectly for traveltime tomography (TT)-derived model but Fig. 4.32b and 4.33b indicate the improvement of phase matching between real and synthetic data after FWI. We think these results demonstrate that our nal velocity model can well be trusted. The velocity model of the ALEUT Line 5, is then compared with nearby ALEUT line 6;

we compare similar structure on line 6, but Fig. 4.36 reveals more near-vertical low velocity features, next to the central basement high. There are however no signicant large scale discontinuities through the faults. Low velocity in the shallow shelf sediments above the basement high correlates well with low multibeam reectivity (Fig. 4.36a); it has a strong association to the low-velocity chimney-shaped patch and apparently connects to the the vertical velocity inversion arising from the basement. The low velocity "chimney like" patch at the ank of the basement high correlates with a vertical perturbation of the geometry of sediments. The low velocity features described, as well as the other low velocity above the basement high on the other side of the prole could be interpreted as uid escapes.

The seaward side low velocity is located above the structural dome related to faults F3 and F5, which we could associate to the "sheared body" of line 5. There is no trace of a BSR, which means in line 6, the uids may escape through pockmarks visible in the multibeam bathymetry.

(a) (b) We have also used FWI to jointly update the density model. The nal FWI ρ models built during our application are shown in Fig. 4.37. The cross sections of the ρ perturbations follow the main sedimentary reectors in both lines. The image highlight the main branch normal fault on line 5 and also a thin oblique BSR. When we compare the density of line 6 to that of line 5, we see that there is no signicant discontinuity through the line 6 except at the central basement horst which is very well imaged.

The low densities in the shallow sediments of the slope are not easy to interpret. It could be related to mass transports deposits. But uid-rich sediments should have a higher density than normal (as may be the case at the shelf uid escape on line 6), it is possible that the density eld absorbs non-acoustic eects or remaining problems with the bathymetry/water column velocities (R. Brossier, pers. comm.). We wanted to test a Vp,Ip (impedance) inversion but TOYxDAC 1.6 apparently suers from a bug when using Vp,Ip family. We did not have time to try the newer versions (2.x). At the mid-to lower-slope both images show low density which is not easy to interpret (see text)

Dans le chapitre 2, nous avons présenté les structures du segment de Shumagin et en particulier le réecteur profond à vergence continentale reliant apparemment un mur de faille détecté par bathymetrie multifaisceaux à l'interface de subduction. Les questions principales étaient les suivantes: Est-ce que l'activité récente de la faille est aussi signicative que pendant le Miocène? L'activité récente peut-elle même seulement être associée au réecteur profond ou est-elle juste supercielle? Dans le chapitre 3, nous avons vu que la ligne 6 acquise lors de la campagne ALEUT imageait peu de failles à vergence continentales comparé au nombre de failles à vergence océanique. Cette observation est interprétée comme étant due à un eondrement local de la pente le long de la ligne. L'anomalie de gravité à l'air libre est en accord avec cette interprétation, de même que le retrait vers le continent de la limite de la plateforme à cet endroit précis. Nous doutons de la position publiée de la ride de Shumagin dans cette région eondrée car elle n'est pas alignée avec la ride d'Unimak et sa prolongation vers l'est.

Dans le chapitre 4, l'imagerie de vitesse par tomographie de temps d'arrivée et de forme d'onde décrit avec plus de clarté la "rugosité" de la géométrie du socle de la ligne 6. Il devient encore plus complexe de comparer ses structures de socles à celles de la ligne 5. Les champs de vitesse haute résolution conrment que des courants de fonds sont piégés par le mur de faille de la faille à vergence continentale sur la ligne 5, mais pas sur la ligne 6. Nous détectons également des anomalies de vitesses négatives qui pourraient correspondre à des échappements/accumulation de uides/gaz. Ces circulations ne semblent avoir lieu autour des hauts de socle plus que dans les principales failles.

Dans ce chapitre, pour améliorer davantage notre compréhension des processus extensifs passés et présents dans le bassin de Sanak, nous étudions tout d'abord l'origine possible du bassin oblique "Sanak Central". Nous pensons que l'on ne peut comprendre les structures vues sur la ligne 6 en ignorant l'extension oblique de ce bassin. Le bassin Sanak Central est très probablement un bassin pull-apart correspondant à l'apparition du partitionnement de la convergence oblique Aléoutienne. Ses failles recoupent les structures parallèles à la fosse et pourraient induire l'eondrement local de la pente aux alentours de la ligne 6. Pour nir, nous discutons les implications de tous nos résultats sur la nature et l'activité du grand réecteur à vergence continental.

Understanding the trench parallel extension in the oblique

Central Sanak Basin

Between Sanak Island and the Shumagin Islands, the Sanak Basin lies beneath the outer shelf and slope. Northwest-trending faults that create a half-graben under the central subbasin divide the basin into west, central, and east subbasins [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF]. The east subbasin is parallel to the margin and trends southwest, whereas the central subbasin is oblique to the margin and develops northwest (Fig. 5.1). The map published by [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] reveals that seaward sides of both subbasins are constrained by trench-parallel landwarddipping normal faults, resulting in block-faulted basement rocks. In the following sections we focus on east and central subbasins, where our seismic proles are located especially on central subbasin, and we briey describe the general characteristics of each subbasin using additional legacy seismic data [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF][START_REF] Steele | Description of marine geophysical data collected by the US Geological Survey and how to obtain it[END_REF][START_REF] Holbrook | Structure and composition of the Aleutian island arc and implications for continental crustal growth[END_REF][START_REF] Miller | The 1946 Unimak tsunami earthquake area: revised tectonic structure in reprocessed seismic images and a suspect near eld tsunami source[END_REF]) available on the Geomapapp 1 application. S=lower series, MS=middle series (Miocene), US=upper series.

Coeval extension in the Central and Eastern Sanak subbasin

Avé-Lallemant (1996) listed some processes for arc parallel extension, involving formation of pull-apart basins, and extension due to the curvature of the arc. Among these processes, extension due to increasing arc-parallel displacement rates, resulting from increasing obliquity along arcuate volcanic arcs (Fig. 5.5), can lead to the formation of grabens almost perpendicular to the arcs (Avé-Lallemant 1996). This may be the case for the central Sanak subbasin: [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] suggested that the central Sanak Basin was a pull-apart basin in a right lateral strike slip system, but without explaining its origin. To our knowledge, no study after that discussed the problem. As a result, we will now investigate whether slip partitioning at this longitude is plausible. The observed half-graben could be also resulted from strike-slip duplex formation (Fig. 5.7) in the sliver plate (Fig. 5.5). This does not require an along-strike increase of the strike slip motion. When two strike slip faults are separated by an oset, displacements can be transferred between them, with a possible void at the releasing bend, forming extensional duplexes [START_REF] Woodcock | Strike-slip duplexes[END_REF]. Subsidence around an extensional duplex typically results in some vertical accommodation. Active strike-slip systems show that subsiding pull-apart basins form at releasing bends (Fig. 5.7) (e.g. [START_REF] Crowell | Shumagin seismic gap, Alaska Peninsula: History of great earthquakes, tectonic setting, and evidence for high seismic potential[END_REF] and [START_REF] Mann | Development of pull-apart basins[END_REF]). To maintain plane strain and zero bulk volume change, an extensional duplex length must be compensated by a thickness reduction; as a result, the surrounding fault strands bend, causing geometric accommodation in the surrounding rocks [START_REF] Woodcock | Strike-slip duplexes[END_REF]. after [START_REF] Woodcock | Strike-slip duplexes[END_REF].

This type of strike-slip duplex is not seen along the Alaskan segments, as there is no indication of right lateral strike slip motion between the Unimak Ridge Fig. 5.1 and the trench, although it is possible that one of the strike slip fault was "swallowed" by basal erosion. We will now look at what GPS indicates in terms of present day obliquity and partitioning in the area.

Slip Partitioning from GPS data [START_REF] Cross | Evidence for and implications of a Bering plate based on geodetic measurements from the Aleutians and western Alaska[END_REF] studied slip partitioning over the Aleutian arc using GPS data and thrust earthquake slip azimuths. Using dislocation modeling methodology, they calculate the coupling coecients (Fig. 5.8) and the arc translation velocity. [START_REF] Cross | Evidence for and implications of a Bering plate based on geodetic measurements from the Aleutians and western Alaska[END_REF] do not nd evidence for slip partitioning at the longitude of the Sanak Island (162°W) but only further west around 170°W. Fig. 5.8 shows that GPS stations on the Sanak Island and north of it move at the Bering microplate velocity (arc velocity in red). It must be noticed, however, that the data has large error ellipses, and three unknowns are part of the problem: the coupling, the sliver motion and the Bering plate velocity with respect to North-America. Besides, if we consider the largest fault in Fig. 5.3 with ∼ 5km oset over ∼ 20M yrs, we have an average extensional rate of less than 0.5mm/yr, which is probably too small to be detected by GPS in this situation.

The use of slip azimuths from thrust earthquakes over the Aleutian arc provides another interesting independent approach for evaluating slip partitioning. Fig. 5.9 shows that at 158°W

, where the Pacic-Bering plate convergence is perpendicular to the trench, the model predicts that the arc velocity relative to the Bering plate should be zero, while slip partitioning should be around 20 mm/yr at 170°W [START_REF] Cross | Evidence for and implications of a Bering plate based on geodetic measurements from the Aleutians and western Alaska[END_REF]. GPS measurements give much smaller values (Fig. 5.9 middle), that are actually closer to the quick geological estimation we made (0.5 mm/yr). We could conclude that the area west of ∼158°is where a slow slip partitioning starts. This is another parameter changing in the Shumagin segment (after slab dip increase, coupling, ocenic plate fabric orientation change, interface roughness, 

Interactions between two extensional processes

We evaluate the legacy data in the area and relate it to ALEUT lines 5 and 6 to better understand how the Sanak subbasins transition from the oblique to trench parallel subbasin. 

Transition towards Eastern Sanak Basin

In the Eastern Sanak subbasin, we pursue our structural interpretation; line USGS 217 (Fig. 5.15) clearly displays a comparable structure to line LDEO 1235 (Fig. 5.14). The URFF and SSBF are both visible. The distance between these two faults from line 1235 to ALEUT L5 appears to be consistent, and they create a basement oset in the Eastern Sanak subbasin.

We see that from Fig. 5.12 to Fig. 5.16 (West to East), the SSBF basement oset is largely decreasing. It looks like the SSBF activity increases when it is close to the pull-apart basin.

It is also true for the shelf basement horst on line 6, which was so hard to image in both conventional and velocity imaging (Fig. 5.13). This shelf horst, as we called it in chapter 4, disappears toward the east. We think it is continuous with the easternmost normal fault in the pull-apart basin, following the extensional axis rotation.

Seaward Gravity-collapse faults (GCF) on line 5 shows that gravitational collapse is still present but it is very moderate, and it continues until line USGS 215 (Fig. However, the structural map (Fig. 5.17) shows that in the Eastern subbasin, the buried Shumagin Ridge is also anked by URFF. URFF on line 6 has undergone collapse at the intersection with the PFS and line 5 shows a ∼5m scarp on the seaoor. Now we try to know whether the recent activity of the landward-dipping fault (or URFF) on line 5 truly concerns slipping on the deep reector, or if it is merely a supercial gravity adjustment.

We also need to gure out whether the recent activity of the landward-dipping fault is as substantial as it was during the Miocene.

Bathymetry across line 5 shows ∼5-m-high scarp related to F2, connected to landwarddipping normal fault. Shallow basal erosion may occur during major interplate earthquakes [START_REF] Wang | Interplate earthquakes as a driver of shallow subduction erosion[END_REF]. During interseismic relaxation periods, the extension can then be generated on the forearc (Von Huene [START_REF] Huene | Tectonic erosion along the Japan and Peru convergent margins[END_REF]). These ndings imply that coseismic events resulted in periodic forearc extension and subsidence followed by normal faulting (e.g. [START_REF] Park | Seismic Reection Images of Possible Mantle-Fluid Conduits and Basal Erosion in the 2011 Tohoku Earthquake Rupture Area[END_REF]). Hence, reactivating the normal fault F2, by slipping through the megathrust subduction fault, might result in a vertical displacement of the seaoor at the fault, assuming that the 5-m-high fault (F2) scarp found at the seaoor is linked with substantial megathrust slip. Normal faulting, on the other hand, does not appear to be as prominent on F2 as it was during the Miocene. As a result, we can deduce that the rate of tectonic activity has decreased since the late Miocene, or the rate of sedimentation has increased substantially.

