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Résumé (en français)

Depuis son déploiement à la surface de Mars en 2019, le sismomètre SEIS de la mission InSight a détecté des centaines d'événements sismiques à très haute fréquence (VF; > 1 Hz). Ils sont caractérisés par des arrivées P et S émergentes, un maximum étendu et une très lente décroissance énergétique nommée « coda » qui peut durer 1 heure. L'objectif de cette thèse est d'utiliser ces données sismiques pour contraindre un modèle 1D des propriétés régionales de l'atténuation de la lithosphère martienne dans le but d'estimer les caractéristiques des hétérogénéités et la teneur en volatile en fonction de la profondeur.

Pour atteindre cet objectif, nous avons d'abord examiné les caractéristiques statistiques et énergétiques des signaux VF. En plus de l'équipartition d'énergie observée via la stabilisation du rapport d'énergie cinétique verticale/horizontale dans la coda, notre analyse montre que ces signaux sont globalement dépolarisés et suivent une distribution de probabilité de type gaussienne. Nous interprétons ces observations comme des conséquences directes de la diffusion multiple.

Afin de caractériser la forme des enveloppes des signaux VF, nous avons mesuré le temps de montée (t d ) entre l'arrivée de l'onde S directe et le maximum d'énergie et le facteur de qualité de la coda (Q c ), caractérisant le taux de décroissance de l'énergie. Nous avons observé que les mesures de t d sont quasi-indépendantes de la fréquence, une caractéristique propre à la planète Mars, et que Q c augmente linéairement avec la fréquence et montre des valeurs intermédiaires entre la Terre et la Lune.

Nous avons ensuite estimé les propriétés de l'atténuation de la lithosphère martienne. Pour cela, nous avons quantifié le facteur de qualité de diffusion (Q sc ), qui contient des informations sur l'étendue des hétérogénéités et des fractures en profondeur, ainsi que le facteur de qualité d'absorption (Q µ ) qui est liée à la présence de volatiles dans le milieu. Pour séparer les deux processus, nous avons modélisé les enveloppes énergétiques des sismogrammes VF par une approche de multi-diffusion. Le problème direct repose sur la théorie du transfert radiatif élastique, alors que l'inversion des paramètres combine recherche de grille et optimisation par algorithme de Levenberg-Marquardt.

Dans un premier temps, nous avons appliqué notre méthode à des VF distants en considérant un milieu statistiquement uniforme (demi-espace). Cette première étude a mis en évidence des valeurs très élevées de Q µ , caractéristiques d'un milieu sec. De plus, nous avons observé une diminution rapide de l'atténuation avec la distance épicentrale, suggérant une forte stratification des propriétés du milieu. Pour aller au bout de cette hypothèse, nous avons appliqué notre méthode non seulement aux VF distants mais aussi aux impacts proches en introduisant un milieu stratifié en vitesse et en atténuation. Dans ce modèle, nous supposons qu'une couche très hétérogène repose sur un milieu transparent. Nos inversions indiquent qu'une couche fortement diffusive et globalement sèche (Q sc et Q µ de l'ordre de 50 et 3500 à 7.5 Hz) d'une épaisseur minimale de 20 km sous le site d'atterrissage d'InSight (plaines du nord) et avec des vitesses d'ondes S élevées (3 km/s) permet d'expliquer la forme des enveloppes énergétiques des impacts proches. Cependant, l'épaisseur de cette couche doit être étendue au moins jusqu'à 60 km pour pouvoir retrouver la forme des enveloppes des VF distants. La corrélation entre l'épaisseur de la couche diffusive martienne et la profondeur du Moho suggère que la source principale d'hétérogénéité est la croûte elle-même et non un mégarégolithe très épais comme c'est le cas sur la Lune. Dans ce cadre, les simulations numériques indiquent que les sources des événements VF distants sont essentiellement superficielles et localisées sur les hauts plateaux de l'hémisphère sud martien.

Mots-clés

Scattering, absorption, Mars, megaregolith, crust i Abstract (in english)

Since its deployment at the surface of Mars in 2019, the SEIS seismometer of the InSight mission has detected hundreds of Very high Frequency (VF; > 1 Hz) seismic events. They are characterized by emergent P and S arrivals, a broad maximum and a very slow energy decay known as "coda" that can last up to 1 hour. The objective of this thesis is to use these seismic data to constrain a 1-D model of the regional attenuation properties of the Martian lithosphere in order to estimate the characteristics of the heterogeneities and the volatile content as a function of depth.

To achieve this goal, we first examined the statistical and energetic characteristics of the VF signals. In addition to the energy equipartition observed through the stabilization of the vertical/horizontal kinetic energy ratio in the coda, our analysis shows that these signals are in general depolarized and follow a Gaussian probability distribution. We interpret these observations as direct consequences of multiple scattering.

In order to characterize the shape of the envelopes of the VF signals, we measured the delay time (t d ) between the arrival of the direct S-wave and the maximum of the energy and the quality factor of the coda (Q c ), which characterizes the rate of energy decay. We observed that the t d measurements are almost frequency-independent, a characteristic which distinguishes Mars from other planets. We found that Q c increases linearly with frequency and shows intermediate values between the Earth and the Moon.

We subsequently estimated the attenuation properties of the Martian lithosphere. For this, we quantified the scattering quality factor (Q sc ), which contains information about the heterogeneities of the medium and the extent of fractures at depth, as well as the absorption quality factor (Q µ ) which is related to the presence of volatiles in the medium. To separate the two processes, we modeled the energy envelopes of the VF seismograms using a multiple-scattering approach. The direct problem is based on elastic radiative transfer theory, while the inversion combines a grid search approach with an optimization by the Levenberg-Marquardt algorithm.

We first applied our method to the distant VF events by considering a statistically uniform medium (half-space). This first study revealed very high values for Q µ , which are characteristic of a dry environment. Moreover, we observed a rapid decrease of the attenuation with the epicentral distance, which we interpreted as an indication of the stratification of the medium properties. To further investigate this hypothesis, we applied our method not only to distant VFs but also to nearby impacts, in the case of a medium stratified in both velocity and attenuation. In this model, we assume that a strongly heterogeneous layer lies on top of a transparent medium. Our inversions indicate that a strongly diffusive and globally dry layer (Q sc and Q µ of the order of 50 and 3500 at 7.5 Hz) with a minimum thickness of 20 km under the InSight landing site (northern plains) and with high S-wave velocities (3 km/s) can explain the shape of the energetic envelopes of the near impacts. However, the thickness of this layer has to be extended to at least 60 km to recover the shape of the envelopes of the distant VF. The correlation between the thickness of the diffusive layer at the surface of Mars and the depth of the Moho suggests that the main source of heterogeneity is the crust itself and not a very thick megaregolith as is the case on the Moon. In this framework, the numerical simulations suggest that the sources of distant VF events are essentially superficial and localized on the southern highlands of Mars.

Résumé substantiel (en français)

Entre 2018 -2022, la station géophysique InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) a été déployée à la surface de Mars, incluant deux sismomètres dans le cadre de SEIS (Seismic Experiment for Interior Structure, Lognonné et al. (2019)). L'objectif principal de la mission était de contraindre la structure interne de la planète pour comprendre sa formation et son évolution jusqu'à nos jours. Depuis sa mise en service, SEIS qui est composé de trois capteurs à basse fréquence (VBB) et de trois capteurs à haute fréquence, a enregistré plus de 1400 événements sismiques qui ont été classifiés selon leur contenu fréquentiel. Ces évènements ont prouvé que la planète rouge est bien active sismiquement et leur analyse a permis de sonder et de mieux comprendre la structure interne de Mars à travers différents résultats tels que : la contrainte de la structure de la subsurface sous le lander InSight [START_REF] Brinkman | In-situ regolith seismic velocity measurement at the insight landing site on mars[END_REF][START_REF] Carrasco | Empirical h/v spectral ratios at the insight landing site and implications for the martian subsurface structure[END_REF], l'estimation la profondeur du Moho et les vitesses sismiques la croûte [START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF]Knapmeyer-Endrun et al., 2021), des contraintes sur les vitesses sismiques du manteau martien [START_REF] Drilleau | Marsquake locations and 1d seismic models for mars from insight data[END_REF]; [START_REF] Durán | Seismology on mars: An analysis of direct, reflected, and converted seismic body waves with implications for interior structure[END_REF], et l'estimation du rayon du noyau [START_REF] Samuel | The thermo-chemical evolution of mars with a strongly stratified mantle[END_REF][START_REF] Stähler | Seismic detection of the martian core[END_REF].

La compréhension du mécanisme de propagation des ondes ainsi que le transport de l'énergie dans des milieux fortement hétérogènes (milieu multi-diffusant) est une problématique centrale de la sismologie planétaire pour contraindre les détails de la structure lithosphèrique des objets telluriques. En effet, lorsque les ondes se propagent dans un milieu caractérisé par des hétérogénéités distribuées de manière aléatoire, l'énergie est diffusée, ce qui entraîne la génération des ondes de coda qui peuvent être détectées jusqu'à plusieurs minutes, voire dizaines de minutes, après l'arrivée des ondes directes. L'origine de la diffusion dépend du milieu. Par exemple dans la croûte terrestre, elle est liée aux fluctuations de vitesses et de densité, alors que sur la Lune, elle est plutôt liée à l'étendue des fractures en profondeur (Gillet et al., 2017). Les données sismiques martiennes à haute fréquence (> 1 Hz) montrent des caractéristiques typiques d'un milieu multi-diffusant. Les formes d'ondes sont dépolarisées, suivent une distribution de probabilité de type gaussienne, et exhibent une très longue coda dont la durée peut dépasser 1 heure.

La diffusion multiple rend l'identification et l'analyse des phases des ondes balistiques difficiles (Sato et al., 2012), ce qui signifie que les méthodes sismologiques traditionnelles développées pour les milieux peu hétérogènes deviennent inutilisables, surtout dans le domaine de la planétologie où le déploiement de réseau sismique est parfois impossible. Cependant, l'analyse et l'inversion des enveloppes énergétiques des signaux sismiques permet d'extraire des informations sur les propriétés de l'atténuation dans ce type de milieu. Cette thèse s'inscrit donc dans la continuité de l'étude de la structure interne martienne et plus précisément sa lithosphère à travers ses propriétés d'atténuation. L'objectif est d'utiliser les données sismiques pour contraindre un modèle 1D des propriétés régionales de l'atténuation de la lithosphère martienne dans le but d'estimer les caractéristiques des hétérogénéités de la croûte et sa teneur en eau, en fonction de la profondeur.

Cette thèse est subdivisée en 6 chapitres. Dans le premier chapitre, nous avons présenté un résumé des différentes missions spatiales qui ont permis d'acquérir des données sismiques. Nous avons aussi mis en avant les différents résultats obtenus sur la structure interne de la planète Mars et détailler le contexte de cette thèse. Dans le chapitre 2, nous avons fait une revue bibliographique sur les approches existantes qui permettent d'étudier et d'extraire des in-formations sur le milieu à travers la coda séismique. Nous avons aussi introduit la théorie du transfert radiatif qui sera utiliser pour contraindre l'absorption et la diffusion dans la lithosphère martienne.

Dans les chapitres 3 et 4, nous nous sommes focalisés sur trois groupes spécifiques d'événements iii de la famille des hautes fréquences : (a) les évènements à très haute fréquence dits « VF » dont le contenu fréquentiel énergétique est supérieur à 1 Hz et peut aller jusqu'à 45 Hz. Ils sont caractérisés par des arrivées P et S émergentes, un maximum étendu et une très lente décroissance énergétique nommée « coda » qui peut durer 1 heure. (b) les évènements à haute fréquence dits « HF » ; tout comme pour les VF, on voit l'émergence des arrivées P et S ainsi qu'une longue coda. Cependant, ils se caractérisent par un contenue fréquentiel énergétique plus restreint (1 -5 Hz) et un rapport signal-bruit (SNR) plus faible que les VF. (c) Enfin, les impacts proches qui ont été confirmés par des images orbitales, se caractérisent par une durée du signal plus courte (200 -400 s). Leur identification a été possible grâce à la détection d'airbursts après le signal sismique, qui sont des signaux dispersifs résultant de la fragmentation de la météorite [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF]. Nous avons d'abord examiné les caractéristiques statistiques et énergétiques des signaux sismiques de ces trois groupes d'évènements. Notre analyse montre que ces signaux sont globalement dépolarisés, ce qui rend la localisation azimutale des VF et HF impossible. De plus, les formes d'onde des trois groupes d'évènements suivent une distribution de probabilité de type gaussienne. Nous interprétons ces observations comme des conséquences directes de la diffusion multiple.

Les analyses du rapport d'énergie cinétique vertical-horizontal (V 2 /H 2 ) des événements VF ont montré clairement une stabilisation de la partition énergétique dans la coda et une dépendance à la fréquence. Le rapport V 2 /H 2 des événements HF ne présente pas une dépendance claire à la fréquence. Cependant, nous avons observé une forte corrélation entre le rapport V 2 /H 2 et le SNR pour les événements HF. Cette observation suggère qu'une partie de la différence entre les VF et les HF peut être expliquée par la contamination due au bruit. Nous avons constaté que le rapport V 2 /H 2 des impacts proches est également dépendant de la fréquence, mais nous n'avons pas observé une stabilisation claire de cette quantité dans la coda, ce qui peut être lié à la courte durée de ces signaux (< 300 s) ou à une propagation plus complexe en lien avec la complexité de la croûte supérieure.

Par la suite, nous avons étudié les caractéristiques des enveloppes énergétiques calculées sur les composantes horizontales à différentes fréquences centrales pour les 3 groupes d'évènements. Pour cela nous avons mesuré deux paramètres clés : (a) le temps de montée (t d ) qui est défini comme le temps entre l'arrivée de l'onde S directe et le maximum de l'énergie, (b) le facteur de qualité de la coda (Q c ), qui caractérise le taux de décroissance de l'énergie. Les mesures de td montrent deux régimes différents en fonction de la distance épicentrale. En effet, il augmente jusqu'à environ 250 km puis il se stabilise. Cette quantité est presque indépendante de la fréquence, une caractéristique qui distingue Mars des autres planètes. Q c mesuré sur les enveloppes des événements VF est élevé (3500 à 7.5 Hz) et montre une augmentation linéaire avec la fréquence. Le Q c des événements HF est plus élevé que celui des événements VF mais il peut être surestimé en raison du faible rapport signal sur bruit (SNR) Lié à l'injection de bruit sismique par l'atterrisseur en raison du vent. Nous avons utilisé une paramétrisation de la forme Q c = Q 0 f n (où f est la fréquence) pour étudier la dépendance fréquentielle de cette quantité. Les résultats ont montré que les VF présentent une combinaison unique de Q 0 élevé (≈ 700) et un exposant n proche de 1 entre 2.5 -7.5 Hz, ce qui est particulier à Mars. Cependant, pour les impacts proches nous avons trouvé que Q 0 varie entre 400 et 700, alors que l'exposant n exhibe une valeur plus petite (≈ 0.6). Nous expliquons cette différence des mesures de Q c entre les impacts proches et les VF dans le chapitre 5.

Le chapitre 5 de cette thèse est consacré à l'estimation des propriétés de l'atténuation de la lithosphère martienne. En effet, td et Q c contiennent des informations à la fois sur l'absorption et la diffusion du milieu qu'il est nécessaire de séparer. Nous nous sommes donc intéressés plus particulièrement à deux facteurs de qualité : (a) le facteur de qualité de la diffusion (Q sc ), qui contient des informations sur l'étendue des hétérogénéités et des fractures en profondeur, (b) le facteur de qualité d'absorption (Q µ ) qui est lié à la présence de volatiles dans le milieu. Afin de séparer les deux processus d'atténuation, nous avons modélisé les enveloppes énergétiques des sismogrammes VF par une approche de multi-diffusion. Le problème direct repose sur la théorie du transfert radiatif élastique, alors que l'inversion des paramètres combine recherche de grille et optimisation par algorithme de Levenberg-Marquardt.

Nous avons d'abord tenté de déterminer s'il était possible d'expliquer la forme des enveloppes des VF à partir d'un modèle d'atténuation simple. Pour cela, nous avons considéré un milieu statistiquement uniforme (demi-espace), où la vitesse des ondes S était fixée à 1,7 km/s (comme dans la première couche de 8 km des modèles de vitesse présentés dans Knapmeyer-Endrun et al. (2021)). Les résultats ont montré des valeurs élevées de Q µ , qui sont caractéristiques d'un milieu sec. Par ailleurs, nous n'avons pas pu expliquer toutes les formes d'enveloppes des VF avec un modèle d'atténuation uniforme. En fait, les valeurs de Q -1 sc et Q -1 µ résultant de l'inversion diminuent avec la distance épicentrale, ce que nous interprétons comme une signature de la stratification des propriétés d'atténuation dans la lithosphère martienne.

Pour aller au bout de l'hypothèse de stratification, nous avons appliqué notre méthode non seulement aux VF distants mais aussi aux impacts proches. Nous avons donc introduit un modèle dans lequel la vitesse et l'atténuation sont stratifiées. Nous avons de plus supposé une forte couche hétérogène superposée sur un milieu faiblement diffusif et faiblement absorbant. À partir de l'inversion des enveloppes des impacts proches, nous avons constaté qu'il est nécessaire d'avoir des vitesses d'ondes élevées dans le milieu (Vs = 3 km/s) pour retrouver les temps d'arrivée P et S observés sur les signaux sismiques compatibles avec la localisation de ces événements fournie par les images satellitaires (CTX et HiRISE). De plus, ces valeurs élevées de vitesse sismique sont cohérentes avec les travaux de Kim et al. (2022a) portant sur les ondes de surface. Nos résultats d'inversion ont montré qu'une couche fortement diffusive et globalement sèche (Q sc = 50 et Q µ = 3500 ; à 7.5 Hz) avec une épaisseur minimale de 20 km dans les plaines du nord est suffisante pour expliquer les formes des enveloppes des impacts proches. Cependant, l'épaisseur de la couche diffusante doit être prolongée jusqu'à au moins 60 km pour pouvoir retrouver la forme des enveloppes des VF distants.

Pour expliquer cette variation de l'épaisseur de la couche diffusante, nous nous sommes particulièrement intéressés à l'évènement S1222a qui est l'évènement sismique avec la plus grande magnitude enregistré durant la mission (M = 4.7) et un contenu fréquentiel entre 0.03 -35 Hz [START_REF] Kawamura | S1222a-the largest marsquake detected by insight[END_REF]. La localisation du S1222a a fait l'objet de nombreuses investigations utilisant différentes méthodes. À partir de l'analyse des ondes de volume, le backazimuth de cet évènement a estimé entre 101 • et 108 • (InSight Marsquake Service, 2023; [START_REF] Kawamura | S1222a-the largest marsquake detected by insight[END_REF]. Plus tard et à l'aide de la mesure de la polarisation des ondes de Rayleigh, [START_REF] Panning | Locating the largest event observed on mars with multi-orbit surface waves[END_REF] ont proposé deux valeurs différentes du backazimuth, la première est plus proche de l'estimation MQS mais la seconde est plus éloignée (132 • ), ce qui suggère que l'événement est situé sur les hauts plateaux du sud. De plus, [START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF] ont estimé l'épaisseur moyenne de la croûte à 60 km le long du trajet des ondes du S1222a. Les enveloppes énergétiques à haute fréquence de cet évènement présentent des caractéristiques similaires à celles des VF distants. L'inversion de l'enveloppe du S1222a à 7.5 Hz a montré des résultats similaires aux VF (couche diffusante de 60 km avec Q sc = 55 et Q µ = 3500). À partir de ces résultats et de la localisation du S1222a obtenue par l'analyse des ondes de surface [START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF][START_REF] Panning | Locating the largest event observed on mars with multi-orbit surface waves[END_REF], nous avons conclu que les événements VF distants sont situés dans les hautes régions du sud de Mars.

La profondeur de la source des VF a constitué une problématique importante dans notre étude. En effet, à ce jour nous n'avons pu relier de façon non ambigue aucune VF à un impact, ce qui peut suggérer que ces évènements sont des séismes. Nous avons procédé à l'inversion de v l'enveloppe d'un VF distant à 7.5 Hz en changeant la profondeur de la source (impact, séisme dans la couche diffusive, séisme sous la couche diffusive). Nos résultats ont montré que la modélisation permet de bien reproduire la forme de l'enveloppe observée lorsque la source est peu profonde (impact ou séisme dans la couche diffusive). Cependant, lorsque la source est sous la couche diffusive, nous avons observé sur l'enveloppe synthétique plusieurs arrivées impulsives liées aux différentes phases réfractées, ce qui n'est pas le cas sur les données réelles. À partir de ces résultats nous avons conclu que la profondeur de la source des VF ne peut être que superficielle.

Pour finir, à la fréquence centrale de 7.5 Hz, nous avons remarqué, pour les impacts proches, que Q c , dont les valeurs varient entre 1000 et 2100 est inférieur à Q µ (3000). Cette décroissance rapide de de la coda peut être expliquée par l'effet du leakage [START_REF] Margerin | Residence time of diffuse waves in the crust as a physical interpretation of coda Q : application to seismograms recorded in Mexico[END_REF][START_REF] Margerin | Radiative tranfer and diffusion of waves in a layered medium : new insight into coda Q[END_REF]. Comme ces évènements sont localisés à des distances épicentrales assez courtes (< 245 km), l'énergie crustale qui est transmise dans le manteau n'a pas suffisamment de temps pour pouvoir remonter vers la croûte non seulement à cause de la faible diffusion mais aussi des faibles gradients de vitesse. Pour les événements VF distants, nous avons observé le contraire, Q c (4000 -5000) est plus grand que le Q µ (3500). En effet, à grande distance épicentrale, la courbure des rais permet à l'énergie transmise à travers le Moho de revenir dans la croûte et par conséquent, l'effet de leakage disparaît. De plus l'énergie qui pénètre dans le manteau est nettement moins atténuée que dans la croûte, en raison du facteur de qualité plus élevé.

Dans le chapitre 6, nous nous intéressons à la comparaison des propriétés de l'atténuation des lithosphères Terrestre, Lunaire et Martienne à travers les mesures de Q c , Q µ et la diffusivité. Se basant sur la paremetrisation Q c = Q 0 f n , nous avons observé que la dépendance fréquentielle des VF est unique (avec Q 0 ≈ 700 et n ≈ 1). En effet, sur la lithosphère continentale terrestre la dépendance fréquentielle de Qc est très différente entre les régions tectoniques et les cratons. On retrouve des valeurs de Q 0 variant entre 100 et 400 avec n = 1 dans les régions tectoniques. Alors que dans les cratons, Q 0 peut atteindre des valeurs très élevées (600 -1000) mais avec n qui varie entre 0.1 et 0.5 (e.g; Romanowicz and Michell, 2015). Gillet et al. (2017) ont trouvé des valeurs de Q c qui varient entre 2400 à 0,5 Hz et 10000 à 7 Hz. À partir de ces observations, on peut déduire que Q 0 sur la Lune est deux à quatre fois plus grand que sur Mars avec des valeurs de l'exposant n entre 0.4 et 0.6 (Lognonné et al., 2020).

Au début de notre étude nous pensions que comme sur la Lune, la source principale de la diffusion observée sur Mars était directement liée à l'étendue des fractures en profondeur (mégarégolithe). En effet, en utilisant un modèle de diffusion en milieu stratifié, Gillet et al. (2017) ont démontré que la forte diffusion observée dans la lithosphère Lunaire est liée à l'étendue des fractures en profondeur, pouvant aller jusqu'à 80 km, avec une diffusivité de 2 km 2 /s dans les 8 premiers kilomètres. Cependant, la corrélation entre l'épaisseur de la couche diffusante et de la croûte sur Mars suggère que la source de diffusion observée dans la lithosphère martienne est directement liée aux hétérogénéités de la croûte avec une diffusivité entre 10 et 12 km 2 /s. Pour aller au bout de cette hypothèse, nous avons cherché à mettre en avant des similarités entre les signaux sismiques martiens et terrestre. Récemment, [START_REF] Takeuchi | Determination of intrinsic attenuation in the oceanic lithosphere-asthenosphere system[END_REF] ont observé que à haute fréquence (> 1 Hz) les signaux sismiques traversant la lithosphère océanique et continentale terrestre enregistré à des distances équivalentes montrent une variation de la forme d'onde. En effet, la forme des enveloppes énergétiques traversant la lithosphère océanique est très similaire aux observations sur les signaux martiens. De plus, ces signaux sismiques océaniques diffues rendent l'identification de l'interface séparant la croute océanique de la lithosphère assez difficile car tout comme sur Mars, on n'observe pas clairement les différentes phases des ondes de volumes. De plus, [START_REF] Hannemann | Seismic scattering and absorption of oceanic lithospheric s waves in the eastern north atlantic[END_REF] ont étudié les propriétés de l'atténuation de la lithosphère et ont estimé que la diffusivité de ce milieu varie entre 15 et 60 km 2 /s. Ces résultats sont donc très proches de la diffusivité observée dans la croûte martiennes à travers vi nos inversions. Ces similitudes entre la lithosphère océanique terrestre et la croûte martienne suggèrent que l'origine du scattering sur Mars est contrôlé par la lithologie avec une composition globalement basaltique. Enfin, les faibles valeurs de l'atténuation d'absorption (Q -1 µ ) dans la croûte martienne (4×10 -4 -10 -3 ) obtenues avec notre méthode d'inversion indiquent que le milieu est globalement sec et se situe entre la lithosphère continentale/océanique terrestre (10 -3 -10 -2 ) et la croûte Lunaire (10 -4 -10 -3 ). vii v
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Introduction and context

In the 20th century, seismology becomes a powerful discipline to investigate the internal structure of the Earth. After the first teleseismic detection by von Rebeur-Paschwitz ( 1889), the analysis of seismic wave propagation has led to the identification of the different internal terrestrial layers: the crust -mantle boundaries [START_REF] Mohorovicic | Das beben vom 8. x. 1909[END_REF], the liquid core [START_REF] Oldham | The constitution of the interior of the earth, as revealed by earthquakes[END_REF] and the solid inner core [START_REF] Lehmann | P[END_REF]. Afterwards and through the expansion of seismic networks, the global seismicity maps highlighted the fact that the vast majority of earthquakes are located at plate boundaries. For example, [START_REF] Isacks | Seismology and the new global tectonics[END_REF] pointed out the strong relation between the seismicity and the plate tectonic movements. They suggested that the deformation induced by the displacement of the plates, until the rupture of materials, is accompanied by a release of energy in the form of seismic waves. These observations raised questions about the surface activity and internal dynamics of the Earth. A few years later, a spherical symmetrical model of the Earth's internal structure was developed: PREM (Preliminary Reference Earth Model, [START_REF] Dziewonski | Preliminary reference earth model[END_REF]) and it remains the most commonly used today.

Planetary seismology exploration

In the framework of planetary exploration, extraterrestrial seismic data were collected only during 4 missions: first, during and after the Apollo missions to the Moon (1969Moon ( -1977)). Second, through the Viking mission to Mars (1976Mars ( to 1978)). Third, during the Soviet Venera missions to Venus in 1982. And the last time was during the InSight mission to Mars (2019 -2022). In the following sections, we provide details of these space missions and the associated results.

The Apollo missions

Apollo 11 (1969) was a major success in the seismic exploration of other telluric objects. Unfortunately, after 21 Earth days of successful daytime operation at the surface of the Moon, the seismometer stopped functioning when the temperature became excessive as the second lunar day approached (Latham et al., 1970). The positive feedback from this mission and the data collected lead to a series of Apollo missions (1969 -1977). Unlike Apollo 11 [START_REF] Latham | The apollo passive seismic experiment: The first lunar seismic experiment is described[END_REF], a radioactive thermal generator was integrated to Apollo 12, 14, 15 and 16 seismometers to maintain the seismometers in continuous operation during the long lunar night (Latham et al., 1973). These 4 seismometers established the first triangularly distributed extraterrestrial seismic network (Figure 1.1). The seismometers were composed of: a tri-axial long period seismometer (LP) and a short period seismometer (SP), with sensitivity to the ground displacement from 0.07 to 1 Hz and to the ground velocity from 1 to 8 Hz, respectively (Latham et al., 1973). All the seismometers, except the Apollo 12 SP and Apollo 14 vertical LP, operated until September 1977, when all ALSEP instruments (Apollo Lunar Surface Experiments Package) were shut down from the Earth [START_REF] Redmond | Lunar science stations to cease functioning september 30[END_REF].

Figure 1.1: Lunar map: Locations of the Apollo and Luna landing sites on the nearside on the left and the farside on the right [START_REF] Smith | Lunar net-a proposal in response to an esa m3 call in 2010 for a medium sized mission[END_REF].The seismic network composed of Apollo 12, 14, 15 and 16 (white equilateral triangle). The distance between the station 12, 15 and 16 was about 1100 km, while the stations 12 and 14 were located about 180 km apart from each other.

The lunar seismic events:

During these missions, a total of 12,000 seismic events were recorded [START_REF] Nakamura | Passive seismic experiment, long period event catalog, final version[END_REF] and five classes of seismic events were identified (Figure 1.2a): artificial impacts (abandoned spacecraft or spacecraft parts), meteoroid impacts (small particles and big boulders), deep moonquakes [START_REF] Nakamura | Farside deep moonquakes and deep interior of the moon[END_REF], shallow moonquakes [START_REF] Nakamura | Hft events: Shallow moonquakes? Physics of the Earth and[END_REF] and thermal moonquakes (recorded only on SP and geophones; [START_REF] Duennebier | Thermal moonquakes[END_REF]). More than 1700 impacts were identified as meteoroids [START_REF] Nakamura | Passive seismic experiment, long period event catalog, final version[END_REF].

The origin of the lunar seismicity has long been debated (e.g; [START_REF] Cheng | Tidal stresses in the moon[END_REF][START_REF] Lammlein | Lunar seismicity, structure, and tectonics[END_REF][START_REF] Toksöz | Moonquakes: Mechanisms and relation to tidal stresses[END_REF]. [START_REF] Weber | Constraints on deep moonquake focal mechanisms through analyses of tidal stress[END_REF] investigated a possible connection between the deep moonquakes and the tidal force exerted by the Earth. They looked for a linear combination of normal stress and tidal shear that most closely approximated a constant value measured at the times of deep moonquakes. They found that some deep moonquakes may occur in response tidal stress. [START_REF] Frohlich | The physical mechanisms of deep moonquakes and intermediate-depth earthquakes: How similar and how different?[END_REF] suggested that the presence of deep moonquakes could be related to the volatiles substance or partial melting at the corresponding depths.

Thermal moonquakes are small and local seismic events detected on SP seismometers every month. They are triggered by diurnal temperature changes and characterized by similar wave forme detected at the same time of each lunation. [START_REF] Duennebier | Thermal moonquakes[END_REF] related the events activity to the sunrise and observed that it decreases rapidly after the sunset. They proposed a slumping of soil on lunar slopes triggered by thermal stresses as a source mechanism. The most challenging events to interpret were the shallow moonquakes (only 28 events). They were initially termed high-frequency teleseism (or HFT for short) due to their significant amplitudes on the SP channel. The analysis of [START_REF] Nakamura | Hft events: Shallow moonquakes? Physics of the Earth and[END_REF] proposed a source depth shallower than 300 km which was supported by other studies [START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF]Khan and Mosegaard, 2002b;[START_REF] Lammlein | Lunar seismicity, structure, and tectonics[END_REF]Lognonné et al., 2003). Later, Gillet et al. (2017) were able to reduce the uncertainties on the source depth of this group of event using a stratified attenuation model derived from impacts and deep moonquakes. In fact, by taking into account the scattering and absorption attenuation of the Lunar medium, they suggested that the source depth of the shallow moonquakes is about 50 km ±20 km.

Many other hypotheses have been proposed about the origin of these particular events: tectonics near impact basin rims (Nakamura et al., 1979), young thrust faults [START_REF] Watters | Shallow seismic activity and young thrust faults on the moon[END_REF], a gravitational effect other than the tides [START_REF] Shirley | Shallow moonquakes and large shallow earthquakes: a temporal correlation[END_REF], and high-energy objects from a fixed source outside the Solar System [START_REF] Frohlich | Possible extra-solar-system cause for certain lunar seismic events[END_REF]. All these hypotheses are plausible, and given the limited data available and the frequency band constraints, the origin of the shallow moonquakes is still not clear.

Internal lunar structure:

Because of their small amplitude, a large number of lunar seismic events would have been difficult to detect in the terrestrial environment. But the low aseismic background on the Moon due to the lack of atmosphere, ocean and human activities, was an advantage for the Apollo seismic exploration. Lunar seismic events were surprisingly different from the terrestrial ones. They are characterized by a gradual beginning, a broad maximum and a very long decay lasting up to 1 hour, to be compared to a few minutes for the same magnitude on Earth. The direct seismic waves arrivals (and consequently the arrival time of P and S waves) are difficult to identify and the majority of the signal corresponds to the seismic coda (i.e. scattered waves). Therefor, the identification of surface waves or detection of secondary phases remains challenging.

Early results based on the combined analysis of the ASE (Active Seismic Experiment) and PSE (Passive Seismic Experiment) data permitted to constrain the seismicity and the interior structure of the moon (e.g. [START_REF] Lammlein | Lunar seismicity, structure, and tectonics[END_REF]Nakamura et al., 1982a). However, the seismic network distribution, restricted to the nearside, prevents the detection of waves propagating deep enough to probe the core directly. As a result, the lunar velocity structure estimation were limited to the first 1200 kilometers depth. nevertheless, the general assumption of an internal structure differentiated into crust, mantle and core was accepted, more detailed information on the crust will be provided in Chapter 6.

The modern techniques of analysis of the Apollo seismic data confirmed the previous results and provided more constraints on the internal structure of the Moon such as: Markov chain Monte Carlo method algorithm (Khan and Mosegaard, 2002b), random search algorithm (Lognonné et al., 2003), where both methods inverted the source location and the internal structure simultaneously, receiver function [START_REF] Vinnik | First seismic receiver functions on the moon[END_REF], noise cross-correlation [START_REF] Larose | Lunar subsurface investigated from correlation of seismic noise[END_REF][START_REF] Sens-Schönfelder | Temporal changes in the lunar soil from correlation of diffuse vibrations[END_REF], seismic coda analysis (Blanchette-Guertin et al., 2012;Gillet et al., 2017), array-based waveform stacking methods [START_REF] Garcia | Very preliminary reference moon model[END_REF][START_REF] Weber | Seismic detection of the lunar core[END_REF], waveform analysis based on spatial wavefield gradients [START_REF] Sollberger | The shallow elastic structure of the lunar crust: New insights from seismic wavefield gradient analysis[END_REF], and analysis of the Apollo 17 gravimeter data which come to function as SP seismometer [START_REF] Kawamura | Lunar surface gravimeter as a lunar seismometer: investigation of a new source of seismic information on the moon[END_REF].

During the Apollo missions, Toksöz et al. (1974) estimated the Lunar crustal thickness to about 60 km in the Mare Cognitum region. Later and through several investigations using different catalogs and inversion methods, the average crustal thickness was estimated around 30 km (e.g; [START_REF] Garcia | Lunar seismology: An update on interior structure models[END_REF]Khan and Mosegaard, 2002b;[START_REF] Khan | A new seismic velocity model for the moon from a monte carlo inversion of the apollo lunar seismic data[END_REF]Lognonné et al., 2003;Toksöz et al., 1974;[START_REF] Vinnik | First seismic receiver functions on the moon[END_REF] with a large variability of the velocity waves profile (Figure 1.3). Khan and Mosegaard (2002), limited to the first 500 km of the Moon the deep lunar interior, particularly mantle density structure, it has proved difficult to tightly constrain core size and density on account of the smallness of the core. Khan et al. (2006a) computed petrological phase equilibria using Gibbs free energy minimization techniques (Connolly 2009), which were combined with stochastic inversion. [START_REF] Garcia | Lunar seismology: An update on interior structure models[END_REF]. From the left to the right: P-wave velocity, S-wave velocity, and density for the whole moon (top) and a zoom on the crust (bottom). Solid and dashed lines indicate respectively the mean and the standard deviation error bar for each study. The black dashed lines indicate the density probability distribution from Khan and Mosegaard (2002b) The lunar mantle is subdivided into upper and lower mantle, with a discontinuity at the midmantle around 300 -400 km [START_REF] Goins | Lunar seismology: The internal structure of the moon[END_REF]Nakamura, 1976;[START_REF] Nakamura | Deep lunar interior inferred from recent seismic data[END_REF]. [START_REF] Goins | Seismic structure of the lunar mantle-an overview[END_REF] found deeper value of the discontinuity of about 540 km. More resent analysis and modeling confirmed this results and suggested depth discontinuity between 500 -580 km from Chapter 1 -Introduction and context 6 the surface (Khan andMosegaard, 2001, 2002a;[START_REF] Khan | A new seismic velocity model for the moon from a monte carlo inversion of the apollo lunar seismic data[END_REF][START_REF] Nakamura | Apollo lunar seismic experiment-final summary[END_REF]. However, the overall extent and significance of this discontinuity remains to be demonstrated.

The presence of a lunar solid inner core was debated during a period of time. [START_REF] Wieczorek | The constitution and structure of the lunar interior[END_REF] suggested the existence of a liquid layer at a great depth and an inner core through magnetic field data analysis. Later, [START_REF] Garcia | Very preliminary reference moon model[END_REF][START_REF] Weber | Seismic detection of the lunar core[END_REF] published seismic evidence for a lunar core based on data analysis and terrestrial array methods application. Both concluded to the presence of a small liquid core, while [START_REF] Weber | Seismic detection of the lunar core[END_REF] have also confirmed the existence of a solid inner core.

Venera missions

The Venera program is a series of space mission developed by the Soviet Union. It consisted of 16 missions that took place between 1961 and 1983 to Venus with the objectives to study: the surface relief and rocks properties, the thermal structure, the atmosphere and ionosphere, the magnetic field and plasma environment, the solar wind and the micrometeorites during the cruise phase [START_REF] Krasnopolsky | Venera (missions)[END_REF]. This program marked a new stage in space exploration history as the first to establish a number of precedents on another planet like: (a) enter the atmosphere (Venera 3), make a soft landing (Venera 7 -15), return images (Venera 9 -10) record sounds (Venera 13) and to perform high-resolution radar mapping scans (Venera 15). The Venera 13 and 14 landers carried the Groza 2 experiment, a high-frequency vertical component seismometer with a sensitivity around 10 -6 cm [START_REF] Ksanfomaliti | Microseisms at the venera-13 and venera-14 landing sites[END_REF]. Due to the very high surface temperature ( 450 • C) and pressure 90 bars, the measurement lasted briefly, 127 and 57 minutes, respectively [START_REF] Nakamura | Planetary seismology: early observational results[END_REF]. Unfortunately, the data were too contaminated by external disturbances, as a result, no possible interpretation could be made.

Venus internal structure research:

With no seismic data available, the internal structure of Venus was based only on geophysical constraints. [START_REF] Turcotte | A heat pipe mechanism for volcanism and tectonics on venus[END_REF] proposed a heat pipe mechanism for the transport of heat through the lithosphere on Venus. This mechanism allows a lithosphere about 150 km thick, which would explain the high observed topography and large associated gravity anomalies. Many other studies propose crust thickness between 8 and 80 km (e.g; [START_REF] James | Crustal thickness and support of topography on venus[END_REF][START_REF] Turcotte | A heat pipe mechanism for volcanism and tectonics on venus[END_REF]. Beside, [START_REF] Konopliv | Venusian k2 tidal love number from magellan and pvo tracking data[END_REF] estimated K 2 potential Love number, that scales the tidal deformation of Venus by the Sun, from Doppler tracking of Magellan and Pioneer Venus Orbiter spacecraft data. Their results support two hypotheses, either Venus mantle is richer in iron than the Terrestrial mantle or Venus core is liquid with radius about 3120 km. The recent study of [START_REF] Dumoulin | Tidal constraints on the interior of venus[END_REF] came to the same conclusion (Figure 1.5). In addition to K 2 , these auhtors presented structural models of Venus based on the cold temperature profile from [START_REF] Steinberger | Deep versus shallow origin of gravity anomalies, topography and volcanism on earth, venus and mars[END_REF] and the hot temperature profile of [START_REF] Tackley | Intrusive magmatism on venus can lead to a weak crust and episodic overturn events: Spherical 2d and 3d simulations[END_REF]. However, they could not confirm if the core was partially or entirely liquid.

Figure 1.5: Density and seismic velocities V p and V s models of Venus from [START_REF] Dumoulin | Tidal constraints on the interior of venus[END_REF] and based on the cold temperature profile from [START_REF] Steinberger | Deep versus shallow origin of gravity anomalies, topography and volcanism on earth, venus and mars[END_REF] and hot temperature profile from [START_REF] Tackley | Intrusive magmatism on venus can lead to a weak crust and episodic overturn events: Spherical 2d and 3d simulations[END_REF] 

Viking missions

The Viking program consisted in a pair of spacecraft (Viking 1 and Viking 2) launched between 1976 and 1978 to Mars. The two orbiters and lander operated for several months and took pictures of the planet from 1500 km altitude and directly on the surface [START_REF] Carr | Preliminary results from the viking orbiter imaging experiment[END_REF]. Both spacecraft were composed of: an orbiter to probe the surface of Mars and a lander to study the surface properties [START_REF] Soffen | The first viking mission to mars[END_REF]. The objectives of the lander were to study: chemical composition of the surface (organic and inorganic), the seismicity of the planet, magnetic properties, the meteorology and atmospheric composition of Mars.