An attempt to quantify the landward fault activity

To validate our hypothesis, we evaluate the osets of two horizons crossing the F1 and F2 faults, that were dicult to pick correctly in chapter 3. Using FWI, we were able to more accurately determine the horizon continuity. On our target reector, which is interpreted as a former plane erosive surface, the F2 fault triggered a ∼125-m-high oset (Fig 5.19).

To estimate the average rate of motion along this fault, we need to know the age of that reector, and this is unfortunately not the case. We will try to estimate this age with sedimentation rate, but we also do not know it accurately in this remote area. We did not nd drilling data on the shelf except very far in the Bering Trough, Gulf of Alaska. There, at the shelf edge, [START_REF] Montelli | Late Quaternary glacial dynamics and sedimentation variability in the Bering Trough, Gulf of Alaska[END_REF] quantify an extreme ∼ 5 km/Myrs Quaternary sedimentation rate, but we do not think that we can consider as much at our location, much further from mountain ranges and glaciers. It still gives us an upper bound value. What appears to be robust, however, is that regionally, today's sedimentation rate is signicantly higher than that in the late Miocene (5Ma) ( ∼4 times higher, Fig. 5.20). Horizon B is thought to have been deposited in the late Miocene, and there is about 2 km of sediments above it (Fig. 5.19). So the average post-Miocene sedimentation rate is 2km/5Myr. If we linearize the recent sedimentation rate increase (∼x4), we get an average post Miocene rate of ∼2 times the late Miocene rate, and the present-day rate, inferred to be four times the late Miocene rate, should be twice the average post-Miocene rate, 2×2km 5M yr or 4km/5Myr, that we simplify to ∼1km/Myr.

Our target reector is buried about 500 meters beneath the seaoor (500 m deep is then 0.5Ma). As a result, a ∼ 150 m oset over 0.5 Ma indicates a fault slip rate of ∼0.3mm/yr.

Our value may be underestimated, for example because erosive surfaces may have removed some of the sedimentation, but we think the recent slip rate on the fault cannot be above 1 mm/yr because it would imply sedimentation rates similar to the extreme values of the Gulf of Alaska and this would not be reasonable.

By looking at the fault, especially the main landward-dipping fault, we can attempt to calculate the rate of normal faulting during Miocene. Fig. 5.21 shows that the basement has experienced an oset which corresponds to ∼2 TWTs. By multiplying the time (1 s) by the velocity of the basement (let's say ∼4km/s), the oset would be 4 km. we know that oset occurs on horizon A, that is early Miocene (∼24 Ma). Dividing the oset (4 km) by the period of activity of the fault (∼24 Ma), we will have an average rate of activity ∼0.2 mm/y.

As a result, comparing these quantities (rate of sedimentation and faulting) uncovers that the rate of sedimentation and fault activity are almost the same. However it is not sure that the rst sediments in the basin are early Miocene [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF], they might as well be middle or even late Miocene, and the onset of extension too, which would totally change the conclusion. As mentioned herein, the fault F2 is just rooted within the main landward-dipping normal fault, and F1 as well. In the next section we mainly focus on the shear body interpreted almost on top of the basement (Fig. 5.21).

Is the deep landward reector a fossil structure?

Reverse-polarity reections locate below the sedimentary layers at a maximum of approx. The FWI-derived velocity model of line 5 (Fig. 5.19) shows that the velocity eld follows the lithology landward of the main fault, but the velocity anomalies are more chaotic and occasionally oblique to the lithology seaward of the fault. Then we assume that there are a lot more uids in the block to the south of the fault (seaward). They may also be able to escape the presumed sheared body (Fig. 5.19). We cannot give any precise interpretation regarding the origin of this structure but based on the geological history of the Alaska-Aleutian subduction zone, we do know that the area has undergone a subduction jump.

The question is: could the main landward-dipping normal fault be the former primary plate interface and the sheared body a former subduction channel? Or could it be any other kind of suture zone? The facies of the sheared body is similar to the one of the dome at the collapsed ridge in line 6 (Fig. 5.13). [START_REF] Park | Seismic Reection Images of Possible Mantle-Fluid Conduits and Basal Erosion in the 2011 Tohoku Earthquake Rupture Area[END_REF] observed high-amplitude, reverse-polarity reections about 2 km above the plate interface that appear to be nearly parallel to the plate interface along Japan

Trench margin o northeast Japan, which they interpreted as a shear zone associated with subduction zone processes like basal erosion. We speculate that the shear body that we see along line 5 could be interpreted similarly to the Japanese example. The shear zone's high-amplitude, reverse-polarity reections can indicate the existence of overpressured uids [START_REF] Park | Seismic Reection Images of Possible Mantle-Fluid Conduits and Basal Erosion in the 2011 Tohoku Earthquake Rupture Area[END_REF]. Moreover, the argument drawn from the interpretation of the FWIderived velocity model of line 5 is consistent with a possibly uid-lled shear zone. Locally high uid pressures may reduce the fault plane eective normal stress, allowing the fault to slide more easily [START_REF] Zhao | A water wall in the Tohoku forearc causing large crustal earthquakes[END_REF].

Therefore, it can help to gure out the origin of the ∼5-m-high scarp of F2. Since the faults F1 and F2 are rooting in the sheared body, an hypothesis could be that their osets are related to compaction of the sheared body at depth with no motion on the deep reector, which could be totally fossil. Even if the deep reector represents an active fault, the 40°d ip angle [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]) is a clear indication that the reector is inherited, as this is not what we expect for a normal fault.

Origin of the uids

As we can see, after all our eorts, it is still dicult to know whether there is really some motion on the deep landward reector imaged by [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF], but the origins of the uids escaping from basements may help future investigations. Indeed, the uids can be seawater circulating at depth and then coming back towards the surface, or they could come from very deep, for instance through the landward deep reector. Mw9.0 Tohoku earthquake in Japan. However, chapter 2 listed many questions to be solved before understanding the nature of the extension in the Sanak Basin and attempting to link this extension to seismogenesis and tsunamigenesis:

A clear fault scarp is not observed on nearby ALEUT line 6 and a deep reector is not observed either. Is it possible to identify the equivalent of the target landward fault and explain why the observed seabed scarp is only locally observed around some lines?

One of the Sanak subbasin indicates continuous Miocene to present-day trench parallel extension, perpendicular to the investigated landward fault extension. Is there an interaction between the two extensional processes?

Is it possible to quantify even roughly the recent landward fault slip rate, although complex sedimentary processes of the forearc also impact sedimentary record of fault activity?

Chapter 5 addressed these questions, rst showing that the Central Sanak Basin intersecting line 6 is a pull-apart basin, and its conguration corresponds to the beginning of the Aleutian partitioning system. The structural map highlights that the partitioning normal faults interacted with trench parallel structures and may have caused local slope collapse around line 6. We suggest that the continuation of the partitioning normal fault ended up at the dome structure where we detected a uid escape on line 6 FWI result. This is where the collapsed Shumagin Ridge is located, far from its previously published location. There is no hope to nd the recent activity of the main landward fault in this collapsed environment.

Regarding the ∼5-m-high scarp on line 5, it is possible to interpret it as resulting from the compaction of the observed sub-horizontal sheared body with no motion on the deep reector. According to FWI-derived velocity images of line 5, uids escaping seaward of the normal fault and trapped by the BSR could originate from this sheared body. Another hypothesis is a < 1 mm/yr present-day motion on the landward fault that may actually be as fast as the Miocene rate. The two hypothesis are dicult to discriminate. In the future, analysis of uid samples may indicate whether detected uids come from the deep reector conduits or not.

Usefulness and challenges of FWI imaging

Although more discussions about the results are needed to be talked with geologists and sedimentologists, the aforementioned interpretations improve the knowledge of the area.

FWI imaging has been instrumental for key features of this interpretation:

Before FWI imaging, we did not trust our horizon correlation through the line 5 fault because a strong amplitude horizon disappeared across the fault. The negative velocity anomaly oblique to the lithology made us more condent in considering a 125 m oset for the 0.5Ma reector.

The basement geometry of line 6 is more clear in velocity imaging, and this is important to describe the transition between the two basins and trust the basement oset increase toward the partitioning system.

Fluid escapes detected above the line 6 "dome" and line 5 sheared body are the other features helping to associate the two bodies beyond facies and the fact that they are both located around the collapsed and preserved landward normal fault.

The discontinuity of velocities across the main fault in line 5 is much larger than in line 6, conrmed that faults at the center of each prole were likely not the same.

Finally, we think imaging subsurface uid conduits in sedimentary basins has a general interest for studying geochemical exchanges between the subsurface and the seawater.

Before obtaining the nal images used for interpretation, many challenges had to be addressed, including the necessity to mute guided waves, and coping for variable water column velocities. The multiscale frequency strategy was also time-consuming to setup with no initial experience of the code. The clear advantage is that once experience is gained in setting-up a practical inversion strategy, the complex multiple situation at the shelf edge is easily dealt with and FWI might be one of the best way to derive a good detailed velocity model in such a situation.

FWI imaging Perspectives

Many interesting aspects of FWI could not be performed by lack of time, they are summarized below:

Pre-Stack Depth Migration and FWI

Prior to conducting prestack depth migration (PSDM), which provides the best nal reection image for geologic interpretation, a velocity model must be computed in order to get an image in depth. As a result, velocity model construction is an important part of this procedure, and it is usually done with various time-consuming techniques. FWI has the potential to improve the images acquired by PSDM due to the extremely detailed quality of the FWI-derived velocity eld, as well as the fact that it provides signicant information that may be employed directly for geologic interpretation. A good way to do a quality check of FWI-derived velocities is to perform a PSDM with the nal velocity (somewhat smoothed).

We unfortunately did not have time to try, nor did we have a PSDM code (except the RTM code embedded in TOYxDAC, but it is apparently very computing intensive).

Stabilizing FWI using attenuation

If viscous eects are not considered, FWI in locations with unaccounted attenuation might result in incorrect velocities [START_REF] Kamath | Multiparameter FWI of 3D OBC Dataset From the Valhall Field[END_REF]; the visco-elasticity of the real earth causes propagating waves to be attenuated, resulting in an attenuated gradient for FWI. Therefore, the computed velocity can be optimized using a xed a-priori attenuation (Q p ) model built from the FWI image without attenuation. For instance, we could force a variable attenuation knowing our BSR and uid aected areas. Attenuation was not managed by TOYxDAC 1.6 but it is in versions 2.x The cut-o frequencies of the band-pass lter are so selected that it preserves all frequencies of the reections. Any gain function has not been used like AGC to display purposes. In order to see the eect of the earthquake removal from ALEUT line 5 dataset, the nal migrated seismic section of line 5 with and without application of the CTF is illus- The nite-dierence grid spacing used to characterize the velocity model can be adapted to specic frequencies by rst inverting low frequencies and then gradually increasing the inversion frequency. Lower frequencies can be represented by coarser grids, whereas higher frequencies can be represented by ner grids. Furthermore, since low frequencies have a more linear relationship with the low wavenumber components of the model, recovering these components early in the waveform tomography process helps to mitigate the non-linearity of problem [START_REF] Sirgue | Waveform inversion in the frequential domain of large osets seismic data[END_REF]. Cette thèse discute l'application de l'imagerie par inversion de forme d'onde (FWI) à deux sections sismiques de 45 km de long traversant le bassin de Sanak en Alaska, où l'évaluation de l'activité récente d'une faille normale à vergence continentale est cruciale pour comprendre le comportement du segment de subduction non couplé de Shumagin. Le traitement sismique conventionnel montre que l'extension d'une partie du bassin est en fait principalement localisée sur des failles à vergence océnique plutôt que continentale. Nous montrons également que des courants de fonds aectent l'enregistrement sédimentaire de l'activité des failles. Par conséquent la nature et le timing de l'extension n'est pas claire dans le bassin. Après la tomographie de temps de trajet, l'inversion FWI est tentée en domaine fréquentiel mais la nécessité de masquer des ondes guidées au niveau de la plateforme rend indispensable l'utilisation d'un code FWI en domaine temporel. Le champs de vitesse à haute résolution nal conrme l'eet des courants de fonds sur l'un des prols. L'imagerie FWI détecte également une inversion de vitesse correspondant à un BSR (bottom simulating reector) qui explique bien les variations d'amplitudes inattendues posant problème pour l'interprétation sismique. Des anomalies de vitesses lentes sont imagées au niveau de plusieurs hauts de socles très bien dénis. Ces anomalies pourraient correspondre à des échappements de uides, mais on ne détecte pas de discontinutés signicatives du champ de vitesse le long des failles. Tous nos résultats sont nalement compilés avec des données pré-existantes an de redessiner une carte structurale de l'avant-arc du segment Shumagin. Nous suggérons que le bassin oblique de Sanak Central est un bassin pull-apart résultant de l'apparition à cette longitude du partitionnement de la convergence oblique aléoutienne. Dans ce nouveau contexte, il est possible que l'activité récente des failles sédimentaires à vergence continentale ne soit pas nécessairement liée à un mouvement sur le réecteur profond associé. Nous concluons sur l'utilité de l'imagerie FWI pour localiser l'échantillonage de uides lors de futures investigations.
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Failles sismique Géophysique marine Bassins sédimentaires Inversion Subduction ABSTRACT This thesis discusses the application of full waveform inversion (FWI) to two 45-km-long 2D seismic sections crossing the Sanak forearc basin in Alaska, where evaluating the recent activity of a previoulsy imaged deep landward-dipping normal fault is crucial to understand the creeping Shumagin segment of the subduction zone. Conventional processing shows that the extension in part of the basin is mainly localized on seaward-dipping faults rather than landward-dipping fault. We also show that bottom currents aect the sedimentary record of the faults activity. As a result the nature and timing of the extension is unclear in the basin. After streamer traveltime tomography, FWI is rst tried in frequency domain but muting of shelf guided waves led to time-domain FWI imaging. Variable water velocity in the water column also had to be dealt with. The nal high resolution velocity models conrm the eect of bottom currents in one of the prole. FWI also image a velocity inversion from a bottom simulating reector (BSR), explaining previously unexpected amplitude variations that were troublesome for seismic interpretation. Low velocity anomalies above several well dened basement highs are imaged that could indicate uid escapes, but there are no major velocity discontinuities along the faults. All our results are then compiled with legacy data in order to redraw a structural map of the forearc around the Shumagin segment. We suggest that the oblique Central Sanak basin is a pull-apart basin resulting from the onset of the partitioning of the Aleutian oblique convergence. In this new context, it is possible that recent activity on landward-dipping sedimentary faults is not necessarily related to motion on the associated deep reector and we conclude on the usefullness of FWI images to locate sampling of uids in future investigations.
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Figure 1

 1 Figure 1.1: Modied from J.X. Dessa's eld internship courses. (a) Frequency ranges of sources from natural earthquakes to airguns and high resolution transducers. (b) example of the same target seen by a sub-bottom proler (top) and regular airguns (bottom)

Figure 1 . 2 :

 12 Figure 1.2: A portion of seismic section from (Yilmaz 2001), (a) before and (b) after migration; Anticlines appear wider, whereas synclines appear smaller.

Figure 1 . 3 :

 13 Figure 1.3: Seismic data imaging (a) standard zero-oset migration, (b) joint reection and diraction migration from Bashir and Ghosh (2019). Diractions can provide higher resolution, compared to specular reections.

Figure 1 . 4 :

 14 Figure 1.4: Field data example of imaging of the subduction channel in the Guayaquil basin (Ecuador margin) using Ray+Born migration from Ribodetti et al. (2011); it enables the mapping of distinct features over dierent segments of the décollement, which may be linked to uid content and porosity changes.

Figure 1 . 6 :

 16 Figure 1.6: Modied from Kamei et al. (2012). (A) A rst arrival traveltime tomography model of a refraction prole crossing the Nankaï Subduction Zone. (B) The FWI result on the same prole, highlighting the mega-splay fault along a strong velocity inversion.

Figure 1

 1 Figure 1.7: Modied from Pratt (2004). Plain and dashed waveforms are observed and synthetic waveforms, respectively. (a) The phase shift between observed and synthetic data is less than half a cycle: FWI will easily update the velocity eld to match the phases. (b)

  and summarized in[START_REF] Lizarralde | Crustal construction of a volcanic arc, wide-angle seismic results from the western Alaska Peninsula[END_REF]: During Paleocene, the Kula plate (Fig.2.1) was subducting beneath an upper plate composed of Jurassic terranes accreted at the end of Cretaceous. At that time, the western part of the AASZ shows a very oblique subduction of the Kula plate. At 56Ma, the northern edge of the subduction zone is obstructed and a new subduction zone initiates at the Kula-Pacic plate boundary, simultaneously to an abandonment of the western, transform-dominated part of the Kula-Northern America plate boundary. At 40Ma, the Kula Plate is merged with the Pacic plate, which triggers a signicant decrease of the convergence rate across the subduction zone and the return to a very oblique convergence at the western end of the AASZ (Fig.2.1). As a result of this history, the present-day 3000 kmlong arc can be divided into two main parts separated by Unimak Pass (Western boundary of the ALEUT survey area in Fig.2.1):From Kamtchatka to Unimak Pass, the Pacic oceanic plate is subducting beneath the oceanic Aleutia microplate which is a part of the former Kula plate incorporated to North America after the Early Eocene subduction jump. The Beringian passive margin now separates the Bering and Aleutia microplates.

Figure 2 . 1 :

 21 Figure 2.1: Major plate reorganizations at the Alaska-Aleutian Subduction zone from Paleocene to present-day, modied from Lizarralde et al. (2002). The Peninsula (P) and Chugach (C) terranes have docked against North America during Cretaceous. At 40Ma, the Beringian margin is abandoned after a subduction zone jump to the south and the merging of Kula and Pacic plates. Unimak Pass, mentioned in the text, is approximately located at A3 and delimits the oceanic-oceanic subduction to the west and oceanic-continental subduction to the east.

Figure 2 . 2 :

 22 Figure 2.2: Earthquake rupture areas (enclosed with red dashed lines) indicated by aftershock distribution after >M8 earthquakes; extending from NE to SW, these are the Kodiak, Semidi and Unimak segments where great earthquakes ruptured in 1964, 1938 and 1946, respectively (Von Huene et al. 2020). SI: Sanak Island; PWS: Prince William Sound.
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 23 Figure 2.3: Along-dip extent of a seismogenic zone in function of temperatures, from Oleske-

Figure 2 . 4 :

 24 Figure 2.4: Map of oshore acquisition during ALEUT MGL1110 cruise from Kuehn (2019).

  to full coupling for the northeastern part of the 1938 earthquake rupture area (Semidi rupture area) (Freymueller et al. 2008), and southwestern part of the 1964 earthquake rupture. During the ALEUT project, it was expected to establish what features of the subduction zone dier along strike by surveying across the megathrust variably coupled sections, such as the downgoing plate roughness, subducted sediment thickness, and the shape of the overriding plate (Shillington 2011).

Figure 2 . 5 :

 25 Figure 2.5: Two details from MCS data from the Cascadia subduction zone, from Nedimovi¢ et al. (2003), showing (a) Thin (<2 km) reection package from the interpreted locked portion of the thrust, and (b) Thick (>4 km wide) band of reections overlying the subducted oceanic crust in an area where aseismic (stable) slip regime has been observed.
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 26 Figure 2.6: Detailed view of plate interface (ALEUT line 04, see Figure 2.4 for location) from Li et al. (2015). (a) Two reections (yellow dotted lines) convert to a narrow reection band at the plate interface (dotted purple lines). (b) A broad band of reections marks the plate interface (dotted red lines) in the transition zone.

Figure 2 . 7 :

 27 Figure 2.7: The 2020 Alaska-Aleutian subduction zone earthquake sequence, from Herman and Furlong (2021). Dashed lines show the subducting slab's 10-kilometer depth contours. The earthquakes and focal mechanisms represented by the circles are scaled by magnitude and colored by date. Aftershock zones deduced from red colored regions are rupture zones of past major megathrust earthquakes. Along the trench, geodetic interseismic coupling is written (Li and Freymueller 2018). The aftershock/after slide zone of the 21 July earthquake is colored blue, at the down-dip limit of the Shumagin Gap seismogenic zone. Earthquakes and their focal mechanisms are projected in side view in cross section A-B; deep thrust faulting on the plate interface predominated from July to October, then mainly strike-slip events near the top of slab after October 19.
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 2829 Figure 2.8: PSDM imaging of the decreasing subducting sediment and subduction channel thickness along the Alaska convergent margin, after Li et al. (2018). Near-trench sections of lines 3, 4 , and 5 is shown in (a), (b) and (c), respectively.
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 2 Fig.2.11 illustrates a reprocessed legacy seismic image from the late 1970s and early 1980s[START_REF] Huene | The destructive 1946 Unimak near-eld tsunami: New evidence for a submarine slide source from reprocessed marine geophysical data[END_REF][START_REF] Miller | The 1946 Unimak tsunami earthquake area: revised tectonic structure in reprocessed seismic images and a suspect near eld tsunami source[END_REF]) located within the Semidi segment (Fig.2.7). It shows the imbricated frontal prism structure extending 2030 km landward from the trench axis. Further landward, the indurated margin framework is separated from the accreted frontal prism by a highly deformed transition area, where a splay fault forms the transition ridge seaward facing escarpment. The fault zone isolates the upper strata of the slope cover as well as the underlying margin framework acoustic basement from the imbricated strata of the frontal prism, representing a major mechanical discontinuity. The splay fault can be seen as the boundary between two distinct structural wedges[START_REF] Wang | Accretionary prisms in subduction earthquake cycles: The theory of dynamic Coulomb wedge[END_REF]: the recently accreted Zodiac fan sediments and the intruded Cretaceous terrane framework. The stratigraphy of the continental shelf, extending down the upper slope, is underlain by a regional high amplitude eroded surface acting as an acoustic basement. This Oligocene erosional heritage is inferred from a similar stratigraphy on the adjacent Kodiak shelf (Von[START_REF] Huene | The destructive 1946 Unimak near-eld tsunami: New evidence for a submarine slide source from reprocessed marine geophysical data[END_REF]).

Figure 2 .

 2 Figure 2.10: Top: Depth converted trench parallel MCS Lines 7a and 7b in gray scale, and interpreted reectivity of the plates interface. The velocity model for depth convertion was derived using a) average sediment interval velocities from MCS data;

Figure 2 .

 2 Figure 2.12: Geological setting of the Nankai accretionary wedge. The megasplay branches from the plate boundary thrust 50 kilometers landward of the trench in the Kumano Basin region. Sequence boundaries and gradual landward tilting of strata in the forearc basin demonstrate considerable long-term slip. The megasplay shallow portion is a complicated
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 22 Figure 2.13: Frontal prism tectonic elements in Semidi, Shumagin and Unimak segments are shown as line drawings, from Von Huene et al. (2020); R denotes subducting relief; BSFZ=backstop splay fault zone; U=Oligo-Miocene unconformity; DF=deformation front; EFZ=extensional fault zone; SC=subduction channel; and the arrow denotes the anticipated location of the 1946 M8.6 Unimak earthquake epicenter (see also the red star in Fig.2.14)

Figure 2 .

 2 Figure 2.15: Seismic line 205 extends across the Unimak/West Sanak basin, Unimak Ridge, and the trench (Bruns et al. 1987). Horizon A is the subsided paleo-shelf, noted U in Fig.2.13. See location on Fig.2.14

  2.14) shows the 1946 aftershock distribution of the Unimak earthquake. To the southwest, at the Unimak Pass, an upper plate geological structure corresponding to the aftershock limit is not evident to detect (Von[START_REF] Huene | A possible transoceanic tsunami directed toward the US west coast from the Semidi segment, Alaska convergent margin[END_REF], as the Unimak Basin is lled thicker and thicker with Beringian sediments incoming from Unimak Pass. The southwestern end of the 1946 aftershock zone, at the divide between the Alaska and Aleutian trenches, however, correlates with a signicant ∼50-km-wide semicircular embayment in the upper slope that could be interpreted as the erosional remnant of subducted lower plate relief (E3) (Fig.2.18). At the other end of the Unimak segment, the oblique Sanak Island structural zone (Central Sanak Basin, Fig.2.16), can be seen as the northeastern limit of 1946 rupture zone (López and Okal 2006). It could indicate a remnant structure of the Beringian continental slope prior to the development of the Aleutian volcanic arc in early Eocene time (Von Huene et al. 2020).
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 216 Figure 2.16: Shumagin margin map with contours of the basin depth, correponding roughly at the base of Miocene from[START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF]. Fig.2.17 is located in the eastern Sanak Basin (Line 217).

Figure 2 .

 2 Figure 2.17: Part of seismic line 217 from Von Huene et al. (2019) displaying seismic units and the reection horizon A which is a signicant reection event under the shelf. Bruns et al. (1987) assume the horizon A corresponds to an erosional surface cut during regional Oligocene and early and middle Miocene erosional times. The ridges are also named "Shumagin ridge" and are interpreted to be a buried continuation of the outcropping Unimak Ridge.

Figure 2 . 18 :

 218 Figure 2.18: The E3 embayment is located at the southwest end of the 1946 Unimak earthquake aftershocks from (Von Huene et al. 2016); The epicenter of high-magnitude earthquake is shown by black dots enclosing the nal two digits of the year it occurred. Yellow line delineates aftershock zone. ALEUT line 6 is shown in green line.