In each lander was included a seismic experiment, a triaxial seismometer with a bandwidth from 0.1 to 10 Hz [START_REF] Anderson | Seismic investigations: the viking mars lander[END_REF]. The objectives of the seismic experiment were to : (a) study the seismic events (polarization, amplitude) and the background microseismic activity, (b) determine if there is a tectonic activity, (c) constrain the internal structure (crust, mantle and core), (d) determine the influx rate of meteorites, (e) study the properties of the subsurface near the lander [START_REF] Anderson | Seismic investigations: the viking mars lander[END_REF].

The severe constraints on the Viking seismic experiment were the limited data allocations and the on-board location of the seismometers [START_REF] Anderson | Seismology on mars[END_REF]. Viking 1 seismometer failed to uncage and no useful data were recorded. Because the uncaging system was triply redundant except at the interface with the lander, they concluded that the failure was located at this interface [START_REF] Anderson | Seismology on mars[END_REF]. Viking 2 seismometer was located in the Utopia Planitia region and it was uncaged normally. It operated successfully for 550 sols (one sol corresponds to a Martian day of about 24 hours and 40 minutes). However, only a weak signal event could be detected but due to the wind contamination, its seismic nature was not confirmed [START_REF] Goins | Martian seismicity[END_REF]Lognonné et al., 2003). [START_REF] Nakamura | Martian wind activity detected by a seismometer at viking lander 2 site[END_REF] studied the seismic background noise collected on the Viking 2 seismometer. They found a high correlation between the background noise and the wind speed at the landing site. They also observed diurnal and seasonal variation of the Martian wind. The result from Viking observation was not conclusive in terms of seismic detection but the heritage opened a way for future missions by demonstrating that it is technically possible to operate a seismometer on Mars.

The InSight Mission

The The seismometer SEIS is equipped with both a three-axes Very Broad Band (VBB) instrument and a three-axes short-period (SP) instrument (Lognonné et al., 2019). These six sensors cover a broad seismic bandwidth, from 0.01 Hz to 50 Hz. SEIS seismometer is protected by a dome-shaped wind and thermal shield (WTS) to reduce the environmental noise (Figure 1.8).

Unlike Viking seismometers, SEIS was deployed on the surface of Mars with the robotic arm. The instrument was uncaged successfully and since the start of its operation, SEIS recorded over 1400 seismic events [START_REF] Ceylan | The marsquake catalogue from insight, sols 0-1011[END_REF]Clinton et al., 2021;Giardini et al., 2020). These events have been classified into two main families: high-frequency and low-frequency (Figure 1.9), depending on whether their frequency content is dominant above or below 1 Hz (Clinton et al., 2021), with the majority of events reported belonging to the first family. The lowfrequency family is divided into: (a) Low-Frequency type with energy between 0.1 -1 Hz, (b) the rare events called "Broadband events" covers the range 0.1 -2.4 Hz. The high frequency family is further divided into: (a) High-Frequency events (HF; 2.4 -5 Hz) with dominant vertical component energy, (b) Very high Frequency events (VF; 2.5 -45 Hz) with dominant horizontal component energy, (c) the specific events with most of their energy in a narrow frequency band around 2.4 Hz, for which the term "2.4 Hz events" has been coined (Clinton et al., 2021), (d) the Super high Frequency (SF) with energy between 5 -10 Hz, they are characterized by a short duration (50 s), a dominant energy on the horizontal components, and they usually occur around the sunset on Mars. As a result, they were interpreted as thermal cracking (Compaire et al., 2021;Dahmen et al., 2021a). Figure 1.10 shows an example of each event type from both families.

During the last year of the mission, SEIS recorded some unusual near events with a clear airburst signals. These events were later confirmed to be impacts through orbital imaging [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF]. Moreover, distant impacts were also detected by SEIS, however, no airbursts were identified on these events [START_REF] Posiolova | Largest recent impact craters on mars: Orbital imaging and surface seismic co-investigation[END_REF]. As these events have a different energy frequency content (0.1 -8 Hz), they are not included in the family groups presented above. A detailed analysis of these events will be presented in the chapter 4. Beside the seismic events, SEIS recorded a large number of dust devil vortices (e,g, Banerdt et al., 2020;[START_REF] Kenda | Subsurface structure at the insight landing site from compliance measurements by seismic and meteorological experiments[END_REF][START_REF] Perrin | Geometry and segmentation of cerberus fossae, mars: Implications for marsquake properties[END_REF]. The nominal mission was about 2 years, however, it has been extended to January 2023. During this extension, we faced a severe power issue due to the accumulation of dust particles on the solar panels. As a result, many instrument were turned off and the VBB seismometer was power cycling which limited the data availability. After four years and a large cluster of high-quality seismic events, the lander shutdown on 21/12/2022. Thanks to this mission, the SEIS seismometer has demonstrated its technological capability, and it is classified as one of the most advanced seismometers for the next missions such as FSS (Farside Seismic Suite, 2025) to the Moon. The Martian seismic data have provided for the first time a seismic constraint on the internal structure of Mars. (from the subsurface to the core). In the following, we will provide some details on the subsurface, crust, mantle and core.

The Martian subsurface:

The velocity model of the subsurface were mainly obtained through SEIS data records of the hammering sessions during the HP 3 experiment [START_REF] Brinkman | The first active seismic experiment on mars to characterize the shallow subsurface structure at the insight landing site[END_REF][START_REF] Sollberger | A reconstruction algorithm for temporally aliased seismic signals recorded by the insight mars lander[END_REF]. [START_REF] Brinkman | In-situ regolith seismic velocity measurement at the insight landing site on mars[END_REF] found values of about 98 -163 m/s and 56 -74 m/s for V p and V s ,respectively, in the first 30 cm, which is in agreement with Lognonné et al. (2020). The other source used to constrain the subsurface was the dust devils. [START_REF] Kenda | Subsurface structure at the insight landing site from compliance measurements by seismic and meteorological experiments[END_REF] were able to constrain the structure down to about 20 m depth below the landing site. They observed an increase of the Young's modulus with the depth and suggested a regolith thickness between 0.7 and 7 m. However, they used only 150 sols of data and complementary analyses are actually in process to increase the resolution of the structure. [START_REF] Hobiger | The shallow structure of mars at the insight landing site from inversion of ambient vibrations[END_REF] inverted the Rayleigh wave ellipticity curves extracted from ambient seismic vibrations to constrain the shallow subsurface (around 200 m depth). They identified a seismic low-velocity zone between 30 m and 75 m depth which they interpreted as a sedimentary layer. More recently, [START_REF] Carrasco | Empirical h/v spectral ratios at the insight landing site and implications for the martian subsurface structure[END_REF] used a full diffuse wavefield approach to invert the 1D shear-wave velocity structure below the landing site. They concluded to the presence of a strong site effect related to a shallow highvelocity layer over low-velocity units. The latter one explain the horizontal-to-vertical ratio H/V peak at 8 Hz and even the 2.4 Hz resonance.

The Martian crust: Lognonné et al. (2020) were the first to constrain the crustal layering of the red planet by inverting receiver functions. They used P-to-S converted phases of two marsquakes to identify the first interface below InSight landing site, which was estimated between 8 km and 11 km depth with S-velocities between 1.2 km/s and 2.1 km/s. Knapmeyer-Endrun et al. (2021) used receiver functions and autocorrelations to improve the crustal structure velocity models. They proposed two different models of Martian crust, which are distinguished by both the number of layers and the Mantle-crust discontinuity depth. The first model includes two layers with Mantle-crust discontinuity estimated around 20 ± 5 Km, while the second one shows three layers with Mantle-crust discontinuity estimated around 39 ± 8 km depth. The velocities of the first layer in both of the two models are in agreement with the previous results in (Lognonné et al., 2020). Figure 1.11 shows inversion results of the S-wave velocities as a function of depth for both models for two and three layers models (A and C, respectively). We observe that in each case, the results show consistent constraints on the depth of the first two layers, while the second model proposed another layer at 39 km depth. B and D are cartoons of the ray paths for direct and converted phases at the different interfaces.

Later other studies using different method, such as : receiver function, PP and SS precursors, Rayleigh wave analyses and including more seismic data, suggested a crustal thickness between 30 and 70 km (e.g; Kim et al., 2021a,b;[START_REF] Li | Crustal structure constraints from the detection of the sspp phase on mars[END_REF][START_REF] Wieczorek | Insight constraints on the global character of the martian crust[END_REF]. However, the low velocities in the first layer were not confirmed in all studies. Kim et al. (2022a) investigated the Rayleigh waves velocities of two distant-impacts [START_REF] Posiolova | Largest recent impact craters on mars: Orbital imaging and surface seismic co-investigation[END_REF]. They found higher value of S-wave velocity (around 3.2 km/s) for a depth between 5 km and 30 km. Besides, they found a high density value in the crust, which they related to the composition differences or changes in the porosity. Other revisions of the structure of the martian crust, using more events, including the near impacts, are currently under consideration.
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To constrain the seismic velocities of the Martian mantle and the core radius, the Insight team proposed different approaches, such as: (a) classical seismic models in which the parametrization depends on the layered models density and the direct P and S arrivals (e.g; [START_REF] Drilleau | Marsquake locations and 1d seismic models for mars from insight data[END_REF]. (b) geophysical models that use the chemical composition and fix the thermal profile of the medium to compute the resulting seismic velocity (e.g; [START_REF] Durán | Seismology on mars: An analysis of direct, reflected, and converted seismic body waves with implications for interior structure[END_REF].(c) geodynamic models that depend on the thermo-chemical evolution of the planet and use a range of rheological properties to estimate thermal profiles of the red planet and the resulting seismic velocities (e.g; [START_REF] Drilleau | Bayesian inversion of the martian structure using geodynamic constraints[END_REF]. All these methods use similar data sets with different uncertainty range of direct P and S arrivals time and the phases, in addition to some constraints on the moment of inertia and the tidal love numbers. For each family of models, the solid line provides the mean model, while the dashed lines provide the 1-uncertainty. The gray background represents the aposteriori dispersion of these models, in terms of probability, assuming that each family of models has the same probability. Note that below 800 km depth (2600 km radius), no P wave travel time constraints directly the P-wave velocity profiles. The latter are therefore indirectly constrained by ScS travel times, by v p /v s ratio from models of mineralogy and temperature and by depth correlations with v p profiles above 800 km. Resolution in the mantle transition zone, for radius smaller than 2400 km, is also poor for S-waves, as shown by the larger dispersion of the published models. On the left, seismic shear-wave velocities and on the right, seismic compressional-waves velocity as a function of the depth and the radius. From (Lognonné et al., tted) Figure 1.12 shows a comparison of the Martian mantle seismic velocity models as a function of the depth and the radius from the different InSight members approaches (Lognonné et al., tted).

Although various inversion methods were implemented, similar characteristics (compressionalwaves and shear-waves velocities) are clearly visible, such as the negative gradient of the shearwave velocity between 200 and 600 km depth, the positive gradient of both V p and V s between 600 and 1000 km depth, and the strong variations between 1000 and 1200 km that indicate a clear mineral phase transition (e.g; [START_REF] Drilleau | Bayesian inversion of the martian structure using geodynamic constraints[END_REF]. To this day, these models are in constant improvement, in particularly by integrating the last near impacts and distant impacts localized through HiRISE image and the surface waves detected on specific events.

The Martian core: [START_REF] Stähler | Seismic detection of the martian core[END_REF] constrained the radius of the Martian core through the inversion of the reflected seismic waves from the core-mantle boundary combined with geodetic data. They found a large Martian liquid core radius of about 1830 ± 40 km. Based on this result, they suggested that the detectable marsquakes may be limited due to the fact that the seismic core shadow covers half of the Mars surface. The quake depth is fixed to 50 km depth. From [START_REF] Samuel | The thermo-chemical evolution of mars with a strongly stratified mantle[END_REF] Simultaneously, [START_REF] Samuel | The thermo-chemical evolution of mars with a strongly stratified mantle[END_REF] proposed an alternative model which is more consistent with a smaller liquid core radius. They modeled the thermochemical evolution of Mars with and without an enriched basalt layer overlying the Martian core (see Figure 1.13). They related the presence of a basaltic layer at the mantle-core boundary to the early mantle differentiation of the planet, which delays the cooling and promotes the deep melting until today. Their results suggest strong tradeoffs between core size and basalt layer thickness, which complicates the interpretation of geodetic and seismic data.

As detailed in this section, the acquisition of seismological data on telluric objects has been possible only during a few space missions. The analyses of these data have helped to constrain the internal structure of the Moon and later Mars, through an estimation of the depth of crustmantle / mantle-core boundaries. Besides, we observed that the seismic signal of the Lunar and Martian events are quite different. In the next section, we will highlight these differences and show how these atypical signals are directly related to the attenuation properties of the medium.

Context of the thesis

Understanding the mechanism of wave propagation and energy transport in strongly heterogeneous media is a critical issue in planetary seismology to constrain the details of the crustal structure of the telluric objects. Sato et al. (2012) showed that high-frequency (> 1 Hz) seismograms of local earthquakes exhibit long S-waves coda. This type of signal is a typical signature of multiple-scattering medium. The origin of scattering depends on the medium, for example in the terrestrial crust, it is related to the fluctuations of velocities and density. On the Moon, it is more linked to the extent of fractures with depth (Gillet et al., 2017). In fact, when the waves are propagating through a medium characterized by randomly distributed heterogeneities, the energy is diffused which excites long lasting coda waves after the direct arrival. This kind of signals can be observed in volcanic regions on Earth (e.g; Mayeda et al., 1992), but also on the Moon due to the presence of the megaregolith (e.g; Gillet et al., 2017). Indeed, the Lunar surface has been heavily bombed by asteroids and meteorites, this has led to a transport of materials on the lunar surface (e.g [START_REF] Michaut | Magma ascent at floor-fractured craters diagnoses the lithospheric stress state on the moon[END_REF].

The Martian high-frequency events exhibit characteristics that are broadly similar to the ones of moonquakes and volcanic events with some differences that will be discussed later. The Martian VF events are depolarized and follow Gaussian probability distribution, which is interpreted as a direct consequences of multiple scattering (e.g [START_REF] Sheng | Introduction to wave scattering, localization and mesoscopic phenomena[END_REF]. Unfortunately, the multiplescattering makes the identification and the analysis of ballistic body-wave phases challenging (Sato et al., 2012), which means that the traditional seismology methods developed for weakly inhomogeneous media, become impractical.

To overcome these problems, methods have been developed, including both data analysis and numerical modeling. In fact, a large amount of information on the properties and structure of the scattering structures can be extracted from the detailed analysis of seismogram envelopes.

The overall shape of the envelopes can be described by two parameters. The first one is the peak delay t d , which is defined as the time from the onset to the peak intensity of S-waves. It is a convenient parameter to quantify the effects of strong diffraction of the waves in a heterogeneous medium. Takahashi et al. (2007) Gillet et al. (2017).

The second key parameter to characterize the envelope shape of seismograms is the coda quality factor Q c , which quantifies the rate of decay of the coda amplitude. In this manuscript, we refer to Q -1 c as the coda attenuation. Q -1 c has been widely used in lithospheric or crustal attenuation studies (e,g; Aki and Chouet, 1975;Calvet et al., 2013;Mitchell, 1995;Sato et al., 2012). The variation of Q -1 c from region to region is large. For example, around 4 Hz central frequency, Chapter 1 -Introduction and context scattering), Q c is an averaged S wave attenuation parameter, which includes both intrinsic (Q i ) and scattering (Q s ) attenuations [Sato and Fehler, 1998]. In the case of multiple scatterer models (stronger scattering), numerical and laboratory experiments, as well as theoretical studies indicate that Q c corresponds to the S wave Q i (see review in Yoshimoto and Jin [2008]). This assumes that Q c is measured at a lapse time larger than the mean free time (defined as twice the time it takes for an S wave to go from the source to the receiver). However, the dependence of Q c on epicentral distance, observed in the short-period NI and SMQ data, is difficult to reconcile with simple geographical and/or depth variations in Q i . This suggests a contribution of Q s to the observed Q c , at least for frequencies larger than 2 Hz. The dependence of Q c on epicentral distance could then reflect the fact that the seismic energy will encounter more scatterers along longer path lengths, resulting in increased t d and Q c values. Thus, a major question is what are the relative contributions of Q i or Q s to the signal recorded in the seismic coda?

[36] The lunar interior is different from the Earth in at least two respects that are important to understanding our observations. First, the relative paucity of volatiles in the lunar interior leads to lower intrinsic attenuation (higher Q i ) than on Earth. Studies of the decay of the maximum signal amplitude with distance yield lunar upper mantle S wave Q i values ranging from 4000 at frequencies of 3 Hz to 8000 at 7 Hz [Nakamura et al., 1976;Nakamura and Koyama, 1982], compared with terrestrial values of 25-500 [e.g., Mitchell, 1995]. Second, unlike on Earth, the Moon has a Q -1 c ranges between 3 × 10 -3 and 5 × 10 -3 in the tectonic active regions (e.g; Fehler et al., 1992;Giampiccolo et al., 2004), and between 6 × 10 -4 and 10 -3 in the cratons regions (e.g; Mitchell et al., 2008a;Xie and Mitchell, 1990). On the Moon, Blanchette-Guertin et al. ( 2012) measured this quantity (Figure 1.15) at different frequencies to investigate the attenuation properties of the lunar lithosphere. At 4 Hz central frequency, they observed lower values than the terrestrial measurements ( between 10 -4 and 3 × 10 -4 ). Beside, they observe a dependency of Q -1 c to the frequency and the epicentral distance. Hence we see that the coda quality factor is vastly different between the Earth and Moon lithospheres. When this thesis got started the first estimate of Q c for Mars had been given by Lognonné et al. (2020) using the first recorded VF event. They found that Q -1 c exhibit an intermediate value to the terrestrial cratons and the Lunar lithosphere (2 × 10 -3 at 4 Hz central frequency).

It is important to keep in mind that both t d and Q c contain information about two attenuation mechanisms: the scattering and the absorption of the medium. The scattering attenuation is related to the presence of heterogeneities in the medium and the extent of fractures at depth, while absorption is related to the presence of volatiles in the medium. In fact, Martian highly fractured megaregolith layer that is global in extent but with regional variations in thickness and structure [e.g., McGetchin et al., 1973;Thompson et al., 2009]. Thus, scattering can be expected to occur globally in the near-surface megaregolith layer, with regional or local variations in intensity. Scattering in such a global layer is supported by the observations that seismograms for all types of lunar events, from all depths (up to 1100 km) and all epicentral distances (up to 150 ), exhibit strong scattering. Scattering of seismic energy in the lunar mantle may also be occurring, as on Earth [e.g., Earle and Shearer, 2001], but its seismic signature is likely obscured by the relatively intense scattering in the megaregolith.

[37] Below, we present a scenario that can explain the observations of t d and Q c for different event types, frequencies, epicentral distances and stations. Based on the above discussion, we assume that scattering occurs in the megaregolith layer. Two end-member processes can explain increases in t d and Q c values: the seismic energy encounters (i) more scatterers along its path (higher effective Q s ), through either a higher scatterer number density and/or a longer path, effectively both spreading and refocusing the energy, causing it to reach the station over a longer period of time (increasing t d and Q c ) and (ii) a lower intrinsic attenuation (higher Q i ) in the scattering layer, increasing the amplitude of the scattered wave arrivals, and effectively increasing t d and Q c . Accordingly, lower t d and Q c values indicate less scattering (lower effective Q s ) and/or higher intrinsic attenuation (lower Q i ). We note that for direct waves, scattering will defocus the energy, resulting in decreased amplitudes. Thus high scattering might be expected to imply low Q s . However, in the lunar context, scattering continues well after the direct wave arrivals, refocusing the seismic energy, resulting in longer t d . Thus high scattering implies high Q s . This effect can be expected to be even surface shows geomorphological evidence of large ancient volumes of liquid water [START_REF] Carr | Oceans on mars: An assessment of the observational evidence and possible fate[END_REF]. Previous studies concluded that the planet experienced substantial water loss from atmospheric escape and the remaining water today is stored in the polar ice caps or as subsurface ice (e.g; [START_REF] Villanueva | Strong water isotopic anomalies in the martian atmosphere: Probing current and ancient reservoirs[END_REF]. Recently, Scheller et al. (2021a) found that between 30 and 99 % of the Martian initial water was sequestered through crustal hydration. The investigation of the attenuation properties of the Martian crust through the SEIS seismic data will provide a constraint on its water content.

In order to estimate the contribution of the scattering and absorption attenuation processes to the total attenuation, numerical analysis were developed such as the Multiple-Lapse Time Window Analysis (e.g; Fehler et al., 1992;Hoshiba, 1993), which is the most popular method in terrestrial seismology. However, it requires a relatively good epicentral distance coverage which is not always the case on the Moon or Mars.

When Multiple-Lapse Time Window Analysis was developed, only the scalar theory of radiative transfer was known among seismologists. But a few year later, the elastic radiative transfer theory was introduced in the terrestrial seismology field (e.g; Ryzhik et al., 1996;Weaver, 1990). The equations of the radiative transfer for elastic waves can be conveniently solved by Monte-Carlo simulations (Gaebler et al., 2015;Margerin et al., 2000;Przybilla et al., 2009;Sanborn et al., 2017;Shearer and Earle, 2004). Gillet et al. (2017) simplified the full radiative transfer equation into scalar diffusion equation to model the Lunar seismic envelopes. They found that porosity and fractures could extend deeper than the crust-mantle boundary (up to 80 -100 km below the surface), as proposed in Lognonné et al. (2003) and in agreement with gravimetric estimates from the GRAIL mission (Zuber et al., 2013). However, The diffusion model predicts simple seismogram envelopes characterized by a rise of the energy to a maximum followed by a long gradual coda decay, which is suitable for the Lunar seismograms only but cannot be used on the VF Martian event due to the two packets of energy.

Recently, Lognonné et al. (2020) used the radiative transfer equation to model the full envelope of the first VF event (S0128a) detected by SEIS-InSight and to estimate the attenuation properties of the Martian crust (Figure 1.16). They found that the diffusivity and the absorption attenuation are more Earth-like than Moon-like. However, they used a statistically uniform medium (half-space) in term of velocity and attenuation properties. [START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF] analyzed tens of HF and VF events and proposed a conceptual model of long range propagation in a waveguide to explain their characteristics. To support their model, they conducted a large number of numerical experiments of wave propagation in a 2-D heterogeneous waveguide and proposed a stratification of heterogeneity in the crust of Mars, with a strongly diffusive layer in the first 10 km of the planet. This thesis is a continuation of the previous work on the attenuation properties of the Martian lithosphere, where the objective is to constrain 1-D model of the scattering and the absorption attenuation of the medium, and to estimate the characteristics of the heterogeneities and the volatile content as a function of depth through the analysis of a specific group of events of the high-frequency family: VF, HF and the near impacts events.
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The thesis is organized as follows. Chapter 2, will be devoted to a bibliographic review of existing approaches that focus on seismic coda waves and the key parameter that characterize Chapter 1 -Introduction and context 20 the seismic energetic envelopes. We will provide a mathematical description of a random heterogeneous medium and the radiative transfer theory.

In chapter 3, we will present a comparison between VF and HF events through analyses of the energetic characteristics of the envelopes. We will introduce the dataset used in this work, the signal gaussianity test, and explore the signal polarization. We will detail the analyses and measurement of the coda quality factor (Q c ), the delay-time (t d ) and the Kinetic energy partitioning ratio V 2 /H 2 for the VF and HF events. Finally, we will explore the noise contamination effect on our measurements.

In chapter 4, we will investigate the near impacts and distant impacts. We will discuss their location and their similarities through the envelopes energetic characteristics. We will provide measurement of the coda quality factor (Q c ), the delay-time (t d ) and the vertical to horizontal ratio (V 2 /H 2 ) at different frequencies.

In chapter 5, we will apply the radiative transfer theory to a simple model (half-space) and a more realistic model (stratified medium) of Mars. we will show that the envelopes of VF events and near impacts events can reasonably be explained by the multiple-scattering of elastic waves in a heterogeneous medium. We will explore the impact of the models on the coda decay. We will then combine the modeling part to the inversion, the latter being based on the Levenberg-Marquardt algorithm, in which we will constrain the scattering and the absorption parameters.

In chapter 6, we will provide a comparative analysis of Earth-Moon-Mars lithosphere, through the coda quality factor, the scattering attenuation and absorption. We will highlight the crustal similarities and the differences between these three telluric object through the scattering and absorption attenuation properties before closing the paper with some conclusions and perspectives in chapter 7.

Chapter 2

Seismic waves in heterogeneous medium

Seismic coda analysis has provided a new approach to explore the properties of the medium. Before the 1960s, the Earth's structure was investigated using homogeneous layer models, in which small heterogeneities were neglected. Therefore, the geometrical optics theory (direct, reflected and refracted wave at interfaces) was sufficient to describe the propagation of body waves inside the Earth. This helped to identify and to estimate the depth of the different layers and interfaces such as the crust, the Moho discontinuity [START_REF] Mohorovicic | Das beben vom 8. x. 1909[END_REF], the liquid core [START_REF] Oldham | The constitution of the interior of the earth, as revealed by earthquakes[END_REF] and the solid core [START_REF] Lehmann | P[END_REF]. The validity of laterally homogeneous Earth models was not questioned until the work of [START_REF] Aki | Analysis of the seismic coda of local earthquakes as scattered waves[END_REF]. He demonstrated that this theory applies well for the waves of long periods, but not for those of short periods. This chapter is subdivided into three parts. We will first highlight various geological evidence of heterogeneous structure in the earth's lithosphere through different observations. We will provide a mathematical description of random media, and we will introduce the characteristic length scales of the medium and the different propagation regimes. Then, we will review basic concepts of seismic waves propagation and the seismic coda characteristics. We will give description of the seismic envelopes through two quantities: the delay-time and the coda quality factor, and review their interpretation. Finally, we will provide a preliminary introduction of the radiative transfer theory in the multiple scattering regime and its applications.

Heterogeneous medium characteristics

The terrestrial crust contains a large diversity of rock types. The characteristics of these heterogeneities are investigated through geophysical and geological methods. Geophysical analyses explore the rock's elastic properties in the crust through the density, P-waves and S-waves velocities measurements. Geological analyses, through mineralogical composition and grain size distribution, highlighted the variations of rock properties at different scales, such as the volcanic regions (e.g; [START_REF] Jakobsson | Chemistry and distribution pattern of recent basaltic rocks in iceland[END_REF]. The investigation of small-scale rock characteristics was necessary to understand the surrounding medium at larger scales. For example, [START_REF] Simmons | Single crystal elastic constants and calculated aggregate properties[END_REF] studied the mineral elastic properties of crustal rocks. They measured the bulk modulus of quartz and plagioclase, which are major constituent of rocks. They observed that the relative abundance of these two minerals in a rock can influence its elastic properties. Besides the mineralogy, [START_REF] Simmons | Granites: Relation of properties in situ to laboratory measurements[END_REF] explored the influence of the fracture on the rock's elastic properties. They measured the variation of wave velocity with pressure in dry and water saturated medium. They observed large variations in the elastic properties of the rocks and concluded that the fractures can lead to anisotropy. Heterogeneities are therefore present at all scales (e.g; Sato, 2019). In fact, plate tectonics through plate motions, folds, faults and erosion contribute to the heterogeneity of the lithosphere. Therefore, by characterizing spatially the heterogeneities, we can understand the processes of formation and evolution of the crust.

Mathematical description of Random media

Statistical models are used to describe the characteristics of the heterogeneities. We assume that the random environments have similar statistical characteristics, like the autocorrelation function (ACF) of the fractional velocity fluctuation R(x). This last one quantifies the similarities between two point of the medium with the coordinates: x and x + r, respectively, separated by a distance r and can be expressed as:

R(r) = ξ(x)ξ(x + r) (2.1)
where, ξ(x) is the relative velocity fluctuation at x extracted from the classical assumption that density (ρ) and velocities of P and S waves (c p and c s , respectively) are correlated as follows:

δc p (x) c p = δc s (x) c s = 1 ν δρ(x) ρ = ξ(x) (2.2)
where the classical value of the Birch constant ν is fixed to 0.8 for lithospheric rocks (Sato, 1984). This correlation is known as Birch law in the literature [START_REF] Birch | The velocity of compressional waves in rocks to 10 kilobars: 1[END_REF][START_REF] Birch | The velocity of compressional waves in rocks to 10 kilobars: 2[END_REF]. For an isotropic and stationary medium, R depends only on the magnitude r of r and can be denoted R(r).

We introduce the power spectral density function (PSDF), denoted Φ, which is the Fourier transform of the ACF. Usually, several types of ACF are used to describe the fluctuations of random media (e.g; [START_REF] Ishimaru | Wave propagation and scattering in random media[END_REF]. Here below, we will introduce two most commonly used ACF to analyze the wave propagation in random media: the Gaussian ACF and the von-Kármán ACF.

Gaussian ACF

The Gaussian ACF is expressed as:

R(r) = 2 exp (-r 2 /l 2 c ) (2.3)
Where, 2 is the variance of the fluctuations and l c is the correlation length that quantifies the heterogeneities size. The PSDF (Φ) for 3-D case is :

Φ(m) = 2 √ π 3 l 3 c exp (-m 2 l 2 c /4), (2.4)
where m is the wavenumber vector of the fluctuations. The Gaussian ACF is the most tractable and is often used in theoretical models. It describes media which are poor in short wavelength components compared to l c (Sato et al., 2012). In fact, as R(r) decreases rapidly with the distance r, the fluctuations of the Gaussian media are smooth (see we introduce several types of mathematically tractable ACFs and their PSDFs for random media which are homogeneous and isotropic.

Gaussian ACF

The most tractable ACF is a Gaussian ACF (see Fig. 2.7a) as given by 

von-Kármán ACF

The von-Kármán ACF is defined as:

R(r) = 2 2 1-κ Γ(κ) r l c κ K κ r l c (2.5)
Where, Γ is the Gamma function, and K κ is the modified Bassel function of the second kind of order κ. κ is the Hurst exponent, it controls the richness of the medium in small-scale fluctuations.

The PSDF corresponding to the von-Kármán ACF in 3-D case is expressed as:

Φ(m) = (2 √ π) 3 Γ(κ + 3/2) 2 l 3 c Γ(κ)(1 + m 2 l 2 c ) κ+3/2
(2.6)

The von-Kármán PSDF obeys a power-law for large wavenumbers (l c m 1) (see Figure 2.1.b and d). From Equation 2.6, we observe that the power-law decay is controlled by the exponent κ. This makes the choice of κ very important in our modeling. In fact, the The von-Kármán PSDF describes a random medium rich in short wavelength components when κ < 0.5. A classical choice for κ is 0.5, corresponding to a correlation function of exponential type (see Figure 2.1.c) as:

R(r) = 2 exp (-r/l c ) (2.7)
For 3-D case, PSDF is:

Φ(m) = 8π 2 l 3 c (1 + l 2 c m 2 ) 2
(2.8)

ACF and PSDF results computed from well-log data and laboratory rock samples showed that it is not consistent with a Gaussian ACF, but more closely exponential or von-Kármán type ACFs (e.g; Sato, 2019;Sato et al., 2012;[START_REF] Shiomi | Broad-band power-law spectra of well-log data in japan[END_REF]. It is however important to keep in mind that l c and κ are very often non-resolvable from seismic data and are subject to important tradeoffs. We will discuss the implications of the variability of these parameters in Chapter 5, where we will use two ACF: exponential ACF (κ = 0.5), which correspond to a medium rich in small-scale heterogeneities, and von-Kármán ACF (κ = 2), which correspond to a medium poor in small-scale heterogeneities.

Characteristic lengths

We explained before that in a perfectly elastic medium, if a wave motion is initiated, its propagation will be endless. However, real materials properties change according to time and position. As a result, the wave amplitude is attenuated as they propagate. This seismic attenuation is usually due to scattering and intrinsic attenuation (also called "absorption").

To describe the propagation of waves in a heterogeneous medium and to write the radiative transfer equation, we will need to introduce new length scales (Figure 2.2): the transport mean free path (l * ), the scattering mean free path (l sc ) and the absorption mean free path (l a ). They can be expressed as functions of 2 , κ, l c and the angular frequency ω (ω = 2πf , where f is the frequency).

The scattering mean free path l sc (or scattering mean free time, τ ) is defined as the mean distance (or time) between two scattering events. In the terrestrial crust and around 1 Hz, this quantity is estimated around 100 km (e.g; Sato et al., 2012), while in the volcanic areas, which are characterized as more heterogeneous media, l sc values are often less than 1 km (e.g; [START_REF] Wegler | Analysis of multiple scattering at Vesuvius volcano, Italy, using data of the TomoVes active seismic experiment[END_REF]. In the seismology literature, to quantify the scattering, we often use the scattering quality factor Q sc , that can be expressed as

Q sc = ωl sc /c
, where c is the velocity.

The absorption mean free path l a is described as the average distance (or time t a ) over which the wave is significantly attenuated by the absorption process. Over a distance l a , the energy flux of a plane wave decreases by a factor 1/3. We can quantify this mechanism by using the absorption quality factor (or intrinsic quality factor) as

Q µ = ωl a /c.
The transport mean free path l * is the characteristic distance that the wave has to travel to lose the memory of its incident direction of propagation. Mathematically speaking this quantity can be defined as :

l * = l sc 1 -n • n = l sc 1 -cosθ (2.9)
Where n and n are respectively the incident and scattered wave directions, and θ is the angle between these two directions (also called the scattering angle). Once, we have described these quantities, we will focus on the different diffraction regimes observed and their characteristics.

Scattering regimes

Based on the scattering mean free path, three transport regimes can be defined in a scattering medium of characteristic dimension L (see Figure 2.3). We note that the value of l a is irrelevant for the discussion:

• Ballistic regime occurs on a very short length scale (L l sc ). As the scattered intensity is negligible, we consider that the plane wave passes through the medium without losing energy. Therefore, the wave field is exclusively coherent (or ballistic). This regime is well-known in the field of seismology, where the ray theory is sufficient to model it.

• Single scattering regime (L l sc ) describes a situation in which the waves interact only one time with the heterogeneties of the medium. In other words, the interaction with the medium is weak but enough to be scattered once. In this situation, the coherent (or ballistic) waves are still dominant. The single scattering provides a good description of the propagation characteristics at small distances from the source and at a short lapse time from the source origin time. Seismic (migration) methods for locating the interfaces between the different geological layers of the subsurface use the concept of single scattering [START_REF] Bleistein | Mathematics of multidimensional seismic imaging, migration, and inversion[END_REF].

• In the multiple scattering regime (L l sc ), the ballistic waves disappear through multiple interaction with the scatterers. As the time increases, the coherent waves are strongly attenuated and the wave field is dominated by the incoherent part. Classical seismic methods, based on ballistic wave paths such as ray theory or velocity tomography, are no longer applicable. To overcome this complication, statistical theories such as radiative transfer have been developed and will be introduced in section 2.3. [START_REF] Aki | Analysis of the seismic coda of local earthquakes as scattered waves[END_REF] was one of the pioneers of the coda analysis through backscattered waves theory. He observed that the seismic coda appears as incoherent waves scattered by randomly distributed heterogeneities in the lithosphere whose envelope decreases exponentially with time (see Figure 2.4). The signal decay cannot be explained by traditional models of seismic wave propagation.

(a) (b) (c)

Z = 0 Z = 0 Z = 0 Z = L Z = L Z = L

Seismogram envelopes

For this reason, other methods have been developed to investigate these types of signals such as the analysis of the seismogram envelopes. To compute this last one, we often use the smoothed trace of the square of the seismogram "the mean square seismogram envelope; MS", or the square root of MS to compute the RMS seismogram envelopes (see Figure 2.4, middle and bottom). The RMS envelopes are ideal to have a visual representation of the seismograms, when the MS envelopes are more appropriate to be compared with the synthetics based on the radiative transfer theory (Sato et al., 2012). The shape of the envelope can be conveniently characterized by two quantities: the delay-time from the onset to the peak of the intensity of S-waves and the coda quality factor that describes the decay of the coda. In what follows, we will describe these two parameters and their respective interpretations. Sato (1989) showed that the broadening of the energy envelopes with the hypocentral distance is directly related to multiple forward scattering. One approach suggested to quantify scattering is the measurement of the delay time, which is defined as the time from the S-onset to the peak of the energy on the RMS envelopes. Besides seismology, laboratory experiments of wave propagation through cracked media have also been performed, such as [START_REF] Vinogradov | Study of propagation of elastic waves in medium with oriented cracks[END_REF]. He conducted an experimental study based on the excitation of scattered waves through a thin Plexiglas sheet containing cracks. He observed that the excitation of the seismic coda and the delay-time variations are directly related to the density of the fractures in the medium. regional difference in lithospheric heterogeneity: strong scattering at island arcs and smaller scattering on stable continental areas like Australia. Shearer and Earle (2004) analyzed the envelope characteristics of P-wave and P-coda of teleseismic events. In Fig. 2.33, the top panels show peak P-wave amplitude versus epicentral distance and the bottom panels show stacks of P coda amplitudes at 1 Hz relative to the maximum P-wave amplitude for both shallow and deep focus earthquakes. P-wave amplitude versus distance is sensitive to the Δlog 10 T pd values suggest that scattering may be dominant, at in comparison to absorption at low frequency. entral and Eastern Pyrenees, the Paleozoic Axial Zone and the nean Zone show rather small Δlog 10 T pd values in all frequenis feature could be due either to weak scattering or to strong But Q c maps show that absorption is low in the PAZ except Maladeta Massif (Fig. 8). Thus, scattering in all frequency obably weak on average in the PAZ and NPZ. Pyrenees, more particularly to the east of the intermountain pordà and La Selva, exhibit rather strong Δlog 10 T pd values in frequency band. But the amplitude of the peak delay time ecreases as frequency increases. This frequency feature st that the crust in the Eastern Pyrenees is richer in smallures than in the Western Pyrenees. However, as absorption ronger as frequency increases, a competition between abd scattering may also explain the observed frequency depenlog 10 T pd . In the Eastern Pyrenees, we also observe two high egions located in the southern thrusts of the Axial zone, e compressive faults of Tech and Ribes-Camprodon. These 0 T pd anomalies match with regions characterized by strong n (Séguret and Choukroune, 1973) and may be related to heterogeneities produced by strong crustal thickening al., 2002). n ection we propose to discuss Q c and Δlog 10 T pd maps in relather geophysical and geological observations. Globally, there correlation between geological structures and attenuation maps in the Pyrenees in all frequency bands. Usually, seism are less attenuated in crystalline materials than in sediment (Sato et al., 2012). In the Pyrenees, this classical feature is m served only at low frequency. In the next paragraphs, we p more detailed discussion.

The delay time

The Eastern Pyrenees

The Eastern Pyrenees, south of the Têt and Tech faults, are c ized by rather small S-wave velocity (Souriau and Grane Villaseñor et al., 2007), small (strong) absorption and rath (small) Δlog 10 T pd values at low (high) frequency. It may indi absorption is predominant at high frequency whereas scat strong at low frequency. However we cannot quantitatively on the predominance of scattering against absorption (and vic Strong absorption and slightly low velocities suggest a therm of these anomalies and/or the presence of fluids.

We clearly observe that low values of Q c are mainly foun Neogene/Quaternary fields characterized by volcanic structure east of Banyoles-Olot and along the border of the intermount of La Selva (Martí et al., 1992). The Eastern Pyrenees have been affected by the Western Mediterranean extensional phase whic duced a crustal and lithospheric thinning towards the Medit Sea, as revealed by seismic data (Gallart et al., 1981;Mauff 2001) and gravity data (Ayala et al., 2003;Gunnell et al., 200 et al., 2002;Zeyen and Fernàndez, 1994). The late extension was also accompanied by alkaline volcanism. This area is also a with numerous thermal springs and geothermal anomalie 

The coda quality factor

The seismic coda has been the subject of numerous analyses that helped to highlight some particular characteristics. Analyses of seismograms collected on small-aperture array showed that the seismic coda is not composed of regular plane waves coming from the epicenter (e.g [START_REF] Scheimer | Short period coda of a local event at lasa, seismic discrimination[END_REF]. The excitation of the coda waves depends on the medium. For example, it is 5 to 8 times larger on the sediment than on granite [START_REF] Aki | Analysis of the seismic coda of local earthquakes as scattered waves[END_REF]. (Rautian and Khalturin, 1978) found that the amplitude of the direct waves varies from station to station, however, the coda amplitudes exhibit similar shape at all the stations. Results on the power spectrum of the signal are consistent with these observations [START_REF] Aki | Correlogram analyses of seismograms by means of a simple automatic computer[END_REF][START_REF] Aki | Analysis of the seismic coda of local earthquakes as scattered waves[END_REF]Aki and Chouet, 1975).