Figure 2 .

 2 Figure 2.19: Residual gravity map (Bassett and Watts 2015) where 2D trench normal gravity average along the trench is subtracted from the Satellite Free Air Anomaly (FAA) eld. The Shumagin segment appears to clearly separate two very dierent residual gravity signatures in relation with the signicant slab dip change across the segment (Fig.2.10). The negative residual anomalies spatially correlate with the shallow rupture of the Unimak 1946 and the deeper rupture of the Semidi 1946 earthquake (dashed orange). Dashed white ellipses represent the main orientations of forearc basins: UB (Unimak Basin), WSB (Western Sanak Basin), CSB (oblique Central Sanak Basin, ESB (Eastern Sanak Basin). UR: Unimak ridge and Unimak Seamount. Seismic proles shown in this chapter are indicated in red. Blue seismicity is July-October 2020 seismicity, pink seismicity is October-December 2020 seismicity. Black dots show the background seismicity 1964-2020 (ISC catalog) and focal mechanisms (GCMT) are all Mw>6 during the same period.

Figure 2 .

 2 Figure 2.20: Reection image of ALEUT Line 5 superimposed on a rst-arrival tomographic model from OBS data; which are represented by inverted blue triangles. Red and black dots are the small earthquakes and notable events with thrust mechanisms (3.0<M<6.8) recorded by the Shumagin Network; events with focal mechanisms are from the Centroid Moment Tensor catalog. Slab temperatures are taken from Syracuse et al. (2010). Magnication of the section of the pre-stack depth-migrated reection image framed in blue showing the shallow part of the fault system, and a Bathymetry across this fault system with a 5m scarp[START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]).
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 22 Figure 2.21: Seismic reection prole blend with geological interpretations, along the subduction zone plate interface, o the Pacic coast of Tohoku, Japan (Tsuji et al. 2011); both the basal thrust and the westward dipping normal fault are considered to have moved during the 2011 Tohoku earthquake. McKenzie and Jackson (2012) used a simple block model in order to study the kinematics and dynamics of faulting within the accretionary prism. Triangle vertices are represented by capital letters, but side lengths are expressed by lower caseletters. This geometry implies that the source of the energy that created both the seismic waves and the tsumani was the release of gravitational energy rather than elastic energy.

  ventionnel de sections des lignes ALEUT 5 et 6. Après une présentation du jeu de données, nous justions le retraitement des lignes par la volonté d'améliorer les images existantes dans le bassin et aussi par la nécessité de bien appréhender, par ce biais, les spécicités du jeu de données en vue de l'imagerie de forme d'onde: traces bruitées, fréquences, multiples, arrivées non acoustiques, contamination par un séisme... Une description des principales étapes de traitement est proposée, en mettant en lumière certaines dicultés.Dans un deuxième temps, ce chapitre s'intéresse à l'interprétation des prols traités. Le pointé des horizons et la localisation des principales failles est eectué sur chacun des deux prols à la lumière des interprétations déjà publiées. Nous ajoutons cependant une comparaison entre les deux prols et mettont à jour deux diérences entre les deux images du bassin distantes d'une cinquantaine de km: (1) la présence très marquée dans l'enregistrement sédimentaire de l'eet de courants de fonds sur la ligne 5, complexiant la correlation des horizons à travers les failles. (2) Une extension beaucoup plus distribuée sur des failles à vergence océanique sur la ligne 6, alors que la déformation est localisée presque uniquement sur la faille normale à vergence continentale sur la ligne 5. Nous discutons l'eondrement gravitaire de la pente vers la fosse aux alentours de la ligne 6 et montrons à l'aide de la gravimétrie satellitaire que les structures du socle de la ligne 6 ne sont pas directement comparables à la ligne 5, à la diérences des interprétations déjà publiées.Il est au nal dicile de quantier même grossièrement la déformation récente de la principale faille à vergence continentale sachant que l'érosion des courants de fond perturbe l'enregistrement sédimentaire sur la ligne 5 et que la plus grande partie de l'extension n'y est pas localisée sur la ligne 6. Nous concluons sur les améliorations que pourraient apporter l'imagerie des vitesses par tomographie de temps d'arrivées et de forme d'onde dans le chapitre suivant, en particulier en ce qui concerne la géométrie du socle sous la plateforme et les éventuels uides dans les failles.The ALEUT Data: Lines 5 and 6 in the Sanak BasinData acquisition and survey geometryThe R/V Marcus G. Langseth collected 3700 km of 2D multichannel seismic (MCS) reection data during the ALEUT project in summer 2011[START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]; as depicted in Fig.3.1, the ALEUT project included six dip lines (two in Shumagin Gap, three over the Semidi section, and one across the Kodiak asperity), as well as a strike line that crossed from the locked Semidi segment to the freely slipping Shumagin gap. The data were collected using two 8-km-long streamers, being 225 meters apart in parallel during the majority of the survey; each with 636 groups of hydrophones spaced 12.5 meters apart as well as the full 6600 cu in source with the shot interval of 62.5 m. It results in a nominal common depth point (CDP) fold of 64.

Figure 3 .

 3 Figure 3.1: ALEUT project survey area with MCS proles (red lines) and OBS location (yellow triangles)(Kuehn 2019). Two MCS proles across the Shumagin segment, named Line 5 and Line 6 have been used during this thesis

Figure 3 . 2 :

 32 Figure 3.2: (a) Acquisition conguration of MCS survey. Nominal distance between two 8km-long streamers is 225m and are towed at the depth of 9m and 12m. (b) Seismic wavelet generated from R/V Marcus Langseth is tuned seismic source array with a total volume of 6600 cu in. (c) Seismic source signature; blue line represents the modeled signature for the streamer deployed at 9 m depth while the green line belongs to that one which is deployed at 12m depth (Kuehn 2019).

Figure 3 . 3 :

 33 Figure 3.3: Modied from Kuehn (2019). Deep reectivity oriented processing of lines 5 and 6. Thick black frames represent the Sanak basin and our areas of interest in this study.

Figure 3 . 4 :

 34 Figure 3.4: ALEUT line 5 which has been processed and interpreted by Von Huene et al. (2019) using PSDM imaging. The landward-dipping and seaward-dipping extensional fault zones are indicated by LDE and SDE, respectively; A and B show the Late Miocene and Oligo-Miocene unconformities.

Figure 3 .

 3 Figure 3.5: ALEUT line 6 which has been processed and interpreted by Von Huene et al. (2019). The landward-dipping and seaward-dipping extensional fault zones are indicated by LDE and SDE, respectively; A and B show the Late Miocene and Oligo-Miocene unconformities.

Fig. 3 .

 3 Fig.3.6 depicts the whole processing workow in graphical form. Data examples from

Fig. 3 .

 3 7 shows a typical examples of seismic shot gathers of both lines which are collected from shelf (shot number 50), middle-slope (shot number 275) and lower-slope (shot number 500). The shots from shelf are contaminated by high-amplitude guided waves; it is induced when seismic acquisition is carried out in areas where the seaoor is shallow and the seismic source is comparatively closer to the seaoor[START_REF] Vayavur | Mitigation of guided wave contamination in waveform tomography of marine seismic reection data from southwestern Alaska[END_REF]. Diractions and long path multiple can be seen on the lower-slope data.

Figure 3 . 6 :Figure 3

 363 Figure 3.6: MCS data processing workow.

Fig. 3 .

 3 Fig.3.8 depicts an amplitude display variable area to indicate the noisy traces which must be removed, such as trace number 485 for all shots as well as several shots (around shot 291) of ALEUT line 5, which have been contaminated by Mw 6.5 earthquake (Fig.3.9).

Figure 3 . 8 :

 38 Figure 3.8: An illustration of amplitude display maps (here the Peak amplitude); acquisition channel (trace) and shot point numbers are indicated by horizontal and vertical axis, respectively. Anomalous amplitudes are visible around shot 290 and correspond to the "noise" generated by a Mw6.0 earthquake. White vertical lines are noisy receivers that will be interpolated later.

Figure 3

 3 Figure 3.9: Noisy seismic data set contaminated by an earthquake which happened during acquisition of the data. (a) Seismic gather before ltering; seismic reection are masked by strong noise amplitude. (b) Seismic gather after applying the CTF lter.

Fig. 3 .

 3 Fig.3.10 shows the velocity analysis of a symbolic CDP gather of Line 5, located at the middle-slope of the prole. It is illustrated that the logical pattern has selected for velocities correspond to the reection.

Figure 3 .

 3 Figure 3.11: ALEUT line 6 seismic cross section; multiples cause an event to be picked and interpreted inaccurately. The seaoor above the incorrect horizon is deteriorated. By correcting the velocity eld, true structure and seaoor have been revived. AGC is applied for display purposes

Figure 3 .

 3 Figure 3.13: The concept behind SRME algorithm. (a) Multiples can be decomposed into two primaries on two traces. (b) If we only have primary traces, we can model the multiple by adding the primary travel times and multiplying their reection coecients, also multiplying by -1 due to polarity reversal at the free surface.

Figure 3 .

 3 Figure 3.14: Multiple attenuation using SRME method. Magnied portion of line 5 initial seismic, (a) before attenuating multiple,(b) after attenuation of multiple. AGC was applied for display purpose.

Figure 3 .

 3 Figure 3.15: The enlarged portion of the multiple section of line 5 which is modeled by SRME. AGC function is not applied.
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 33 Figure 3.16: From CGG Documentation: Schematic description of how Radon transform attenuates multiples. In terms of normal-move-out (NMO) times, multiple events vary from their primaries. Moveout errors are roughly parabolic after NMO correction.T=0 corresponds to NMO time; signals in the area between DTKEEPE and DTKEEPS will be consider as the primary and will be kept.

Figure 3 . 18 :

 318 Figure 3.18: Binning and regularization of dierent oset classes (in horizontal map view and for 3D seismic data) from CGG documentation. (a) Blue, gray and orange dots, identify dierent oset classes; to simplify, regularization of one oset class is considered. (b) Keeping the nearest midpoint to the bin center. (c) Discarding the duplicate trace. (d) Borrowing the nearest midpoint to bin center. (e) Final result of regularization. (f ) Bin centering of mid-pint; the source/receiver coordinates are translated based on the new midpoint position.

Figure 3 .

 3 Figure 3.19: An example of an oset class display with (left) and without (right) oset regularization. Oset classes without regularization could be displayed with NMO correction, but at the cost of stretching.

Figure 3 .

 3 Figure 3.20: Typical illustration of seismic data autocorrelation function; using dened operator, predictive deconvolution tries to remove multiple from seismic data.

Figure 3 .

 3 Figure 3.21: Auto-correlation function at (a) shallow depth (from seaoor up to ∼3 s depth, and (b) deep section of both proles, shows dierent pattern. Therefore we need to improve the autocorrelation distinctively at dierent depth.

Figure 3 .

 3 Figure 3.22: (a) Shallow slope predictive deconvolution. From left to right: unmigrated stack after prestack predictive deconvolution, unmigrated stack before deconvolution, autocorrelation before (blue) and after (red) deconvolution. (b) Deep (basement) predictive deconvolution. From left to right: unmigrated stack after prestack predictive deconvolution, unmigrated stack before deconvolution, autocorrelation before (blue) and after (red) deconvolution.

Figure 3 .

 3 Figure 3.23: Schematic description of the F-K plane used to remove seismic coherent noise.

Figure 3 .

 3 Figure 3.24: Filtering by frequency wavenumber (F-K), is used to attenuate coherent noise in prestack seismic data. Enlarged part of line 5 (a) before applying F-K, and (b) after applying F-K; it also highlights that signal to noise ration of at events at depths has increased (km 10 to 25: top of slab).

Figure 3 .

 3 Figure 3.25: Because of migration, dipping events are precisely located, reectors move in updip direction, bow-ties become synclines, synclines are broadened, and diraction collapses to a point.

Figure 3 .

 3 Figure 3.26: Migration eectiveness in enhancing the spatial resolution of the seismic section of the ALEUT line 5. (a) Before migration. (b) After migration.

Figure 3 .

 3 Figure 3.27: Final result of line 5 and 6 after migration.

Fig. 3 .

 3 28 shows the ∼45-km-length magnied seismic sections of the two proles which are both centered on the shelf break and upper slope (Fig.3.1) ∼ 50 km from one another. The main sequence units, with distinct reection characteristics are identied to explain the structure of the region; they are namely the lower-level, middle-level, and upper-level sequences separated by horizons A and B, as interpreted and published by Bruns et al. (1987) (see Fig.2.22).

as related in chapter 2 .