Since the works of Aki and Chouet (1975), it is widely accepted that the temporal decay of the smoothed energy envelope of the coda can be parameterized as:

E(t) ∝ 1 t α e -ωt Qc , (2.10)
where Q c is the coda quality factor, ω is the central angular frequency of the signal and α is an exponent that depends on the model geometry. On Earth, most investigators fix the power α = 2 for geometrical decay of the single scattering model, however, to investigate the regional variations of Q c , we generally use α = 1 [START_REF] Mitchell | Lg coda q variation across eurasia and its relation to crustal evolution[END_REF]. When on the Moon α value used is 0. In the following chapter, we will use the two different values of α to simplify the Earth-Moon-Mars comparison (α = 0 and 1). Q c characterizes the amplitude decay of the S-coda and it depends on the center frequency. We refer to Q -1 c as the coda attenuation, where (1983) large value of Q -1 c indicate more rapid decay of the coda amplitude. Q -1 c is measured directly on the logarithm of the MS envelopes at a single frequency. To filter the seismograms, usually we apply an octave-wide bandpass filter. A stable estimation of Q -1 c requires a small bandwith [START_REF] Tsujiura | Spectral analysis of the coda waves from local earthquakes[END_REF]. [START_REF] Takahara | Estimation of codaq using the maximum likelihood method[END_REF] used the maximum likelihood method to estimate Q -1 c , while [START_REF] Fehler | A temporel change in coda wave attenuation observed during an eruption of Mount St Helens[END_REF] and later Nakahara and Carcolé (2010) used many seismograms simultaneously to estimate Q -1 c that best fits all the data. The variation of Q -1 c from region to region is large. Singh and Herrmann (1983) measured Q c on short period seismograms of local earthquake in different regions in the USA at 1 Hz. They found high values of Q c (600-800) in tectonically stable region such as in the Appalachian mountains and lower values (200-400) in the tectonically active areas (Figure 2.7). Later, Jin and [START_REF] Aki | Spatial and temporal correlation between coda q and seismicity in china[END_REF] performed the same analysis in China and they obtained similar correlations between tectonic activity and Q c . Besides the regional variations of Q c , it also shows a frequency dependency that can be expressed as Q c = Q 0 f n , where f is the frequency and the n power ranges from 0.5 to 1. They observed that Q c varies between 10 2 and 3 × 10 3 at 1 Hz and 20 Hz, respectively. Calvet et al. (2013) measured the coda quality factor in 30 s signal segments on selected local seismic events with magnitude greater than 2 in the Pyrenees and in 4 -8 Hz frequency band. They first measured Q c using three coda onset time (2t s , 50 s and 80 s) reported in Figure 2.8. They observed that Q c measurements are strongly dependent of the selected segment. However, a clear stabilisation of the quantity is observed for events with epicentral distance < 100 km and with laps time fixed to 50 s. Once they fixed the coda onset, they highlighted the regional variability of Q c in different frequency bands as reported in Figure 2.9. They found that Q c lies in the range [150-400] and [1200 -1800] in the [1 -2 Hz] and [16 -32 Hz] frequency band, respectively. They related the spatial variations of Q c directly to the geology of the Pyrenees (see Figure 2.9).

As discussed above, measurements of Q c in a fixed temporal window is relatively simple. However, its physical interpretation remains a controversial issue and it depends on the model of wave propagation. The generation of the seismic coda attenuation is essentially caused by two processes: absorption Q -1 µ and scattering Q -1 sc . The contribution of each term depends on the lapse-time in the coda. Following the approximation of single scattering at short lapstime, the coda attenuation can be expressed as:

Q -1 c = Q -1 sc + Q -1 µ (2.11)
By contrast, at long lapse-time and within the diffusion approximation,

Q -1 c = Q -1
µ . These approximations are rarely applicable in real case. However, both are valid in an infinite or semi-infinite multiple scattering medium. More realistic models were developed, that include the stratification of the scattering, the absorption and the velocity models (e.g; [START_REF] Margerin | Residence time of diffuse waves in the crust as a physical interpretation of coda Q : application to seismograms recorded in Mexico[END_REF][START_REF] Margerin | Radiative tranfer and diffusion of waves in a layered medium : new insight into coda Q[END_REF][START_REF] Wegler | Diffusion of seismic waves in a thick layer: Theory and application to Vesuvius volcano[END_REF]. The results showed significant impact of the so-called "leakage effect" on Q c , which is due to the loss of energy from the crustal waveguide to the mantle. In fact, the transmitted waves in the mantle with weak scattering have low probability to return to the crust, due to the weak scattering or the strong forward scattering in the mantle [START_REF] Mancinelli | Constraints on the heterogeneity spectrum of earth's upper mantle[END_REF]. This leakage effect, which has been overlooked in the literature, induces a faster decay of the crustal energy and impacts significantly the Q c measurements. As a consequence, the absorption Q -1 µ and/or the scattering attenuation Q -1 sc are overestimated (e.g; Bianco et al., 2002;[START_REF] Margerin | Residence time of diffuse waves in the crust as a physical interpretation of coda Q : application to seismograms recorded in Mexico[END_REF]. When taking the leakage into account, the equation 2.11 must be revised as follows:

Q -1 c = Q -1 µ + Q -1 L (2.12)
Where Q L refers to the leakage quality factor, and it can be computed analytically when the scattering mean free path is lower than the thickness of the diffusive layer (l s < H) as shown in [START_REF] Margerin | Radiative tranfer and diffusion of waves in a layered medium : new insight into coda Q[END_REF]. However, if l s > H, Q L can be computed only numerically. For this reason, we propose to use the radiative transfer model to provide a physical representation of energetic envelopes and facilitate the interpretation of Q c in terms of Q µ and Q sc . Before we introduce the radiative transfer equation, we will have a look at another particularity of the seismic coda in a multiple scattering medium: "The equipartition theory". 

Equipartition theory

Equipartition theory in a random medium states that after several scattering events, all the directions of propagation become equiprobable (e.g; [START_REF] Weaver | On diffuse waves in solid media[END_REF]. This principle is used in various seismological domain such as ambient noise correlations [START_REF] Aki | Correlogram analyses of seismograms by means of a simple automatic computer[END_REF][START_REF] Shapiro | Emergence of broadband rayleigh waves from correlations of the ambient seismic noise[END_REF]), Green's function retrieval in disordered media [START_REF] Van Tiggelen | Green function retrieval and time reversal in a disordered world[END_REF], imaging [START_REF] Shapiro | High resolution surface wave tomography from ambient seismic noise[END_REF], monitoring with coda waves (Sens-Schönfelder and Wegler, 2006) or coda wave interferometry [START_REF] Snieder | Coda wave interferometry for estimating nonlinear behavior in seismic velocity[END_REF]. The stabilization of various energy ratios in the coda of high-frequency crustal earthquakes, independent of the source mechanism, was first pointed out by [START_REF] Shapiro | The energy partitionning and the diffuse character of the seismic coda[END_REF]. Since then, this observation has been reported in various regions of the world [START_REF] Galluzzo | Attenuation and velocity structure from diffuse coda waves: Constraints from underground array data[END_REF][START_REF] Nakahara | Testing equipartition for s-wave coda using borehole records of local earthquakes[END_REF]. Figure 2.10 shows the waveforms, energetic envelopes of P and S waves, and the horizontal-to-vertical kinetic energy partitioning ratio (V 2 /H 2 ) for 4 events. We observe the fluctuations of V 2 /H 2 ratios at the beginning of the signal. Then they stabilize around a plateau located precisely in the seismic coda window after the ballistic S wave. Finally the ratios fluctuate again as the signal returns to the noise level. [START_REF] Hennino | Observation of equipartition of seismic waves[END_REF] demonstrated that the energy partitioning ratios reported in [START_REF] Shapiro | The energy partitionning and the diffuse character of the seismic coda[END_REF] were in good agreement with predictions from equipartition theory in an elastic half-space. This observation is a strong argument in favor of a multiple-scattering origin for the seismic coda.

In fact, the multiple scattering removes the anisotropy and the initial polarization of the wave field imposed by the source. For a diffuse field, all the vibrational modes of the system are equiprobably present.

Later, [START_REF] Margerin | Energy partition of seismic coda waves in layered media: Theory and application to Pinyon Flats Observatory[END_REF] extended equipartition theory to the case of a locally stratified and heterogeneous medium, and showed that partitioning ratios in the coda become frequency dependent in this configuration. Reciprocally, observation of frequency-dependent partitioning ratios in the coda can be used to invert for the local stratification of elastic properties [START_REF] Galluzzo | Attenuation and velocity structure from diffuse coda waves: Constraints from underground array data[END_REF]. Furthermore, akin to the classical ambient noise H/V ratio [START_REF] Bonnefoy-Claudet | The nature of noise wavefield and its applications for site effects studies a literature review[END_REF] the V 2 /H 2 has been successfully employed as a diagnostic of site effects [START_REF] Margerin | Energy partition of seismic coda waves in layered media: Theory and application to Pinyon Flats Observatory[END_REF][START_REF] Nakahara | Testing equipartition for s-wave coda using borehole records of local earthquakes[END_REF].

Radiative transfer theory

Development of wave propagation models in heterogeneous media was a major issue in seismology. Many methods were proposed, such as full waveform simulations based on the finite difference method (e.g; [START_REF] Frankel | Finite difference simulations of seismic scattering: Implications for the propagation of short-period seismic waves in the crust and models of crustal heterogeneity[END_REF][START_REF] Przybilla | Radiative transfer of elastic waves versus finite difference simulations in two-dimensional random media[END_REF], or spectral element method (e.g; [START_REF] Leng | 3-d scattering of elastic waves by smallscale heterogeneities in the earth's mantle[END_REF][START_REF] Obermann | Lapse-time-dependent coda-wave depth sensitivity to local velocity perturbations in 3-d heterogeneous elastic media[END_REF]. However, these methods are very demanding in terms of computation time. Besides, when we are especially interested in the attenuation properties of media at high frequencies, the reconstruction of all the details of the wave field is often not of major use. Earlier, we have demonstrated that the analysis of the energy envelopes of seismic signals is sufficient to extract information about the attenuation properties of the medium and the radiative transfer theory is an appropriate way to model these envelopes.

Before their application in seismology [START_REF] Wu | Multiple scattering and energy transfer of seismic waves--separation of scattering effect from intrinsic attenuation I. Theoretical modelling[END_REF] and in elastodynamics (e.g; Ryzhik et al., 1996;Weaver, 1990), the radiative transfer equation were developed to investigate the electromagnetic waves propagation in multiple scattering media [START_REF] Chandrasekhar | Radiative Transfer[END_REF]. Here below, we will first introduce the specific intensity, which is a key quantity in the radiative transport theory. Then we will introduce the radiative transfer equation and discuss its implications. 11.a). This energy can be defined as:

The specific intensity

!Ω # !$ (a) (b) !Ω Cdt Figure 2.
dE = I ν (ω, t, r, n)dAdωdtcosθdΩ (2.13)
where θ denotes the angle between the normal to the surface and the flow direction n. I ν is the specific intensity (or the brightness) and it is considered as the central quantity in radiative transport theory. It depends on the frequency band, the time, the positions and the directions. These dependencies are necessary to take into account the complex interactions between the waves and the heterogeneous medium (absorption, emission or diffusion).

The specific intensity is proportional to the energy density U . To clarify the connection between these two quantities, we consider an imaginary cylinder (Figure 2.11.b) supported by surface dA and of length cdt. Where c is the wave packet group speed. A beam of intensity in this cylinder is crossing the area in a unit of time. The energy dE contained inside the cylinder is integrated over all space directions, which leads to the energy density. Therefore, the relation between I ν , U and the velocity is: The radiative transfer equation includes: the decrease in intensity due to absorption by anelastic processes and transfer of incident energy in all spatial directions, an increase in intensity related to the scattering of waves from a direction n to the direction n with a given probability distribution p(n, n ), where for isotropic scattering, the probability that there is scattering from n to the n direction is uniform. And finally, the source term may also locally increase the specific intensity [START_REF] Margerin | Introduction to radiative transfer of seismic waves, volume 157 of Geophysical monograph[END_REF]Turner and Weaver, 1994). The Figure 2.12 is a representation of this equation. It describes the energy balance of a beam traveling in the direction n through a small volume dV (the cylinder). Following this description, we can express this equation as:

I ν (ω, t, r, n) = cU (ω, t, r, n) (2.14)

Radiative transfer equation

(∂ t + cn • ∇) I(r, n, t) = - 1 τ + 1 t a I(r, n, t) + 1 τ 4π p(n, n )I(r, n , t)d 2 n + S(r, n, t) , (2.15)
where the left-hand side term quantifies the spatio-temporal variation of the specific intensity over its path in the heterogeneous medium. The first term on the right-hand side corresponds to the decay of the incident specific intensity due to both scattering and intrinsic absorption.

The second right-side term refers to the specific intensity gain of a beam propagating at the beginning in the n direction and scattered in the n direction. The last term S(r, n, t) is the source term, which can be a seismic event or an explosion, depending on the data used in this study.

The diffusion approximation

In the case of a strongly scattering medium such as the volcanic regions or the Lunar crust, it has been shown that it is possible to quantify the scattering and the absorption attenuation through the diffusion approximation (e.g; Gillet et al., 2017;Latham et al., 1970;[START_REF] Wegler | Scattering behaviour at Merapi volcano (Java) revealed from an active seismic experiment[END_REF]. In fact, this approximation is valid when the propagation time (or distance) is much larger than the mean free time (or mean free path), which means that after a large lapse of time, the direct ballistic pulses are lost and they become dominated by the multiple scattering.

The diffusion equation could be obtained by performing a perturbative expansion of the specific intensity for a small anisotropy of the energy flux. The details of the mathematical procedure may be found in various articles (e.g; Margerin, 2017) where the resulting diffusion equation can be expressed as :

∂I(r, t) ∂t -cD∇ 2 I(r, t) = - 1 t a I(r, t) + S(r, t) (2.16)
We notice the introduction of the quantity D in the formula which is the diffusion constant that depends on the wave velocity (c) and the scattering mean free time (τ ) as :

D = c 2 τ 3
(2.17) [START_REF] Wegler | Analysis of multiple scattering at Vesuvius volcano, Italy, using data of the TomoVes active seismic experiment[END_REF] applied this model to measure attenuation properties in the 4 -16 Hz frequency band in the shallow structure at the Vesuvius volcano region. They found a diffusivity of 0.1 km 2 /s. However, in their inversion they assumed a spatial homogeneous diffusivity and velocity model, which may induce a mis-estimation of this quantity because they observed a systematic decrease of the scattering coefficient with increasing distance r. [START_REF] Dainty | Seismic scattering and shallow structure of the Moon in Oceanus Procellarum[END_REF] were the first to used the diffusion theory in order to estimate the scattering processes in the Moon. They concluded that the thickness of the diffusive layer is about 25 km. Later, Gillet et al. (2017) proposed a modeling of the Apollo seismic energetic envelopes around 0.5 Hz and used this method to estimate the attenuation properties of the Lunar lithosphere. Figure 2.13 shows the synthetic envelopes resulting from this modeling for 3 events located at different epicentral distances. We observe that the model retrieves well the shape of the observed envelopes. 2.13 found diffusivity increases from 2 km 2 /s to 26 km 2 /s in the first 80 km depth, which they related to an extension of the fractures with the depth. We will present a more detailed comparison between the Earth-Moon-Mars crustal attenuation properties in chapter 6.

To illustrate the impact of the stratification of heterogeneity in spherical geometry, we consider the distribution of the energy maximum in the Moon at various steps of the simulation. Following the discussion and examples above, the diffusion approximation can only be applied in specific cases, where the multiple scattering dominates the ballistic waves such as in the volcanoes regions and on the Moon. When it is not the case such as observed on Mars, the radiative transfer theory is a suitable method to overcome this problem.

Chapter 3

Characteristics of energetic envelopes of HF and VF Martian events

Introduction

InSight (Banerdt et al., 2020) has deployed on Mars a complete geophysical payload, including a seismometer. Since the start of its operation, the SEIS seismometer (Lognonné et al., 2020(Lognonné et al., , 2019) ) recorded several hundreds of seismic events [START_REF] Ceylan | The marsquake catalogue from insight, sols 0-1011[END_REF]Clinton et al., 2021;Giardini et al., 2020). These events have been classified into two main families: high-frequency and low-frequency, depending on whether their frequency content is dominant above or below 1 Hz (Clinton et al., 2021). Among all the events reported by the Mars Quake Service (MQS), the majority belongs to the high frequency family, which is further divided into High-Frequency (HF) and Very-High Frequency (VF) event types. In the HF group, we include specific events with most of their energy in a narrow frequency band around 2.4 Hz, for which the term "2.4 Hz events" has been coined (Clinton et al., 2021). The frequency content of relatively rare events called "Broadband" covers the range 0.1 -2.5 Hz. They are excluded from our analysis.

The main seismological characteristics of HF and VF events (e.g. tentative location, temporal distribution) have been presented in detail in [START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF]. A brief account of their findings is reported hereafter.

HF and VF events are characterized by two temporally separated arrivals with a gradual beginning, a broad maximum and a long coda lasting up to 30 minutes. They can be clearly distinguished from events of type low-frequency and broadband, whose spectra fall off above 1 and 2.5 Hz, respectively and who have clearly separated impulsive P-and S-arrivals, similar to teleseismic earthquakes. The morphology of HF and VF seismograms is reminiscent of moonquakes and high-frequency crustal earthquakes with some notable differences (Lognonné et al., 2020;[START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF]. Compared to moonquakes, the dominant arrivals are more impulsive, the envelope broadening is less pronounced and the coda duration (typically 10 minutes) is shorter. Latham et al. (1970) and [START_REF] Nakamura | Apollo lunar seismic experiment-final summary[END_REF] analyzed seismic signals collected during the Apollo missions (1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977) and reported observations of long ringing codas lasting up to 2 hours. Latham et al. (1972) and Nakamura (1976) related these characteristics to the strong scattering in the heterogeneous upper lunar crust. In contrast with crustal earthquakes, HF and VF events do not exhibit clearly polarized first arrivals and their coda duration is much longer. The duration of the coda is likely a consequence of both the low noise level on Mars and the slower energy decay as compared to Earth. van Driel et al. ( 2021) provide convincing evidence that HF and VF events result from the propagation of seismic waves in a low-attenuation and strongly scattering medium. In this work, we pursue the investigation of HF and VF events through the energetic characteristics of these envelopes.

The chapter is organized as follows. In section 3.2, we introduce the dataset, we perform a test of signal Gaussianity, and we investigate the seismic event polarization. In section 3.3, we present detailed analyses of the coda quality factor (Q c ) measurements, the delay time (t d ) and the Vertical-to-Horizontal kinetic energy partitioning ratio (V 2 /H 2 ) for a classical VF event (S0734a). In section 3.4, we show a VF/HF comparison through different quantities (Q c , t d and V 2 /H 2 ). In section 3.5, we highlight the noise influence on the Q c and V 2 /H 2 measurements. And finally, we close the chapter with some conclusions in the section 3.6.

Data analysis

Data description

Throughout the first year of the mission, considerable work was done on the data collected by SEIS to distinguish between seismic and non-seismic signals (Ceylan et al., 2021;Clinton et al., 2021). Around 1400 potential seismic events were identified by the MQS [START_REF] Ceylan | The marsquake catalogue from insight, sols 0-1011[END_REF]Clinton et al., 2021) and we have used waveforms provided by the Mars SEIS Data service [START_REF] Ceylan | The marsquake catalogue from insight, sols 0-1011[END_REF]; Insight Mars SEIS Data Service, 019a). Based on the spectral content, two families of events can be distinguished: low frequency and high frequency family. The low-frequency family includes long period (LF) and broadband (BB) events. Most of the LF energy is at frequency lower than 1 Hz. They can be distinguished from (BB) events by the fact that they do not excite the 2.4 Hz resonances (Clinton et al., 2021). The high-frequency family is composed of so-called "2.4 Hz", high-frequency (HF) and very high-frequency (VF) events. The 2.4 Hz events have narrow spectral content and were interpreted by [START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF] as small HF events. HF are most energetic in the 1 -5.5 Hz frequency band, with their spectra decaying rapidly at higher frequencies. VF events have energy up to at least 10 Hz, sometimes even much higher frequencies. The present study focuses on HF and VF events which, thanks to their good signal-to-noise ratio and broad frequency range, are most interesting to place constraints on the high-frequency attenuation in Mars. With the latest seismic event catalog, around 320 event waveforms were available for analysis, composed of 164 HF events and 64 VF events [START_REF] Ceylan | The marsquake catalogue from insight, sols 0-1011[END_REF]. Nevertheless, a large number of waveforms are contaminated by non-seismic signals such as donks. Ceylan et al. (2021) defined donks as brief high-frequency events of great intensity, resulting likely from the thermal cracking of the lander. We visually inspected all the waveforms and rejected those that were manifestly too contaminated to be usable for coda analysis. Furthermore, we eliminated all the events with a coda duration inferior to 150 s with a signal-to-noise ratio greater than 2 at 2.5Hz. After application of these criteria, 38 HF and 16 VF waveforms were retained for further analysis. They were collected from the VBB or SP sensors with acquisition frequencies of 20 samples per second (sps) or 100 sps, respectively. The arrival times of the primary and secondary arrivals were identified from the envelopes of the signals filtered in different frequency bands.

The envelope of the signal is obtained by performing successively the following operations: filtering, squaring and smoothing with a moving average window of 20 s duration. The events are listed in Table 3.1. To give a rapid overview of the high-frequency Martian seismic events, 3 components seismograms and spectrograms of a VF (S0734a) and an HF event (S1054c) are shown in Figure 3.1 and 3.2 respectively. Time windows of 10 s are used for spectrogram computations and the displacement waveforms are bandpass filtered at 3.5 Hz. Prior to the computations, the instrumental response of the VBB sensor has been removed from the signal. Note that besides the seismometers, SEIS is also composed of a tether connecting the sensor to the lander and a relaxation loop (LSA). The impact of these last two components on the recorded high-frequency ground motion is not perfectly known at the time of writing. 2020), the VF event S0734a shows typically ten times larger amplitudes than the HF event S01054c in the same frequency band (around 3.5Hz). Furthermore, the HF event exhibits most of its energy between 1.5 and 5.5 Hz, while the spectral content of the VF ranges from 1.5 Hz to the Nyquist frequency (10 Hz). On each component seismogram, two arrivals can be clearly identified, each followed by a long coda. Unsuccessful attempts at recovering the polarization information of the dominant arrivals suggest that the HF wavefield is almost entirely depolarized. These features are broadly consistent with the observations reported in Clinton et al. (2021), and more details on the polarization will be presented below. A number of non-seismic signals are also visible in both Figure 3.1 and 3.2.

Short, repetitive bursts of high-frequency energy can be discerned, that correspond likely to donks but sometimes also glitches that are associated with high-frequency precursors (Scholz et al., 2020). The permanent narrow band of energy visible at 1 Hz is caused by cross-talk between the temperature acquisition (at 1 sps) and the seismic channel (Compaire et al., 2021;Zweifel et al., tted), termed tick-noise. While the most energetic quality B high-frequency events are of VF type, a large number of HF and VF events have small spectral amplitude and are prone to contamination by environmental and instrumental noise. This is a topic of concern and we shall carefully examine the impact of the noise on our measurements (section 3.5). To further highlight the difference of energy content between HF and VF events, we have computed the vertical, horizontal (i.e. summed over the N and E components) and the total (i.e. summed over three components) average power spectral density of the selected events in a time window of 200s duration starting at the arrival time of the second arrival. To do so, we filtered each component in successive frequency bands [3f /4, 5f /4] centered around frequency f ∈ {1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5} and measured the mean energy of the signal between t s and t s + 200 s in each frequency band. The results are then normalized by the bandwidth of the filter. Figure 3.3 shows the vertical, horizontal and the total spectral amplitude of the selected events as a function of the central frequency. Except for the signal amplification around 2.4Hz, the total spectral amplitude of all events decays with frequency, but with some differences between HF and VF events. As already illustrated in Figure 3.1 and 3.2, it is apparent that the amplitude of VF events is generally larger than the one of HF in the 1 -10 Hz band. In fact, the most energetic VF events is rising above 4 Hz. The spectral decay is also generally slower for VF than for HF events. This distinction is not absolutely clear-cut, as the least energetic VF events exhibit spectral decay rates that are comparable to the ones of HF events. We will see later that kinetic energy partitioning ratios help to discriminate between the two types of events.

The origin of the difference between the spectra of VF and HF events is not understood yet. Simple earthquake scaling laws (e.g. Madariaga, 1976) suggest, for example, that VF events may exhibit larger stress drop than HF events. Nevertheless, such an interpretation requires that all path effects be removed from the spectra shown in Figure 3.3, an issue which we start to address in this chapter.

Test of signal Gaussianity

Gaussianity is one of the basic properties of multiply-scattered wavefields. [START_REF] D'agostino | Tests for departure from normality. empirical results for the distributions of b 2 and b[END_REF]. For a sample of size n, X 1 , ..., X n , √ b 1 and b 2 are respectively defined as:

b 1 = m 3 /m 2/3 2 (3.1) b 2 = m 4 /m 2 2 (3.2)
where:

m k = (X i -X) k /n (3.3)
and X is the sample mean X = (X)/n (3.4)

Large deviations of √ b 1 and b 2 from the normal values 0 and 3 are indicators of non-gaussianity (D' Agostino et al., 1990). K 2 statistic, which depends on the skewness and kurtosis of the data, has a chi-squared distribution with two degrees of freedom when the population follows a normal distribution and is defined as:

K 2 = Z 2 ( b 1 ) + Z 2 (b 2 ) (3.5)
Where Z 2 ( √ b 1 ) and Z 2 (b 2 ) are the normal approximations to √ b 1 and b 2 (D' Agostino et al., 1990). The p-value p is computed from K 2 and used to reject the null hypothesis H 0 : the data obey Gaussian statistics. In this work, we will adopt the usual convention that p-values lower than 0.05 are indicators of non-gaussianity. Note that while d'Agostino's test can only be employed to reject the null hypothesis, we will unrigorously consider that the signal is close to gaussian whenever p > 0.05.

We performed a gaussianity test for S0128a VF event records (see table 3.1) using the following procedure. First, three pre-processing steps are applied to the VBB data: 1) tick noise removal (Compaire et al., 2021), 2) glitch removal (Scholz et al., 2020), 3) rotation to North East and Vertical components. 1100s long records of the (Z,N,E) data are subsequently filtered in narrow frequency bands [3f /4, 5f /4] (with f the central frequency), and divided into time windows of 50 seconds duration with an overlap of 90%. A zero-phase Butterworth filter with eight poles has been employed. The p-values of d'Agostino's test are computed for each time window and each central frequency f in the range 2 -8 Hz with a frequency step of 0.1 Hz. The choice of time window duration was dictated by a compromise between temporal resolution and processing speed. Shorter windows (say 20s) do not yield significantly different results, but increase considerably the computational cost.

Figure 3.4 shows the results of the processing as applied to two VF events which were recorded in significantly different noise conditions. To facilitate the visualization and interpretation, the color scale has been saturated for p-values greater than 0.06. The left panels show the waveform data of the Z (top), E (middle) and N (bottom) components of VF S0128a filtered around 5.5 Hz, together with the p-values in the 2 -8 Hz band. This VF event was recorded in a particularly noisy time of the martian day, and the onset of the first arrival is barely visible. Numerous wind gusts (as documented by the analysis of pressure and wind data) manifests themselves as energy bursts, both before the event starts and after the coda has ended. These large fluctuations in the environmental noise are highly non-gaussian. Further analysis reveals that the wind gusts are correlated with large values of the kurtosis, which implies that the data distribution is probably heavy-tailed in windy conditions.

Interestingly, we observe that the coda of the first arrival (corresponding roughly to the time window delimited by t p and t s in Figure 3.4) successfully passes the gaussianity test on all three components in the 2 -8 Hz band, thereby indicating a change in the nature of the signal. After the passage of the secondary arrival, marked again by non-gaussianity, we observe that the three signal components are presumably gaussian, at the exception of a time window around 400s which may indicate contamination by environmental noise. The return to the noise level may again be correlated with a highly non-gaussian signature of the data.

One may think that gaussianity could be used as a general test to separate environmental noise from seismic events. The analysis of the data from S0334a (Figure 3.5) reveals that this is unfortunately not the case in quiet environments. Indeed, we observe that for this event, the data are compatible with a gaussian hypothesis both in the noise and event time windows. In this example, the start of the event and the phase arrivals are most easily identified directly from the waveforms or other derived quantities such as energy envelopes. There are some time windows where deviations from gaussianity are obvious. These transients can be either donks or high-frequency glitch precursors that are not removed by the deglitching algorithm. Some of these noise transients are readily identified both on the waveforms and on the gaussianity tests. From this analysis, we may conclude that the events waveforms are generally compatible with a gaussian hypothesis and therefore with a multiple-scattering origin. Nevertheless, the gaussianity criterion by itself is not enough to distinguish noise from seismic events. In the next section, we will examine an energetic property that further highlights the transition between the two in the time domain.

Polarization test on the horizontal components

The local trajectory of a particle motion at the surface as recorded by the passage of the seismic wave field is defined by a 3-component seismogram. The trajectory of this particle varies according to the type of wave, the motion is linear along the direction of propagation for P-wave, while for an S-wave, this motion is orthogonal to the direction of propagation. In seismology, the study of the polarization variation provides additional information on the source and the medium structure. Several methods have proven their effectiveness in this field (e.g; [START_REF] Diallo | Characterization of polarization attributes of seismic waves using continuous wavelet transforms[END_REF][START_REF] Jurkevics | Polarization analysis of three-component array data[END_REF][START_REF] Kulesh | Polarization analysis in the wavelet domain based on the adaptive covariance method[END_REF][START_REF] Pinnegar | Polarization analysis and polarization filtering of three-component signals with the time-frequency s transform[END_REF][START_REF] Vidale | Complex polarization analysis of particle motion[END_REF]. However, in planetary seismology, and more precisely in the case of InSight, we cannot apply most of these methods because there is only one seismic station on Mars, and the uncertainties on the identification of the first arrivals and phases are sometimes large (≈ 20 s) due to the diffusive signal. For more information on the methods and results of ambient noise and the polarization Due to the low SNR on the Z component of the VF events, we propose to investigate the polarization of these events only on the horizontal components. We consider that the polarization matrix M [START_REF] Wolf | Introduction to the Theory of Coherence and Polarization of Light[END_REF], at each time, may be expressed as the following sum:

M = M (p) + M (u) (3.6)
where M (p) is the completely polarized matrix and M (u) is the completely unpolarized matrix.

The objective is to remove the unpolarized part of the signal in order to extract information on the polarized part [START_REF] Wolf | Introduction to the Theory of Coherence and Polarization of Light[END_REF]. For that, M (p) and M (u) are defined as:

M (p) = B D D * C M (u) = A 1 0 0 1 (3.7)
Where:

A = 1 2 (M xx + M yy ) - 1 2 (M xx + M yy ) 2 -4DetM xx B = 1 2 (M xx + M yy ) - 1 2 (T rM) 2 -4DetM C = 1 2 (M yy + M xx ) - 1 2 (T rM) 2 -4DetM D = M xy (3.8)
Tr denotes the trace and Det the determinant. These elements (Eq 3.8) are related to the Stokes parameters as the following:

S 0 = B + C S 1 = B -C S 2 = 2Re(D) S 3 = 2Im(D) (3.9)
The Stokes parameters are very helpful for representing some geometrical properties of the oscillating filed vectors. Finally, we use Eq 3.10 we compute the degree of polarization (P ol), ellipticity (χ) and the ellipticity of the polarized part of the signal (Φ) as:

P ol = 1 - 4DetM (T rM) 2 Φ( • ) = 90 - 1 2 arctan2(S 2 , S 1 ) χ = tan 1 2 atan2(S 3 , S 2 1 + S 2 2 )
(3.10) Figure 3.6 shows the results of this approach on the S0128a VF event. The waveform on the N and E components are filtered around 5.5 Hz (Figure 3.6.a and b, respectively) for a clearer overview of the signal. The arrival times of the primary (t p ) and secondary (t s ) phases are indicated on the waveforms in red dashed lines. A clear contamination by the wind before and after the event can be observed. The time-frequency analysis of the SN R ratio on the horizontal components, where the background noise level was estimated during a quiet period before the event, highlight the time and frequency of the event occurrence (Figure 3.6.c). The polarization results, before and after the event, show episodes of energy injection in the ground that have very peculiar characteristics with a high degree of polarization in the 4 -6 Hz frequency band (Figure 3.6.d, e and f). They are linearly polarized with an azimuth between 0 and 60 degrees and can be identified as wind injections. In fact, Dahmen et al. (2021b) identified different lander resonances (lander modes) in 1 -9 Hz frequency band, which have a temperaturedependent peak frequency and a wind-sensitive amplitude. We observe that during the event (Figure 3.6.d, e and f), the degree of polarization drops and the polarization characteristics fluctuate. These observations are consistent with a diffuse wavefield. We notice that the 2.4 Hz resonance is polarized and present all along the signal. Dahmen et al. (2021b) investigated more deeply the 2.4 Hz resonance and they suggested that it could be related to a local ground structure. 

Envelope characteristics of VF events

Analysis of VF event S0756a

In this section, we present a complete analysis of the VF event S0734a using 20 sps data from the VBB sensor (see also Figure 3.8 for an analysis based on 100 sps SP data). In the range of frequencies where the two datasets overlap, we found good agreement between the results obtained from the VBB and SP sensors. Our objective is to extract the main characteristics of the energy envelopes in different frequency bands. Before performing the measurements, we applied the following preliminary processing to the data: detrend using cubic splines, instrumental response correction and finally rotation to North East and Vertical components. In a second step, the energy envelopes are calculated as follows. The data are band-pass filtered, squared and smoothed. We applied Butterworth filters in successive frequency bands [3f /4, 5f /4] centered around frequency f ∈ {2.5, 3.5, 4.5, 5.5, 6.5, 7.5} for VBB data (Lognonné et al., 2020) Looking at the envelope shape in more details, we observe two wave packets separated in time by approximately 180 s. We observe that the envelope shape remains the same between 2.5 to 10.5 Hz. At higher frequencies, besides the lower SN R, we identify clearly the donks contamination (semi-rectangle).

In the next subsections, we further examine the characteristics of the VF event by analyzing the coda quality factor Q c and delay time t d . 

Coda quality factor measurements

From the Equation 2.10, we will measure the coda quality factor Q c on the energetic envelopes and at different frequencices. In this work, we will consider both α = 0 and α = 1. The former choice facilitates the comparison with lunar measurements presented in Gillet et al. (2017), while the latter value has been traditionally adopted to study the coda decay at regional distances on Earth (Mitchell, 1995). Note that in the case α = 0, the Aki and Chouet (1975)'s formula is left invariant by a translation of the origin time so that quake location is not needed to measure Q c . In the case α = 1, we determined an approximate origin time t 0 for the marsquake event.

Assuming constant velocities, we have t 0 = t p -(t s -t p )/(γ -1) where the V p /V s ratio (γ) is
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To measure Q c , we perform a robust linear least-squares regression of the logarithm of the envelope of the summed energies of horizontal components, after correction by a factor t (t is the time elapsed since the event occurence) in the case α = 1 (Aki and Chouet, 1975). The start time and end time of the coda windows used for analysis are listed in Table 3.1. For all the events analyzed, the duration of the coda window is of at least 100 s duration with SN R greater than 2. The use of robust linear least-squares circumvents the difficulty of performing an accurate linear regression when the signal is contaminated by outliers, in particular donks in the highest frequency range. Furthermore, for events located in the same range of epicentral distance, we took care of selecting very similar time windows in order to minimize possible selection biases. 

Q c = Q 0 f n .
Based on linear least-squares applied to the logarithm of Q c , we obtain Q 0 = 790 ± 21 and n = 0.98 ± 0.02 in the [2.5 Hz -7.5 Hz] range for VBB data with α = 0 (see Figure 3.8 for the same analysis on SP data with similar results). In the present work, we extend the analysis to all VF events listed in Table 3.1. The results are presented in Figure 3.9. They provide further confirmation of the generality of the observations made on S0756a VF events with an inter-event average values Q 0 = 738 and n= 0.95 for α = 0.

In the case α = 1, we find Q 0 = 772 and n = 0.96 with an equally satisfactory fit to the data. We note that the choice of α impacts the value of Q 0 but leaves n practically unchanged. The change in Q 0 is rather modest, typically less than 10% for VF S0756a.

Delay-time measurements

In random heterogeneous media, multiple scattering results in the broadening of energy envelopes with hypocentral distance (Saito et al., 2002;Sato, 1982). This phenomenon may be simply quantified by measuring the rise time from the onset to the peak of a given seismic arrival. To facilitate the comparisons with terrestrial seismology, we define the delay time on the secondary arrival as: t d = t max -t s where t max is the arrival time of the energy maximum.

Pursuing our analysis of the VF event S0756a, we performed delay-time measurements (t d ) on the seismogram envelopes of the VBB data in the 2.5 -7.5 Hz (see Appendix 3.8.c for an analysis at higher frequencies using SP data). The results are reported in Figures 3.7 ference (t s -t p ) between the second and first arrivals, which can be understood as a proxy for the hypocentral distance R. While multiple-forward scattering theory predicts that t d increases like R 2 in smooth random media (Saito et al., 2002), the delay time of high-frequency martian events appears to be remarkably independent on (t s -t p ). This property distinguishes Mars from Earth and Moon where the increase of t d with hypocentral distance is clearly observed (Blanchette-Guertin et al., 2012;Takahashi et al., 2007). More detailed Earth-Moon-Mars comparison of the t d will be provided in Chapter 6. The deviation of martian HF events from the predicted theoretical behavior can have different origins: competition between scattering and attenuation (absorption), contribution of large angle scattering neglected in Markov's approximation or non-uniformity of scattering properties. These hypotheses will be evaluated in the light of envelope modeling in chapter 5.

Vertical-to-Horizontal kinetic energy partitioning ratio

V 2 /H 2 was computed from 2.5Hz to 35.5Hz from VBB and SP data using windows of 20s to smooth the instantaneous fluctuations of the signal energy. The results are reported in Figure 3.7.b and 3.8.b, where we show the temporal evolution of the energy ratio as a function of time. At all frequencies, the transition from noise to signal at the onset of the first arrivals (t=0s) manifests itself as an instantaneous variation of V 2 /H 2 . After a very short transient, particularly visible at 2.5Hz (Figure 3.7), V 2 /H 2 shows remarkable stability during at least 700s in the signal, as expected for a multiply-scattered wavefield. It is worth noting that the second arrival leaves no imprint on the V 2 /H 2 ratio, suggesting that the wave content of the coda of the first arrival and of the second arrival are similar.

Furthermore, we observe that the energy partitioning ratio is strongly frequency dependent.

It is maximum at the 2.4Hz resonance and decreases rapidly at frequencies higher than 7.5Hz above which it remains relatively low up to frequencies of ∼ 10Hz. Above 10Hz, we observe that V 2 /H 2 gradually increases up to frequencies of 46 Hz where the signal returns to the ambient noise value (Figure 3.8.b). Based on the discussion above, this observation suggests that the hypothesis of site effect under InSight is plausible. This results are consistent with Carrasco
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Comparison of HF and VF events characteristics

The preliminary analysis of HF and VF events revealed significant differences in spectral content (see Figures 3.1-3.2-3.3). In this section, we propose to extend the comparison between the two groups of events by examining the coda quality factor and delay time of 38 HF and 16 VF events in the 2.5 -5.5 Hz and 2.5 -7.5 Hz frequency bands, respectively. We only use data collected on the VBB sensors with sampling rates of 20 sps.

Delay time

Similar to the VF event S0756a (Figure 3.7), the delay-time (t d ) measured for each of the HF and VF events appears to vary little with frequency. The apparent differences in the measurements of t d at different frequencies are likely the results of statistical fluctuations of the envelopes or contamination of the signal by donks. As a consequence, we define for each event the delaytime and its uncertainty as the mean and the standard deviation to one sigma of all the values measured on the filtered data in the [3f /4, 5f /4] band with f ∈ {2.5, 3.5, • • • , 7.5}. Figure 3.10 (left) reports the delay-time as a function of t s -t p , taken as a proxy for the hypocentral distance. On this Figure, there is no clear-cut difference between the VF and HF events, except that the latter show more variability. The lack of information on the back-azimuth of these events makes it impossible to determine whether this variability reflects a genuine path effect or if this is just a consequence of noise contamination. Indeed, the small amplitude of the HF events that we have analyzed makes them more sensitive to the noise conditions, as will be illustrated later. 

Coda quality factor

Figure 3.10 (right) shows the dependence of the coda quality factor of HF and VF events at 3.5 Hz as a function of (t s -t p ). Dark and light colors correspond respectively to the choice α = 0 and α = 1 in formula (2.10). We observe again a much greater variability of Q c among HF events. This observation has to be interpreted with some caution. While it suggests that some HF events sample a significantly higher Q region of Mars as compared to VF events, we will show in section 3.5 that the coda decay is extremely sensitive to the noise conditions. This is all the more true as the Q values (typically in the range 2000 -9000 at 3.5 Hz) are particularly high. If we make abstraction of HF events, there appears to be an increase of the coda quality factor with hypocentral distance. Since the more distant events are likely to sample deeper parts of the medium as compared to the nearest one, this increase is suggestive of a possible stratification of attenuation properties with depth. This hypothesis will be further explored in chapter 5. In preparation of section 3.5, we continue our exploration of HF and VF events with the analysis of Figure 3.11 which reports our measurements of Q c as a function of the signal-to-noise ratio for central frequencies f ∈ {2.5, 3.5, • • • , 7.5} Hz. SN R and its uncertainty were evaluated in a 200 s long window starting at the onset of the second arrival. As a consequence of their narrower spectral content, the coda quality factor of HF events could only be measured in the two lowest frequency bands (2.5 -3.5 Hz). The difference between the two groups of events is apparent on both axes of Figure 3.11: HF events show on average higher Q c and lower SN R than VF events. The variability of Q c for HF events at 3.5 Hz (Figure 3.10) is thus largely confirmed at 2.5 Hz. While this observation suggests that HF events sample on average higher Q regions of Mars, it is important to keep in mind the influence of the noise on the measurements. This point is further explored in the section 3.5.

Vertical-to-Horizontal kinetic energy partitioning

As a last element of comparison between HF and VF events, we show in Figure 3.12 the Vertical-to-Horizontal kinetic energy ratio in the coda as a function of the SN R ratio for central frequencies f ∈ {2.5, 3.5, 

7.5Hz

VF HF Figure 3.12: Vertical-to-Horizontal (V 2 /H 2 ) kinetic energy ratio in the coda as a function of the signal-to-noise ratio on the horizontal components (SN R H ) in the 2.5-7.5Hz frequency band for 38 HF events (blue) and 16 VF events (green). The SNR ratio is evaluated on the horizontal components. Both SN R H and V 2 /H 2 are calculated in a window of 200s duration after the second arrival onset. The black dashed line indicates SN R = 2.