 2 The middle-level sequence, however, deposited into progressively subsiding basins, and thickens signicantly seaward at a burried basement high. The upper-level layers seem less deformed and, hence, we could infer that the basement high formed more during the Miocene deposition of the middle-level sequence. The basement high acted as a barrier to sediment down-slope movement. After late Miocene (Horizon B, pink), the along-line thickness variations of units is much less obvious.

Figure 3 .

 3 Figure 3.28: Picking the horizons help us to dene a stratigraphic basis for interpretation especially to draw the fault throws; picking horizons along line 5 (a) and line 6 (b), respectively. Vertical exageration in sediments (2 km/s): 4; in basement (4 km/s): 2.

  3.29) at ∼6 s TWT. The fault-plane dip of the two normal faults remains relatively constant with depth in the sediments, breaking through the middle and upper-level basin sedimentary layers. Normal drags on the hanging-wall block against the fault plane are readily discernible. Antithetic (or conjugate) normal faults could assume gradual decline of the hanging-wall block against a steady foot-wall block. The fault F2, osets the youngest sediments, resulting in 5-meter-high scarp on the seaoor[START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]). These sedimentary faults are rooting on a low angle body including interpreted sh-like features (phacoids) likely indicating a top-to-the right (landward) sense of shear of unknown origin.Onlaps (Fig.3.30) indicate normal faulting on the LDR during Miocene[START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF]; the fact that the fault system is linked to the Miocene Sanak Basin, means that the fault has had sustained activity for a long time and has accommodated considerable overall normal movement. Moreover, the crustal sequence has seaward-dipping bedding planes, suggesting signicant layer tilting. Slip on the extensional fault, in particular, has the potential to depress the forearc basin downward, followed by a visible gradual tilting which is highlighted on Fig.3.29.a. The acoustic basement has a substantial oset, also indicating that the fault has experienced accumulated slip.On MCS line 6, the extensional faults have a curved fault plane which can be interpreted as a more listric fault conguration (when compared to Line 5) (Fig.3.29). Having backed into the fault plane, reverse drag on the hanging-wall block is recognizable. Several antithetic faults have been formed up-dip of the faults. These faults provide the hangingwall with dierential tilting (Fig.3.29.b); it is interpreted to be accommodated a signicant amount of extension. The depth of the tilted hanging-wall sediments implies that the landward extensional faults could be characterized as the main mechanism aecting the upper sedimentary layers (middle and upper-level sequences), similarly to Line 5. However, a seaward-dipping extensional fault, which forms a buried ridge (horst) with the landward-dipping extensional fault, is another characteristic that can be detected on this MCS prole. It is supposed to be the buried Shumagin Ridge (Von[START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF]; on both anks of the ridge the faults converge beneath the seaoor to form a peak. On the landward-dipping ank, the basin strata dip increases with depth, while on the other side the dip of the layers have compensated landward. It suggests the development of faulting on both anks. There are also some antithetic faults on the hanging-wall of the seaward-dipping fault that may be favored by gravity sliding; these faults are connected to the movement of the main fault and indicate the regions where normal faulting is frequent. Their normal osets indicate that these displacements occurred after the deposition.
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 33 Figure 3.30: Onlaps show normal slip on the LDR during Miocene.

Fig. 3 .Figure 3 .

 33 Fig.3.32.b shows chaotic facies/scattered materials and transparent facies which are also characterized by low lateral continuity; it could be interpreted as mass transport deposits (MTDs). It pints out that materials have been re-mobilized and redeposited. They are clearly often found where the proposed contourities are located.

  localized over time. There are evidences of a series of episodes of moat inll by mass waste processes at the site where the active fault scarp caught an oceanic bottom current. On the other hand, as the fault scarp is no longer marked enough to completely regulate the paths of the bottom currents, it tends to be less concentrated. Having considered the legacy seismic data (Von Huene et al. 2019), we have derived how the bottom current crossed the proles (Fig.3.34). Bottom currents seem mostly go downslope in canyons but are locally trapped by trench parallel faults, slightly shifting the ow towards the west, as the canyons orientation show in the bathymetry map.

Figure 3 .

 3 Figure 3.33: Eect of water-bottom current on erosion and deposition of the materials along line 6; (a)the area highlighted indicates location of the current; have remained the same over time, (b) the regions where we found contourites are seaward of the suggested current locations.

Figure 3 .

 3 Figure 3.34: Possible bottom currents appear to ow primarily downslope, following canyons, although they are conned locally by trench parallel faults.

Fig. 3 .

 3 Fig.3.35 depicts the continuous interpretation along the middle-slope of line 6; as predicted, extension is also the dominant regime at this site. Most faults are seaward-dipping normal faults that trigger dip slip in sediments. Sediments seem to be deposited before the activity of the seaward faults, as we do not observe fanning or clear thickness variations. Fault F5, however, is an exception as this is the only landward-dipping fault of the middleslope. The sediments landward of the fault F5 are clearly syn-extension, thickening towards the landward fault.

Figure 3 .

 3 Figure 3.35: Middle-slope structural interpretation of line 6. Dip slip is caused by seawarddipping normal faults. Green areas may be interpreted as submarien landslides

Fig. 3 .

 3 Fig.3.37 illustrates the structural development of lower-slope. It reveals a conguration which is related to growth and toe-thrust faults. Fault 6, since can be interpreted as the growth fault, can provide the major force of the movement. Toe-thrust fault heaves and oversteepens materials at the end of the terrace. Gravity force assists in providing a normal displacement for volume along the fault 8 and 9. These are most likely gravity-slide faults caused by the slope oversteepening.

Figure 3 .

 3 Figure 3.36: Middle-slope structural interpretation of line 6 from a depth converted prole (Fig.3.3) from Kuehn (2019), who processed the data with deep targets in mind. The velocity model needed for depth conversion is explained in Fig.2.10.

Figure 3 .

 3 Figure 3.37: Slope structural interpretation of line 6. Dip slip is caused by seaward-dipping normal faults.

Figure 3 .

 3 Figure 3.39: Free Air Anomaly (F.A.A) gravity[START_REF] Sandwell | New global marine gravity model from CryoSat-2 and Jason-1 reveals buried tectonic structure[END_REF] anomaly map ltered to suppress long-wavelength (>80 km) anomalies. Pink dashed lines represent the shelf break. White dashed line is the alignment of Unimak and the burried shumagin ridge. However yellow stars are the published positions of the Shumagin ridge on lines 5 and 6. Red sections of lines 5 and 6 are locations of Fig.3.29 and 3.38. Dark shaded area represent the (very) approximate shape of Unimak and Sanak basins[START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] 

  course, it is quite certain that the matrix O cannot be inverted. Alternatively we can try m = (O T O) -1 O T (d) (4.6) However, in many cases the matrix (O T O) is either too big to compute, or also impossible to invert; hence, instead an iterative solution is preferred by use of model update or perturbation model ∆m of an priori model m 0 , usually of the form m = m 0 + ∆m

  is obtained by iteratively minimizing the mismatch between observed d obs and forwarded data d f wd . The data are computed using the forward problem in a reference model (m 0 ) and the optimization procedure, generates the model update direction ∆m that minimizes the data residuals vector δd = d f wd -d obs (4.8) Now we need an algorithm to optimize the minimum of a mist function (objective function or cost function). This mist function E is often dened as the L2 norm

  u the pressure waveeld, f the source and S(m) a wave equation operator matrix depending on currently known model parameters m (an a priori velocity model for instance).By dierentiating Eq.4.21 with respect to the ith model parameter (the P-wave velocity model of the ith cell for example), we have

Caryl Michaelson -

 Michaelson Fig.4.1.d. The gray area represents the part not covered by the turning rays and, therefore, mostly corresponding to the starting model. The result is already very encouraging: Velocities reach a resolution close to the PSDM image and the tomography succeeded in exacerbating the velocity of the basement in some places.
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 41 Figure 4.1: Modied from Pierre-Henri Roche, MSc thesis (Roche et al. 2017) (a) The average of the initial velocity models. (b) Average of the traveltime tomography velocity models which are used as the starting velocity models for FWI. (c) Final average of the FWI-derived velocity model also displayed in Fig.4.2 with a superimposed PSDM image.

Figure 4 . 2 :

 42 Figure 4.2: The FWI-derived velocity model of Fig.4.1c is superimposed on seismic of line 6 which has been migrated to depth based on the travel time tomography model. The shaded areas correspond to the areas aected by the edge eects.

Figure 4 . 3 :

 43 Figure 4.3: A shot gather located at the shelf edge. A linear moveout with 3 km/s velocity is applied. For frequencies ranging from 4 to 18 Hz, a comparison between ltered actual data (left) and related synthetic data (right) modeled from the travltime tomography model (Pierre-Henri Roche, MSc thesis (Roche et al. 2017) ); data is shown using CGG Geovation software. The inset show the frequency spectra of the real and synthetic data. Arrows shows the refracted waves turning in the shelf basement horst and white ellipse shows the area masked by guided waves.

Figure 4 . 4 :

 44 Figure 4.4: Typical example of rst breaks picking of line 6 (shot number 300). A linear move out (reduced velocity of 3000 m/s) is applied before picking the rst breaks. Picking the rst arrivals sometimes involve direct waves coming ahead of refracted waves; red dots indicate the true rst arrivals which have been picked manually (Michaelson et al. 2013; Roche et al. 2017); the green dots show the rst arrival predicted through the rst iteration, and orange dots show the nal results of predicting rst arrivals after traveltime tomography.

  Fig.4.5c shows a strong rise of high velocities below ∼500m depth located north (landward) of the prole, which corresponds to rays turning at the top of the shallow horst basement discussed previously. Traveltime tomography tries to imitate the high velocity spot; since the rays experience a large velocity contrast at the basement high, the inversion attempts

Fig. 4 .

 4 Fig.4.6 illustrates one of the models have been tested and shows that the procedure improves the result at the seaward ank of the raised basement. There are less "along rays" artefacts but the landward ank cannot really be addressed, because we are too close to the edge of the model. We however learn that the horst structure is always reproduced even when a too high velocity is initially set (between km 0 and 5, Fig.4.6b).
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 45 Figure 4.5: Initial velocity model VEL A with smooth basic interfaces. (a) Dening the major interfaces. (b) Assigning the velocities to each layer. (c) Result of traveltime tomography; the two moderate basement high are indicated by white-dashed circles. These are also the maximum depth that turning waves can penetrate. The constant values of 10 and 0.5 are used for λ and s z , respectively.
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 46 Figure 4.6: Initial velocity model VEL B with shaping interfaces to imitate structural features. (a) Dening the major interfaces. (b) Assigning the velocities to each layer. (c) Result of traveltime tomography. The constant value of 10 and 0.5 is used for λ and s z , respectively.

Fig. 4 .

 4 Fig.4.7 depicts introducing performance surface of VEL B which illustrates normalized chi-squared changing in function of λ and s z . In general, the larger the value of s z , the greater the value of the normalized chi-square, especially for high values of λ. Table.4.1 indicates that the uctuating behavior occurs when a larger value of λ = 30 is employed, even for other starting models. For moderate λ, inversions always converge with large s z but visually they are not suitable. From our tests, we nd that λ = 10 and s z = 0.5 are the best parameters. Smaller λ produce a massive amount of "along-ray artefacts", while above 10,

Figure 4

 4 Figure 4.7: The introduced performance surface shows how changing λ and s z inuence on the performance of travetime tomography; for display purpose, the rst-iteration-value of normalized chi-squared is just ignored.

  Although helping traveltime tomography in mimicking the structural conguration results in convergence of the algorithm, initial model VEL B still has a huge normalized chi-squared at rst iteration and shows uctuation pattern as it approaches last iterations. Comparing with VEL A and VEL B, initial model VEL C indicates a fast reduction and convergence in normalized chi-squared, The overt is due to the a priori-introduction of a known structure or to an overestimated picking uncertainty (15 ms, 10ms may be acceptable since the arrivals are very clear).
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 48 Figure 4.8: Initial velocity model VEL C; it created by modifying the parameters used for VEL B, like using invariant laterally velocity for each layer. (a) Dening the major interfaces. (b) Assigning the velocities to each layer. (c) Result of traveltime tomography.

Figure 4 .

 4 Figure 4.9: RMS residual function of (a) VEL A, (b) VEL B and (c) VEL C initial velocity model; RMS residual function indicates the convergence of traveltime tomography.
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 444 Figure 4.10: Starting velocity model of line 5; (a) Dening the main interfaces. (b) Assigning the suitable velocity to each layer. (c) Result of traveltime tomography. (d) RMS residual function of line 5 starting model.

Figure 4 .