In the lowest range of frequencies (2.5-3.5Hz), only the SN R ratio differs between the two groups of events. At higher frequencies, HF events show systematically higher V 2 /H 2 than VF events. In fact, a clear trend is visible in Figure 3.12 which highlights a correlation between V 2 /H 2 and the S/N ratio. It is worth noting that for frequencies higher than 6.5Hz, the ratio V 2 /H 2 of HF events is largely dominated by the noise, since their SN R ratio barely exceeds 1. The steady decrease of V 2 /H 2 with frequency for VF events confirms the observation made Chapter 3 -Characteristics of energetic envelopes of HF and VF Martian events 57 on the event S0756a. Similarly low values of the V 2 /H 2 ratio were previously reported on Earth by [START_REF] Margerin | Energy partition of seismic coda waves in layered media: Theory and application to Pinyon Flats Observatory[END_REF] at Pynion Flats Observatory and were shown to be related to the presence of low-velocity layers of weathered granite and sands in the near surface. This hypothesis is explored in the paper by [START_REF] Carrasco | Empirical h/v spectral ratios at the insight landing site and implications for the martian subsurface structure[END_REF]. A possible interpretation of the trend seen in Figure 3.12 is therefore that, for a given event, the ratio V 2 /H 2 is an average of the partitioning ratio of the ambient noise and of the structure with respective weights 1/(1+SN R 2 ) and SN R 2 /(1+SN R 2 ). The role of noise contamination will be further explored quantitatively in the next section. To understand the impact of the noise on envelope characteristics, we performed a simple sensitivity analysis by adding noise data to one the VF events (S0334a). We selected a noise window during Sol 333 at the exact same local time of occurrence of S0334a. Before addition to the event signal, the noise amplitude was scaled by a factor k ∈ {0, 1, 2, 3, 4, 5}. Figure 3.13 shows the results of the noise addition to the signal of S0334a from 2.5 Hz to 7.5 Hz.

Noise sensitivity analysis

As hypothesized above, the impact of the noise level on the coda quality factor is quite large.

As the SRN ratio decreases by a factor 4, the quality factor increases by a factor almost 3 at 3.5 Hz. This very high sensitivity of Q c to the noise level has two origins: (1) the SN R of the original signal is not very high (of the order of 10) and (2) The rate of decay of the coda is rather slow. By "slow", we mean that the coda length is not very large compared to the typical decay time Q c /ω at circular frequency ω. Hence, a small amount of noise can lead to an overestimation of Q c . Comparing Figures 3.11 and 3.13, we recognize a somewhat similar pattern, suggesting that part of the variability of Q c among HF events may be explained by their low SN R ratio. Finally, we remark that the impact of the noise on the coda decay of VF events at higher frequency (7.5 Hz), while slightly less pronounced than at 3.5 Hz, is still noticeable.

Conclusion

In this chapter, we investigated the characteristics of two type of events (VF and HF). We find that both HF and VF signals are depolarized and verify Gaussian statistics, at the exception of the ballistic primary and secondary arrivals. These properties agree with a multiple-scattering origin. The energy partitioning ratio V 2 /H 2 between horizontal and vertical components is frequency dependent for VF events. V 2 /H 2 is maximum at the 2.4 Hz resonance, it decreases rapidly at frequencies higher than 5Hz and remains low up to frequencies of 15 Hz. HF events do not exhibit a decrease of V 2 /H 2 at high frequencies, but we observe a strong correlation between V 2 /H 2 and signal-to-noise (SN R) ratio for HF events. This observation suggests that, besides the unequal spectral shapes between HF and VF events, a part of the difference between them can be explained by noise contamination. The low V 2 /H 2 ratio of VF events is reminiscent of the response of unconsolidated layers, as observed at Pinyon Flats Observatory on Earth. Unlike earthquakes and moonquakes observed in the same frequency band, the delay time measured from onset to peak of the secondary arrival of HF and VF events is independent of frequency. This suggests that the spectrum of heterogeneity of the Martian crust is smooth. We observe that the delay time is weakly dependent on hypocentral distance for HF and VF events. This cannot be reconciled with the predictions of multiple-scattering theories in a statistically homogeneous medium, but it suggests a stratification of heterogeneity in the Martian lithosphere. The coda quality factor Q c of VF events is high and shows a linear increase with frequency. Q c of HF events is higher, but it may be overestimated due to the noise contamination. The linear frequency dependence of Q c is strongly reminiscent of the leakage effect in a crustal scattering waveguide, and suggests that part of the observed coda attenuation may be of structural origin. In the Chapter 5, we will focus on the highest quality VF events and show that their envelope shape can be reasonably explained by multiple-scattering models for elastic waves.

Chapter 4

Characteristics of energy envelopes of the impacts

The observation and study of meteorite impacts is a major activity in planetology. During the Apollo missions, more than 1000 meteorite impacts were identified on the Lunar surface through the Apollo seismic network [START_REF] Nakamura | Passive seismic experiment, long period event catalog, final version[END_REF]. The mass of the massive impactor was between 500 g and 50 Kg [START_REF] Duennebier | Meteoroid flux from passive seismic experiment data[END_REF], but no impact was associated with visual detection of a new crater. The kinetic energy of the lunar impactor is usually partitioned into: seismic waves generation, the crater excavation, the particles' ejection, in addition to the radiation emission. However, it is important to keep in mind that this telluric object has no atmosphere and very low level of gravity On Earth, meteorites enter the atmosphere frequently, and at a critical moment of its entry into the atmosphere, the pressure on the front face of the meteoroid converts the momentum of the body into a force that causes the instantaneous explosion of the object, so called "airburst".

If the explosion occurs close enough to the surface, it can generate craters and causes massive destruction. Many meteorite airbursts were reported on Earth (e.g; [START_REF] Neidhart | Statistical analysis of fireballs: Seismic signature survey[END_REF][START_REF] Tauzin | Seismoacoustic coupling induced by the breakup of the 15 february 2013 chelyabinsk meteor[END_REF][START_REF] Whipple | The great siberian meteor and the waves, seismic and aerial, which it produced[END_REF]. But the two largest events recorded were the Tunguska in 1908 [START_REF] Brown | A 500-kiloton airburst over chelyabinsk and an enhanced hazard from small impactors[END_REF] and the Chelyabinsk in 2013 [START_REF] Popova | Chelyabinsk airburst, damage assessment, meteorite recovery, and characterization[END_REF]. [START_REF] Brown | A 500-kiloton airburst over chelyabinsk and an enhanced hazard from small impactors[END_REF] suggested that an event like this could occur every 100 years.

Meteorite impacts are excellent candidates for the regolith investigation. As these events occur on the surface, the seismic signals recorded will be very sensitive to the upper layers of the internal structure. On the Moon, seismic records of meteorite impacts, combined to other seismic events, were used to investigate the megaregolith thickness. It has been estimated between 10 and 80 km thickness based on different methods and algorithms (e.g; Gillet et al., 2017;Latham et al., 1972;Lognonné et al., 2003;[START_REF] Wieczorek | The constitution and structure of the lunar interior[END_REF].

In this chapter, we will continue our investigation of the Martian crust properties through the listed impacts (Table 4.1) detected by SEIS during the InSight mission. We will first present the seismic records and the methods used to locate the events. Then we will explore the energetic characteristics of the envelopes of both the near-impacts (section 4.2) and the distant-impacts (section 4.3). We will present a complete analysis of these events through the measurements of the coda quality factor Q c , the delay-time t d and the V 2 /H 2 ratio.

Impacts location

Impact detection and identification was a priority objective for the InSight mission. During the last year of the mission, SEIS detected a few seismic events which were later confirmed to be impacts through orbital imaging [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF][START_REF] Posiolova | Largest recent impact craters on mars: Orbital imaging and surface seismic co-investigation[END_REF]. Based on the SN R ratio, we selected four Near Impacts (NI) and two Distant impact (DI) in this study (see Table 4.1). The NI events show energetic dominance in the 2 -7 Hz frequency band, including at least one dispersed signal for each event in the 0.4 -4 Hz frequency band, dominant on the vertical component, which was identified as an airburst. The seismic signal duration is between 300 -700s, depending on the event. [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF] used the arrival times and polarization of the acoustic, P and S seismic waves combined with the sound velocity and winds from Mars

Chapter 4 -Characteristics of energy envelopes of the impacts 61 Climate Database [START_REF] Millour | The mars climate database (version 5.3). scientific workshop "from mars express to exomars[END_REF] to estimate a location range for these events. They were able to provide the epicentral distances of these events with ±10% uncertainties and the back azimuth with ±5 • to ±60 • variability depending on the event. The location were confirmed by Context Camera (CTX) on the Mars Reconnaissance Orbiter [START_REF] Malin | Context camera investigation on board the mars reconnaissance orbiter[END_REF].

In addition, each image of the impacts sites were acquired by the High Resolution Imaging Science Experiment (HiRISE) at 25 cm pixel -1 resolution [START_REF] Mcewen | Mars reconnaissance orbiter's high resolution imaging science experiment (hirise)[END_REF]. The distance range of these events is between 50 km and 250 km from the InSight lander (see Table 4.1 and Figure 4.2.a and b). The diameter of the craters range from 3 to 7 meters, and the particles' ejection can be used to determine the direction of the incident meteorites. A complete energetic envelopes analyses on these events will be presented in section 4.2. The S1000a and S1094b major distant impacts were recently identified at the Tempe Terra and Amazonis Planitia region of Mars (Figure 4.3.c), which are rugged volcanic plains area [START_REF] Tanaka | Geologic map of mars[END_REF]. The signals are characterized by two distinct energy packets and a long coda whose duration exceeds 1 hour, indicating a heterogeneous sub-surface. The t s -t p time of both events are 12 and 7 minutes, respectively. The energy content of both events is between 0.1 Hz and 8 Hz frequency band, with a maximum around 1 Hz. No clear airburst were detected on these records (Kim et al., 2022a). The CTX and HiRISE images showed craters of about 130 m and 150 m, respectively. Besides, the S1094b crater image showed bright patches and blocks indicating the presence of water ice in the subsurface of the region [START_REF] Posiolova | Largest recent impact craters on mars: Orbital imaging and surface seismic co-investigation[END_REF]. We will explore the energetic envelopes characteristics of these events in the section 4.3. 

Energy envelopes characteristics of near impacts

As presented above, the identification of the near impacts was associated with the detection of airbursts on the seismic signals. All the S0793a, S0981c and S1034a impacts exhibit one clear and distinct dispersive signal, however, the S0986c impact shows a more complex pattern. Figure 4.2.a shows multiple craters for the S0986c. [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF] suggest that these observations may imply one or more atmospheric disruption events of the meteoroid along the entry path. They proposed a scenario for this specific impact, in which they attributed the first airburst A1 to the entry shock wave or the first fragmentation of the meteorite and the airburst A2 to the fragmentation that induced the craters (Figure 4.4). The last airburst A3 is more complex, they suggest that it results from the excitation of the acoustic waves that propagate in the low-atmosphere waveguide after the impact cluster. The atmospheric-ground coupling explains the late dispersive signal A3. Another significant observation related to this signal is the delayed strong excitation observed at 2.4 Hz (X1) after the P and S arrivals. [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF] attributed this signal to the conversion of the acoustic waves from A2 atmospheric source to seismic waves at the surface of the Planet. A similar finding was reported for the S0793a impact.

In this section, we will provide a complete analysis of the energy envelopes of the nearby impacts. We will first focus on event S0986c and then, we will present the results of the coda quality factor, delay time and V 2 /H 2 ratio measurements for this group of impacts.

RTICLES NATURE GEOSCIENCE

constrain distance-amplitude scaling relationships relating the impact processes to the seismic and acoustic waves and further constrain crustal and atmospheric structure.

Impact location and orbital imaging

Hypervelocity meteoroids generate shock waves, which decay into acoustic and seismic waves, upon atmospheric entry and fragmen-distances in the downwind direction due to a thin near-surface atmospheric waveguide less than 1 km thick 15 (Fig. 1b). Such guided acoustic waves generated by surface explosions have been observed on Earth as dispersed pressure wave trains 16,17 . In 2021, three seismic events with dominant energy above 5 Hz were located within 300 km of the InSight lander 18 . Their seismic records include comparable dispersed signals in the 0.4-4.0 Hz frequency range (Fig. 1c 

Envelope characteristics of the S0986c impact

To investigate the energetic envelope characteristics of the S0986a, we applied the method described in Section 3.3. Only this time and due to the length of the seismic signal, we used a smoothing window of 5s length to compute the envelopes. We observe two packets of energy, the first one is the impact (starting at t = 0 s) and the second one is the strong airburst (between t = 330 s and t = 500 s) referred as A3 in Figure 4.4. The amplitude of the envelope energy changes differently depending on the segment of Chapter 4 -Characteristics of energy envelopes of the impacts 65 the signal (impact or airburst part). The maximum energy of the envelopes is around 5.5 Hz for the impact part of the signal and around 2.5 Hz for the airburst A3. Between 4.5 Hz and 7.5 Hz, the impact envelopes shapes are similar and the decay curve in the seismic coda are parallel to each other. However, at both 2.5 Hz and 3.5 Hz, we observe a different form of the envelope related to the delayed energy injection observed in Figure 4.4 and referred as X1. The same observation were made on the S0793a impacts, where we suppose that this delayed energy injection is not only due to conversion of acoustic waves from atmospheric source to seismic waves at the surface but also related to the entry path of the meteorite. For these reasons, we will not use these frequencies in our envelope inversion in chapter 5. Unlike the classical VF events (in chapter 3), we do not observe a clear stabilization of the V 2 /H 2 ratio in the coda (Figure 4.5.b), which may be due to the proximity of this event. However, we used the V 2 /H 2 ratio to identify the P and S arrivals (first and second red dashed lines, respectively).

The delay-time measurements of the S0986c exhibit a similar behavior to the classical VF events at higher frequency. Figure 4.5.d shows the delay-time measurements as a function of the frequency. The delay-time are measured on the energetic envelopes in Figure 4.5.a. We observe that except for the two measurements at 2.5 Hz and 3.5 Hz, the delay-time values are constant, and the small variations observed are related to the envelopes fluctuations. The variability observed at 2.5 Hz and 3.5 Hz are directly related to the late energy injection observed on this event. The uncertainties are determined from the length of the smoothing window used in this study (5s).

We measured the coda quality factor on the black dashed line segment of the energetic envelopes at different frequencies (Figure 4.5.a). Figure 4.5.c illustrates the variation of this quantity as a function of the frequency. The color bar indicates the SN R H ratio measured on the horizontal components in a segment of 200 s after the S-wave arrival. Q c values are lower than for the classical VF events and it varies between 800 and 1800. Q c increases with the frequency as Q c = 460f 0.7 , where f is the frequency. Unlike the coda quality factor of the Classical VF events, we do not observe a linear dependency of this quantity to the frequency. Similar results were found on all the near-impacts, and they will be reported in the section below.

Q c and t d measurements for the near impacts

We measured the delay time (t d ) and the coda quality factor (Q c ) for all the near-impacts using the method described in section 4.2.1. Depending on the event, the length of the coda signal segment selected to measure Q c is between 60 s and 140 s above SN R = 2. Due to the delay energy injection at 2.5 Hz and 3.5 Hz, we removed the measurements, for both of the coda quality factor and the delay-time, at these frequencies in our processing. The results will be described and discussed in the following sections.

Delay-time measurement

As the delay-time varies weakly with the frequency in [4.5 Hz -7.5 Hz] band, we defined for each event the delay-time and its uncertainty as the mean and the standard deviation to one sigma of the values measured in this frequency band. Figure 4.6 shows the mean delay-time (dots) and the uncertainties (error bars) as a function of the epicentral distance reported in Table 4.1. The error bars vary from 2 s to 5 s depending on the event. The delay-time values increase systematically with the epicentral distance and it ranges between 18 and 40 s. For comparison, we observed that t d of the VF and HF events, which the source location is estimated to be larger (> 650 km), ranges between 45 s and 120 s with no clear dependence to the epicentral distance. These results and observations suggest that the delay time exhibit two trends as a function of the epicentral distance. Besides, the near impacts t d values obtained are ten times lower than the values measured on the Moon impacts with the Apollo data at similar epicentral distance and frequency band (Gillet et al., 2017). 

Coda quality factor measurements

To measure the coda quality factor, we used the equation 2.10 from Aki and Chouet (1975). We computed the envelopes with a smoothing window of 5s length. We selected a signal segment on the coda decay of the horizontal components with SN R > 2 and performed the procedure for each event at [4.5, 5.5, 6.5,7.5] central frequency. Figure 4.7 illustrate the variation of the coda quality factor Q c for each event as function of the epicentral distance and the frequency band. Except for the S1034a near-impact at 50 km epicentral distance, all Q c values range between 1300 and 2500 and they do not exhibit a clear trend to the distance. Q c measurements of the S1034a near-impact show lower values. As this impact is closest to the InSight lander, we may assume that the seismic signal is more sensitive to the upper layer of the crust. This could suggest a stratification of the attenuation properties that was not observed with the distant impacts.

Dark and light colors in Figure 4.7 correspond respectively to the choice α = 0 and α = 1 in equation (2.10). The precise choice of these two values is for an easier comparison with the measurements performed on Earth and the Moon that will be presented in Chapter 6. We observe that the values measured with α = 0 and α = 1 are very similar to each other, with a difference of about 10%. As there is no significant variation, we can suggest that the coda quality factor measured through both of α values are consistent. 

Envelope characteristics of distant impacts

The two distant impacts S1000a and S1094b, recorded by InSight during its third year of operation, exhibit a magnitude greater than 4, which ranks them among the most energetic events recorded on Mars. Unlike the near impacts, their seismic energy content is between 0.05 Hz and 8 Hz with a maximum around 2.5 Hz, but no airbursts were observed.

We propose to analyze these two distant impacts through their energy envelopes characteristics computed on the horizontal components and at different frequencies. Figure 4.8 and 4.9 show the results of applying the method described in section 3.3 to these distant impacts. The envelopes shape of both events (Figure 4.8.a and 4.9.a) exhibit similarities and differences. In fact, the amplitude of the energy envelopes decreases with the frequency, with a maximum at 2.5 Hz. Similar observations have been found on VF events with a t s -t p > 200 s.

We observe that the P-coda of the S1000a is flat at all the frequencies, like for the distant VF events. P-coda of the S1094b exhibits a slow decay. This observation is clear at 2.5 Hz and 3.5 Hz, but the low SN R and the wind injections at higher frequencies are limiting our observations (see Figure 4.10). Nevertheless, we point out that a similar behaviour was observed on some HF event at 2.5 Hz and 3.5 Hz. Finally, the most energetic part of the signal for the classical VF events is the second packet of arrivals (S-waves). By contrast, for the S1094b distant impact the energy of the first packet (P-waves) is dominant.
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The V 2 /H 2 ratio measurements (Figure 4.8.b and 4.9.b) show similarities between the two events. We observe the transition from the noise (around 0.3) to the seismic signal (around 1) on these measurements. We observe a clear stabilization of the seismic coda but we do not observe the frequency dependence of the V 2 /H 2 ratio as for the classical VF events, which could be related to the injection of teleseismic energy [START_REF] Vidale | Fine-scale heterogeneity in the Earth's inner core[END_REF]. To reduce the contamination of the measurements by the wind injections and glitches, we carefully selected a segment of the S-coda to measure the coda quality factor (see the black dashed lines on the envelopes of Figure 4.8.a and 4.9.a). The results are reported as a function of the frequency in Figure 4.8.c and 4.9.c. We observe that the values of Q c range from 10 3 to 10 4 and from 10 4 to 10 5 for S1000a and S1094b impact, respectively. We computed Q 0 and the exponent n using the empiric equation .5 and Q c = 445f 1.7 for S1000a and S1094b impact, respectively.

Q c = Q 0 f n ,
Q c = 730f 1
These results are neither similar to the classical VF events. For a comparison, the S0421a VF event has similar t s -t p value to the distant impact S1094b, but different Q 0 and n values (Q 0 ≈ 700 and n ≈ 1). To investigate these differences, we computed the polarization method described in section 3.2.3 on the S1094b event. The results are displayed in Figure 4.10. We observe the wind injections, which are linearly polarized with an azimuth between 0 and 60 degrees. We suggest that Q 0 and n values computed on the S1094b could be mis-estimated due to the wind contamination. 

Conclusion

During the third year of the InSight mission, we have detected and located near impacts and distant impacts with both seismometer and orbital imagers. We analyzed the characteristics of both groups of impacts. We found that V 2 /H 2 is frequency dependent for only the nearimpacts events. The Q c measurements of the near-impacts are between 500 and 2500. These values are lower than the classical VF events. But Q c measurements of the distant-impact are higher (between 10 4 and 10 5 ). We attribute these variations to the low SN R and the wind contamination observed on the distant-impacts. The delay-time measurements are consistent with the Classical VF events measurements. The inversion and modeling of the near-impacts envelopes will provide us the opportunity to a better constraint on the structure of the crust and its attenuation properties. This issue will be addressed in the next chapter.

Chapter 5

Seismogram envelopes modeling and inversion

In this chapter, we will explore the attenuation properties of the Martian lithosphere. We will model the energy envelopes of martian seismic events and invert the scattering and absorption attenuation of the martian crust. we will use the near impacts as well as the distant VF events. We will first apply our method in a half-space model, then we will use a more realistic stratified model of the internal structure of the planet.

Seismogram envelopes modeling in a half-space

In this section, we will present the theoretical approach and the inversion procedure to retrieve the scattering and absorption properties of Mars from the modeling of seismogram envelopes of VF events. We will illustrate the modeling of three selected VF events (S0734a, S0756a, S0421a), covering a broad range of hypocentral distances. And we will present the results of the inversion applied to a list of selected VF events.

Radiative transfer model

The envelope characteristics and the statistical properties of the signal of VF Martian events suggest that they are composed of seismic waves that have propagated in the multiple scattering regime. To describe the spatio-temporal distribution of seismic energy and the energy exchange between different modes of propagation, we use an approach based on the elastic radiative transport model in a half-space (Ryzhik et al., 1996;Turner and Weaver, 1994). We suppose that the first and second energy 'packets' observed during VF events correspond to multiplyscattered P and S waves emitted by a single impulsive source. To model the energy envelopes, we use the Monte-Carlo method to solve the following simplified set of transport equations (Margerin, 2017):

(∂ t + c p n • ∇) ρ p (r, n, t) = - 1 τ p + 1 t p i ρ p (r, n, t) + 1 τ pp 4π p pp (n, n )ρ p (r, n , t)d 2 n + 1 τ sp 4π p sp (n, n )ρ s (r, n , t)d 2 n + S p (r, n, t) (∂ t + c s n • ∇) ρ s (r, n, t) = - 1 τ s + 1 t s i ρ s (r, n, t) + 1 τ ps 4π p ps (n, n )ρ p (r, n , t)d 2 n + 1 τ ss 4π p ss (n, n )ρ s (r, n , t)d 2 n + S s (r, n, t) (5.1)
where τ αβ is the α to β scattering mean free time (α, β ∈ {P, S}). In addition, we have introduced the following notations: t α i and c α are the absorption time and the velocity of the mode α, ρ α (r, n, t) is the energy density propagating in direction n at time t and position r of mode α. S α (r, n, t) is the source term for mode α. The local angular scattering pattern p αβ (n, n ) is the probability that α energy propagating in direction, n is converted into β energy propagating in direction n. Finally, 1/τ α = β 1/τ αβ is the total inverse scattering mean free time (of mode α). Note that the set of Eq. ( 5.1) can be reduced to a simple scalar diffusion equation for the total energy density (ρ p + ρ s ) in the limit of long propagation times (t → ∞). To facilitate the comparison between Mars and the Moon, we will therefore quantify the strength of the scattering by computing the equivalent seismic diffusivity of the models of heterogeneity derived from the inversion of seismic envelopes. For a presentation of the formula for the diffusivity in a seismological context, the reader is referred to Turner (1998).

To facilitate the comparison with the Earth, we will also quantify the scattering strength with the aid of the shear wave quality factor Q sc = ωτ s , where ω is the central frequency of the waves.

As demonstrated by scattering theory, the angular patterns p αβ are governed by the power spectrum of the random fluctuations as well as the possible correlations among the elastic parameters (Sato et al., 2012). In this work, we make the classical assumption that density and velocity are correlated as follows: δc p /c p = δc s /c s and δρ/ρ = νδc p /c p . This is known as Birch law in the literature. In this work, we adopt the classical value ν = 0.8 for lithospheric rocks (Sato, 1984). The power spectrum of the elastic fluctuations Φ is assumed to be of Von-Karman type (Eq 2.6). Where m is the wavenumber (of the fluctuations), Γ is the Gamma function, and 2 is the variance of the fluctuations. It is recalled that the two key parameters in this equation are the Hurst exponent κ and the correlation length l c . The exponent κ controls the richness of the medium in small-scale fluctuations and l c is the typical size of the largest heterogeneities. A classical choice for κ is 0.5, corresponding to a correlation function of exponential type. In this work, we will explore other forms of correlation corresponding to smoother media (κ = 2) besides the usual case κ = 0.5.

To complete the presentation of the model we discuss briefly the source term, absorption model, and average wavespeeds. In view of the broad similarity of VF events with high-frequency earthquakes, it is reasonable to assume that they are of shallow origin. In our model, the P /S energy ratio emitted at the source is therefore calculated from the radiation of a double couple and depends on the velocity ratio c p /c s to the fifth power (Sato et al., 2012). For lack of more precise information, we will assume that the dissipation of seismic energy is caused by shearing motions and is therefore entirely controlled by the rigidity. We therefore have the following relation:

t p i = 3 4 ( c p c s ) 2 t s i
, between the absorption times of P and S waves. As the seismic wavespeeds are not very well constrained except for the near surface (Lognonné et al., 2020), we will assume that c s = 1.7 km/s, characteristic of the upper crust, and explore two possible values of the c p /c s ratio (1.65, 1.85). We also investigated a higher shear wave speed c s = 3.0km/s and obtained similar fits to the data, with somewhat lower scattering attenuation. We will come back to the role of c s later in the discussion.

Inversion procedure

On Earth, the most common approach to retrieve the scattering and attenuation properties from seismogram envelopes is the Multiple-Lapse-Time-Window-Analysis (Fehler et al., 1992), where the smoothed spatio-temporal distribution of seismic energy is estimated from energy integrals for an ensemble of earthquakes in the vicinity of the station. This method cannot be readily transposed to Mars, due to the lack of seismicity at short hypocentral distance. In the case of the Moon, Gillet et al. (2017) developed an inversion method which uses only t d and Q c to characterize the shape of seismogram envelopes. Again, this approach is not readily applied to our data since VF events are composed of two major energy arrivals. We therefore decided to perform a direct inversion of the full seismogram envelope of horizontal components using the transport equations (5.1) for the forward model.

The inversion seeks to retrieve only two parameters: the scattering mean free time (τ s ) and the absorption time of S waves (t s i ). It is very important to note that all the scattering parameters of Eq. ( 5.1), i.e. τ αβ and p αβ are entirely determined by τ s once ω (central circular frequency), l c (correlation length) and κ (Hurst exponent) are fixed. Because the envelope shape does not vary much between 2.5 and 8.5 Hz, we decided to perform the inversion at 6 Hz to optimize the S/N ratio. Since the correlation length l c is unknown, we explored a broad range of values ranging from a few tens of meters to a few kilometers. For the Hurst exponent, two possibilities were considered: κ = 0.5 (exponential medium) and κ = 2.0 (smooth Von-Karman medium). The best results were obtained with the latter choice as illustrated below.

To quantify the agreement between data and model, we apply a simple least-squares criterion to the difference of the logarithms of the observed and modeled energy envelopes:

χ 2 = te 0 log E o (t) N o -log E m (t) N m 2 dt (5.2)
where E denotes the energy and the integral is computed from the signal onset to the return to the noise level at time t e . The use of the logarithm in the definition of χ 2 is important to give similar weights to the two main arrivals and the coda in the inversion process. In Eq. ( 5.2), the symbols N o,m denote energy integrals that are used to cross-normalize the synthetic and observed envelopes, where the subscripts o, m refer to observations and model, respectively. This is the same idea as the coda normalization method (Aki and Chouet, 1975;Rautian and Khalturin, 1978), where source and site effects are removed by normalizing the amplitude of the signal by the energy level of the coda at long lapse-time. In our applications, we used a window of 50 s durations at the end of the coda (i.e. between t e -50 s and t e ).

To minimize χ 2 , we employ an iterative optimization approach based on the Levenberg-Marquardt algorithm as implemented in the GNU Scientific Library (Galassi et al., 2017). To guide the inversion process, the method requires the computation of the sensitivity of the synthetic envelope to a perturbation in the model parameters. Rather than the scattering and absorption times, we employ the attenuations 1/τ s and 1/t s i for the parametrization, as is naturally suggested by the form of Eq. (5.1). Therefore, in addition to solving Eq. ( 5.1), we use the differential Monte-Carlo method of Takeuchi (2016) to compute the partial derivatives of the energy envelopes with respect to the scattering and absorption attenuations. In general, a few iterations suffice to converge to the minimum. The algorithm also provides uncertainties on the best-fitting parameters based on the assumptions that the errors are Gaussian.

Inversion Results on selected VF events

Some representative results of the inversion procedure are shown in Figure 5.1 for the VF events S0734a (top), S0756a (middle) and S0421a (bottom). Assuming a uniform shear velocity c s = 1.7 km/s and c p /c s = 1.85 (resp. 1.65), the time difference (t s -t p ) indicates that these events are approximately located at 330 km (resp. 390 km), 670 km (resp. 780 km) and 1510 km (resp. 1760 km) from the station, respectively. The agreement between the best-fitting radiative transfer models with Hurst exponent κ = 2 and the data is rather satisfactory, particularly for the two shortest hypocentral distances. It is worth noting that the amplitude ratio between the two dominant arrivals is consistent with the hypotheses that shear dislocations are at the origin of the VF events, and that all dissipation is due to shear. For the most distant event, the quality of the fit degrades. We see in particular that the rise time of the first arrival is too short and its coda decay too rapid. We will further comment on this discrepancy below. In all the cases that we examined, the adimensional correlation length ωl c /c s is larger than 1, which indicates that the scattering is predominantly in the forward direction (see eg. Sato et al., 2012, for details). The most important preliminary conclusion to be drawn from Figure 5.1 is that the numerical modeling supports a multiple-forward-scattering origin for the observed VF events waveforms (and most likely other high-frequency events). We will now discuss more precisely the outcome of the inversions by analyzing the sensitivity of our results to the c p /c s ratio and the Hurst exponent. Finally, we will argue that the inversion results suggest a possible stratification of attenuation properties in Mars.

Role of the Hurst exponent

In Figure 5.1, we compare the outcome of the inversions for the two Hurst exponents: κ = 0.5, 2.0. For all the events that we investigated, we observed that the largest value of κ systematically yields the best fit to the data. This suggests that Earth is richer in small-scale heterogeneities than Mars. In more informal terms, we may say that the interior of Mars appears smooth as compared to the Earth. It is worth noting that the correlation length derived from the models decreases strongly as κ increases. This is an example of trade-off that needs to be resolved in future works. However, we would like to point out that there are indications in the data that κ could indeed be larger on Mars than on Earth. We have already noted that the envelope shape of the VF events is remarkably independent of the frequency (see chapter 3). In a medium with uniform scattering properties, such a behavior can only be reproduced in the forward-scattering regime (ωl c /c s > 1) for sufficiently large values of κ, typically of the order of 2 or larger (see Calvet and Margerin, 2013). The fact that the best fits are obtained for κ = 2 is therefore consistent with the overall characteristics of the VF seismogram envelopes across multiple frequencies.

Impact of the c p /c s ratio.

The ratio c p /c s in the interior of Mars is so far not very well constrained and it is important to examine how it may affect the fit to the data. The presence of porosity in the shallow part of the crust may reduce c p /c s of the host rock. In Figure 5 compare it with the reference models with c p /c s = 1.85. The Hurst exponent is set to 2. Overall, the best-fitting models obtained in the two cases are very similar and agree reasonably well with the data, except for the largest hypocentral distance. This result confirms the consistence of the data with a multiple-scattering hypothesis. Reciprocally, we may argue that it is unfortunately not possible to put constraints on the c p /c s ratio in the crust from envelope shapes alone. 

Variability of scattering and attenuation parameters

To give an idea of the variability of the scattering and attenuation properties inferred from the envelope shape of VF events, the inversion procedure was applied to seven of them (S0128a, S0264e, S0334a, S0421a, S0424c, S0734a, S0756a) at a central frequency of 6 Hz with c p /c s = 1.85 and κ = 2. Figure 5.3 compiles the results of the inversion for the diffusivity (left), the scattering quality factor of S waves (center) and the intrinsic quality factor of S waves (right).

We see that the diffusivity ranges from 50 to 800 km 2 /s, which suggests that the scattering attenuation on Mars is much more Earth-like than Moon-like. For the smallest hypocentral distances, the results are compatible with previous findings by Lognonné et al. (2020), based on the analysis of S0128a. Note that changing the average shear wavespeed to c s = 3 km/s increases the inferred diffusivity by a factor approximately equal to 2.8. This result is a direct consequence of the linear increase of the hypocentral distance with c s . By a simple similarity argument based on the diffusion model, the increase of the diffusivity due to an increase of c s is expected to be equal to the ratio of the shear wavespeeds squared (3/1.7) 2 ≈ 3.1, which is not far from the value 2.8 reported above. As for the attenuation, with an intrinsic quality factor Q µ ranging from 3500 to 10000, Mars is found to be much more Moon-like than Earthlike. The albedo of the martian lithosphere is extremely high, typically of the order of 0.9, in sharp contrast with the Earth where the albedo rarely exceeds 0.5. Some notable exceptions are volcanic areas (e.g. Mayeda et al., 1992) but only at sufficiently low frequencies, typically less than 3Hz. Recently, [START_REF] Scheller | Long-term drying of mars by sequestration of ocean-scale volumes of water in the crust[END_REF] proposed that vast amounts of water could be trapped in the crust of Mars. This model may be compatible with our observations, provided that some parts of the crust remain mostly dry. That the upper crust could be dry in the equatorial region near InSight is in agreement with the study of Clifford et al. (2010). To put our measurements of Q µ in perspective, we recall that experiments on basalt samples by Tittmann et al. (1980) have revealed that high Q values (typically higher than 2500) can only be achieved through the complete degassing of the material, including the removal of intracrystalline water. The Q µ values we report in the present work are in fact higher than the highest values obtained by Tittman (1977) after several degassing cycles in vacuum. Unless our understanding of the role of water in the attenuation of seismic waves is incorrect, an important conclusion of our study is that the waveforms of VF events are compatible with a mostly dry crust. ) is particularly clear. In Linear-Log scale, the dependence is approximately linear, which suggests an empirical dependence of the form y = y 0 exp((t s -t p )/ξ) where y stands for D, Q sc or Q µ . Indeed, this simple form is seen to fit the observations reasonably well. These results show clearly that, while it reasonably fits the observed seismogram envelopes individually, a uniform scattering model cannot explain simultaneously all the records. Furthermore, we observe that as the hypocentral distance increases, attenuation by scattering and absorption appear to decrease. Under the reasonable assumption that the sensitivity to deep structures increases with hypocentral distance, a natural explanation for the trend seen in Figure 5.3 is that there exists a stratification of attenuation properties inside Mars. More precisely, we may expect a rapid decrease of attenuation with depth. Recent results by Knapmeyer-Endrun et al. (2021) indicate that, while this is not apparent from the seismogram envelopes of VF events, the crust of Mars is stratified. Determining the depth dependence of Martian attenuation taking into account the stratification of velocities in the lithosphere is the topic of the next section.

Seismogram envelopes modeling in a stratified medium

In this section, we will simultaneously model the envelopes of the seismic signals of the near impact as well as the distant VF and invert the scattering properties and absorption in the medium. We will use a stratified model in terms of seismic velocity and attenuation. The objective is to use a simplified but realistic model of the internal structure of the planet to estimate the characteristics of the heterogeneities and their extension at depth. We will explore the frequency dependence of scattering and absorption attenuation using a near impact and a distant VF. Furthermore, we will study the implication of the source depth on the VF events.

Model parameterization

Velocity model

The estimation of the thickness of the Martian crust is a major research topic in the field of planet formation. Previous models combining gravity and topography data have shown an average crustal thickness estimation of about 50 to 110 km for Mars [START_REF] Baratoux | Petrological constraints on the density of the martian crust[END_REF][START_REF] Wieczorek | Thickness of the martian crust: Improved constraints from geoid-to-topography ratios[END_REF]. This large range of variation is related to the assumption made on the density of the crust through different chemical measurements of meteorites and gravity data [START_REF] Goossens | Evidence for a low bulk crustal density for mars from gravity and topography[END_REF][START_REF] Hahn | Martian surface heat production and crustal heat flow from mars odyssey gamma-ray spectrometry[END_REF]. More recently, Knapmeyer-Endrun et al. (2021) used SEIS (marsquake records and ambient wavefield) data to provide an absolute estimation of the Martian crustal thickness and layering beneath the InSight landing site. They used a combination of methods that include receiver functions (e.g; [START_REF] Langston | Structure under mount rainier, washington, inferred from teleseismic body waves[END_REF]Lognonné et al., 2020) and interferometric techniques, in which they used both converted and reflected seismic phases to resolve trade-offs between the depth of interfaces and the seismic velocities. They proposed two crustal thickness models, with a Moho at about 20 ± 5km and 39 ± 8km depth, respectively. However, when we used these velocity models in our inversions of the near impacts, we were not able to retrieve the corresponding arrival times picked on these events and compatible with the locations provided through the surface imagery. Figure 5.4 shows the S0986c impact envelope filtered at 7.5 Hz central frequency (in black) and its corresponding synthetic envelope (red)computed from the crustal velocity model of Knapmeyer-Endrun et al. (2021) with a Moho around 39 km. We selected that particular frequency band to ensure an excellent signal-to-noise ratio (SN R) and the low wind contamination. We observe that the arrival time of S-waves predicted by the model does not correspond to the one identified on the real data, which suggests that the crustal velocity should be higher than previously proposed. But we have to keep in mind that at the time of the preparation of the article by Knapmeyer-Endrun et al. (2021), the impacts had not yet been identified, and therefore they were not included in the list of events used in their study.

Figure 5.5: Structural velocity model of Mars as a function of the depth used in this study and referred to as 'Model 1'. The crustal part is resulting from the inversion of the near-impacts arrival times, and the mantle part is obtained from [START_REF] Khan | Upper mantle structure of mars from insight seismic data[END_REF]. Blue, green and black lines refer to the P-wave velocity, S-wave velocity and the density, respectively. The gray region indicates a diffusive layer.

To overcome this problem in our modeling and inversion, we had to compute a crustal velocity model that takes into account the near-impacts arrivals and locations. We used the arrival times ( of P and S waves) and the location of the near impacts indicated in Table 4.1 to perform a simple inversion based on a constant gradient of logarithmic velocity [START_REF] Cervenỳ | Seismic ray theory[END_REF], where the velocity as a function of depth V (z) is expressed as :

ln V (z) = a + bz V (z) = exp(a + bz) (5.3)
We fixed the V p /V s velocity ratio to √ 3 and we have selected some deep inking points to build our model. Then we transformed the resulting gradient model into a layered model, in order to integrate it into our envelope modeling algorithm. Figure 5.5 displays the results of the velocity model inversion, where V p , V s and ρ refer to the velocity of P-waves, S-waves and the density, respectively. Afterwards, we performed some tests in order to determine a boundary of the crust thickness that would be in agreement with the P and S arrivals of the near-impacts. We found that a crust thickness of about 40 km using this velocity model is sufficient to explain all these events. Besides, the mantle velocity model part in Figure 5.5 are extracted from [START_REF] Khan | Upper mantle structure of mars from insight seismic data[END_REF]. The P and S-waves velocities obtained for the Martian crust were surprisingly similar to the Lunar crust (e.g [START_REF] Khan | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF], which may suggest similarities between Mars and the Moon.

Synthetic envelope modeling test

Once the crustal velocity model was fixed (Model 1, Figure 5.5), we modeled synthetic envelopes as a function of the epicentral distance at a fixed frequency. For this, we imposed a 20 km thick strongly scattering upper crust (gray zone in figure 5.5) overlying a non-scattering lower crust and mantle. Then, we modeled the synthetic envelopes at the central frequency 7.5 Hz and at different epicentral distances, which correspond to the selected near impacts and the distant VF. In addition, we have assumed that the source for all these events is superficial (impact). The results are shown in Figure 5.6, where (a) shows the synthetic envelopes computed at the epicentral distance of the selected events and (b) shows the envelopes computed from the horizontal component data around 7.5 Hz central frequency. The uncertainties (gray area) are estimated over a signal segment of, respectively, 50 s and 100 s around the maximum of the energy for the nearby impacts and the selected VF events. We note that t = 0 s is the origin time of the event. The initial synthetic envelope modeling test provides insight into the general envelope dynamics as a function of epicentral distance (Figure 5.6.a). In fact, we observe that with a simple attenuation model including a diffusive layer of 20 km thickness, we are able to explain and recover the shape of the Martian seismic envelopes, in particular the near impacts. We notice that the more distant the event is, the clearer is the visual separation of the two energy packets (P-waves and S-waves), a feature which is also present on the synthetic envelopes. However, we observe on figure 5.6.b that the coda P of the distant VF is stable, which is not the case on the corresponding synthetics (Figure 5.6.a). This observation can be related to the thickness of the diffusive layer, we propose to examine this hypothesis further in the section 5.2.3. Blue and green colors refer to the synthetic and real data measurements, respectively.