 4 Figure4.12: A single discrete frequency produces a variety of vertical wavenumbers; the basic principle for selecting frequency in 1d image is that the maximum wavenumber of the smaller frequency must equal the minimum wavenumber of the larger frequency; but the frequency selection rule is only valid for noiseless data. With noise, we need overlap between the wavenumber ranges and there is no clear rule to decide how much of an overlap we need[START_REF] Sirgue | Ecient waveform inversion and imaging: A strategy for selecting temporal frequencies[END_REF]. ∆f corresponds to minimum frequency step which leads to continuous wavenumber range.

Figure 4 .

 4 Figure 4.13: From Sirgue and Pratt (2004): (a) The incident plane wave is reected by an interface with an impedance contrast of a given wavelength. (b) Normal Moveout (NMO)

Figure 4 .

 4 Figure 4.14: A) Synthetic gather 165 (27.7km in the model of Fig.4.1). B) Field data for shot 165. C) Initial synthetic data (Roche et al. 2017). All gathers are ltered 4-18Hz

Fig. 4 .

 4 Fig.4.15 shows the FWI result of a starting model similar to VEL B (Fig.4.6) that caused us to face the issue of cycle-kipping. In this gure, we see that the second half of the model is less aected by artefacts. Our rst goal was to understand what could make these inversions fail although the starting models should be suciently accurate. If the failure was because of the shelf guided waves, then why did the inversion sometimes succeed?

Figure 4 .

 4 Figure 4.15: Cycle-skipping can occur when the synthetic data bypasses one entire cycle leading to an apparent low mist at rst, and then most often to divergence. Starting model can be at fault, but inadequate eld data can also lead to such a result.

Figure 4 .

 4 Figure 4.16: FWI-derived velocity model after using all the seismic data in a low-frequency inversion and then applying a mask on shots corresponds to the rst 9 km of the seismic line.

Figure 4 .

 4 Figure 4.17: Estimation of the source wavelet for line 6; the model is divided into two sections (shelf and slope) to examine if the wavelet is stable along the model. (a) initial ricker wavelet. (b) source wavelet obtained from shelf. (c) source wavelet obtained from slope.

Figure 4 . 18 :

 418 Figure 4.18: Image the oceanic water column using XBT probes. (a) Location of ALEUT lines. (b) Temperature XBT data acquired on Line 3. (c) Sound speed XSV data acquired on Line 3. (d) Sound speed layer structure in the ocean due to temperature variations in dierent seasons in typical deep-sea sound speed proles (see Urick (1983) and Simao (2009))

Figure 4 .Figure 4 .

 44 Figure 4.19: Estimation of the source wavelet for line 6 using linear horizontal gradient for water velocity. (a) source wavelet obtained from shelf. (b) source wavelet obtained from slope.

  this quite well. But a single forward modeling step with the starting velocity model was also used to evaluate this condition. All of the modeling settings are the same as what we used for source inversion, i.e., we use a grid spacing of 50 m for our model (5×45 km model 121×901 grid points).The result of low-frequency initial forward modeling is illustrated in Fig.4.22. It demonstrates how the modeled seismic data successfully simulate the waveform within half a cycle.The synthetic data matches the seismic eld data quite well. On synthetic data, there are some diractions due to the discretized seabed bathymetry that came from the 50 m grid cell size.

Figure 4 .

 4 Figure 4.21: Final result of source inversion. (a) source wavelet estimated for line 5. (b) source wavelet estimated for line 6. (c) Amplitude spectra of source wavelets.

Figure 4 .

 4 Figure 4.22: A typical comparison between real seismic eld data and synthetic data of line 6 (shot gather number is 200). (a) Traveltime tomography superimposed on PSDM of line 6 which is used a the starting velocity model; the shaded area corresponds to area of ray coverage. (b) Real seismic data which is ltered for dominant frequency of 5.5 Hz using Butterworth minimum-phase lter. (c) Synthetic data which is modeled using traveltime tomography velocity model.

  Fig.4.23 shows the time-domain FWI-derived velocity model of line 6 by using low frequency band 4-8 Hz with the dominant frequency of 5.5 Hz. Although we employed data with a low frequency range, this model accurately predicts large-and intermediate-scale structural features.

Figure 4 .

 4 Figure 4.23: Time-domain FWI-derived velocity model of line 6 without the shelf data. Data have been ltered for 4-8 Hz and with the dominant frequency of 5.5 Hz. The shaded area corresponds to area of ray coverage. The white ellipse show a low velocity deposition that may correspond to the current in the canyon just up slope (km 27). Black circles are potential uid escapes, the landward one is obtained mainly from travetime tomography here because most shelf shots are not included in the FWI inversion.

Figure 4 .

 4 Figure 4.24: Time-domain FWI-derived velocity model of line 6 using the full dataset including guided waves; cycle skipping issue happened as a result of guided waves. This is the time domain equivalent of Fig.4.15. The shaded area corresponds to area of ray coverage.

Figure 4 .

 4 Figure 4.25: Comparison between (a) before apply mute,and (b) after applying mute on real seismic eld data of line 6 collected on shelf (shot gather number is 36). The shadow mask indicates the rst two kilometers which is not used for inversion.

Figure 4 .

 4 Figure 4.26: Time-domain FWI-derived velocity model of line 5; cycle skipping (white circles) creates places with very high velocity at shallow depth, especially on the lower slope. Bottom simulating reector (BSR) (black circle) seems to appear on the model.

Fig. 4 .

 4 Fig.4.28 shows the nal velocity models derived using the multi-scale technique of timedomain full waveform tomography. These models t in large-to short-scale structures of the seismic cross sections. As the multi-scale strategy progresses, a steady introduction of high-resolution features by including higher-frequency data components in the inversion can be seen. The most important improvements to the velocity model, however, occurred during the rst inversion of the lowest frequencies. Low-velocity zones and the detailed structure of the basin are included in both models. The recovery of the shallow low-velocity zones are critical, as this feature was missing entirely in the traveltime tomography starting model.

Figure 4 .

 4 Figure 4.27: FWI-derived velocity model of (a) line 5, and (b) line 6, using 4-6 Hz ltered data, after 10 iteration updating the model. Black ellipse on (a) indicates the existence and extension of the BSR on line 5; black ellipse and circle on (b) show the low velocity anomalies on basement highs; with-dashed line shows the possible path of uid escape on basement high on line 6. 155

Figure 4 .Fig. 4 .

 44 Figure 4.28: The nal result of time-domain FWI-derived velocity model of (a) line 5, and (b) line 6, using data ltered for higher frequency range (4-8 Hz) after 10 iteration of updating the model. Grey shadings showing border areas where the velocity uncertain is approximate. White arrows show locations of shots, displayed in gures 4.30 and 4.31

Fig. 4 .

 4 Fig.4.31b, Fig.4.31d, and Fig.4.31d show those of line 6. The nal FWI-derived velocity models accurately recover early arrival refraction and wide-angle reection waveforms, with improved reection amplitude matching at later periods; Fig.4.31b particularly illustrates that the velocity model recover the arrivals corresponding to the line 6 shelf basement well.

Figure 4 .

 4 Figure 4.29: Gradient images show how and where the FWI tries to update the velocity model. (a) Gradient image of line 5. (b) Gradient image of line 6.

Figure 4 .

 4 Figure 4.30: The comparison between preprocessed eld data (4-8 Hz) and equivalent synthetic shot gathers of line 5. (a) real seismic shot gather 80, (b) synthetic shot gather 80, (c) real seismic shot gather 140, (d) synthetic shot gather 140, (e) real seismic shot gather 200, and (f ) synthetic shot gather 200. The rst two kilometers have low weight in the inversion ; the location of each shot gather is highlighted on Fig.4.28.

Figure 4 .

 4 Figure 4.31: The comparison between preprocessed eld data (4-8 Hz) and equivalent synthetic shot gathers of line 6. (a) real seismic shot gather 80, (b) synthetic shot gather 80, (c) real seismic shot gather 140, (d) synthetic shot gather 140, (e) real seismic shot gather 200, and (f ) synthetic shot gather 200. The rst two kilometers have low weight in the inversion; the location of each shot gather is highlighted on Fig.4.28.

Figure 4 .

 4 Figure 4.32: Line 5, shot gather 200; typical overlay display of real eld data, and corresponding synthetic data which are modeled by traveltime tomography (TT)-as well as FWI-derived velocities. For display purpose, data are shown by decimating every 100 traces. (a) Comparison between real data (black waveforms) and synthetic data modeled by TTderived model (cyan waveforms). (b) Comparison between real data (black waveforms) and synthetic data modeled by FWI-derived model (blue waveforms) of line 5. (c) Real eld data after preprocessing (frequency range: 4-8Hz); (d) synthetic data modeled by FWI-derived model (frequency range: 4-8Hz); (e) synthetic data modled by TT-derived model (4-6HZ). a) and b) are selcted traces of d) and e) 161

Figure 4 .

 4 Figure 4.33: Line 6, shot gather 200; typical overlay display of real eld data, and corresponding synthetic data which are modeled by traveltime tomography (TT)-as well as FWI-derived velocities of line 6. For display purpose, data are shown by decimating every 100 traces. (a) Comparison between real data (black waveforms) and synthetic data modeled by TT-derived model (cyan waveforms). (b) Comparison between real data (black waveforms) and synthetic data modeled by FWI-derived model (blue waveforms) of line 6. (c) Real eld data after preprocessing (frequency range: 4-8Hz); (d) synthetic data modeled by FWI-derived model (frequency range: 4-8Hz); (e) synthetic data modled by TT-derived model (4-6Hz). a) and b) are selcted traces of d) and e) 162

Figure 4 .Fig. 4 .

 44 Figure 4.34: Overlay of synthetic data on observed data (shot gather 200) from (a) line 5, and (b) line 6; where observed data are displayed in red-white-black and the synthetic data as black shaded wiggles.

Figure 4 .

 4 Figure 4.35: Full waveform tomography velocity model of line 5 (Kahrizi et al. 2021) superimposed on PSDM, (a) without any interpretation, (b) linking between FWI-derived velocity model and interpretation inspired by Chapter 3. BSR velocity anomaly explains quite well why we were unsure of the dahsed white horizon picking. The velocity seaward of the main fault follows the lithology much less than landward of the fault.

Figure 4 .

 4 Figure 4.36: Final result of full waveform tomography line 6. (a) multibeam reectivity; the arrows show places of low reectivity (white). (b)FWI-derived velocity mode of line 6.(c) FWI-derived velocity mode of line 6 superimposed on PSDM. It does not show strong discontinuity through the faults; low velocities above the basement highs could be interpreted as uid escape.

Figure 4 .

 4 Figure 4.37: The nal update of density (in kg/m 3 ) after FWI for (a) line 5, and (b) line 6.

Figure 5

 5 Figure 5.1: Structural contour map on horizon A, Shumagin margin, at the base of late Miocene and younger strata from (Bruns et al. 1987). It illustrates the west, central and east Sanak subbasins. The question marks indicate the main question about the reason of obliquity of central subbasin, the junction with the eastern Sanak basin. Line 6 is precisely located there.

A

  faulted northwest trending basement high separates the east subbasin from the central Sanak subbasin (Fig.5.1). The east subbasin is bounded to south by a faulted, buried basement high, which causes the sedimentary sequence to thicken and truncate against the high. Seismic line 217 (Fig.5.2) illustrates that normal faulting depression may persist to the present time, aecting seaoor morphology. Von[START_REF] Huene | The Alaska convergent margin backstop splay fault zone, a potential large tsunami generator between the frontal prism and continental framework[END_REF] interpret this morphology as a scarp on the seaoor, but we believe, as detailed in previous chapters, that it is mainly a bottom current moat, probably trapped by an initial scarp. As a clear scarp is imaged nearby on ALEUT Line 5[START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF]) (Fig.2.20), we can infer that the normal landward faults are active from Miocene to present. 1 www.geomapapp.org

Figure 5 . 2 :

 52 Figure 5.2: Seismic line 217 across east Sanak subbasin from (Bruns et al. 1987). LS=lower series, MS=middle series, US=upper series.

Figure 5 . 3 :

 53 Figure 5.3: Seismic line 531 across the central Sanak subbasin from (Bruns et al. 1987). S=lower series, MS=middle series (Miocene), US=upper series.

Figure 5 . 4 :

 54 Figure 5.4: Seismic line 533 along the central Sanak subbasin from[START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF]).

Figure 5 . 5 :

 55 Figure 5.5: An arc-parallel extension model from[START_REF] Avé-Lallemant | Displacement partitioning and arc-parallel extension in the Aleutian volcanic island arc[END_REF] with an obliquity of α, an oceanic plate converges at rate V toward a volcanic island arc. Vector V is partitioned into arc-subnormal component V n at point A, yielding arc-subparallel thrust faults and arcparallel component V t which creates strike-slip deformation along an arc-parallel fault in the forearc. Since the plate boundary becomes arcuate at point B, V t increases; rate of arc-parallel migration of forearc sliver is increasing. The convergence vector V is parallel to the arc at point C; component V n is zero, and volcanic activity stops; the forearc sliver may move parallel to the arc at rate V

Figure 5 . 6 :

 56 Figure 5.6: Displacement/slip partitioning of oblique plate convergence; convergence occurswith the slip rate V. AB is the direction normal to the trench which makes the angle β with vector V. Thrusting and strike-slip is demonstrated by Vt and Vs, respectively. α varies between AB and vector V.

Figure 5 . 7 :

 57 Figure 5.7: Idealized dextral strike-slip faults, to illustrate formation of strike-slip duplex,

Fig. 5 .

 5 Fig.5.3 is located (161°W).In the end, we do not need strike slip duplex, but a very moderate slip partitioning increase can explain the oblique Sanak basin, in a similar concept than in[START_REF] Avé-Lallemant | Displacement partitioning and arc-parallel extension in the Aleutian volcanic island arc[END_REF].

Figure 5 . 8 :

 58 Figure 5.8: Results of dislocation modeling for the Alaska Peninsula from Cross and Freymueller (2008). According to the coupling coecients, the subduction interface is nearly totally locked (90%) in the Semidi Islands, decreasing to around 30% locked at the Shumagin Islands, and freely slipping to the west of the Shumagin Islands near Sanak Island. Measured velocities are shown by blue vectors, whereas modeled velocities are represented by white vectors. All velocities are given with respect to North America reference frame

Figure 5 .

 5 Figure5.10: GMRT bathymetry[START_REF] Ryan | Global multi-resolution topography synthesis[END_REF]) of the Unimak, Shumagin and Semidi segments with the locations of most of the lines used in this manuscript. The purple partitioning fault system (PFS) is inferred from the discussion of the previous section from the basins structures of[START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF] and estimated from the coastline geometry for the dashed lines (except at the very north of line 203 where seismic data may show the strike slip zone, see Fig.5.11). Other faults will be discussed in the following text.

Figure 5 .

 5 Figure 5.11: Northernmost end of USGS line 203. This is the only seismic dataset we could nd somewhat indicating the possibility of a strike slip partitionning fault as drawn in Fig.5.10

Fig. 5 .

 5 Fig.5.12 shows two legacy seismic proles, located near the central Sanak subbasin (west of the ALEUT line 6). Line 221, an east-west oriented line that intersects line 6 and line 533, is at the transition from oblique to trench parallel subbasins. It depicts a basement high formed by a landward-dipping normal fault referred to as the Secondary Sanak Basin Fault (SSBF, red)(To easily follow the meaning of the phrases reader can see Tabel.5.1). The fault apparent dip angle is low, because the trench parallel structure is seen very obliquely by prole 221.This fault is very close to the landward fault F2 in ALEUT line 6, at the landward ank

Figure 5 .

 5 Figure 5.14: ALEUT line 6 as processed in chapter 3 and LDEO line 1235. The black frame indicates the location of the FWI image in Fig.5.13. SSBF: Secondary Sanak Basin Faults. GCF: Gravity collapse faults. URFF: Unimak Ridge Flank Fault. PFS: Partitioning Fault system. The purple area is the suggested linear continuation of the "eastern partitioning normal fault" (see text).

  Figure 5.16: From West to East, USGS lines 215 and 213. The Sanak basin thickness is decreasing. East of line 213, the Sanak basin does not exist anymore.

Figure 5 . 18 :

 518 Figure 5.18: Structural map similar to Fig.5.17 but with the F.A.A. gravity (Sandwell et al. 2014) ltered to remove wavelength larger than 80 km. Based on gravimetry and the shelf break geometry, we added a hypothetical normal fault in dark purple.

Figure 5 .

 5 Figure 5.19: Interpretation of the ALEUT line 5 FWI image with PSDM superimposed. Pink horizon B is the late Miocene horizon. Approximaely 2 km of sediments are deposited above it in the vicinity of the faults. The red horizons are oseted by fault F2. The clearest one is the shallowest one (500 m deep, estimated age of 0.5Ma; see text and Fig.5.20) where 125 m of oset is measured. Dashed black lines represent the sheared body better imaged in Fig.5.21. White arrows are interpreted uid escapes trapped by the BSR. Vertical exaggeration is 3.

Figure 5 .

 5 Figure 5.20: Rates of sedimentation over time oshore Kodiak Island (site 178) and oshore our area (site 183) (Von Huene and La Verne 1973). Both sites are in the abyssal plains, so the absolute value of the sedimentation rate is probably much smaller than what it is at the shelf edge. However, uplift and glaciation of high mountains are known to explain the large regional increase in sedimentation rate during Pliocene and Pleistocene. For more details readers are referred to Von Huene and La Verne (1973) and Piper et al. (1973).

Figure 5 .

 5 Figure 5.21: Time migration of ALEUT line 5 with the interpretation of the sheared body. Approximate dipping angles of the main reectors are given in black (with a 2 km/s average velocity in sediments and a 4km/s basement velocity). Angles could be larger than indicated because of the increasing water column depth. Vertical exaggeration is 3 to 4 in sediments and 2 in basement. The inset shows possible reverse polarity of some reectors.
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 4 TWTT (Fig.5.21). They extend sub-horizontally (km 24 -36) and possibly indicates a top-to-the-right (landward) sense of shear body structure.

  Helium isotopes may provide us signicant information for determining the source of interplate uids as well as elucidating uid behavior[START_REF] Park | Seismic Reection Images of Possible Mantle-Fluid Conduits and Basal Erosion in the 2011 Tohoku Earthquake Rupture Area[END_REF]). After the 2011 Tohoku earthquake, geochemical indications point to a signicant rise in mantle-derived helium in bottom seawater (Fig.5.22). Given the location of the helium isotope anomaly, mantle-derived uids are thought to have migrated from the mantle wedge up to the forearc seaoor via landward normal faults[START_REF] Sano | Helium anomalies suggest a uid pathway from mantle to trench during the 2011 Tohoku-Oki earthquake[END_REF][START_REF] Park | Seismic Reection Images of Possible Mantle-Fluid Conduits and Basal Erosion in the 2011 Tohoku Earthquake Rupture Area[END_REF], which act as active uid conduits.

Figure 5 .

 5 Figure 5.22: After Sano et al. (2014). The blue star represents the hypocenter of the Mw 9.0 Tohoku earthquake in Japan. The yellow arrows represent uid transfers to the seabottom through a landward normal fault system imaged recently by Park et al. (2021). Sano et al. (2014) show that at location R, N1 and N2, Helium isotopes ratios indicate a deep interface origin of the uids

Figure

  Figure A.1: (a) Synthetic data containing representative ground-roll; (b) and (c) are respectively results from CTF and band-pass lter for the data in (a); from Kahrizi et al. (2014).

Figure A. 2 :

 2 Figure A.2: (a) A 45-channel shot gather with 4 ms time sampling; (b) its ltered version by CTF, and (c) band-pass ltering, from Kahrizi et al. (2014). The best size for phase and time window lengths is chosen as 45 and 65 points, respectively; cut-o frequencies for the band-pass lter are approximately determined to be 10 and 30 Hz by f-k mapping.

Figure B. 1 :

 1 Figure B.1: Illustration of the multi-scale approach for the case of a three-stage inversion (modied from (Fichtner 2010)). The starting model m0 is used in the rst step of the inversion. Iterative minimization is based on long-period data and aims to develop the best long-wavelength model possible. In the second stage, which works with intermediate-period data, the best model from the rst stage is employed as the initial model; the procedure will continue for following steps as well. Around the global minimum, the attraction basin is very limited. As the inversion progresses from one level to the next, the tomographic images become increasingly detailed.

Figure C. 4 :

 4 Figure C.4: Uninterpreted LDEO Line 1235 as displayed in the Geomapapp application. The black frame locates the repocessing in Fig. C.9

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Dans ce chapitre, nous passons en revue le contexte géodynamique régional de la subduction Alaska-Aleoutienne qui s'étend du Kamtchatka au golfe d'Alaska. La lithosphère océanique pacique subducte sous la plaque nord Américaine et la microplaque Bering. La frontière de plaque a été le lieu de nombreux grands séismes de subduction au vingtième siècle, certains étant suivis de tsunamis transocéaniques. Nous présentons ensuite le projet et la campagne ALEUT (2011) à l'origine des données utilisées dans cette étude. A partir de la littérature, notamment celle issue du projet ALEUT, nous décrivons la conguration structurale de plusieurs segments de la subduction, incluant la géométrie de l'interface de subduction ainsi que la présence de structures (Monts sous-marins, failles de la fabrique océanique) aectant la propagation de rupture et la segmentation du glissement lors des grands séismes.

En particulier, nous insistons sur le segment de Shumagin, situé entre les zones de rupture

de Semidi 1938 (M 8.6) et Unimak 1946 (Mw 8.6)

. Un couplage GPS très faible est modélisé pour ce segment et aucun grand séisme de subduction ne l'a rompu dans la période instrumentale. Pour autant, les congurations structurales spéciques des segments adjacents ayant généré des tsunamis semblent être présentes également dans le segment de Shumagin. Une rugosité importante de l'interface de subduction, un prisme très réduit et des failles satellites déportant le glissement en surface sont des exemples caractéristiques. Mais la structure principale commune aux segments Unimak et Shumagin est une faille normale à vergence continentale très similaire à celle impliquée lors du séisme de Tohoku au Japon en 2011 (Mw9.0, fort glissement superciel et tsunami). Plusieurs études suggèrent de repérer de telles failles comme indicateurs de glissement superciels lors de grands séimes de subduction.

Le bassin avant arc de Sanak, qui est notre objectif d'imagerie, est justement formé par cette faille normale dont l'activité est clairement démontrée au Miocène. Cependant, outre la complexité du bassin et de la structure de l'avant arc, l'activité récente de cette faille, dont on peut suivre le réecteur jusqu'à l'interface de subduction, est moins évidente et peu étudiée.

  Hawaiian Islands have been regularly inundated by tsunamis from Alaskan earthquakes, but none with waves as large as the Unimak Island tsunami of 1946 (Von Huene et al. 2019), not even the tsunami generated by the Mw 9.2

	Good Friday earthquake. The Alaska margin segments on either side of the Semidi segment
	(Fig.2.2) sourced the 1946 and 1964 catastrophic tsunamis which ruined areas of the US west
	coast. Since maximal tsunami amplitudes are perpendicular to the fault azimuth, or radial
	to the trench arc, the Semidi section is more positively adapted to generate transoceanic
	tsunami toward the US west coast than Unimak segment (Von Huene et al. 2014). Seismol-
	ogists, however, explain the lack of large tsunami after the 1938 Semidi earthquake (Kirby

  Table.4.1

  = 10; s z = 3) 100.1622 2.1416 1.2858 0.9812 0.9400 0.8449 0.8342 0.7843 0.7798 0.7485 VEL E (λ = 30; s z = 0.5) 86.4780 2.1713 2.4654 2.1173 2.1553 2.0672 2.0597 2.0262 2.0295 2.0061 Table 4.1: The eect of dierent value of λ and s z on normalized chi-squared convergence.

	1	2	3	4	5	6	7	8	9	10
	VEL D (λ									

Table 4 .

 4 2: Reduction of normalized chi-squared during traveltime tomography; for the all models λ is 10 and s z is 0.5.

		1	2	3	4	5	6	7	8	9	10
	VEL A	75.2310	24.8254 13.8210 5.8089 6.0231 6.6009 5.6873 4.9360 5.1086 4.4759
	VEL B	558.9561	7.3973	1.7534	0.9942 0.9475 0.8065 0.8518 0.8130 0.8331 0.8264
	VEL C	100.1622	1.9332	0.6458	0.5123 0.4830 0.4697 0.4561 0.4477 0.4434 0.4399

Table 4 .

 4 2 not only allows us to compare traveltime tomography results quantitatively,

Table 4 .