To investigate further the similarities and differences between the synthetics and the observed envelopes, we measured the delay time (t d ) and the coda quality factor (Q c ) on the envelopes of each event in Figure 5.6 using the method described in section 3.3. Figure 5.7 shows the measurements results as a function of the epicentral distance, where the delay-time (t d ) and the coda quality factor Q c measurements on the synthetic envelopes are in blue and the real data are in green. We observe that in general, the delay time measurements on the synthetic and real data envelopes are well consistent with two regimes observed as a function of epicentral distance.

We notice a rapid increase of t d with epicentral distance until a maximum is reached around 700 km. Beyond this point, t d remains approximately constant. At short epicentral distance (< 250 km), t d measured on both synthetics and observations are in good agreement. However, we observe a significant discrepancy in the t d measurements between the synthetic envelopes and the observed data at greater distances. This observation will be further investigated in the following sections.

Similar observations have been reported on the Moon by Gillet et al. (2017). They measured t d on a number of energy envelopes of moonquakes and lunar impacts around 0.5 Hz center frequency. They observed that this quantity followed two different slopes at short (less than 10 • or 303 km) and long distance range (more than 10 • or 303 km) on both observations and synthetics. To explain these two trends, they suggest a strong stratification of heterogeneities with depth.

We also measured the coda quality factor Q c on the same signal segment for both observed and modeled envelopes. The results are displayed in Figure 5.7, right. We notice in general a good agreement between observation and Q c measurements on the synthetics. Besides, we clearly observe that this quantity increases with epicentral distance in both cases, with higher values at larger distance. Indeed, the farther the event is from the landing site, the more the seismic wave path probes the properties of the deeper structure. Therefore, we suggest that the increase of Q c values with epicentral distance could be directly related to the stratification of the attenuation properties in the Martian lithosphere.

Envelope inversion and modeling of the near-impacts

Envelope modeling as well as scattering and absorption inversion of near impacts are the focus of this section. Thanks to their close location to the station, the modeling of impacts will provide us with better constraints on the attenuation properties of the upper layer of the Martian crust.

In the following section, we will pay particular attention to the thickness of the diffusive layer through the modeling of the near impact envelopes. We will discuss the values resulting from the inversion of scattering and absorption using both event-by-event and joint inversion. Our first objective is to estimate the thickness of the scattering layer in the Martian lithosphere.

Investigation of minimum thickness

To achieve this goal, we applied our method to the near impacts S0986c and S0981c located at 85 km and 245 km epicentral distance, respectively. We modeled their energetic envelopes and inverted the attenuation properties of the scattering layer while varying its thickness. For the envelope modeling part, we used the energy envelopes of the horizontal components of these near impacts filtered at 7.5 Hz central frequency. We have selected this particular frequency band because it offers a good signal to noise ratio (SN R) and a low contamination by wind and/or donks. This observation is valid not only for these two near impacts, but also for all events selected in this study. Furthermore, we carefully selected the envelope segment to be modeled without the airbursts signal part [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF], as we are not able to include it in our modeling at this moment. For the inversion part, we used Model 1 described in the previous section in which for reminder we suppose a highly diffusive upper crustal layer overlying a weakly diffusive lower crustal layer and mantle. Then, we varied the thickness h of the diffusive layer (gray zone in Figure 2) assuming h = 10 km, 15 km and 20 km, and we inverted the scattering and the absorption properties for each diffusive layer model (see Figure 5.8).

Figure 5.9 shows the best-fit of the radiative transfer modeling of the S0986c (top) and S0981c (bottom) near impacts energy envelopes. The observation are shown in black, while the green, blue and red envelopes refer to the best-fitting models with diffusive layer thickness of 10 km, 15 km, and 20 km, respectively. In addition, we reported the respective S-waves scattering quality factor (Q sc ) and S-wave absorption quality factor (Q µ ) resulting from these inversions in Figure 5.10, where the color bar indicates the misfit computed between the observed envelope and the modeled ones. With a diffusive layer of about 10 km thickness (green envelope in Figure 5.9), we observe that the synthetic envelopes do not match well the envelope shapes of S0986c and S981c. In fact, the algorithm tends to pick high values of the scattering attenuation to fit the rise time and to fit to the envelope decay, it compensates with high values of the absorption attenuation, which correspond to lower values of the S-waves scattering quality factors (Q sc ) and S-waves absorption quality factor (Q µ ) (Figure 5.10). However, we observe that with diffusive layer thickness of 15 km and 20 km, we were able to considerably improve the fitting of the observed envelopes. The corresponding inversion results showed higher values of (Q sc ) and (Q µ ) of about ≈ 45 and ≈ 2700, respectively.

We conclude that a minimum diffusive layer thickness of 15 km is sufficient to explain and fit the envelope shape of the near impacts. Besides, the attenuation properties of this layer indicate a strong scattering attenuation and low absorption values, which suggests that the medium is mostly dry and highly heterogeneous. To continue our study of the attenuation properties of the Martian crust, we performed a series of inversions of the envelopes of the nearby impacts: S1034a, S0986c, S0793a, and S0981c whose corresponding epicentral distances are: 50 km, 85 km, 91 km, and 245 km, respectively. We first inverted the data of each impact separately and then performed a joint inversion of all the events. The energy envelopes are computed from seismograms of horizontal components filtered at 7.5 Hz central frequency. Moreover, we have also excluded the airburst segments of each event [START_REF] Garcia | Newly formed craters on mars located using seismic and acoustic wave data from insight[END_REF]. We used two different diffusive layers thicknesses: 15 km and 20 km as shown in Figure 5.8.

Scattering and absorption properties of the diffusive layer

Figure 5.11 shows the radiative transfer modeling of the energy envelopes of the horizontal components of the near impacts using a diffusive layer of thickness 15 km (blue) or 20 km (red), where each event is inverted separately. The black envelopes correspond to the observed data and the grey area shows their uncertainties, which are quantified by the standard deviation (std) of the envelope calculated on a signal segment of 50 s length around the maximum of the energy envelopes. The time t = 0 indicates the origin time. We observe that both models recover the shape of the energy envelopes of the near impacts quite well. However, we observe that for the closest impact S1034a (located at 50 km from the landing site), the model with a diffusive layer thickness of 15 km (blue) is more appropriate than the one with 20 km. In fact, the misfit is reduced by more than 50% with 15 km diffusive layer thickness. The inversion results are displayed in Figure 5.12, where we plot the S-wave scattering quality factor (Q sc , left) and the absorption quality factor (Q µ , right) of each event as a function of the corresponding distance from the landing site. The circles and triangles refer to the model with 15 km and 20 km diffusive layer thickness, respectively. In general, the attenuation quality factors resulting from the inversion with a 15 km-thick diffusive layer are lower than those in a model with a 20 km-thick layer. The differences between the two ranges from 7% to 30%. This result shows the existence of a trade-off between the thickness of the diffusive layer and the attenuation parameters. In general, when the layer is thinner, the Q sc resulting from the inversion becomes larger and to recover the shape of the envelope we need higher values of Q µ .

Figure 5.13: Radiative transfer modeling of the energy envelope of the near impacts. The black curves show the energy envelope of the horizontal components filtered at 7.5 Hz and the gray zone corresponds to the uncertainties. Blue and red color lines correspond to the best-fitting radiative transfer models using a 15 km or 20 km diffusive layer thickness, respectively. All envelopes are jointly inverted. The time t = 0 s refers to the origin time.

The two near impacts (S0981c and S0986c) with good signal-to-noise ratio (SN R) and located at 85 km and 245 km from the landing site, respectively, exhibit similar values of attenuation properties in the two diffusive layer models. For both events, Q sc and Q µ are about 45 and 2500, respectively. These results are compatible with a very heterogeneous and dry medium.

Q µ deduced from the inversion of the event S0793a located at 91 km is similar to these values (2700 ± 560). This result was actually expected, because we observe that the envelope decay of these three events are quite similar. However, we found higher values of the scattering quality factor (mean Q sc ≈ 68) for this near impact, which we think is related to the low SN R and the short duration of the seismic signal.

Finally, the inversion results for the impact S1034a show Q values that are rather different from the other events. Both the scattering quality factor and the absorption quality factor are lower (Q sc = 28 ± 2 and Q sc = 1400 ± 160, respectively), which is consistent with more highly-fractured (heterogeneous) and possibly less dry medium. As this event is located very close to the landing site (50 km) with a maximum ray penetration of 100 m depth, these results may indicate a stratification of the attenuation properties in the first 20 km of the Martian crust that we are not able to properly constrain at this moment.

Furthermore, we performed a joint inversion of all these events with the same parametrization. Figure 5.13 shows the joint radiative transfer modeling of the energetic envelopes of near impacts using a 15 km and 20 km thickness for the diffusive layer (shown in blue and red, respectively). We observe that the envelope shape of S0986c and S0981c are well recovered independently of the layer thickness. By contrast, the fit is less satisfactory in the case of S1034a and S0793a.

For the two thicknesses of the diffusive layer, the values of Q sc and Q µ from the joint inversion are broadly consistent with the previous inversion results for individual envelopes (blue and red zone in Figure 5.12). In the next section, we explore the variability of the attenuation properties with frequency.

Inversion of the S0981c near impact at different frequencies

In this section, we explore the properties of the diffusive layer as a function of frequency. We applied our method on the near impact S0981c at different frequencies. We selected this event for its good SN R. Moreover, it does not exhibit any delayed energy injection at lower frequencies as observed on S0986c and S0793a. However, due to the low SN R ratio at 2.5 Hz central frequency, we decided to exclude the modeling at this specific frequency. We used the three different diffusive layer thickness (10 km, 15 km and 20 km, in Figure 5.8) and we inverted each envelope separately. Figure 5.14 shows the results of the radiative transfer modeling of the envelopes of S0981c in different frequency bands. The black envelopes shows the data filtered at [3. 5 Hz,4.5 Hz,5.5 Hz,6.5 Hz,7.5 Hz] central frequency and the gray zone indicates the uncertainties computed on a segment of about 50 s around the maximum of each envelope. Green, blue and red envelopes show the best-fitting results assuming a thickness of the diffusive layer of 10 km, 15 km and 20 km, respectively.

At 3.5 Hz, we observe that none of the model captures the P and S rise times. This may be related to the low SN R ratio in comparison to the other frequencies. However, we observe that in general, we recover much better the shape of the envelopes at different frequencies with a diffusive layer thickness of about 15 km or 20 km. Indeed, all models are apparently well constraining the S-coda decay, but at the same time, we observe significant differences in the P-rise time for these models, specifically with 10 km-thick diffusive layer. Therefore, we are not able to determine at first sight on this figure which of our two models (15km and 20km) is more appropriate. To gain insight into these differences, we compute the residuals between the observation and the models at all the frequencies. The results are presented in Figure 5.15, where colors correspond to different values of the diffusive layer thickness and the black line shows the 0 misfit level. The gray dashed lines indicate the P and S waves arrivals, respectively. Except at 5.5 Hz, the residuals show a small difference between the 10 km and 15 km diffusive layer thickness model. However, in the case of the 20 km diffusive layer thickness, we observe that the residuals exhibit better fits to the first P and S arrivals, which may suggest that a diffusive layer of about 20 km thickness is necessary to explain the energy envelopes of the S0981c near impact at all different frequencies.

To complement our analysis, we present the inversion results of the S-waves scattering Q sc and the S-waves absorption Q µ quality factors as a function of frequency. The results can be seen in Figure 5.16 where the different symbols correspond to the different values of the diffusive layer thickness and the color bar indicates the misfit. For all the models, Q sc exhibits a clear increase with the frequency. It lies in the range 15 and 35 at 3.5 Hz and it increases to 35 -65 at 7.5 Hz, depending on the diffusive layer thickness. Except at 3.5 Hz, Q µ increases weakly with the frequency, it varies from 2000 at 4.5 Hz to 3000 at 7.5 Hz. We suggest that the variation of Q µ observed at 3.5 Hz could be directly related to the low SN R ratio. In Chapter 6, we will provide a comparison of these two parameters to previous estimates for the terrestrial and Lunar crust.

To conclude this section, we have used selected near impacts to constrain the attenuation properties of the diffusive layer of the Martian lithosphere. We found that a diffusive layer with a minimum thickness between 15 km to 20 km is sufficient to explain the shape of the energy envelopes of these events. The values of Q sc and Q µ deduced from the inversions are compatible with a highly heterogeneous and mostly dry medium. Besides, both quantities increase weakly with the frequency. Beside, the data from the closest impact suggest a potential stratification of the attenuation properties in the first 20 km. Finally, we would like to point out that for near impact inversions we have used κ = 0.5 because it is the most commonly used value on Earth, however we found that we can also recover the shape of these envelopes by using κ = 2, and the scattering and absorption attenuation results are quite similar. In the following section, we apply the radiative transfer model to a list of selected VF events.

VF events

To date, the last marsquake catalogue for Insight data (version 13) has listed 71 VF events, including 27 with quality B, 33 with quality C and 11 with quality D (InSight Marsquake Service, 2023). The quality categorization is based on the identification of possible phases and a clear polarization, which may provide a good estimation of the event location and azimuth.

Because the VF events do not exhibit a clear polarization, their location and origin remain undetermined for the moment. van Driel et al. ( 2021) suggested that VF events could be explained as guided Pg and Sg phases in the Martian crust using simple layered models with 10 km thick diffusive layer at the top. To investigate this hypothesis, we will explore the attenuation properties of the Martian lithosphere through the analysis of three selected VF events using our radiative transfer modeling at a fixed frequency. We will compare the scattering and absorption attenuation in the diffusive layer to those obtained from the modeling of near impacts. Finally, we will discuss the implication of our model for the source depth of VF events through a series of test.

Event-by-event inversions

To investigate the attenuation properties in the Martian lithosphere through the VF envelopes shape, we performed a series of inversion on 2 selected VF events (S0128a, S0756a) and the S1222a event based on their good SN R. The events exhibit larger values in terms of t s -t p (between 80 s and 200 s), which means that they are more distant from the station SEIS than the near-impacts. Therefore, their inversions will improve the constraint of the attenuation properties of the deep layers of the Martian crust.

We first concentrate our inversion on the S1222a event, which is BB event, but it exhibits similar characteristics to VF events at high frequencies. For this reason, we will investigate its high frequency part of the signal with the other classical VF. A detailed analysis of the characteristics of energy envelopes for this event are presented in Appendix A. We have modeled its energy envelope at 7.5 Hz central frequency. Since we do not currently have a precise estimation of the source depth of this event but we observed surface waves [START_REF] Kawamura | S1222a-the largest marsquake detected by insight[END_REF][START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF], we assumed that the location of the sources of the S1222a is crustal, and we fixed it to 5 km depth. The validity of this assumption will be explored below in the section 5.2.3.3. We first performed an inversion using the same parametrization as for the near impacts where we used the same velocity model with a diffusive layer thickness of about 20 km (Model 1, Figure 5.8.c). The objective of this test was to determine if we could explain the envelope shape of the VF and the near impacts using similar thickness of the diffusive layer. The synthetic envelope (Model 1, red) and the inversion results are shown in Figure 5.17. We observe that the synthetic envelope do not reproduce well the shape of the data envelope. In fact, the P and S rise times are too short, and the coda decay slopes are too steep. The corresponding scattering and absorption quality factors exhibit lower values than for the impacts (Q sc = 27 ± 1.4 and

Q µ = 1950 ± 100).
To improve the fit of the envelope, we performed a second inversion test in which we have progressively increased the scattering in the lower layers of the crust (Model 2, Figure 5.18; left). The corresponding synthetic envelope (Model 2, blue) and the attenuation properties are reported in Figure 5.17. We observe a slight improvement of the fit to the data, but we notice that even if we add a significant amount of scattering in the lower crustal layers and even the upper mantle layer, we still cannot retrieve well the shape of the envelope with the same parametrization as for the near impacts. We tried to invert all layers simultaneously, but our inversion procedure showed some limitations and we have not been able to solve this problem for the moment. Through these two tests we were able to conclude that a 40 km thick diffusive layer with a similar parametrization as for the near impacts is not sufficient to explain the envelope shape of the VF events. However, the results may suggest that a thicker crust could solve the issue. The thickness of the Martian crust has been the subject of many investigations. For example, [START_REF] Golabek | Origin of the martian dichotomy and tharsis from a giant impact causing massive magmatism[END_REF] used numerical simulations to find its origin through exogenic and endogenic processes. They found two crustal thickness of about 40 km and 55 km related to the northern plains and the southern highlands, respectively. Later and thanks to SEIS data, [START_REF] Drilleau | Marsquake locations and 1d seismic models for mars from insight data[END_REF] used arrival times of direct, multiples and depth phases of body waves measured on data set composed of 17 LF and BB martian events to constrain the locations of the event and the one-dimensional average interior structure of the red planet. They estimated the crustal thickness to about 60.9 km ± 1.5 km. More recently, [START_REF] Wieczorek | Insight constraints on the global character of the martian crust[END_REF] used the gravity and tomography data to constrain the global crust thickness. They found that beneath the InSight landing site (northern plains), the crustal thickness is estimated to 39 ± 8 km, however, they found higher value that could reach 72 km in the southern highlands. Following our results and the discussion above, we propose to invert the energy envelope of S1222a using a simple model composed of a thick homogeneous (V s ≈ 3km/s) and diffusive crust overlying a non diffusive mantle (Figure 5.18, right). At first, we used a similar parameterization as for the impact inversion (Hurst exponent κ = 0.5) and we varied the thickness of the diffusive crust. Our results showed that we were able to improve the P-coda fitting but we had difficulties to retrieve the rise time of the S-waves.

Afterwards, we decided to perform our inversion again by exploring the thickness of the diffusive crust as explained above but in this case we used κ = 2. In fact, we observed, following the results in section 5.1.3.1, that large values of this quantity lead to a better fit of the VF envelopes. Figure 5.17 shows the synthetic envelope (Model 3, green) and the corresponding inversion results using this model. We observe that with a diffusive crust thickness of about 60 km we are able to improve the fit of the S1222a energy envelope. In fact, the synthetic envelope captures more effectively the rise time of the P and S wave as well as the decay of the S-coda. Moreover, we have been able to significantly improve the fit to the decay rate of the P-coda. In fact, we have noticed that the flatness of the P coda is directly related to the thickness of the diffusive layer. This major result suggests a correlation between the thickness of the diffusive layer and the martian crust. Besides, the corresponding Q sc and Q µ exhibit higher values around 55 and 3500, respectively, and closer to the values deduced from the inversion of the near impacts, which suggests that the attenuation properties of the two media are consistent.

Figure 5.19: Radiative transfer modeling of the energy envelope of the VF selected events. The black line refers to the energy envelope of the horizontal components filtered at 7.5 Hz and the gray zone correspond to its uncertainties. Blue and green envelopes refers to the best-fitting radiative transfer models using the velocity models in Figure 5.18. Each envelope's event is modeled separately. t = 0 s refers to the origin time.
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In fact, the location of S1222a has been the subject of numerous investigations using different methods. Through the body waves analysis Marsquake Service (MQS) estimated the backazimuth of the event to 108 • (InSight Marsquake Service, 2023). [START_REF] Kawamura | S1222a-the largest marsquake detected by insight[END_REF] used the body waves polarization, and found similar values of about 101 • , which suggest that the event in located near Apollinaris Mons region.

Later, [START_REF] Panning | Locating the largest event observed on mars with multi-orbit surface waves[END_REF] used the group arrivals of the first three orbits of the Rayleigh waves (R1, R2, R3) to determine the backazimuth of this event through a broadband estimation and an average over narrowband estimations. They found two different values of the backazimuth, the first one is closer to the MQS estimation but the second one is farther (132 • ), which suggest that the event is located on the southern highlands. Beside, [START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF] estimated the average thickness of the crust to 60 km along the path of the S1222a waves. These results are consistent with our observations and inversions.

We propose to apply this method to the selected VF events. We applied our method on the 3 selected VF events. We used Model 2 and Model 3. We computed the epicentral distance of each event using both velocity models. We found 660 km, 1700 km, and 1940 km, for the S0128a, S0756a, and S1222a, respectively, with the Model 2, and 740 km, 1800 km, and 1980 km, with the Model 3. Besides, each event is inverted separately.

Figure 5.19 shows the best radiative transfer modeling of the horizontal energy envelopes of the selected VF events using the Model 2 and Model 3 (blue and green, respectively), where black solid envelopes show the horizontal energy envelopes computed at 7.5 Hz. The uncertainties (gray zone) are computed on a 300 s signal segment around the maximum of the envelope. If we first focus on the observed envelopes, we observe that both the S0756a and S1222a envelopes shape are similar. In fact, both exhibit a similar rise times, a flat P-coda and, and the same S-coda decay.

Figure 5.20: Inversion results for the selected VF events at 7.5 Hz frequency using both Model 2 (triangles) and Model 3 (circles). On the left, S-wave scattering quality factor and, on the right, S-wave absorption quality factor as a function of the epicentral distance.

Chapter 5 -Seismogram envelopes modeling and inversion 98

We observe that with Model 2 (blue envelopes, in Figure 5.19), the resulting synthetic envelopes do not reproduce well both of the S0756a and S1222a envelope shapes. In fact, the P rise time is too short, the flat P-coda is not well recovered and the S-coda decreases too rapidly. However, by using Model 3 (green envelopes, in Figure Figure 5.19), we are able to improve significantly the modeling of the envelopes of these events. These results confirm that to explain the shape of the distant VF signals a thicker diffusive crust is necessary. We displayed the corresponding inversion results (Q sc and Q µ ) using both models (Model 2, triangles; Model 3, circles) as a function of the hypocentral distance for each event in We observe that the Q sc inferred from the inversion of these two events are quite similar (≈ 60) regardless of the model and they are also relatively close to the values obtained with the inversion of the near impacts. We observe a larger variability of the Q µ resulting from the velocity Model 2 (between 2800 and 4800). However, this variability is reduced and it seems more stable with the velocity Model 3 (Q µ ≈ 3800), which is closer to the near impacts results (Q µ ≈ 2500). Based on our inversion and the localization of the S1222a event, we conclude that the distant VF events are located in the southern highlands of Mars (Figure 5.22).

If we examine in detail the inversion results for S0128a, we observe that both of the synthetic envelopes resulting from the Model 2 and 3 (blue and green envelopes) recover in general pretty well the energy envelope shape of the horizontal components. Both Q sc and Q µ exhibit two distinct value as a function of the Model 2 and 3 (Figure 5.20). Q sc for Model 3 is twice as large as for Model 2. And we observe a difference of the order of 10000 between Q µ in the two models. Such a trade-off was already pointed out with the near impacts inversions. If we assume that the attenuation properties of the Martian diffusive crust should be independent of its thickness and relatively similar for the near impacts (Figure 5.21, left) and distant VF (Figure 5.21, right), which means that the thickness of the diffusive crust should be intermediate between 20 and 60 km. In fact, based on our velocity model, the event S0128a is located between 11 • and 12 • from the landing site, which suggests that it may be located at the borders of the dichotomy (between the northern plains and the southern highlands of Mars). This supports the idea that the thickness of the diffusive crust should be intermediate between the two resulting models (Figure 5.21).

Figure 5.22: MOLA (Mars Orbiter Laser Altimeter) elevation map [START_REF] Smith | Mars orbiter laser altimeter: Experiment summary after the first year of global mapping of mars[END_REF] of Mars around Insight landing site. The global fault map is extracted from [START_REF] Knapmeyer | An extended global inventory of mars surface faults[END_REF]. Red and black line refer to the extensive and compressive faults (Giardini et al., 2020;[START_REF] Perrin | Geometry and segmentation of cerberus fossae, mars: Implications for marsquake properties[END_REF]. The circular dashed lines represent the epicentral distance radius from InSight in degrees.

To conclude this section, we showed that it is necessary to have a diffusive crust with a minimum thickness of 60 km to explain the shape of the distant VF envelopes. The properties of this layer are consistent with the results obtained through the nearby impacts in the northern plains. We concluded that the properties of the attenuation are directly correlated to the Martian crust and its thickness. Furthermore, we suggest that the location of the VF is somewhere in the southern Martian highlands. In the following section we propose to investigate the frequency variations of the attenuation properties of the Martian crust using the S1222a event.

Inversion of the S1222a event at different frequencies

Figure 5.23: Radiative transfer modeling of the energy envelopes of the S1222a event. The black envelopes refer to the energy envelope of the horizontal components filtered at different frequency bands and the gray zone correspond to its uncertainties. Blue envelopes refer to the best-fitting radiative transfer models using the Velocity Model 3. Each envelope is modeled separately, and t = 0 s refers to the starting time.
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We pay a particular attention to S1222a event, because it is the largest event recorded during the four years of SEIS operation. With a magnitude of about 4.7, this event exhibits different behavior through its large energy frequency content, from 30s to 35 Hz [START_REF] Kawamura | S1222a-the largest marsquake detected by insight[END_REF]. A detailed data analysis is provided in the Appendix A. We propose here to investigate the attenuation properties of the Martian crust through a series of inversion and modeling of the energy envelopes at different frequencies. The objective is to highlight and constrain the frequency dependence of the scattering and absorption attenuation of the Martian diffusive crust.

We used the Model 3 (Figure 5.18) and similar parametrization as for the VF events (κ = 2 and the source depth fixed to 5 km). We computed the observed energy envelopes of the horizontal components filtered at different central frequency [1 Hz,3.5 Hz,4.5 Hz,5.5 Hz,6.5 Hz,7.5 Hz]. We decided not to invert the envelopes at 2.5 Hz due to the presence of the amplification at this frequency (Dahmen et al., 2021a). Figure 5.23 shows the best fitting radiative transfer modeling of the envelopes at different frequency (blue). We can see from the data (black envelopes) that between 3.5 Hz and 7.5 Hz the shape of the envelopes are very similar. At 1 Hz, the S-coda decay exhibit a softer slope that we can not explain at the moment. We observe that the radiative transfer model retrieves well the shape of each envelope. We observe on the synthetics that the S-waves rising time is more gradually at higher frequencies, when it is more impulsive at 1 Hz.

Figure 5.24: Inversion results for the S1222a VF events at different frequencies using the velocity Model 3. On the left, S-wave scattering quality factor and, on the right, S-wave absorption quality factor as a function of the corresponding central frequency. The color bar refers to the misfit.

We displayed the corresponding S-waves scattering and attenuation quality factor as a function of the frequency in Figure 5.24, where the color bar indicate the resulting misfit. Except at 1 Hz, the two quantities increase significantly with frequency. In fact, Q sc value goes from 31 ± 5 at 3.5 Hz to 55 ± 4 at 7.5 Hz, these behaviours and values are similar to the results on the S0981c near impact (section 5.2.2.3). On the other hand, Q µ from the S1222a event goes from 1770 ± 80 at 3.5 Hz to 3490 ± 80 at 7.5 Hz, which are consistent to the values from the inversion of the the S0981c. We will compare these results to Lunar and Earth crust measurements and observations in the next chapter.

Finally, we measured the delay-time (t d ) and the coda quality factor Q c on both of the observation and the synthetic envelopes as a function of the frequency. The results can be found in Figure 5.25, where the observation are in black and the synthetic are in blue. Q c measurements of the observation and the synthetic are very similar at all the frequencies. In fact the synthetic retrieve clearly the frequency dependence of this quantity as observed on the data. In general, we observe that Q c measurements are higher than Q µ values. This suggests that the coda attenuation measured on these data are related to the attenuation properties of both the crust and the mantle. We can observe a difference between the delay-time t d of the data and the synthetic (about 10 s). This observation could be related to the lateral variations of the diffusive crust that are not taken into account in our inversions for the moment. In fact, [START_REF] Wieczorek | Insight constraints on the global character of the martian crust[END_REF] showed that the global average crust thickness between the northern plains and the southern highlands is estimated between 30 km and 72 km, respectively, this change in the crustal thickness around the waves path could explain the difference observed between the data and our synthetics. Except at 1 Hz, we can observe that the t d values at higher frequencies (between 3.5 and 7.5 Hz) seem reached a stabilisation on both of the synthetic and the data with mean value of about 81 s and 67 s, respectively. In the next section, we propose to investigate the source depth of the VF events.

Source implication for the VF events

As mentioned above, the source location of the VF events remains undetermined due to the lack of constraint on the polarization. We propose to investigate the source depth of the VF events using the Model 2 (Figure 5.18) presented in the previous section on the S0128a VF event. We modeled the energy envelope computed on the horizontal components of the S0128a VF event at 7.5 Hz center frequency and we inverted the attenuation properties of the diffusive crust. We performed three inversion, in each one we varied the location of the source of the event as: (a) at the surface "impact", (b) in the diffusive layer "10 km depth", (c) below the diffusive layer "25 km depth".

Figure 5.26a shows the results of the radiative transfer modeling of this event with the different source depth. Black envelope refer to the observed data. Blue, green and red envelopes are the synthetic computed with source located at the surface, at 10 km depth and at 25 km depth,

Chapter 5 -Seismogram envelopes modeling and inversion 103 respectively. We observe that the modeling retrieve well the shape of the observed envelope when the source is shallow (impact or in the diffusive layer; blue and green). However, when the source is below the diffusive layer (25 km depth; red), we observe more impulsive arrivals related to the different body phases, which we do not see on the real envelopes. We displayed the corresponding inversion results of the attenuation properties (Q sc and Q µ ) of the diffusive crust as a function of the source depth in Figure 5.26b, the color bar indicates the misfit resulting from each inversion. We observe that both of the Q sc and Q µ in the diffusive crust are similar when the source is shallow (impact and at 10 km depth), with close values of the equivalent misfit. However, we observe a clear difference when the source is below the diffusive layer. In fact, the scattering quality factor is lower and the misfit is higher. These
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Conclusion

In this chapter, we investigated the attenuation properties of the Martian lithosphere using high frequency events. We modeled the energy envelopes of the events using radiative transfer theory and we inverted the scattering and the absorption properties of the diffusive medium.

We first applied the method to the distant VF events in half-space geometry. We found that the scattering and the absorption attenuation exhibits low values and decreases with epicentral distance, which we interpreted as an evidence for a stratification of the attenuation properties of the medium.

Then we inverted the envelopes of both the near impacts and the distant VF using a stratified medium, where we supposed a highly diffusive crust overlying a weakly diffusive mantle. We found that a crust of about 40 km with a minimum diffusive layer thickness of 20 km is sufficient to explain the envelope shape of the near impacts, which are located in the northern plains. By contrast, to explain the envelope shape on the distant VF, the diffusive layer must be extended to at least 60 km thickness. Based on the inversion result, both mediums share similar properties. They indicate a highly diffusive and globally dry layer (Q sc ≈ 50 and Q µ ≈ 3000).

The correlation between the thickness of the diffusive layer and the depth of the crust-mantle boundary suggests that the main source of the heterogeneities is within the crust. Besides, the crustal thickness increases form the northern plains (≈ 40 km thickness) to the southern highlands (≈ 60 km thickness) [START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF]; [START_REF] Wieczorek | Insight constraints on the global character of the martian crust[END_REF], and through our inversions of the distant VF events, we propose that the source of the distant VF events is superficial and localized on the southern highlands of Mars.

The inversion of the nearest impact S1034a, which is located at 50 km epicentral distance from the landing site, is compatible with a more heterogeneous and possibly less dry medium. We hypothesize that this could be associated to a stratification of the attenuation properties in the first 20 km of the crust in relation with a fractured megaregolith. We believe that a more detailed investigation will provide a constraint on the attenuation properties and the thickness of the regolith Chapter 6

Earth -Moon -Mars comparison

In this chapter, we propose to compare the lithospheric attenuation properties of the Earth, the Moon and Mars. We will first highlight the differences and similarities through the seismic waveform and energy envelope characteristics. Then we will compare our estimates of the diffusivity and absorption attenuation of the Martian crust to the different terrestrial regions and the lunar lithosphere.

Waveform of the selected events

To illustrate the similarities and differences of the attenuation properties between the Earth, Moon and Mars, we selected a seismic event on each telluric object with similar t s -t p . Figure 6.1 shows the waveform of the selected events. At the top, we show a regional event (m b = 4.0) recorded on the Canadian shield by a VBB seismometer (Streckheisen STS-1) on the 2007-07-16 at station FRB (Iqaluit, Canada). The quake location is 65.11 • N, 86.81 • W, corresponding to an epicentral distance of approximately 900 km (information provided by IRIS-DMC). At the middle, we show the Martian S0734a VF event, its information are reported in Table 3.1.

Based on the velocity model in section 5.2.1.1, the location of the event is estimated to 780 km. In the bottom, the Lunar impact recorded on the Z-SP seismometer of the station 14 on the 1976-05-28. It is located at -16.80 and -10.00, latitude and longitude, respectively, which corresponds to an epicentral distance of about 457 km. t = 0 s refers to the arrival time of the first P-wave. All the events are band-filtered at 7.5 Hz central frequency and normalized to the maximum of their energy.

Figure 6.1 provides a first view of the similarities and differences between the seismic signals recorded on the three telluric objects. The major difference between the seismic signals is the polarization. On Earth, the identification and separation of direct arrivals and seismic phases is performed through the polarization analyses of signals. The Lunar and the Martian seismic signals are depolarized, which make the clear identifications of the first P and S waves more challenging. However, through several analyses, such as the spectral analyses, the V 2 /H 2 ratio, the locations and origin time of some events and the energy envelopes, catalogues of the direct P and S arrival times have been presented (e.g; InSight Marsquake Service, 2023; Nakamura et al., 1979).

We observe that the S-coda duration of the Martian event is between the Earthquake and the Lunar impact. We should keep in mind that the duration of the coda depends not only on the attenuation properties of the medium, but also on the magnitude of the event and the environmental noise. In the next section, we propose to investigate the characteristics of the energy envelopes of the three events at different frequencies. 

Characteristics of the energy envelopes

Before performing the coda quality factor (Q c ) and the delay-time (t d ) measurements on the three selected events, we applied the preliminary processing and the method detailed in section 3.3 to the data. The results are illustrated in Figure 6.3, 6.2 and 6.4, where we show the normalized energy envelope of the data in various central frequencies. We used smoothing windows of 20 s, 5 s and 160 s to reduce the envelopes fluctuations of the Martian, Earth and Lunar event, respectively. We normalized each envelope by dividing the (instantaneous) energy of the signal by the mean energy of the noise computed in a time window of 100 s duration preceding the event start for the Martian and Earth event, and 540 s for the Lunar impact.

The square root of these envelopes can be interpreted as the signal-to-noise (SN R) ratio of the event.

We observe that the envelopes of the three events are very different. On the energy envelopes of the Canadian event (Figure 6.2.a), we observe that the main phases are the reflected mantle P n and S n waves, and the guided L g waves. The latter is followed by long coda whose decay varies with the frequency. The S0734a VF envelopes event exhibit a different behavior (Figure 6.3.a). Except the amplitude variation of energetic envelopes with the frequency, their shape remains very similar at all the frequencies. The coda decay slope of the envelopes are parallels to each others and the maximum of these envelopes is broader. The energetic envelopes of the Lunar impacts (Figure 6.4.a) varies with the frequency through their amplitude and their shape. Unlike the Martian event, the envelope shape of the lunar impact changes with increasing frequency. The maximum of the envelopes amplitude is larger (few 100s) and the identification of the S-wave first arrival is quite difficult. We measured the coda quality factor Q c on a segment of the coda decay (between 100 and 200s), which is indicated by a black dashed line on each event and at the different frequencies using the equation 2.10. The results are displayed in Figure 6.2.b, 6.3.b and 6.4.b, for the Canadian event, the VF martian event and the Lunar impact, respectively. The Canadian event exhibit the lowest Q c values between 1000 and 2000 in the 2.5 -7.5 Hz frequency band. It increases slowly with the frequency as Q c = 740f 0.49 . The Lunar Q c measurements are more lager and ranges between 4000 and 11000 in the 2.5 -7.5 Hz frequency band as Q c = 1395f 1.008 . However, we have to keep in mind that the seismic signal of the Lunar impact is contaminated by glitches which may mislead our measurements. The Q c Martian values appear to be intermediate to the Earth and the Moon, with values between 1400 and 4000 in the 2.5 -7.5 Hz frequency band. we discuss in more detail the variability of Q c in different media in the following section.

We measured the delay time t d on the envelopes of each event and at the different frequencies.

We displayed the results in Figure 6.2.c, 6.3.c and 6.4.c, for the Canadian event, the VF martian event and the Lunar impact, respectively. As detailed in section 3.3.3, we define the delay time on the secondary arrival as: t d = t max -t s where t max is the arrival time of the energy maximum. In previous studies, delay time measurements were successfully applied to characterize qualitatively the scattering properties of the medium in both the Earth and the Moon (e.g. Blanchette-Guertin et al., 2012;Calvet and Margerin, 2013;Gillet et al., 2017). Sophisticated delay time tomography based on multiple-forward scattering approximations have also been developed to map spatial variations of heterogeneity (Takahashi et al., 2007(Takahashi et al., , 2009)).

We propose to discus qualitatively this quantity and then to highlight some differences between Mars, Earth and Moon. We find again the absence of clear frequency dependence of the delay time for the Martian event (Figure 6.3.c) which is particularly notable on the VBB data from 2 Hz to 8 Hz and unique to Mars. In the case of the Moon, the diffuse character of the signal allows for the measurement of a single time delay, most likely related to S-waves. For these reasons, the discussion will be focused on the properties of the secondary arrival. On Earth, t d of S-waves has been shown to increase with frequency in various geological contexts (Calvet et al., 2013;

Chapter 6 -Earth -Moon -Mars comparison 109 Takahashi et al., 2007). This property is usually understood as a consequence of strong forward scattering and it is different from the dispersion of velocities induced by attenuation (whether it is caused by scattering or absorption). For narrowly band-passed waves propagating in a heterogeneous medium, the effect of velocity dispersion on the envelope shape is usually very small compared to the multi-pathing effects induced by forward scattering (Sato, 1989). In the case where the randomness is described by Gaussian spatial correlations of the fluctuations (or more generally smooth random media), Markov's approximation predicts that t d is independent of the central frequency of the waves. The frequency exponent inferred from Earth data is usually strictly positive and sometimes larger than 1, which is interpreted as the presence of small-scale fluctuations that are not captured by the Gaussian model (Saito et al., 2002;Takahashi et al., 2007). Note that in the case of the Canadian shield event, the level of scattering attenuation is presumably very low. In this example, the dominant mechanism at the origin of the peak delay is mostly the multiple reverberations of the guided waves in the crust. decreases the time delay (see Sato, 1989). Attenuation does add some dispersion to the seismic velocities but since we are considering multiple-scattering of narrow-band signals, the effect is very small.

Coda quality factor comparison

To summarize our results, we perform an average over all VF events and find Q 0 = 701 ± 188 and n = 1.04 ± 0.1 for α = 1 (Q 0 = 644 ± 156 and n = 1.038 for α = 0). The measurements with α = 1 (resp. α = 0) will be compared to Q c values for Earth (resp. Moon). We have to keep in mind that α = 1 is commonly used in coda attenuation studies at regional distances (Mitchell, 1995), while α = 0 has been adopted in the case of the Moon (Blanchette-Guertin et al., 2012;Gillet et al., 2017).

Figure 6.5: Coda attenuation Q -1 c as a function of the frequency for different regions on Earth (blue for tectonically active, green-yellow for cratons), the Moon (grey) and Mars (with α = 0 and α = 1 in red and orange respectively, for the classical VF events, yellow and pink respectively, for the near impacts). The numbers in inset refer to Table 6.1 where more details can be found on the geographical locations for Earth data, as well as the references of the original publications.

Q 0 values of the Martian events exhibit a clear difference between the classical VF and the nearimpacts. In fact, Q 0 of the classical VF show higher value (≈ 700) with frequency exponent Chapter 6 -Earth -Moon -Mars comparison 111 Table 6.1: Geographical location and reference associated to the Q c measurements shown in Figure 6.5.

Label Location Articles 1

Wakayama Shallow, Japan (40 -45 s) (KANAO and ITO, 1991) 2 Nagoya Shallow, Japan (50 -60 s) (KANAO and ITO, 1991) 3

Western Nagano, Japan (Kosuga, 1992) 4 Kanto-Tokai, Japan (V. compo. average) (Fehler et al., 1992) 5 Granada zone, southern Spain (90 s) (Ibanez et al., 1990) 6 Southern Sicily, Italy (50 s) (Giampiccolo et al., 2004) 7 Southern Apennines zone, Italy (Bianco et al., 2002) 8 Konya region, India (40 s) (Gupta et al., 1998) 9 Kachchh Basin, western India (50 -80 s) (Gupta et al., 2006) Long Valley, California (Mayeda et al., 1992) Central California (Mayeda et al., 1992), Hawaii (Mayeda et al., 1992) Straits of Messina area, southern Italy (60 s) [START_REF] Tuvè | Attenuation study in the straits of messina area (southern italy)[END_REF]) Kothagudem, southern India (Kumar et al., 2007) Cuddapah, southern India (Kumar et al., 2007) Dharwar, southern India (Kumar et al., 2007) Singhbhum Odisha craton, eastern India (Biswas et al., 2019) Chotanagpur granitic gneissic terrain, eastern India (Biswas et al., 2019) Eastern Ghat mobile belt, eastern India (Biswas et al., 2019) Continental United States (Singh and Herrmann, 1983) New Brunswick, eastern Canada (Woodgold, 1990) Near Ottawa, eastern Canada (Woodgold, 1990) Adirondack Mountains, eastern Canada (Woodgold, 1990) near Val-d'Or, Quebec, eastern Canada (Woodgold, 1990) St. Lawrence River, eastern Canada (Woodgold, 1990) Indian shield (Singh et al., 2004) East European shield (Mitchell et al., 2008b) Siberian shield (Mitchell et al., 2008b) Arabian shield (Mitchell et al., 2008b) Northwest of Africa (Xie and Mitchell, 1990) Northeast of Africa (Sahara) (Xie and Mitchell, 1990) Kalahari Craton (Xie and Mitchell, 1990) Brazilian shield (De Souza and Mitchell, 1998) InSight Event S0734a (α = 0) InSight Event S0734a (α = 1) InSight VF events (α = 0) InSight VF events (α = 1) Apollo mission (The Moon) (Gillet et al., 2017) InSight Event S0986c (α = 0) InSight Event S0986c (α = 1) InSight near-impacts events (α = 0) InSight near-impacts events (α = 1) n ≈ 1, when it ranges between 400 -700 for the near impacts with lower values of the exponent n ≈ 0.6. The difference observed between the VF and the near impact is directly related to their epicentral distance. At 7.5 Hz central Frequency, we found that Q c < Q µ for the near impacts. Q c ranges between 1000 -2100 and Q µ ≈ 3000. The fact that the coda attenuates more rapidly than implied by the shear quality factor for near impacts can be explained by the leakage effect [START_REF] Margerin | Residence time of diffuse waves in the crust as a physical interpretation of coda Q : application to seismograms recorded in Mexico[END_REF][START_REF] Margerin | Radiative tranfer and diffusion of waves in a layered medium : new insight into coda Q[END_REF]. At sufficiently short epicentral distances, the crustal energy that is transmitted to the mantle does not have enough time to return to the crust due to both the very weak scattering and small velocity gradients. For the distant VF, we found that Q c is greater than the crustal Q µ , with Q c in the range 4000 -5000 and Q µ ≈ 3500. To explain this result, we put forward two arguments: At large epicentral distance, the bending of the rays allows the energy transmitted through the Moho to return to the crust. Hence, the leakage does not operate anymore. In addition, the energy that travels in the mantle is significantly less attenuated than in the crust, which in turn explains why the apparent Q in the coda can become larger than the crustal shear quality factor.

With Q 0 between 400 and 700, the coda quality factor on Mars lies in the upper range of the values observed on Earth, particularly when compared to measurements reported for tectonically active regions (in blue in Figure 6.5) where Q 0 typically varies from 100 to 400 (see Table 6.1 for references). It is only in cratons or shields (shown in green and yellow in Figure 6.5) that Q 0 exceeds 600 and can in certain regions be as high as 1000 (Mitchell et al., 2008b;Singh et al., 2004;Singh and Herrmann, 1983;Woodgold, 1990;Xie and Mitchell, 1990).

Figure 6.5 clearly shows that the frequency dependence of Q c on Earth is radically different between tectonic areas and shields, with an approximately linear increase of Q c for the former (n ≈ 1), and a frequency exponent in the range 0.1 -0.5 for the latter (e.g; Romanowicz and Michell, 2015). In fact, there appears to be a systematic correlation between Q 0 and n on Earth, with high Q 0 generally associated with small n. This is for instance particularly obvious on the Lg coda Q tomographies by Xie and Mitchell (1990) for Africa or in Romanowicz and Michell (2015). Furthermore, Q c appears to saturate at high-frequency on Earth and only exceptionally exceeds 3000 at 20 Hz (e.g;Woodgold, 1994Woodgold, , 1990)). No such saturation is seen in the near impacts or the distant VF events data.

On the Moon, Gillet et al. (2017) report coda Q c values of 2400 at 0.5 Hz and possibly as large as 10000 at 7 Hz, which is consistent with our measurements results on the lunar impact (Q c of about 27630 at 7.5 Hz, see Figure 6.4). From these observations, it appears that Q 0 on the Moon must be a factor 2 to 4 larger than on Mars, as already suggested in Lognonné et al. (2020). The frequency dependence is less constrained due to the limited bandwidth of the seismic sensors deployed in the framework of the Apollo mission. Nevertheless, the values reported above suggest that the frequency exponent for Q c on the Moon lies more likely in the range 0.4 -0.6.

In summary, we observed that Q c values at similar frequencies on Mars are lower than on the Moon but increases more rapidly with frequency. The unique combination of high Q 0 with a frequency exponent n ≈ 1 also distinguishes very clearly Mars from the Earth and the Moon. The quasi-linear frequency increase of Q c seen on VF events suggests that the coda decay is governed by a frequency independent attenuation time.

Earth (1) Volcanoes

Martian crust ( 6 6.2. emergent P and S arrivals followed by long P and S coda. Hannemann et al. (2022) investigated the attenuation properties of the oceanic lithosphere (Atlantic ocean). They estimated the diffusivity between 15 and 60 km 2 /s. These values are close to our results on the Martian crust. Based on the similarities of the seismic waveforms and the diffusivity values between the Earth oceanic lithosphere and the Martian crust, it is possible that the strong scattering observed on Mars is related to the basaltic origin of the crust.

Conclusion

In this chapter, we compared the waveform of three selected events at similar epicentral distance (based on their t s -t p ) on the Earth, the Moon and Mars. We observed that the variability of the waveforms of these events and their S-coda duration are directly related to the strength of the scattering in the media. Q c measurements on Mars are in general between the Earth and the Moon values. The combination of the high values of Q 0 with a frequency exponent n ≈ 1 in a unique characteristic to the planet Mars. Unlike the Moon, the strong scattering of the Martian crust is directly related to the heterogeneities. We observed similarities between the terrestrial oceanic lithosphere and the Martian crust through their seismic waveform and the diffusivity values of the medium. Our results are compatible with a globally basaltic composition of the Martian crust. Finally, we found that the Martian crust in mostly a dry medium and exhibit Q µ values closer to the Lunar crust.

Conclusion and outlook

The main goal of the InSight mission was to constrain the internal structure of the planet Mars to understand its formation and its evolution until our days. For the first time a seismometer was deployed on the surface of the red planet and recorded more than 1400 seismic events. These events provided the opportunity to seismically constrain the subsurface under the lander [START_REF] Brinkman | In-situ regolith seismic velocity measurement at the insight landing site on mars[END_REF][START_REF] Carrasco | Empirical h/v spectral ratios at the insight landing site and implications for the martian subsurface structure[END_REF], to estimate the depth of the Moho and the seismic velocities of the medium (Kim et al., 2022a;Knapmeyer-Endrun et al., 2021), to constrain the seismic velocities of the Martian mantle [START_REF] Drilleau | Marsquake locations and 1d seismic models for mars from insight data[END_REF]; [START_REF] Durán | Seismology on mars: An analysis of direct, reflected, and converted seismic body waves with implications for interior structure[END_REF], and to constrain the core radius [START_REF] Samuel | The thermo-chemical evolution of mars with a strongly stratified mantle[END_REF][START_REF] Stähler | Seismic detection of the martian core[END_REF]. In addition, considerable attention has been paid to the identification, classification and localization of these events (InSight Marsquake Service, 2023). This thesis contributes to the understanding of the Martian lithosphere through the investigation of its attenuation properties. To constrain 1-D model of the scattering and the absorption of the medium, and to estimate the characteristics of the heterogeneities and the volatile content as a function of depth, we used a specific group of events of the high frequency family: VF, HF and the near impacts events.

We first investigated the statistical and energetic characteristics of these groups of events. We found that in general, the seismic signals are depolarized and follow a Gaussian probability distribution. These properties are a direct consequence of the multiple scattering [START_REF] Sheng | Introduction to wave scattering, localization and mesoscopic phenomena[END_REF]. Beside, the the vertical-to-horizontal V 2 /H 2 ratio analyses of the VF events showed a clear stabilisation of the energy partition in the coda and frequency dependency. V 2 /H 2 of the HF events do not exhibit a clear dependence to the frequency. However, we observed a strong correlation between V 2 /H 2 ratio and signal-to-noise (SN R) ratio for HF events. This observation suggests that part of the difference between the VF and the HF event can be explained by noise contamination. We found that the V 2 /H 2 ratio of the near impacts is also dependent to the frequency, but we did not observe a clear stabilisation of this quantity in the coda. This may be related to the short duration of these signals (< 300 s).

In the first part of this thesis, we investigated the characteristics of the energy envelopes computed on the horizontal components and at different central frequencies of the VF, HF and the near impacts. We measured the delay time (t d ) between the arrival of the direct S-wave and the maximum of the energy and the quality factor of the coda (Q c ), which characterizes the rate of energy decay. t d measurements show two different regime as a function of the epicentral distance. It increases until around 245 km then it stabilizes. This quantity is almost frequencyindependent, a characteristic which distinguishes Mars from other planets. Q c of VF events is high (≈ 3500 at 7.5 Hz) and shows a linear increase with frequency. Q c of HF events is higher than the VF events but it may be overestimated due to the noise contamination. The frequency dependency of Q c using the parametrization of the form Q c = Q 0 f n (f is the frequency) showed that the VF event exhibit unique combination of high Q 0 and the exponent n ≈ 1, which is particular to Mars. We found that the Martian Q c values are intermediate between the Earth and the Moon.

The second part of this thesis consists in the estimation of the scattering attenuation profile (Q -1 sc ), which contains information about the heterogeneities of the medium and the extent of fractures at depth, and the absorption attenuation (Q -1 µ ) which is related to the presence of volatiles in the medium. The separation of these two processes is essential in order to understand and quantify the attenuation properties of the Martian crust. To do this, we modeled the energy envelopes of seismograms using the elastic radiative transfer theory, and we inverted the scattering and the absorption through a method based on a gird search combined with an optimization by the Levenberg-Marquardt algorithm.

Our first objective was to see if it is possible to explain the shape of the VF envelopes with a simple model. For this, we first considered a statistically uniform medium (half-space), where the S-waves velocity was fixed to 1.7 km/s (as in the first 8 km layer of the velocity models presented in Knapmeyer-Endrun et al. (2021)). We found high values of Q µ which are characteristic of a dry medium. Beside, we could not explain all the envelopes shape of the events with a uniform attenuation model. In fact, both Q -1 sc and Q -1 µ decrease with the epicentral distance which we interpret as a stratification of the attenuation properties in the Martian lithosphere. To investigate the stratification of attenuation properties in the Martian lithosphere, we applied our method not only to distant VF events but also to nearby impacts. We used a model, where both the velocity and the attenuation are stratified. We assumed a strong heterogeneous layer overlying a non-scattered medium. From the inversion of the near impacts data, we confirmed that it is necessary to have high wave velocities in the medium (V s ≈ 3 km/s) to retrieve P and S arrival times observed on the seismic signals as well as the location of these events provided with CTX and HiRISE. These seismic velocity values are consistent with the work of Kim et al. (2022a). Our inversion results showed that a strong diffusive and generally dry layer (Q sc ≈ 50 and Q µ ≈ 3500) with a minimum thickness of 20 km in the northern plains is sufficient to explain the envelope shape of the near impacts. However, the thickness of the diffusive layer must be extended to at least 60 km to retrieve the envelope shape of the distant VF events (see Figure 7.1). Based on this result and the location provided of the S1222a through the surface waves analysis (e.g; Kim et al., 2022a;[START_REF] Panning | Locating the largest event observed on mars with multi-orbit surface waves[END_REF] we conclude that the VF events are located in the southern highlands of Mars. The source depth of the VF was an important issue in our investigation. Through the inversion of the distant VF event, we concluded that their depth source could only be shallow (impact or quake in the diffusive layer).

Besides, at the beginning of our investigation, we thought that like on the Moon, the source of the scattering observed on Mars was directly related to the extent of the fractures at depth (megaregolith). However, the correlation between the thickness of the diffusive layer and the crust (mantle-crust boundaries) suggest that the source of the strong scattering in Martian lithosphere is the heterogeneties of the crust. In addition, we found similarities between the terrestrial oceanic lithosphere and the Martian crust through the shape of the energy envelopes and the diffusivity of the medium. These results are compatible with a globally basaltic composition of the Martian crust. Finally, the low values of the absorption attenuation in the Martian crust indicate that the medium is globally dry.

Our envelope modeling and our inversion of the attenuation properties has provided significant first results. However, some improvements to the procedure are still needed. Indeed, in this study we could only invert the attenuation properties of a single diffusive layer. Taking into account the internal stratification of the crust and the upper mantle in terms of seismic velocity and attenuation will improve the modeling of the energy envelopes and it will lead to a more accurate 1-D model of the attenuation properties of the medium. Moreover, it would provide additional insight on the crust-mantle boundary as well as the crustal thickness differences observed between the northern plains and the southern highlands of Mars.

In addition, we would like to apply this method to other distant VF events including the distant impacts presented in the chapter 4. Comparing the inversion results of some seismic events with similar epicentral distance will provide an opportunity to examine the variability of our results. Moreover, we would like to perform a joint inversion of the distant VF. Using a large number of events might improve the constraint of scattering and absorption in the medium. Furthermore, we have highlighted the frequency dependence of scattering and absorption through the inversion of a distant VF and a near impact. However, we would like to develop a multi-frequency inversion to constrain the heterogeneity spectrum A more detailed investigation of parameters such as the Hurst exponent κ would also be an interesting topic. Through our tests we explored only two values of κ (0.5 and 2), we could also find that a higher value of κ (κ =2) leads to a more accurate recovery of the envelope shape of the distant VF. However, we observed that κ = 0.5 is sufficient to retrieve the envelope shape of the near impacts. In fact, small values of κ indicate that the medium is rich in small-scale heterogeneities, when higher values of κ suggest a smoother medium. The detailed examination of this quantity might provide additional information about the characteristics of the heterogeneities in the Martian crust.

Finally, in this thesis we concentrated mostly our inversion and envelope modeling method on the distant VF and near impacts due to their high SN R level. However, we would like to perform inversions on the HF groups. Indeed, these events showed similarities to the VF events, but we concluded that the major difference is their low SN R. We hope that through detailed investigation of this group of events, we will be able to obtain information about their location and the attenuation properties of the surrounding media.

Table A.1: The S1222a information analyses. t p,s : arrival time of primary, secondary arrival (expressed in Universal Time Coordinated). The coda start time is determined empirically and corresponds to the observation of steady decay long after the passage of the secondary wavetrain. The coda end time is determined by the SNR ratio (always greater than 2). The distance range corresponds to the model used in section 5.2. The S1222a is the most energetic seismic signal recorded during the mission, with a large energetic content (from 30 s to 35 Hz, Kawamura et al. (2022)). The investigation of the polarization on the horizontal component and at higher frequencies, show similarities to the classical VF events (Figure A.1). During the event, the signal is unpolarized. However, before and after the event, the signal is polarized. We can observe the wind injection with 120 • -180 • direction (Figure A.1.d,e and f). The 2.4 Hz resonance seems to affect the signal. Indeed, the energy of the signal increases on a large frequency band centered on 2.4 Hz (Figure A.1.b). No accurate explanation can be provided at this moment for this segment of the signal.

Event

We applied the method presented in Chapter 3 with similar parametrization to compute the energetic envelopes on the horizontal components at different frequencies. The results are reported in Figure A.2. In the 2.5 -7.5 Hz, the shape of the envelopes are similar. But at lower frequency (< 1 Hz), we observe that the envelopes shape are different. In fact, the coda decay is more gradual ( At lower frequencies, it can be expressed as Q c = 980f 0.15 , when at higher frequencies is Q c = 670f 0.93 , where f is the central frequency. However, we are unable to provide an explanation for these differences at this point.

INTRODUCTION

Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport (InSight; Banerdt et al., 2020) has deployed on Mars a complete geophysical payload, including a seismometer. Since the start of its operation, the Seismic Experiment for Interior Structure (SEIS) seismometer (Lognonné et al., 2019(Lognonné et al., , 2020) ) recorded several hundreds of seismic events (Giardini et al., 2020). These events have been classified into two main families: high frequency and low frequency, depending on whether their frequency content is dominant above or below 1 Hz (Clinton et al., 2021). Among all the events reported by the Mars Quake Service (MQS), the majority belongs to the high-frequency family, which is further divided into high-frequency (HF) and very-high-frequency (VF) event types. In the HF group, we include specific events with most of their energy in a narrow frequency band around 2.4 Hz, for which the term "2.4 Hz events" has been coined (Clinton et al., 2021). The frequency content of relatively rare events called "Broadband" (BB) covers the 0.1-2.5 Hz range. They are excluded from our analysis. The main seismological characteristics of HF and VF events (e.g., tentative location, temporal distribution) have been presented in detail in [START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF].

A brief account of their findings is reported hereafter. HF and VF events are characterized by two temporally separated arrivals with a gradual beginning, a broad maximum, and a long coda lasting up to 16 min. They can be clearly distinguished from events of type low-frequency (LF) and BB, for which spectra fall off above 1 and 2.5 Hz, respectively, and who have clearly separated impulsive P and S arrivals, similar to teleseismic earthquakes. The morphology of HF and VF seismograms is reminiscent of moonquakes and high-frequency crustal earthquakes with some notable differences (Lognonné et al., 2020;[START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF]. Compared with moonquakes, the dominant arrivals are more impulsive, the envelope broadening is less pronounced, and the coda duration (typically 10 min) is shorter. For comparison, Latham et al. (1970) and Nakamura et al. (1982) analyzed seismic signals collected during the Apollo missions (1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977) and reported observations of long ringing codas lasting up to 2 hr. Latham et al. (1972) and Nakamura (1976) related these characteristics to the strong scattering in the heterogeneous upper lunar crust. In contrast with crustal earthquakes, HF and VF events do not exhibit clearly polarized first arrivals, and their coda duration is much longer. The accrued duration of the coda is likely a consequence of both the low-noise level on Mars and the slower energy decay as compared with the Earth. van Driel et al. (2021) provide convincing evidence that HF and VF events result from the propagation of seismic waves in a low-attenuation, strongly scattering medium. In this work, we pursue the investigation of HF and VF events by characterizing in details their envelope shape and by inverting for the scattering and attenuation properties of Mars using full seismogram envelope modeling in 3D.

It is well established that multiple scattering hampers the identification and analysis of ballistic body-wave phases (Sato et al., 2012). As a consequence, traditional methods used in terrestrial seismology can become impractical when the near surface is strongly heterogeneous. This is the case not only on the Moon, due to the presence of the megaregolith, but also in volcanic areas on the Earth (Mayeda et al., 1992). Fortunately, a large amount of information on the properties and structure of the scattering layers can be extracted from the detailed analysis of seismogram envelopes. The overall shape of the envelopes can be described by two parameters. The first one is the peak delay, that is, the delay time from the onset to the peak intensity of S waves. It is a convenient tool to quantify the effects of strong diffraction of the waves in a heterogeneous medium. Takahashi et al. (2007) gave convincing examples of the path dependence of the peak delay in northern Japan. They found that large peak delays are correlated with strong scattering due to the medium inhomogeneity. The second parameter is the coda quality factor Q c , which quantifies the rate of decay of the coda. Q c has been widely used in lithospheric or crustal attenuation studies (Aki and Chouet, 1975;Mitchell, 1995;Sato et al., 2012).

Besides attenuation estimation based on Q c measurements, several methods were proposed to evaluate directly the contributions of scattering and absorption to the total attenuation (e.g., [START_REF] Jacobson | An investigation into the fundamental relationships between attenuation, phase dispersion, and frequency using seismic refraction proles over sedimentary structures[END_REF][START_REF] Korn | A modied energy flux model for lithospheric scattering of teleseismic body waves[END_REF]Fehler et al., 1992). The multiple-lapse time-window analysis of Fehler et al. (1992) and Hoshiba (1993) is probably the most popular method in terrestrial seismology and has been applied in a variety of contexts. However, it requires a relatively good epicentral distance coverage-a condition that is not fulfilled on Mars or on the Moon. For this reason, time delay and coda quality factor have remained popular in planetary seismology. Blanchette-Guertin et al. (2012) proposed conceptual models of scattering stratification in the Moon based on measurements of these two parameters. Their work was continued by Gillet et al. (2017) who developed a method based on the diffusion model to retrieve the scattering attenuation profile of the Moon from time delay and Q c measurements. They found that porosity and fractures could extend deeper than the crust-mantle boundary (up to 80-100 km below the surface), as proposed by Lognonné et al. (2003) and in agreement with gravimetric estimates from the GRAIL mission (Zuber et al., 2013).

While mathematically convenient, the diffusion model is only a scalar approximation that describes the transport of the total seismic energy. It relies on the assumption that seismic waves have been scattered so many times that P and S polarizations emitted at the source can no longer be distinguished at the detection. The diffusion model predicts simple seismogram envelopes characterized by a rise of the energy to a maximum followed by a monotonous coda decay. Although such an approximation is well suited for moonquakes, it cannot be easily reconciled with the observation of two pulses in HF and VF Martian events. We will, therefore, employ an elastic radiative transfer approach in this work. Transport equations for elastic waves have solid theoretical foundations (Weaver, 1990;Ryzhik et al., 1996) and can be conveniently solved by Monte Carlo simulations (Margerin et al., 2000;Shearer and Earle, 2004;Przybilla et al., 2009;Gaebler et al., 2015;Sanborn et al., 2017).

Recently, Lognonné et al. (2020) used the radiative transfer equation to model the full envelope of the first VF event detected by SEIS-InSight (S0128a). They inferred first estimates of crustal diffusivity and intrinsic attenuation, indicating that the scattering strength is more Earth-like than Moon-like. The apparent intrinsic attenuation was found to be very low as compared with the Earth, yet slightly higher than on the Moon. [START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF] analyzed tens of HF and VF events, and proposed a conceptual model of long range propagation in a waveguide to explain their characteristics. To support their model, they conducted a large number of numerical experiments of wave propagation in a 2D heterogeneous waveguide and proposed a stratification of heterogeneity in the crust of Mars, with a strongly scattering layer in the first 10 km of the planet. In this work, we follow Lognonné et al. (2020) and invert for the scattering and absorption properties of the Martian lithosphere using a radiative transfer approach in a 3D random elastic half-space. We assume that the fluctuations of elastic parameters can be described (to second order) by a Von Karman correlation function. As shown by Sato (2019), this model provides a simple but realistic mathematical description of heterogeneity on a wide range of spatial scales.

This article is organized as follows. In the Data Description section, we introduce the dataset. In the Envelope Characteristics of HF and VF Events section, we present analyses of delay time and Q c measurements. For the latter parameter, we compare our results with previous measurements on the Earth and on the Moon. In the Seismogram Envelopes Modeling section, we present our forward-modeling approach of the seismogram envelopes and the inversion strategy. In the Inversion Results section, we show that the envelopes of VF events may be reasonably well explained by the multiple scattering of elastic waves in a heterogeneous half-space. The role of the model parameters is analyzed before closing this article with some conclusions.

DATA DESCRIPTION

The seismometer SEIS is equipped with both a three-axes very broadband (VBB) instrument and a three-axes short-period (SP) instrument (Lognonné et al., 2019). These six sensors cover a broad seismic bandwidth from 0.01 to 50 Hz. Throughout the first year of the mission, considerable work was done on the data collected by SEIS to distinguish between seismic and nonseismic signals (Ceylan et al., 2021;Clinton et al., 2021). About 465 potential seismic events were identified by the MQS (InSight Marsquake Service, 2020; Clinton et al., 2021), and we have used waveforms provided by the Mars SEIS Data service (InSight Mars SEIS Data Service, 2019a). Based on the spectral content, two families of events can be distinguished: LF and high-frequency. The LF family includes long-period (LP) and BB events. Most of the LF energy is at periods greater than 1 s. They can be distinguished from BB events by the fact that they do not excite the 2.4 Hz resonances (Clinton et al., 2021). The high-frequency family is composed of so-called "2.4 Hz" HF and VF events. The 2.4 Hz events have narrow spectral content and were interpreted by [START_REF] Van Driel | High-frequency seismic events on Mars observed by InSight[END_REF] as small HF events. HF events are the most energetic in the 1-5.5 Hz frequency band with their spectra decaying rapidly at higher frequencies. VF events have energy up to at least 10 Hz, sometimes even much higher frequencies. The present study focuses on HF and VF events that are the most interesting to place constraints on the high-frequency attenuation in Mars, thanks to their good signal-to-noise ratio (SNR) and broad frequency range.

With the latest seismic-event catalog, 75 event waveforms were available for analysis, composed of 52 HF events and 23 VF events (Clinton et al., 2021). Nevertheless, a large number of waveforms are contaminated by nonseismic signals such as donks. Ceylan et al. (2021) defined donks as brief high-frequency events of great intensity, resulting likely from the thermal cracking of the lander. We visually inspected all the waveforms and rejected those that were manifestly too contaminated to be usable for coda analysis. Furthermore, we eliminated all the events with a coda duration inferior to 200 s, with an SNR greater than 2 at 2.5 Hz. After application of these criteria, 13 HF and eight VF waveforms were retained for further analysis. They were collected from the VBB or SP sensors with acquisition frequencies of 20 or 100 samples per second, respectively. The arrival times of the primary and secondary arrivals were identified from the envelopes of the signals filtered in different frequency bands. The envelope of the signal is obtained by performing successively the following operations: filtering, squaring, and smoothing with a moving average window of 20 s duration. The events are listed in Table 1.

To give a rapid overview of the high-frequency Martian seismic events, vertical-component seismograms and spectrograms of a VF (S0334a) and a HF event (S0314b) are shown in Figure 1. Time windows of 10 s are used for spectrogram computations, and the displacement waveforms are band-pass filtered at 3.5 Hz. Prior to the computations, the instrumental response of the VBB sensor has been removed from the signal. Besides the seismometers, SEIS is also composed of a tether connecting the sensor to the lander and a relaxation loop (Load Shunt Assembly). The impact of these last two components on the recorded high-frequency ground motion is not perfectly known at the time of writing.

The HF and VF seismograms have an emergent character and a duration that typically exceeds 10 min. Although both the events strongly excite the 2.4 Hz resonances first reported in Lognonné et al. (2020) and Giardini et al. (2020), the HF event exhibits most of its energy between 1.5 and 5.5 Hz, whereas the spectral content of the VF ranges from 1.5 Hz to the Nyquist frequency (10 Hz). On the horizontal components, this effect is even more pronounced, and the displacement spectrum of some of the most energetic VF events is rising above 4 Hz, as illustrated in Figure 2. The origin of the difference between the spectra of VF and HF events is not understood yet. Simple earthquake scaling laws (e.g., Madariaga, 1976) suggest, for example, that VF events may exhibit larger stress drop than HF events. Nevertheless, such an interpretation requires that all path effects be removed from the spectra shown in Figure 2, an issue which we start to address in this article.

On each vertical-component seismogram, two arrivals can be clearly identified, each followed by a long coda. Unsuccessful attempts at recovering the polarization information of the dominant arrivals suggest that the HF wavefield is almost entirely depolarized. These features are broadly consistent with the observations reported in Clinton et al. (2021). A number of nonseismic signals are also visible in Figure 1. Short, repetitive bursts of high-frequency energy can be discerned, which correspond not only likely to donks but also sometimes to glitches that are associated with high-frequency precursors (Scholz et al., 2020). The permanent narrowband of energy visible at 1 Hz is caused by cross-talk between the temperature acquisition (at 1 sample per second) and the seismic channel [START_REF] Zweifel | The noise model of the seis mission to Mars[END_REF]Compaire et al., 2021)-termed tick-noise. Although the most energetic quality B high-frequency events are of VF type, a large number of HF and VF events have small spectral amplitude and are prone to contamination by environmental and instrumental noise. This is a topic of concern, and we shall carefully examine the impact of the noise on our measurements.

ENVELOPE CHARACTERISTICS OF HF AND VF EVENTS Analysis of VF event S0734a

In this section, we present a complete analysis of the VF event S0734a using 20 samples per second data from the VBB sensor (see also the Appendix for an analysis based on 100 samples per second SP data). In the range of frequencies in which the two datasets overlap, we found good agreement between the results obtained from the VBB and SP sensors. Our objective is to extract the main characteristics of the energy envelopes in different frequency bands. Before performing the measurements, we applied the following preliminary processing to the data: detrend using cubic splines, instrumental response correction, and finally rotation to northeast and vertical components. In a second step, the energy envelopes are calculated as follows. The data are bandpass filtered, squared, and smoothed. We applied Butterworth filters in successive frequency bands 3f =4; 5f =4 centered around frequency f ϵ {2. 5, 3.5, 4.5, 5.5, 6.5, 7.5} for VBB data (Lognonné et al., 2020) and f ϵ [2.5, 19.5] with a step of 1 Hz in the case of SP data. We used smoothing windows of 20 s to reduce the envelopes fluctuations. We normalized each envelope by dividing the (instantaneous) energy of the signal by the mean energy of the noise computed in a time window of 100 s duration preceding the event start. The results are illustrated in Figure 3a (for VBB data) and Figure A1a (for SP data), in which we show the normalized energy envelope of the data in various frequency bands. The square root of these envelopes may readily be interpreted as the SNR of the event. At its maximum, the SNR can be as large as 30 around 8.5 Hz and is typically above 10 from 2 Hz to at least 12 Hz. This VF event carries energy almost up to the Nyquist frequency of the SP data (50 Hz).

Looking at the envelope shape in more details, we observe two wave packets separated in time by approximaltely 80 s, each followed by a pronounced coda. For comparison, we show 4a the result of applying the same processing to a regional event recorded on the Canadian shield. This event was chosen on the basis of its similarity with VF S0734a in terms of t St P and coda duration. The main phases visible on the terrestrial seismogram are the refracted mantle waves Pn and Sn as well as the guided Lg waves. This last phase, which highlights the velocity discontinuity at the crust-mantle boundary on the Earth, distinguishes the anatomy of a regional earthquake from the one of a regional marsquake. The Lg wavetrain is followed by a long coda for which decay properties will be analyzed and compared with the ones of VF S0734a.

In the Coda Quality Factor (Q c ) Measurements and Delay-Time (t d ) Measurements subsections, we further examine the characteristics of the VF event by analyzing the coda quality factor Q c and delay time t d . Coda quality factor (Q c ) measurements. Since the works of Aki and Chouet (1975), it is widely accepted that the temporal decay of the smoothed energy envelope of the coda may be parameterized as
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in which Q c is the coda quality factor, ω is the central angular frequency of the signal, and α is an exponent that depends on the model geometry. In this work, we will consider both α 0 and α 1. The former choice facilitates the comparison with lunar measurements presented in Gillet et al. (2017), whereas the latter value has been traditionally adopted to study the coda decay at regional distances on the Earth (Mitchell, 1995). In the case α 0, the Aki and Chouet formula is left invariant by a translation of the time origin so that quake location is not needed to measure Q c . In the case α 1, we determined an approximate origin time t 0 for the marsquake event. Assuming constant velocities, we have t 0 t P -t St P =γ -1, in which the V P =V S ratio (γ) is assumed equal to 1.65, which is realistic for the near surface of Mars. We also tested γ 1:85, without significant impact on the results.

To measure Q c , we perform a robust linear least-squares regression of the logarithm of the envelope of the summed energies of horizontal components, after correction by a factor t (t is the time elapsed since the event occurrence) in the case α 1 (Aki and Chouet, 1975). The start time and end time of the coda windows used for analysis are listed in Table 1. For all the events analyzed, the duration of the coda window is of at least 100 s duration, with SNR greater than 2. The use of robust linear least-squares circumvents the difficulty of performing an accurate linear regression when the signal is contaminated by outliers, in particular donks in the highest frequency range. Furthermore, for events located in the same range of epicentral distance, we took care of selecting very similar time windows to minimize possible selection biases. Examination of Figure 3a on which we have superposed the results of the linear regression with α 1 on the data shows that the Aki and Chouet formula approximates the coda decay of marsquakes extremely well. As a consequence, the uncertainties on individual Q c measurements are never larger than 1%. In Figure 3a, it is worth noting that seismogram envelopes at different frequencies are almost parallel to one another in the coda. This property is reflected in the almost linear increase of the coda quality factor Q c shown in Figure 3b (see also Fig. A1b for SP data). In the figure, the color bar indicates the average SNR measured on the total energy of horizontal components. To confirm the almost linear trend visible in Figure 3b, we performed a fit of the frequency dependence of Q c using a parameterization of the form Q c Q 0 f n . Based on linear least squares applied to the logarithm of Q c , we obtain Q 0 440 14 and n 1:08 0:02 in the [2.5-7.5 Hz] range for VBB data with α 1 (see the Appendix for the same analysis on SP data with similar results). In the case α 0, we find Q 0 422 13 and n 1:07 0:02 with an equally satisfactory fit to the data. We note that the the origin of the peak delay is the most likely the multiple reverberations of the guided waves in the crust.

In sharp contrast with the Earth, t d is seen to decrease with frequency on the Moon (Gillet et al., 2017). There is no consensus explanation for this fact. But it is important to keep in mind that t d is sensitive to both scattering and attenuation, and the latter mechanism decreases the time delay (see Sato, 1989). Attenuation does add some dispersion to the seismic velocities, but the effect is tiny, because we are considering multiple scattering of narrowband signals. Mars displays yet another behavior, somehow intermediate between the Earth and the Moon with apparently little frequency dependence of t d for the second arrival. As a consequence, for each event we have estimated the mean value of t d and its uncertainty based on a set of measurements on filtered data in the 3f =4; 5f =4 band, in which the central frequency increases from 2.5 to 19.5 Hz by steps of 1 Hz. In Figure 5, we report our measurements of t d as a function of the time difference t St P between the second and first arrivals, which can be understood as a proxy for the hypocentral distance R. Although multiple forward scattering theory predicts that t d increases like R 2 in smooth random media (Saito et al., 2002), the delay time of high-frequency Martian events appears to be remarkably independent on t St P . This property distinguishes Mars from the Earth and the Moon, where the increase of t d with hypocentral distance is clearly observed (Takahashi et al., 2007;Blanchette-Guertin et al., 2012). The deviation of Martian highfrequency events from the predicted theoretical behavior can have different origins: competition between scattering and attenuation (absorption), contribution of large angle scattering neglected in Markov's approximation, or nonuniformity of scattering properties. These hypotheses will be evaluated in the light of envelope modeling in the Seismogram Envelopes Modeling section.

Comparison of HF and VF events characteristics

The preliminary analysis of HF and VF events revealed significant differences in spectral content (see Figs. 1 and2). In this section, we propose to extend the comparison between the two groups of events by examining the coda quality factor and delay time of 13 HF and eight VF events in the 2.5-5.5 Hz and 2.5-7.5 Hz frequency bands, respectively. We only use data collected on the VBB sensors with sampling rates of 20 samples per second.

Delay time. Similar to the VF event S0734a (Fig. 3), the delay time (t d ) measured for each of the HF and VF events appears to vary little with frequency. The apparent differences in the measurements of t d at different frequencies are likely the results of statistical fluctuations of the envelopes or contamination of the signal by donks. As a consequence, we define for each event the delay time and its uncertainty as the mean and the standard deviation to one sigma of all the values measured on the filtered data in the 3f =4; 5f =4 band with f ∈ f2:5; 3:5; …; 7:5g. Figure 5a reports the delay time as a function of t St P , taken as a proxy for the hypocentral distance. On this figure, there is no clear-cut difference between the VF and HF events, except that the latter show more variability. The lack of information on the back azimuth of these events makes it impossible to determine whether this variability reflects a genuine path effect or if this is just a consequence of noise contamination. Indeed, the small amplitude of the HF events that we have analyzed makes them more sensitive to the noise conditions, as will be illustrated later.

Coda quality factor. Figure 5b shows the dependence of the coda quality factor of HF and VF events at 3.5 Hz as a function of t St P . Dark and light colors correspond respectively to the choice α 0 and α 1 in formula (1). We observe again a much greater variability of Q c among HF events. This observation has to be interpreted with some caution. Although it suggests that some HF events sample a significantly higher Q region of Mars as compared with VF events, we will show in the Noise Sensitivity Analysis section that the coda decay is extremely sensitive to the noise conditions. This is all the more true as the Q values (typically in the 2000-9000 range at 3.5 Hz) are particularly high. If we make abstraction of HF events, there appears to be an increase of the coda quality factor with hypocentral distance. Because the more distant events are likely to sample deeper parts of the medium as compared with the nearest one, this increase is suggestive of a possible stratification of attenuation properties with depth. This hypothesis will be further explored in the Inversion Results section.

In preparation of the Noise Sensitivity Analysis section, we continue our exploration of HF and VF events with the analysis of Figure 6, which reports our measurements of Q c as a function of the SNR for central frequencies f ∈ f2:5; 3:5; …; 7:5g Hz. SNR and its uncertainty were evaluated in a 200 s long window starting at the onset of the second arrival. As a consequence of their narrower spectral content, the coda quality factor of HF events could only be measured in the two lowest frequency bands (2.5-3.5 Hz). The difference between the two groups of events is apparent on both the axes of Figure 6: HF events show on average higher Q c and lower SNR than VF events. The variability of Q c for HF events at 3.5 Hz (Fig. 5) is thus largely confirmed at 2.5 Hz. Although this observation suggests that HF events sample on average higher Q regions of Mars, it is important to keep in mind the influence of the noise on the measurements. This point is further explored in the Noise Sensitivity Analysis section.

Noise sensitivity analysis

To understand the impact of the noise on envelope characteristics, we performed a simple sensitivity analysis by adding noise data to one of the VF events (S0334a). We selected a noise window during sol 333 at the exact local time of occurrence of S0334a. Before addition to the event signal, the noise amplitude was scaled by a factor k ∈ f0; 1; 2; 3; 4; 5g. Figure 7 shows the results of the noise addition to the signal of S0334a from 2.5 to 7.5 Hz. As hypothesized previously, the impact of the noise level on the coda quality factor is quite large. As the SNR decreases by a factor of 4, the quality factor increases by a factor almost 3 at 3.5 Hz. This very high sensitivity of Q c to the noise level has two origins: (1) the SNR of the original signal is not very high (of the order of 10), and (2) the rate of decay of the coda is rather slow. By "slow," we mean that the coda length is not very large compared with the typical decay time Q c =ω at circular frequency ω. Hence, a small amount of noise can lead to an overestimation of Q c . Comparing Figures 6 and7, we recognize a somewhat similar pattern, suggesting that part of the variability of Q c among HF events may be explained by their low SNR. Finally, we remark that the impact of the noise on the coda decay of VF events at higher frequency (7.5 Hz), while slightly less pronounced than at 3.5 Hz, is still noticeable.

Coda attenuation: Earth-Moon-Mars comparison

To illustrate the variability of the coda decay on Mars, we show in Figure 8 the values of Q 0 and n for eight VF events analyzed in this study. HF events are not shown, as their bandwidth is too narrow for meaningful comparison with the Earth. Figure 8 confirms that the value of α mostly impacts Q 0 but not n. Like in the case of VF S0734a, we find that the value of Q 0 typically increases by no more than 10% when substituting α 0 with α 1 in formula (1). To summarize our results, we perform an average over all events and find Q 0 701 188 and n 1:04 0:1 for α 1 (Q 0 644 156 and n = 1.038 for α 0). The measurements with α 1 (respectively, with α 0) will be compared with Q c values for the Earth (respectively, for the Moon). We remind the reader that α 1 is commonly used in coda attenuation studies at regional distances (Mitchell, 1995), whereas α 0 has been adopted in the case of the Moon (Blanchette-Guertin et al., 2012;Gillet et al., 2017). In Figure 9, we have compiled a number of Q c measurements performed in different geological environments on the Earth, together with data from the Moon and the results obtained in this study for Mars. Before discussing the figure in more details, we note that although studies performed at regional distances on the Earth make use of α 1 (e.g., Xie and Mitchell, 1990;Mitchell et al., 2008), a number local coda Q studies, particularly in tectonic areas on the Earth, employ α 2. The latter value differs from the one used in this study. Because raising α by one unit increases Q 0 by less than 10% and does not affect n (for Martian data), we believe that the comparison is nevertheless meaningful.

With Q 0 ≈ 700, the coda quality factor on Mars lies in the upper range of the values observed on the Earth, particularly when compared with measurements reported for tectonically active regions (in blue in Fig. 9) where Q 0 typically varies from 100 to 400 (see Table 2 for references). It is only in cratons or shields (shown in green and yellow in Fig. 9) that Q 0 exceeds 600 and can in certain regions be as high as 1000 (Singh and Herrmann, 1983;Woodgold, 1990;Xie and Mitchell, 1990;Singh et al., 2004;Mitchell et al., 2008). Figure 9 clearly shows that the frequency dependence of Q c on the Earth is radically different between tectonic areas and shields, with an approximately linear increase of Q c for the former (n ≈ 1), and a frequency exponent in the 0.1-0.5 range for the latter (see also Romanowicz and Michell, 2015, for a review). In fact, there appears to be a systematic correlation between Q 0 and n on the Earth, with high Q 0 generally associated with small n. This is, for instance, particularly obvious on the Lg coda Q tomographies by Xie and Mitchell (1990) for Africa (see a number of other examples in Romanowicz and Michell, 2015). Furthermore, Q c appears to saturate at high-frequency on the Earth and only exceptionally exceeds 3000 at 20 Hz (e.g., Woodgold, 1990Woodgold, , 1994)). No such saturation is seen in the VF events data. On the Moon, Gillet et al. (2017) report coda Q c values of 2400 at 0.5 Hz and possibly as large as 10,000 at 7 Hz. From these observations, it appears that Q 0 on the Moon must be a factor of 2-4 larger than on Mars, as already suggested in Lognonné et al. (2020). The frequency dependence is less well constrained due to the limited bandwidth of the seismic sensors deployed in the framework of the Apollo mission. Nevertheless, the values reported earlier suggest that the frequency exponent for Q c on the Moon lies more likely in the 0.4-0.6 range.

In summary, we see that Q c on Mars is lower than on the Moon (at the same frequency) but increases more rapidly with frequency. The unique combination of high Q 0 with a frequency exponent n ≈ 1 also distinguishes very clearly Mars from the Earth. The quasi-linear frequency increase of Q c seen on VF events suggests that the coda decay is governed by a frequency-independent attenuation time.

In the Seismogram Envelopes Modeling section, we will focus on the highest quality VF events, and infer the average scattering and absorption properties of the Martian lithosphere from the multiple-scattering modeling of their envelope shape.

SEISMOGRAM ENVELOPES MODELING

In this section, we first present the theoretical approach and the inversion procedure to retrieve the scattering and attenuation properties of Mars from the modeling of seismogram envelopes of VF events. The method is illustrated on three VF events covering a broad range of hypocentral distances.

Radiative transfer model

The envelope characteristics and the statistical properties of the signal of high-frequency Martian events suggest that they are composed of seismic waves that have propagated in the multiple-scattering regime. To describe the spatiotemporal distribution of seismic energy and the energy exchange between different modes of propagation, we use an approach based on the elastic radiative transport model in a half-space (Turner and Weaver, 1994;Ryzhik et al., 1996). We suppose that the first and second energy "packets" observed during VF events correspond to multiply scattered P and S waves emitted by a single impulsive source. To model the energy envelopes, we use the Monte Carlo method to solve the following simplified set of transport equations (Margerin, 2017): E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 2 ; 5 1 ; 1 2 3 in which τ αβ is the α to β scattering mean free time (α; β ∈ fP; Sg). In addition, we have introduced the following notations: t α i and c α are the absorption time and the velocity of the mode α; ρ α r; n; t is the energy density propagating in direction n at time t and position r of mode α. S α r; n; t is the source term for mode α. The local angular scattering pattern p αβ n; n ′ is the probability that α energy propagating in direction n ′ is converted into β energy propagating in direction n. On the left-hand side, the dot represents the dot product between two vectors. Finally, 1=τ α P β 1=τ αβ is the total inverse scattering mean free time (of mode α). The set of equation ( 2) can be reduced to a simple scalar diffusion equation for the total energy density ρ P ρ S in the limit of long propagation times (t → ∞).

To facilitate the comparison between Mars and the Moon, we will, therefore, quantify the strength of the scattering by computing the equivalent seismic diffusivity of the models of heterogeneity derived from the inversion of seismic envelopes. For a c as a function of the frequency for different regions on the Earth (blue for tectonically active, green-yellow for cratons), the Moon (gray), and Mars (with α 0 in red and α 1 in orange). The numbers in inset refer to Table 2, in which more details can be found on the geographical locations for the Earth data, as well as the references of the original publications. The color version of this figure is available only in the electronic edition.

presentation of the formula for the diffusivity in a seismological context, the reader is referred to Turner (1998). To facilitate the comparison with the Earth, we will also quantify the scattering strength with the aid of the shear-wave quality factor Q sc ωτ S , in which ω is the central frequency of the waves.

As demonstrated by scattering theory, the angular patterns p αβ are governed by the power spectrum of the random fluctuations as well as the possible correlations among the elastic parameters (Sato et al., 2012). In this work, we make the classical assumption that density and velocity are correlated as follows: δc P =c P δc S =c S and δρ=ρ νδc P =c P . This is known as Birch law in the literature. In this work, we adopt the classical value v = 0.8 for lithospheric rocks (Sato, 1984). The power spectrum of the elastic fluctuations Φ is assumed to be of Von-Karman type: The two key parameters in equation ( 3) are the Hurst exponent κ and the correlation length l c . The exponent κ controls the richness of the medium in small-scale fluctuations, and l c is the typical size of the largest heterogeneities. A classical choice for κ is 0.5, corresponding to a correlation function of exponential type. In this work, we will explore other forms of correlation corresponding to smoother media (κ 2), besides the usual case κ 0:5.

To complete the presentation of the model, we discuss briefly the source term, absorption model, and average wavespeeds. In view of the broad similarity of VF events with high-frequency earthquakes, it is reasonable to assume that they are of internal origin. In our model, the P/S energy ratio emitted at the source is, therefore, calculated from the radiation of a double couple and depends on the velocity ratio c P =c S to the fifth power (Sato et al., 2012). For lack of more precise information, we will assume that the dissipation of seismic energy is caused by shearing motions and is, therefore, entirely controlled by the rigidity. We, therefore, have the following relation: t P i 3 4 c P c S 2 t S i , between the absorption times of P and S waves. As the seismic wavespeeds are not very well constrained except for the near surface (Lognonné et al., 2020), we will assume that c S 1:7 km=s, characteristic of the upper crust, and explore two possible values of the c P =c S ratio (1.65, 1.85). We also investigated a higher shear wavespeed c S 3:0 km=s and obtained similar fits to the data, with somewhat lower scattering attenuation. We will come back to the role of c S later in the discussion.

Inversion procedure

On the Earth, the most common approach to retrieve the scattering and attenuation properties from seismogram envelopes is the multiple-lapse time-window analysis (Fehler et al., 1992), in which the smoothed spatiotemporal distribution of seismic energy is estimated from energy integrals for an ensemble of earthquakes in the vicinity of the station. This method cannot be readily transposed to Mars, due to the lack of seismicity at short hypocentral distance. In the case of the Moon, Gillet et al. (2017) developed an inversion method that uses only t d and Q c to characterize the shape of seismogram envelopes. Again, this approach is not readily applied to our data, because VF events are composed of two major energy arrivals. We, therefore, decided to perform a direct inversion of the full seismogram envelope of horizontal components using the transport equation (2) for the forward model. The inversion seeks to retrieve only two parameters: the scattering mean free time (τ S ) and the absorption time of S waves (t S i ). It is very important to note that all the scattering parameters of equation ( 2), that is, τ αβ and p αβ are entirely determined by τ S once ω (central circular frequency), l c (correlation length), and κ (Hurst exponent) are fixed. Because the envelope shape does not vary much between 2.5 and 8.5 Hz, we decided to perform the inversion at 6 Hz to optimize the SNR. Because the correlation length l c is unknown, we explored a broad range of values ranging from a few tens of meters to a few kilometers. For the Hurst exponent, two possibilities were considered: κ 0:5 (exponential medium) and κ 2:0 (smooth Von-Karman medium). The best results were obtained with the later choice, as illustrated later.

To quantify the agreement between data and model, we apply a simple least-squares criterion to the difference of the logarithms of the observed and modeled energy envelopes: E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 4 ; 5 3 ; 4 4 5

χ 2 Z t e 0 log E o t N o -log E m t N m 2 dt; 4 
in which E denotes the energy, and the integral is computed from the signal onset to the return to the noise level at time t e . The use of the logarithm in the definition of χ 2 is important to give similar weights to the two main arrivals and the coda in the inversion process. In equation ( 4), the symbols N o;m denote energy integrals that are used to cross-normalize the synthetic and observed envelopes, in which the subscripts o and m refer to observations and model, respectively. This is the same idea as the coda normalization method (Aki and Chouet, 1975;Rautian and Khalturin, 1978), in which source and site effects are removed by normalizing the amplitude of the signal by the energy level of the coda at long lapse time. In our applications, we used a window of 50 s durations at the end of the coda (i.e., between t e -50 s and t e ).

To minimize χ 2 , we employ an iterative optimization approach based on the Levenberg-Marquardt algorithm, as implemented in the GNU Scientific Library (Galassi et al., 2017). To guide the inversion process, the method requires the computation of the sensitivity of the synthetic envelope to a perturbation in the model parameters. Rather than the scattering and absorption times, we employ the attenuations 1=τ S and 1=t S i for the parameterization, as is naturally suggested by the form of equation (2). Therefore, in addition to solving equation (2), we use the differential Monte Carlo method of Takeuchi (2016) to compute the partial derivatives of the energy envelopes with respect to the scattering and absorption attenuations. In general, a few iterations suffice to converge to the minimum.

The algorithm also provides uncertainties on the best-fitting parameters based on the assumptions that the errors are Gaussian.

INVERSION RESULTS

Some representative results of the inversion procedure are shown in Figure 10 for the VF events S0734a (Fig. 10a), S0756a (Fig. 10b), and S0421a (Fig. 10c). Assuming a uniform shear velocity c S 1:7 km=s and c P =c S 1:85 (respectively, 1.65), the time difference t St P indicates that these events are approximately located at 330 km (respectively, 390 km), 670 km (respectively, 780 km), and 1510 km (respectively, 1760 km) from the station, respectively. The values shown along with respectively in brackets refer to the hypocentral distance of each event computed with c P =c S 1:65. The agreement between the best-fitting radiative transfer models with Hurst exponent κ 2 and the data are rather satisfactory, particularly for the two shortest hypocentral distances. It is worth noting that the amplitude ratio between the two dominant arrivals is consistent with the hypotheses that shear dislocations are at the origin of the VF events, and that all dissipation is due to shear. For the most distant event, the quality of the fit degrades. We see, in particular, that the rise time of the first arrival is too short, and its coda decay too rapid. We will further comment on this discrepancy later. In all the cases that we examined, the adimensional correlation length ωl c =c S is larger than 1, which indicates that the scattering is predominantly in the forward direction (see e.g., Sato et al., 2012, for details). The most important preliminary conclusion to be drawn from Figure 10 is that the numerical modeling supports a multiple-forward-scattering origin for the observed VF events waveforms (and most likely the other high-frequency events). We will now discuss more precisely the outcome of the inversions by analyzing the sensitivity of our results to the c P =c S ratio and the Hurst exponent. Finally, we will argue that the inversion results suggest a possible stratification of attenuation properties in Mars.

Role of the Hurst exponent

In Figure 10, we compare the outcome of the inversions for the two Hurst exponents: κ 0:5; 2:0. For all the events that we investigated, we observed that the largest value of κ systematically yields the best fit to the data. This suggests that the Earth is richer in small-scale heterogeneities than Mars. In more informal terms, we may say that the interior of Mars appears smooth as compared with the Earth. It is worth noting that the correlation length derived from the models decreases strongly as κ increases. This is an example of trade-off that needs to be resolved in future works. However, we would like to point out that there are indications in the data that κ could indeed be larger on Mars than on the Earth. We have already noted that the envelope shape of the VF events is remarkably independent of the frequency. In a medium with uniform scattering properties, such a behavior can only be reproduced in the forward-scattering regime (ωl c =c S > 1) for sufficiently large values of κ, typically of the order of 2 or larger (see Calvet and Margerin, 2013). The fact that the best fits are obtained for κ 2 is, therefore, consistent with the overall characteristics of the VF seismogram envelopes across multiple frequencies.

Impact of the c P =c S ratio

The ratio c P =c S in the interior of Mars is so far not very well constrained, and it is important to examine how it may affect the fit to the data. The presence of porosity in the shallow part of the crust may reduce c P =c S of the host rock. In Figure 11, we examine the case c P =c S 1:65 and compare it with the reference models with c P =c S 1:85. The Hurst exponent is set to 2. Overall, the best-fitting models obtained in the two cases are very similar and agree reasonably well with the data, except for the largest hypocentral distance. This result confirms the consistence of the data with a multiple-scattering hypothesis. Reciprocally, we may argue that it is unfortunately not possible to put constraints on the c P =c S ratio in the crust from envelope shapes alone.

Variability of scattering and attenuation parameters

To give an idea of the variability of the scattering and attenuation properties inferred from the envelope shape of VF events, the inversion procedure was applied to seven of them (S0128a, S0264e, S0334a, S0421a, S0424c, S0734a, S0756a) at a central frequency of 6 Hz with c P =c S 1:85 and κ 2. Figure 12 compiles the results of the inversion for the diffusivity (Fig. 12a), the scattering quality factor of S waves (Fig. 12b), and the intrinsic quality factor of S waves (Fig. 12c). We see that the diffusivity ranges from 50-800 km 2 =s, which suggests that the scattering attenuation on Mars is much more Earth-like than Moon-like. For the smallest hypocentral distances, the results are compatible with previous findings by Lognonné et al. (2020), based on the analysis of S0128a. Changing the average shear wavespeed to c S 3 km=s increases the inferred diffusivity by a factor approximately equal to 2.8. This result is a direct consequence of the linear increase of the hypocentral distance with c S . By a simple similarity argument based on the diffusion model, the increase of the diffusivity due to an increase of c S is expected to be equal to the ratio of the shear wavespeeds squared 3=1:7 2 ≈ 3:1, which is not far from the value 2.8 reported earlier. As for the attenuation, with an intrinsic quality factor Q μ ranging from 3500 to 10000, Mars is found to be much more Moon-like than Earthlike. The albedo of the martian lithosphere is extremely high, typically of the order of 0.9, in sharp contrast with the Earth where the albedo rarely exceeds 0.5. Some notable exceptions are volcanic areas (e.g., Mayeda et al., 1992) but only at sufficiently LFs, typically less than 3 Hz. Recently, Scheller et al. (2021) proposed that vast amounts of water could be trapped in the crust of Mars. This model may be compatible with our observations, provided that some parts of the crust remain mostly dry. That the upper crust could be dry in the equatorial region near InSight is in agreement with the study of Clifford et al. (2010). To put our measurements of Q μ in perspective, we recall that experiments on basalt samples by Tittmann et al. (1980) have revealed that high Q values (typically higher than 2500) can only be achieved through the complete degassing of the material, including the removal of intracrystalline water.

The Q μ values we report in the present work are, in fact, higher than the highest values obtained by Tittman (1977) after several degassing cycles in vacuum. Unless our understanding of the role of water in the attenuation of seismic waves is incorrect, an important conclusion of our study is that the waveforms of VF events are compatible with a mostly dry crust.

In Figure 12, the increase of D, Q sc , and Q μ with hypocentral distance (or equivalently with the proxy t St P ) is particularly clear. In linear-log scale, the dependence is approximately linear, which suggests an empirical dependence of the form y y 0 expt St P =ξ in which y stands for D, Q sc , or Q μ . Indeed, this simple form is seen to fit the observations reasonably well. These results show clearly that, although it reasonably fits the observed seismogram envelopes individually, a uniform scattering model cannot explain simultaneously all the records. Furthermore, we observe that as the hypocentral distance increases, attenuation by scattering and absorption appear to decrease. Under the reasonable assumption that the sensitivity to deep structures increases with hypocentral distance, a natural explanation for the trend seen in Figure 12 is that there exists a stratification of attenuation properties inside Mars. More precisely, we may expect a rapid decrease of attenuation with depth. Recent results by Knapmeyer-Endrun et al. (2021) indicate that, although this is not apparent from the seismogram envelopes of VF events, the crust of Mars is stratified. Determining the depth dependence of Martian attenuation, taking into account the stratification of velocities in the lithosphere, will undoubtedly be an important topic for future works.

CONCLUSIONS

In this article, we have investigated the envelope and attenuation characteristics of high-quality high-frequency Martian events recorded by the instrument SEIS in the framework of the InSight mission. The main conclusion of our investigations is that these events are compatible with the propagation of elastic waves radiated by internal sources in a multiple-scattering medium. This statement is attested by the overall good agreement between synthetic envelopes predicted by elastic radiative transfer models and observed envelopes. Data analysis and modeling has also revealed some outstanding features. (1) As compared with high-frequency quakes observed on the Earth or on the Moon, the envelope shape of high-frequency Martian events is remarkably weakly dependent on frequency. The coda decay is characterized by an almost constant attenuation, reflected in the linear increase of the coda quality factor with frequency. The delay time is also very weakly frequency dependent, in sharp contrast with what is observed on earthquakes and moonquakes waveforms. (2) Numerical inversions of the seismogram envelopes of high-frequency Martian events with an elastic radiative transfer model show that the observations can be explained by multiple scattering in smooth models of heterogeneity with a correlation distance in the 70-240 m range and a Hurst exponent κ 2. The overall strength of the scattering is found to be Earth-like. We also found that the attenuation parameters apparently increase with hypocentral distance, which we interpret as a possible signature of a stratification of heterogeneity in Mars (van Driel et al., 2021) a frequency-independent albedo of about 0.9, we found that attenuation (dissipation of seismic energy) is very low in Mars. This finding indicates that the high-frequency Martian events sample mostly dry materials. This issue requires further investigation. In future works, we propose, in particular, to develop stratified models of scattering and attenuation to test the compatibility of our data with the presence of layers with high levels of dissipation.
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 1 Impact illustration on Earth, Mars and the Moon, by David Ducros. . . . . . . . . . 4.2 (a)Image from orbit locations of three Near Impacts sites (S0793a, S0981c, and S0986c) as estimated from the seismic data (triangles) and actual impacts (circles), (b) image of the S1034a impact location. The events are imaged by Mars Reconnaissance Orbiter instruments, showing before and after details of CTX images on CTX mosaic background. For the S0986c associated event, a detailed view by HiRISE is also shown. Image credits: NASA/JPL/MSSS/U Arizona. From Garcia et al. (2022) and and Daubar et al. (2023) . . . . . . . . . . . . . . 4.3 Image of the two distant impacts: S1000a and S1094b. The events are imaged by Mars Reconnaissance Orbiter instruments, showing before and after details of CTX images on CTX mosaic background. Image credits: NASA/JPL/MSSS/U Arizona. From Posiolova et al. (2022) . . . . . . . . . . . . . . . . . . . . . . . . 4.4 Sketch of meteor impact phenomena and their recordings by InSight: (a) Sketch of physical processes during meteoroid entry and impact, and effective sound speed profile from impact direction to InSight extracted from Mars Climate Database. Labels in parentheses locate the sources of the main acoustic and seismic arrivals. (b) Impact location and estimated meteoroid entry path on CTX mosaic background. Polarization of main acoustic signals is depicted at InSight location. (c) spectrogram of vertical component of ground velocity for S0986c seismic event, showing the three main seismic arrivals (P, S, X1) and the three main acoustic arrivals (A1, A2, A3). P, S, and A3 are associated with the impact source, and X1, A1, and A2 with the two airbursts. (d) coherence as a function of time and frequency and (e) phase relation between vertical and horizontal ground velocities at maximum coherence value. Times are provided relative to Event Start time (2021-09-05 05:23:58.00 UTC). From Garcia et al. (2022) x 4.5 Envelope characteristics of the VF event S0986c. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in the inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the verticalto-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 460f 0.7 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency. . . . . . . . . . . . . . . . . . . . . . . . 4.6 Mean and standard deviation to 1 sigma of the delay-time measured on the horizontal components in the 4.5 Hz and 7.5 Hz as a function of the epicentral distance (Table 4.1) for the near-impacts. The black dashed line indicate the linear trend of these measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.7 Coda quality factor Q c as a function of the epicentral distance in the 4.5 -7.5 Hz frequency band for the near-impacts. The measurements were performed on the horizontal components. Dark and light colors correspond to the choice α = 0 and α = 1 in Eq. 2.10, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8 Envelope characteristics of the VF event S1000a. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 730f 1.5 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi 4.9 Envelope characteristics of the VF event S1094b. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 445f 1.7 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.10 Polarization analysis of the S1094b VF event. a) Signal waveform collected on the north components and filtered at 3.5 Hz central frequency. The arrival times of the primary (t p ) and secondary (t s ) phases are indicated on the waveforms in red dashed lines. Time t = 0s refers to the onset of the first arrival. b) Timefrequency analysis of the SN R ratio of the horizontal components. The background noise level was estimated during a quiet period. c) Time-frequency analysis of the degree of polarization on the horizontal components. d) Time-frequency analysis of the ellipticity on the polarized component. c) Time-frequency analysis of the ellipticity orientation of the polarized component. . . . . . . . . . . . . . 5.1 Radiative transfer modeling of the energy envelope of three VF events: (a) S0734a, (b) S0756a and (c) S0421a VF. The dashed black lines correspond to the energy envelope of the horizontal components filtered around 6 Hz. The green and blue lines show the best-fitting radiative transfer models with κ = 0.5 and κ = 2 respectively. In these examples the c p /c s ratio is set to 1.85 and c s = 1.7km/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2 Radiative transfer modeling of the energy envelope of three VF events: (a) S0734a, (b) S0756a and (c) S0421a VF. The dashed black lines correspond to the energy envelope of the horizontal components filtered around 6 Hz. The red and blue lines show the best-fitting radiative transfer models with c p /c s = 1.65 and c p /c s = 1.85, respectively. In these examples κ is set to 2 and c s = 1.7km/s. 5.3 Inversion results for seven VF events. (a) Diffusivity (km 2 /s), (b) S-wave scattering quality factor and (c) S-wave absorption quality factor as a function of (t st p ) for selected VF events. The dashed line shows the best fit to the data assuming a law of the form y = y 0 exp (t s -t p )/ξ. . . . . . . . . . . . . . . . . .
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Figure 1

 1 Figure 1.2: a) From the left to the right: Deep moonquake, Shallow moonquake and Meteoroid impact lunar seismograms in compressed time scale at the Apollo 16 station. LPX, LPY, and LPZ are the three orthogonal components of a long-period instrument with LPZ in the vertical direction, and SPZ is the short-period vertical component (From Nakamura et al. (1982a)) b) Schematic diagram of lunar internal structure as seen by a host of geophysical data and models (Garcia et al. (2019) and modified from Khan et al. (2014)). The Moon is differentiated into crust, mantle, and core. Apollo stations are indicated by A12 -A16 and are all located on the nearside of the Moon. Shallow and deep (DMQ) moonquakes occur in the depth ranges < 300 km and between 600 -1200 km, respectively.
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 13 Figure 1.3: Comparison of lunar seismic velocity models[START_REF] Garcia | Lunar seismology: An update on interior structure models[END_REF]. From the left to the

Figure 1 . 4 :

 14 Figure 1.4: Panoramas of the surface of Venus observed by Venera 9 and 10. Each panorama is 180°×40°from[START_REF] Krasnopolsky | Venera (missions)[END_REF] 

Figure 1 . 6 :

 16 Figure 1.6: Viking Lander 2's first picture on the surface Of Mars, from NASA/JPL

  InSight mission (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) to Mars is the 12th mission of the Discovery program. It landed successfully on the surface of the planet in November 2018 with objectives: (a) to investigate the interior structure (crust, mantle, core) and the processes of the formation of the planet, (b) to measure the heat flux in the crust, (c) to study the rate of the meteorites impacts, (d) to determine the present level of tectonic activity. The lander is a complete geophysical payload including: (a) the seismometer SEIS (Seismic Experiment for Interior Structure, Lognonné et al. (2019)), (b) the penetrator HP 3 to measure the heat flux (The Heat flow and Physical Properties Package, Spohn et al. (2018)), (c) a geodesic experiment RISE (Rotation and Interior Structure Experiment, Folkner et al. (2018)), (d) a weather station APSS (Auxiliary Payload Sensor System, Banfield et al. (2019)), (e) the magnetometer IFG (InSight FluxGate, Banfield et al. (2019)). Besides, the stereo color camera IDC (Instrument Deployment Camera, Maki et al. (2018)) and the robotic arm and IDA (Instrument Deployment Arm, Trebi-Ollennu et al. (2018)). The arrangement of these instruments on the lander can be seen in Figure1.7.
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 17 Figure 1.7: Artist's Concept of InSight Lander on Mars, including all the instrument, from NASA
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 1819 Figure 1.8: This cut-through view of the SEIS seismometer shows the dome-shaped wind and thermal shield (WTS), the remote warm box (RWEB), the levelling platform, and the inside of the evacuated container protecting the VBB pendulums (©IPGP/David Ducros)
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 110 Figure1.10: Martian seismic data families: High frequency events family (black), Low frequency events family (gray). The seismic signal is recorded on the Z-component and t = 0s refers to the first arrival. Each event is filtered around the frequency indicated.

Fig. 2 .

 2 Fig. 2. Synopsis of the crustal structure of Mars at the InSight landing site from receiver fun analyses. (A) Inversion results for all three events using inversion method A (in blue lines) a (in brown) using a two-layer parameterization. (B) Cartoon showing the ray paths of the ma converted phases present in the data. Blue lines show P phase paths, while the red lines show to S phases at the interfaces below the lander. Direct conversions and one P multiple are sho numbered labels correspond to arrivals identified in Fig. 1A. (C-D) Same as (A-B), except f three-layer model and excluding the multiple arrival.

Figure 1 . 11 :

 111 Figure 1.11: Synopsis of the Martian crustal structure at the InSight landing site from receiver function analyses, for the two layers model (up) and the three layers model (bottom). From(Knapmeyer- Endrun et al., 2021) 

Figure 13 :

 13 Figure13: Compilation of the different mantle models obtained from joint inversions of direct(P,S) and secondary phases (PP, PPP, SS, SSS, ScS). From left to right for (A) seismic shear-wave velocities v s , (B) seismic compressional-wave velocities v p . Radius is on the left and depth is on the right, both in km. Model references are provided in the legend of figure (A), with the same color codes in A and B. For each family of models, the solid line provides the mean model, while the dashed lines provide the 1-uncertainty. The gray background represents the aposteriori dispersion of these models, in terms of probability, assuming that each family of models has the same probability. Note that below 800 km depth (2600 km radius), no P wave travel time constraints directly the P-wave velocity profiles. The latter are therefore indirectly constrained by ScS travel times, by v p /v s ratio from models of mineralogy and temperature and by depth correlations with v p profiles above 800 km. Resolution in the mantle transition zone, for radius smaller than 2400 km, is also poor for S-waves, as shown by the larger dispersion of the published models.

Figure 1 . 12 :

 112 Figure 1.12: Comparison of Martian mantle seismic velocity models from different inversion methods.

Figure 10 .

 10 Figure10. Influence of mantle stratification on seismic velocities (a,c) and P-and S-wave ray paths (b,d). Top: Homogeneous mantle case (i.e., no basal layer). Bottom: case with a 300-km thick basal layer. The seismic velocity profiles in (a) and (b) correspond to the black and yellow thermal profiles displayed in Fig.7b, respectively. The depth of the quake is 50 km, and the epicentral distance is 60 degrees. See text for further details.

Figure 7 .

 7 Figure 7. Measured t d for all types of events on the SPZ channel. The colors represent the different stations and the symbols refer to each frequency band. No events were recorded at station 12 due to an early malfunction of the instrument. Robust least squares fit straight lines showing dependence of t d on epicentral distance are shown for the two NI lower-frequency bands and for all SMQ bands.

Figure 1 .

 1 Figure 1.14: Delay-time τ d measurements as a function of the frequency for all types of events on the SPZ channel collected on the four Apollo seismic stations, from Blanchette-Guertin et al. (2012).

Figure 8 .

 8 Figure 8. Measured Q c for all types of events on the SPZ channel. The colors and symbols are the same as in Figure 7. Robust least squares fit straight lines are also shown for NI and SMQ.

Figure 1 .

 1 Figure 1.15: Coda quality factor Q c measurements as a function of the frequency for all types of events on the SPZ channel collected on the four Apollo seismic stations, from Blanchette-Guertin et al. (2012).

  S0128A) S3-6: Envelope modeling of the S0128a event. Top panel: radiative transfer model (black line) com total energy envelope of the horizontal components. Lower panel: theoretical partitioning of P a for the radiative transfer model shown in the top panel. Blue: S energy. Red: P energy. Solid otal energy. Dashed line: di↵usion approximation.

Figure 1 . 16 :

 116 Figure 1.16: Envelope modeling of the S0128a VF event: radiative transfer model (black line) and the observed energy envelope of the horizontal components (gray line), from Lognonné et al. (2020).

  Figure 2.1.a).

  Fig. 2.6 Density plots of 2-D random medium samples, where a D 5 km and " D 0:05: (a) Gaussian ACF. (b) -(d) von Kármán type ACFs with different Ä-values
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 21 Figure 2.1: Density plots of 2-D random medium samples, where l c = 5 km and = 0.05: (a) Gaussian ACF. (b) -(d) von Karman type ACFs with different κ-values, (from: Sato et al. (2012))

Figure 2

 2 Figure 2.2: Diagram representing the three characteristic lengths to describe a heterogeneous propagation medium: the scattering mean free path l sc , the correlation length l c , the mean transport free path l * . θ is the angle between the incident wave and the scattered wave.
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 23 Figure 2.3: Schematic representation for the energy propagation (red dashed arrows) in a medium with a thickness L for: (a) Ballistic regime, (b) Single scattering regime, (c) Multiple scattering regime

Figure 2 . 4 :

 24 Figure 2.4: Example of a velocity seismogram of a local earthquake and its envelopes (from: Sato et al. (2012))

  For example,Takahashi et al. (2007) measured the delay time at high frequencies from three deep seismic events in northern Japan. They observed large delay time for rays propagating beneath Quaternary volcanoes and short delay time for those propagating in between the volcanoes (Figure2.5). The clear dependence of the delay time measurement to the ray path are directly related to the heterogeneities in the medium. In fact, large delay-time reflects strong scattering. Similar results have been observed from crustal event records in both continental and subduction zones. For example,Calvet et al. (2013) measured the delay time on series of regional seismic events(between 2001 and 2011) in the Pyrenees at different frequency bands, with local magnitude > 2 and focal depth between 1 km and 20 km (Figure 2.6). They observed large values of the delay time which indicate that a strong scattering in the Pyrenean crust.

  Fig. 2.31 (Map) Ray path dependence of S-wave peak delay from the S-onset, where open circles, closed boxes and gray triangles are earthquake epicenter, stations and Quaternary volcanoes, respectively. (a), (c) and (e) are bandpass filtered RMS velocity envelopes (NS-component) for rays traveling between Quaternary volcanoes, (b) and (d) are those for rays traveling beneath Quaternary volcanoes, where gray vertical broken lines are P-and S-onsets. (Takahashi et al. 2007, copyright by Willey)

Figure 2

 2 Figure 2.5: (Map) Ray path dependence of S-wave peak delay from the S-onset, where open circles, closed boxes and gray triangles are earthquake epicenter, stations and Quaternary volcanoes, respectively. (a), (c) and (e) are bandpass filtered RMS velocity envelopes (NScomponent) for rays traveling between Quaternary volcanoes, (b) and (d) are those for rays traveling beneath Quaternary volcanoes, where gray vertical dashed lines are P-and S-onsets. (From: Takahashi et al. (2007)).

  Figure 2.6: The delay-time measurements of regional seismic events (between 2001 and 2011) in the Pyrenees at different frequency bands (From: Calvet et al. (2013)).

  Fig. 3.14 Contour curves of Q c at 1 Hz in United States. (Singh and Herrmann 1983, copyright by the American Geophysical Union)

Figure 2

 2 Figure 2.7: Contour curves of Q c measurements at 1 Hz USA ( From Singh and Herrmann(1983) 

Figure 2

 2 Figure 2.8: Q c measurements as a function of the epicentral distance in the 4 -8 Hz frequency band. Solid and dashed lines correspond to the mean and the standard deviation values, respectively. a, b and c correspond to the coda window start at 2t s , 50 s and 80 s, respectively, after the origin time of the event.( From Calvet et al. (2013))

  Figure2.9: Regional variations of Q c (left) and ray path density (right) at different frequency bands.( From Calvet et al. (2013)) 
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 4 Figure 4. Examples of measurements of the S-to-P energy in the coda. For each event, we present the vertical component seismograms bandpassed between 1 and 3 Hz (upper frame), the P and S energy smoothed in a 16-sec moving window (central frame), and the S-to-P energy ratio (lower frame).

Figure 2 .

 2 Figure2.10: Examples of measurements of the S-to-P energy in the coda. For each event is presented the vertical component seismograms bandpassed between 1 and 3 Hz (upper frame), the P and S energy smoothed in a 16s moving window (central frame), and the S-to-P energy ratio (lower frame), from[START_REF] Shapiro | The energy partitionning and the diffuse character of the seismic coda[END_REF] 

Figure 2 .

 2 Figure 2.12: Illustration of the radiative transfer equation. It describes the variations of the incident specific intensity I in in the direction n including the gain/loss by scattering, the loss by intrinsic absorption and source energy emission.

Fig. 8 .

 8 Fig. 8. Left panels: synthetic (light blue) and observed (black) energy envelopes of lunar seismograms as a function (B) and 60:9 (C) epicentral distance, respectively. The arrival time of the maximum at A, B and C is 610 s, 780 s an the propagation of the energy maximum within the Moon. The color scale gives the sign of the time derivative of th The bottom three panels show the diffusion front at the arrival time of the maximum at A, B and C (from top to bo colour in this figure legend, the reader is referred to the web version of this article.)

Figure 2 .

 2 Figure2.13: Synthetic (blue) and observed (black) energetic envelopes of lunar seismic events located at: (A) 15.6 • , (B) 38.5 • and (C) 60.9 • . 610 s, 780 s and 930 s refer to the arrival time of the maximum at A, B and C, respectively. (From(Gillet et al., 2017)) 

Figure 3

 3 Figure 3.1: S0734a HF event: (a), (c) and (e) Waveform filtered at 3.5 Hz of the 3 component (N, E, Z) respectively recorded by the VBB sensor at 20 samples per seconds. And (b), (d) and (f) are the respective spectrograms. The arrival times of the first and second arrivals are indicated with red dashed lines. Time t = 0 coincides with the onset of the first arrival.
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 32 Figure 3.2: S1054c HF event: (a), (c) and (e) Waveform filtered at 3.5 Hz of the 3 component (N, E, Z) respectively recorded by the VBB sensor at 20 samples per seconds. And (b), (d) and (f) are the respective spectrogramq. The arrival times of the first and second arrivals are indicated with red dashed lines. Time t = 0 coincides with the onset of the first arrival.
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 33 Figure 3.3: Spectral amplitude (m/Hz) as a function of frequency: (a) total spectral amplitude, (b) vertical component spectral amplitude, (c) horizontal components spectral amplitude for HF events (blue) and VF events (green). At each frequency, the mean energy is measured on the vertical and horizontal components in a time window of 200 s duration starting after the second arrival. The RMS amplitude has been normalized by the bandwidth.

  A simple diagnostic of gaussianity can be obtained by plotting the empirical distribution function (edf) of the normalized intensity I/ I in semi-logarithmic scale. The edf of a gaussian signal then shows up as a straight line with slope -1. Note that I is defined as the intensity of the analytic signal built from the real time trace, and the brackets indicate an average. Anache-Ménier et al. (2009) provided several more stringent tests of gaussianity based on the statistics of the phase difference measured at two sensors. In this work, we will use yet another approach based on D'Agostino's test[START_REF] D'agostino | An omnibus test of normality for moderate and large size samples[END_REF]. The purpose of this test is to detect deviations from normality based on the combined estimates of the third ( √ b 1 ) and fourth (b 2 ) standardized moments of the data, used in conjunction with D'Agostino-Pearson K 2 statistics (D'Agostino

Figure 3

 3 Figure 3.4: Gaussianity test applied to the waveforms of the S0128a VF event for the component (Z,N,E). In each subplot, the upper and lower panels show, respectively, the waveform filtered around 5.5 Hz and the p-values of the d'Agostino test applied to the signal in the 2 -8 Hz frequency band. The arrival times of the primary (t p ) and secondary (t s ) phases are indicated on the waveforms in red dashed lines. Time t = 0 coincides with the onset of the first arrival. The color scale has been saturated to highlight the variations of p in the range 0-0.06.
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 33 Figure 3.5: Gaussianity test applied to the waveforms of the S0334a VF event for the component (Z,N,E). In each subplot, the upper and lower panels show, respectively, the waveform filtered around 5.5 Hz and the p-values of the d'Agostino test applied to the signal in the 2 -8 Hz frequency band. The arrival times of the primary (t p ) and secondary (t s ) phases are indicated on the waveforms in red dashed lines. Time t = 0 coincides with the onset of the first arrival. The color scale has been saturated to highlight the variations of p in the range 0-0.06.
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 33 Figure 3.6: Polarization analysis of the S0128a VF event. a),b) East, North components filtered around 5.5 Hz. The arrival times of the primary (t p ) and secondary (t s ) phases are indicated on the waveforms in red dashed lines. Time t = 0s refers to the onset of the first arrival. c) Timefrequency analysis of the SNR ratio. The background noise level was estimated during a quiet period. d) Time-frequency analysis of the degree of polarization on the horizontal components. e) Time-frequency analysis of the ellipticity on the polarized component. f) Time-frequency analysis of the ellipticity orientation of the polarized component.

  and f ∈ [2.5, 35.5] with a step of 1 Hz in the case of SP data. We used smoothing Chapter 3 -Characteristics of energetic envelopes of HF and VF Martian events 50 windows of 20 seconds to reduce the envelopes fluctuations. We normalized each envelope by dividing the (instantaneous) energy of the signal by the mean energy of the noise computed in a time window of 100 s duration preceding the event start. The results are illustrated in Figure3.7.a (for VBB data) and Figure3.8.a (for SP data) where we show the normalized energy envelope of the data in various frequency bands. The square root of these envelopes may readily be interpreted as the signal-to-noise (SN R) ratio of the event. At its maximum, the SN R ratio can be as large as 35 around 8.5 Hz and is typically above 25 from 2 Hz to at least 19 Hz. Note that this VF event carries energy almost up to the Nyquist frequency of the SP data (50 Hz).

Figure 3 . 7 :

 37 Figure 3.7: Envelope characteristics of the VF event S0756a. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in the inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 790f 0.98 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency. The magenta and purple dashed lines show the mean and standard deviation of t d in the 2.5 -7.5 Hz band.
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 38 Figure 3.8: Envelope characteristics of the VF event S0756a event. The data were collected by the SP sensors with sampling rates of 100 sps. (a) same as Figure 3.7. (b) same as Figure 3.7.b except for the power-law fit Q c = 703f 1.07 (f is the frequency between 2.5 and 19.5 Hz). (c, d) Same as Figure 3.7.

  Examination of Figure3.7.a on which we have superposed the results of the linear regression with α = 0 on the data shows that theAki and Chouet (1975)'s formula approximates the coda decay of marsquakes extremely well. As a consequence, the uncertainties on individual Q c measurements are never larger than 1%. In Figure3.7.a, it is worth noting that seismogram envelopes at different frequencies are almost parallel to one another in the coda. This property is reflected in the almost linear increase of the coda quality factor Q c shown in Figure3.7.b (see also Figure3.8.b for SP data). In the figure, the color bar indicates the average SN R ratio measured on the total energy of horizontal components. To confirm the almost linear trend visible in Figure3.7.b, we performed a fit of the frequency dependence of Q c using a parameterization of the form
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 3 Figure3.9: Q 0 and n computed as a function of t s -t p for the 16 VF events selected. Dark and light colours correspond to the choice α = 0 and α = 1 in Eq. (2.10), respectively. The dashed lines refers to the mean values for α = 0 (Q 0 = 726 and n = 0.962) and α = 1 (Q 0 = 761 and n = 0.959).
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 3 Figure3.10: Horizontal envelope characteristics of 38 HF events (blue) and 16 VF events (green). Left: delay-time measurements (t d ) as a function of traveltime difference between second and first arrivals (t s -t p ). Right: Q c measurements as a function of t s -t p at 3.5 Hz. Dark and light colours correspond to the choice α = 0 and α = 1 in Eq. (2.10), respectively.
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 311 Figure3.11: Coda quality factor Q c as a function of the mean signal-to-noise ratio on the horizontal compoments (SN R H ) in the 2.5 -7.5 Hz frequency band for 38 HF events (blue) and 16 VF events (green). The measurements were performed on the horizontal components. Dark and light colors correspond to the choice α = 0 and α = 1 in Eq. (2.10), respectively. The mean SN R H ratio is calculated in a window of 200 s duration after the direct S-wave onset. The black dashed line refer to SN R = 2.
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 3 Figure3.13: Noise sensitivity analysis applied to the VF event S0334a. Top: Coda quality factor as a function of the signal-to-noise ratio on the horizontal components (SN R H ) at 2.5 Hz (left) and 7.5 Hz (right). Bottom: decimal logarithm of the vertical-to-horizontal ratio (V 2 /H 2 ) as a function of the signal-to-noise ratio on the horizontal compoments (SN R H ) at 2.5 Hz (left) and 7.5Hz (right). SRN H measured are calculated in a window of 200 s duration starting at the second arrival onset. Noise data recorded at the same LMST (Local Mean Solar Time) on Sol 333 has been added to the data. In the inset, we indicate the amplitude factor k applied to the noise prior to addition to the signal (k ∈ {0, 1, 2, 3, 4, 5}).

  Figure 4.1.
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 41 Figure 4.1: Impact illustration on Earth, Mars and the Moon, by David Ducros.

  Figure 4.2.a and b show the image from CTX and HiRISE for the NI: S0793a, S0981c, S0986c and S1034a.

Figure 4

 4 Figure 4.2: (a)Image from orbit locations of three Near Impacts sites (S0793a, S0981c, and S0986c) as estimated from the seismic data (triangles) and actual impacts (circles), (b) image of the S1034a impact location. The events are imaged by Mars Reconnaissance Orbiter instruments, showing before and after details of CTX images on CTX mosaic background. For the S0986c associated event, a detailed view by HiRISE is also shown. Image credits: NASA/JPL/MSSS/U Arizona. From Garcia et al. (2022) and and Daubar et al. (2023)
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 4 Figure 4.3: Image of the two distant impacts: S1000a and S1094b. The events are imaged by Mars Reconnaissance Orbiter instruments, showing before and after details of CTX images on CTX mosaic background. Image credits: NASA/JPL/MSSS/U Arizona. From Posiolova et al.(2022) 

Fig. 1 |

 1 Fig. 1 | Sketch of meteor impact phenomena and their recordings by InSight. a, Sketch of physical processes during meteoroid entry and impact, and effective sound speed profile from impact direction to InSight extracted from MCD. Labels in parentheses locate the sources of the main acoustic and seismic arrivals. Figure is not to scale. b, Impact location and estimated meteoroid entry path on CTX mosaic background. Polarization of main acoustic signals is depicted at InSight location. c, Spectrogram of vertical component of ground velocity (VELZ) for S0986c seismic event, showing the three main seismic arrivals (P, S, X1) and the three main acoustic arrivals (A1, A2, A3). P, S and A3 are associated with the impact source; X1, A1 and A2 are associated with the two airbursts. Signal energy is provided in Amplitude Spectral Density (ASD). d, Coherence as a function of time and frequency. e, Phase relation between vertical and horizontal ground velocities at maximum coherence value. Times are provided relative to event start time (5 September 2021, 05:23:58.00 UTC).
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 44 Figure 4.4: Sketch of meteor impact phenomena and their recordings by InSight: (a) Sketch of physical processes during meteoroid entry and impact, and effective sound speed profile from impact direction to InSight extracted from Mars Climate Database. Labels in parentheses locate the sources of the main acoustic and seismic arrivals. (b) Impact location and estimated meteoroid entry path on CTX mosaic background. Polarization of main acoustic signals is depicted at InSight location. (c) spectrogram of vertical component of ground velocity for S0986c seismic event, showing the three main seismic arrivals (P, S, X1) and the three main acoustic arrivals (A1, A2, A3). P, S, and A3 are associated with the impact source, and X1, A1, and A2 with the two airbursts. (d) coherence as a function of time and frequency and (e) phase relation between vertical and horizontal ground velocities at maximum coherence value. Times are provided relative to Event Start time (2021-09-05 05:23:58.00 UTC). From Garcia et al. (2022)

  Figure 4.5.a shows the energy envelope of the horizontal components computed on the filtered data in the [3f /4, 5f /4] band with f ∈ {2.5, 3.5, • • • , 7.5} central frequency. The energetic envelopes are normalized to a segment of about 100s before the event. The black dashed line refers to the noise level and the gray dashed line refers to the level of SN R equal to 2.
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 45 Figure 4.5: Envelope characteristics of the VF event S0986c. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in the inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 460f 0.7 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency.
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 46 Figure 4.6: Mean and standard deviation to 1 sigma of the delay-time measured on the horizontal components in the 4.5 Hz and 7.5 Hz as a function of the epicentral distance (Table4.1) for the near-impacts. The black dashed line indicate the linear trend of these measurements.
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 47 Figure 4.7: Coda quality factor Q c as a function of the epicentral distance in the 4.5 -7.5 Hz frequency band for the near-impacts. The measurements were performed on the horizontal components. Dark and light colors correspond to the choice α = 0 and α = 1 in Eq. 2.10, respectively.
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 48 Figure 4.8: Envelope characteristics of the VF event S1000a. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 730f 1.5 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency.

  when f is the frequency. The results show Chapter 4 -Characteristics of energy envelopes of the impacts 69
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 49 Figure 4.9: Envelope characteristics of the VF event S1094b. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 2.5 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 445f 1.7 (f is the frequency). (d) Delay time (t d = t max -t s ) as a function of frequency.
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 44 Figure 4.8.d and 4.9.d show the t d measurements of the S1000a and S1094b, respectively. We notice a large variation of t d between 2.5 Hz and 3.5 Hz which we attribute to the fluctuation of the envelopes. At higher frequency, t d values are more stable around 140s and 60s for S1000a and S1094b, respectively. For reminder, we have observed that t d is also independent to the
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 51 Figure 5.1: Radiative transfer modeling of the energy envelope of three VF events: (a) S0734a, (b) S0756a and (c) S0421a VF. The dashed black lines correspond to the energy envelope of the horizontal components filtered around 6 Hz. The green and blue lines show the best-fitting radiative transfer models with κ = 0.5 and κ = 2 respectively. In these examples the c p /c s ratio is set to 1.85 and c s = 1.7km/s.
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 52 Figure 5.2: Radiative transfer modeling of the energy envelope of three VF events: (a) S0734a, (b) S0756a and (c) S0421a VF. The dashed black lines correspond to the energy envelope of the horizontal components filtered around 6 Hz. The red and blue lines show the best-fitting radiative transfer models with c p /c s = 1.65 and c p /c s = 1.85, respectively. In these examples κ is set to and c s = 1.7km/s.

Figure 5

 5 Figure5.3: Inversion results for seven VF events. (a) Diffusivity (km 2 /s), (b) S-wave scattering quality factor and (c) S-wave absorption quality factor as a function of (t st p ) for selected VF events. The dashed line shows the best fit to the data assuming a law of the form y = y 0 exp (t s -t p )/ξ.
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 54 Figure5.4: Envelope modeling of event S0986c at 7.5Hz central frequency using the crustal velocity model ofKnapmeyer-Endrun et al. (2021). The black and red curves show the observations and the synthetic envelope, respectively.

Figure 5

 5 Figure 5.6: Envelope comparison at 7.5 Hz. (a) Synthetic envelopes in Model 1 at different distances. The source is located at the surface (impact). (b) Observed near impacts and distant VF energy envelopes (solid dark lines) computed on the horizontal components at 7.5 Hz central frequency. The shaded areas indicate the uncertainties. t = 0 s is the origin time of the event.
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 57 Figure5.7: Horizontal envelopes characteristics of the near-impacts and the selected VF events at 7.5 Hz frequency band from the synthetic and real data. Left, the delay-time (t d ) and right, the coda quality factor (Q c ) as a function of the corresponding epicentral distance of each event. Blue and green colors refer to the synthetic and real data measurements, respectively.
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 5 Figure 5.8: Illustration of the diffusive layer thickness (shaded area) using the structural velocity model of Mars as a function of depth used in this study and referred to as 'Model 1': (a) 10 km, (b) 15 km and (c) 20 km. Blue, green and black lines refer to the P-wave velocity, S-wave velocity and the density, respectively.
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 59 Figure5.9: Radiative transfer modeling of the energy envelope of impacts S0986c (top) and S0981c (bottom). The black envelope shows the smoothed energy of the horizontal components filtered at 7.5 Hz. Green, blue and red envelopes correspond to the best-fitting radiative transfer models with diffusive layer thickness of 10 km, 15 km, and 20 km, respectively. t = 0 s refers to the onset of P-wave.
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 5 Figure 5.10: Inversion results for impacts S0986c (circles) and S0981c (triangles) around 7.5 Hz central frequency. (left) S-wave scattering quality factor Q sc and (right) S-wave absorption quality factor Q µ as a function of the diffusive layer thickness. The color bar indicates the misfit computed between the observation and the modeled envelope, where the lower values (yellow) correspond to the best fits.
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 511 Figure 5.11: Radiative transfer modeling of the energy envelope of the near impacts. The black curves show the energy envelope of the horizontal components filtered at 7.5 Hz and the gray area delimits the uncertainty range. Red and blue envelopes refer to the best-fitting radiative transfer models with 15 km and 20 km diffusive layer thickness. t = 0 s corresponds to the origin time. The envelope of each event has been modeled separately.
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 5 Figure 5.12: Inversion results for the near impacts. (Left) S-wave scattering quality factor and (Right) S-wave absorption quality factor as a function of the corresponding epicentral distance for each event. Circles and triangles indicate the results of the inversion for each event separately using a diffusive layer of 15 km and 20 km, respectively. Light blue and light red zones represent the results of the joint inversion assuming two different diffusive layer thickness in the models. The color bar indicates the misfit between the observation and the synthetic envelope.
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 55 Figure 5.14: Radiative transfer modeling of the energy envelope of event S0981c. The black lineshows the energy envelope of the horizontal components filtered in different frequency bands and the gray zone delimits the uncertainties. Green, blue and red line colors correspond to the best-fitting radiative transfer models using 10 km, 15 km or 20 km for the diffusive layer thickness, respectively. Each envelope is modeled separately, and t = 0 s refers to the origin time.

Figure 5 .

 5 Figure 5.16: Inversion results for impact S0981c. (Left) S-wave scattering quality factor and (Right) S-wave absorption quality factor as a function of frequency. The different markers indicate the results of the inversion using a diffusive layer of 10 km, 15 km, and 20 km, respectively. The color bar indicates the misfit computed between the observation and the modeled envelope, where the lower values (yellow) correspond to the best fitting.
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 5 Figure 5.17: Radiative transfer modeling of the energy envelope of the VF event S1222a and inversion results. (top) Best-fitting model of the horizontal components energy envelopes computed at 7.5 Hz central frequency, the black line shows the data and the gray area the associated uncertainties. Red, blue and green envelopes correspond to the best-fitting envelopes for, respectively, Model 1 (Figure 5.5), Model 2 (Figure 5.18; left) and Model 3 (Figure 5.18; right). t = 0 s refers to the origin time. (bottom) Inversion results, (left) the scattering quality factor, (right) the absorption quality factor as a function of the corresponding model.

  Moreover, Kim et al. (2022a) used the surface waves detected from the two distant impacts to constrain the crustal structure of the northern plains on Mars. They found a shear velocity of about 3.2 km/s in the 5 -30 km depth range. Beside, Kim et al. (2022b) investigated the crustal thickness along the dichotomy using the surface waves on the S1222a event. They observed that the crustal-mantle boundary increases from ≈ 40 km (northern plains) to ≈ 70 km (southern highlands) of Mars.
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 5 Figure 5.18: Structural velocity model of Mars as a function of depth used in the inversions: (left) model 2, (right) Model 3. Blue, green and black lines correspond to P-waves velocity, S-waves velocity and density (kg/m 3 ), respectively. The inversion of the attenuation properties is performed in the gray zones and in the gray dashed zone, the attenuation properties where explored by trial and error.

  Figure (Figure 5.20).
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 5 Figure 5.21: Schematic representation of the inversion results for the diffusive crust thickness as a function of the data set: near-impact (left) and classical VF (right). Solid and dashed blue lines refer respectively to the P-waves and S-waves velocities as a function of depth.

Figure 5

 5 Figure 5.25: The delay-time t d (left) and the coda quality factor Q c (right) measurements as a function of the frequency. Blue and black colors refer to the synthetic and the observations, respectively.
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 5 Figure 5.26: Modeling and inversion of the S0128a VF events. (a) Radiative transfer modeling of the energy envelope of the S0128a VF event. The black line refers to the energy envelope of the horizontal components filtered at 7.5 Hz. Blue, green and red line refer to the bestfitting radiative transfer models with the source at the surface, 10 km depth and 25 km depth, respectively. (b) Inversion results of the S0128a VF event, (Left): S-wave scattering quality factor Q sc , (right): S-wave absorption quality factor Q µ as a function of the source depth location. The color bar refers to the misfit.
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 61 Figure 6.1: Seismograms comparison. (top) Earth regional event recorded on the Canadian shield. (middle) Martian VF event. (bottom) Lunar impact seismogram recorded by the Apollo 14 seismometer. The events are filtered around 7.5 Hz. t = 0 s refers to the the P-wave arrival time.

Figure 6 . 2 :

 62 Figure 6.2: Envelope characteristics of a regional event (m b = 4.0) recorded by a VBB seismometer (Streckheisen STS-1) on the 2007-07-16 at station FRB (Iqaluit, Canada). The quake location is 65.11 • N, 86.81 • W, corresponding to an epicentral distance of approximately 900 km (information provided by IRIS-DMC). (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s correspond to the first arrival. t p and t s refer to P n and S n , respectively (red dashed lines). The black dots show the arrival times of the energy maximum (t max ). The magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5 -7.5 Hz band. (b) Frequency dependence of Q c in the 2.5 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The dashed line shows the power-law fit Q c = 740f 0.49 (f is the frequency). (c) Delay time (t d = t max -t s ) as a function of frequency. The magenta and purple dashed lines show the mean and standard deviation of t d in the 2.5 -7.5 Hz band.

Figure 6 . 3 :

 63 Figure 6.3: Envelope characteristics of the VF event S0734a. The data were collected on the VBB sensors with sampling rates of 20 sps. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). (a)-(c): same as Figure 6.2 except for the power law fit Q c = 440f 1.08 .

Figure 6 . 4 :

 64 Figure 6.4: Envelope characteristics of a regional Lunar impact event recorded by a SP seismometer on the 1976-05-28 at station Apollo 14. The impact location is at -16.80 Latitude, -10.00 longitude, corresponding to an epicentral distance of approximately 457 km. (a)-(c): same as Figure 6.2 except for the power law fit Q c = 1395f 1.008 .

  Figure 6.7: Comparison of the diffusivity among various terrestrial regions, the Moon crust and the Martian crust. The figure is compiled after the articles inTable 6.2.

  Figure 7.1: Theoretical schematic representation of the diffusive crustal thickness differences between the northern plains and the southern highlands based on the inversion results.

Figure A. 2 :

 2 Figure A.2: Envelope characteristics of the VF event S1222a. The data were collected on the VBB sensors with sampling rates of 20 sps. (a): Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates SN R = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s correspond to the first arrival. t p and t s refer to the arrival times of the first and second wave packets (red dashed lines). (b): Base 10 logarithm of the vertical-to-horizontal (V 2 /H 2 ) kinetic energy ratio as a function of time in the 0.4 -7.5 Hz frequency band. (c) Frequency dependence of Q c in the 0.4 -7.5 Hz frequency band. The color bar indicates the SN R H ratio measured on the horizontal components. The black and red dashed line shows the power-law fit Q c = 670f 0.93 and Q c = 980f 0.15 in the [0.4 Hz -1.5 Hz] and [2.5 Hz -7.5 Hz] frequency bands, respectively(f is the frequency).

  Figure A.2.a). During the event, the V 2 /H 2 ratio in Figure A.2.b exhibits a frequency dependency as observed for the classical VF events. We measured the Q c on selected segment indicated by the black dashed line on the envelopes (see Figure A.2.a). The results are displayed in Figure A.2.c. We observe that Q c follows two different trends.

FrequencyFigure 2 .

 2 Figure2. Spectral amplitude (m/Hz) as a function of frequency: (a) total spectral amplitude, (b) vertical-component spectral amplitude, and (c) horizontal components spectral amplitude for HF events (blue) and VF events (green). At each frequency, the mean energy is measured on the vertical and

Figure 1 .

 1 Figure 1. (a) Waveform filtered at 3.5 Hz (top) and spectrogram (bottom) of the vertical component of the S0334 very-high-frequency (VF) event recorded by the very broadband (VBB) sensor at 20 samples per second. The arrival times of the first and second arrivals are denoted by t P and t S , respectively, and are indicated with red dashed lines. Time t = 0 coincides with the onset of the first arrival. (b) Same as (a) for the high-frequency (HF) event S0314b. The color version of this figure is available only in the electronic edition.

Figure 3 .

 3 Figure 3. Envelope characteristics of the VF event S0734a. The data were collected on the VBB sensors with sampling rates of 20 samples per second. (a) Base 10 logarithm of energy envelopes normalized by the noise level as a function of time and fit of the coda decay (black dashed lines). The gray dashed line indicates signal-to-noise ratio (SNR) = 2. The different colors correspond to different frequency bands indicated in inset. The time t = 0 s corresponds to the first arrival. t P and t S refer to the arrival times of the first and second wave packets (red dashed lines). Black dots show the arrival times of the energy maximum (t max ). Magenta and purple dashed lines indicate the mean and standard deviation of t max in the 2.5-7.5 Hz band. (b) Frequency dependence of Q c in the 2.5-7.5 Hz frequency band. The color bar indicates the SNR measured on the horizontal components. The dashed line shows the power-law fit Q c 440f 1:08 (f is the frequency). (c) Delay time (t d t max -t S ) as a function of frequency. Magenta and purple dashed lines show the mean and standard deviation of t d in the 2.5-7.5 Hz band. The color version of this figure is available only in the electronic edition.

Figure 6 .

 6 Figure6. Coda quality factor Q c as a function of the mean SNR in the 2.5-7.5 Hz frequency band for 13 HF events (blue) and eight VF events (green). The measurements were performed on the horizontal components. Dark and light colors correspond to the choice α 0 and α 1 in equation (1), respectively. The mean SNR is calculated in a window of 200 s duration after the direct S-wave onset. The black dashed line refers to SNR = 2. The color version of this figure is available only in the electronic edition.

Figure 7 .Figure 8 .

 78 Figure 7. Noise sensitivity analysis applied to the VF event S0334a. (Top) Coda quality factor as a function of the SNR at (a) 2.5 and (b) 7.5 Hz. SNR measured is calculated in a window of 200 s duration, starting at the second arrival onset. Noise data recorded at the same Local Mean Solar Time (LMST) on sol 333 have been added to the data. (Inset) We indicate the amplitude factor k applied to the noise prior to addition to the signal (k ∈ f0; 1; 2; 3; 4; 5g). The color version of this figure is available only in the electronic edition.

Figure 9 .

 9 Figure 9. Coda attenuation Q -1c as a function of the frequency for different regions on the Earth (blue for tectonically active, green-yellow for cratons), the Moon (gray), and Mars (with α 0 in red and α 1 in orange). The numbers in inset refer to Table2, in which more details can be found on the geographical locations for the Earth data, as well as the references of the original publications. The color version of this figure is available only in the electronic edition.

  E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 3 m is the wavenumber (of the fluctuations), Γ is the Gamma function, and hε 2 i is the variance of the fluctuations.

Figure 10 .

 10 Figure 10. Radiative transfer modeling of the energy envelope of three VF events: (a) S0734a, (b) S0756a, and (c) S0421a VF. Dashed black lines correspond to the energy envelope of the horizontal components filtered around 6 Hz. Green and blue lines show the best-fitting radiative transfer models with κ 0:5 and κ 2, respectively. In these examples, the c P =c S ratio is set to 1.85 and c S 1:7 km=s. The color version of this figure is available only in the electronic edition.

Figure 11 .

 11 Figure 11. Radiative transfer modeling of the energy envelope of three VF events: (a) S0734a, (b) S0756a, and (c) S0421a VF. Dashed black lines correspond to the energy envelope of the horizontal components filtered around 6 Hz. Red and blue lines show the best-fitting radiative transfer models with c P =c S 1:65 and c P =c S 1:85, respectively. In these examples, κ is set to 2 and c S 1:7 km=s. The color version of this figure is available only in the electronic edition.

Figure 12 .

 12 Figure12. Inversion results for seven VF events. (a) Diffusivity (km 2 =s), (b) S-wave scattering quality factor, and (c) Swave absorption quality factor as a function of (t S -t P ) for selected VF events. The dashed line shows the best fit to the data, assuming a law of the form y y 0 expt S -t P =ξ. The color version of this figure is available only in the electronic edition.

  

  

  

  

  

  

  

  

  

  

  

  

  Coda quality factor Q c as a function of the mean signal-to-noise ratio on the horizontal compoments (SN R H ) in the 2.5 -7.5 Hz frequency band for 38 HF events (blue) and 16 VF events (green). The measurements were performed on the horizontal components. Dark and light colors correspond to the choice α = 0 and α = 1 in Eq. (2.10), respectively. The mean SN R H ratio is calculated in a window of 200 s duration after the direct S-wave onset. The black dashed line refer to SN R = 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.12 Vertical-to-Horizontal (V 2 /H 2 ) kinetic energy ratio in the coda as a function of the signal-to-noise ratio on the horizontal components (SN R H ) in the 2.5-7.5Hz frequency band for 38 HF events (blue) and 16 VF events (green). The SNR ratio is evaluated on the horizontal components. Both SN R H and V 2 /H 2 are calculated in a window of 200s duration after the second arrival onset. The black dashed line indicates SN R = 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.13 Noise sensitivity analysis applied to the VF event S0334a. Top: Coda quality factor as a function of the signal-to-noise ratio on the horizontal components (SN R

	3.10 Horizontal envelope characteristics of 38 HF events (blue) and 16 VF events
	(green). Left: delay-time measurements (t d ) as a function of traveltime difference
	between second and first arrivals (t

s -t p ). Right: Q c measurements as a function of t s -t p at 3.5 Hz. Dark and light colours correspond to the choice α = 0 and α = 1 in Eq. (2.10), respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . ix 3.11 H ) at 2.5 Hz (left) and 7.5 Hz (right). Bottom: decimal logarithm of the vertical-to-horizontal ratio (V 2 /H 2 ) as a function of the signal-to-noise ratio on the horizontal compoments (SN R H ) at 2.5 Hz (left) and 7.5 Hz (right). SRN H measured are calculated in a window of 200 s duration starting at the second arrival onset. Noise data recorded at the same LMST (Local Mean Solar Time) on Sol 333 has been added to the data. In the inset, we indicate the amplitude factor k applied to the noise prior to addition to the signal (k ∈ {0, 1, 2, 3, 4, 5}).

Table 3

 3 The coda start time is determined empirically and corresponds to the observation of steady decay long after the passage of the secondary wavetrain. The coda end time is determined by the S/N ratio (always greater than 2). The distance range corresponds to the assumptions c s = 3.0km/s, c p /c s = 1.85 and c s = 1.7km/s, c p /c s = 1.65.

	Event Type	Date	t p	t s	Coda	Coda	Distance
						start time end time range (km)
	S0239a	HF	2019/07/30 14:16:59 14:21:46 14:23:06	14:25:36	[1243, 1881]
	S0260a	HF	2019/08/21 05:11:21 05:15:53 05:18:43	05:22:33	[1180, 1785]
	S0291c	HF	2019/09/22 03:46:14 03:49:58 03:52:38	03:54:18	[971, 1469]
	S0304b	HF	2019/10/05 12:47:55 12:51:54 12:54:24	12:56:54	[1027, 1554]
	S0308a	HF	2019/10/09 15:45:53 15:50:28 15:53:08	15:55:48	[1187, 1796]
	S0314b	HF	2019/10/15 15:41:40 15:48:58 15:51:38	15:54:38	[1053, 1593]
	S0319b	HF	2019/10/20 17:44:55 17:48:30 17:49:50	17:52:50	[1230, 1861]
							Continued on next page

.1: List of events analyzed in this study. t p,s : arrival time of primary, secondary arrival (expressed in Universal Time Coordinated).
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	Event Type	Date	t p	t s	Coda	Coda	Distance
						start time end time range (km)
	S0327c	HF	2019/10/29 04:03:21 04:06:40 04:08:40	04:11:20	[859, 1300]
	S0331a	HF	2019/11/01 08:40:32 08:44:15 08:46:55	08:49:55	[1054, 1594]
	S0343b	HF	2019/11/14 11:59:43 12:04:49 12:06:49	12:09:09	[1321, 1998]
	S0352a	HF	2019/11/23 18:18:46 18:22:56 18:24:36	18:27:16	[1208, 1828]
	S0384b	HF	2019/12/26 13:10:25 13:13:22 13:16:02	13:18:42	[807, 1221]
	S0392a	HF	2020/01/03 17:25:23 17:29:30 17:32:10	17:34:40	[1213, 1835]
	S0490a	HF	2020/04/13 09:37:01 09:39:54 09:41:29	09:43:09	[746, 1129]
	S0896b	HF	2021/06/04 19:06:29 19:10:51 19:12:56	19:14:36	[1130, 1710]
	S0919a	HF	2021/06/28 06:08:53 06:13:01 06:15:06	06:17:06	[1070, 1619]
	S0923c	HF	2021/07/02 11:13:52 11:17:54 11:19:59	11:21:59	[1044, 1580]
	S0924b	HF	2021/07/03 12:13:40 12:18:00 12:19:50	12:21:50	[1122, 1697]
	S0933a	HF	2021/07/12 15:17:32 15:22:08 15:23:58	15:26:58	[1191, 1802]
	S0933b	HF	2021/07/12 17:12:24 17:17:16 17:19:06	17:22:06	[1260, 1906]
	S0943f	HF	2021/07/23 00:40:53 00:45:13 00:47:03	00:50:03	[1122, 1697]
	S0992a	HF	2021/09/11 07:51:42 07:56:04 07:58:44	08:01:14	[1130, 1710]
	S0997a	HF	2021/09/16 12:26:15 12:30:08 12:31:48	12:33:28	[1005, 152]
	S0999c	HF	2021/09/18 13:34:49 13:39:16 13:40:56	13:42:36	[1152, 1743]
	S1007d	HF	2021/09/26 20:08:20 20:12:26 20:14:06	20:16:46	[1061, 1606]
	S1017a	HF	2021/10/06 22:17:29 22:22:27 22:24:07	22:26:47	[1285, 1945]
	S1019b	HF	2021/10/09 01:54:36 02:00:05 02:02:05	02:04:45	[1419, 2148]
	S1025g	HF	2021/10/15 07:55:45 08:00:22 08:02:22	08:05:42	[1195, 1808]
	S1026c	HF	2021/10/16 06:48:07 06:53:33 06:55:48	06:59:08	[1406, 2128]
	S1040b	HF	2021/10/30 14:02:04 14:05:43 14:07:43	14:11:03	[945, 1429]
	S1050b	HF	2021/11/10 00:02:19 00:06:44 00:08:34	00:10:14	[1143, 1730]
	S1054b	HF	2021/11/14 02:20:44 02:25:02 02:27:27	02:29:57	[1113, 1684]
	S1054c	HF	2021/11/14 03:29:31 03:34:14 03:36:24	03:38:54	[1221, 1847]
	S1077c	HF	2021/12/07 14:06:59 14:11:08 14:13:08	14:15:38	[1074, 1625]
	S1086d	HF	2021/12/16 23:07:42 23:12:11 23:13:51	23:15:51	[1160, 1756]
	S1094d	HF	2021/12/25 03:36:52 03:41:16 03:43:06	03:45:06	[1139, 1723]
	S1105a	HF	2022/01/05 08:04:13 08:08:16 08:10:06	08:11:46	[1048, 1586]
	S1135c	HF	2022/02/05 04:39:24 04:43:00 04:44:50	04:46:30	[932, 1410]
	S0128a	VF	2019/04/07 09:33:26 09:34:50 09:36:50	09:41:50	[363, 550]
	S0263a	VF	2019/08/23 11:09:30 11:10:26 11:11:46	11:14:06	[240, 364]
	S0264e	VF	2019/08/25 10:31:20 10:37:24 10:39:24	10:43:34	[1571, 2377]
	S0334a	VF	2019/11/05 04:55:03 04:58:23 05:00:03	05:04:13	[863, 1308]
	S0421a	VF	2020/02/02 17:38:08 17:44:56 17:47:16	17:50:16	[1762, 2667]
	S0424c	VF	2020/02/05 17:29:56 17:35:32 17:37:32	17:41:22	[1450, 2194]
	S0734a	VF	2020/12/19 10:14:00 10:15:21 10:17:01	10:19:31	[348, 527]
	S0756a	VF	2021/01/11 01:12:07 01:15:07 01:17:27	01:21:37	[777, 1176]
	S0794a	VF	2021/02/19 01:26:04 01:28:53 01:32:31	01:37:01	[729, 1103]
	S0850a	VF	2021/04/17 19:10:58 19:12:03 19:13:38	19:15:28	[280, 424]
	S0869b	VF	2021/05/07 21:02:32 21:07:59 21:10:14	21:14:24	[1411, 2135]
	S0882a	VF	2021/05/21 08:44:24 08:47:46 08:50:28	08:54:38	[871, 1318]
	S0965a	VF	2021/08/14 11:21:51 11:23:30 11:25:44	11:28:14	[427, 646]
	S0976b	VF	2021/08/25 16:55:10 16:58:00 17:00:13	17:03:33	[733, 1109]
	S1047a	VF	2021/11/06 16:59:04 17:01:30 17:04:14	17:09:14	[630, 953]
							Continued on next page
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	Event Type	Date	t p	t s	Coda	Coda	Distance
						start time end time range (km)
	S1090b	VF	2021/12/20 22:22:10 22:23:45 22:25:29	22:27:59	[409, 620]

  • • • , 7.5}Hz. Both quantities and their uncertainty were measured in a 200s long time window starting at the onset of the second arrival.
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	Event Type	Date	t p	t s	Coda	Coda	Distance
						start time end time	(km)
	S0793a	NI	2021/02/18 19:36:14 19:36:28 19:37:38	19:38:38	91
	S0981c	NI	2021/08/31 04:03:56 04:04:39 04:05:29	04:07:59	245
	S0986c	NI	2021/09/05 05:23:56 05:24:07 05:26:07	05:27:47	85
	S1034a	NI	2021/10/23 18:26:38 18:26:48 18:27:38	18:28:58	50
	S1000a	DI	2021/09/18 18:01:47 18:14:08 18:22:28	18:26:08	7460
	S1094a	DI	2021/12/24 22:45:09 22:50:51 22:53:21	22:55:51	3500

.1: List of events analyzed in this study. t p,s : arrival time of primary, secondary arrival (expressed in Universal Time Coordinated). The coda start time is determined empirically and corresponds to the observation of steady decay long after the passage of the secondary wavetrain. The coda end time is determined by the SNR ratio (always greater than 2). The distance range corresponds to the image confirmation of the impacts location.

TABLE 1

 1 List of Events Analyzed in This Studyin Figure

  Horizontal envelope characteristics of 13 HF events (blue) and eight VF events (green). (a) Delay-time measurements (t d ) as a function of travel-time difference between second and first arrivals t S -t P . (b) Q c measurements as a function of t S -t P at 3.5 Hz. Dark and light colors correspond to the choice α 0 and α 1 in equation (1), respectively. The color version of this figure is available only in the electronic edition.
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TABLE 2

 2 Geographical Location and Reference Associated with the Q c Measurements Shown in Figure9

	Label Location	Articles
	1	Wakayama Shallow, Japan (40-45 s) Kanao and Ito (1991)
	2	Nagoya Shallow, Japan (50-60 s)	Kanao and Ito (1991)
	3	Western Nagano, Japan	Kosuga (1992)
	4	Kanto-Tokai, Japan (vertical-	Fehler et al. (1992)
		component average)	
	5	Granada zone, southern Spain (90 s) Ibanez et al. (1990)
	6	Southern Sicily, Italy (50 s)	Giampiccolo et al. (2004)
	7	Southern Apennines zone, Italy	Bianco et al. (2002)
	8	Konya region, India (40 s)	Gupta et al. (1998)
	9	Kachchh basin, western India (50-	Gupta et al. (2006)
		80 s)	
	10	Long Valley, California	Mayeda et al. (1992)
	11	Central California	Mayeda et al. (1992)
	12	Hawaii	Mayeda et al. (1992)
	13	Straits of Messina area, southern	Tuve et al. (2006)
		Italy (60 s)	
	14	Kothagudem, southern India	Kumar et al. (2007)
	15	Cuddapah, southern India	Kumar et al. (2007)
	16	Dharwar, southern India	Kumar et al. (2007)
	17	Singhbhum Odisha craton, eastern	Biswas et al. (2019)
		India	
	18	Chotanagpur granitic gneissic	Biswas et al. (2019)
		terrain, eastern India	
	19	Eastern Ghat mobile belt, eastern	Biswas et al. (2019)
		India	
	20	Continental United States	Singh and Herrmann
			(1983)
	21	New Brunswick, eastern Canada	Woodgold (1990)
	22	Near Ottawa, eastern Canada	Woodgold (1990)
	23	Adirondack Mountains, eastern	Woodgold (1990)
		Canada	
	24	Near Val-d'Or, Quebec, eastern	Woodgold (1990)
		Canada	
	25	St. Lawrence River, eastern Canada	Woodgold (1990)
	26	Indian shield	Singh et al. (2004)
	27	East European shield	Mitchell et al. (2008)
	28	Siberian shield	Mitchell et al. (2008)
	29	Arabian shield	Mitchell et al. (2008)
	30	Northwest of Africa	Xie and Mitchell (1990)
	31	Northeast of Africa (Sahara)	Xie and Mitchell (1990)
	32	Kalahari craton	Xie and Mitchell (1990)
	33	Brazilian shield	De Souza and Mitchell
			(1998)
	34	InSight	Event S0734a (α 0)
	35	InSight	Event S0734a (α 1)
	36	InSight	VF events (α 0)
	37	InSight	VF events (α 1)
	38	Apollo mission (The Moon)	Gillet et al. (2017)
	VF, very high frequency.	
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DATA AND RESOURCES

Seismic data used for this study were collected as part of the National Aeronautics and Space Administration (NASA) Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport (InSight, Banerdt et al., 2020) Mission to Mars using Seismic Experiment for Interior Structure (SEIS) seismometer (Lognonné et al., 2019). They can be uploaded on the Incorporated Research Institutions for Seismology (IRIS) Data Management Center website (https://www .iris.edu/hq/sis/insight, last accessed October 2021), the NASA Planetary Data System (PDS) Geoscience Node (InSight SEIS Science Team, 2019), and the Institut du Physique du Globe de Paris (IPGP) SEIS Data portal (InSight Mars SEIS Data Service, 2019b).

Earth -Moon -Mars lithosphere attenuation properties

Following the estimation of the properties of the Martian diffusive crust in the previous chapter, we propose in this section to compare our results with the attenuation properties of the terrestrial and lunar media through the absorption attenuation (Q -1 µ ) and the diffusivity (D). We reported the values of these two parameters in the Figure 6.6 and 6.7, respectively, from the estimations performed on the lunar lithosphere with the Apollo seismic data, as well as various terrestrial regions (volcanoes, oceanic lithosphere, continental crust, and sediments). Table 6.2 lists the different articles used in the comparison. Table 6.2: Geographical location and reference associated to the diffusivity and the absoprtion attenuation Q -1 µ in Figure 6.7 and 6.6.

Label Location

Frequency (Hz) < 60 km depth 1 -7.5 VF and near impacts Through our inversions of the distant VF and near impacts, we found (Q -1 µ ) value of about 3.5 × 10 -3 in the 20 -60 km crustal thickness depending on the location (northern plains and southern highlands, respectively) and at 7.5 Hz frequency center. This value is lower than the estimations in the Earth volcanoes regions, sediments, continental crust, and the oceanic lithosphere at the same frequency (e,g; [START_REF] Eulenfeld | Crustal intrinsic and scattering attenuation of highfrequency shear waves in the contiguous united states[END_REF][START_REF] Hannemann | Seismic scattering and absorption of oceanic lithospheric s waves in the eastern north atlantic[END_REF][START_REF] Wegler | Diffusion of seismic waves in a thick layer: Theory and application to Vesuvius volcano[END_REF], which ranges between 10 -1 and 10 -3 . However, the Martian crustal Q -1 µ values are closer to the estimations made in the Lunar megaregolith (e,g; Gillet et al., 2017). From this comparison (see Figure 6.6), we can conclude that unlike on Earth, the Martian crust is globally dry.

In addition to the high S-wave velocities in the crust (≈ 3 km/s, [START_REF] Kim | Structure along the martian dichotomy constrained by rayleigh and love waves and their overtones[END_REF]), the correlation between the scattering layer and the thickness of the Martian crust suggests that the source of the scattering in the Martian lithosphere is the crustal heterogeneities. On the Moon, both of [START_REF] Gold | Apollo 12 seismic signal: Indication of a deep layer of powder[END_REF] and [START_REF] Gangi | Velocity structure of the shallow lunar crust[END_REF] used passive experiment (impact) and active experiment data, respectively, to constrain the shallow surface of the Moon. They found that the origin of the scattering is directly related to a diffusive layer of about 6 -9 km thickness at the Lunar surface. Nakamura (1976) related the size distribution of the scatterers to distribution of the craters resulting from the impacts around Apollo 15 and 16 sites. From these results, it was concluded that the scattering observed in the high frequencies data was mostly related to fracture resulting from the impacts on the lunar crust. Later the depth of these fractures was extended. For example, Gillet et al. (2017) used both of impacts and seismic events to constrain the properties of the Lunar lithosphere. Through the diffusivity and Q µ µ ) among various terrestrial regions, the Moon crust and the Martian crust. The figure is compiled after the articles in Table 6.2 values, they found that the scattering of the lunar seismic waves it directly related to thick fractured megaregolith (≈ 80 km depth).

The diffusivity values in the Martian crust are intermediate between the Lunar lithosphere and the Earth oceanic lithosphere (Figure 6.7). Recently, [START_REF] Takeuchi | Determination of intrinsic attenuation in the oceanic lithosphere-asthenosphere system[END_REF] compared the waveforms of seismic signals propagating in the North Pacific through the continental and oceanic lithosphere at similar distance. They observed that at higher frequencies (2.5 -5 Hz), the seismic waveforms of the two events are very different. In fact, the the oceanic lithosphere seismic signal is quite similar to the Martian VF events. It is characterized by two

Appendice A: S1222a BB event

In May 2022, the MQS reported a the BB seismic event (S1222a) of 4.7 magnitude [START_REF] Kawamura | S1222a-the largest marsquake detected by insight[END_REF]. It is characterized by two temporally separated arrivals with a gradual beginning, a broad maximum and a very long decay lasting up to more than 1 hour (Figure A.1. a and b), the red dashed lines indicate t p and t s arrivals and reported in Table A.1. We propose to use seismic coda analysis, presented in section 3.2.3 and 3.3, on this specific event to explore the attenuation properties of Martian crust. 

ABSTRACT

Since its deployment at the surface of Mars, the Seismic Experiment for Interior Structure (SEIS) instrument of the InSight mission has detected hundreds of small-magnitude seismic events. In this work, we highlight some features of two specific families: high-frequency (HF) and very-high-frequency (VF) events. We characterize the shape of the energy envelopes of HF and VF events with two parameters: (1) the delay time t d between the onset and the peak of the dominant arrival; and (2) the quality factor Q c , which quantifies the energy decay rate in the coda. We observe that the envelope of HF and VF events is frequency independent. As a consequence, a single delay time suffices to characterize envelope broadening in the 2.5-7.5 Hz band. The typical coda decay time is also frequency independent, as attested by the close to linear increase of Q c with frequency. Finally, we use elastic radiative transfer theory to perform a series of inversion of seismogram envelopes for the attenuation properties of the Martian lithosphere. The good fit between synthetic and observed envelopes confirms that multiple scattering of elastic waves released by internal sources is a plausible explanation of the events characteristics. We quantify scattering and attenuation properties of Mars and highlight the differences and similarities with the Earth and the Moon. The albedo, that is, the contribution of scattering to the total attenuation, derived from VF events is very high, which we interpret as a signature of a mostly dry medium. Our results also suggest a stratification of the scattering and attenuation properties.

KEY POINTS

• We investigate the attenuation properties of the Martian lithosphere.

• Waveform characteristics of high-frequency Martian events are compatible with a multiple forward scattering origin.

• The results suggest a mostly dry regional medium and a stratification of attenuation properties inside Mars.

choice of α impacts the value of Q 0 but leaves n practically unchanged. The change in Q 0 is rather modest, typically less than 10% for VF S0734a. A visual comparison between Figures 3a and 4a reveals a clear difference in the frequency dependence of the coda decay between Mars and the Earth (Canada). In the case of the regional earthquake, the ensemble of decay curves is fan-shaped, corresponding to a frequency exponent n lower than 1. Indeed, a linear regression of Q c measurements shown in Figure 4b indicates Q 0 740 74 and n 0:49 0:05. Coda decay properties of earthquakes and marsquakes will be further compared after analysis of all the selected high-frequency events.

Delay-time (t d ) measurements. In random heterogeneous media, multiple scattering results in the broadening of energy envelopes with hypocentral distance (Sato, 1982;Saito et al., 2002). This phenomenon may be simply quantified by measuring the rise time from the onset to the peak of a given seismic arrival.

To facilitate the comparisons with terrestrial seismology, we define the delay time on the secondary arrival as: t d t maxt S , in which t max is the arrival time of the energy maximum. In previous studies, delay-time measurements were successfully applied to characterize qualitatively the scattering properties of the medium in both the Earth and the Moon (e.g., Blanchette-Guertin et al., 2012;Calvet and Margerin, 2013;Gillet et al., 2017). Sophisticated delay-time tomography based on multiple forward scattering approximations have also been developed to map spatial variations of heterogeneity (Takahashi et al., 2007(Takahashi et al., , 2009)).

The discussion that follows is mostly qualitative and will serve to highlight some differences between Mars, the Earth, and the Moon. Pursuing our analysis of the VF event S0734a, we performed delay-time measurements (t d ) on the seismogram envelopes of the VBB data in the 2.5-7.5 Hz (see the Appendix for an analysis at higher frequencies using SP data). The results are reported in Figure 3c.

A rather striking feature of the results plotted in Figure 3c is the absence of clear frequency dependence of the time delay. This is particularly notable on the VBB data from 2 to 8 Hz. Time delay of P waves has received little attention on the Earth (see, however, the work of [START_REF] Kubanza | Evaluation of strength of heterogeneity in the lithosphere from peak amplitude analyses of teleseismic short-period vector P waves[END_REF]. In the case of the Moon, the diffuse character of the signal allows for the measurement of a single time delay, most likely related to S waves. For these reasons, the discussion will be focused on the properties of the secondary arrival. On the Earth, t d of S waves has been shown to increase with frequency in various geological contexts (Takahashi et al., 2007;Calvet et al., 2013). This property is usually understood as a consequence of strong forward scattering and should not be confused with the dispersion of velocities induced by attenuation (whether it is caused by scattering or absorption). For narrowly band-passed waves propagating in a heterogeneous medium, the effect of velocity dispersion on the envelope shape is usually very small compared with the multipathing effects induced by forward scattering (Sato, 1989). In the case in which the randomness is described by Gaussian spatial correlations of the fluctuations (or more generally smooth random media), Markov's approximation predicts that t d is independent of the central frequency of the waves. The frequency exponent inferred from the Earth data is usually strictly positive and sometimes larger than 1, which is interpreted as the presence of smallscale fluctuations that are not captured by the Gaussian model (Saito et al., 2002;Takahashi et al., 2007). In the case of the Canadian shield event, the level of scattering attenuation is presumably very low. In this example, the dominant mechanism at 
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APPENDIX

An envelope analysis of VF event S0734a using SP data

In this appendix, we show the envelope characteristics of veryhigh-frequency (VF) event S0734a as seen by the SP sensor in the 2-20 Hz frequency band. Figure A1 complements Figure 3 presented in the main body of the article. For frequencies higher than 10 Hz, we note some contamination of the envelopes by short transients (donks), which occur permanently and independent of seismic events (Ceylan et al., 2021). They entail fluctuations in the measurements of the time delay, as reflected in Figure A1c. Data from the SP seismometer allow us to confirm the close to linear increase of the coda quality factor observed on the very broadband (VBB), as well as the very weak frequency dependence of the peak delay time.

We found Q 0 476 9 and n 1:05 0:02 for α 1 (Q 0 431 7 and n 1:06 0:02 for α 0), which is in reasonable agreement with the measurements performed on the VBB in the 2.5-7.5 Hz band.