 4 3: A summary of all FWI-inversions performed for this study. Stars indicate the main parameters modied during the tests in each column. If the star is left, it means that the tests led to the indicated parameter, if it is right, it means the tests started with the indicated parameter. Parameters were sometimes modied to nally use the initial try, after breakthrough on dierent parameters. Frequency domain tests can be distributed on several cores simultaneously. Only 16 of 32 cores are used for time domain inversions because of the shared memory bus acting as a bottleneck. Threads are equally distributed on the 16 cores

	Type	Frequency domain	Source inv.	Time domain tests	Final time domain
	Code	Fullwave08	TOYxDAC 1.6	TOYxDAC 1.6	TOYxDAC 1.6
	model size	45 x 6 km	45 x 6 km	45 x 6 km	45 x 6 km
	grid size	2280x310	1801x241*	*901x121	901x121
	cell width	20 m	25 m	50 m	50 m
	time sampling	8 ms	2 ms	4 ms	4 ms
	sources (threads)	275 max (1)	*ranges from 40 to 100 (=)	*160 to 275 (=)	275 (=)
	receivers	318	636	636	636
	Frequencies	4 to 18Hz, 1Hz steps	4-8Hz	4-8Hz*	*4-6Hz then 4-8Hz
	Iterations	*6 to 3 per frequency	1	*10	*10 per freq. band
	mute	damping > 2.5s TWT	Mw 6 shots	Mw 6 + *guided waves	Mw 6 + guided waves
	initial models	*VELB Fig. 4.6c	*Fig. 4.11c	*Fig. 4.11	Fig. 4.11
	Parameters family	Vp	-	Vp,ρ	*Vp,ρ
	Station	32 cores@3Ghz,128GB	32 cores@3Ghz,128GB	32 cores@3Ghz,128GB	32 cores@3Ghz,128GB
	Cores used	1	16	16	16
	RAM used	1GB	∼ 10 -20GB	40 -60GB	60GB
	Execution time/iter	25 min.	4-8 min.	10 min.	10 min.
	total time/test	24 hours	4-8 min.	∼ 2 hours	∼ 2 hours
	Number of tests	∼ 50	∼ 100	several hundreds	∼ 20

Figure C.2: Uninterpreted USGS Line 221 as displayed in the Geomapapp application.

Figure C.5: Uninterpreted USGS Line 213 as displayed in the Geomapapp application.

Figure C.6: Uninterpreted USGS Line 215 as displayed in the Geomapapp application. The black frame locates the repocessing in Fig. C.10

Contrary to the interpretation of [START_REF] Bécel | Tsunamigenic structures in a creeping section of the Alaska subduction zone[END_REF], is it possible that the Sanak Basin extension is simply due to the general subsidence of the margin and the Landward Dipping Reector a fossil structure?

To examine these relevant questions, conventional and FWI processing of sections of ALEUT lines 5 and 6 will be performed in the next chapters. In chapter 2, we presented the Shumagin segment structures and in particular the ALEUT line 5 landward dipping reector linking a fault scarp detected in the multibeam bathymetry to the deep plates interface. Some of the main questions remaining were the following: Is the recent activity of the fault as signicant as it was during Miocene? Is this recent activity really involving slip on the deep reector, or is it just supercial?

In chapter 3, we saw that line 6 has few landward-dipping extensional faults when compared to the amount of seaward-dipping faulting; we interpreted this conguration as a consequence of local slope collapse along line 6. A ltered Free Air Anomaly (F.A.A.) gravity anomaly map was used to support this interpretation. A negative anomaly seaward of the shelf break was discovered. Also, the oblique Central Sanak Basin is depicted as a negative anomaly, and the shelf Break is retreating landward at the intersection of the Eastern and Central Sanak Basins, where line 6 is located (Fig. 5.1). We are not sure that the published position of the lateral prolongation of the line 5 landward fault is correct on line 6. The burried Shumagin Ridge interpreted on line 6 is not aligned with the Unimak Ridge to the West and the basement high on line 5 (Fig. 3.39).

In chapter 4, TT-tomography and FWI imaging depicts the rough basement structures much more on line 6. It is even more dicult to associate them with the structure of line 5 basement. The high resolution velocity models conrm that bottom currents were trapped by the landward fault scarp much more on line 5 than on line 6. We also see negative velocity anomalies that may correspond to uid escapes/ gas accumulation. These circulations do not seem to use the landward fault conduits but locate around basement highs.

In this nal chapter, to further improve our understanding of past and present extensional processes in the Sanak Basin, we rst study the nature of the central oblique Sanak Basin. We feel that we cannot understand line 6 structures if the extension in this basin is ignored. The Central Sanak Basin is very likely a pull-apart basin corresponding to the onset of the Aleutian partitioning system. Its faults cut the trench parallel structures and may induce the local collapse of the slope around line 6. We nally discuss the implications of all our results for the nature and activity of the deep landward reector. of the central horst in our FWI experiments (Fig. 5.13). Prole 221 also crosses the main normal fault of the oblique Central Sanak Basin (Fig. 5.12, purple). We call it the Eastern Partitioning normal fault. We do not know exactly how this fault interacts with the SSBF but prole 221 shows that they are very close at the shelf break. A seaward-dipping normal fault is also inferred on trench perpendicular line 222, which we assume it was formed during the development of partitioning. It seems that this fault separates and osets the Unimak Ridge from the Unimak "Seamount" in the bathymetry (orange in Fig. 5.10). We call it the western partitioning normal fault. (Fig.5.13). The intersection between the URFF and the partitioning pull-apart fault might act as a weak zone, causing everything to collapse along the GCF seaward faults (yellow). On line 6, the continuation of partitioning normal fault is at the location where fault F5 (Fig. 5.13 and chapter 3, section 3.3.4) anks a collapsed ridge (dashed orange URFF in Fig. 5.14). As a result, we may deduce that line 6 is inuenced by two dierent extensional systems. They may have caused the Unimak ridge to collapse at line 6, which is consistent with the F.A.A gravity map (Fig. 3.38).

the information and interpretation we gathered from our data as well as legacy data. Both proles are very similar. SSBF basement oset is smaller and smaller towards the East.

Vp, Ip inversion

In most circumstances, classic FWI methods essentially invert the velocity parameter (V p ).

Nevertheless, in the presence of extreme contrasts, additional factors like density and/or impedance can have a substantial inuence on the amplitudes of the reected waveeld [START_REF] Zhou | Acoustic multiparameter Fullwaveform Inversion of diving and reected waves through a hierachical scheme[END_REF]. In this thesis, V p , ρ are simultaneously inverted. The velocity-impedance parameterization, however, provides FWI primarily sensitive to transmitted energy for (V p ) update and reected energy for (I p ) update. Cross-talks between the two classes of param- eters are decreased using this parameterization [START_REF] Operto | A guided tour of multiparameter full-waveform inversion with multicomponent data: From theory to practice[END_REF]. We wanted to test a Vp,Ip inversion but TOYxDAC 1.6 apparently suers from a bug when using Vp,Ip family.

We did not have time to try the newer versions (2.x).

Higher frequency

During this study we used up to 8Hz for time-domain FWI; using this range of frequency we were able to have a suciently high resolution velocity model. To enhance seismic imaging by developing more accurate models, we may use FWI to include higher frequencies and attempt to resolve ner features. For this the grid size might have to be increased, not for numerical reasons, but because spatial wavelengths of high frequencies will eventually be too small to be represented on a 50m cell grid. We have already tried a 25 m grid with success, but did not have time to input higher frequency data. The computing time is approximately doubled and 111GB of memory is used for the 45 km-long proles.

Quantitative quality check

Validation of the nal velocity model given by waveform tomography is one of the most important tasks. We did this task qualitatively by comparing the synthetic and real eld data, as well as comparing velocity images with the coincident PSDM seismic reection image. But in order to have a quantitative quality check, the results can be validated by some methods like comparison of residual phase error plots [START_REF] Kamei | Strategies for visco-acoustic waveform inversion in the Laplace-Fourier domain, with application to the Nankai subduction zone[END_REF]. Currently, the quality check is not systematic enough.

longer models

The choice of the 45-km-long section of line 6 is not optimal because it is not centered on the collapsed ridge, and the prominent shelf horst is at the edge of the model. To have a better traveltime inversion, a longer prole should be considered, with shelf and slope extensions.

In the slope, there would not be enough refracted arrivals when the seaoor depth exceeds 1.5-2km, but downward continuation could be performed as in [START_REF] Qin | Insight into frontal seismogenic zone in the Mentawai locked region from seismic full waveform inversion of ultralong oset streamer data[END_REF] and [START_REF] Gras | Full-waveform inversion of short-oset, band-limited seismic data in the Alboran Basin (SE Iberia)[END_REF].

APPENDIX A COMPLEX TRACE-BASED FILTERING (CTF)

Eliminating dierent sorts of noises is one of the most dicult aspects of seismic data processing. Noise on seismic datasets may be caused by a variety of physical processes, resulting in a wide range of seismic characteristics. Frequency ltering, windowed frequency ltering, and f-k ltering are all basic processing methods based on the Fourier transform, which employs orthogonal basis functions with perfect frequency localization but indenite temporal extension [START_REF] Deighan | Ground-roll suppression using the wavelet transform[END_REF]. However, [START_REF] Kahrizi | Eciency of complex trace analysis to attenuate ground-roll noise from seismic data[END_REF] proposed a new strategy to noise reduction that combines complex trace analysis with a running average lter, termed complex trace based-ltering (CTF).

Unlike frequency-based de-noising methods that lter the input trace, the CTF aims to preserve the frequency content of reections and optimally aects the only part that needs to be ltered by selecting the best size for the introduced time and phase window of running average, resulting in approaching the lter to main lobe indicating the desired noise.

The use of the complex trace makes it conceivable to characterize instantaneous attributes (amplitude, phase, and frequency). This is done by ascribing the seismic trace to the real part and its Hilbert transform to the imaginary part of the analytical signal S(t) as follows:

The analytical signal can also be stated with time-dependent amplitude (envelope) A(t)

and phase θ(t):

s * (t) = A(t) sin θ(t)

Hence, the complex trace is:

In spite of the fact that the envelope is a positive function of time and depicts the energy distribution along the trace [START_REF] Shtivelman | Phase and group time sections and possibilities for their use in seismic interpretation of complex media[END_REF]), it can be altered into an oscillating function. In this regard, low or high frequency component(s), by implying the running average, is computed and subtracted from the envelope to get the so called group trace [START_REF] Karsli | Application of complex-trace analysis to seismic data for random-noise suppression and temporal resolution improvement[END_REF]:

where g(t) is group trace, and l(t) is the output of running average. Therefore, the algorithmic explanation of the CTF method is as follows [START_REF] Kahrizi | Eciency of complex trace analysis to attenuate ground-roll noise from seismic data[END_REF]: by use of Hilbert transform, the envelope and normalized phase are determined. Using running average, the desired envelope and normalized phase of the noise are determined as initial output of the lter. Then, initial outputs are multiplied by each other to obtain the noise;

nally, the noise is subtracted from data to reveal the nal output (the ltered version of original signal). To compare, a band-pass lter is also applied to the data. When the results of band-pass ltering and that of the CTF are compared, it is clear that the result achieved by CTF is without any doubt superior than that of the band-pass lter. The reason comes from the fact that the CTF is not specically connected to frequency, therefore, making it possible to isolate the characteristics of reections and that of coherent noise. It is obvious that the noise is logically evoked without distorting the reections.

interpretation at the area of interest; especially it is where we can pick the existence of BSR.

(a) (b) inside a specic model to be at least 95% correct [START_REF] Pratt | INVERSE THEORY APPLIED TO MULTI-SOURCE CROSS-HOLE TOMOGRAPHY[END_REF][START_REF] Jo | An optimal 9-point, nite-dierence, frequency-space, 2-D scalar wave extrapolator[END_REF].

where ∆ is the grid interval, λ min is the minimum wavelength, c min is the minimum velocity, f max is the maximum frequency used in the modeling. In our case, the minimum velocity is chosen to be that of water velocity, i.e., 1450 m/s, and the maximum frequency to be 18 Hz. However, during forward modeling, using the traveltime tomography velocity model, nding adequate boundary conditions is fundamental. A free-surface boundary condition was utilized at the top of the model, with absorbing boundary conditions on the sides and bottom. The developed model is additionally enlarged by 10 grid points on the sides and bottom, corresponding to 2280×310 grid points for the 6×45 km model size.

Inversion strategy

Due to nonlinearity, waveform tomography which is using the gradient descent method, frequently encounters convergence issues. The eectiveness of the inversion is dependent on low frequencies and an accurate starting model, which gives the long wavelength changes in the velocity model. When low frequencies are missing, which might be dicult to acquire due to the resolution limit of traveltime tomography, an inversion strategy that prevents convergence to the multiple local minimum present at high frequencies is required [START_REF] Takougang | Application of waveform tomography to marine seismic reection data from the Queen Charlotte Basin of western Canada[END_REF]. As the long oset data is more sensitive to the low wavenumbers (Sirgue 2003), a multiscale approach (Fig. B.1) that progresses from low to high wavenumbers, starting with low temporal frequencies and improving with higher temporal frequencies, is more appropriate for a wide-angle survey [START_REF] Bruns | Geology and petroleum potential of the Shumagin margin, Alaska[END_REF].

In waveform tomography, there are presently no well-dened criteria for selecting frequencies. Using the Nyquist sampling theorem the frequencies should be selected with: