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Abstract

The deformation associated with the relative motion of tectonic plates is mainly localized
along interplate faults, which may be locked at depth, leading to the accumulation of elastic
stress. The initiation and propagation of a seismic rupture release most of the energy almost
instantaneously. Some of this energy may also be released aseismically, particularly in the
form of slow slips that produce little or no seismic radiation.

Over the past two decades, improvements in and the increasing availability of geodetic
observations have led to the detection of slow slip events (SSEs). Initially identified in subduc-
tion zones, these events have since been documented in several tectonic settings. However,
the mechanisms controlling their occurrence and physical characteristics (location, depth, du-
ration, size, and slip amplitude) remain poorly understood to this day. Some studies have
nevertheless shown that SSEs can occur at distinct stages of the seismic cycle, sometimes in-
teracting with earthquakes which they may trigger or by which they may be triggered; and
others have suggested that their occurrence could be induced by external forces, seasonal or
otherwise, such as hydrology. A better description of SSEs is therefore essential to better
understand the mechanisms controlling the seismic and aseismic slip behaviors of fault, and
consequently to improve seismic hazard assessment.

Among the available methods, Interferometric Synthetic Aperture Radar (InSAR) which
uses SAR satellite imagery, is a particularly well-suited tool for studying surface deformation.
Thanks to its spatial coverage and sensitivity to centimeter-scale displacements, it offers great
potential for detecting and characterizing SSEs along major continental faults.

The North Anatolian Fault (NAF) in Tirkiye provides an ideal setting for study. Since the
1930s, it has been affected by a sequence of seven major earthquakes (magnitude M,, > 7)
propagating from east to west, the most recent being the Izmit (M,, 7.6) and Diizce (M,, 7.2)
earthquakes in 1999. The portion of the fault crossing the Sea of Marmara located near Istanbul
constitutes a major seismic gap, which motivates research on this area including the adjacent
Izmit segment. Recent studies have highlighted the occurrence of SSEs along this segment
16 to 17 years after the 1999 earthquake. Its geotectonic context makes it a natural labora-
tory for studying slip behavior along major continental strike-slip faults, and in particular the
mechanisms controlling SSEs.

In this context, the objective of this thesis is to detect, characterize, and model transient
slow slips along the NAF by combining InSAR observations which allow for the measurement
of the temporal evolution of millimeter-scale ground surface movements, with mechanical
modeling. This work aims to better constrain the processes driving seismic and aseismic de-
formation along this fault.

To do so, I used time series of InSAR displacements covering the period 201672021, derived
from Sentinel-1 radar images and automatically processed as part of the FLATSIM project (a
national initiative developed in collaboration between Formater and CNES), based on a “Small
Baselines” (NSBAS) processing chain. These products provide dense spatial coverage over
continental areas and a temporal resolution of 6 to 12 days, corresponding to the revisit cycle
of the Sentinel-1A/B satellites.

First, [ used this exceptional dataset, which covers nearly all of Tiirkiye, to estimate a large-
scale steady-state InSAR tectonic deformation field. A horizontal and vertical decomposition
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of the mean velocity field revealed major horizontal deformation associated with the North
and East Anatolian faults, as well as more localized phenomena such as the subsidence of
sedimentary basins in southwestern Tirkiye and anthropogenic deformation linked to the
presence of quarries and mines. The details of the deformation field obtained confirm the
existence of shallow aseismic slip along the Izmit and Ismetpasa segments. Furthermore, I
reprocessed incomplete InSAR tracks to measure the deformation field in the northwestern
section and to study the seismic gap in the Sea of Marmara. The joint analysis of these data
with GNSS data, carried out by collaborators, aims to estimate the coupling along the fault
interface and thus to refine the seismic risk in the Istanbul metropolitan area.

Second, I implemented a method for automatically detecting SSEs in InSAR time series.
Originally developed for GNSS time series, this method involves correlating physical slip mod-
els (dislocations) representing synthetic SSEs with InSAR time series to identify transient de-
formation signals that may correspond to SSEs and then to estimate their primary spatiotem-
poral characteristics (location on the fault interface, initiation time, equivalent magnitude).
This method was calibrated using synthetic tests incorporating realistic InSAR noise, then
applied to real data focused on the two aseismic creeping segments of the NAF: Izmit and
Ismetpasa. The automatic detection of SSEs from InSAR data was first evaluated on datasets
with varying levels of noise, depending on the degree of post-processing applied. Synthetic
tests incorporating realistic noise made it possible to define probabilistic detection thresholds
based on the magnitude and depth of the SSEs. These tests show that the method can detect,
with a confidence level greater than or equal to 90 %, shallow SSEs with a magnitude greater
than 4.5 from East-West horizontal InSAR time series. It also allows for the detection of events
with magnitudes greater than 4.3 with a confidence level of at least 45 %. By applying this
method to real data, I was able to detect without prior knowledge three transient events previ-
ously reported along the Izmit segment and two along the Ismetpasa segment, with estimated
magnitudes ranging from 4.0 to 4.5. I was thus able to validate the methodological approach
adapted to spatialized data and confirm the quality of the automatically processed InSAR time
series. Despite the high level of noise in the geodetic data, they can indeed be used to extract
tectonic signals, particularly slow slip events on the order of a few millimeters, thus represent-
ing datasets that are essential for understanding seismic cycles along continental strike-slip
faults. Applying this approach on a global scale could enable rapid detection and a first-order
characterization of transient slip events.

In the third chapter, I focused on the SSEs detected along the Izmit segment. I developed
a post-processing sequence to extract the tectonic signal from the InSAR time series, includ-
ing GNSS-based referencing, correction for seasonal components, and separation of different
sources using independent component analysis (ICA). The time series processed in this way
were then used in inverse models to reconstruct the distribution of slip at depth along this
fault segment, embedded in a layered elastic half-space. These observations were combined
with data from creepmeters to better characterize the temporal dynamics of the SSEs. A de-
tailed analysis of the last two events detected along the Izmit segment in March 2018 and
November 2019 reveals magnitudes ranging from 4.3 to 4.4. The associated slip is localized at
shallow depth, within the Quaternary sedimentary basin. I also identified a steady-state aseis-
mic slip, mostly located between 2 and 5 km deep just below the sedimentary basin, and likely
contributing to the loading of the asperities responsible for the SSEs. Records from two creep-
meters during the 2019 event confirm the occurrence of a SSE and allow us for an estimated
lateral propagation velocity of 6.4 km/day. Analysis of SSEs along the Izmit segment thus con-
firms the periodic occurrence of SSEs approximately 20 years after the 1999 Izmit earthquake.
These observations support a conceptual model in which shallow SSEs develop preferentially
in fault segments surrounded by zones of steady-state aseismic slip, and within sedimentary
basins where frictional heterogeneity, more deformable materials, and fluid effects combine to
produce conditionally stable slip.
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Finally, I used mechanical models to reproduce the seismic cycle of the Izmit segment
within the framework of the “rate-and-state” friction formalism. Numerical simulations were
performed using a quasi-dynamic approach, with a one-dimensional strike-slip fault embed-
ded in a two-dimensional elastic half-space. These numerical simulations allow us for the
reproduction of several observations at different time scales: the magnitude and recurrence
interval of major earthquakes, time series of postseismic displacements from GNSS campaigns,
as well as the magnitude, recurrence, and duration of shallow SSEs. Numerical simulations of
the seismic cycle along the Izmit segment have helped clarify the frictional properties of the
various deep layers of the fault and their influence on the deformation observed at the surface.
The recurrence interval and coseismic displacements are controlled by the velocity-weakening
layer corresponding to the seismogenic zone as well as by plate loading rates. The overlying
velocity-strengthening layer, defined based on the upper boundary of the aftershocks of the
1999 Izmit earthquake, helps explain the postseismic deformation. Finally, the properties of
surface frictional heterogeneity control the duration and recurrence time of SSEs. The sur-
rounding steady-state aseismic slip likely provides the background deformation necessary to
load localized zones of velocity weakening, leading to recurrent transient slips. The similar-
ity with observations made in California suggests that these structural and hydromechanical
conditions could constitute a common mechanism for the occurrence of shallow SSEs on a
global scale. Mechanical models reinforce this interpretation by showing that surface friction
heterogeneities favor the emergence of recurrent SSEs.

This research focused on the NAF has helped clarify its seismic behavior, particularly along
the Izmit segment, revealing the occurrence of shallow SSEs with a return period of approxi-
mately 1.3 years. However, it is crucial to increase the number of SSE detections in order to
enrich existing catalogs and more clearly identify the common characteristics of different SSEs,
suggesting the conditions favorable to their development and their role in seismic hazard. The
combination of geodetic observations and microseismicity measurements is also essential for
better constraining the dynamics of transient creep, highlighting the need for dense seismic
and geodetic networks capable of capturing both aseismic and seismic activity. With this in
mind, a dense GNSS network to which I contributed, was installed along the Izmit segment in
2024 to acquire geodetic data with high temporal resolution. Combined with the high spatial
resolution of InSAR observations, these data will allow for a more detailed characterization
of the slip dynamics. Ultimately, comparing the behavior of SSEs along strike-slip faults with
the well-documented cycles observed in subduction zones could help identify common mech-
anisms controlling slow slip in different tectonic contexts.
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Résumé court en francais

La déformation associée au mouvement relatif des plaques tectoniques est principalement
localisée le long de failles inter-plaques qui peuvent étre bloquées en profondeur, entrainant
I’accumulation de contraintes élastiques. La nucléation et la propagation d’une rupture sis-
mique libérent la majeure partie de I’énergie de maniére quasi instantanée. Une partie de
cette énergie peut par ailleurs étre libérée de maniere asismique, notamment sous la forme de
glissements lents produisant peu ou pas de rayonnement sismique.

Au cours des deux derniéres décennies, ’'amélioration et la disponibilité croissante des ob-
servations géodésiques ont conduit a la mise en évidence d’événements de glissements lents
transitoires (slow slip events, SSEs). Initialement identifiés dans les zones de subduction, ces
événements ont depuis été documentés dans plusieurs contextes tectoniques. Cependant, les
mécanismes controlant leur occurrence et leurs caractéristiques physiques (localisation, pro-
fondeur, durée, taille, amplitude du glissement) restent encore mal compris a ce jour. Certaines
études ont néanmoins montré que les SSEs peuvent se produire a différents stades du cycle sis-
mique, parfois en interaction avec des séismes, qu’ils peuvent déclencher ou par lesquels ils
peuvent étre déclenchés; et d’autres ont suggéré que leur occurrence pouvait étre induite par
des forcages externes, saisonniers ou non, tels que ’hydrologie. Une meilleure description
des SSEs est donc essentielle pour mieux comprendre les mécanismes contrdlant le potentiel
sismique et asismique des glissements sur les failles, et par conséquent améliorer I’évaluation
de I’aléa sismique.

Parmi les approches disponibles, 'Interférométrie Radar (InSAR), construite a partir d’images
satellitaires SAR, constitue un outil particulierement adapté a I’étude de la déformation de sur-
face. Grace a sa couverture spatiale et sa sensibilité aux déplacements centimétriques, elle offre
un fort potentiel pour la détection et caractérisation de SSEs le long de failles continentales
majeures.

La faille nord-anatolienne (NAF) en Turquie représente un cadre d’étude privilégié. Depuis
les années 1930, elle a été affectée par une séquence de sept séismes majeurs (magnitude
M,, > 7) se propageant d’est en ouest, les plus récents étant les séismes d’Izmit (M,, 7,6) et de
Dizce (M,, 7,2) en 1999. La portion de faille traversant la mer de Marmara, située a proximité
d’Istanbul, constitue une lacune sismique majeure, ce qui motive les recherches sur cette zone,
dont le segment adjacent d’Izmit. Des études récentes ont mis en évidence I’occurrence de SSEs
le long de ce segment 16 a 17 ans apres le séisme de 1999. Son contexte géotectonique en fait
un laboratoire naturel permettant I’étude du comportement de glissement le long des grandes
failles décrochantes continentales, et en particulier les mécanismes controlant les SSEs.

Dans ce contexte, 'objectif de cette these est de détecter, caractériser et modéliser les
glissements lents transitoires le long de la NAF, en combinant observations InSAR permet-
tant de mesurer I’évolution temporelle des mouvements millimétriques de la surface du sol et
modélisations mécaniques. Ce travail vise a mieux contraindre les processus a 'origine de la
déformation sismique et asismique le long de cette faille.

Pour ce faire, j’ai exploité des séries temporelles de déplacements InSAR couvrant la péri-
ode 2016-2021, dérivées d’'images radar Sentinel-1 et traitées automatiquement dans le cadre
du projet FLATSIM (une initiative nationale développée en collaboration entre Formater et le
CNES), basée sur une chaine de traitement “Small Baselines” (NSBAS). Ces produits offrent



une couverture spatiale dense sur les zones continentales et une résolution temporelle de 6 a
12 jours, correspondant au cycle de revisite des satellites Sentinel-1A/B.

Premieérement, j’ai exploité ce jeu de données exceptionnelles couvrant la quasi-totalité de
la Turquie afin d’en estimer un champ de déformation tectonique continu InSAR a grande
échelle. Une décomposition horizontale et verticale du champ de vitesse moyenne a per-
mis la mettre en évidence de la déformation horizontale majeure liée aux failles nord- et est-
anatoliennes, ainsi que des phénomeénes plus locaux tels que la subsidence de bassins sédimen-
taires au sud-ouest de la Turquie ou encore des déformation anthropiques liées a la présence de
carrieres/mines. Les détails du champ déformation obtenu valident I’existence de glissements
asismiques superficiels le long des segments d’Izmit et d’Ismetpasa. De plus, j’ai re-traité des
fauchées InSAR incomplétes afin de mesurer le champ de déformation de la partie nord-ouest,
et d’étudier la lacune sismique en mer de Marmara. L’analyse jointe de ces données avec des
données GNSS, réalisée par des collaborateurs, a pour but d’estimer le couplage le long de
I'interface de faille, et ainsi de préciser le risque sismique dans la région de la mégalopole
d’Istanbul.

Deuxiémement, j’ai mis en ceuvre une méthode de détection automatique des SSEs dans les
séries temporelles InSAR. Initialement développée pour des séries GNSS, cette méthode con-
siste a corréler des modeles physiques de glissement (dislocations) représentant des SSEs syn-
thétiques avec les séries temporelles InSAR afin d’identifier des signaux de déformation transi-
toire pouvant correspondre a des SSEs et d’en estimer les caractéristiques spatio-temporelles de
premier ordre (localisation sur I'interface de faille, temps d’initiation, magnitude équivalente).
Cette méthode a été calibrée a I'aide de tests synthétiques incluant un bruit réaliste InSAR,
puis appliquée a des données réelles centrées sur les deux segments en glissement asismique
de la NAF: Izmit et Ismetpasa. La détection automatique des SSEs a partir des données InSAR a
d’abord été évaluée sur des jeux de données présentant différents niveaux de bruit, selon le de-
gré de post-traitement appliqué. Les tests synthétiques intégrant un bruit réaliste ont permis
de définir des seuils probabilistes de détection en fonction de la magnitude et de la profondeur
des SSEs. Ces tests montrent que la méthode permet de détecter, avec une confiance supérieure
ou égale a 90 %, des SSEs superficiels de magnitude supérieure a 4,5 a partir des séries tem-
porelles InSAR horizontales Est-Ouest. Elle permet également de détecter des événements de
magnitude supérieure a 4,3 avec une confiance d’au moins 45 %. En appliquant cette méthode
aux données réelles, j’ai pu détecter, sans connaissance préalable, trois événements transitoires
déja rapportés le long du segment d’Izmit et deux le long du segment d’Ismetpasa, avec des
magnitudes estimées entre 4,0 et 4,5. J’ai pu ainsi valider ’approche méthodologique adaptée
aux données spatialisées et confirmer la qualité des séries temporelles InSAR traitées automa-
tiquement. Malgré le niveau de bruit important dans les données géodésiques, elles peuvent
en effet étre utilisées pour extraire des signaux tectoniques, en particulier les glissements lents
de 'ordre de quelques millimetres, représentant ainsi des jeux de données indispensables pour
comprendre les cycles sismiques le long des failles décrochantes continentales. L’application
de cette approche a I’échelle mondiale pourrait permettre une détection rapide et une carac-
térisation de premier ordre des événements de glissement transitoire.

Dans le troisieme chapitre, je me suis concentrée sur les SSEs détectés le long du segment
d’Izmit. J’ai développé une chaine de post-traitement afin d’extraire le signal tectonique des
séries InSAR, incluant un référencement basé sur les données GNSS, la correction des com-
posantes saisonniéres et une séparation de différentes sources par analyse en composantes
indépendantes (ICA). Les séries temporelles ainsi traitées ont ensuite été utilisées dans des
modeles inverses pour reconstruire la distribution du glissement en profondeur sur ce segment
de faille, intégré dans un demi-espace élastique stratifié. Ces observations ont été combinées a
des données de creepmeters afin de mieux caractériser la dynamique temporelle des SSEs. Une
analyse détaillée des deux derniers événements détectés sur le segment d’Izmit, en mars 2018
et novembre 2019, révele des magnitudes comprises entre 4,3 et 4,4. Le glissement associé est
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localisé a faible profondeur, au sein du bassin sédimentaire quaternaire. J’ai également iden-
tifié un glissement asismique continu, majoritairement situé entre 2 et 5 km de profondeur,
juste sous le bassin sédimentaire, et contribuant probablement au chargement des aspérités
responsables des SSEs. Les enregistrements de deux creepmeters lors de I'événement de 2019
confirment l'occurrence du SSE et permettent d’estimer une vitesse de propagation latérale de
6,4 km/jour. L’analyse des SSEs le long de la NAF confirme alors 'occurrence périodique de
SSEs environ 20 ans apres le séisme d’Izmit de 1999. Ces observations soutiennent un mod-
ele conceptuel dans lequel les SSEs superficiels se développent préférentiellement dans des
portions de faille entourées de zones de glissement asismique continu, et au sein de bassins
sédimentaires, ou se combinent hétérogénéité frictionnelle, matériaux plus déformables et ef-
fets des fluides, produisant un glissement conditionnellement stable.

Enfin, j’ai utilisé des modéles mécaniques pour reproduire le cycle sismique du segment
d’Izmit dans le cadre du formalisme de friction “rate-and-state”. Des simulations numériques
ont été réalisées a 'aide d’'une approche quasi-dynamique, avec une faille décrochante unidi-
mensionnelle intégrée dans un demi-espace élastique bidimensionnel. Ces simulations numériques
permettent de reproduire plusieures observations a différentes échelles temporelles: I'amplitude
et le temps de récurrence des séismes majeurs, les séries temporelles de déplacements post-
sismiques issues de campagnes GNSS, ainsi que ’amplitude, la récurrence et la durée des SSEs
superficiels. Les simulations numériques du cycle sismique le long du segment d’Izmit ont per-
mis de préciser les propriétés frictionnelles des différentes couches en profondeur de la faille
et leur influence sur la déformation observée en surface. Le temps de récurrence et les dé-
placements co-sismiques sont contrélés par la couche en velocity weakening correspondant
a la zone sismogéne ainsi que par la vitesse des plaques. La couche sus-jacente en velocity
strengthening, définie a partir de la limite supérieure des répliques du séisme d’Izmit de 1999,
permet d’expliquer la déformation post-sismique. Enfin, les propriétés de I’hétérogénéité fric-
tionnelle superficielle permettent de controler la durée et le temps de récurrence des SSEs. Le
glissement asismique continu environnant fournit probablement la déformation de fond néces-
saire pour charger des zones localisées en velocity weakening, conduisant a des glissements
transitoires récurrents. La similarité avec des observations réalisées en Californie suggere que
ces conditions structurales et hydromécaniques pourraient constituer un mécanisme commun
a 'occurrence des SSEs superficiels a I’échelle globale. Les modéles mécaniques viennent ren-
forcer cette interprétation en montrant que des hétérogénéités frictionnelles superficielles fa-
vorisent I’émergence de SSEs récurrents.

Ces travaux focalisés sur la NAF ont permis de préciser son comportement asismique, en
particulier le long du segment d’Izmit, révélant ainsi 'occurrence de SSEs superficiels avec un
temps de retour d’environ 1,3 années. Cependant, il est crucial de multiplier les détections de
SSEs afin d’enrichir les catalogues existants et d’identifier plus clairement les caractéristiques
communes des différents SSEs, suggérant des conditions préférentielles a leur développement
et leur role dans I’aléa sismique. La combinaison d’observations géodésiques et de mesures
de microsismicité est également essentielle pour mieux contraindre la dynamique du glisse-
ment transitoire, soulignant le besoin de réseaux sismiques et géodésiques denses capables
de capturer a la fois 'activité asismique et sismique. Dans cette optique, un réseau GNSS
dense, auquel j’ai contribué, a été installé le long du segment d’Izmit en 2024 afin d’acquérir
des données géodésiques a haute résolution temporelle. Combinées a la haute résolution spa-
tiale des observations InSAR, ces données permettront une caractérisation plus fine de la dy-
namique du glissement. A terme, la comparaison du comportement des SSEs le long des failles
décrochantes avec les cycles bien documentés observés dans les zones de subduction pourrait
permettre d’identifier des mécanismes communs contrélant le glissement lent dans différents
contextes tectoniques.
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Résumé long en francais

La déformation associée au mouvement relatif des plaques tectoniques est principalement
localisée le long de failles inter-plaques qui peuvent étre bloquées en profondeur, entrainant
I'accumulation de contraintes élastiques. La nucléation et la propagation d’une rupture sis-
mique libérent la majeure partie de cette énergie de maniére quasi instantanée. Une partie de
cette énergie peut par ailleurs étre libérée de maniere asismique, notamment sous la forme de
glissements lents produisant peu ou pas de rayonnement sismique.

Depuis les premiéres observations de glissement asismique sur la faille de San Andreas par
Steinbrugge et al. (1960), nous disposons aujourd’hui d’un nombre croissant d’observations
géodésiques qui ont considérablement affiné notre compréhension du cycle sismique et de ses
implications pour I’évaluation de I’aléa sismique. Le glissement asismique intermittent — sous
forme d’épisodes de glissement lent, ou Slow Slip Events (SSEs) — a ainsi été documenté dans
de nombreux contextes tectoniques, aussi bien dans les zones de subduction que le long des
failles décrochantes continentales, ou la plupart des SSEs observés se produisent dans la par-
tie superficielle de la faille et ne produisent qu'une zone de déformation en surface large de
quelques kilomeétres, avec des déplacements centimétriques. Outre les creepmeters, qui per-
mettent de détecter des décalages millimétriques en des points précis, I'interférométrie radar
(InSAR) s’est également révélée précieuse pour détecter les SSEs superficiels le long des failles
décrochantes. Cependant, les mécanismes physiques associés a ces événements restent encore
aujourd’hui en partie incompris.

La faille Nord-Anatolienne (NAF) est une faille décrochante dextre en Turquie qui accom-
mode ’essentiel du mouvement relatif de 24 + 1 mm/an entre les plaques anatolienne et eurasi-
enne. Depuis les années 1930, elle a été le siege d’une séquence de sept séismes de magnitude
M,, > 7, migrant progressivement d’Est en Ouest depuis Erzincan jusqu’au segment d’Izmit,
et jusqu’au segment offshore sous la mer de Marmara qui demeure aujourd’hui une lacune sis-
mique menagant directement ’agglomération d’Istanbul. Les deux derniers séismes de cette
séquence, d’Izmit (M,, 7,6) et de Diizce (M,, 7,2), ont rompu en 1999. La déformation co-
sismique du séisme principal d’Izmit a été largement étudiée. La rupture bilatérale depuis
I’épicentre a produit un glissement allant jusqu’a 8 m au niveau de deux a trois aspérités prin-
cipales. La phase post-sismique qui a suivi comporte classiquement deux étapes: un afterslip
profond rapide durant les 2, 5 premiéres années, puis une relaxation viscoélastique de la crotite
inférieure et du manteau supérieur se prolongeant sur plusieurs décennies. Au-dela de cet af-
terslip profond et de la relaxation viscoélastique, la partie superficielle du segment d’Izmit
glisse de maniere asismique depuis le séisme, ce qui pose la question de savoir si ce com-
portement reléve encore de la phase post-sismique ou s’il correspond déja a une déformation
intersismique pérenne. Des travaux antérieurs (Cakir et al., 2012; Hussain et al., 2016; Aslan
et al., 2019b; Ozarpaci et al., 2020) ont confirmé, a partir de données InSAR, GNSS et de creep-
meters, la persistance de ce glissement jusqu’en 2017, avec une profondeur de blocage estimée
entre 10 et 18 km selon les études et un glissement stable superficiel de 5 a 10 mm/an entre
la surface et 8 km de profondeur. Aslan et al. (2019b) avaient par ailleurs mis en évidence un
épisode de glissement lent (ou SSE) d’un mois en décembre 2016, provoquant un déplacement
relatif de surface de 10 mm, et Ozarpaci et al. (2020) un autre épisode transitoire en septembre
2015. De ce fait, le segment d’Izmit constitue un laboratoire naturel privilégié a I'étude du
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glissement asismique.

Le travail de thése qui suit exploite le jeu de données InSAR fourni par FLATSIM, produit
automatiquement a partir d’images Sentinel-1 sur la période 2015 — 2021 dans le cadre d'un
projet national porté conjointement par le CNES et FormaTerre, et reposant sur la chaine de
traitement NSBAS (New Small Baseline Subset) (Doin et al., 2011; Thollard et al., 2021). L’'un
des avantages de l'utilisation de ce type de données est leur haute résolution spatiale. Les
objectifs de ces travaux sont alors multiples:

« construire, a I’échelle de 'ensemble de la Turquie, un champ de vitesse en régime per-
manent (steady-state) permettant de caractériser la déformation tectonique associée aux
failles nord- et est-anatoliennes (NAF et EAF), et approfondir, a une échelle plus locale,
I’étude du déficit de glissement le long de l'interface de faille sous la mer de Marmara,
région constituant une lacune sismique majeure a proximité immédiate de la mégalopole
d’Istanbul;

« adapter une méthode de détection automatique des événements transitoires, initiale-
ment développée pour des données GNSS, a des observations InSAR dans le contexte de
failles décrochantes;

« étendre la fenétre d’observation le long du segment d’Izmit par rapport aux études précé-
dentes et caractériser plus finement sa dynamique de glissement — glissement continu et
épisodes transitoires confondus — en la comparant a des enregistrements de creepmeters
a plus haute résolution temporelle;

« utiliser des modéles numériques de cycle sismique pour tester I'hypothése d'une hétérogénéité
frictionnelle superficielle associée au bassin sédimentaire d’Izmit pouvant expliquer 'occurrence
des SSEs tout en préservant les caractéristiques principales du cycle sismique.

Analyse du champ de déformation a grande échelle de la Turquie

Le premier volet scientifique de cette thése porte sur ’analyse a grande échelle de 14
fauchées InSAR (7 ascendantes et 7 descendantes) couvrant I’essentiel de la Turquie, avec pour
objectif la production d’un champ de vitesse Est-Ouest en régime permanent et d'un champ
de déformation (strain) associé. Un second volet (associé au premier) se concentre sur la ré-
gion de la mer de Marmara, ou les données InSAR sont combinées a un réseau GNSS densifié
afin de contraindre, par inversion bayésienne conjointe, la distribution du glissement le long
de l'interface de faille principale de Marmara (Main Marmara Fault, MMF). Ce second travail,
mené en collaboration avec Emilie Klein (CNRS, ENS Paris) et plusieurs collégues turcs et
francais, est encore en préparation en vue d’une publication.

Méthode

Controle qualité des données. Le jeu de données FLATSIM fournit, pour chacune des
14 fauchées, des produits standards (vitesses moyennes dans la ligne de visée du satellite (Line
of Sight, LOS), séries temporelles, données de controle qualité) issus d’un traitement automa-
tique optimisé pour un usage générique. Une premiére étape a consisté a controler la qualité de
ces produits: identification d’erreurs de déroulement de phase (visibles par des sauts de phase
nets), et évaluation de la cohérence de I'inversion des séries temporelles au moyen de plusieurs
métriques de Root Mean Square Error (RMSE, erreur quadratique moyenne par date, par inter-
férogramme, par pixel), qui traduisent la fermeture des boucles de phase au sein du réseau
interférométrique. Ces RMSEs présentent une saisonnalité marquée (valeurs plus élevées en
hiver), attribuable a la décorrélation liée a 'enneigement et a la croissance de la végétation sur
les zones agricoles. Un masquage des pixels selon le nombre d’interférogrammes utilisés dans
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I'inversion (en fonction de la moyenne et de I’écart-type de cette quantité par fauchée) permet
de limiter les artefacts liés a un faible rapport signal/bruit.

Retraitement de certaines fauchées. Deux fauchées situées a I’'ouest de la zone, affec-
tées par la présence de la mer de Marmara qui empéche le déroulement de phase continu entre
les rives nord et sud, ont été partiellement retraitées avec la chaine NSBAS afin d’étendre la
couverture a la rive nord. Ce retraitement a nécessité une adaptation des parametres de filtrage
(filtre « SW ») pour compenser la forte décorrélation liée aux cultures sur I'une des fauchées.

Correction du biais de phase. Une attention particuliére est portée au phénomeéne de
fading signal, un biais de phase lié au moyennage spatial (multilooking) qui modifie les pro-
priétés statistiques du signal et se traduit par une subsidence apparente sur les cultures et
un soulevement apparent sur les foréts et zones urbaines, en particulier pour les interféro-
grammes a courte ligne de base temporelle. L’ajout d’interférogrammes a longue ligne de base
temporelle (jusqu’a un an) atténue sensiblement cet artefact.

Estimation du champ de vitesse en régime permanent. La séquence de post-traitement
comprend: (i) une décomposition saisonniére et linéaire des séries temporelles de déplacement
LOS par ajustement par moindres carrés (terme linéaire et termes périodiques annuels, avec
soustraction d’une surface polynomiale d’ordre 4 pour retirer les biais de grande longueur
d’onde); (ii) un référencement des vitesses par rapport au champ GNSS dense de Kurt et al.
(2023), selon la méthode de Hussain et al. (2018), qui consiste a estimer et soustraire un plan
2D correspondant a I’écart entre vitesses InNSAR et GNSS projetées en LOS; (iii) une estimation
des incertitudes a partir des zones de recouvrement entre fauchées adjacentes, conduisant a
des incertitudes LOS de 'ordre de 1 a4 2 mm/an; (iv) une décomposition horizontale (Est-Ouest)
et verticale du champ de vitesse a partir des composantes ascendante et descendante, en nég-
ligeant la composante Nord-Sud, mal contrainte par la géométrie des orbites des satellites SAR.

Estimation du glissement et de la profondeur de blocage. Le long de profils perpen-
diculaires a la faille, la vitesse Est-Ouest est modélisée selon le formalisme classique de Savage
and Burford (1973), qui décrit le champ de vitesse en fonction de la distance a la faille par une
fonction arctangente dépendant du taux de glissement en profondeur et de la profondeur de
blocage d;. Ce modele est étendu, suivant Hussain et al. (2016), par I’ajout d’'une fonction de
Heaviside représentant un glissement superficiel de type back-slip, caractérisé par un taux de
glissement C et une profondeur de glissement d,.

Calcul du champ de déformation. Le tenseur de déformation (strain) est calculé a partir
du gradient spatial de la vitesse Est-Ouest InSAR (la composante Nord-Sud étant négligée),
permettant de dériver le cisaillement maximal, la rotation et la dilatation, a des résolutions de
1et2km.

Inversion bayésienne au niveau de la mer de Marmara. Quatre fauchées InSAR (deux
ascendantes, deux descendantes) couvrent la zone d’étude. La préparation des données suit
une séquence similaire a celle présentée précédemment, appliquée sur une période temporelle
harmonisée a partir du 9 octobre 2016: harmonisation temporelle des vitesses moyennes,
référencement par rapport au champ GNSS augmenté de Ozkan et al. (2025) (combiné a celui
de England et al. (2016)), contrdle qualité par masquage selon le nombre d’interférogrammes
par pixel (avec des seuils propres a chaque fauchée), puis décomposition horizontale-verticale.
Le champ de vitesse Est-Ouest obtenu est ensuite fourni, avec le champ GNSS, en entrée d'une
inversion bayésienne du taux de glissement le long de 'interface de faille (travail réalisé par
Emilie Klein), permettant de comparer les modéles obtenus a partir des données GNSS seules,
InSAR seules, et des deux jeux de données combinés.

Résultats et discussion

Ce travail constitue la production, a partir du jeu FLATSIM, d’'un champ de vitesse Est-
Ouest a haute résolution spatiale sur cinq ans avec un post-traitement limité, validant ainsi
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I'intérét des chaines de traitement automatiques et massives pour I’étude de signaux tec-
toniques a grande échelle — une conclusion cohérente avec les travaux antérieurs menés a
partir d’'une autre chaine automatique (LiCSAR; Weiss et al., 2020).

Le champ de vitesse Est-Ouest révele nettement I'extrusion vers 'ouest de la plaque ana-
tolienne, accommodée par les deux systemes de failles NAF et EAF; un signal tectonique fort
est également visible le long de 'EAF, associé au séisme d’Elazig de 2020 (M,, 6, 8). Le champ de
vitesse verticale ne présente en revanche aucun signal net directement lié¢ aux deux failles prin-
cipales, confirmant leur caractere essentiellement décrochant a grande échelle; des signaux
locaux sont néanmoins associés a des bassins sédimentaires en extension (bassin de Bursa,
avec une subsidence atteignant 5 cm/an, cohérente avec un pompage des eaux souterraines
lié a agriculture) ou a des activités anthropiques (exemple de la mine de Tungbilek/Tavsan-
li/Kiitahya). La carte de déformation (cisaillement maximal) met en évidence trois segments
présentant des taux élevés (> 20 x 1078 an~!): Izmit, Ismetpasa et Elazig. Des profils per-
pendiculaires a la faille, appliqués le long de la NAF, permettent d’estimer les profondeurs de
blocage (7 a 30 km selon les segments, en accord avec les études précédentes) et de confirmer
deux segments en glissement asismique bien connus:

« Segment d’Izmit: taux de glissement jusqu’a 7,5 mm/an, profondeur de glissement de
2 — 3 km, profondeur de blocage d’environ 7 km — cohérente avec des estimations post-
1999 plus faibles que la valeur pré-sismique (~ 21 km) rapportée par (McClusky et al.,
2000), suggérant que le blocage ne serait pas encore revenu a sa valeur pré-sismique.

« Segment d’Ismetpasa: taux de glissement de 7,5 a 11 mm/an sur environ 90 km de
long, profondeur de glissement de 4 — 5 km, profondeur de blocage d’environ 10 km.

L’analyse identifie deux segments supplémentaires présentant des signatures similaires (gradi-
ent net de vitesse Est-Ouest, cisaillement et rotation élevés) et donc potentiellement en glisse-
ment asismique: le segment de Diizce (offset d’au moins 9 mm/an) et le segment Est-Ouest
d’Ezinepazari (offset d’environ 5 mm/an), ce dernier suggérant un partitionnement du glisse-
ment entre la branche principale de la NAF et des failles secondaires liées aux bassins en
pull-apart de Tasova-Erbaa et Niksar.

L’analyse des profils perpendiculaires a la faille confirme des variations latérales de I’accumulation
de déformation le long de la NAF, en cohérence avec des variations locales de la profondeur
de blocage et avec une relation, au premier ordre, entre I'orientation de la faille et la longueur
des ruptures sismiques historiques — ce qui souligne le role de la segmentation structurale
de la NAF dans la distribution de ’accumulation de contrainte et la propagation des ruptures.
Au total, bien que 'essentiel des 1600 km de la NAF reste verrouillé, environ 95 a 100 km de
la faille glisseraient asismiquement, contribuant ainsi a la libération partielle de la contrainte
accumulée. Le partitionnement du glissement entre la branche principale et des failles sec-
ondaires (Ezinepazari) pourrait par ailleurs étre sous-estimé dans les modeles existants.

Le champ de vitesse Est-Ouest InSAR confirme un gradient marqué de déformation inter-
séismique le long de la NAF sous la mer de Marmara, avec un gradient net sur le segment
d’Izmit (a I'Est) contrastant avec des gradients plus doux sur les segments de Sapanca-Akyazi
et de Ganos (aI’Ouest). Le champ vertical réveéle localement des signaux non tectoniques (sub-
sidence de bassins, activités minieres) ainsi qu’un signal 1ié a la séquence sismique modérée de
2017 sur la péninsule de Biga. La comparaison des inversions de glissement obtenues a partir
des données GNSS seules, InSAR seules, et combinées, montre que le segment central glisse
dans les trois cas, mais que la combinaison des deux jeux de données réduit les incertitudes
en surface et révéle une augmentation du glissement sous le segment d’Izmit, grace a la ré-
solution spatiale fine de I'InSAR. Le modéle final de taux de glissement obtenu par inversion
jointe (Klein et al., en préparation) apporte un résultat notable: le segment de Kumburgaz
(KB), classiquement considéré comme verrouillé ou en transition dans les études antérieures
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(Ergintav et al., 2014; Schmittbuhl et al., 2016b; Ozkan et al., 2025), apparait ici en glissement,
ce qui n’était pas capturé par les modéles précédents. Ce résultat, contraint principalement
par les stations GNSS cotieres du nord, s’avere robuste selon des tests synthétiques. Le seg-
ment resterait cependant globalement verrouillé jusqu’a environ 12 km de profondeur sur sa
portion orientale (segment des Iles des Princes), avec un potentiel de rupture de magnitude
M, >1.

S’agissant du déficit de glissement sous la mer de Marmara, cette étude s’inscrit dans une
longue lignée d’études visant a contraindre le comportement interséismique du segment cen-
tral et de ses segments adjacents (GPS terrestre, sismicité répétitive, géodésie acoustique sous-
marine, extensométrie). Le résultat d’'un segment de Kumburgaz non totalement bloqué, s’il
est confirmé, impliquerait un segment verrouillé plus court que précédemment estimé, tout en
maintenant un risque sismique significatif au large d’Istanbul en raison du potentiel de rupture
du segment des Iles des Princes, derniére portion a ne pas avoir rompu depuis 1766. Le séisme
M,, 6,2 du 23 avril 2025, survenu sur le segment central, illustre 'actualité et 'importance de
ces questions pour I’évaluation de ’aléa sismique régional.

Méthode de détection automatique des SSEs a partir de données InSAR

Face au volume croissant de données InSAR, développer des méthodes automatiques —
ou quasi automatiques — de détection des SSEs devient essentiel pour densifier les catalogues
mondiaux de ces événements. Plusieurs familles d’approches ont déja été proposées dans la
littérature pour extraire la déformation transitoire des données géodésiques:

+ des méthodes pilotées par les données, recherchant des sauts dans les séries temporelles
(par exemple Nishimura (2014), qui sélectionne entre un modeéle linéaire simple et un
modele avec décalage via le critére d’information d’Akaike);

« des décompositions statistiques, telles que I’analyse en composantes principales (PCA),
I’analyse spectrale singuliére (SSA) et sa variante multicanal (M-SSA), ou I’analyse en
composantes indépendantes (ICA) et ses variantes probabilistes (vbICA), toutes large-
ment employées pour séparer les sources de déformation dans les séries temporelles
géodésiques;

+ des méthodes de représentation parcimonieuse, qui supposent que la déformation tran-
sitoire peut étre capturée par un petit nombre de fonctions de base (par exemple Riel
et al. (2014), avec des splines cubiques parcimonieuses);

 des méthodes fondées sur des modeéles physiques, comme le filtre d’inversion en réseau
de Segall and Matthews (1997), qui modélise les séries temporelles GNSS comme une
combinaison de vitesses séculaires, de glissement de faille et d’erreurs, via un filtre de
Kalman; ou encore le filtre adapté géodésique (geodetic matched filter) de Rousset et al.
(2017), fondé sur des corrélations entre séries temporelles synthétiques et données GNSS
continues, déja appliqué a plusieurs zones de subduction (Mexique, Alaska, Nankai, nord
du Japon, Pérou-Chili) et a la faille de San Andreas;

+ plus récemment, des approches d’apprentissage profond, entrainées sur des séries tem-
porelles synthétiques incluant du bruit réaliste et des SSEs, et appliquées ensuite a dif-
férents contextes tectoniques, y compris au segment d’Ismetpasa de la NAF.

Dans ce travail, nous adaptons le filtre adapté géodésique, initialement développé pour
les données GNSS (Rousset et al., 2017), a des observations InSAR dans le contexte des failles
décrochantes. Cette méthode tire parti de la redondance spatiale de 'information collectée
en de multiples points pour abaisser le seuil de détection des SSEs de faible amplitude — un
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avantage particulierement pertinent pour 'InSAR, dont la densité spatiale est bien supérieure
a celle du GNSS. Notre démarche comporte quatre modules: nous analysons d’abord les car-
actéristiques du bruit des séries temporelles InSAR afin de construire des séries synthétiques
réalistes; nous évaluons ensuite les limites de la méthode et estimons les seuils de corrélation
permettant de détecter d’éventuels SSEs; nous caractérisons, une fois détectés, les principales
propriétés de ces événements (durée, magnitude); enfin, nous appliquons cette méthode a deux
segments de la NAF ou de tels événements ont déja été documentés par des études antérieures.

Méthode

L’approche du filtre adapté géodésique, développée par Rousset et al. (2017), repose sur
une mise en correspondance de gabarits physiques (template matching): elle détecte les SSEs
en analysant les coefficients de corrélation entre des séries temporelles de déplacement de
surface issues des données géodésiques et des gabarits, correspondant a des modeles synthé-
tiques de dislocation associés a des SSEs. La méthode se structure en quatre grandes étapes,
correspondant aux quatre modules de notre chaine de traitement: (a) préparation des données
d’entrée (analyse du bruit InSAR, construction des gabarits); (b) Module 1 — analyse de séries
temporelles synthétiques pour estimer les seuils de détection; (c) Module 2 — application aux
données réelles pour détecter d’éventuels SSEs, avec une étape de validation des détections; (d)
Module 3 — caractérisation des SSEs détectés (temps d’initiation, glissement en profondeur).
Préparation des données d’entrée:

Analyse du bruit InSAR. Pour construire des séries temporelles synthétiques permet-
tant d’estimer les seuils de détection, nous analysons d’abord le contenu du bruit présent dans
les séries temporelles InSAR réelles, en ligne de visée (LOS) comme en composante Est-Ouest
(EW). Nous supposons que ce bruit est corrélé spatialement mais non corrélé temporellement,
la dynamique atmosphérique évoluant beaucoup plus vite que la période de revisite des acqui-
sitions Sentinel-1. Nous générons donc un bruit spatialement corrélé en filtrant un bruit blanc
gaussien dans le domaine de Fourier, de sorte que son spectre de puissance suive une loi de
puissance négative, dont nous estimons trois parametres a partir des données réelles: la pente
du spectre de puissance (caractérisant la corrélation spatiale), 'amplitude moyenne du bruit
et son écart-type.

Définition d’un gabarit. La fonction source temporelle s des SSEs synthétiques est définie
a partir de mesures de creepmeters sur le segment d’Izmit, sous la forme d’une exponentielle
saturante s(t;) = m(1 —e(="1/7), oli m est Pamplitude de glissement, 7; le temps et 7 le temps
de relaxation; la durée de ’événement est estimée a 57. La série temporelle de déplacement du
gabarit est ensuite obtenue en multipliant cette fonction source par le déplacement de surface
associé a chaque pixel, déduit de fonctions de Green statiques. Pour limiter les fausses détec-
tions liées a des pics de courte durée, nous prolongeons cette série par deux paliers constants
avant et apres le signal transitoire. Les fonctions de Green sont calculées pour un demi-espace
élastique multicouche (Zhu and Rivera, 2002), a partir de modeéles de vitesse et de densité
locaux propres aux segments d’Izmit et d’Ismetpasa. La faille est discrétisée en mailles de
0,33 km x 0,33 km, de la surface jusqu’a 10 km de profondeur.

Module 1 - détection sur données synthétiques:

Nous construisons des cubes de séries temporelles synthétiques en combinant le bruit réal-
iste caractérisé précédemment a un ou plusieurs SSEs synthétiques. Pour atténuer les signaux
atmosphériques résiduels, nous utilisons systématiquement des séries temporelles de déplace-
ment relatif entre paires de pixels situées de part et d’autre de la faille — une approche qui
élimine les résidus d’amplitude similaire entre pixels voisins et renforce le signal tectonique.
Nous décimons également les pixels initiaux (relation exponentielle avec la distance a la faille
pour Izmit, quadratique pour Ismetpasa) afin de réduire le temps de calcul, sans dégrader signi-
ficativement les valeurs de corrélation obtenues (réduction du temps de calcul d’environ 96 %
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pour une variation de corrélation inférieure a £ 0,035).

Fonctions de corrélation. Suivant Rousset et al. (2017), nous calculons les fonctions de
corrélation a partir des dérivées temporelles des séries relatives du gabarit et des données
InSAR, normalisées, puis pondérées par 'amplitude des fonctions de Green a chaque paire de
pixels — donnant davantage de poids aux pixels les plus susceptibles d’étre affectés par le SSE.
Le coefficient de corrélation final retenu pour la détection est la moyenne de ces coefficients
pondérés sur 'ensemble des paires de pixels considérées.

Estimation des seuils. Nous estimons les seuils optimaux de détection a partir d’'un cube
synthétique composé de 100 événements sur 6000 pas de temps, chaque SSE synthétique ayant
une zone de glissement d’environ 6 km de long sur 1 km de large et un temps de relaxation
d’environ 6 jours — des parametres calibrés sur les caractéristiques de SSEs superficiels déja
observés (Rousset et al., 2016; Neyrinck et al., 2024; Ozdemir et al., 2025). Nous quantifions
la fiabilité des détections a ’aide du produit précision-rappel (PRP), défini comme le produit
du rapport vrais positifs sur positifs totaux (précision) et du rapport vrais positifs sur positifs
réels (rappel). Un PRP = 1 signifierait une détection parfaite, sans faux positif ni faux né-
gatif. En combinant I'’ensemble des mailles de faille testées, nous estimons ainsi, pour chaque
profondeur, la magnitude minimale détectable correspondant & un PRP > 0,4 — le seuil que
nous retenons pour la suite de I’étude. Ces tests montrent qu’a faible profondeur, des SSEs de
magnitude aussi faible que M,, 4 —4,5 peuvent étre détectés de facon fiable, la magnitude min-
imale détectable augmentant avec la profondeur, comme attendu compte tenu de I’atténuation
du déplacement de surface avec la profondeur de la source.

Module 2 - détection sur données réelles:

Pour maximiser la détection de SSEs de faible magnitude, nous choisissons volontairement
un PRP relativement bas, ce qui augmente le nombre de fausses détections potentielles. Nous
introduisons donc deux critéres de validation, calibrés sur les données synthétiques:

+ le nombre de mailles glissantes voisines déclenchant une détection positive: compte tenu
de la différence entre la taille de la zone de glissement synthétique et la discrétisation de
Iinterface de faille, un véritable SSE doit étre détecté sur plusieurs mailles voisines dans
la direction horizontale. Nous rejetons donc les détections associées a une seule maille
isolée;

« un empilement pondéré des séries temporelles de déplacement, centré sur le temps de
détection, pondéré par les fonctions de Green associées au gabarit de corrélation max-
imale, afin d’améliorer le rapport signal sur bruit. Nous validons une détection si le
décalage (diftérence des moyennes calculées sur des fenétres de 6 mois avant et apres la
détection) est supérieur a I’écart-type de la série empilée calculé sur une période de 5
mois centrée sur la détection.

Cette étape de validation permet de séparer les vrais positifs des vrais négatifs, méme
si certaines fausses détections subsistent, généralement associées a de faibles amplitudes de
décalage. Elle nous permet en outre d’abaisser le PRP retenu tout en conservant une confi-
ance élevée (rapport vrais positifs sur positifs réels supérieur a 90 % a la magnitude minimale
détectable), ce qui réduit encore la magnitude minimale détectable par rapport a un simple
seuillage sans validation.

Module 3 - caractérisation des événements:

Apres validation, nous caractérisons chaque SSE détecté en termes de localisation le long
de la faille et en profondeur (maille présentant 'amplitude de corrélation maximale), de temps
d’initiation, de temps de relaxation et de magnitude équivalente. Pour cela, nous ajustons
la série temporelle empilée pondérée par la fonction temporelle du gabarit, en minimisant
lerreur quadratique moyenne (davantage pondérée au centre de la série pour privilégier le
signal transitoire). Les tests synthétiques montrent que le temps d’initiation est bien résolu

— XX —



(erreur de £ 5 jours, cohérente avec le temps de revisite de Sentinel-1), tandis que le temps
de relaxation est systématiquement surestimé d’environ 6 jours, en raison de la résolution
temporelle limitée de 'InSAR par rapport aux temps de relaxation typiques des SSEs. Pour
le segment d’Izmit, la taille du gabarit est fixée a 6 km de long par 1 km de large, sur la base
d’études antérieures ayant correctement contraint I’aire de glissement (Neyrinck et al., 2024);
nous montrons qu’une maille plus petite tend a sous-estimer la magnitude et une maille plus
grande a la surestimer, avec une erreur d’estimation pouvant atteindre 0,17 unité de magni-
tude méme dans le meilleur des cas. Le moment sismique My et la magnitude de moment
équivalente M,, sont enfin calculés a partir du module de cisaillement, de la surface glissante
et de 'amplitude de glissement (relations de Hanks and Kanamori (1979)), la précision de cette
estimation restant bonne jusqu’a 5 km de profondeur et légérement surestimée au-dela.

Résultats

Deux segments de la NAF se distinguent par la présence d’un glissement asismique super-
ficiel et de SSEs épisodiques, documentés par creepmeters, GNSS et InSAR: le segment d’Izmit,
qui a rompu lors du séisme de 1999 (M,, 7,6), et le segment d’Ismetpasa, qui a rompu lors du
séisme de 1944 (M,, 7,3). Ces deux segments ont hébergé plusieurs SSEs superficiels depuis
leur derniére rupture majeure, ce qui fournit des contraintes indépendantes pour valider nos
détections.

Afin d’évaluer 'influence de la réduction du bruit et de 'extraction du signal sur la capacité
de détection, nous testons plusieurs niveaux de post-traitement: les séries brutes en ligne de
visée (LOS), les séries de déplacement Est-Ouest obtenues aprés décomposition géométrique
et retrait des signaux saisonniers (EW-Raw), et les séries EW encore débruitées par ICA (EW-
ICA).

Application au segment d’Izmit. Nous appliquons d’abord la méthode au segment
d’Izmit, précisément pour étudier I'effet du post-traitement InSAR sur les performances de
détection. Trois jeux de données sont testés: (1) les séries LOS brutes de la trace ascendante
A058, (2) les séries EW-Raw et (3) les séries EW-ICA, ces deux derniers jeux de données étant
construits selon la méthode décrite par Neyrinck et al. (2024). Sur la base des tests synthétiques,
nous adoptons un PRP initial > 0,4 pour ce segment. Les magnitudes minimales détectables
déduites des expériences synthétiques montrent que les jeux LOS et EW-Raw présentent des
seuils de détection comparables, avec une sensibilité légérement meilleure aux faibles pro-
fondeurs pour 'EW-Raw, tandis que le jeu EW-ICA permet systématiquement de détecter des
événements de plus faible magnitude a toutes les profondeurs — démontrant le bénéfice d'un
débruitage avancé. En appliquant le filtre adapté aux données réelles, aucun SSE n’est dé-
tecté a partir du jeu LOS, ce qui indique que les signaux atmosphériques et non tectoniques
résiduels dominent encore les séries temporelles a ce niveau de traitement. Le jeu EW-Raw
permet de détecter deux SSEs, en 2018 et en 2019. Le jeu EW-ICA permet en outre de détecter
un événement supplémentaire en 2016, avec des coeflicients de corrélation systématiquement
plus élevés pour 'ensemble des événements détectés, confirmant I’amélioration du rapport
signal/bruit. Les trois événements ainsi détectés correspondent aux trois épisodes déja docu-
mentés dans la littérature (Aslan et al., 2019b; Neyrinck et al., 2024). Nous caractérisons ensuite
ces événements selon la procédure décrite plus haut. Pour I'événement de 2019, les coefficients
de corrélation les plus élevés correspondent a une maille glissante centrée a environ £30,05°
eta 1 km de profondeur, a 'intérieur du bassin sédimentaire d’Izmit. La série empilée pondérée
présente un décalage transitoire net, bien ajusté par notre fonction source temporelle, et les
enregistrements indépendants des creepmeters d’Izmit-Seller et de Tepetarla montrent des dé-
placements transitoires contemporains, ce qui constitue une validation externe de la détection.
Pour les trois événements détectés a partir du jeu EW-ICA, les magnitudes estimées vont de
M, 4,1 a M,, 4,35, avec des temps de relaxation compris entre environ 1 et 5,3 jours. Nous
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observons une bonne cohérence avec les données de creepmeters pour le temps d’initiation (dé-
calage Aty d’environ 4 a 11 jours). Le temps de relaxation (ou durée) obtenu par notre méthode
est plus élevé pour les épisodes de 2018 et 2019 que pour celui de 2016, probablement en raison
de variations du rapport signal sur bruit entre les trois séries empilées. Les mailles glissantes
inférées restent peu profondes (< 2 km) et montrent une légere migration vers I’est au cours
du temps, cohérente avec les analyses InSAR antérieures.

Application au segment d’Ismetpasa. Nous appliquons ensuite la méthode au segment
d’Ismetpasa, afin de tester sa robustesse dans un contexte de bruit différent. Pour ce seg-
ment, nous utilisons uniquement le jeu EW-Raw, les tentatives de débruitage par ICA n’ayant
pas abouti. Les caractéristiques du bruit sont recalculées localement pour ce segment, ce qui
conduit a retenir un PRP plus faible (~ 0,2) compte tenu du niveau de bruit plus élevé, ainsi
qu’une taille de gabarit plus petite (3 km de long sur 1 km de large), sur la base des modeles
de glissement inverse publiés antérieurement (Rousset et al., 2016). L’application initiale pro-
duit 55 détections candidates, réduites a seulement deux détections retenues apres validation:
en aout 2017 et en décembre 2019. Ces événements présentent des magnitudes estimées en-
tre M,, 4,0 et M,, 4,4, a des profondeurs superficielles comprises entre environ 0,4 et 2 km,
avec des temps de relaxation entre 3 et 12 jours — des estimations globalement cohérentes
avec les observations InNSAR, GNSS et creepmeters publiées antérieurement, malgré des incer-
titudes plus élevées que pour le segment d’Izmit. La premiere détection (aott 2017) semble
correspondre a I’événement connu de 2017 sur ce segment, malgré un décalage d’environ 58
jours du temps d’initiation par rapport a I'enregistrement du creepmeter — une différence qui
se répercute logiquement sur le temps de relaxation estimé. L’événement de 2019 est détecté
avec seulement un jour de décalage, mais avec des différences plus marquées sur le temps de
relaxation (jusqu’a 3 jours par rapport aux creepmeters) et la durée (jusqu’a 30 jours par rap-
port aux données GNSS), ainsi qu’une magnitude légerement inférieure a celle calculée a par-
tir du GNSS. Globalement, I’application a Ismetpasa confirme que le filtre adapté géodésique
parvient a identifier des SSEs dans des jeux de données indépendants, méme dans des condi-
tions de bruit moins favorables, tout en soulignant 'importance d’une caractérisation locale
du bruit et d'un post-traitement InSAR adapté pour maximiser la sensibilité et la fiabilité de la
détection automatique.

Discussion

Validation de I'approche et de ses hypothéses. Les résultats obtenus, aussi bien sur
données synthétiques que sur données réelles, démontrent que notre adaptation du filtre adapté
géodésique est capable de détecter et de caractériser des SSEs superficiels a partir de séries tem-
porelles InSAR. Les tests synthétiques montrent que, dans des conditions de bruit réalistes, des
SSEs de magnitude aussi faible que M,, 4 —4,5 peuvent étre détectés a faible profondeur avec
un niveau de confiance supérieur a 90 % apres 1’étape de validation, la magnitude minimale
détectable augmentant avec la profondeur. L’application aux segments d’Izmit et d'Ismetpasa
confirme la robustesse de 'approche: le long du segment d’Izmit, les trois événements déja
documentés sont retrouvés avec le jeu EW-ICA, avec des magnitudes (M,, 4,1 —4,3), des pro-
fondeurs (< 2 km) et des temps de relaxation cohérents avec les analyses InSAR et creepmeters
antérieures; le long du segment d’Ismetpasa, deux événements sont détectés apres validation,
avec des magnitudes et des durées comparables aux observations géodésiques antérieures,
quoique avec des incertitudes plus importantes. La cohérence entre les événements détectés,
leur caractérisation par empilement pondéré et les enregistrements indépendants des creep-
meters constitue une validation externe de la méthode. Un résultat central de cette étude est
la forte dépendance de la capacité de détection au niveau de bruit et a la stratégie de post-
traitement: alors qu’aucun événement n’est détecté a partir des séries LOS brutes, le jeu EW-
Raw permet d’en détecter deux, et le jeu EW-ICA permet d’en détecter un troisieme, plus petit,
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avec des pics de corrélation systématiquement plus élevés — ce qui indique que la sensibilité
du filtre adapté est avant tout controlée par le rapport signal sur bruit des séries d’entrée.

Ces résultats encourageants s’accompagnent néanmoins de plusieurs limites, liées aux hy-
pothéses retenues:

« Taille fixe du gabarit. L’extension spatiale du gabarit utilisé pour la caractérisation
est fixe, ce choix étant motivé par la difficulté de résoudre les dimensions de la source
a partir des seules données InSAR, compte tenu de la forte covariance spatiale du bruit
atmosphérique a I’échelle kilométrique (< 5 km), qui peut produire des motifs de défor-
mation en partie similaires a un signal de SSE superficiel. Les pentes de densité spec-
trale de puissance estimées (~ 2,5 —4) sont d’ailleurs cohérentes avec une turbulence
atmosphérique et impliquent un spectre dominé par les grandes longueurs d’onde, com-
parables aux dimensions attendues des sources de SSEs superficiels.

« Temps de relaxation fixe du gabarit (T = 6 jours), calibré a partir d’observations
antérieures sur des failles décrochantes continentales. Un temps de relaxation trop dif-
férent de celui de I’événement réel réduit I'amplitude de corrélation et peut décaler le
temps de détection; la valeur retenue représente un compromis maximisant la sensibilité
aux SSEs de quelques semaines tout en limitant les corrélations parasites en période de
bruit pur.

« Hypothése de bruit non corrélé temporellement mais corrélé spatialement, jus-
tifiée par I’échelle de temps caractéristique de la variabilité atmosphérique par rapport
a la période de revisite de Sentinel-1, mais qui peut laisser subsister des signaux corrélés
temporellement (par exemple des effets hydrologiques). L’amélioration observée avec
I'ICA illustre bien qu’'une séparation incompléte des signaux non tectoniques affecte
directement la magnitude minimale détectable.

+ Résolution temporelle de I'InSAR (6 jours pour Sentinel-1A/B), qui limite intrin-
sequement la précision des estimations de temps d’initiation et de relaxation: les tests
synthétiques montrent une surestimation systématique du temps de relaxation d’environ
6 jours, et la comparaison avec les creepmeters révéle des écarts pouvant atteindre un in-
tervalle d’acquisition SAR pour les temps d’initiation.

Ces limites doivent étre prises en compte avant toute application a d’autres contextes tec-
toniques, mais I’ensemble — validation synthétique et récupération réussie de SSEs déja doc-
umentés indépendamment — démontre que notre approche constitue un cadre fiable et systé-
matique pour la détection des SSEs superficiels dans les séries temporelles InSAR.

Comparaison avec les observations géodésiques indépendantes le long de 1a NAF:
Segment d’Izmit. Les trois événements retrouvés avec le jeu EW-ICA correspondent aux
SSEs de 2016, 2018 et 2019 déja documentés (Aslan et al., 2019b; Neyrinck et al.,, 2024). Les
magnitudes (M,, ~ 4,1 —4,3) et les profondeurs superficielles (< 2 km) sont cohérentes avec
les modeles de glissement de Neyrinck et al. (2024), dans lesquels la section de glissement reste
confinée au bassin sédimentaire. La localisation spatiale des mailles glissantes inférées a partir
des coefficients de corrélation maximaux se situe bien dans les zones de glissement significatif
de ces modeles, ce qui montre que notre approche par gabarit capture la géométrie de premier
ordre des événements sans nécessiter une inversion compléete. Les temps d’initiation concor-
dent avec les creepmeters a un ou deux intervalles de revisite de Sentinel-1 pres (6 — 12 jours);
les temps de relaxation estimés par le filtre adapté sont légérement plus longs que ceux inférés
des creepmeters, une différence systématique probablement liée a la résolution temporelle plus
grossiére de 'InSAR par rapport a I’échantillonnage des creepmeters (30 secondes), et au fait
que les creepmeters enregistrent le glissement sur quelques dizaines de metres en surface, tan-
dis que I'InSAR intégre la déformation sur des zones de faille kilométriques.
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Comparaison avec les observations géodésiques indépendantes le long de 1a NAF:
Segment d’Ismetpasa. Les deux événements retenus peuvent étre comparés aux analyses In-
SAR, GNSS et creepmeters antérieures. L’événement de 2019, caractérisé en GNSS par Ozdemir
et al. (2025) avec une magnitude équivalente d’environ 4, 8 et une durée d’environ 26 jours, est
également identifié par notre approche, a faible profondeur (< 2 km) mais avec une durée plus
longue (environ 60 jours); notre magnitude légérement plus faible peut en partie s’expliquer
par la taille de gabarit fixe utilisée lors de la caractérisation, qui peut sous-estimer le mo-
ment si la véritable surface de glissement dépasse les dimensions prescrites. Ozdemir et al.
(2025) notent d’ailleurs que le rapport signal sur bruit des déplacements de surface GNSS est
trop faible pour permettre une inversion fiable — une conclusion a laquelle nous parvenons
également avec les observations InSAR. L’événement de mi-2017 est plus faiblement contraint:
bien qu’un pic de corrélation soit identifié, le temps d’initiation inféré présente un écart allant
jusqu’a trois mois par rapport a I’enregistrement du creepmeter N. Wall, ce qui refléte vraisem-
blablement le niveau de bruit plus élevé du jeu de données InSAR sur ce segment et la plus
faible amplitude de signal de cet événement; la gamme de profondeur inférée reste néanmoins
globalement compatible avec les interprétations géodésiques antérieures.

Comparaison avec les observations géodésiques indépendantes le long de la NAF:
Synthese. Il est important de noter qu’aucun événement supplémentaire n’est détecté en
abaissant encore le PRP, ce qui suggere que le niveau de bruit InSAR actuel empéche probable-
ment l'identification de SSEs plus petits, millimétriques, déja documentés par les creepmeters
(par exemple mi-2018 sur Ismetpasa). La cohérence globale entre nos détections par gabarit et
les contraintes géodésiques indépendantes indique que la méthode capture avec succes les car-
actéristiques physiques de premier ordre des SSEs superficiels sans nécessiter d’inversion com-
plete du glissement; les écarts sur les temps d’initiation et de relaxation restent dans les limites
imposées par I’échantillonnage temporel et le niveau de bruit de 'InSAR. Cela étant, lorsque
le rapport signal sur bruit le permet, une inversion dédiée du glissement reste préférable pour
caractériser plus finement la distribution spatiale du glissement et affiner I’estimation du mo-
ment.

Mécanismes physiques des glissements lents: Controéles structuraux et mécaniques.
Les SSEs superficiels identifiés le long des segments d’Izmit et d’Ismetpasa se produisent tous
deux au sein de sections de faille déja caractérisées par du glissement asismique. Sur le segment
d’Izmit, ce glissement semble principalement localisé sous les SSEs, tandis que sur le segment
d’Ismetpasa, il est observé de part et d’autre des SSEs, et peut-étre aussi en dessous. Cette
observation suggere qu'un régime de glissement asismique préexistant et persistant pourrait
constituer un contexte mécanique nécessaire a I'occurrence de SSEs superficiels transitoires.
Dans le cadre des modéles de frottement dits rate-and-state, les zones a renforcement en vitesse
sont classiquement associées a un glissement stable, mais des hétérogénéités spatiales au sein
de ces zones peuvent conduire a un comportement conditionnellement stable et a ’émergence
d’épisodes de glissement transitoire. Le fait que seuls les segments d’Izmit et d’Ismetpasa,
parmi 'ensemble des segments de la NAF, hébergent a la fois du glissement et des SSEs récur-
rents, alors que la plupart des autres segments n’en présentent pas, appuie ’hypothése qu'un
régime de glissement asismique préexistant constitue une condition préalable au glissement
lent transitoire. Au-dela de la présence de glissement, les deux segments partagent un trait
géologique intéressant: les SSEs s’y trouvent systématiquement localisés au sein de bassins
sédimentaires — le bassin d’Izmit, dont la limite inférieure se situe a environ 2 km de pro-
fondeur, pour le premier; une couverture sédimentaire superficielle analogue pour le second.
Les bassins sédimentaires se caractérisent typiquement par des matériaux riches en argile, peu
résistants et potentiellement en surpression, susceptibles de favoriser un glissement stable ou
conditionnellement stable. Le contexte géologique de la NAF est complexe, la faille suivant
d’anciennes zones de suture séparant des unités lithologiques distinctes; cependant, seuls deux
segments connus présentent a la fois du glissement superficiel et des SSEs récurrents, ce qui
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suggere que les contrastes lithologiques seuls ne suffisent pas a expliquer leur occurrence. La
coincidence spatiale entre SSEs et bassins sédimentaires pointe plutét vers I'importance des
propriétés des matériaux superficiels — une association déja documentée sur d’autres failles
décrochantes continentales, notamment les failles Imperial et Superstition Hills en Californie,
ce qui va dans le sens de I’hypothese selon laquelle la présence de matériaux compliants et
riches en argile pourrait favoriser des conditions frictionnelles propices au glissement asis-
mique transitoire.

Mécanismes physiques des glissements lents: Role de la pression de fluide inter-
stitiel. Une pression de fluide interstitiel élevée joue vraisemblablement un réle central dans
la nucléation et I’évolution des SSEs superficiels identifiés sur les deux segments. Une pression
de pore élevée réduit la contrainte normale effective s’exercant sur la faille, abaissant ainsi la
contrainte de cisaillement nécessaire au glissement et favorisant la déformation asismique.
Dans les sections qui glissent, recouvertes par des bassins sédimentaires ou situées en leur
sein, les contrastes de perméabilité, les lithologies riches en argile et le piégeage de fluides
peuvent favoriser des surpressions locales. Des études théoriques et numériques ont mon-
tré que les variations de pression de fluide peuvent significativement modifier la stabilité du
glissement dans les systemes rate-and-state; des modéles hydromécaniques couplés montrent
notamment que la diffusion de pression de pore peut générer des impulsions de glissement lent
méme en régime de renforcement en vitesse, dés lors que la contrainte normale effective est
suffisamment réduite — un couplage poroélastique susceptible de déstabiliser un glissement
autrement stable et de produire des SSEs transitoires de durée et de magnitude comparables
a celles observées géodésiquement. La dilatance module par ailleurs ce comportement: lors
du cisaillement, la dilatation de la zone de faille réduit localement la pression de pore, aug-
mentant temporairement la contrainte normale effective et stabilisant le glissement; la diffu-
sion ultérieure des fluides restaure la pression de pore, permettant au glissement de repren-
dre. Cette rétroaction dilatance-diffusion, proposée comme mécanisme clé du glissement lent
épisodique en contexte de subduction, pourrait opérer de facon similaire dans les environ-
nements continentaux superficiels. La faible profondeur des événements détectés (< 2 km) est
cohérente avec des zones ou les hétérogénéités de perméabilité et la circulation de fluides sont
susceptibles d’étre marquées, en particulier au sein des bassins sédimentaires. Une modulation
saisonniere du glissement, attribuée a un chargement hydrologique, a par ailleurs été suggérée
sur la faille de San Andreas, soulignant la sensibilité potentielle du glissement superficiel de
faille aux variations de contrainte effective. Bien qu’aucune modulation saisonniére nette du
glissement ne soit résolue dans notre étude, le fait que les SSEs du segment d’Izmit se pro-
duisent systématiquement en hiver suggere que des transitoires de pression pourraient jouer
un rdle dans leur déclenchement.

Mécanismes physiques des glissements lents: Relation moment-durée. Les SSEs
détectés se situent dans le domaine moment-durée déja identifié pour les SSEs continentaux
superficiels. Reportés sur un diagramme d’échelle adapté de Ide and Beroza (2023) et de Ma-
terna et al. (2024), les événements d’Izmit et d’Ismetpasa se regroupent dans la région dite «
cachée » pour les zones de subduction — c’est-a-dire les événements de faible magnitude et
de courte durée, détectables uniquement sur les failles décrochantes en raison de leur faible
profondeur. Leur position sur ce diagramme, avec des magnitudes d’environ M,, 4 —4,3 et des
durées de quelques jours a quelques semaines, s’aligne sur les observations faites sur d’autres
failles décrochantes continentales glissantes de maniére asismique. Bien que le nombre limité
d’événements empéche une estimation robuste de la loi d’échelle, le regroupement des SSEs
de la NAF dans une portion étroite de cet espace suggere I'existence de conditions mécaniques
communes gouvernant leur occurrence. La similarité entre Izmit et Ismetpasa, malgré leurs
positions différentes dans le cycle sismique (peu aprés la rupture de 1999 pour 1'un, environ
80 ans apreés la rupture de 1944 pour 'autre), indique que les propriétés frictionnelles et hy-
dromécaniques locales pourraient 'emporter sur I’évolution de la contrainte a grande échelle
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dans le contréle du comportement des SSEs superficiels.

Mécanismes physiques des glissements lents: Implications pour la mécanique des
failles continentales. Pris ensemble, ces éléments soutiennent un modele conceptuel dans
lequel les SSEs superficiels se développent préférentiellement sur des portions de faille en-
tourées de segments en glissement asismique et situées au sein de bassins sédimentaires, ou
hétérogénéité frictionnelle, matériaux compliants et effets de fluides se combinent pour pro-
duire un glissement conditionnellement stable. Un glissement asismique persistant environ-
nant pourrait fournir la déformation de fond nécessaire pour charger de petites zones a af-
faiblissement en vitesse ou conditionnellement stables, conduisant a un glissement transitoire
récurrent. La similarité de ces caractéristiques avec celles documentées en Californie suggere
que de telles conditions structurales et hydromécaniques pourraient constituer un ingrédient
commun a 'occurrence de SSEs superficiels a I’échelle mondiale. L’élargissement des cata-
logues de SSEs grace a des approches systématiques comme le filtre adapté géodésique sera
essentiel pour tester si cette association entre glissement, couverture sédimentaire et glisse-
ment lent superficiel se vérifie dans des contextes tectoniques plus larges.

Comportement de glissement asismique le long du segment d’Izmit

Ce volet a pour but d’étudier précisément les épisodes transitoires de glissement asismique
qui ont affecté le segment d’Izmit, afin d’étendre la période d’étude au niveau de ce segment
et d’améliorer la caractérisation de son comportement de glissement.

Méthode

Nous exploitons les données acquises par les satellites Sentinel-1 A et B, dont le temps
de revisite de 6 jours nous permet de caractériser la déformation du segment d’Izmit avec une
résolution temporelle plus fine que les études antérieures. Les interférogrammes et séries tem-
porelles InSAR utilisés ont été produits dans le cadre du service FLATSIM (FormaTerre LArge-
Scale Multi-Temporal Sentinel-1 InterferoMetry Service), opéré par le CNES, selon ’approche
NSBAS (New Small Baseline): sélection des bursts, co-registration et corrélation des images,
évaluation de la diversité spectrale, correction altimétrique par rapport au Modéle Numérique
de Terrain (MNT) et corrections orbitales précises. Les réseaux d’interférogrammes sont con-
struits en minimisant les lignes de base perpendiculaires et temporelles, et les contributions
atmosphériques sont corrigées a partir des réanalyses météorologiques globales ERA-5 du Cen-
tre européen pour les prévisions météorologiques a moyen terme (ECMWEF).

Nous utilisons trois fauchées couvrant le segment d’Izmit: deux ascendantes (A058 et A160)
et une descendante (D138), sur une période commune allant de février 2015 a avril 2021. Pour
ne conserver que les pixels de bonne qualité, nous filtrons ceux dont I'incohérence de fermeture
(RMS) dépasse 1,5 rad par interférogramme, et exigeons au moins 900 interférogrammes par
pixel — ce qui conserve environ 63 a 68 % des pixels initiaux.

Plusieurs étapes de post-traitement sont ensuite nécessaires pour isoler le signal tectonique:

+ Référencement par rapport au GNSS. Nous référencons les vitesses InSAR en ligne
de visée (LOS) par rapport au champ de vitesses GNSS de England et al. (2016), exprimé
dans un référentiel Eurasie fixe.

+ Extraction des signaux saisonniers. La plupart des séries temporelles LOS sont affec-
tées par de forts signaux saisonniers, que nous modélisons par une tendance linéaire et
des termes périodiques annuels (sinus/cosinus), estimés indépendamment pour chaque
pixel.

+ Décomposition horizontale/verticale. En fixant la direction moyenne de la faille a
NO90° et en combinant les séries temporelles des fauchées ascendantes et descendante
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(apres interpolation sur une base spatio-temporelle commune), nous décomposons le
signal en déplacement horizontal Est-Ouest et déplacement vertical, en supposant les
déplacements Nord-Sud négligeables.

« Correction des signaux non tectoniques a grande longueur d’onde (erreurs d’orbite,
marées, résidus atmosphériques), par retrait puis réintroduction d’une tendance linéaire
par pixel combinée a un aplatissement des cartes de déplacement résiduelles — ce qui
réduit I’écart-type moyen des séries temporelles de 1,71 cm a 1,05 cm.

+ Débruitage du bassin sédimentaire par analyse en composantes indépendantes
(ICA). La trace de surface du segment d’Izmit traverse un bassin quaternaire ou les séries
horizontales présentent un fort bruit haute fréquence. En appliquant une séparation de
sources aveugle (ICA, algorithme FastICA), nous retirons deux composantes sans ten-
dance linéaire, ce qui réduit de 83 % la variance moyenne des séries temporelles dans le
bassin, sans affecter le signal tectonique (vérifié par comparaison de séries différentielles
entre pixels situés de part et d’autre de la faille).

Vitesses moyennes et modulation saisonniére. La carte des vitesses Est-Ouest moyennes
fait apparaitre un fort gradient de part et d’autre de la NAF, cohérent avec la déformation in-
tersismique accommodant le mouvement dextre des plaques. Les profils perpendiculaires a la
faille, sur 80 km, donnent un mouvement relatif en champ lointain de 2,26 +0,1 ¢m/an, en
accord avec les estimations antérieures (McClusky et al., 2000; Reilinger et al., 2006; Nocquet,
2012). Le gradient de vitesse est plus marqué et plus resserré a proximité du segment d’Izmit
— confirmant I'existence d’un glissement superficiel — qu’au niveau du segment d’Adapazari
voisin, ou le gradient est plus lisse et ou la faille apparait bloquée jusqu’a une plus grande
profondeur. Sur le champ de vitesse verticale, seuls les bassins quaternaires (Adapazari, Gol-
ciik, Izmit) présentent une subsidence significative (0,5 &5 ¢m/an dans le bassin d’Adapazari);
a proximité immédiate du segment d’Izmit, aucun mouvement vertical n’est observé, hormis
dans d’étroites zones de 3 km de large situées au sud de la faille et affectées par une subsi-
dence probablement d’origine hydrologique locale. Enfin, les termes saisonniers extraits des
composantes ascendante et descendante, une fois convertis en champs Est-Ouest et vertical,
ne présentent aucune modulation saisonniére du glissement sur la faille elle-méme: les sig-
naux saisonniers identifiés (grande échelle et bassin sédimentaire) ne contiennent donc pas de
signal tectonique.

Dynamique du glissement le long du segment d’Izmit. Nous comparons les déplace-
ments relatifs InSAR de part et d’autre de la faille aux enregistrements de deux creepmeters
installés sur le segment: le creepmeter d’Izmit a I'ouest, et celui de Tepetarla a l'est, tous deux
disponibles de facon discontinue entre 2015 et 2020.

Détection des épisodes transitoires. En calculant la différence des séries temporelles
moyennes de part et d’autre de la faille (fenétres de 600 m x 600 m, centrées a 700 m de la trace
de faille), nous obtenons des séries de déplacement relatif le long de la faille présentant une
tendance linéaire moyenne de 5,3 a 6,7 mm/an selon la localisation. Une fois cette tendance
retirée, ces séries font apparaitre des accélérations transitoires nettes début 2018 et fin 2019,
avec des déplacements cumulés atteignant 10 mm. Le second de ces épisodes coincide avec
un signal enregistré par les deux creepmeters (2 mm a Izmit, 4 mm a Tepetarla). En étudiant
I'extension latérale de ces signaux le long de 'ensemble du segment, nous confirmons que
les épisodes de mars 2018 et de novembre 2019 s’étendent sur environ 13 km, entre la mer
de Marmara et la longitude £030,10°. Un troisiéme épisode, émergeant a peine du bruit, est
également identifié en 2016; il coincide avec un signal de 1 mm enregistré par le creepmeter
d’Izmit et avait déja été documenté par Aslan et al. (2019b), qui 'estimaient a environ 10 mm
de déplacement Est-Ouest par InSAR.

Comparaison des périodes transitoires et inter-transitoires. En définissant deux cy-
cles complets (un épisode transitoire principal encadré par les périodes de déplacement stable
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qui le précédent et le suivent), nous montrons que I'extension spatiale des trois épisodes tran-
sitoires différe: celui de 2016 rompt surtout la partie ouest du segment sur environ 8 km, tandis
que ceux de 2018 et 2019 affectent la partie centrale sur environ 13 km, avec une forme glob-
alement symétrique centrée sur un maximum d’amplitude. Sur la partie centrale du segment,
environ 50 % de la déformation cumulée provient des épisodes transitoires, contre seulement
25 —30 % aux extrémités — ce ratio dépendant toutefois de la distance a la faille choisie pour le
calcul. Les creepmeters, situés directement sur la faille, ne capturent d’ailleurs que les épisodes
transitoires et aucun déplacement relatif entre ceux-ci, ce qui suggere que seul le glissement
transitoire atteint réellement la surface, le glissement inter-transitoire se produisant plus en
profondeur.

Inversion du glissement en profondeur. Nous estimons la distribution du glissement
le long de l'interface de faille a partir des séries temporelles de déplacement Est-Ouest, en
inversant séparément le déplacement statique associé aux épisodes transitoires et la vitesse
linéaire associée au glissement stable inter-transitoire, dans un formalisme de moindres carrés
généralisés. Les fonctions de Green sont calculées pour un demi-espace élastique multicouche,
en tenant compte d’'un modele de vitesses sismiques régional et d’'un modele de densité inté-
grant le bassin sédimentaire d’Izmit (contraint par les données de gravimétrie de Ozalaybey
et al. (2011)) et les structures plus profondes (Crust 1.0). Cette stratification permet d’éviter
un biais d’estimation du glissement superficiel lié aux faibles vitesses et densités du bassin
sédimentaire. Le maillage de la faille est resserré (mailles de 333 m) sous le segment d’Izmit
jusqu’a 5 km de profondeur, puis s’élargit progressivement en profondeur et latéralement.

Inversion du glissement en profondeur: Glissement stable. En retirant les déplace-
ments associés aux épisodes transitoires des séries temporelles et en ajustant une régression
linéaire, nous inversons une série de modeéles a profondeur de blocage variable (0 a 30 km
a priori), le glissement sous cette profondeur étant fixé au mouvement relatif des plaques
(24 mm/an). Les profondeurs de blocage inférieures a 10 km produisent des résidus trop im-
portants et ne peuvent expliquer le déplacement en champ lointain; en dessous de 15 km, des
zones de glissement profondes non réalistes apparaissent pour compenser une profondeur de
blocage trop grande. Nous retenons ainsi une profondeur de blocage optimale de 11 km, qui
permet a la fois d’ajuster les données et d’obtenir une distribution homogeéne du glissement
en dessous. Le modele final révéle un glissement superficiel principalement compris entre 2 et
4 km de profondeur, avec des taux de glissement de 2 cm/an, atteignant localement 6 cm/an
a la longitude £029,99° — juste sous le bassin sédimentaire. La résolution latérale du glisse-
ment superficiel reste en revanche mal contrainte par les données, plusieurs modeles avec des
lissages spatiaux différents expliquant également bien les observations; la distribution en pro-
fondeur, elle, est bien contrainte, avec des taux de glissement élevés systématiquement situés
entre 2 et 4 km.

Inversion du glissement en profondeur: Episodes transitoires de 2018 et 2019.
Apreés retrait de la composante linéaire inter-transitoire, nous calculons le déplacement to-
tal associé a chaque épisode transitoire (moyenne des déplacements un mois avant et apres
I’épisode). Les cartes de déplacement statique obtenues pour 2016, 2018 et 2019 montrent des
amplitudes croissantes (environ 5, 8 et 9 mm respectivement), les épisodes de 2018 et 2019
présentant des lobes positifs et négatifs nets de part et d’autre de la faille, contrairement au
signal de 2016, plus bruité. Nous inversons le glissement en profondeur associé aux épisodes
transitoires de 2018 et 2019 en ne considérant que l'interface entre la surface et 5 km sous le
segment d’Izmit. Les principales zones de glissement se concentrent au-dessus de 2 km de pro-
fondeur, a 'intérieur ou a proximité immédiate de la limite inférieure du bassin sédimentaire,
et se situent toutes deux sur la partie centrale du segment, avec un déplacement Est-Ouest
moyen d’environ 3 cm. Nous identifions deux aspérités principales — I'une plus petite a I'ouest
(~ 3 km?), I'autre plus grande au centre de I'interface (~ 8 km?) — toutes deux situées dans
ou juste sous le bassin sédimentaire, ce qui suggere que les mémes zones ont rompu lors des
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deux épisodes. En utilisant un module de cisaillement moyen de 18 GPa sur les 4 premiers
kilométres de I'interface et des surfaces de glissement de 11,4 et 9,3 km? pour les épisodes
de 2018 et 2019 respectivement, nous obtenons des magnitudes de moment équivalentes de
4,4 et 4,3. Les déplacements Nord-Sud prédits par ces modeles restent inférieurs a 0,1 mm,
ce qui valide a posteriori I’hypothese d’'un déplacement Nord-Sud négligeable retenue dans la
décomposition initiale.

Discussion

Un glissement stable toujours actif 22 ans apres le séisme d’Izmit. Nos résultats con-
firment que le segment d’Izmit continue de glisser de maniére asismique 22 ans apres le séisme
de 1999. En combinant nos séries temporelles avec des mesures GNSS de campagne (stations
SISL et SMAS) et des séries InSAR publiées antérieurement, nous estimons un taux de glisse-
ment post-sismique superficiel d’environ 7,5 mm/an sur la période 2016-2021, cohérent avec la
décroissance logarithmique proposée par Ozarpaci et al. (2020) (temps de relaxation de 60 ans),
qui suggere que la phase post-sismique est toujours en cours. En combinant ’ensemble des es-
timations disponibles depuis 1999 avec 'observation que les deux tiers de la relaxation se sont
produits dans les deux premiéres années, nous obtenons une estimation grossiere du glisse-
ment post-sismique superficiel cumulé d’environ 35 ¢m — soit moins de 10 % du déficit de
glissement cosismique estimé dans les cinq premiers kilometres (4 a 5 m). Cette faible pro-
portion, entachée d’une grande incertitude, pourrait signifier soit quune partie importante de
I afterslip précoce manque aux modeles publiés, soit que le déficit cosismique a été surestimé,
soit que le rattrapage du déficit par glissement post-sismique peut se poursuivre sur plusieurs
décennies encore — a I'image du segment d’Ismetpasa de la NAF, qui glisse toujours en surface
environ quatre-vingts ans apres le séisme de Bolu-Gerede de 1944.

La profondeur de blocage de 11 km que nous estimons pour la période 2016-2021 est co-
hérente avec les études post-sismiques antérieures (10 — 12 km), mais nettement plus superfi-
cielle que celle estimée avant le séisme de 1999 (21 km, McClusky et al., 2000), ce qui va dans
le sens d’un afterslip toujours actif sous la zone sismogene, avec un approfondissement pro-
gressif de la profondeur de blocage au fil du cycle sismique — un schéma également observé
sur le segment d’Ismetpasa.

Le cycle des glissements lents sur le segment d’Izmit. En comptant I'épisode de
septembre 2015 (Ozarpact et al., 2020) et celui de décembre 2016 (confirmé ici et par Aslan
et al. (2019b)), nous portons a quatre le nombre d’épisodes transitoires recensés sur le segment
d’Izmit, pour une période de retour moyenne d’environ 1,3 an — un ordre de grandeur com-
parable a celui observé sur d’autres failles décrochantes californiennes a épisodes transitoires
superficiels (faille de Superstition Hills, San Andreas pres de San Juan Bautista) ainsi que sur
le segment d’Ismetpasa de la NAF. Cet intervalle de récurrence pourrait se raccourcir si le seg-
ment d’Izmit demeure en phase post-sismique, ou rester stable s’il est déja revenu a un régime
intersismique.

Entre les épisodes transitoires, le glissement stable observé en profondeur n’est pas par-
faitement constant dans le temps, ce qui pourrait indiquer la présence d’épisodes transitoires
de plus faible amplitude — sans que nous puissions les distinguer clairement du niveau de
bruit. Seuls les épisodes de 2018 et 2019 disposent d’un signal suffisamment complet pour
une inversion du glissement en profondeur; celui de 2015 n’a été capté que par le creepmeter
d’Izmit (1,6 mm de déplacement dextre), et celui de 2016 par le creepmeter (1,1 mm) et par
InSAR (5 mm dans notre analyse, contre 10 mm chez Aslan et al. (2019b)). Le déplacement
maximal de I’épisode de 2016 est localisé a I'ouest du segment, tandis que ceux de 2018 et 2019
se concentrent sur sa partie centrale — ce qui pourrait indiquer une migration progressive de la
zone source. Les amplitudes de glissement estimées, de 1 —2 cm (jusqu’a 6 cm selon le lissage
spatial retenu), et les magnitudes de moment (4,3 —4,4) sont cohérentes avec d’autres événe-
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ments transitoires superficiels documentés sur des failles décrochantes continentales (segment
d’Ismetpasa, faille de Superstition Hills). Ces événements permettent de relacher 48 a 51 %
du taux de chargement tectonique de la méme zone.

Grace al’échantillonnage a 30 secondes des creepmeters, nous estimons une durée d’environ
9 jours pour I’épisode de 2019 (9 jours 23 h a Izmit, 8 jours 21 h a Tepetarla), une durée compat-
ible avec celle d’autres épisodes transitoires superficiels sur failles décrochantes continentales,
mais plus courte que celle de nombreux SSEs de subduction, bien que de magnitude compa-
rable — placant ces événements dans une zone peu documentée du diagramme durée/magni-
tude, comme le suggérent Ide and Beroza (2023). Le décalage temporel de 2,26 jours entre le
début de I'épisode aux deux creepmeters, séparés d’environ 14,5 km, nous permet d’estimer,
sous I’hypothése d’'une propagation unilatérale a vitesse constante, une vitesse de propaga-
tion latérale d’environ 6,4 km/ jour — comparable aux vitesses observées sur la faille de San
Andreas ainsi qu’aux vitesses de propagation latérale de SSEs de subduction (Nankai, Casca-
dia, Alaska). Une propagation bilatérale, initiée entre les deux creepmeters, resterait toutefois
également compatible avec nos observations, avec une vitesse comprise entre 0 et 6,4 km/ jour
selon le point d’initiation retenu.

Mécanismes possibles du glissement stable et des SSEs. Notre analyse révele deux
régimes de glissement superficiels distincts: un glissement stable entre 2 et 4 km de profondeur,
et des épisodes transitoires entre la surface et 2 km. Le glissement asismique superficiel dans
les quatre premiers kilométres compense vraisemblablement le déficit de glissement laissé par
le glissement cosismique du séisme de 1999 a des profondeurs sismogeénes. Les deux régimes
pourraient résulter de variations, avec la profondeur, des propriétés frictionnelles de la faille,
les SSEs superficiels se situant précisément a proximité de la limite inférieure du bassin sédi-
mentaire. Le glissement continu entre 2 et 4 km pourrait constituer une condition nécessaire
au déclenchement des SSEs superficiels, en augmentant contintiment la contrainte de cisaille-
ment sur les premiers kilometres de la faille.

Dans le cadre des modéles de frottement rate-and-state, la dépendance en profondeur des
parameétres frictionnels permet d’expliquer les différents régimes de glissement sismique et
asismique des failles décrochantes: une couche instable a affaiblissement en vitesse (velocity-
weakening) a profondeur sismogene surmontant une couche a renforcement en vitesse (velocity-
strengthening) plus profonde explique les cycles de grands séismes; I’ajout d’une zone a ren-
forcement en vitesse dans les premiers kilomeétres explique le glissement asismique superficiel;
et I'introduction d’une couche supplémentaire a comportement neutre en vitesse, ou condi-
tionnellement stable, permet de reproduire I’émergence de SSEs transitoires superficiels. Dans
le cas particulier du segment d’Izmit, deux caractéristiques doivent étre expliquées simultané-
ment: la décroissance logarithmique de 1'afterslip post-sismique et I’émergence d’épisodes
transitoires. Les modeles de Wei et al. (2013), incluant une fine couche conditionnellement
stable pres de la surface, parviennent a reproduire ces deux observations, et prédisent un rac-
courcissement des intervalles de récurrence des SSEs au cours de la phase post-sismique —
une évolution que le nombre encore limité d’événements observés sur le segment d’Izmit ne
nous permet pas de tester.

Le contrdle exact de la répartition entre segments en glissement asismique (Ismetpasa,
Izmit) et segments bloqués le long de la NAF reste incertain, bien qu’un contréle minéralogique
soit souvent évoqué. Au niveau d’Izmit, la branche nord de la NAF sépare des calcaires paléozoiques-
mésozoiques (au nord) de plusieurs unités métamorphiques (au sud), déposés sur un socle mé-
tamorphique commun — un contraste lithologique compatible avec les conditions favorisant
le glissement asismique selon Kaduri et al. (2017), qui ont montré que les unités volcaniques
au niveau de la gouge d’Ismetpasa sont plus sujettes au glissement sismique et asismique que
les calcaires. Les sédiments superficiels, généralement riches en argile, peuvent également
favoriser le développement du glissement asismique, et une étude tomographique antérieure
(Taylor et al., 2019) montre que la zone endommagée de la crotte s’étend jusqu’a 5 km sous
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la trace du segment d’Izmit — une profondeur compatible avec celle de la zone de glissement
identifiée ici.

Une forte pression de fluide interstitiel pourrait également favoriser le glissement asis-
mique transitoire, comme le suggérent des contextes géothermiques ou des zones de subduc-
tion a fort rapport Vp/Vs propices aux SSEs. Sur les failles décrochantes, des événements
pluvieux intenses ont été proposés comme un facteur favorisant des épisodes de glissement
transitoire, et une modulation saisonniére du glissement a été observée sur certaines failles
(San Andreas). Sur le segment d’Izmit, notre analyse des composantes saisonniéres ne révele
toutefois aucune preuve claire d’'une telle modulation. En croisant les occurrences des trois
épisodes transitoires avec les données de température et de précipitations ERA-5 Land sur
2016-2021, nous ne trouvons pas de relation nette, si ce n’est une coincidence entre I’épisode
de 2016 et une période de précipitations accrues, qui pourrait influencer la pression de pore sur
I'interface — la topographie en creux du bassin d’Izmit et la présence du bassin sédimentaire
pouvant par ailleurs favoriser une pression de pore globalement élevée dans cette zone.

Enfin, la comparaison avec le catalogue sismique AFAD sur 2016-2021 ne révele aucun lien
évident entre la sismicité locale et les SSEs: la distribution temporelle des séismes apparait
aléatoire sur la période étudiée, et la partie centrale du segment — ou 'amplitude de glisse-
ment des SSEs est la plus importante — apparait au contraire comme une zone de quiescence
sismique, suggérant une ségrégation spatiale entre sismicité et glissement asismique transi-
toire. Nous n’observons par ailleurs aucun séisme régional susceptible d’avoir déclenché I'un
des trois SSEs superficiels identifiés, ce qui suggere qu’il s’agit d’épisodes spontanés.

Modzéles de cycle sismique appliqués au segment d’Izmit

Ce dernier volet propose une modélisation mécanique du cycle sismique du segment d’Izmit
de la NAF, fondée sur le formalisme de friction rate-and-state (RSF), afin de tester si une struc-
ture frictionnelle unique et physiquement plausible peut simultanément reproduire I’ensemble
des observations disponibles sur ce segment: I’amplitude et le temps de récurrence du glisse-
ment cosismique du séisme d’Izmit de 1999 (M,, 7,6), la relaxation postsismique (afterslip)
enregistrée sur plusieurs décennies, ainsi que I’amplitude, le temps de récurrence et la durée
des glissements lents transitoires (Slow Slip Events, SSEs) superficiels détectés le long de ce
segment. Ce travail fait suite a des discussions lors de TAGU Fall Meeting 2024 avec Matt
Wei (University of Rhode Island) et Yoshihiro Kaneko (Kyoto University), auteurs d’'une mod-
élisation similaire pour la faille de Superstition Hills en Californie (Wei et al., 2013), ou une
hétérogénéité frictionnelle superficielle intégrée dans le cadre RSF permettait déja d’expliquer
l'occurrence de SSEs au cours du cycle sismique.

Le cycle sismique classique décrit une zone sismogene qui accumule la déformation élas-
tique en période interséismique et la libére lors des séismes. Au-dessus et en dessous de cette
zone instable, la faille peut glisser de maniére asismique, en continu ou de facon transitoire.
Ce cadre conceptuel doit toutefois étre enrichi de zones de transition a comportement fric-
tionnel conditionnellement stable ou hétérogene dans I’espace, seules capables d’expliquer la
coexistence, sur un méme segment, de glissement sismique, de glissement superficiel con-
tinu, d’afterslip postsismique et de glissements transitoires. Si les SSEs ont d’abord été docu-
mentés en contexte de subduction, un nombre croissant d’observations géodésiques démontre
qu’ils affectent également des failles décrochantes continentales (San Jacinto, Hayward, Impe-
rial/San Andreas, Superstition Hills, Haiyuan, et plusieurs segments de la NAF dont Ismetpasa
et Izmit). Le long des failles décrochantes, ces SSEs superficiels sont généralement circonscrits
aux premiers kilometres sous la surface et pourraient étre favorisés par la présence de bassins
sédimentaires, de contrastes lithologiques superficiels, de fluides, de complexités géométriques
ou de zones endommagées héritées.

Le segment d’Izmit constitue un laboratoire naturel privilégié: il a rompu lors du séisme
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de 1999, produisant plusieurs metres de glissement cosismique, avec des temps de récurrence
historiques et paléosismologiques de I'ordre du siecle a plusieurs siécles; il a ensuite fait I'objet
d’un suivi géodésique continu ayant révélé un afterslip postsismique décennal (stations GNSS
de campagne SMAS-SISL) ainsi que plusieurs SSEs superficiels en 2015, 2016, 2018 et 2019,
localisés dans la partie peu profonde de la zone de rupture de 1999 et recoupant partiellement
le bassin sédimentaire quaternaire d’Izmit. Ces observations soulévent une question centrale:
quelle structure frictionnelle peut simultanément expliquer de larges ruptures cosismiques,
un afterslip persistant sur plusieurs décennies, et des SSEs superficiels récurrents sur ce méme
segment? Pour y répondre, ce chapitre utilise le cadre numérique RSF développé par Wei
et al. (2013), en testant si une hétérogénéité frictionnelle superficielle associée au bassin sédi-
mentaire d’Izmit peut expliquer 'occurrence des SSEs tout en préservant les caractéristiques
principales du cycle sismique de 1999.

Méthode

Formalisme rate-and-state. Les simulations numériques reposent sur une approche
quasi-dynamique appliquée a une faille décrochante unidimensionnelle intégrée dans un demi-
espace élastique bidimensionnel (Rice, 1993; Lapusta et al., 2000; Liu and Rice, 2007; Wei et al.,
2013). Dans ce cadre, la contrainte de cisaillement 7 dépend de la vitesse de glissement V et
d’une variable d’état 8 décrivant I'historique de glissement de la faille, selon la loi classique
de friction rate-and-state (avec les parameétres frictionnels a et b, la distance caractéristique de
glissement D, le coefficient de friction de référence fj et la contrainte normale effective o).
L’évolution de 0 suit la loi de vieillissement (aging law). La taille de nucléation caractéristique
h* est définie a partir de ces paramétres et du module de cisaillement pt. Pour les trés faibles
vitesses de glissement, la loi de friction est régularisée sous une forme en arcsinus, justifiée
par une description thermiquement activée du glissement au niveau des contacts frictionnels.

Définition des modéles mécaniques. Deux modéles mécaniques limites (end-members)
sont construits, partageant une méme structure profonde mais différant par la couche la plus
superficielle:

+ Couche profonde commune: une couche en velocity-weakening, correspondant a la
zone sismogene et contrdlant la nucléation des séismes et la rupture cosismique; une
seconde couche plus profonde, en velocity-strengthening, représentant la portion stable
inférieure de I'interface de faille, ou les conditions de pression-température inhibent la
rupture sismique.

« Couche superficielle — Modéle 1: une couche homogene conditionnellement stable
en velocity-weakening, surmontant une couche stable.

+ Couche superficielle — Modele 2: un gradient vertical de propriétés frictionnelles
dans la couche superficielle, censé représenter un changement progressif de stabilité fric-
tionnelle apparente, par exemple lié a des variations de pression de pore ou d’endommagement
au sein du bassin sédimentaire.

Les parametres explorés sont la distance caractéristique de glissement D, la contrainte
normale effective o (croissant linéairement avec la profondeur selon un gradient lithostatique-
hydrostatique de 13 MPa/km), le paramétre frictionnel (a — b), et les largeurs des différentes
couches. Plusieurs bornes de profondeur sont contraintes indépendamment par les observa-
tions géologiques et sismologiques: la base de la couche superficielle est fixée a la profondeur
moyenne du socle du bassin sédimentaire d’Izmit (~ 1,2 km, Ozalaybey et al. (2011)); la base de
la couche stable est contrainte par la limite supérieure de la séquence de répliques du séisme
de 1999 (~ 5 — 6 km); la base de la couche sismogene est contrainte par les estimations de
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profondeur de blocage post-1999 (11 — 15 km). Le taux de chargement tectonique est fixé a
24 mm/an (McClusky et al., 2000).

Contraintes observationnelles le long du segment d’Izmit. Les simulations sont con-
frontées a un ensemble de contraintes observationnelles: amplitude du glissement cosismique
de 1999 (~ 5,540,5 m) et temps de récurrence des grands séismes (~ 140+ 30 ans, d’apres les
données paléosismologiques et historiques); constantes temporelles de I’ afterslip postsismique
décennal (c ~ 4,88 cm et d ~ 25,23 an~') déduites des enregistrements GNSS de campagne
SMAS-SISL (Ozarpaci et al., 2020); et propriétés des SSEs environ 20 ans aprés le séisme princi-
pal — amplitude (~ 20,5 c¢m), temps de récurrence (~ 1,35+0,05 an) et temps de relaxation
(~ 6% 1 jours), contraints respectivement par les inversions InSAR (Neyrinck et al., 2024) et
les enregistrements de creepmeters (Aslan et al., 2019b; Neyrinck et al., 2024).

Comparaison entre simulations numériques et observations. Chaque simulation
est évaluée selon six observables: amplitude et temps de récurrence du glissement cosismique,
temps de relaxation postsismique, amplitude, temps de récurrence et durée des SSEs. Les
séismes principaux sont identifiés a partir des pics de vitesse maximale de glissement sur
la faille (critére logio(Vmax/Vpl) > 5,44). Le déplacement postsismique simulé est com-
paré aux observations GNSS via le calcul de fonctions de Green pour un demi-espace élas-
tique homogéne (Okada, 1985), la série temporelle résultante étant ajustée par une fonction
logarithmique (a + bt + ¢ - log(1 +dt)) au moyen d’une inversion de Levenberg-Marquardt
(SciPy), suivie du calcul de RMSE entre modele et observations. Les SSEs sont identifiés par un
critére de vitesse maximale sur la cellule la plus superficielle (0,5 < logo(V /V pl) < 6,85), a
I’exclusion des périodes de rupture cosismique.

Résultats

Observations cosismiques. L’amplitude du glissement cosismique et le temps de récur-
rence des séismes varient avec les propriétés de la couche sismogéne. Le paramétre (a — b)
exerce le controle le plus fort sur I'amplitude: pour (a —b) > —0,001, le modéle ne pro-
duit pas de grand séisme; lorsque (a — b) décroit de —0,002 a —0,007, le glissement cosis-
mique maximal augmente jusqu’a ~ 9 m, cette augmentation s’accompagnant de variations
non linéaires du temps de récurrence d’environ 100 ans (des parametres frictionnels plus né-
gatifs tendant a produire des séismes plus grands avec des temps de récurrence plus courts).
La distance caractéristique D, et la largeur de la couche affectent principalement le temps de
récurrence (variations d’environ 130 ans), amplitude cosismique variant plus modérément
(0,5 —2 m); 'augmentation de D, accroit a la fois I'amplitude et le temps de récurrence, tandis
que I’élargissement de la couche sismogeéne augmente 'amplitude mais diminue le temps de
récurrence.

Observations d’afterslip. La comparaison entre 'afterslip simulé et les observations
GNSS SMAS-SISL montre que les deux paramétres testés pour la couche stable (largeur et
(a — b)) controlent conjointement le RMSE: 'augmentation de I'un ou de 'autre tend a aug-
menter le RMSE en produisant un déplacement postsismique cumulé excessif. Bien que la
solution ne soit pas unique, des valeurs de (a — b) proches de 0,005 associées a une épaisseur
de couche stable de 3,7 km représentent une combinaison cohérente avec les déplacements
postsismiques observés.

Observations de SSEs. Les deux configurations superficielles (Modeles 1 et 2) permettent
de générer des SSEs environ 20 ans apres le séisme principal, mais avec des proportions et
une diversité de simulations réussies différentes. Les tailles de nucléation #* compatibles avec
I’apparition de SSEs sont de 1,3 — 1,6 km pour le Modele 1 et de 1,4 — 1,9 km pour le Modéle
2 — ce dernier autorisant donc une gamme plus large de tailles de nucléation et de parametres,
bien que i* seul ne détermine pas totalement 'occurrence des SSEs.

En termes d’amplitude et de temps de récurrence, les deux familles de modeles produisent

— xxxiii —



des SSEs du méme ordre de grandeur que les observations: le Modéle 1 produit des amplitudes
de 1a5,2 cm avec des temps de récurrence de 0,5 a 5,2 ans, le Modeéle 2 des amplitudes de 1 a
3,5 cm avec des temps de récurrence de 0,5 a 3,5 ans. Le paramétre frictionnel minimal de la
couche superficielle influence a la fois 'amplitude et le temps de récurrence: des valeurs moins
négatives produisent généralement des événements plus petits et plus fréquents, la relation
n’étant toutefois pas strictement monotone (en particulier pour le Modele 2 avec D, = 0, 3),
ce qui indique une dépendance couplée entre stabilité frictionnelle et distance caractéristique.

L’analyse détaillée de I’évolution en profondeur du glissement au cours d'un SSE (pour
les modeles optimaux finaux) révéle trois phases communes aux deux configurations: (1) une
initiation du glissement a une profondeur intermédiaire (~ 650 — 725 m), avec une augmenta-
tion quasi linéaire du glissement sur environ 10 jours (vitesse maximale de 13,7 ¢m/an pour le
Modéle 1 et 11,2 cm/an pour le Modéle 2); (2) une propagation du glissement vers la surface,
avec une accélération rapide des cellules les plus superficielles sur environ un jour, libérant
jusqu’a 42,9 % (Modeéle 1) et 37,5 % (Modéle 2) du déplacement total; (3) une décélération
sur au moins 10 jours, de forme logarithmique pour le Modele 1, plus complexe (avec une ac-
célération secondaire) pour le Modele 2. La profondeur d’initiation est décalée de ~ 75 m plus
en profondeur pour le Modele 2 par rapport au Modele 1.

Discussion

Limites du modéle et approximation quasi-dynamique. La principale limite du tra-
vail réside dans I'usage d’'une approximation quasi-dynamique plutdt que d’une résolution
pleinement dynamique de la propagation des ondes sismiques: bien que cette approximation
réduise fortement le cotit de calcul, elle peut affecter les détails de la propagation de rupture, la
vitesse de glissement maximale, ’arrét de la rupture et la redistribution de contrainte associée
aux ondes dynamiques. Cette limitation concerne principalement la phase cosismique, et af-
fecterait peu les caractéristiques de I’ afterslip et des SSEs. Les comparaisons antérieures entre
approches quasi-dynamiques et pleinement dynamiques (notamment pour Superstition Hills,
Wei et al. (2013)) suggerent que les motifs de glissement globaux restent similaires, bien que
certains parametres optimaux puissent étre décalés entre les deux approches. Les valeurs rap-
portées dans ce chapitre doivent donc étre interprétées comme des parametres effectifs au sein
du cadre quasi-dynamique adopté, plutot que comme des propriétés frictionnelles uniques.

Controéles sur la rupture cosismique et ’afterslip postsismique. Le comportement
cosismique et postsismique est principalement contrdlé par la géométrie et les propriétés
frictionnelles des couches intermédiaire et sismogeéne, les contraintes externes sur les pro-
fondeurs de ces couches étant essentielles pour réduire ’espace des modeéles acceptables. Au
sein de cette structure, le parametre (a — b) et la distance D, de la couche sismogéne con-
trolent I'amplitude et la récurrence des grands séismes, tandis que la déformation postsis-
mique est principalement gouvernée par la couche stable en velocity-strengthening. Les esti-
mations obtenues pour ces deux couches sont du méme ordre de grandeur que celles inférées
par Wei et al. (2013) pour la faille de Superstition Hills, suggérant que des structures fric-
tionnelles comparables pourraient expliquer la déformation du cycle sismique sur différentes
failles décrochantes continentales.

Ingrédients frictionnels nécessaires aux SSEs superficiels. L'occurrence de SSEs su-
perficiels dans les modeles nécessite une couche superficielle conditionnellement instable sur-
montant la zone stable de I'afterslip postsismique: en son absence, la faille glisse de maniere
stable ou reste trop fortement couplée pour générer des transitoires épisodiques — un résultat
cohérent avec les modeles antérieurs pour les failles décrochantes (Wei et al., 2013; Tymo-
fyeyeva et al., 2019). Dans le cas d’Izmit, la couche superficielle requise s’étend approxima-
tivement sur la méme gamme de profondeur que le bassin sédimentaire, suggérant un lien
mécanique entre structure du bassin et glissement transitoire superficiel.
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Les deux architectures testées reproduisent les principales propriétés observées des SSEs,
mais avec des sensibilités paramétriques différentes: le Modéle 1 homogéne ne produit des
SSEs que dans une gamme relativement étroite de tailles de nucléation et de parametres fric-
tionnels, nécessitant un réglage fin, tandis que le Modele 2, a gradient vertical, autorise des
SSEs sur une gamme de parametres plus large — ce gradient pouvant lisser la transition entre
les glissements stable et instable, ralentissant la propagation de la rupture et permettant des
événements de plusieurs jours. Les deux modéles optimaux prédisent par ailleurs une phase
de nucléation longue (environ 10 jours) précédant le glissement transitoire visible en surface
par la géodésie.

Implications pour les processus physiques des SSEs. La coincidence spatiale entre la
source modélisée des SSEs superficiels et le bassin sédimentaire d’Izmit (composé de dépots
alluviaux — sables, argiles, graviers — et de dépots plio-pléistocénes) suggeére que les pro-
priétés du bassin (contrastes lithologiques, gouge argileuse, endommagement, variations de
perméabilité) jouent un réle clé dans le comportement frictionnel superficiel. La pression de
pore constitue un autre mécanisme plausible: une pression de pore élevée ou variable avec la
profondeur réduit la contrainte normale effective et modifie ainsi la résistance frictionnelle et
la taille de nucléation; le Modele 2 peut étre interprété comme une représentation simplifiée
de cet effet, imposant une stabilité frictionnelle apparente dépendant de la profondeur sans
expliciter les processus hydrologiques sous-jacents.

Enfin, la similitude entre les modéles d’Izmit et les modeles antérieurs développés pour
les failles décrochantes californiennes suggere que les SSEs superficiels sur failles continen-
tales pourraient partager des ingrédients mécaniques communs — une couche superficielle
conditionnellement instable entre la surface et une région stable plus profonde —, les bassins
sédimentaires constituant des environnements particulierement favorables (faible contrainte
effective, lithologie variable, fort endommagement, circulation de fluides possible), sans que
cela implique que tout bassin sédimentaire doive nécessairement héberger des SSEs. Sur le
plan de I’aléa sismique, ces résultats indiquent que les SSEs superficiels, bien qu'’ils libérent
une partie du déficit de glissement pres de la surface, ne réduisent pas nécessairement le risque
associé a la zone sismogeéne plus profonde: les modéles reproduisant les SSEs superficiels né-
cessitent toujours une couche profonde en velocity-weakening capable de produire de grands
séismes avec des temps de récurrence comparables aux estimations paléosismologiques. Le
glissement superficiel asismique doit donc étre interprété comme une composante du cycle
sismique, et non comme la preuve que I’ensemble du segment serait mécaniquement stable.

Conclusion générale

Ces travaux focalisés sur la NAF ont permis de préciser son comportement asismique, en
particulier le long du segment d’Izmit, révélant ainsi I'occurrence de SSEs superficiels avec
un temps de retour d’environ 1,3 an. Cependant, il est crucial de multiplier les détections
de SSEs afin d’enrichir les catalogues existants et d’identifier plus clairement les caractéris-
tiques communes des différents SSEs, ce qui permettrait de dégager des conditions préféren-
tielles a leur développement et de mieux cerner leur role dans I’aléa sismique. La combinaison
d’observations géodésiques et de mesures de microsismicité est également essentielle pour
mieux contraindre la dynamique du glissement transitoire, soulignant le besoin de réseaux
sismiques et géodésiques denses capables de capturer a la fois I'activité asismique et sismique.
Dans cette optique, un réseau GNSS dense, auquel j’ai contribué, a été installé le long du seg-
ment d’Izmit en 2024 afin d’acquérir des données géodésiques a haute résolution temporelle.
Combinées a la haute résolution spatiale des observations InSAR, ces données permettront
une caractérisation plus fine de la dynamique du glissement. A terme, la comparaison du
comportement des SSEs le long des failles décrochantes avec les cycles bien documentés ob-
servés dans les zones de subduction pourrait permettre d’identifier des mécanismes communs
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controlant le glissement lent dans différents contextes tectoniques.
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General introduction

Although the largest earthquakes occur along subduction zones, most of the deadliest
earthquakes in history have occurred in continental interiors or along continental plate bound-
aries (England and Jackson, 2011). On February 6, 2023, just six days after the start of my PhD,
two major earthquakes struck the south-eastern part of Tiirkiye within a 9-hour interval. Lo-
cated in the Kahramanmaras region with magnitudes of 7.8 and 7.5, these twin events led
to catastrophic human and economic losses from central Tirkiye to north-west Syria (e.g.
Goldberg et al., 2023). This crisis serves as a stark reminder of the high seismic hazard over
continental regions and underscores the need to intensify studies along these fault segments
to enhance our knowledge of the processes occurring under our feet.

The north-western part of Tirkiye is likewise not spared by earthquakes. Indeed, a ~
1600 km-long strike-slip fault system, called the North Anatolian Fault (NAF), splits northern
Tirkiye from east to west and accommodates the relative motion between the Anatolia and
Eurasia plates (Sengor et al., 2005). Since the 1930s, a westward-propagating sequence of 10
magnitude M,, > 6.7 earthquakes has ruptured ~ 1200 km of the fault system. However, the
westernmost part of the fault beneath the Marmara Sea remains a seismic gap at the time of
writing, threatening the megalopolis of Istanbul.

To better assess this threat, understanding the fault’s mechanical behavior during the inter-
seismic period is crucial. Inter-plate earthquakes traditionally result from a period of strain
accumulation along a fault interface locked at depth. However, recent studies along two seg-
ments of the NAF (Izmit and Ismetpasa) reveal an aseismic creep behavior (e.g. Rousset et al.,
2016; Aslan et al., 2019b) —- i.e., a slow, continuous displacement along the fault that radi-
ates little to no seismic waves, making it practically imperceptible on classic seismometers.
Evidence of such slow displacements has been documented since the last century (e.g. Altay,
1991). Furthermore, the development of geodetic data (e.g., Global Navigation Satellite System
(GNSS), Interferometry Synthetic Aperture Radar (InSAR)) over the last two decades has al-
lowed scientists to distinguish between steady-state and transient aseismic creep (e.g. Dragert
et al,, 2001). The latter, known as Slow Slip Event (SSE)s, correspond to transient accelerations
of aseismic creep lasting from days to years (Biirgmann, 2018). By releasing a portion of the
accumulated elastic strain, creep and SSEs directly reduce the slip deficit (the energy budget
available for future large earthquakes). Today, SSEs have been identified in various tectonic
contexts worldwide (Jolivet and Frank, 2020). Yet, detecting these events and unraveling their
driving mechanisms — which remain unclear -— is critical to refining seismic hazard assess-
ments (Avouac, 2015).

Following this idea, the aim of this work is to focus on the North Anatolian Fault to de-
tect, characterize, and model slow slip events using InSAR observations. This satellite imaging
technique allows us to monitor surface deformation with high spatial resolution (Birgmann
et al., 2000) by building displacement time series from SAR images (here, Sentinel-I). Using
automatically processed InSAR data provided by the ForM@Ter LArge-Scale Multi-Temporal
Sentinel-1 InterferoMetry (FLATSIM) project (a collaboration between CNES and FormaTerre)



covering Tiirkiye over the 2016-2021 period, I aimed to: (i) characterize the creep dynamics
along the NAF, especially along the Izmit segment which ruptured in 1999 east of the Marmara
Sea seismic gap, (ii) enrich SSE catalogs by proposing new extraction and detection strategies,
and (iii) analyze potential common features with worldwide SSEs to better constrain the rela-
tionships between aseismic and seismic slip.

This work is consequently articulated into four main chapters following an introduction.
The first one is a study of the mean surface deformation at large scale observed in Tirkiye
using the FLATSIM InSAR dataset, with a focus on the Marmara Sea. The second chapter
describes an automatic method of SSEs detection implemented for InSAR data, in order to
facilitate the identification of SSEs along continental faults and estimates of the first-order
parameters (e.g., the location on the fault interface, the initiation time, the relaxation time
and the magnitude). Then, in the third chapter I analyze the Izmit segment and propose a
specific post-processing sequence of the InSAR data to extract the tectonic signal with the
aim of using inverse methods to infer for the slip distribution along the fault interface during
single SSE. Finally, the fourth chapter shows mechanical models based on the Izmit seismic
cycle observations, allowing us to discuss the potential role of the frictional heterogeneity at
depth on the fault on the occurrence of shallow SSEs.

Ultimately, focusing on the NAF highlights the value of studying continental strike-slip
faults. Because the deformation often reaches the surface, near-field observations provide
unprecedented sensitivity to small fault displacements, offering new insights into the driving
mechanisms of aseismic slip worldwide.
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Chapter 1

1.1 History of earthquake science

Many theories have been proposed since the dawn of time to explain the origin of earth-
quakes. Initially, the proposals revolved around gods or giant animals, which, depending on
their moods, caused tremors. One of these theories, drawn from Japanese folklore, evokes the
presence of a giant catfish named Namazu, living just below the surface of the ground. When
the gods were unable to control it, Namazu would start moving around, causing earthquakes.
Other civilizations, such as China, associated these events with divine messages, even lead-
ing to punishments or dismissals of high-ranking individuals following natural disasters, as
was the case during the Qin and Han dynasties (221 BC - 220 AD). It was during the latter dy-
nasty that the first device for observing earthquakes was invented, Zhang Heng’s seismoscope
dating from 132.

These beliefs persisted until around the 18th century in Europe, at the dawn of one of
the deadliest European earthquakes. On November 1, 1755, an earthquake devastated Lisbon,
killing more than 50,000 people, with a magnitude estimated retrospectively at 8.5-9. This
earthquake drastically changed the knowledge and views of the Age of Enlightenment, lead-
ing in particular to revisions of philosophical ideas as described by Voltaire and Jean-Jacques
Rousseau. Kant, a Prussian philosopher, dedicated three essays to this earthquake, proposing
theories on the origin of earthquakes based on the presence of underground cavities filled
with hot gases. For scientists, this earthquake was the first in a long list that led the scientific
community to question the cause of earthquakes. From then on, attempts were made to list
all disasters, resulting in accurate databases from the 19th century onwards, notably Alexis
Perrey’s archive, which compiled all earthquakes and volcanic activity that had occurred over
more than 40 years. The first commissions were organized, testimonies were gathered, and
earthquake intensity scales were proposed. The first measuring instruments began to appear
with Luigi Palmieri (first seismometer), Filippo Cecchi (first seismograph), and John Milne
(first measurements of distance to epicenters) in the 1850s and 1880s. These new technologies
made it possible to propose new theories about the causes of earthquakes.

In 1858, Robert Mallet completed one of the most comprehensive maps of historical seis-
micity, marking seismic zones in shades of orange. Lines can be seen forming, particularly
the arc around the Pacific Ocean. However, it would take several years before this map could
be interpreted more accurately. In 1912, German scientist Alfred Wegener first proposed his
theory of continental drift. He explained that, in his opinion, there was a time when all the
continents were interlocked, forming a supercontinent called Pangaea. Despite presenting
various arguments based on fossils, glaciers, geological units, and other evidence, Wegener
was unable to convince his peers due to a lack of explanation for the force that caused Pan-
gaea to break apart. He died in 1930 upon returning from a mission to Greenland. It was not
until 1960, with the discovery of ocean ridges and paleomagnetism, that the theory gained
traction. The military needs of World War II led to the exploration of the seabed with the
discovery of sonar.

In 1957, the first bathymetric map was completed by Marie Tharp and Bruce Heezen, re-
vealing the presence of underwater mountains, ocean trenches, underwater volcanoes, and
fractures. In 1960, Harry Hess described certain large underwater mountain ranges dividing
the oceans into two parts as ocean ridges, where ocean floor rocks are formed. A little later, the
study of these ridges revealed oceanic expansion, consisting of an increase in the size of the
oceans resulting from the formation of new rocks within the ridges, a theory supported by the
dating of ocean floor rocks using paleomagnetism. The discovery of ridges therefore explains
the formation and expansion of the oceans, and consequently the continental drift proposed
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Figure 1.1: Map of the six first tectonic plates proposed by Le Pichon (1968).

by Alfred Wegener 50 years earlier. In 1968, the theory of plate tectonics was proposed by a
group of around twenty researchers, including Harry Hess, Fred Vine, Drummond Matthews,
Tuzo Wilson, Dan McKenzie, and Jason Morgan. In 1968, French scientist Xavier Le Pichon
proposed the first global quantitative model of the relative movements of the six main tectonic
plates proposed at the time (fig. 1.1). A comparison of these three maps, which were created
more than 100 years apart, reveals common lines, such as the Pacific arc and the boundaries
between India and Asia or Africa and the Middle East, which are marked by tectonic plate
boundaries and areas of high seismicity. These common lines made it possible to identify one
of the causes of earthquakes, which is plate tectonics.



Chapter 1

1.2 Seismic cycle

1.2.1 Seismic hazard, seismic risk and vulnerability
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Figure 1.2: Global seismic hazard map (version 2023.1) produced by Johnson et al. (2023), show-
ing the Peak Ground Acceleration (PGA) spatial distribution. The colored areas correspond to
medium-high seismic hazard.

To characterize the seismic threat to populations, scientists estimate maps of seismic haz-
ard, pointing out areas where an earthquake is likely to occur. The seismic risk which includes
the potential damages is made of two different features:

Seismic Risk = Seismic Hazard X Vulnerability

so that the seismic hazard is related to the probability of an earthquake to rupture within the
region and the vulnerability is related to the amount of damages that can cause the rupture
within the region. Figure 1.2 shows the estimate of the seismic hazard in 2023, highlighting
several high risk areas such as the Circum-Pacific Belt with western coasts of the American
continent and East-Asian coasts, as well as the Alpine-Himalayan belt with the Mediterranean
sea shores (including Tiirkiye) and the Himalayas mountains. To improve these estimates, a
better understanding of the mechanisms governing and influencing earthquake processes is
needed. As explained before, most of the earthquakes occurred at the interface of tectonic
plates, due to their relative motions. Indeed, tectonic plate relative motions are accommo-
dated by faults at their boundaries, accumulating energy along their interface due to the fric-
tion between the plates. Part of this elastic energy can be released in a quasi-instantaneously
way by earthquakes that can have disastrous consequences for the surrounding populations.
The succession of elastic strain loading and release along a fault interface in time corre-
sponds to the seismic cycle - also called earthquake cycle (Reid, 1910). Studying seismic
cycles is necessary to improve the estimates of the seismic risk and prevent the populations.

1.2.2 Simplified seismic cycle sequence

The Figure 1.3a shows a simple scheme corresponding to a left-lateral strike-slip fault sep-
arating two blocks, at different stages of the seismic cycle. It can be divided into three or four
main steps.
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Figure 1.3: Scheme of a strike-slip fault at different stages of the seismic cycle (Dalaison, 2021).

The first and longer stage is the interseismic phase (Figure 1.3b). During this period,
the fault interface is partially or fully locked at seismogenic depths, and the stress is accumu-
lating along the locked interface because of the far field motion of the blocks and the deep
motion along the fault interface (i.e. along the shear zone, Figure 1.3a). This stage can last
for centuries or even decades. When the strain loading reaches a threshold (corresponding
to a threshold failure or friction), an earthquake occurs, releasing a large amount of strain by
a metric scale fault slip that occurs in a few seconds, corresponding to the coseismic phase
(Figure 1.3c, Reid, 1910). This elastic energy release is accompanied by seismic waves which
travel at the surface and within the Earth’s layers, represented by the green dotted lines. The
surface waves are responsible of the main damages at the surface. The mainshock is followed
by weaker seismic events called aftershocks. These events represented in pink in Figure 1.3d
happen during the postseismic stage, period lasting for years to decades, and which allows
for the supplementary release of strain remaining along the fault interface. The frequency
of aftershocks after a mainshock decays with time following a power law first described by
Omori (1894) or a stretched exponential (Mignan, 2015). Thatcher and Rundle (1979) described
different steps of the postseismic period by highlighting (i) an aseismic afterslip releasing shal-
low strain along the fault interface during the first years after the mainshock, followed by (ii)
a visco-elastic relaxation of the deeper part of the crust/upper mantle surrounding the rup-
ture zone (Figure 1.3d - green arrows). Afterslip is often spatially correlated with postseismic
seismicity (Barbot et al., 2009), and localized at depth within the crust below the coseismic
displacement and/or close to the surface (above the coseismic displacement), as detected af-
ter the 2017 M,, 7.3 Zarpol-e-Zahab earthquake in Iran by Wang and Biirgmann (2020). The
visco-elastic relaxation of the upper mantle and/or lower crust is related to the stress diffusion
within the medium (Pollitz, 1997). Finally, poro-elastic rebound within the upper crust relative
to pore pressure diffusion in response of the coseismic stress can also affect the postseismic
phase, such as highlighted after the 1992 M,, 7.3 Landers earthquake by Peltzer et al. (1998).

In some cases, a fourth stage known as the preseismic stage can be distinguished, preced-
ing the coseismic rupture. This phase, which can last from hours to days, is characterized
by precursory activities that eventually trigger the mainshock. The 2011 M,, 9.1 Tohoku-
Oki earthquake (Japan) stands as a landmark case, where precursory seismicity was clearly
identified through the migration of repeating earthquakes toward the hypocenter (Kato et al.,
2012). While geodetic evidence for Tohoku remains debated due to signal-to-noise limita-
tions, more explicit geodetic transients indicating aseismic slow-slip have been documented
for other events. These include the 2014 M,, 8.1 Iquique and 2015 M,, 8.3 Illapel earthquakes
in Chile (Schurr et al., 2014; Ruiz et al., 2016), and notably the 2014 M,, 7.3 Papanoa earthquake
in Mexico, which was directly triggered by a large-scale slow slip event (Radiguet et al., 2016).

Improvements of observation techniques led to the highlight of a new type of fault slip
which is called aseismic or slow slip. This slip occurs at lower velocity than coseismic earth-
quake slip and is not associated with the radiation of seismic waves. It has been first pointed
out during the postseismic stage, with Reid (1910) mentioning a slow displacement occurring
at some locations on the fault after the earthquake. . Aseismic slips have also been identified
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within the interseismic period, as shown by Steinbrugge et al. (1960) along the San Andreas
Fault. We will describe the distinct aseismic behaviors later (part 1.3.4), but it is clear that they
play an important role for the seismic cycle understanding and estimate.

The previous definitions are simplified, and all of the previous studies show that the seismic
cycle along one fault segment is an individual case, meaning that there is a large diversity
of fault behaviors. To clarify this diversity, we need to combine various datasets, to better
differentiate and estimate the governing mechanisms at different time and spatial scales.

1.2.3 Diversity of the observations

In this section, I will briefly describe some tools which allow us to study the seismic cycle.
This list is non-exhaustive.

1.2.3.1 Seismological data

ARC SKR 0.41g
P S-waves P
0219 P-waves EW
r T T T T T 1 r T T L T ] 1
o [ 10 15 o 25 2 0 5 10 15 2 2
A time () time {s)
GROUND ACCELERATION
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Figure 1.4: Seismological records of the 1999 M,, 7.6 Izmit earthquake reported by Bouchon
et al. (2001). (A) East-West accelerations recorded at the two stations ARC and SKR located
about 55 km west and 40 km east of the hypocenter. (B) Velocity records. (A,B) P-wave ar-
rivals are highlighted by the vertical arrows. (C) Map with the epicenter located by the large
black star, the surface break in solid line, both seismic stations (triangles) and the strongest
aftershock from 13 September (small star).

The first and most obvious dataset used to study earthquakes is the seismological one.

Seismic waves radiated from earthquake hypocenters are recorded by seismometers, as shown
in Figure 1.4. They can capture the displacement, velocity, and accelerations caused by the
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seismic waves. Figure 1.4 — AB shows the acceleration and velocity recorded at two sites
during the 1999 Izmit mainshock in Tiirkiye.

Ground motion during an earthquake results from the interplay of three distinct factors:
the source effect (rupture mechanics), the path effect (attenuation during travel), and the site
effect (local geological amplification). By decoupling these components, researchers can infer
critical parameters such as magnitude, source-to-station distance, and local soil response, as
well as complex source mechanisms like fault geometry and stress drop. However, the recorded
signal also incorporates the instrumental response and ambient noise. Consequently, rigorous
filtering and correction steps are required to isolate the pure earthquake-related information.

Several features of interest are used to better understand the characteristics of the rupture:
the arrival times of the different wave types (see Figure 1.4 - A,B), the maximum amplitude
of the waves, and the waveforms. By using multiple wave arrival times from different loca-
tions, we can invert for the precise hypocenter location. Taking into account the station-to-
epicenter distance, the maximum amplitude of the waves allows for the magnitude estimate.
Finally, the waveforms recorded on seismograms lead to information about the focal mech-
anism and the geometry of the fault rupture. Full-waveform inversion is also employed to
retrieve the Source Time Function (STF), which details the temporal evolution of the en-
ergy release and the rupture complexity (e.g. Vallée and Douet, 2016). Additionally, rupture
velocity is a product derived from S-P travel times and waveform modeling.

Nowadays, the location and energy (estimated magnitudes and intensity) of large earth-
quakes are computed almost immediately thanks to global seismometer networks such as
those provided by the International Seismological Centre (ISC, https://www.1isc.ac
.uk/about/, accessed on March 27, 2026), the U.S. Geological Survey (USGS, https:
//www.usgs.gov/programs/earthquake-hazards, accessed on March 27,
2026). National networks enable to monitor smaller events, such as the Bureau Central Sis-
mologique Frangais - Réseau National de Surveillance Sismique (BCSF-Rénass) located in Stras-
bourg, and monitoring the seismic activity in Metropolitan France (https://renass.u
nistra.fr/en/zones/, accessed on March 27, 2026).

1.2.3.2 Geodetic data

Geodesy gathers several techniques used to study the shape of the Earth. I will detail only
those mostly used in earthquake sciences. We can divide these methods into two categories:

« space: Interferometry Synthetic Aperture Radar (InSAR), Global Navigation Satellite

System (GNSS);

» terrestrial: creepmeters.
Other types of geodetic data can also be used, such as strainmeters, tiltmeters, theodolites for
distance meter and leveling, Light Detection and Ranging (LiDAR) and Distributed Acoustic
Sensing (DAS); however we will not detail them in details because they are not used in this
work.

Interferometry Synthetic Aperture Radar (InSAR)

Interferometry Synthetic Aperture Radar (InSAR) uses acquisition obtained by active RADAR
system. They result from the measurements of phase changes of backscattered electromag-
netic waves with mm to cm wavelength. This technique is used to built Digital Elevation
Model (DEM) over large areas. It also allows the measurements of mm-scale displacements
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of the ground (Biirgmann et al., 2000). It is widely used for surface deformation analysis to
monitor volcanoes, tectonic activities, landslides, ground subsidence and glaciers. This type
of data has a high spatial resolution (10 — 30 m for Sentinel-1 data) and a moderate temporal
resolution (6 — 12 days for Sentinel-1 data). The upcoming Section 1.4 presents in detail InNSAR
acquisition, processing in the context of this thesis.

Global Navigation Satellite System (GNSS)

East

- Position

Coseismicoffset ==

t t t t T
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t t t T t
000 2005 2010 2015 2020

Figure 1.5: Time series of displacement recorded at the station TUB100TUR operated by Tubitak
located about ~ 44 km north-west of the 1999 Izmit epicenter. Data are plotted by FormaTerre,
provided by the International GNSS Service (IGS) (Johnston et al., 2017, https://www.
poleterresolide.fr/geodesy-plotter/, accessed on 27 March, 2026). The
offset in 1999 highlighted by the red dotted line (top graph) corresponds to the coseismic
displacement of the 1999 M,, 7.6 Izmit earthquake.

GNSS data are acquired by using a receiver on the Earth’s surface, and a transmitter in
space. Several constellations of satellites from different agencies are associated behind the
name GNSS and are available today, e.g. Global Positioning System (GPS) from the USA,
GLONASS from Russia, Galileo from ESA (European Union), and BeiDou from the China Satel-
lite Navigation Office. Satellites emit continuously modulated microwaves. GNSS receivers on
Earth capture the signals and record the date and identification of the satellite. By using the
exact satellite pathways, the travel-times and therefore the distance between the satellite and
receiver can be estimated. Combining at least four records from different satellites by a single
GNSS station enables the estimation of its precise location. This technique allows for time
series of displacement records by computing the previous task at different times. In reality,
positioning computation is not so straightforward and requires some additional steps to avoid
errors, such as additional time delays associated with signal propagation (e.g., travel through
the ionospheric layer) or clock synchronization. I don’t detail the full GNSS processing here
since I only used published GNSS velocity fields in my work.
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GNSS data enable obtaining displacement time series in three components at different fre-
quencies (e.g., sub-daily, daily). In the example shown in Figure 1.5, we can see the daily
displacement of a station located between Istanbul and Izmit, over 1998 — 2026 provided by
the IGS. This type of data can be used to estimate the interseismic first-order stationary motion
- shown by the orange dotted line on the top graph. Global analysis of the absolute or relative
displacements can be used to analyze tectonic plate motions and measure interseismic defor-
mation at global (e.g. Kreemer et al., 2014) and large scale (e.g. Nocquet, 2012; Castro-Perdomo
et al., 2025). Static coseismic displacements can also be retrieved. In Figure 1.5a, the red dotted
line highlights the offset due to the 1999 M,, 7.6 Izmit earthquake, also impacting the other
components. The postseismic relaxation following the earthquake is visible, shown by the
green dotted line on the top graph. Other signals can be noted, such as for example strong
seasonal variations within the vertical displacement time series shown in Figure 1.5c.

Another type of GNSS data recorded at one-second sampling rate named high-rate GNSS
data can also be used in earthquake science, since they record seismic surface waves at epi-
central distances exceeding 3000 km (up to 3800 km as shown by Larson et al. (2003)), without
experiencing the saturation typical of standard velocimeters during large earthquakes. These
data can therefore be used to measure large coseismic motion, and therefore be integrated
on the sets of real time data for earthquakes or tsunamis early-warning (e.g. Hoechner et al.,
2013).

The main limitation of these data stems from their point-like nature, meaning that spatial
resolution is strictly governed by the density and distribution of the station network.

Creepmeters

creepmeter
= ¢=p monument
transducer rod

creep Au

shear strain
~b at depth = b/L

Figure 1.6: Principle of a creepmeter. (a) Scheme of a creepmeter monitoring fault slip between
two monuments on either side of a fault as the varying displacement of the free end of an
inextensible rod (Bilham et al., 2004). (b) Photography of a creepmeter installed on the San
Andreas fault highlighted by the white dotted line (R. Bilham).

A scheme of a creepmeter is shown in Figure 1.6a. It consists of an instrument settled
across a fault trace, which monitors the shallow fault slip. A rod with a fixed length is in-
stalled between two monuments anchored on either side of the fault. The rod is fixed at one
monument, and has a free end on the second monument, allowing for displacement. A Linear
Variable Differential Transformer (LVDT) is used at this extremity as a transducer to convert
the rectilinear motion into an electrical signal. It allows for displacement records larger than
1 um. As drawn in Figure 1.6a and shown in the picture in Figure 1.6b, the creepmeter is in-
stalled obliquely across the fault, with the initial angle of the rod with the fault (Q) of about
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~ 30°. The displacement measured by the LVDT is therefore relative to this angle, so it needs
to be corrected by 1/cos(€2). The rod is installed 30 ¢m to 1 m underground as shown in
Figure 1.6b on the San Andreas fault. Data are acquired every 1 to 10 min. This type of data
enables to detect and study the temporal evolution of aseismic creep. The main limitation
of this technique is the spatial extent, the creepmeter being sensitive only to very shallow
slip. A series of several creepmeters along a same segment can enable to evidence potential
propagation of creep/slip (Gittins and Hawthorne, 2022).

1.2.3.3 Geological observations

Observations of surface ruptures

New pillar

urface
rupture

Figure 1.7: Annotated photos taken by C. Lacroix on 17 October 2025 at Hassa/Hatay in
Tiirkiye (precise location: 36°48'03.8”N — 36°31'06.9”E). The visible surface deformations
are relics from the 2023 M,, 7.8 Kahramanmaras earthquake. (a) The surface rupture is high-
lighted by the red dotted line. By following the middle red paving stones on the middle of
the road, we can observe the coseismic offset and the relative motion. (b) A zoom on the gate
shows the new building of a pillar, due to the displacement of the old one by the earthquake,
revealing a local shift of the gate of about 2 meters.

Field observations correspond to data directly collected in situ after an earthquake. It en-
ables to estimate coseismic offsets, as presented in Figure 1.7 where we can clearly see a gate
offset by the 2023 M,, 7.8 Kahramanmaras earthquake. These photos were taken during a field
trip we made in October 2025, i.e. up to ~ 2.7 years after the earthquake. The precise horizon-
tal offset has been estimated a few months after the earthquake, as the ones presented in the
study of Provost et al. (2024), used to validate OIC observations, and provide precise surface
rupture mapping. Even if the growing number of methods based on remote sensing data tends
to decrease the amount of studies based only on field observations, these data are crucial to
constraining models and providing precise local information that can help to understand the
complexity of the rupture.

Long-term geological and geomorphic records

Beyond historical and instrumental catalogs, characterizing the seismic cycle over thou-
sands of years relies on long-term geological archives along the North Anatolian Fault. Tec-
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tonic geomorphology utilizes landscape features—such as offset river channels, alluvial ter-
races, and cumulative fault scarps—to infer long-term slip rates and regional deformation
history, as documented along the Izmit rupture segment (e.g. Rockwell et al., 2002; Klinger
et al., 2003). However, interpreting these landforms remains challenging as geomorphic sig-
nals inherently convolute tectonic deformation, climate variations, and surface erosion. To
look directly into the subsurface, paleoseismology reconstructs past earthquake histories by
analyzing sediment deformation and fault geometry within excavated trenches. On the Izmit
segment, trenching campaigns have been crucial for constraining the recurrence intervals of
large historical events preceding the 1999 rupture (e.g. Rockwell et al., 2009). Today, high-
resolution topography (e.g., LIDAR) and 3D trench imaging are increasingly combined with
these traditional field methods (e.g. Karabacak et al., 2011), bridging the gap between long-
term geological evolution and short-term instrumental observations. This multi-disciplinary
integration is essential to refine local seismic hazard assessments, particularly along highly
active structures like the North Anatolian Fault (NAF).
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1.3 Types of aseismic fault slip behavior

As described above, we can distinguish two main types of fault slip behaviors: seismic
and aseismic slips. Both fault slip behaviors play a role in the seismic potential of faults, and
it is crucial to understand their driving mechanisms in order to refine seismic cycle models
and, therefore, seismic hazard estimates (Avouac, 2015). In this Section, I will present the
historical evidence of aseismic fault slip. Then, I focus on Slow Slip Event (SSE) which is the
main target of my work. Finally, I will present the impact of aseismic fault slip on seismic
cycle modeling.

1.3.1 Historical discovery
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Figure 1.8: Creepmeter record (40°52°25"N, 32°37°24"E) along the Ismetpasa segment of the
North Anatolian Fault (Turkiye), from 1982 to 1990, associated with two linear regressions,
from Altay (1991). The bottom histogram shows the monthly surface creep.

Even if aseismic fault slip has been pointed out earlier in seismic cycle studies (e.g., evi-
dence of slow shearing in serpentinites along the Hayward Fault (USA) by Louderback (1942)),
the discoveries of transient aseismic motions remain recent. Steinbrugge et al. (1960) ana-
lyzed creepmeters records (cf. part 1.2.3.2) installed along creeping segments of the San
Andreas Fault (USA). They highlighted periods of rapid creep, some related to surrounding
earthquakes, and some unrelated to any surrounding seismic event. These observations have
been confirmed by other publications using offset records from the field (e.g. Tocher, 1960;
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Rogers and Nason, 1971) and also strainmeters (Goulty and Gilman, 1978).

Ten years later, Ambraseys (1970) published an analysis of the dynamics of the North Ana-
tolian Fault (Tirkiye) close to the city of Ismetpasa, which reveals that this central segment
is aseismically creeping, as shown by several offsets in the field, such as displaced walls. Sev-
eral years later, Altay (1991) confirmed this aseismic creep and clarified it by using creepmeter
records. The Figure 1.8 shows the displacement recorded from 1982 to 1990 with linear regres-
sions of the cumulative displacement. They analyzed the mean creep rate and mentioned a
seasonal variation in the creep velocity, without interpreting those transient variations. How-
ever, this record nicely shows that the creep behavior along the Ismetpasa segment is mod-
ulated by the occurrence of transient creep events, with steady-state creep between two
successive events or no motion, as observed between the 1985 and 1986 events.
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Figure 1.9: Evidences of creep events along the Cascadia subduction zone by Rogers and
Dragert (2003). The blue circles correspond to GPS data, compared with the tremor activ-
ity shown by the bottom graph.

At the end of the 20" century, the improvements in geodetic techniques have enabled
us to refine the temporal analysis of surface displacement, especially with the deployment
of large GNSS networks along subduction zones like those in the USA. The analysis of these
displacement time series, reveals some periods when the direction of surface displacements
recorded by GNSS is reversed. In their key publication, Dragert et al. (2001) highlighted this
dynamic along the Cascadia subduction zone, deducing the occurrence of a Slow Slip Event
(SSE) in the summer 1999 releasing a part of the accumulated strain on the subduction interface
corresponding to an equivalent magnitude of 6.7. Two years later, Rogers and Dragert (2003)
demonstrated that these events can be periodic and associated with tremor activities, as
revealed by Figure 1.9. Since then, SSE detections have multiplied in both subduction zones
and strike-slip faults, allowing for more precise information on their occurrence conditions.

1.3.2 Definitions of seismic, aseismic and fault coupling

Seismic fault slip is related to the propagation of seismic waves, in opposition to aseismic
slip, which is slow enough to produce few or no seismic radiations. Both behaviors enable the
release of energy. During a seismic event, the slip rate on the fault typically ranges from cm/s
to m/s (while the rupture front propagates at km/s). Conversely, transient aseismic phenom-
ena such as SSEs exhibit much slower slip rates, typically ranging from mm/day to cm/day,

_19_



Chapter 1

while steady aseismic creep matches the long-term tectonic loading of a few centimeters per
year. Slip durations also differ significantly, with a mean duration of seismic slip of a few
seconds, whereas SSEs can last for days to even decades (Biirgmann, 2018).
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Figure 1.10: Interseismic coupling inferred from InSAR and GPS data, from Bletery et al. (2020).

The partitioning of slip along faults between seismic and aseismic modes can be estimated
by using the fault coupling. The interseismic coupling y; corresponding to the ratio of
the deficit of slip in the interseismic period to long-term slip, can be expressed as following
(Avouac, 2015):

Xi=Xst Xa (1.1)

with ) and y, the seismic and aseismic coupling, respectively. The seismic coupling esti-
mates the fraction of the cumulative seismic slip over the long-term slip, while the aseismic
coupling estimates the fraction of the cumulative aseismic transients (i.e. afterslip and SSEs).
These ratios, ranging from 0 to 1, enable the evaluation of the fault’s slip budget relative to the
tectonic loading rate. An interseismic coupling of 0 means that there is no slip deficit, indicat-
ing that the fault interface creeps steadily at the tectonic loading rate without accumulating
strain. In contrast, an interseismic coupling of 1 means that the fault interface is fully locked
during the interseismic period. However, a high seismic hazard is only expected if this accu-
mulated deficit is released through seismic slip (s, = 1), whereas it poses no seismic threat
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if predominantly balanced by aseismic transients (¥, = 1). The equation 1.1 highlights the
need to study aseismic slip, in order to avoid an overestimation of the coupling. An example
is shown in Figure 1.10 with the interseismic coupling estimated along the eastern part of the
NAF and EAF (Turkiye). Bletery et al. (2020) highlight high coupling along the NAF, especially
the Erzincan segment which ruptured in 1939 with a M,, 7.7 earthquake, and is currently ac-
cumulating strain. However, the coupling is lower along the eastern part of the EAF, with the
rupture of the 2020 M,, 6.8 Elazig earthquake and previous ones (e.g. the 2003 M,, 6.3 Bingol
and 2010 M,, 6.1 Kovancilar earthquakes) coinciding with areas of high coupling.

1.3.3 Seismic cycle models

The physical mechanisms of earthquakes, and more broadly, the various processes char-
acterizing the seismic cycle along the faults have been specified using both laboratory ex-
periments and real earthquake-related observations. The challenge is to explain slip
rate variations observed along fault planes, leading either to sudden slips at seismic velocities
(~ m/s) or to aseismic slow slips (~ cm/yr).

1.3.3.1 Constitutive friction laws
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Figure 1.11: Experimental results modified from Brace and Byerlee (1966) showing the force-
displacement curve on a Westerly granite sample. FR highlights the fracture of the sample.
Red and green annotations distinguish stick and slip periods, respectively. As mentioned by
Brace and Byerlee (1966), the curve evolution during the slip periods is not known here.

From laboratory results, Brace and Byerlee (1966) proposed stick-slip as one possible
mechanism for earthquakes. They used a spring-slider model with the pulling force of the
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slider representing the plate motion and the spring representing the elasticity of rocks. The
application of a tangent force leads to (i) an elastic strain accumulation to a certain level along
the contact surface ("stick"), and then (ii) a stress drop accompanied by a slip enabling the
release of a portion of the stress loaded ("slip"). Two distinct behaviors can be distinguished:
stable stick and unstable slip.

The bases of the stick-slip theory are shown in Figure 1.11 and detailed below:
1. Stick: strain accumulation due to the applied force F (red lines — Figure 1.11),

2. Initiation of slip: initiation of slip and start of the sliding occur when the following
equation is verified at the surface:
F fric i

> A 12
Eo=H (12)

with Fy,;c and F, as the friction and normal forces, respectively, T as the shear stress, &
as the effective normal stress, and L as the static friction coefficient (FR - Figure 1.11).

3. Slip: decrease of Fy,;. until reaching the dynamic friction coefficient y,, leading to a
dynamic stress drop (green lines — Figure 1.11).

These experiments highlight that earthquakes do not only result from structural fracturing,
but can also be dictated by the frictional control of nucleation.

Following this idea, constitutive laws have been developed to explain laboratory experi-
ments and model seismic cycles based on the spring-slider analogy and the fundamental laws
of Amonton-Coulomb on friction. First, several models relying on weakening friction have
been proposed (i.e., a decrease in resistance with slip rate). These models explain well the
stress drop leading to the transition from p to y; and therefore to the nucleation of an earth-
quake (e.g. Rabinowicz, 1958; Ida, 1972). The main issue with these laws is that they do not
allow for the occurrence of successive earthquakes (or seismic cycles) since they do not ex-
plain stress recovery. The concept of fault healing or slip memory has been introduced to
model the increase and recovery of the friction coefficient, allowing to produce new earth-
quakes. In particular, Dieterich (1972) highlighted the time-dependent behavior of the static
friction coefficient, followed by the introduction of a state variable by Dieterich (1981) and
Ruina (1983).

1.3.3.2 Rate-and-state friction law

This improvement, along with others not detailed here from the previous models, led to the
formulation of a rate-and-state friction (RSF) constitutive law. One of the most famous
expressions is the Dieterich-Ruina or "slowness" law defined as (Marone and Scholz, 1988;

Scholz, 1998):
0
T— [,lio—i—a.ln(%) +b.zn(Vl°)C )}6 (1.3)

with 7 the shear stress, V the slip rate, Vj a reference velocity, yg the steady-state friction at
V =Vp, O the state variable, D, the critical slip distance, & the effective normal stress, and
(a,b) empirical constants. This equation is related to a state law, which describes the time
evolution of 0, such as:

de oV

=1 1.4

o D, (1.4)
do __QV (GV) (1.5)
a D, "\D, ‘
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Figure 1.12: Comparison of the shear stress evolution related to velocity variations of a West-
erly granite with two evolution laws (1: Aging law — equation 1.4; 2: Slip law - equation 1.5)
from Linker and Dieterich (1992). At corresponds to the difference between the static and
dynamic shear stresses.

corresponding to the aging (Dieterich, 1981) and slip evolution (Ruina, 1983) laws, respec-
tively. An example of these state laws is shown in Figure 1.12, where we can also see the
global good coherence between observations (top) and models. Other laws have been devel-
oped to improve the fit with experimental data, even if no law enables to perfectly reproduce
all lab experiments (e.g. Linker and Dieterich, 1992; Perrin et al., 1995; Kato and Tullis, 2001;
Bhattacharya et al., 2015).
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Figure 1.13: Scheme illustrating the rate-and-state friction law from An et al. (2018).

At steady-state friction (V = Vj), the RSF law presented in equation 1.3 becomes:

T= [,Lio—i-(a—b).ln(VKO)]E, (1.6)
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with the velocity-dependent frictional parameter (@ — b) used to describe the frictional stability
regime. The Figure 1.13 illustrates the change in friction related to the equation 1.3 following
a shearing velocity offset. After the direct effect of the velocity change, two different scenarios
are possible depending on the values of (a — b) leading to two distinct values of the friction
coefficient called ) and p;. The first regime shows an increase of the frictional resistance
with slip velocity so that p; > to. This behavior is called velocity-strengthening (VS) and
is associated with (a — b) > 0. This regime is frictionally stable, and can reproduce slow
aseismic creep. The second regime showing a decrease of the frictional resistance with slip
velocity (1 < o) is called velocity-weakening (VW) and is associated with (a —b) < 0. This
regime can be unstable or conditionally stable depending on a critical value of the effective
normal stress G, as shown in Figure 1.14. The conditionally stable state means that the layer
is stable under quasi-static loading. However, a small velocity increase can modify the current
regime into an unstable one. In this case, earthquakes can nucleate within this regime, due to
the unstable behavior. Ruptures can propagate through unstable and conditionally stable fault
segments, but will be stopped by stable layers.
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Figure 1.14: Stability diagram related to the velocity jump AV and the effective normal stress
G for velocity-weakening layers, from Scholz (1998).

1.3.3.3 Application to seismic cycle simulation

Different behaviors of the frictional resistance can be explained by the rock properties and
the temperature-pressure conditions. Several laboratory studies highlighted the relationships
between the frictional parameters (¢ — b) and the temperature; for instance, they explained
the behaviors of the layers at depth (Blanpied et al., 1995, 1998). Another dependence can also
be pointed out, between the frictional parameters and the normal stress, showing a decrease
in the frictional parameters with the increase in normal stress (Marone and Scholz, 1988).

Laboratory results compared to field observations led to synoptic models of stability for
subduction zones and crustal faults, as shown for a strike-slip fault in Figure 1.15. The presence
of unconsolidated gouge in the shallow part of crustal faults may enhance the stability of the
fault, as indicated by the top stable layer in Figure 1.15 — in blue. Conversely, VW layers will be
found where the gouge is consolidated, as shown by the transition from VS to VW layers above
a few km-depth - in yellow and red. At greater depth (> 15 — 20 km for crustal faults, below
the synoptic model), the high temperature will lead to the onset of plasticity of quartz (Qz) at
300°C, stabilizing the slip behavior. Obviously, specific conditions along faults may modify this
reference model (e.g. local thermal gradient or fluid pore pressure). The geology of the zones
can also influence the frictional stability (Moore and Rymer, 2007). As proposed by Marone and
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Scholz (1988), the upper boundary of the VW layer can be estimated using the seismicity depth
distribution along the fault (e.g. histogram of the seismicity of the Imperial Fault - Figure 1.15).
They correlated the bottom of sedimentary basins (i.e., unconsolidated sediments related to
VS behavior) with an upper cutoff on the depth distribution of the seismicity (e.g., ~ 3 km-
depth along the Imperial Fault; Figure 1.15), revealing a negative stress drop at these depths
and highlighting a transition between a VW layer below and a VS layer above.
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Figure 1.15: Synoptic model of the frictional stability on a strike-slip fault modified from
Marone (1998).

The RSF formalism can therefore be used to model seismic and aseismic slips on faults
during the seismic cycle (Barbot et al., 2012): fault loading, nucleation and propagation of
earthquakes (e.g. Kaneko et al., 2010; Ong et al., 2019), postseismic relaxation (e.g. Barbot et al.,
2009) and interseismic creep (e.g. Kaneko et al., 2013). Indeed, the seismogenic VW layer is
unstable and therefore can nucleate earthquakes, whereas the top VS layer is stable and may
be responsible of the postseismic creep following an earthquake. By modifying the layers’
widths and all the parameters involved in the RSF equation, the slip behavior throughout the
seismic cycle will vary, allowing us to explain the ensemble of surface observations.

However, some questions remain regarding the modeling of steady-state shallow aseismic
creep or the occurrence of SSEs on the upper part of the fault which are not illustrated here
(see Figure 1.19A). Several mechanisms have been proposed to explain SSEs within the rate-
and-state friction framework, as presented in Section 1.3.5.1. All of these methods proposed a
variety of conditions which can explain the emergence of SSEs rather than a seismic rupture (in
case of VW layer) or steady-state creep (in case of VS layer), based on laboratory experiments
and real observations. By making those models more detailed, it may provide insights into the
conditions and mechanisms required to generate SSEs.

1.3.4 Slow slip events

1.3.4.1 Identification of slow slip events around the world

As briefly described above (Section 1.3.1), aseismic slip can have different dynamics. It
can be steady (e.g. during the interseismic period), or transient (e.g. afterslip or Slow Slip
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Event). Since their discovery, SSEs have been identified in various tectonic settings, as shown
by Figure 1.16 from Jolivet and Frank (2020) who gathered SSE detections in 2020.
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Figure 1.16: Map of the currently known fault systems affected by SSEs, modified from Jolivet
and Frank (2020).

First, evidences have been found on subduction zones (red dots — Figure 1.16) like in
Alaska (Rousset et al., 2019b), the Cascadia subduction zone (e.g. Dragert et al., 2001), in Mexico
(Radiguet et al., 2011, e.g.), Costa Rica (e.g. Jiang et al., 2012), Ecuador (e.g. Vaca et al., 2018),
in Chile (e.g. Klein et al., 2018), the Nankai subduction zone in Japan (e.g. Obara et al., 2004)
and the Hikurangi subduction zone in New Zealand (e.g. Wallace et al., 2012). Meanwhile,
evidences have also been found along continental fault systems (green dots — Figure 1.16),
such as along strike-slip faults like the San Andreas Fault (SAF) (e.g. Rousset et al., 2019a;
Gittins and Hawthorne, 2022), the San Jacinto Fault (e.g. Inbal et al., 2017), the Superstition
Hills Fault (e.g. Wei et al., 2011), the North Anatolian Fault (NAF) in Tiurkiye (e.g. Rousset et al.,
2016; Aslan et al., 2019b; Jolivet et al., 2023), the Chaman Fault in Pakistan and Afghanistan
(e.g. Bilham et al., 2019), the Longitudinal Valley Fault in Taiwan (e.g. Murase et al., 2013)
and more recently along the West Caspian Fault in Azerbaijan (Bayramov et al., 2025). Active
normal faults can also be affected by this slow deformation such as the Alto Tiberina Fault in
the Apennines in Italy (e.g. Gualandi et al., 2017) and in Djibouti within the Afar Rift Zone (e.g.
Doubre and Peltzer, 2007). Along some fault segments, the transient nature of slow slip has
yet to be unambiguously established, and the distinction between episodic SSEs and steady
aseismic creep remains unclear. A Slow Earthquake Database (http://www-solid. eps
.s.u-tokyo.ac.jp/~sloweq/?page=map, accessed on 16 April 2026) has been
created to gather most of the available data related to SSE in order to help their studies (Kano
et al., 2018).

1.3.4.2 Observations of Slow Slip Events

While first observations of SSEs were made by studying manmade structures (Louderback,
1942; Steinbrugge et al., 1960; Ambraseys, 1970), several tools are now suitable to detect space
and time evolutions of such events. The Figure 1.17 shows an example of a detected SSE along
the Ismetpasa segment of the NAF made by Rousset et al. (2016) by using InSAR data (see
Section 1.2.3.2). The use of InSAR data enables to estimate the spatial extent of the event
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Figure 1.17: Evidences of a SSE along the Ismetpasa segment of the NAF in Tirkiye, from
Rousset et al. (2016). (a) Interferogram built from ascending Cosmo-Sky Med images acquired
the 28 August 2013 and 6 September 2013. The black arrow shows the location of the NAF,
coinciding with a sharp gradient of displacement. (b) Fault perpendicular profiles of LOS dis-
placement in time. Blue and red lines correspond to average change taken from pixels located
on the south and north of the fault, respectively. (c) Difference between the blue and red
curves, highlighting a transient event (SSE) shown by the gray rectangle.

corresponding to the length of the sharp displacement gradient on time series (Figure 1.17a).
Additionally, analyzing the amplitude of the surface deformation, when integrated into slip
inversion models, allows for the determination of the event’s magnitude, as well as its overall
duration (Figure 1.17c). However, the return time of SAR acquisitions can be a limitation to
estimate temporal characteristics of SSEs. Other tools can complement the observations along
continental strike-slip faults, such as creepmeters (e.g. Linde et al., 1996; Bilham et al., 2016)
sensitive to millimeter-scale offsets at specific locations, near-field GNSS (Figure 1.18e; e.g.
Ozarpaci et al., 2020; Ozdemir et al., 2025), strainmeters (Figure 1.18f; e.g. Dragert and Wang,
2011; Hawthorne et al., 2016; Inbal et al., 2017) and tiltmeters (e.g. Hirose and Obara, 2005;
Yabe et al.,, 2023). SSEs can also be associated with seismic signals such as tremors and low
frequency earthquake (LFE) (Figure 1.18 - a,b,c; e.g. Obara et al., 2004; Shelly et al., 2006),
enabling a finer characterization of SSEs dynamics (Frank et al., 2018).

The growing number of identified SSEs provides insight into their spatio-temporal char-
acteristics and common features. As explained above, SSEs have been discovered along faults
with different tectonic settings. In this work, we are interested on SSEs along continental
strike-slip faults. In this context, SSEs are mostly shallow, located within the first kilometers
of the fault interface and usually above the seismogenic zone. The resulting displacement is
about a few millimeters to centimeters, leading to equivalent moment magnitudes up to 4 —5
(e.g. Wei et al., 2009; Rousset et al., 2016; Materna et al., 2024; Vavra et al., 2024; Ozdemir et al.,
2025). Slow slip can last for hours to weeks (e.g. Bilham et al., 2016; Rousset et al., 2016; Aslan
et al., 2019b; Ozdemir et al., 2025). These events can be periodic, with a return time of a few
months to decades (e.g. Wei et al., 2013; Bilham et al., 2016; Gittins and Hawthorne, 2022; Vavra
et al., 2024), and can shift from shorter to longer periods if they are related to the postseimsic
stage (Wei et al., 2013).
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Figure 1.18: Examples of slow-slip signals recorded by using various tools, from Peng and
Gomberg (2010). Here are the references therein: (a) tremor and (b) very-low frequency earth-
quake (VLFE) recorded in Japan (Ide et al., 2008), (c) low frequency earthquake from Japan
(Shelly et al., 2006), (d) M,, 1.9 earthquake recorded in western Washington, (e¢) GNSS data in
Cascadia (Dragert et al., 2001), (f) record from a strainmeter in western Washington (McCaus-
land et al., 2008) and (g) coseismic and postseismic displacement fields recorded by GNSS from
the 2001 M,, 8.4 Peru earthquake (Perfettini et al., 2005).

1.3.5 Mechanisms governing the occurrence of Slow Slip Events

Combining worldwide observations of SSEs using different types of data (see Section 1.2.3),
several mechanisms have been identified as potential driving mechanisms of SSEs (Figure 1.19;
Birgmann, 2018). We will present in the sections below the three main physical processes
promoting the occurrence of SSEs.

1.3.5.1 Frictional control

A last explanation for the occurrence of SSEs is related to the friction variations along
the fault interface, corresponding to the mechanical control. This effect can be estimated
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Figure 1.19: Fault structure and slip behavior of strike-slip faults, from Biirgmann (2018). (A)
Schematic illustration of the distribution of seismic, aseismic slip and tremor on the partially
coupled San Andreas Fault near Parkfield (modified from original image by Kaj Johnson, writ-
ten comm., 2017). (B) Conceptual section across strike-slip fault illustrating depth distribution

of fault zone rocks and deformation mechanism accommodating slow slip (based on Fagereng
and Toy (2011)).

by using rate-and-state friction law, that I detail below (see Section 1.3.3.2). In short, fric-
tional variations at depth dictate distinct slip behaviors. The decrease of the friction with slip
(velocity-weakening) may lead to a rupture due to the strain accumulation like an earthquake,
however the increase of the friction with slip (velocity-strengthening) may lead to a slow slip
(e.g. Kaneko et al,, 2013). By adding more complexities to the frictional variations, especially
within the first kilometers of the fault, it is possible to explain the emergence of SSEs (e.g. Wei
et al., 2013; Tymofyeyeva et al., 2019). Changes in friction properties according to the slip can
also provide instability allowing for the emergence of SSEs. Im et al. (2020) used velocity de-
pendent parameters within the rate-and-state friction equations along subduction zone fault
plane to model the occurrence of SSEs at the interface between velocity-weakening/low slip
rate and velocity-strengthening/high slip rate. Some studies showed that frictional-viscous
heterogeneities can also explain the occurrence of SSEs. Skarbek et al. (2012) quantified the
mixture ratio of velocity-weakening and velocity-strengthening materials at depth allowing
for the occurrence of deep SSEs and tremors along the subduction interface. Coupled models
incorporating hydrological and mechanical forcing, such as a pore pressure diffusion within a
velocity-strengthening layer can also generate SSEs. By accounting for poroelastic effects and
elastic bimaterial contrasts (i.e., different elastic properties across the fault), Heimisson et al.
(2019) demonstrated that SSEs can be generated within a mildly velocity-strengthening layer
along a subduction zone fault plane.
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1.3.5.2 Lithological control

The lithological composition of fault gauges may also influence the slip behavior along
faults. As detailed by Biirgmann (2018), the analysis of outcrops from exhumed fault zones
highlighted a potential mineralogical cause to the development of aseismic slip along some
segments of major faults. The study of the geology along several segments of the NAF by
Kaduri et al. (2017) reveals the presence of low-friction and clay-rich minerals along the Is-
metpasa segments which can promote aseismic slip. Similar studies along the reverse Longitu-
dinal Valley Fault (Taiwan) also highlighted similar minerals (Thomas et al., 2014a). Moreover,
serpentinized outcrops have been found along the creeping section of the SAF by Moore and
Rymer (2007). The presence of talc associated with serpentinite, probably resulting from a
reaction with silica-saturated hydrothermal fluids, decreases the frictional strength of the ser-
pentinites alone, and therefore enhances slow creep.

1.3.5.3 Fluids and pore pressure

The presence of fluids and therefore the variations of pore pressure are other factors ex-
pected to promote the occurrence of SSEs. We can express the effective normal stress o, as:

c,=0,—P (1.7)

with the normal stress 0, and the pore pressure P. The increase of pore pressure leads to a
decrease of the effective normal stress, followed by a decrease of the friction. By lowering the
shear stress required for slip, aseismic creep and more particularly SSEs are likely to occur
(Sibson, 1992). For instance, Liu and Rice (2007) successfully model SSEs along subduction
zones by applying a stress perturbation related to pressure change caused by high pore-fluid
pressure conditions in regions affected by dehydration.

Correlations between SSEs and fluid accumulation have been pointed out in various set-
tings. While surficial and localized triggers include intense rain events (e.g., Roeloffs, 2001) or
anthropic fluid injections in geothermal contexts (e.g., Guglielmi et al., 2015), deeper evidence
comes from seismic imaging. In subduction zones, seismic tomography frequently reveals a
strong spatial correlation between SSE locations and zones characterized by high V,, /V; ratios,
which directly image high-pressure fluid reservoirs along the plate interface (e.g., Shelly et al.,
2006).

Another phenomenon related to the presence of fluids is the dilatancy (Segall et al., 2010).
The hydrological dilatancy (or dilatant strengthening) corresponds to the decrease of the poros-
ity corresponding to the rearrangement of the materials due to slip. This effect leads to an
increase of the effective normal stress, and therefore stabilizes the slip. Segall et al. (2010)
highlighted the stress perturbation caused by the dilatancy associated with fault slips and
therefore reducing the pore pressure. By testing two laws, they showed that this resulting
instability can produce SSEs.

1.3.5.4 Structural control

A first factor expected to promote transient aseismic creep is the fault geometry. For in-
stance, Romanet et al. (2018) used a velocity-weakening mechanical model and applied it on
two overlapping faults in order to simulate fault geometrical complexities due to complex
stress interactions. These conditions allow for SSEs generations according to the distance be-
tween both fault segments and their lengths. More recently, Sun and Cattania (2025) showed
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that fault roughness induces slip variations along the fault, and therefore can model the gen-
eration of SSEs that can be clustered.

1.3.5.5 Synthesis on the moment-duration scaling laws

Ide and Beroza (2023) proposed an update of the previous scaling law from Ide et al. (2007),
built using the duration and moment magnitude estimates of SSEs. Because most of the de-
tections are related to subduction zones, this scaling law is mostly based on detections along
the Nankai, Cascadia and Mexico. The proposed scaling law is shown in Figure 1.20. In com-
parison with the cubic moment-duration scaling law attributed to earthquakes ("Fast EQ" in
Figure 1.20), Ide et al. (2007) suggests a linear moment-duration scaling law for the SSEs ("Slow
EQ" in Figure 1.20). As the ranges of estimates are constrained by the data resolution ("Hidden
zone" less resolved by the current approaches) and therefore the current techniques accuracies,
the update from Ide and Beroza (2023) point out that this scaling law should be considered as
an upper limit of the propagation velocity of SSEs related to diffusional processes. Some com-
plete estimates of continental SSEs allow for new points that can be added to this Figure 1.20,
as proposed by Materna et al. (2024), highlighting SSEs localized within the hidden region, and
therefore in agreement with the idea of the upper-bound.
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Figure 1.20: Scaling law of fast and slow earthquakes proposed by Ide and Beroza (2023). Red,
blue and green ellipses and points correspond to estimates from Nankai, Cascadia, and Mexico,
respectively. Gray ellipses correspond to estimates for VLFE.

However, some studies proposed that SSEs can also follow a cubic moment-duration scal-
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ing law, as the earthquakes, suggesting a common behavior between slow and fast earth-
quakes. Frank and Brodsky (2019) used a complete LFE catalog along the Mexican subduction
zone to calibrate and precise subdaily slip events. They suggest that by using LFE catalog, they
get rid of the clustering processes merging slow transients into a larger one, and therefore that
the slow rupture process can be compared to the earthquakes ones, modeled by a common scal-
ing law. Then, Michel et al. (2019) extended a SSEs catalog along the Cascadia subduction zone
using a shorter cut-off period than Ide et al. (2007), and therefore highlighted that SSEs may
follow a cubic moment-duration scaling law. Again, they suggest that the discrepancies of the
scaling laws rely on the scaling of the SSEs, being assembled or not. These different studies
highlight the importance of the scaling in SSEs studies, considering large event or potential
smaller bursts that define the large event.

Following this idea, Costantino et al. (2026) used a deep learning model to denoise geodetic
time series and enhance SSEs detections along the Cascadia subduction zone. By comparing
the impact of various detection thresholds, they show that it influences the inferred scaling
laws. The use of high thresholds leads to the detection of events following a linear scaling
law, rather than low thresholds lead to events following a cubic scaling law, related to a sam-
pling bias and highlighting the impact of the signal-to-noise ratio of the data and the chosen
detection threshold.

Finally, Gomberg et al. (2016) tested the hypothesis that distinct driving mechanisms gov-
ern slow and fast earthquakes, which had previously been used to justify their different scaling
laws. Using a single dislocation model for both slip behaviors, they successfully demonstrated
that both behaviors can be explained by bounded slip zones. Specifically, they showed that a
cubic scaling law arises when the slip area grows in two dimensions, whereas a linear scaling
law emerges when growth is confined to a single dimension. Nevertheless, as highlighted by
the work of Ide and Beroza (2023) mentioned earlier, significant uncertainties remain regard-
ing the universal validity of these scaling laws and their physical implications. This ongoing
debate underscores the critical need for more high-resolution data to conclude on the effects
of observational bias from true fault physics.

1.3.6 Related open challenges

The previous sections presented the slip dynamics during the seismic cycle, and especially
the discovery of Slow Slip Events modifying our understanding of the strain release. The main
current challenge is to precisely estimate the spatio-temporal characteristics of the SSEs, par-
ticularly along continental strike-slip faults for which the catalogs of events remain smaller
than those established for subduction zones. The growing amount of detected SSEs may pro-
vide insights on their driven mechanisms, and therefore on the slip dynamics and seismic
hazard over the seismic cycle.

The main scientific questions targeted by this work are the following:

1. What are the relationships between aseismic and seismic slips?
2. What are the mechanisms governing the occurrence of the SSEs?

3. In what extent aseismic creep modifies our estimates of seismic hazard?
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1.4 Interferometry Synthetic Aperture Radar (InSAR) pro-

cessing

Figure 1.21: Cover of the journal nature in 1993 showing the first co-seismic interferogram
produced by Massonnet et al. (1993). This interferogram has been produced using two ERS-1
SAR images acquired before and after the 1992 Landers earthquake.

In 1993, the first "Image of an earthquake" was produced by Massonnet et al. (1993), illus-
trating the surface displacement caused by the 1992 Landers earthquake (Figure 1.21). This
study was the first to successfully use this geodetic technique called Interferometry Syn-
thetic Aperture Radar (InSAR) to analyze earthquakes, and it highlighted several advan-
tages of this technique that I present below. This method, based on the measurement of the
displacement field with high spatial coverage over large areas, has opened new doors to the
study of tectonics and is widely used today.

1.4.1 Definition of SAR Interferometry

Interferometric Synthetic Aperture Radar, or SAR interferometry, is based on the
"comparison” of SAR images acquired by satellites in near-polar orbit around the Earth. The
regular acquisition of images enables the study of surface displacement evolution over time,
for almost all regions of the world, and over periods on the order of a decade.

1.4.1.1 The SAR images acquisitions

The radar system (RAdio Detection And Ranging) development experienced its boom
during the World War II (WWII), enabling the detection of aircraft or ships from miles away,
at night and in cloudy conditions. The principle of this technique is to use the travel-time of
back-scattered electromagnetic waves on a surface or an object, to determine its position.
By recording not only the travel-time but also the amplitude of these backscattered signals,
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researchers could map variations in surface roughness and material properties, transitioning
the technology from a simple positioning tool to an imaging system. Following this idea, an
American engineer and physicist named Carl Wiley invented the SAR technology in the
1950s. His idea was to simulate a larger antenna aperture by using a sensor in motion, like
an aircraft. This enables an increase in data resolution which is related to the length of the
antenna. Later, this technology started to be carried by satellite, which enables regular imaging

of the Earth’s surface.
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Figure 1.22: Scheme of a SAR image acquisition (Daout, 2016). The satellite is represented by
the light blue rectangle, with the range and azimuth directions shown by the blue arrows. The
Line Of Sight (LOS) direction is shown by the red arrow. The acquisition ellipse is represented
by the grey area, with the near and far ranges distinction.

Figure 1.23: Examples of the amplitude (a,c) and the phase (b,d) of a single look complex

image (a,b) and an interferogram (c,d), built from Sentinel-1 images. The images correspond
to Istanbul and its surroundings, Tiirkiye.

The side-looking radars, carried by satellites, transmit an electromagnetic wave by pulses
in the direction of the Earth according to a certain look angle 6 and record the back-scattered
wave after its interaction with the Earth (Figure 1.22). The recorded signal corresponds to the
amount of energy reflected toward the satellite and the travel-time of the wave. This signal
corresponds to a complex value defined by an amplitude and a phase (Figure 1.23 — a and
b, respectively). The near and far ranges indicate the shorter and longer arrival times of the
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echoes, respectively, defining the width of the swath. As the satellite flies in the azimuth di-
rection, other pulses of waves are sent and other echoes are recorded at ¢ + 1, leading to new
acquisition points and eventually a two-dimensional SAR image.

10'm 103°m 10¢m
mm L

V|5|ble Light

SAR Bands

Figure 1.24: The frequency bands in SAR techniques. (a) The electromagnetic spectrum with
a focus on the SAR bands (NASA, https://www.earthdata.nasa.gov/learn
/earth-observation-data-basics/sar, accessed on 8 December 2025). The
frequency and the wavelength of the waves are expressed on the bottom and top, respectively.
(b,c,d) Effects of the frequency band on the SAR images, shown by several SIR-C/X acquisitions
taken over a tropical forest (Ferro-Famil and Pottier, 2016).

According to the characteristics of the waves, the data will be sensitive to distinct objects.
One basic classification of electromagnetic waves is based on their wavelength A, which is
inversely proportional to the frequency f. Figure 1.24a shows the electromagnetic spectrum,
with the SAR bands frequencies within the green inset. The advantage of using microwaves
is that they are not (or are less) sensitive to clouds, water, or oxygen, and therefore propagate
easily through the atmosphere. It enables the acquisition of SAR images regardless of the
weather or the hour of the day (independent of sunlight). The wavelength also impacts the
penetration into vegetation cover, so a wave with a high wavelength will penetrate more,
allowing for imaging objects deep within forests, for example. The Figure 1.24 illustrates this
principle by comparing three SAR acquisitions over the same area — a tropical forest — made
using three different frequency bands: the X, C, and L-bands. On the L-band image shown in
Figure 1.24b, the textures of distinct vegetation are distinguishable due to the low frequency
of the wave allowing for high penetration into the vegetation and soil. However, the waves
with high frequency in the X-band (Figure 1.24d) do not pass through the vegetation, leading
to a canopy reflectivity that appears more homogeneous. This will prevent applications for
ground measurements in vegetated regions, especially if the plants are changing with the
season, inducing changes in the reflectivity properties in each image, leading to the loss of
interferometric coherence. The presence of a cloud is, however, identifiable by the dark zone
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in the X-band image, allowing for weather monitoring, for example. The moderate frequency
C-band (Figure 1.24c) appears to be a compromise between good penetration into vegetation
and soils, enabling good coherence and good sensitivity, allowing the detection of millimeter-
scale ground surface deformation. Alternatively, recent dual-frequency missions like NISAR
bypass this trade-off by combining L and S-bands simultaneously, optimizing both vegetation
penetration and deformation sensitivity (see https://science.nasa.gov/missi
on/nisar/about-the-satellite/, last accessed on 17 May 2026).

Another useful characteristic is the polarization of the wave, i.e., the plane orientation
of the oscillations of the electromagnetic waves. The transmit and receive signal polarization
can be controlled by the radar sensors. Horizontal and vertical polarizations are denoted H
and V, respectively. For example, HV stands for a sensor that transmits a horizontal signal and
receives a vertical one. Rough surfaces (e.g. vegetation) are highlighted by VV polarization,
whereas double-bounce scattering (e.g. buildings) is more highlighted by HH polarization.
The choice of polarization enables distinguishing different types of scattering of the surface.

Satellite path

1/PRF
/ P2_7]

P

Antenna - /{ :'/""/ - \\\
~ L//' v _— —_— f Target /
L’//

Figure 1.25: Scheme of the Doppler effect (Hanssen, 2001). The successive positions of the
satellite are shown by the rectangles named Pi.

The spatial resolution of SAR images is defined according to its two dimensions in range
and azimuth (Figure 1.22). The range resolution is constrained by the pulse length of the elec-
tromagnetic wave. This resolution is increased by modulating the pulse in frequency, which
is called a chirp. The range of frequencies of the chirp corresponds to the range bandwidth
of the radar. The azimuth resolution depends on the antenna opening, constrained by the
satellite capacities (elevation, antenna length, wavelength, incidence angle). The synthetic
aperture method enables us to overcome this limit and increase the azimuth resolution, thanks
to the motion of the radar. As mentioned before, this resolution can be increased by using the
Doppler frequencies as shown in Figure 1.25. The same area is illuminated by several pulses
that come from different positions of the satellite during its travel. It creates a Doppler shift in
frequency according to the distance between the sensor and the target. The proper sampling
of these Doppler frequencies is governed by the Pulse Repetition Frequency (PRF). If the
PRF is too low, it leads to frequency aliasing, which degrades the image. Using this Doppler
effect enhances the distinction of two sources in azimuth due to slight differences in the shift.
The Doppler frequencies enable an increase in the azimuth resolution to half of the antenna

length.

The signal received by the satellite corresponds to the back-scattered wave, which can
be expressed using a complex number with its amplitude and phase, as mentioned before.
The amplitude of the SAR image (example shown in Figure 1.23a) is related to the sensor
characteristics (e.g. the wavelength, the incidence angle) and to the ground properties (e.g.
the presence of water, buildings, vegetation, the local topography, the ground roughness, the
dielectric property of the ground).
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The phase of the signal (example shown in Figure 1.23b) is related to three main factors:
(i) the distance between the satellite and the ground that the wave travels, (ii) the variations in
the propagation velocities of the wave through the atmosphere, and (iii) the contributions of
the various reflectors on the ground within the pixel. This last contribution is random across
the image due to the random spatial distribution of the scatterers within the pixel. It leads to
a signal that is not coherent. The phase signal of one SAR image is therefore not meaningful,
as shown in Figure 1.23b. However, by comparing the phase of two SAR images covering the
same zone but acquired on two different dates, the phase difference highlights changes that
occurred between those two dates by removing this random backscattered phase contribution,
as shown in Figure 1.23d.

1.4.1.2 Diversity of missions and their applications
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Figure 1.26: Timeline of previous and current SAR missions since 1980, according to their
frequency bands (https://detektia.com/en/sar-synthetic-apertur
e-radar/, accessed on 9 December 2025). NISAR mission should be also noted in S-band.

The most important SAR missions are presented in Figure 1.26 according to their frequency
bands. As explained above, the frequency band impacts the sensitivity and resolution of the
acquisition. Depending on the radar band, the data can be used for various applications, as
detailed in Table 1.1. Other applications (e.g., topographic or atmospheric delay mapping) are
also conducted using SAR images. The applications dealing with the Earth surface motion due
to tectonics, such as earthquakes and volcanoes, are mainly conducted using X- to L-bands.

The C-band SAR data are widely used because of their global coverage, short revisit time,
and good balance between penetration into vegetation/soils and spatial resolution. Moreover,
most of the data archives usually cover one decade, leading to a large number of images for
each sensor. The Sentinel-1 data operated by the European Space Agency (ESA) are in open
access provided by the Copernicus program. Data from this mission is used in this thesis.

The Sentinel-1 constellation was initially made up of twin satellites carrying a C-band
SAR, named Sentinel-1A and Sentinel-1B, launched on April 3, 2014, and April 25, 2016, respec-
tively. The use of two satellites in the same orbit but 180° apart enables a shorter revisit time
of 6 days. On August 3, 2022, Sentinel-1B was officially decommissioned due to anomalies.
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Band | Frequency | Wavelength | Characteristics Typical Applications
(GHz) (cm)

X 8—12 3.8—24 High resolution, low pene- | Urban and infrastructures
tration, fast coherence decay | monitoring, ice and snow
in vegetated areas

C 4-8 7.5—-3.8 Medium resolution, medium | Global mapping, change de-
penetration, higher coher- | tection, ice, ocean, maritime
ence navigation, glaciers

S 2—-4 15-7.5 Experimental SAR, high pen- | Agriculture monitoring

% etration

L 1-2 30— 15 Medium resolution, high | Geophysical monitoring,
penetration biomass, vegetation map-

ping, soil moisture

p 03-1 100 —30 Experimental SAR, suscepti- | Biomass, vegetation map-

ble to ionosphere ping, soil moisture

Table 1.1: Table gathering the applications associated with each frequency band.

A third satellite, Sentinel-1C was launched on December 5, 2024, with the first cross-satellite
interferogram computed in February 2025. This new mission reestablished the six-day repeat-
pass observations. The last satellite of the constellation, Sentinel-1D, was also launched on
November 4, 2025. The latter will replace the original one — Sentinel-1A, to ensure the con-
tinuity of the acquisitions. At time of writing, the Copernicus dashboard counts more than
34 PB of published products from the Sentinel-1 mission. This huge amount of data is also
challenging for both the archive/distribution and the processing, as I will discuss below (part
1.4.4).

1.4.1.3 The interferometric phase measurement

An interferogram is generated by computing the complex conjugate product of two SAR
images, S| and Sy, as follows:

I1=5,-5=|A1]-]Az| - /91 =%) = |[]. /29 (1.8)
where A; and ¢; are the amplitude and phase of the respective acquisitions, |I| = |A{] - |A3|
is the interferometric amplitude, and A¢ = @; — ¢, is the interferometric phase. The lat-
ter corresponds to the phase difference between the two images and is wrapped modulo 27.
Figure 1.23d corresponds to the interferometric phase A¢ computed from the phase of a first
SAR image ¢; and the phase of a second SAR image ¢» acquired 12 days later and shown
in Figure 1.23b. The interferometric phase measurement enables the removal of the random
backscattered phase contribution at each pixel (Figure 1.23b), and therefore to study a potential
variation of the two-way propagation phase delay of the electromagnetic wave between the
satellite and the ground, between two different dates, with millimeter precision (Figure 1.23d).

The sketch in Figure 1.27b shows the geometry of the two acquisitions used to compute
one interferogram. In practice, the orbit used by the satellite varies from one pass to another
pass, inducing a difference in geometry for both images. The distance between the two satel-
lite positions, perpendicular to the look direction, is called the perpendicular baseline (B
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Orbit 2

Orbit 1
Q

R1

Figure 1.27: Scheme of the SAR acquisitions of a first image (a) compared with a second image
acquisition (b) (Hanssen, 2001; Cavalié, 2007). Ri corresponds to the distance to the satellite at
the acquisition i, Hy, the elevation, and B the perpendicular baseline.

in the sketch). This non-zero baseline causes a signal throughout the entire image (the or-
bital contribution) and a topography-related signal (the topographic contribution) within the
interferometric phase. In the example of Massonnet et al. (1993) shown in Figure 1.21, the
orbital and topographic contributions are removed from the differential interferogram using
the acquisition geometries provided by the spatial agencies (or other institutions) and external
topographic data (Digital Elevation Model) in order to eliminate those effects and highlight the
deformation signal.

Other contributions are included in the interferometric phase:

A(pij = A(porb + A(Ptopo + A(Patmo + A(pdefo + A‘Pnoise (1-9)

with A¢,,, corresponding to the orbital contribution (also called flat Earth), A¢y,p, the topo-
graphic one (mentioned above), A4, the atmospheric one inducing variations in the trajec-
tories and velocities of the wave propagation in the troposphere (mainly for X and L bands) and
the ionosphere (mainly for L band), A¢,, s, the deformation of the Earth’s surface, and A@yise
the residual noise. According to the objectives of the thesis, we may need to isolate one unique
contribution, by modeling and removing the others. We are interested in the deformation
signal A¢,, r,, in order to study the ground deformation related to tectonic activity. Before de-
scribing the InSAR processing steps for the extraction of the deformation signal, I will briefly
explain the contributions mentioned earlier.

The orbital contribution

A, is related to the difference between the two orbits corresponding to each acquisition
of the two SAR images, as shown in Figure 1.27b. If we consider a single point on the ground
illuminated in both acquisitions, the travel-time of the waves will vary according to the per-
pendicular baseline, i.e. the difference between the two orbits (viewed from the point on the
ground). At the interferogram scale, it means that all pixels are affected by this effect, inducing
a phase delay for every pixel, as drawn in Figure 1.28b. This is visible in the interferogram
as fringes mainly parallel to the azimuth direction, as shown in Figure 1.28a. The width of
the fringes is proportional to the perpendicular baseline, highlighting the spatial difference
between the two orbits. To remove this effect, we correct for the phase delay induced by the

travel-time difference: A
AGyyp = T”Bﬂse (1.10)
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Figure 1.28: (a) Raw interferogram of the 2003 M,, 6.5 Bam earthquake (Iran) built using EN-
VISAT SAR images, i.e., the total interferometric phase A¢. (b) Scheme of the orbital contri-
butions (in the vertical plane) made by Marconato (2024).

with 86 the look angle difference between the two acquisitions. This contribution is also
called flat Earthbecause by removing the orbital effects, we eliminate the impacts of the Earth’s
curvature. The correction of this component is done by using precise orbits delivered by space
agencies (e.g., the Sentinel-1 accuracy of the orbits is below 1 cm).

The topographic contribution

i C Orbit 2
Orbit 1 Phasel(r]?d) 50
Azimuth |
: Z - 0
Proa M Amp.

Figure 1.29: (a) Interferogram of the 2003 M,, 6.5 Bam earthquake (Iran) built using ENVISAT
SAR images after the orbital correction. (b) Amplitude of the SAR image acquired before
the earthquake. (c) Scheme of the topographic contribution (in the vertical plane) made by
Marconato (2024).

A¢;opo corresponds to the phase delay induced by the variations of the view angle between
the two acquisitions, caused by a non-zero perpendicular baseline, as sketched in Figure 1.29c¢.
This phase delay can be expressed as follows:

4t B
APropo = TRSTL(O)Z (1.11)
The example in Figure 1.29a shows the interferometric phase after removal of the orbital
component. The comparison between the amplitude image (Figure 1.29b) and the phase (Fig-
ure 1.29a) reveals a link between the orientation of the fringes and the presence of reliefs, such
as alluvial fans in the foreground of the image. By using external Digital Elevation Model
(DEM), such as from the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007) with

1 arc resolution (~ 30 m), we can estimate and remove the topographic contribution.

The atmospheric contribution
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Figure 1.30: Example of interferometric phase correction for stratified atmospheric contribu-
tion and residual orbital ramp in Mexico, adapted from Lopez-Quiroz et al. (2009). (a) Original
interferometric phase computed from ENVISAT SAR images acquired on 26 November 2004
and 31 December 2004. (b) Digital Elevation Model (DEM) covering the area. (c) Line Of Sight
(LOS) phase plotted versus elevation. The red line shows the linear regression used to correct
for this correlation. (d) Interferometric phase after removal of the linear relationship shown
in panel (c).

AQurmo is related to the phase delays caused by the propagation of waves throughout the at-
mosphere. Two main atmosphere layers are responsible for this contribution: the troposphere
and the ionosphere. First, the troposphere is the lowest layer of the atmosphere (< 15 km-
height). The phase delay from this layer can be decomposed into a stratified layer, affected by
strong variations of temperature, pressure and water content, and a turbulent part.

The phase delay is proportional to the thickness of the water vapor of the atmosphere
crossed by electromagnetic waves. Therefore, in the case of a stratified atmosphere, these
variations of the interferometric phase are correlated with elevation, as shown in Figure 1.30c.
By computing the linear correlation between the interferometric phase and the elevation, this
contribution is modeled and then removed (Doin et al., 2009; Lopez-Quiroz et al., 2009). An-
other part of the troposphere contribution can be turbulent, corresponding to complex spatio-
temporal patterns that cannot easily be corrected. In the best cases, these effects on time series
or mean velocity analysis are limited due to their random characteristic in space and time,
which are so different from one acquisition to another. Several methods have been proposed
to correct the stratified tropospheric phase delays, one of which is based on global meteoro-
logical models, enabling the computation of a prediction of the delays and then correcting
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them in the data (Jolivet et al., 2011). However, the resolution of these models is lower than
the resolution of SAR images even with multilooking.

The ionospheric contribution (i.e. related to the upper group of layers above the Stratopause,
from 80 to 1000 km-height) is due to the concentration of gas ionized by solar radiation, lead-
ing to variations in the Total Electronic Content (TEC). The ionization of the gasses (also called
photoionization because of the main role of solar radiation) induces strong spatial variations
in the TEC due to the Sun’s exposure. This effect can be modeled and corrected using the
following equation:

4.n.K

c.jo

AQiono = ATEC (1.12)
with K a constant, ¢ the speed of light in a vacuum, fj the frequency of the wave and ATEC
the TEC difference between the two acquisitions from the model (Belcher, 2008). The inversely
proportional aspect of the relationship between A¢;,,, and fp indicates that this contribution
is relatively large or small within the interferogram, depending on the chosen band, allowing
for the neglect of these effects according to the study area and the chosen band.

The deformation contribution

C

: Phase (rad
Orbit 1

)
d— =AdLos.n l50

« B

Figure 1.31: (a) Interferogram of the 2003 M,, 6.5 Bam earthquake (Iran) built using ENVISAT
SAR images after orbital and topographic corrections. (b) Same interferogram than (a) after
filtering and phase unwrapping. The colorbars are shown on the right. (c) Scheme of the
deformation contribution made by Marconato (2024).

A¢y. o corresponds to the phase delays induced by ground displacements between both
acquisitions. The example of the Bam earthquake is shown in Figure 1.31 — before and after
phase unwrapping, highlighting two lobes of deformation in opposite directions related to
the strike-slip motion of the Bam fault. The amount of deformation is relative to the LOS
direction as shown in Figure 1.31c. It can be used to express the deformation contribution
using the following relation:

Defo = —%Adws (1.13)
with Adjps the deformation in the LOS direction. The combination of ascending and de-
scending tracks obtained via different acquisition geometries can help retrieve the horizontal
(essentially East-West) and vertical components of the displacement. By projecting the 3D
displacement vector onto the respective LOS unit vectors of each orbit, a system of geometric
equations can be solved. Although InSAR remains largely insensitive to North-South move-
ments due to its quasi-polar orbit, combining opposite viewing angles allows for the mathe-
matical separation of the vertical and East-West components.
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The residual noise

The final contribution of the interferometric phase is A¢yise. An example is shown in Fig-
ure 1.31a on the bottom right of the interferogram, where the phase seems random. This is the
result of the decorrelation due to the presence of mountains inducing geometric decorrelation.
In the case of the Bam earthquake, the presence of mountains leads to decorrelation, which can
be triggered by both geometric and temporal baselines. On the one hand, high slopes exacer-
bate geometric decorrelation, which occurs when a non-zero perpendicular baseline distorts
the look angle over steep topography. On the other hand, the presence of snow introduces
temporal decorrelation, as the scattering properties of the ground surface change significantly
between the two acquisition dates.

Other reasons can lead to the presence of noise in the interferograms, which can be split
into instrumental and ground causes. Within the instrumental causes, there can be alignment
errors of the SAR images or effects associated with too large baselines (affecting mountains ar-
eas for example). Ground changes may impact the signal-to-noise ratio of the interferograms,
with vegetation cover variations, the presence of snow or soil moisture.

1.4.2 InSAR processing overview

In this part, I will briefly describe the most important steps of InSAR processing, for both
the computation of interferograms and time series inversions. I focus on the Sentinel-1 acqui-
sitions that I used in this thesis. The acquisition mode of Sentinel-1 is the interferometric wide
swath mode (IW), for which the images include three consecutive sub-swaths as shown in Fig-
ure 1.32, and cover 250 km-wide areas. Available raw data delivered by the satellite agencies
are focused complex SAR data (also called Single-Look Complex (SLC) data) or raw unfocused
data. In the following, I describe the main steps of the interferograms calculation from the
SAR images to the time series.

:::::::::

Flight
Direction

Sub-Satellite

Interferometric Wide
Swath Mode

Figure 1.32: Acquisition modes of the Sentinel-1 satellites (from the European Space Agency,
https://earth.esa.int/eogateway/documents/20142/37627/PolS
AR-2013-Sentinel-1-System-Data. pdf, accessed on December 2025).
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1.4.2.1 Selection of SAR images and interferogram computation

As briefly mentioned above, the objectives of the study guide the selection of SAR im-
ages, depending on both the sensor characteristics and the local terrain conditions. For exam-
ple, the analysis of coseismic deformation benefits from selecting interferometric pairs with
short perpendicular baselines in order to minimize residual topographic, orbital, and noise-
related effects, as well as short temporal baselines to better isolate the deformation associated
with the earthquake.

In the case of raw unfocused images, the next step corresponding to a two-dimensional
compression of pixels (in range and azimuth) is called focusing, and it enables the production
of SLCs.

Then, the SLCs have to be co-registered to correct for the acquisition geometries. More
precisely, it corresponds to sub-pixel registration between the SLCs, which can be performed
by different algorithms. The method remains similar, i.e. the computation of the relative
shifts between both SAR images. In order to reduce the number of calculations and the time
needed for the coregistration of several SLCs, a common single primary date is chosen, and
the coregistration is done on this primary date. All secondary SLCs will be aligned with the
primary geometry and then resampled. The geometry of all interferograms remains the same
at the end.

Interferogram networks are built based on the perpendicular baseline and the temporal
one (time between acquisitions). To mitigate phase bias due to fading signals (Ansari et al.,
2021) and to ensure high coherence, the network was constructed using a maximum perpendic-
ular baseline of 200 m and temporal baselines extending up to ~ 1 year. The phase differences
for each interferogram are then calculated between both corresponding co-registered SLCs.
An example of an interferogram is shown in Figure 1.33a, with in panel b the product of the
two image’s amplitudes.

Interferograms can be multi-looked by computing the average of the signal from a group
of nearby pixels to reduce the speckle, which is visible for example in Figure 1.23. Figure 1.23a
corresponds to a single look image of amplitude from a SLC. By averaging nearby pixels, we
downsample the image. Figure 1.23c shows the multi-looked amplitude image, based in part
on the acquisition in Figure 1.23a. In this case, using FLATSIM products (see Section 1.4.4.2),
the data are multi-looked by a factor of 8 X 2 in range and azimuth. This asymmetric window
is applied to compute the signal average and compensate for the non-square pixel aspect ratio
inherent to most raw SAR images. For Sentinel-1 images, this pixel aspect ratio is close to
4. Indeed, while the single-look ground resolution is approximately 5 m x 20 m (in range
and azimuth, respectively), the data is distributed with a pixel spacing of about 4 m x 14 m.
Applying an 8 x 2 multilooking factor perfectly compensates for this geometry, resulting in a
nearly square final ground pixel size of approximately 30 m. As observed in Figure 1.23, this
process effectively reduces speckle noise and increases the coherence of the image, although
the spatial resolution is reduced.

1.4.2.2 Phase unwrapping

The phase is calculated modulo 27 and needs to be unwrapped to obtain continuous spa-
tial variations of the phase delay over the studied zone. One of the major steps of the InSAR
processing is the phase unwrapping, which consists of resolving the 27 ambiguity by inte-
grating the phase difference starting from a group of pixels where the phase is chosen to be
zero.
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Figure 1.33: Example of products delivered by FLATSIM, corresponding to a 6 days interfero-
gram of the track A058 in Tiirkiye built from Sentinel-1 images acquired in 1* and 7 September
2020. (a) The wrapped phase of the interferogram (InW). The dashed line corresponds to a pro-
file used in Figure 1.34. (b) The product of the two image’s amplitudes. (c) The filtered wrapped
phase of the interferogram (InWF). (d) The unwrapped phase of the interferogram (InU). (e)
The spatial coherence of the interferogram. (f) The average amplitudes of the two SAR images
used to form the interferogram.

An example of a wrapped interferogram of the track A058 in Tiirkiye is shown in Fig-
ure 1.33a. The blue curve in Figure 1.34 corresponds to the profile AA’ of this interferogram.
We can see that the phase is affected by high-frequency variations due to several factors, that
makes the unwrapping step difficult. The most important factor is the decorrelation of the
data. This effect is measured by the interferometric coherence, which is estimated to be
between 0 and 1, where 0 means that pixels have random phases, making it impossible to de-
termine a displacement for such pixels. As seen below, different parameters can reduce the
coherence such as the presence and change of vegetation or snow (temporal coherence loss) or
a large baseline between both satellite locations in areas with relief (geometric coherence loss).
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4 y

Figure 1.34: Profile AA’ extracted from the wrapped interferogram (in blue - Figure 1.33a), the
wrapped and filtered interferogram (in black — Figure 1.33c) and the unwrapped interferogram
(in red - Figure 1.33d). The horizontal lines show the limit values £7.

An example is shown in Figure 1.33e, compared with the average amplitudes of the two SAR
images used to form the interferogram shown in Figure 1.33f. Pixels with a high amplitude
have a higher signal-to-noise ratio and, therefore, higher coherence values. We can see in this
example that the most accurate zones are the cities (Istanbul in the north, Bursa in the middle,
and Eskisehir in the east), while the less coherent ones are mostly located in mountain areas
(e.g., the Samanli range between Izmit and Iznik Lake). By defining a coherence threshold,
we can remove those zones of less coherence to avoid phase offsets after unwrapping due to
incoherent signals.

Other factors make phase unwrapping complex, such as strong phase gradients due to to-
pography variations which can induce layovers, atmosphere, high ground displacement gra-
dients and residual noise. Another intermediate step enhancing unwrapping is to filter the
interferometric phases. Several filtering methods can be used (e.g. Qing et al., 2004). An ex-
ample of the filtered version of the wrapped interferogram made using an average wrapped
filter (SW filter) shown in Figure 1.33a is presented in panel c. The black curve in Figure 1.34
corresponds to the AA’ profile. The remaining variations are smooth, facilitating unwrapping.

Then, the phase can be unwrapped by using different algorithms (Goldstein et al., 1988;
Chen and Zebker, 2001). Again, the unwrapped version of the wrapped filtered interferogram
shown in Figure 1.33c is presented in panel d, with a non-cyclic colorbar. The red profile in
Figure 1.34 corresponds to the unwrapped phase of the AA’ profile.

1.4.2.3 Time series analysis

Time series are deduced from a set of interferograms, to quantify the evolution of the
surface displacement in time. To do so, an inversion is performed using the phase delays of
the interferograms for all acquisition pairs to retrieve an interferometric phase varying with
time.

The cumulative phase delay is calculated for each pixel using the following set of equations.
First, we define the phase delay per pixel ® corresponding to the difference between two
absolute phases ¢ acquired at different times (i, j):

O = ¢/ — ¢’ (1.14)

This is also defined by the sum of the phase increments ¢ between the two acquisition times:
ool

o =Y 5 (1.15)
k=1
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To retrieve the displacement time series, this formulation is extended to all computed inter-
ferograms to build a linear system of equations, expressed in matrix form as:

D =A8¢ (1.16)

where @ is the vector containing the interferometric phase values for a given pixel across all M
interferograms, 8¢ is the vector of the N — 1 unknown phase increments between consecutive
acquisitions, and A is a design matrix of size M x (N — 1) filled with 0 and 1 according to the
network configuration. This linear system can then be solved using inversion methods such as
Least-Squares or Singular Value Decomposition (SVD) (Doin et al., 2011). A phase time series
cube is built, with the cumulative phase at each pixel corresponding to cumulative phase at
each acquisition date.

1.4.3 Presentation of the main processing chains

Time series inversions are challenging due to the temporal and spatial decorrelation of the
phase and the presence of atmospheric disturbances reducing the signal-to-noise ratio.

Since 2000’s, several methods have been developed to tackle this challenge and to provide
time series of deformation. In the following, I detail two end-members of the processing chains
widely used today in these various algorithms: the Persistent Scatterers Interferometry (PSI)
and Small Baseline Subset (SBAS) methods.

1.4.3.1 Persistent Scatterers Interferometry (PSI)

The aim of the Persistent Scatterers Interferometry (PSI) methods is to rely on stable
pixels over the study period, in order to enhance the accuracy of the time series inversion.
The main challenge of this method is to define how to choose those coherent pixels.

The first implementation of Permanent Scatterer (PS) approach came from Ferretti et al.
(2000, 2001), who proposed a selection of stable pixels using a dispersion index D4 calculated
from the amplitude as a criterion corresponding to the ratio of the mean and standard deviation
of the time series of the amplitude values per pixel. They showed that this method enables
the selection of pixels with a stable phase over time, mostly corresponding to urban areas and
rocky terrains. Similar methods have been developed using different pixel selection criteria,
e.g., coherence maps with a delicate tradeoff between the choice of the coherence threshold
and the threshold estimate window size or analysis of the phase stability (Hooper et al., 2004),
leading later to the StaMPS algorithm (Hooper et al., 2012). These methods are robust, enabling
high accuracy on the selected PSs; however, the spatial resolution is reduced due to the pixel
selection.

To improve the spatial resolution, new methods combine the processing of PSs and DSs,
i.e. Distributed Scatterers (DS) (e.g. Ferretti et al., 2011). The latter corresponds to reflectors
that are also stable over time but are characterized by several small scattered objects affecting
a group of pixels (rather than one main object per pixel for the PSs). The scheme in Fig-
ure 1.35 shows the difference between both scatterer groups, indicating the main nature of
both, such as the PSs being mostly linked to walls or corners of a building, electric pylons for
example, whereas the DSs are mostly related to crops, homogeneous rocky slopes, etc. This
strategy is used within the SqueeSAR algorithm implemented by Ferretti et al. (2011). In this
case, we talk about Persistent Scatterers because the selection includes pixels that are not ideal
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Figure 1.35: Scheme showing the characteristics of the permanent and distributed scatterers
from Tamburini et al. (2014).

but statistically stable over time. Abuse of terms leads to a generic term of Persistent Scat-
terers Interferometry (PSI), gathering all Permanent Scatterers methods (e.g. Ferretti et al.,
2000, 2001), Persistent Scatterers (e.g. Ferretti et al., 2011), and hybrid methods, as developed
by Crosetto et al. (2016).

1.4.3.2 Small Baseline Subset (SBAS)

A second type of method used to compute time series inversions is called Small Baseline
Subset (SBAS). It was first mentioned by Berardino et al. (2003) in their study of deformations
related to the Campi Flegrei caldera and the city of Naples in Italy. These methods are based
on the minimization of the decorrelation of the interferograms, by selecting only short spatio-
temporal baselines as shown in the example in Figure 1.36a.

In order to maintain the good coherence achieved through the specific selection of inter-
ferograms, subsets are built corresponding to a group of closely related interferograms. The
inversions are independently computed on each subset, which reduces noise and enhances
the target signal. The main challenge of this method is to merge the several resulting time
series to produce a unique time series covering the entire period, such as the one presented in
Figure 1.36b. Figure 1.36 — c,d,e shows an example of the effects of different algorithms on a
same dataset illustrated by Jolivet (2011). Without going into details, three different strategies
exist:

c. a least square method with a linear interpolation of the time series within the overlap
periods (Usai, 2003),

d. asingular value decomposition (SVD) method with a quantification of the variation rate
of the phase allowing for a merge of the overlap periods (Berardino et al., 2003),

e. and the use of constraints to the inversion based on a polynomial function denoted the
evolution of the phase applied with a weight to reduce the artifacts due to the the method
used (Lopez-Quiroz et al., 2009).

The resulting time series is different and highlights the importance of the choice of the algo-
rithm related to the objectives of the studies.

The examples detailed in Figure 1.36 do not show all SBAS methods, as pointed out by Li
et al. (2022) for instance. Their goals are to overcome issues of the classic SBAS method, such
as data coherence or the accuracy of the deformation estimates. In this thesis, [ use InSAR data
processed using the NSBAS method from Doin et al. (2011), which I present in the following
section.
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Figure 1.36: Illustration of the variability of the SBAS algorithms on a synthetic test, published
by Jolivet (2011). (a) Interferogram network. (b) Synthetic time series of a pixel (black line) built
using white noises in addition with a synthetic linear deformation of the ground (dotted line).
(c) Resulting time series obtained used the approach developed by Usai (2003) based on a least
square method. (d) Resulting time series obtained using the initial SBAS method developed by
Berardino et al. (2003) based on a SVD approach. (e) Resulting time series obtained by using
the algorithm developed by Lopez-Quiroz et al. (2009), based on a SBAS approach enhanced
by the use of constraints.

1.4.3.3 The New Small Baseline Subset chain (NSBAS)

The New Small Baseline and Subset (NSBAS) chain (Doin et al., 2011) corresponds to a
fully automatic processing chain to compute time series of displacements from raw SAR im-
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ages. It was initially developed for ENVISAT images, with the aim of overcoming the growing
number of available SAR images (ERS, ENVISAT, RADARSAT) and has therefore been adapted
for use with Sentinel-1images (Grandin, 2015).

The NSBAS processing chain is based on Repeat Orbit Interferometry PACkage (ROIPAC)
modules (Rosen et al., 2004). Without going into the details of each step of the workflow, I
focus on the key aspects of the method. The greatest asset of this method is the enhancement
of interferogram coherence, especially in areas with moderate or high topography and areas
covered mostly by vegetation.

Such improvements are possible thanks to some processing steps. First, during the early
steps of the processing, the SLCs are computed using a common Doppler band systematically
to increase the coherence by fixing the azimuthal spectral coverage. They are co-registered to
a "super master image", i.e., the coregistration of all the SLCs is relative to one chosen geome-
try, reducing the computation time. Then, the use of Digital Elevation Models (DEM) early in
the processing enables consideration of the variations in topography and, therefore, limits the
loss of coherence due to geometrical distortions related to a non-zero perpendicular baseline
(see Section 1.4.1.3). This is done by the local slope adaptive range filtering (Guillaso et al.,
2008). The most significant impacts are observed in long-temporal baseline interferograms.
By successfully incorporating pairs with longer temporal spans than traditional techniques
like SBAS, this approach effectively mitigates long-term phase biases and improves the re-
trieval of slow, steady displacement rates. Corrections and filtering are then applied before
the unwrapping of the phase based on the coherence to optimize the unwrapping path and
limit unwrapping errors (Grandin et al., 2012). Atmospheric corrections are also applied to
reduce their phase delays. This is done by applying model-based corrections of stratified at-
mospheric delays using global meteorological models (e.g., with ERA-I from ECMWE, Jolivet
et al., 2011) and/or orbit corrections re-estimation (Cavalié et al., 2008; Jolivet et al., 2012). Fi-
nally, the last step is the time series inversion, according to two different strategies, which are
the constrained inversion as explained before (see Section 1.4.3.2, Lopez-Quiroz et al., 2009; Jo-
livet et al., 2012) and the smoothed inversion, in which we do not assume that the time series
follows a polynomial function but that the temporal evolution is smooth.

1.4.4 The development of an automatic processing chain - the FLAT-
SIM project

With the growing number of Sentinel-1 data, automatic processing methods have been
developed to provide surface displacement time series over large areas and long time periods.
As explained in Section 1.4.3, various processing chains have been implemented, leading to the
building of some workflows able to automatically process InSAR data and compute time series,
e.g. LICSBAS which is an open-source Python package developed by Morishita et al. (2020) as
part of the COMET consortium in the United Kingdom. In France, a similar project has been
settled in the framework of the FLATSIM FormaTerre LArge-Scale Multi-Temporal Sentinel-1
InterferoMetry project detailed by Thollard et al. (2021), in collaboration with the French Centre
National d’Etudes Spatiales (CNES). The aim is to provide interferograms, mean velocities, and
phase time series (which can be converted into ground displacement) obtained using Sentinel-
1 data and based on the NSBAS processing chain detailed before (Section 1.4.3.3, Doin et al.,
2011)). The following section is a summary of the FLATSIM project based on Thollard et al.
(2021). The FLATSIM data has been used in this thesis.
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Figure 1.37: Global map showing the sites operated in the framework of the FLATSIM project
(https://flatsim.cnes.fr/doi/, accessed on December 10, 2025). Red and
orange areas correspond to chosen areas from the first and second calls for projects, respec-
tively (a third call has been launched in 2026, with the kickoff of the processing in April 2026).
The blue one corresponds to the French site, the FITS-FR collection of the Service National
d’Observation ISDeform.

1.4.4.1 FLATSIM architecture

FLATSIM architecture is split into two main components: (1) a production module en-
abling the automatic processing of the InSAR data, and (2) a delivery module allowing for the
distribution of the products to the users.

The production module is designed to incorporate the NSBAS chain into the CNES
high performance computing (HPC) infrastructure. First, this strategy takes advantage of the
Sentinel-1 data from ESA locally copied and stored by the CNES. Then, the NSBAS chain has
been adapted to run within the HPC infrastructure, and the main processing steps are paral-
lelized to decrease the computation time. The collaboration with CNES also enables high stor-
age. As an example, the processing of a 5.5 *-long swath with 8 looks resolution over 5 years
requires 10000 hours of CPU (i.e., Central Processing Unit) time and therefore 60 hours of real
time. To be more efficient, the production module is itself divided into two sub-components:
(1.1) the FLATSIM application server corresponding to the catalogs and orchestrator capabil-
ities, and (1.2) the FLATSIM unitary treatments corresponding to the processing jobs sent to
the HPC infrastructure.

After processing interferograms and time series for a given region, each track is checked
by the Principal Investigator (PI) of the project site to validate the products. This is part of the
delivery module, which provides scientific experts with direct access to the final products.
After validation, the data are available to the users.

1.4.4.2 The incorporation of the NSBAS chain

Figure 1.38 gathers the main steps used by the FLATSIM project based on the NSBAS pro-
cessing chain, allowing for the computation of unwrapped interferograms, then used for the
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Figure 1.38: Processing sequence from raw SAR images to unwrapped interferograms used by
FLATSIM from Thollard et al. (2021).

time series inversion. All of these steps are done using the radar geometry. As described
in Section 1.4.3.3, interferograms are selected based on their temporal and spatial baselines.
SLCs are co-registered using a master SLC, and then interferograms are computed and multi-
looked. Atmospheric phase screen (APS) correction is applied based on a DEM simulation and
an atmospheric model. A filter is applied to the APS-corrected wrapped interferograms, before
unwrapping based on the spatial coherence and the DEM of the latter.

The final APS-corrected low-pass filtered and unwrapped interferograms are used for the
time series inversion after validation of the interferograms based on their unwrapping frac-
tions and the residual phase standard deviations per interferograms and dates. The total phase
delay time series and a temporally smoothed time series are jointly inverted, the first prod-
uct being delivered to the users and the second one being used as a regularization in case of
disconnections in the interferogram network. The time series inversion algorithm also uses
an iterative process, which allows for the correction of unwrapped errors (Cavalié et al., 2007;
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Lopez-Quiroz et al., 2009; Doin et al., 2015). Finally, different quality control (QC) features are
computed based on the inversion, and the mean LOS velocity is produced based on a linear
least-square regression in time of the time series, iteratively improved by using weights on
data presenting high deviations from the displacement temporal evolution trend.

Some processing parameters are automatically chosen, such as the type of filter used for
the wrapped phases, the spatial coherence threshold used to mask the data before unwrap-
ping or the threshold of the unwrapping fraction per interferogram used to select the vali-
dated interferograms for the time series inversion. These choices have an impact on the final
interferograms and time series. Users have the possibility to download the 2-looks wrapped in-
terferograms (or 8-looks) and pursue the processing manually and/or compute the time series.
In the following part, I will detail the delivered outputs from FLATSIM.

1.4.4.3 Presentation of the delivered products

The access of the products is made via the CNES data portal called GEODES (https:
//geodes-portal.cnes. fr/, accessed on March 2, 2026). The delivered products
are divided into three categories with the list of the main important files:

« Interferogram based products: wrapped (InW), filtered wrapped (InWF), unwrapped
(InU) interferograms, spatial coherence (Coh) and atmospheric phase screen (APS) data,

« Time Series: time series cube of phase (DTs), mean velocity (MV-LOS), network mis-
closures (Net) data, and list of the interferograms,

+ Auxiliary Data: LOS components (CosENU), digital elevation model (DEM), lookup
tables (LuT, for the conversion from radar to ground geometry) and temporal coherence

(TCoh).

These products are provided in radar and geographic geometries at different resolutions ac-
cording to the related step in the processing. The interferogram based products are available
for all pairs of acquisitions used in the final time series however they are heavy (~ 2.2 Gb per
interferogram for the zipped folder) due to the 2 looks resolution. An example of some prod-
ucts of the interferogram package is shown in Figure 1.33. In comparison, the zipped folder of
the time series is about ~ 6.7 Gb for 100 processed images, with a data cube of about ~ 6.1 Gb
and ~ 4.1 Gb in ground and radar geometries, respectively.

1.4.5 Related open challenges

The presentation of InSAR technique shows the opportunities to study displacement time
series along worldwide continental fault systems over decades with a high spatial resolution.
The use of these data has already proved its efficiency in detecting small displacements (down
to a few millimeters), allowing for the study of slow deformation.

As a complement to the previous open challenges related to the discovery of SSEs (Sec-
tion 1.3.6), here are additional challenges related to the use of the InSAR technique:

1. What new insights or added values into fault creep dynamics can be gained from
continuous, long-term InSAR monitoring at regional to global scales?
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2. How can the increasing volume of automatically processed InSAR products be sys-
tematically exploited to better constrain the spatio-temporal variability of creep
along continental strike-slip faults?

3. How robust are automated InSAR processing chains in preserving low-amplitude
deformation signals, and how do processing choices affect the detection of SSEs?

4. How can large-scale, automatically processed InSAR datasets be used to build sys-
tematic inventories of transient deformation events along global fault systems?

5. What are the current limitations in terms of sensitivity, spatial resolution, and noise
amplitude of the InSAR data?
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1.5 The North Anatolian Fault in Tiirkiye

1.5.1 Geological and Tectonic contexts

1.5.1.1 The formation of the Anatolian land mass
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Figure 1.39: Simplified tectonic map showing major structures and provinces modified from
Bozkurt and Mittwede (2001). Abbreviations: WBSF = Western Black Sea fault, and WCF =
West Crimean fault. The sutures are shown by the lines with filled triangles, so that the tips
of triangles indicate polarity. Thrust belts are shown by the lines with open triangles, so that
triangles point toward the vergence direction. Strike-slip faults are shown by the lines with
half arrows, so that the half arrows show relative movement along these faults. The Pontides
and Lesser Caucasus form the eastern extension of the Sakarya Zone. The colors correspond
to four main tectonic blocks: the Pontides in green, the Anatolides in red, the Taurides in blue
and the Arabian Plate in yellow.

Tirkiye can be split into four main tectonic blocks as represented in Figure 1.39:

1. the Pontides on the Northern side (green),
2. the Anatolides on the central part (red),
3. the Taurides on the Southern side (blue),
4. the Arabian plate on the South-Eastern side (yellow).
The second and third blocks are sometimes grouped as the Anatolide-Tauride block. All of

these pieces are tied by several sutures shown by the black lines, traces of the past geology,
which point to ocean closures and continental collisions. This land mass is surrounded by three
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seas - the Black sea (North), the Aegean sea (West) and the Mediterranean sea (South); and
contains one sea on its North-Western side - the Marmara sea. These blocks are witnesses of
Paleozoic and Mesozoic times, assembled during the Triassic and completely reworked during
the Neogene, mostly due to the Alpine orogeny, leading to the current Tirkiye with its complex
tectonic and geological contexts. As shown in Figure 1.39, this complex geological history
has shaped the country with many relics from the ancient Tethyan oceanic basins closures
(e.g. sutures, metamorphic and volcanic massifs, accretionary complex). The next paragraphs
provide an overview of the major geological events leading to the formation of these different
suture zones.

More than 350 Ma ago during the Carboniferous period, the closure of one of the most
significant Paleozoic oceans, the Rheic ocean, led to the collision of the two supercontinents
Gondwana and Laurussia during the Variscan or Hercynian orogeny (Carbonifeous-Permian).
The Rheic ocean separated the Avalonia and Armorica terranes (Gondwana side), two micro-
continents detached from Baltica-Laurussia and Gondwana. Two areas in Tiirkiye come from
those continents (Figure 1.39): the Istanbul zone was part of Avalonia (e.g. Okay et al., 2011b),
and the Sakarya and the Strandja zones were part of Armorica (e.g. Okay et al., 2008b; Us-
tadmer et al., 2012). The closing of the Rheic ocean forms the first suture in current Tirkiye
within the Pontides zone, represented in purple in Figure 1.39, called the Rheic Suture (Ak-
dogan et al., 2021). Due to the Alpine orogeny, which reworked a lot of this region, the precise
origin of the Rheic suture is still debated, with some papers suggesting that this suture may
rather be a Neo-Tethyan suture (e.g. Marroni et al., 2020).

The subduction of the Rheic ocean led to the Variscan orogeny with the continental col-
lision of Gondwana and Laurussia, which formed Pangea during the early Permian. At least
two oceans existed during this period: the superocean Panthalassa, and the Paleo-Tethys
ocean. Some studies suggest that the Paleo-Tethys can be the result of a back-arc basin of the
northward subduction of the Rheic ocean lithosphere (Karsli et al., 2020), but this is still de-
bated. Indeed, some studies suggest that the Paleo-Tethys opened during the late Ordovician
- Silurian, meaning that the Rheic and Paleo-Tethys oceans were coeval at this period (Topuz
et al., 2020). Nevertheless, the Paleo-Tethys ocean was separating the young Pontides zone
(part of the previous Laurussia, mostly the current Eurasia) with the Anatolide-Tauride block
(part of the previous Gondwana, mostly the current Africa). The closure of the latter by dual
subduction north- and south-ward started in the late Paleozoic (Candan et al., 2016), and con-
tinued for the northward subduction under Laurasia during the Cimmeride (or Cimmerian)
orogeny in Late Triassic forming the Izmir-Ankara suture (Sengor et al., 1984; Okay et al.,
2011a). The Karakaya complex within the Sakarya zone (north of the Izmir-Ankara suture, in
orange in Figure 1.39) corresponds to the accretionary complex of the Paleo-Tethys subduction
(Okay et al., 1996, 2011a; Aysal et al., 2018).

Meanwhile, the breakup of Pangea also started in the late Triassic, with the opening of
an ocean called the Neo-Tethys. This ocean is composed of several branches separating
micro-continents, such as the Anatolide-Tauride locked between the Northern and Southern
branches of the Neo-Tethys. The Northern branch of the Neo-Tethys is also made of different
branches, with the Intra-Pontide ocean on the North, the Izmir-Ankara-Erzincan ocean sepa-
rating the Sakarya zone with the Anatolide-Tauride block, and Inner Tauride oceans (Sengor
and Yilmaz, 1981). Those oceans opened following the rifting initiation during the early Trias-
sic, suggesting that Paleo- and Neo-Tethys may have been coeval (e.g. Génciioglu et al., 2003;
Robertson et al., 2004; Tiysiiz and Tekin, 2007).

Those oceans closed due to the North-South convergence between the Africa-Arabia and
Eurasia blocks during the Alpine orogeny. The subduction of the Neo-Tethys started in late
Cretaceous (Maffione et al., 2017). The end of the full Neo-Tethys closure is still debated but
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some studies suggest that it lasts at least until the beginning of the Eocene like for the Intra-
Pontide ocean (e.g. Cengiz, 2023; Kus et al., 2025). The closure of the latter shaped the Intra-
Pontide suture (IPS - in blue Figure 1.39) between the Istanbul zone and the Sakarya terranes.
The closure of the central branch of the Neo-Tethys led to the collision of the Pontides and the
Anatolide-Tauride block, forming the Izmir-Ankara-Erzincan suture (in red - Figure 1.39)
(e.g. Sarifakioglu et al., 2017; Mueller et al., 2019). The Black Sea formed as a response of the
subduction of the northern branch of the Neo-Tethys during the Cretaceous, corresponding to
an oceanic back-arc basin (e.g. Stephenson and Schellart, 2010). The continental collision led
to the uplift of the Pontides and Tauride mountain ranges, and also to volcanism activities.

The southern branch of the Neo-Tethys also closed during this period. The eastern sub-
ductions continued probably until the Miocene (Giilyuiz et al., 2020). It led to the exhumation
of metamorphic complexes, such as the Kirsehir massif (central Anatolia) (e.g. Cinku et al.,
2016). The incomplete closure of the southern branch of the Neo-Tethys formed the Mediter-
ranean sea (Le Pichon et al., 2019a). ~ 15 Ma (Miocene), the Hellenic subduction zone in
the Mediterranean sea has formed to accommodate this convergence (Le Pichon et al., 2019b).
The result of this subduction is a North-South extensional tectonics west of the Anatolia block,
which formed the Aegean sea. Simultaneously on the east of the Anatolian block, the Ara-
bian plate entered in collision, leading to the Bitlis-Zagros suture (e.g. Okay et al., 2008b;
Cavazza et al., 2018) (in brown - Figure 1.39). Again, associated metamorphism and volcanism
appeared in response of the subduction and collision zones.

All of these successive events shaped the Anatolian land mass that we know today. This
block is made of Gondwana and Laurussia pieces, assembled by several sutures - relics of
ancient oceans, which have been metamorphosed and covered by new layers. This land mass
remains affected by active deformation, that I described below.

1.5.1.2 The tectonic context

Tirkiye is composed of three major distinct tectonic plates: the Anatolian plate (cen-
tral and major one), the Eurasian plate (north and east) and the Arabian plate (south-east). Two
major faults currently cross the country (Figure 1.40): the North Anatolian Fault (NAF) and
the East Anatolian Fault (EAF). The NAF was first described by Ketin (1948) after the 1930’s
earthquakes in eastern Tirkiye, starting with the 1939 Erzincan earthquake (Barka, 1996).
By studying the displacements along the ruptures, he concluded that one major right-lateral
strike-slip fault on the north-east side of the country explains the observations. To accommo-
date the westward displacement of the Anatolian block, a second fault (corresponding to the
EAF) was needed in the South (Arpat and Saroglu, 1972). While this two-fault configuration
forms the backbone of the Anatolian extrusion engine, modern block models now incorporate
several secondary fault systems such as western grabens and central splays, to fully account
for the internal deformation of the plate.

During the Neogene period, all the micro-plates gathered forming the current land mass
that we know, and impacting the tectonics. The Arabian plate is pushing the Anatolian and
Eurasian plates on the eastern side, and the Hellenic subduction is pulling the Anatolian
plate on the western side. The onset of the NAF and EAF has been largely debated. Indeed,
the dating of syntectonic sediments along the North Anatolian Fault Zone (NAFZ) reveals that
the eastern part may have initiated 13 — 11 Ma, against 200 ka within the Marmara Sea on the
western part (Sengor et al.,, 2005). These observations suggest a westward propagation of the
NAF initiation, with an average velocity of 11 cm/yr, based on an analysis of the North Ana-
tolian Shear Zone (NASZ) provided by Sengér et al. (2005), and based on general observations
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Figure 1.40: Mw > 4.0 earthquakes over the period 1900 — 2026 from the AFAD catalog, over-
layed by the Tirkiye earthquake hazard map (i.e. peak ground acceleration). The red lines
show the faults network, and the superimposed yellow dots highlight the earthquake surface
ruptures since 1900. The major tectonic plates are written in italic, and the two major faults
are written in bold red.

made by Tchalenko (1970). However, new datings highlight the presence of older syntectonic
sediments on the western part of the NASZ, along the southern branches of the NAF , south
of the Marmara Sea. Karabacak et al. (2022) found that the earliest age within this area is
about 500 ka, consistent with the onset of the southern branch of the NAF before the north-
ern branch crossing the Marmara Sea. New studies also revealed older ages of syntectonic
sediments along the central part of the NAF, such as Nuriel et al. (2019) who found evidence
of extensional normal faulting active 42 Ma ago, and reactivated 11 Ma ago as strike-slip fault-
ing. It appears that the idea of a one directional propagation of the NAF is not so simple, and
that it may instead be a succession of several episodes of reactivation of preexisting fault
structures and the establishment of links between them. The distinct dates recorded along the
NAF suggest a temporal sequence of the fault onset and reactivation along the NAF since the
middle Eocene (~ 40 Ma ago) (Uysal et al., 2025). Figure 1.41 corresponds to the proposition
made by Uysal et al. (2025) concerning the formation of the NAFZ.

As mentioned above, two main forces may explain the westward extrusion of the Anatolian
plate: the Arabian-Eurasian-Anatolian collision and the Hellenic subduction retreat.
Some studies found evidence of strike-slip faulting in the western part of Tiirkiye (Aegean
region) active during the Oligocene, pre-dating the Arabia-Eurasia collision in the Miocene,
suggesting a predominant role of the Hellenic subduction (Okay et al., 2008a). Even the conti-
nental collision may be driven by the subduction, as proposed by Reilinger et al. (2006) in their
block model study. Other studies focused on the evolution of the Bitlis-Hellenic subduction
zone and show that it may have played an important role in the formation of the NAF (e.g. Fac-
cenna et al., 2006; Govers and Fichtner, 2016; Memis et al., 2020). By using tomography analy-
sis, Faccenna et al. (2006) highlighted two distinct mechanisms along the subduction zone: (i)
a continuous subduction in the western part (Hellenic zone) and (ii) a broken slab in the east-
ern part (Bitlis zone). They suggest that the break-off of the slab beneath the Bitlis zone in
the Middle-Late Miocene led to the Arabian indentation in the eastern part and a retreat of
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Figure 1.41: Simplified reconstruction of the NAFZ onset proposed by Uysal et al. (2025). The
dashed lines show the Neo-Tethys suture zones, and the solid line shows the Hellenic subduc-
tion. Notes on the right side remind the main synchronous tectonic events.

the Hellenic subduction zone in the western part. Both of these effects may have pulled the
Anatolian plate, and initiated most of the NAFZ segments. Full-wave inversion methods pro-
vided precision on the slab fragmentation, separating the western (Aegean-Hellenic) side and
the eastern (Cyprus-Bitlis) side. Govers and Fichtner (2016) propose that this fragmentation
occurred during the Eocene, and led to (i) a slab roll-back of the Hellenic subduction enhancing
its SW-ward retreat (Jolivet et al., 2013), and (ii) a horizontal subduction on the Cyprus-Bitlis
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zone. By studying the uplift affecting eastern Tiirkiye (North of the Cyprus-Bitlis subduction
zone), Memis et al. (2020) propose that the break-off of a slab is a possible scenario (Faccenna
et al., 2006), but not mandatory to explain the observations. The most important feature is the
slab peel-back, which started ~ 18 Ma ago, i.e., after the Arabian-Eurasian collision, leading
to the uplift of the overriding plate and the presence of an asthenospheric upwelling zone. This
model, which positions the southwestward retreat of the Hellenic subduction as the primary
tectonic driver, provides a clear mechanism for the westward extrusion of the Anatolian block.

The Figure 1.41e shows the formation of the Marmara Sea, with the development of the
Main Marmara Fault (MMF) as a western prolongation of the NAF . The Marmara Sea
opened 4.5 — 3.5 Ma ago, in an extensional context related to the Aegean subduction (Le Pi-
chon et al.,, 2016). The onset of the MMF occurred no earlier than 2.5 Ma ago, with a westward
propagation until reaching the Aegean subduction zone. Grall et al. (2012) analyzed the sub-
sidence episodes within the Marmara Sea basins and showed that the 200 ka onset estimate
of the MMF may be rather related to readjustments of the fault system (e.g. connection with
other fault segments or fault interactions). As mentioned earlier, precise dating of the onset
of the faults is difficult to estimate due to the evolution of the tectonic context.

As defined by Sengér et al. (2005), the North Anatolian complex strike-slip fault can be
defined as a keirogen', which can be divided into several branches and secondary faults ac-
commodating the block motions. By looking at the North Anatolian keirogen extent, it ap-
pears that the fault has progressed within the tethyside accretionary complex, following
older sutures such as the Intra-Pontide suture (west) and the Izmir-Ankara-Erzincan suture
(east). The width of the shear zone varies significantly, increasing from east to west. In east-
ern Turkiye, the deformation is localized along a narrow corridor of less than 10 to 20 km. In
contrast, toward the west, the keirogen widens into a broad deformation zone exceeding 100
to 150 km in width, as it splits into multiple strands within the Marmara region and merges
with the extensional regime of the Aegean Sea. Therefore, the formation of the NAF seems
related to weak areas corresponding to older sutures. The NAF extends along a bimaterial
interface covered by tethyside subduction-accretion materials and quaternary sediments (e.g.
Sengor et al., 2005).

1.5.2 The North Anatolian Fault over the last century

In this thesis, we focus on the NAF crossing the norther part of Tiirkiye. We will detail
in the following sections the current tectonic context of the NAF , especially during the last
century when several earthquakes happened on that fault. Finally, we will focus in details on
the 1999 Izmit earthquake, which is the my main study area.

1.5.2.1 Seismic sequence on the North Anatolian Fault

In 1939, a M,, 7.7 earthquake ruptured the eastern part of the NAF near the city of Erzincan,
killing more than 32 000 people and therefore being one of the largest earthquakes in Tiirkiye.
Since then, 10 M,, > 6.7 earthquakes have shaken the country and are listed in Table 1.2. The
associated ruptures are shown in the map in Figure 1.42. Their spatio-temporal distribution
suggests a westward propagation of the earthquakes, leading to the rupture of most of the

I"A keirogen (from ancient Greek k€1p® = shear) is abroad strike-slip shear zone in which more than one
major strike-slip fault and associated structures take up the shear and it is the strike-slip counterpart of the
shortening orogens and extending taphrogens." Sengor and NATAL'IN (1996), endnote 8.
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Figure 1.42: The seismic sequence distribution along the NAF . (a) Map showing the surface
ruptures from Armijo et al. (2000). The surface ruptures corresponding to the 1951 and 1957
earthquakes have been shifted by —0.07°N to be visible. The colored stars show the locations
of the epicenters gathered in Table 1.2. (b) Slip distribution along the NAF of the Mw > 6.7
earthquakes from the last century modified from Stein et al. (1997) and Armijo et al. (2000). The
dark gray events correspond to earthquakes not shown on the upper map. The light gray areas
indicate the cumulative slip values of the earthquakes which ruptured the same segments.

NAF . This propagation can be explained by stress transfer between successive earthquakes
throughout the seismic sequence.

Indeed, Stein et al. (1997) studied the Coulomb failure stress change (ACF'S) during the
period 1939 — 1992 caused by the static elastic stress changes induced by the earthquakes.
They concluded that 9 of the 10 studied earthquakes were triggered by the preceding event
through positive ACF'S, resulting in subsequent ruptures occurring earlier than expected from
steady tectonic loading alone. Analysis of stress triggering along the NAF highlights potential
future ruptures zones, including the eastern extent near Erzincan and the western extent near
Izmit, where a slip deficit has been observed (Barka, 1996); as well as the western and eastern
edges (Stein et al., 1997). Stein et al. (1997) estimated a 30-year probability of 15 % and 12 %
for future earthquakes on the eastern and western edges of the fault, respectively, relative to
the 1992 state of the seismic sequence. In 1999, the western edge ruptured through the 19994
M,, 7.6 Izmit earthquake followed by the 1999b M,, 7.2 Diizce earthquake (in red and purple
in Figure 1.42a, respectively), further supporting the hypothesis of westward stress transfer
along the NAF .

Following the last earthquakes along the NAF , the stress transfer has been reevaluated,
with the aim of refining the seismic hazard estimate for the Marmara seismic gap (Fig-
ure 1.42a). New computations of ACF'S have been done, taking into account a viscoelastic
behavior of the lower crust, thus defining a time-dependent stress change. The Coulomb
failure stress change can be defined as:

ACFS = At + u'Acy (1.17)

with AT corresponding to the shear stress, Aoy the normal stress, and i’ the effective or
apparent coefficient of friction. The effective coeflicient of friction accounts for the effects of
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Date Site Lat. | Lon. | Rupture| M, (Nm) M,, | Ref.
(DD/M- (N) | (E) | length
M/YY) (km)
26/12/1939 | Erzincan 39.80 | 39.38 | 263 411x10%° | 7.7 |3,4,6,8
20/12/1942 | Niksar- 40.66 | 36.35 | 44 1.74% 10" | 6.8 | 3,4,6,8
Erbaa
26/11/1943 | Tosya-Ladik | 41.05 | 33.72 | 270 2.51x10% | 7.6 |3,4,6,8
01/02/1944 | Bolu-Gerede | 41.00 | 33.22 | 101 1.48x10%° | 74 |3,4,6,8
13/08/1951 | Kursunlu 40.86 | 32.68 | 38 2.12x 10 | 69 | 1,4,5
26/05/1957 | Abant 40.58 | 31.00 | 31 1.35x 10" | 6.7 |3,4,6,8
22/07/1967 | Mudurnu 40.57 | 30.80 | 61 2.82x 10" | 7.0 |2,3,4,6,8,15
13/03/1992 | Erzincan 39.71| 39.60 | - 1.14x 10" | 6.7 |6,7,9,10
17/08/1999 | Izmit 40.70 | 29.91 | 99 2.15x10%° | 7.4 | 12,13,14
12/11/1999 | Diizce 40.82 | 31.20 | - 4.67x10Y [ 7.2 | 11,12,16,17

Table 1.2: Table gathering the M,, > 6.7 earthquakes of the last century Anatolian seismic
sequence, from Lorenzo-Martin et al. (2006) and DeVries et al. (2016). References: (1) Pinar
(1953), (2) Ambraseys and Zatopek (1969), (3) Ambraseys (1970), (4) Dewey (1976), (5) Barka
and Kadinsky-Cade (1988), (6) Saroglu et al. (1992), (7) Pinar et al. (1994), (8) Barka (1996), (9)
Nalbant et al. (1996), (10) Grosser et al. (1998), (11) Ayhan et al. (2001), (12) Tibi et al. (2001),
(13) Wright et al. (2001a), (14) Barka et al. (2002), (15) Muller et al. (2003), (16) Utkucu et al.
(2003) and (17) Umutlu et al. (2004).

pore-fluid pressure within the crust, using this equation:

u'=u(l1-B)

with u the friction coefficient and B the Skempton coefficient, ranging from 0 to 1.0, such
that B = 0 corresponds to dry layers (Lorenzo-Martin et al., 2006). By taking into account the
viscoelastic behavior, the components of the stress tensor vary with time, and so does the final
estimate of ACFS.

(1.18)

On top of the elastic stress transfer, it is important to consider the viscoelastic relaxation
of the upper mantle and the lower crust. As proposed by Lorenzo-Martin et al. (2006) and
illustrated in Figure 1.43, CFS can be estimated at different times of the seismic sequence to
track stress transfer over time. Each panel displays the stress state immediately after a major
earthquake, where red lines highlight the co-seismic rupture and red stars mark the epicenters
of subsequent events. After each earthquake, the next segment to rupture is characterized by
an increase in CF'S, whereas the ruptured segment exhibits a decrease in CFS due to stress
release. The last panel in Figure 1.43 highlights the high stress accumulation beneath the
Marmara Sea, which still constitutes a seismic gap at the time of writing. Another inelastic
contribution to take into account is the postseismic deformation following the mainshocks.
This can be added to the models by using a Burger rheology rather than a Maxwell one, as
proposed by DeVries et al. (2016). All of these models validate the hypothesis of a stress-
triggering sequence propagating westward.

The analysis of historical earthquakes reveals potential past sequences, which could be
similar to the one presented above (Sengor et al., 2005). Especially, successive earthquakes
during the 1668 — 1912 period seem to also have propagated westward following the large
1668 earthquake along the central segments from Erzincan to Bolu with an estimated mag-
nitude up to 8.0 (Ambraseys and Finkel, 1995). However, due to the poor historical records,
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Figure 1.43: Temporal evolution of the Coulomb failure stress (CFS) from Lorenzo-Martin
et al. (2006), evaluated for 10 km-depth. (a-e) CF'S estimated at different points in time: (a)
immediately after the 1939 event, (b) after the 1942 event, (c) after the 1943 event, (d) after the
1992 event, and (e) after the 1999b event. (a) Main cities mentioned in Table 1.2 are located by
white pentagons.

previous potential sequences appear incomplete, and it remains challenging to conclude that
these seismic sequences along the NAF can be cyclic.

The NAF system composed of en echelon fault segments with predominantly linear east-
west geometries, appears to favor the development of stress-triggered sequences of major
earthquakes rupturing individual segment, rather than the nucleation of a single great earth-
quake rupturing the entire NAF in one event (e.g., Barka and Kadinsky-Cade, 1988; Stein et al.,
1997; Sengor et al., 2005). Understanding stress changes along each segment of the NAF is
therefore essential for improving seismic hazard assessment, particularly in the vicinity of the
current seismic gap beneath the Marmara Sea.

1.5.2.2 The 1999 Izmit-Diizce earthquakes

On Tuesday 17 August 1999, i.e., two years after the work of Stein et al. (1997) suggesting
a high probability of an earthquake located west of the port city of Izmit, the Izmit segment
ruptured with a magnitude of about 7.6, followed by a second shock 75 days later, near the
city of Diizce with a magnitude of about 7.2. In the following part, I detail the timeline of both
earthquakes.
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Figure 1.44: Spatio-temporal evolution of the seismicity with M,, > 2.5 in the Marmara-Izmit
region recorded by the KOERI catalog from Karabulut et al. (2011). (a) Space-time evolu-
tion, the yellow region corresponds to the period associated with the Izmit-Diizce earthquakes
(2 years before and after), and the gray bars highlight four segments: west Marmara region
(WM), Yalova-Cinarcik (Y-C), Izmit (IZ) and Diizce (DZ). (b) Seismicity map, with the red lines
showing the fault network from Le Pichon et al. (2001), and the red and green boxes highlight-
ing two seismicity clusters.
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Before the Izmit earthquake — Preseismic activity: The seismicity analysis before
1999 in the Marmara-Sapanca region, as shown in Figure 1.44, indicates the occurrence of
earthquakes within the Marmara Sea and near the Izmit segment (Ozalaybey et al., 2002; Karab-
ulut et al., 2011; Bohnhoff et al., 2016). In comparison, the Diizce segment seems to be locked
with few earthquakes. It also highlights a non-negligible activity along the southern branches
of the NAF (see the green dots related to the southern part of the region in Figure 1.44). This
clustered seismicity in time appears to be diffuse in space as well , because the seismicity is
not concentrated along the fault traces.
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Figure 1.45: Evidence of foreshocks preceding the 1999 M,, 7.6 Izmit earthquake, from Bouchon
et al. (2011). (a) Vertical ground motion recorded 20 min before the mainshock at the station
UGC located 14 km-away from the epicenter. (b) Waveforms of 18 foreshock events with
magnitudes from 0.3 to 2.7 preceding the mainshock.

44 min before the Izmit earthquake, several foreshocks have been recorded near the Izmit
segment, as reported in Figure 1.45. This foreshock sequence consists of several successive
bursts, with an increase of released energy and an acceleration that is slow at first and then
rapid in the 2 min preceding the mainshock (Ozalaybey et al., 2002; Bouchon et al., 2011; Bohn-
hoff et al., 2016; Ellsworth and Bulut, 2018). Two mechanisms have been proposed to explain
this sequence.

First, Bouchon et al. (2011) proposed that this sequence can be the result of a precursory
aseismic driven process. Foreshocks are repeating seismic events resulting from the same
seismic asperity of the fault interface at depth, which is reloading between each event. The
asperity is reloaded by transient aseismic slip surrounding it, i.e., in this case, at the lowermost
boundary of the seismogenic zone, near the brittle-ductile transition.

The limitation of the previous explanation is to find direct evidence of this deep transient
aseismic slip. Ellsworth and Bulut (2018) proposed a second possible mechanism, correspond-
ing to a triggered cascade of foreshocks. Using template matching, they highlighted new
foreshock events, up to a total of 26 events. Then, they applied a clustering of those events
and associated them into four groups of foreshocks. The relocation of the hypocenters of the
four clusters showed an eastward propagation of the events at depth, toward the final main-
shock hypocenter on the eastern edge. They explained these results as a ’triggered cascade’ of
foreshocks, i.e. each foreshock triggers another by loading the adjacent asperity with its stress
perturbation. In this theory, the mainshock corresponds to the fifth asperity of the triggered
cascade of events.

These two explanations are still being debated. Another observation before the earthquake
has been made by Langridge et al. (2002), and consists of a period of seismic quiescence
~ 18 days before the foreshocks and the mainshock. These studies highlighted the preseismic
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period before the Izmit earthquake, although the associated physical mechanisms are not yet
clearly identified.

a 29°30' 30°00' 30°30" 31°00'

Figure 1.46: (a) Coseismic interferogram of the 1999 M,, 7.6 Izmit earthquake (NASA/JPL-
Caltech, 2001). This interferogram has been built using ERS-2 images acquired before (13
August 1999) and after (17 September 1999) the earthquake. The red lines correspond to the
surface ruptures. The thick black lines correspond to the fault ruptures inferred by InSAR. (b)
East-West displacement related to the Izmit earthquake computed using SPOT images before
(22 and 27 July 1999) and after (31 August and 16 September 1999, west and east frames re-
spectively) the earthquake from Michel and Avouac (2002).

The Izmit earthquake — Coseismic analysis The interferogram shown in Figure 1.46a
corresponds to the coseismic displacement field due to the 1999 M,, 7.6 Izmit earthquake ob-
served by InSAR. Its epicenter has been estimated to be locate at 40.76°N - 29.97°E (Toksoz
et al., 1999; Delouis et al., 2002), within the Kocaeli region. The rupture characteristics and
dynamics related to this earthquake have been widely studied by using regional seismic data
(e.g. Bouchon et al., 2001), teleseismic data (e.g. Tibi et al., 2001), geodetic data (e.g. Delouis
et al., 2002; Feigl et al., 2002; Michel and Avouac, 2002), and field observations (e.g. Barka et al.,
2002; Rockwell et al., 2002).

This earthquake is a bilateral rupture from the epicenter (Delouis et al., 2002; Ozalaybey
et al., 2002), causing the rupture of a ~ 145 km-long segment from Yalova (west) to Diizce
(east), as shown in Figure 1.47a. Using a joint inversion with InSAR, GNSS and teleseismic
data, Delouis et al. (2002) found a mean rupture propagation velocity of about 3.5 km.s~!,
below the supershear speed. However, Bouchon et al. (2001) used near field strong motion data
and showed that the rupture propagation velocity reached locally 5 km.s~!, corresponding to
supershear speeds. This has been observed in the eastward propagation of the 50 km-long
central segment corresponding to the Izmit-Sapanca Lake segment and the western part of the
Sapanca-Akyazi segment (Figure 1.47a), whereas both the western and eastern extremities of
the rupture were slower, at a sub-Rayleigh velocity (Bouchon et al., 2002). These observations
are consistent with the geometry of the fault rupture observed by field studies (Figure 1.47a -
Barka et al. (2002)) and optical image correlation such as the SPOT coseismic displacement field
obtained by Michel and Avouac (2002) and presented in Figure 1.46b. The supershear segment
corresponds to a linear fault segment, compatible with a rapid propagation of the rupture.
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Figure 1.47: (a) Map of the 1999 Izmit rupture from Barka (2002). Stars show the epicenters of
the 1999 Izmit and Diizce earthquakes. (b) Slip distribution along the Izmit earthquake rupture.
Survey results from Rockwell et al. (2002) are shown by diamonds with corresponding site
numbers, superposed on the slip distribution curve based on field measurements from Barka
(2002).

Understanding the relationship between fault geometry and rupture propagation velocities is
important to obtain better estimates of the seismic hazard.

Analysis of the surface slip distribution reveals lateral heterogeneities in the coseismic off-
set amplitudes along the fault. The geometry of the fault inferred from the ruptures mapped
at the surface indicates that the fault rupture can be divided into five main segments separated
by step-over zones, as shown in Figure 1.47a. The bottom panel shows the surface offsets mea-
sured on the field by Barka et al. (2002) and Rockwell et al. (2002) along these five segments.
A bimodal slip distribution is observed with a background amplitude and some segments with
higher offsets such as along the Sapanca-Akyazi segment where the offset reaches 5.2 m. Rock-
well et al. (2002) also highlighted the importance of off-fault deformation, with an estimate of
about 15% of the total lateral slip accommodated by deformation distributed within a zone up
to 30 m wide across the fault.

As mentioned before, the Izmit earthquake is one of the most documented continental
earthquakes of the late 90’s, leading to a large number of coseismic slip models. Duputel et al.
(2014) compared some of these models, presented in Figure 1.48, and highlighted the vari-
ability of the results (e.g., slip distribution, geometry of the interface) related to the inversion
approaches and used datasets. Other coseismic models can be found in the literature (e.g.
Reilinger et al., 2000; Feigl et al., 2002; Cakir et al., 2003). The main characteristic common
to all slip models is that the slip distribution seems to be divided into two or three main slip
patches centered on Golcuk, Sapanca-Akyazi and Karadere, with maximum slip amplitudes up
to 6 — 8 m. Coseismic models from Delouis et al. (e.g. 2002); Feigl et al. (e.g. 2002) also suggest
that 23 m of slip occurs in the shallower 5 km along the Izmit earthquake, leading to a shallow
slip deficit on that part of the rupture.

_67_



Chapter 1

Yagi & Kikuchi (2000 Delouis et al. (2002)
J ( M\A)/=7.4(1.41x102°N»m) I Mw=7.6 (2.44x10% N-m) ;
Variable rupture-speed
6

Rupture-speed=3.0 km 5! 5

€ €
a2 EO ‘o
@ L) =
<10 3
2 g 20
8 2
0
1 -3 1
-10 30 X=East-West, km
Sekiguchi and Iwata (2002) ” Bouchon etal. (2002)
Mw=7.4 (1.63x10"° N-m) Mw=7.6 (2.70x10% N-m) 6
Rupture-speed=3.0 km 5! : Rupture-speed=3.5 km 1
6 5
5 € 4 g
_g 0 4 2 =
o %]
€10 A ED s
g £10
220 : B 5 20 2
0= -20 1 So 1
-40 X=East-West, km " X=East-West, km

Figure 1.48: Several coseismic slip distributions of the 1999 Izmit earthquake gathered by Du-
putel et al. (2014) and showing the variability of kinematic earthquake source models. The
references are the following: Yagi and Kikuchi (2000); Delouis et al. (2002); Sekiguchi and
Iwata (2002); Bouchon et al. (2002).

Between the Izmit and Diizce Earthquakes: nucleation of a second rupture As
shown in Figure 1.49a, the Izmit rupture propagated along fault segments subjected to in-
creased Coulomb stress following the 1992 earthquake, but did not extend onto the eastern
segment of the northern branch of the NAF located around between longitudes 31° and 31.5°E.
As aresult, Coulomb stress further increased on this unruptured segment, as illustrated in Fig-
ure 1.49b. A second earthquake subsequently occurred in Diizce on 11 November 1999, only
75 days after the Izmit rupture.
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Figure 1.49: Coulomb stress change estimated at 10 km-depth (a) before the 1999 Izmit earth-
quake and (b) before the 1999 Diizce earthquake, by Lorenzo-Martin et al. (2006).

After the Izmit earthquake, new seismic stations have been installed within the Marmara-
Izmit-Bolu region as illustrated by the green triangles in Figure 1.50c to record the aftershock
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sequence. It enables us to precisely capture the nucleation of the Diizce earthquake on the east-
ern segment. As described above, the Golciik-Izmit-Sapanca segments exhibited background
microseismicity prior to the Izmit rupture, as illustrated in Figures 1.44, and 1.50 — a,b; and
the rupture nucleated close to a swarm of foreshocks. Following this rupture, microseismic-
ity migrated eastward, with an intense activity along the Sapanca-Akyazi-Karadere segments,
especially in the vicinity of the triple junction of the NAF and along the Karadere-Diizce seg-
ment, as shown by Figure 1.50 — ¢,d. The latter is located close to the epicenter of the Diizce
earthquake, increasing the stress loading along the Diizce segment. The Golciik-Izmit-Sapanca
remains active during the first months following the earthquake.

The nucleation and propagation of the 1999 M,, 7.2 Diizce earthquake again led to a mi-
gration of seismicity, with an eastward migration as shown by Figure 1.50 - e,f. We note that
some of the western segments of the 1999 Diizce surface rupture were already involved dur-
ing the 1999 Izmit earthquake (Akyuz et al., 2002). Following this earthquake, the seismicity is
constrained east of the triple junction. This is also seen in a larger timescale plot (Figure 1.44),
where the seismicity along the Izmit segment significantly decreased right after the Diizce
earthquake, with a new rate lower than the background seismicity rate before 1999. Analysis
of the stress orientation of the different clusters along the NAF during these three periods
also reveals variations, with a rotation of the maximum principal stress axis (07) along the
Izmit segment after the earthquake. This rotation can be explained by the regional geology (in
particular the presence of pull-apart basins) and the high Coulomb stress change, which may
induce stress rotations following the release of large amount of strain (Bohnhoff et al., 2006;
Ickrath et al., 2015).

Because I mostly study the Izmit segment in my thesis, I detail only the postseismic defor-
mation related to the 1999 Izmit earthquake in the following.

First decade of postseismic deformation following the 1999 Izmit earthquake As
mentioned above, most aftershocks of the 1999 Izmit earthquake clustered around the NAF
triple junction along the Akyazi-Karadere segments, and at the eastern rupture termination,
loading the Diizce segment (Figure 1.50d). They initiated immediately after the mainshock (Ito
et al.,, 2002; Ozalaybey et al., 2002) and persisted until the Diizce earthquake, after which the
seismicity spatially redistributed eastward. To study the temporal distribution and the rate of
their decay, we can look at their temporal evolution and fit a modified Omori law defined as

(e.g., Utsu et al., 1995):
K

"0=Gop
with n(r) being the number of aftershocks at time 7, K is the total number of events, c the rate
of activity at the beginning of the sequence and p the decay parameter. Figure 1.51 shows the
results obtained using the 1999 Izmit aftershocks and proposed by Bayrak and Oztiirk (2004),
leading to an estimate of the decay parameters of about ~ 0.86, which is small compared to
other aftershock sequences and suggests a low decay of the aftershocks. We may also note that
the Diizce earthquake probably disturbed the Omori-type aftershock decay (Bohnhoff et al.,
2016).

(1.19)

The aftershocks are located along the coseismic rupture plane but also off-fault, resulting
in a 40 km-wide band around the Izmit earthquake rupture (Ozalaybey et al., 2002). Along
the central Izmit-Sapanca-Akyazi segment, a smaller number of aftershocks are recorded and
are mainly located on secondary faults, as shown in Figure 1.50d. This off-fault deformation
and quiescence along the main rupture segment agree with the assumption of a supershear
segment releasing for of the accumulated stress (Bouchon and Karabulut, 2008). This segment
also shows no aftershock on the top 5 km of the interface (see Figure 1.50d — asperity A). This
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Figure 1.50: Seismicity distribution (a,b) before the 1999 Izmit earthquake (from 1997 to 1999),
(c,d) between the Izmit and Diizce events (from the 17 August 1999 and 11 November 1999), and
(e,f) after the 1999 Diizce earthquake (from January 2000 to January 2001), from Bohnhoff et al.
(2016). (a,c,e) The yellow and green triangles show the locations of the stations of the SApanca-
BOlu NETwork (SABONET) and the additional stations deployed after the earthquake by GFZ
Potsdam (Bulut et al., 2007), respectively. The two red stars correspond to the 1999 Izmit
(west) and Diizce (east) epicenters, with their surface ruptures highlighted in (a) by the dotted
lines. The fault network is shown by the black lines. (b,d,f) Seismicity distributions along
depth sections. (d,f) Red dots correspond to shallow earthquakes along the Karadere-Diizce
segment. A, B, C and D correspond to highlighted areas which are seismically inactive during
those periods.

is related to the presence of low-velocity sedimentary basins (Izmit and Adapazari basins,
Karabulut, 2025) and suggests a narrow fault zone with homogeneous frictional properties
(Bouchon et al., 2002), probably associated with aseismic deformation.

Associated with the aftershocks, a rapid afterslip started along the rupture plane. First,
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(a)

Figure 1.51: Temporal evolution of the
number of aftershocks following the 1999
3 Izmit earthquake with a magnitude of

completion of about 3.4, from Bayrak and
- Oztiirk (2004).
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Cakir et al. (2003) extracted a large, early and deep afterslip 29 days after the mainshock using
InSAR data. They concluded that half of the afterslip probably occurred in the first 2 days after
the mainshock at 16 — 18 km-depth, with a remarkably high slip amplitude of 1 m in 2 days.
These observations suggest that all the strain accumulated within the seismogenic layer has
not fully been released by the mainshock. Using GNSS alone, this large afterslip was not
observable, due to its rapidity and the absence of near-field permanent GNSS sites. However,
these studies also identified a shallow and rapid afterslip occurring mostly between regions of
high coseismic displacement (see Figure 1.52a, Burgmann, 2002; Hearn et al., 2002; Ergintav
et al.,, 2009). This afterslip rapidly initiated at the base of the seismogenic layer and below after
~ 40 days and led later to a slip distribution similar to the one shown in Figure 1.52b. Two
patches are distinct: one located below the epicenter, and a second located along the Karadare
segment. Shallow deformations close to Yalova and Goélcuk (western part) associated with
the activation of secondary faults, as highlighted by the development of the Yalova-Cinarcik
seismic cluster (Cakir et al., 2003; Karabulut et al., 2011). Several years later, the deeper afterslip
has decreased and shallow deformation is observed as shown in Figure 1.52¢ (the deeper patch
at 30 km-depth probably being an artifact according to the authors).

Different models have been proposed to determine the mechanisms governing the 1999
Izmit postseismic deformation. In particular, Hearn et al. (2009) compared the observations
to a velocity-strengthening frictional afterslip model, a viscous fault zone creep using a New-
tonian viscosity below 10 km-depth, a lower crust viscoelastic relaxation model (between 22
and 32 km-depth), and finally a dual-process models taking into account both the frictional
faults and various viscosities in the lower crust and upper mantle layers. They found that the
velocity-strengthening frictional afterslip mechanism corresponding to stress-driven afterslip
explains well the early postseismic deformation, but after one year a viscoelastic relaxation
component with a viscosity of 2 to 5 x 10! Pa.s needs to be taken into account to explain the
deformation. Some studies such as Wang et al. (2009), based on GNSS observations, suggest
that the contribution of viscoelastic relaxation to the observed postseismic deformation be-
came dominant as early as ~3 months after the mainshock, earlier than previously estimated.
Uncertainties remained about the relative amplitude of the viscoelastic relaxation of the lower
crust and/or upper mantle. However these dual processes have been confirmed by numer-
ous studies (e.g., Burgmann, 2002; Ergintav et al., 2002; Hearn et al., 2002; Cakir et al., 2003;
Ergintav et al., 2009; Hearn et al., 2009; Wang et al., 2009).

Late postseismic deformation of the 1999 Izmit earthquake Recent geodetic mea-
surements of the surface deformation along the Izmit segment provided insights on the late
postseismic stage. Using InSAR data before and after the 1999 Izmit earthquake, Cakir et al.
(2012) highlighted the onset of shallow aseismic creep along the Izmit-Akyazi segment since
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Figure 1.52: Kinematic afterslip models produced by Ergintav et al. (2009) at (a) 7 days, (b)
180 days and (c) 6 years after the Izmit earthquake. SS and DS stand for strike slip and dip
slip. Y, G, W and E, K, and D indicate the Yalova, Golcuk, East and West Sapanca, Karadare,
and Diizce segments, respectively. Yellow dashed lines show outlines of coseismic slip from
Reilinger et al. (2000).

the mainshock. They suggest that this fault creep is an evolution of the postseismic afterslip,
and might last for decades to centuries, according to the apparent steady-state behavior shown
by the time series of GNSS campaign measurements at both SMAS and SISL stations since
~ 2006 (Figure 1.53E). Indeed, the observed relative rate is still higher than the one recorded
before the Izmit earthquake. Figure 1.53 — C,D shows the lateral evolution of the creep dy-
namics, with especially the presence of creep along the Adapazari segment, calculated from
fault-perpendicular profiles of InSAR horizontal displacements.

Hussain et al. (2016) confirmed aseismic creep along the Izmit-Adapazari segments by an-
alyzing InSAR data over the period 2002 — 2010. They estimated a mean fault-parallel creep
rate of up to 5 mm/yr along the Izmit segment with a maximum of 11 mm/yr reached near
the city of Izmit. Aslan et al. (2019b) provided a detailed analysis of the surface deformation
inferred from InSAR data over the subsequent period 2011 — 2017. They also highlighted
aseismic creep along the Izmit segment, with a creep rate of up to 8 mm/yr close to the city of
Izmit, slightly smaller than the estimates made by Hussain et al. (2016).
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Figure 1.53: Slip dynamics estimated along the Izmit-Akyazi segment by Cakir et al. (2012).
(A) Map of the Izmit surface rupture in black lines with the locations of the GNSS stations
SISL and SMAS marked by the red triangles. (B) Coseismic surface slip from Emre et al. (2003).
(C,D) Creep rates and depths of the creeping fault deduced from elastic dislocation modeling
of InSAR data, using two different tracks distinguished by the colors. (E) Time series of fault-
parallel component of baseline change between both SMAS and SISL GPS stations, with a fit

shown in a blue curve.

However, the main result of their study is the identification of a transient accelerating
creep event in December 2016, correlated with a transient slip event recorded by a creepmeter
installed on the fault, and associated with 10 mm of surface slip in one month. This acceler-
ation is shown in Figure 1.54a, corresponding to a slow slip event on the Izmit segment. A
previous event was recorded on the creepmeter record in September 2015, however the noise
of the InSAR data during this period does not allow for its detection. This is mainly due to
the acquisition of SAR images done by only one satellite (Sentinel-1A), leading to a revisit time
of 12 days and therefore an increase of atmospheric contribution within the time series (Fig-
ure 1.54b). A year later, Ozarpaci et al. (2020) characterized the 2015 slow slip event, using GPS
campaign data acquired close to the Izmit fault segment. Their update of the GNSS campaign
measurements at both stations SMAS and SISL shows that the afterslip was still on-going in
2020 and that the preseismic rate was not yet recovered.

All the previous observations and others made along the Izmit segment are gathered in
Table 1.3. It shows several main results:

+ The presence of a shallower locking depth below the Izmit segment after the main-
shock in comparison with before the earthquake.

Shallow aseismic creep (5 first km) reaching the surface along the Izmit segment since
the mainshock, with larger amplitudes near the city of Izmit.

A slight decrease of the creep rate over time.

« The occurrence of transient accelerating creep events (i.e. slow slip events), at least
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Figure 1.54: Horizontal InSAR time series extracted from a 15 km-long fault-perpendicular
profile located at 29.975°E across the Izmit segment over the period 2014 — 2017, from Aslan
et al. (2019b). (a) InSAR data are compared to a creepmeter record shown by the dotted blue
line. The inset focus on the transient creep acceleration at the end of 2016. (b) Raw InSAR
data showing estimated creep displacement with error bars.

since 2015 with a return time longer than 1 year.

1.5.3 Related open Challenges

As presented above, the North Anatolian Fault in Tiirkiye has been widely studied since
the westward propagation of major and devastating earthquakes during the last century. This
~ 1600 km-long segmented fault system, with different slip dynamics along its different seg-
ments, appears as an ideal natural laboratory to address the open questions outlined previously
(see Sections 1.3.6 and 1.4.5).

By focusing on the Izmit segment where two SSEs close in time have been identified, I
define new challenges:
« What is the temporal creep behavior of the Izmit segment 20 years after the earth-

quake?

« What are the temporal bounds of shallow afterslip along the Izmit segment, and how
does the partitioning of the postseismic slip budget between aseismic creep and locked
patches inform the seismic hazard of the western NAF?
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References | Data | Study period | Creep rate | Creep | Slip rate Locking

depth depth
McClusky | GPS 1988 — 1997 - - 24 mm/yr | 21 km
et al. (2000)
Ergintav GPS 1994 —2014 | - - 25mm/yr | 5km
et al. (2014)
Cakir et al. | InSAR | 1992—-1999 | - - 27 mm/yr | 12 km
(2003) (LOS) (Reilinger

et al., 2006)

Cakir et al. | InSAR | 2002 — 2009 10 mm/yr | 5 km 27 mm/yr | 12 km
(2003) (LOS)
Hussain InSAR | 2002 —2010 1l mm/yr | 8 km 20 mm/yr | 18 km
et al. (2016) | (EW)
Aslan et al. | InSAR | 2011 —-2017 | 7.7 mm/yr |43 km | 262mm/yr | 12 km
(2019b) (EW)
Ozarpaci GPS 2013 —2020 12.7mm/yr | 1.3 km | 25.1mm/yr | 12 km
et al. (2020)

Table 1.3: Table gathering the slip dynamics features estimated on the western part of the
Izmit segment.
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1.6 Problematics and outline of the manuscript

1.6.1 Main research questions of the thesis

In the state-of-the-art section, I raised several scientific questions related to the occur-
rence of SSEs (see Section 1.3.6), the contribution of InSAR data (see Section 1.4.5), and
finally the specific tectonic context of the North Anatolian Fault in Tiirkiye (see Sec-
tion 1.5.3). The purpose of this work is to complement the state-of-the-art of SSEs deformation
in Tiurkiye using SAR interferometry. Here are the main scientific questions targeted in this
manuscript and resulting from the open challenges proposed previously:

1. What new insights or added values into fault creep dynamics can be gained from con-
tinuous, long-term InSAR monitoring at local (the Izmit segment) to regional scales
(the NAF), and to what extent does this provide new insights into seismic hazard?

2. How can large-scale, automatically processed InSAR datasets be used to build in-
ventories of transient slip events along global fault systems ? What are the current
limitations in terms of sensitivity, spatial resolution, and noise discrimination?

3. How can the detailed analysis of slip behavior along the Izmit segment associated with
seismic cycle models provide insights into the mechanisms governing the occurrence
of shallow SSEs?

1.6.2 Outline of the manuscript

This thesis is divided into five chapters following the present introduction. The manuscript
is structured around a progressive approach, starting with a large-scale study of the whole
NAF, then focusing on the creeping segments identified in the first analysis to detect SSEs.
Finally the thesis investigates the detected SSEs of the Izmit segment in greater details to better
understand the seismic cycle of this segment and to propose potential mechanisms driving
their occurrence.

Chapter 2 presents a large scale on-going work, in which I use the FLATSIM InSAR data
throughout Turkiye to estimate the average velocity field. In a first section, I present InSAR
post-processing methods to compute the velocity field and strain maps, a discussion of the
lateral variations observed along the entire ~ 1600 km-long NAF and the importance of the
segmentation of the fault for the seismic hazard assessment. In a second section, I focus on
the Marmara region by presenting joint slip inversions with GNSS and InSAR data in order to
characterize the slip deficit of this segment at the location of the current seismic gap.

Chapter 3 is an article currently submitted, in which I present an automatic method of
detection of SSEs using InSAR data and based on comparisons with physics based slow slip
models. The aim is to develop a detection method requiring minimal post-processing while
remaining sensitive to small deformation signals. The validation of this approach is carried
out by applying it to the Izmit and Ismetpasa segments of the NAF.

Chapter 4 is a published work, in which I focus on the Izmit segment. I extract static
displacements related to three SSEs in 2016, 2018 and 2019, detected using InSAR data. In
this chapter, I propose a specific post-processing sequence to remove most of the non-tectonic
signals and extract SSE-related tectonic signals. The slip distribution along the fault segment
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at depth during the two latest SSEs is then inferred with inverse models. This work provides
insights of the seismic cycle of the Izmit segment, by describing the slip dynamics 20 years
after the mainshock.

Chapter 5 presents on-going work, focusing on the Izmit segment, in which I use numer-
ical simulations of earthquake cycles in the framework of rate-and-state friction. It provides
mechanical models in order to suggest potential frictional control of the slip dynamics at differ-
ent depths.It allows the reproduction of all the observed timescales, from coseismic recurrence
intervals to postseismic relaxation and shallow short-term SSEs.

Chapter 6 concludes this thesis, summarizing the observations made along the NAF and
comparing those with other results and observations worldwide. I also discuss the various
methodologies developed and applied in this work. Finally, I discuss the perspectives opened
by this thesis in combination with other recent results.
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The steady-state deformation across
Tiirkiye inferred from the FLATSIM

dataset

The growing amount of geodetic data covering decades of deformation such as InNSAR
data provides a perfect tool to study steady-state deformation over large continental areas.
In addition, the development of automatic processing methods overcomes the limitation of
InSAR for processing large areas over long time periods.

In this chapter, I present a study based on automatically processed InSAR time series in-
ferred from Sentinel-1 SAR images over the period 2016 — 2021 provided by the French project
FLATSIM created by the CNES and FormaTerre, based on the NSBAS processing chain (Doin
et al., 2011; Thollard et al., 2021). I focus on the deformation in Tiirkiye and especially around
the North Anatolian Fault (NAF). As described in the previous section, this ~ 1600 km-long
strike-slip fault system is one of the most active in the world, with its seismic sequence made
of 7 M,, > 7 earthquakes since the 1930s. Moreover, the presence of a seismic gap along the
branches beneath the eastern side of the Marmara Sea, currently threatening the megalopolis
of Istanbul highlights the need to specify the slip deficit along this major fault system and the
related seismic hazard to better prepare an eventual disaster.

By merging InSAR velocity fields from distinct tracks and estimating the East-West compo-
nent, I produce a first version of the steady-state velocity field covering Tiirkiye from FLATSIM
data, highlighting the high deformation along the North and East Anatolian Faults, accommo-
dating the westward extrusion of the Anatolian plate. The resulting strain map shows lateral
variations of the strain accumulation along the major NAF branch, with the presence of sev-
eral creeping segments releasing a part of the strain. This velocity field is also used in another
work presented in this chapter, focusing on the Marmara Sea. This work led by Emilie Klein
(CNRS Research Engineer at the Laboratoire de Géologie, Ecole Normale Supérieure, Paris,
France), in collaboration with other scientists presented later, aims at analyzing the slip rate
along the fault interface beneath the Marmara Sea, to better estimate the current seismic haz-
ard. She computed Bayesian joint inversions based on InSAR data and GNSS records provided
by Ozkan et al. (2025). It confirms that the central segment is creeping, and suggests that this
creeping segment may be larger than previously estimated. This work is still on-going and
further tests may specify the uncertainties related to the slip rate models, and therefore to the
estimated seismic hazard.
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Abstract

The North and East Anatolian Faults dividing Tiirkiye on the northern and eastern parts
are ones of the most active continental strike-slip faults in the world. For now, the westward
propagation of major earthquakes along the North Anatolian Fault since the 1930’s ended
with the 1999 M,, 7.6 and 7.2 Izmit and Diizce earthquakes, leading to a remaining seismic
gap beneath the Marmara Sea, currently threatening the megalopolis of Istanbul. To specify
the seismic hazard in Turkiye, focused on the North Anatolian Fault, we use automatically
processed InSAR time series from Sentinel-1 images built in the framework of the FLATSIM
project. We compute a steady-state East-West velocity field over the Tirkiye by merging 14
ascending/descending tracks, and infer for a strain map. The unprecedented quality of the
FLATSIM dataset allows us to specify the locations and length of the creeping segments, and
therefore to specify lateral variations of the strain loading and releasing. Local deformations
can also be pointed out, such as subsidence deformation related to large basins. In addition
to the InSAR data, a dense GNSS network (Ozkan et al., 2025) surrounding the Marmara Sea
gives new insights on the strain accumulation of the region. By computing joint inversions
based on InSAR and GNSS data, Emilie Klein et al. provide an update of the slip rate along
the Main Marmara Fault, revealing a creeping central segment between longitudes 27.5 and
28.6°E, surrounding by two locked segments, suggesting a high seismic hazard related to the
Carcik Basin segment located south of Istanbul and west of the 1999 Izmit rupture. The latter
locked segment may have accumulated sufficient strain to potentially produce an earthquake
with M, > 7.

Keywords: North Anatolian Fault, InSAR, FLATSIM, Marmara sea, interseismic deformation

@,
bt « Automated InSAR processing from Sentinel-1 images provide data with

high accuracy over large areas.

« Shear strain is reported along the North and East Anatolian Faults, with
some segments slipping aseismically.

« Strain accumulation along the Cinarcik Basin segment, capable of generat-
ing a M,, > 7 earthquake.
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2.1 Introduction

1
1000 2000 3000
Elevation

Figure 2.1: Map of the 7 ascending and 7 descending tracks coverages included in the FLAT-
SIM dataset of Tirkiye. A and D stand for ascending and descending, respectively. The most
important mountain ranges are marked in brown on the map.

Orbit direction No. track Nb. ifg. Nb. dates Date min Date max
131 1552 322 14/10/2014 28/04/2021
058 1447 315 13/01/2015 29/04/2021
160 1485 315 13/02/2015 30/04/2021
Ascending 087 1422 311 22/12/2014 25/04/2021
014 1520 329 18/10/2014 26/04/2021
116 1350 298 13/10/2014 27/04/2021
043 1237 326 20/10/2014 28/04/2021
036 1561 327 20/10/2014 28/04/2021
138 1471 328 15/10/2014 29/04/2021
065 1480 326 10/10/2014 30/04/2021
Descending 167 1447 322 17/10/2014 25/04/2021
094 1279 279 01/09/2015 26/04/2021
021 1412 310 11/01/2015 27/04/2021
123 1371 298 14/10/2014 28/04/2021

Table 2.1: Characteristics of the tracks processed in the framework of the FLATSIM project on
the Turkish site presented in Figure 2.1 from West to East.
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Large scale analysis

During this work, we used the Turkish FLATSIM dataset, that I will present in the following
parts. The Turkish project takes part on the first call for projects, and its main purpose is to
study the tectonic activity affecting Tiirkiye, which is mostly due to the presence of the North
and East Anatolian Faults (cf. part 1.5.1.2). With their coverages shown in Figure 2.1, 14
tracks (7 ascending and 7 descending tracks) have been automatically processed. The main
characteristics of each track (orbit direction, number of interferograms, dates and temporal
extent) are detailed in Table 2.1. The mean temporal extent is 2014 — 2021, taking advantage
of the 6 days revisit time of the Sentinel-1 data since May 2016.

InSAR processing for this region leads to several challenges, especially due to vegetation
and topographic elements. As presented in Figure 2.1, Tiirkiye is mainly covered by mountains,
the highest being in the eastern part (Eastern Black Sea Mountains and Southeastern Taurus).
In addition of the seasonal presence of ice/snow in mountains inducing loss of coherence,
significant topographic variations also affect the signal-to-noise ratio of the displacement/ve-
locity measurements. Strong variations of the atmospheric signals can lead to the presence of
atmospheric residual signals. Finally, the northwestern area surrounding the Marmara Sea is
predominantly covered by croplands, whose seasonal growth cycles induce significant tempo-
ral decorrelation and can generate spurious phase signals that bias the estimated displacement
and velocity fields. The automatic processing chain enables to process a large set of data, but
the results can suffer from the fact that the processing parameters have been optimized for a
generic use and not for the specific study areas.

In the following parts, I first analyze the large scale dataset by merging the several tracks
in order to study deformation in the whole Tiirkiye. Then, I focus on the study of the lands
surrounding the Marmara Sea in order to investigate the slip deficit along the Main Marmara
Fault (MMF).

2.2 Large scale analysis

The aim of this project is to study the steady-state deformation in Tiirkiye using all
the InSAR data processed in the framework of the FLATSIM project and covering Tirkiye
(Figure 2.1). In the following, I detail the quality control of the automatic processing of these
14 tracks, the reprocessing of some of the tracks and the tectonic signal extraction. Then, I
present the strain field computation and propose interpretations of the results.

2.2.1 Data and Methods

2.2.1.1 Analysis of the quality of the data

The mean LOS velocities

As presented in Section 1.4.4.2, the automatic processing delivers different outputs, such as
the mean LOS velocities per track. An overview of the latter helps for the detection of strong
unwrapping errors highlighted by sharp phase jumps, as observed on the middle part of the
central ascending track (A087) shown in Figure 2.2a. First, I reprocessed partially this track in
order to remove the unwrapping errors, which are on the eastern part close to the NAF, and
therefore can be misinterpreted. I used the Wrapped and Filtered Interferogram (InWF) de-
livered by FLATSIM and I remove the first interferograms affected by high Root-Mean-Square
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Errors (RMSE). It produces a new mean LOS velocity shown in Figure 2.2b, and the difference
between both velocities is shown in Figure 2.2¢, highlighting the main unwrapping errors.

0 SN 100 e 3 R 0 N 100 N 0 SN 100 - DR
31°E 32°E 33°E 34°E 35°E 31°E 32°E 33°E 34°E 35°E 31°E 32°E 33°E 34°E 35°E

Figure 2.2: Mean LOS velocities of the track A087, (a) computed by FLATSIM and (b) after the
reprocessing. (c) Difference of both mean velocities.

Ireprocessed the two western tracks (A131 and D036) as well. Because of the presence of
the Marmara Sea, the unwrapping (cf. Section 1.4.2.2) could not be done between the southern
and the northern shores. Indeed, only the southern part of these tracks has been unwrapped
by FLATSIM. I used the InWF delivered by FLATSIM and did the unwrapping and subsequent
processing steps fo the northern shore as well.

Time series inversion quality controls

Other outputs delivered by the automatic processing enable quality control of the time
series inversion, some of which are shown in Figure 2.3. Several RMSE metrics are computed
to assess the consistency of the inversion (Lopez-Quiroz et al., 2009). These metrics evaluate
the network misclosure, i.e. the degree to which the sum of phase differences along closed
loops of interferograms deviates from zero, a condition that should theoretically be satisfied
in the absence of noise and unwrapping errors. This misclosure can be quantified per pixel,
per interferogram, or per date, providing complementary diagnostics of the inversion quality
at different levels. The RMSE per date, shown in Figure 2.3a, corresponds to the network
misclosure averaged over all interferogram loops for each acquisition date, and thus reflects the
overall reliability of the displacement estimate at that epoch. We see that the RMSE per date are
seasonal, with higher values in winter. This can be explained by seasonal decorrelation effects,
namely snow cover in winter and vegetation growth on croplands in spring and summer (cf.
Figure 2.1). Another important information is the number of interferograms used in the
inversion per pixel. The corresponding maps are shown in Figure 2.3 — c,d, and the related
histograms in panel b. A lower number of interferograms covering the eastern part is probably
due to the presence of several major mountain ranges. To avoid artifacts due to low signal-to-
noise ratio in the final interseismic velocity field, we mask the pixels where Njp, < tly,,, — On;,,
with Njp, corresponds to the number of interferograms per pixel, and (i, 0) the mean and
standard deviation of N, respectively. The dashed lines in Figure 2.3b show the various
thresholds used per track.
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Figure 2.3: Quality control of the data. (a) Root-Mean-Square Errors (RMSE) per date for all
tracks. The ascending and descending tracks are ordered so that red to yellow goes from the
western to the eastern ascending tracks, and from blue to yellow goes from the western to the
eastern descending tracks. (b) Histograms of the number of interferograms per pixel for each
track with the same colorbar. The vertical dashed lines correspond to the thresholds used for
the masks. (c,d) Maps of the number of interferograms per pixel for the (c) ascending and (d)
descending tracks. The fault network is shown by the black lines (Emre et al., 2018).

2.2.1.2 Reprocessing of InSAR tracks

I used the NSBAS processing chain presented in Section 1.4.3.3 to process data for the
northern side of the tracks A131 and D036 (Doin et al., 2011). This is done using the High
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Performance Computing infrastructure of the University of Strasbourg (https://hpc.pa
ges.unistra. fr/) to deal with the large amount of data. I started the processing with
1596 and 1607 wrapped 2-looks interferograms for the tracks A131 and D036, respectively.
Due to strong decorrelation of the one year interferograms of the track D036 related to the
presence of crops, I modified the filtering parameters corresponding to an average wrapped
filter (SW filter) in order to enhance the signal-to-noise ratio and increase the unwrapping
fraction.

The unwrapping reference points have been chosen on the northern shore of the Marmara
Sea. We removed the first acquisitions (until 1* October 2016) to take advantage of the 6 days
return time of Sentinel-1 SAR images and to obtain a dense interferogram network. Due to the
poor coherence within this area and our period selection, I kept only 920 and 885 unwrapped
interferograms for the tracks A131 and D036, respectively. Then, from each track, I derived
the InSAR time series and obtained the LOS cumulative phase/displacement field at each date
and the LOS mean velocity field.

Overview of the phase bias

The study area reprocessed here is a good illustration of the presence of phase bias within
the interferometric phase, and more specifically the presence of fading signals. As proposed
by Ansari et al. (2021), the fading signal is a feature observed in multilooked interferograms,
due to the spatial averaging of the signal which leads to modifications of the statistical prop-
erties of the data. It corresponds to a variation of the temporal coherence of the signal, due
to differences of the scattering properties of the ground between the acquisitions. Therefore,
the fading signal is most readily identified in short temporal baseline interferograms, where
other contributions to the interferometric phase (such as deformation and atmospheric de-
lays) remain largely stable between acquisitions. However, this artifact is not exclusive to
short baselines, as it depends primarily on the spatial averaging of the signal and the statisti-
cal properties of the scatterers, which can vary over any temporal separation.

One method to decrease the effect of fading signals on the mean velocity is to use long-
temporal baseline interferograms (such as one-year interferograms). However, in some areas
such as in the north of the Marmara sea, the spatial coherence of the one-year interferograms
can be low preventing the unwrapping and therefore limits the amount of long-temporal base-
line interferograms.

The Figure 2.4 highlights the presence of fading signals within the mean velocity. The
triplets of panels (c,e,f) and (d,g,h) gather the distribution of the mean velocity values inferred
from time series analysis resulting from only short-temporal baseline interferograms (from
6 — 12 days of return time) and from both short- and long-temporal baseline interferograms
(up to one year of revisit time), respectively. In the case of short baselines, the crops appear to
be affected by an apparent subsidence (motion away from the satellite), whereas forests and
urban areas appear to be affected by an apparent uplift (Figure 2.4d). Possible effects of the
topography can also be assumed but are less clear (Figure 2.4c), particularly along river beds
forming sharp elevation gradient. By adding longer-temporal baseline interferograms within
the dataset, these apparent motions are less visible (Figure 2.4f), and the effects of different
land cover on the the mean velocity decrease, as shown in Figure 2.4 - c¢,d.
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Figure 2.4: Evidences of fading signals on the track A131. (a) Digital Elevation Model (DEM)
covering the area. (b) Land cover from https://cds.climate.copernicus.eu/
(accessed on December 2025). The corresponding color scale is in the bottom right corner. (c,d)
Mean LOS velocity based on (c) short-temporal baseline interferograms and (d) long-temporal
baseline interferograms. Red and blue correspond to surface motion towards and away from
the satellite. (e,g) Mean velocity values related to the pixels elevations and the land covers for
(e) short- and (g) long-temporal baseline interferograms. (f,h) Histograms of the mean velocity
values related to land covers for (f) only short-temporal baseline interferograms and (h) for
both short and long-temporal baseline interferograms.

2.2.1.3 Estimate of the steady-state velocity field

The large scale study of the steady-state velocity field inferred from InSAR data faces sev-
eral challenges. First, the InSAR deformation signal includes various signals that can be tec-
tonic, hydrological, atmospheric, or even residual noise. We need to extract the tectonic
signal by estimating and removing obvious other sources such as the seasonal signal (e.g.
mostly due to hydrological effects or seasonal coherence variations). Then, the association of
several independently processed tracks requires an homogeneous referencing of the mean
velocities to allow for comparison. Finally, in order to precisely analyze of the tectonic signal
due to two main strike-slip fault systems (see Section 1.5.1.2), we aim to retrieve the horizon-
tal signal.
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The post-processing sequence I followed to estimate the steady-state velocity field is the
following one: (i) a seasonal and linear decomposition of the LOS displacement time series, (ii)
the referencing of the velocity field with uncertainties estimates, and (iii) the decomposition
of the LOS velocity fields into the horizontal east-west and vertical components.

Seasonal and linear decomposition

Because I combine the FLATSIM velocities with the reprocessed tracks located north of the
Marmara Sea (see Section 2.2.1.2), the processing sequences are homogenized by constraining
all time series to start on 9 October 2016.

Then, I calculate the mean velocity B by fitting the time series with a linear term and
annual periodic terms:

x(t) =xg+B.(t —t9) + C.sin(2n(t — 1)) + D.cos(2m(t — ty)) (2.1)

with x(¢) the cumulative LOS displacement at each pixel at time ¢, o the initial time (chosen
here to January 1¥, 2016) and xg a constant term. B represents the linear trend of the signal.
C and D correspond to seasonal amplitudes with periods of one year (cosine and sine corre-
spond to the summer/winter and spring/autumn cycles). The best parameters are estimated
independently for each pixel of each track in a least-square sense. Since the seasonal ampli-
tude components (C and D) are sensitive to the signal amplitude at the unwrapping reference
point, a 4" order polynomial surface is subtracted to remove any long-wavelength bias and
ensure that the estimated amplitudes reflect local variations only.

GNSS referencing of the velocity field

Overview of the different methods: In order to merge different InSAR velocities, we
need to homogenize the reference frame of all the tracks. Several approaches can be used to
achieve this step. The first type of approaches consists of using external data well referenced
such as a GNSS velocity field. The referencing consists in estimating and removing a sys-
tematic offset between the InNSAR LOS measurements and the GNSS displacements projected
onto the LOS direction. This offset is modeled either as a high-pass filtered signal (Tong et al.,
2013) or as a polynomial surface fit (Hussain et al., 2018; Weiss et al., 2020) to the difference be-
tween the two datasets. A second type of approach consists of identifying and removing long-
wavelength signals of non-tectonic origin (such as residual atmospheric delays, tidal loading,
and orbital errors) in order to retrieve the surface deformation in the International Terrestrial
Reference Frame (ITRF). This method has been first developed by Lemrabet et al. (2023) in
Tibet, where they estimated and removed the residual atmospheric delays and tidal loading.
The benefit of this second type of approach is to avoid the dependence on GNSS data.

Application to the Turkish dataset: In the case of Tirkiye, I take advantage of the
dense network of GNSS observations combined by Kurt et al. (2023) and resulting in a precise
velocity field covering the country. I therefore referenced the InSAR LOS velocities relative
to GNSS velocities. The referencing method, described by Hussain et al. (2018), enables to re-
move possible ramps between the different tracks, and to obtain a LOS velocity field relative to
fixed Eurasia. I project the GNSS velocities into the LOS components for each track, only us-
ing the horizontal eastward and northward GNSS components. I then extract the mean InSAR
LOS velocities within a 1 km-diameter circle surrounding each GNSS station to compare them
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with the GNSS velocities. I compute a 2D plane corresponding to the difference between the
estimated mean InSAR LOS velocities and the GNSS velocities. By subtracting the 2D plane
to our InSAR velocities, I obtain a LOS velocity field relative to fixed Eurasia. An example is
shown in Figure 2.5 with the southern part of the track A131. GNSS referencing enables the
merging of the northern and southern parts of the western tracks (A131 and D036), which are
processed independently and may exhibit a relative offset due to differences in their unwrap-
ping reference points. This step is done for both velocity fields resulting from ascending and
descending tracks.
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Figure 2.5: Mean velocity (A) before and (B) after GNSS referencing of the southern part of
the track A131. The dots correspond to the GNSS velocities projected into the LOS of the
corresponding track.

Uncertainties estimates: As proposed in previous large scale InSAR studies (e.g. Hus-
sain et al., 2018; Weiss et al., 2020), overlapping areas between adjacent tracks can be used
to estimate the uncertainties on the velocity measurements, by comparing independent LOS
velocity estimates from adjacent tracks over the same pixels. The Figure 2.6 shows histograms
corresponding to the velocity RMS misfit computed within the 12 overlapping areas (from
ascending and descending tracks). The misfit is estimated by computing the velocity of adja-
cent tracks after GNSS referencing to avoid potential large scale fringes due to the referencing
and projection into horizontal velocities. By approximating the misfits by a Gaussian, I obtain
mean RMS misfits of the difference between the horizontal component of two independent ad-
jacent tracks of about 4.41 mm/yr and 3.77 mm/yr for the ascending and descending tracks,
respectively. I can deduce the horizontal errors for an individual track, with amplitudes of
3.12 mm/yr and 2.67 mm/yr for the ascending and descending tracks, respectively. Finally,
by using an incidence angle between 20 — 40°, the LOS uncertainties are estimated to be be-
tween 1.07 —2.00 mm/yr and 0.91 — 1.72 mm/yr for the ascending and descending tracks
respectively. These values are consistent with previous studies (Hussain et al., 2018).
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Figure 2.6: Histograms of the phase differences computed within the overlapping areas, for the
(left) ascending and (right) descending tracks, (top) from West to (bottom) East. The dashed
lines correspond to the fit of a Gaussian function, with its standard deviation noted in each

legend.
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Horizontal-Vertical decomposition

Finally, I decompose the horizontal and vertical components of the velocity field, neglect-
ing the North-South displacement. To do so, I first need to spatially interpolate the descend-
ing velocity field in order to use the same spatial grid between the ascending and descending
tracks. I then use the following equations to project the mean LOS ascending and descending
velocities along the fault-parallel (horizontal — East-West) and vertical directions (e.g. Fialko

et al., 2002):

p_ €ascSINOL + NggcCOSO Ugge
€descS ina + NgescCOSU Ugesc
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with P a rotation matrix, & the mean strike of the displacement (in this case, the east-west
direction, 90°), (e;,n;,u;) the Cartesian components of the satellite look vectors for the ascend-
ing and the descending tracks (noted asc and desc, respectively), v; the mean LOS velocity, and
(vf,v;) the component of the mean velocity along the fault-parallel direction and the vertical
direction, respectively. The results are presented in Figure 2.7.

a )
E T .

40°N{"

40°NH

Figure 2.7: (a) Mean East-West and (b) vertical velocity maps obtained after the decomposition.
The fault network is shown by the black lines (Emre et al., 2018).

2.2.14 Creep rates and locking depths along the North Anatolian fault

By using geodetic data, I can infer the locking depths and creep rates along the fault inter-
face by analyzing profiles perpendicular to the fault. This approach has been first proposed
by Savage and Burford (1973) along the San Andreas Fault (SAF), by making the hypothesis of
a screw dislocation embedded in a homogeneous linear elastic half-space.

Based on that, Savage and Burford (1973) expressed the velocity across the fault V as a

_91_



Chapter 2

"
H
Cay

4
0 +I6
T X/0
il
-3 ['] +3 ¥
X/0—*
STRAIN DISPLACEMENT
x
y Cay
+15
n/o
-5
y
\ -3 1] +3
X/D—

Figure 2.8: Simple models for fault motion from Savage and Burford (1973). Top sketches refer
to a locked-fault model, in which slip on the fault occurs only at depths greater than D. Bottom
sketches refer to the rigid-block model, in which slip is approximately uniform with depth.

function of the distance to the fault trace x such as (Weertman and Weertman, 1964):

S X
V(x) = Zarctan( ) 2.4
(x) aretan a (2.4)
with S the slip rate at depth and d; the locking depth. This equation enables to model the
interseismic slip on a fault plane below the locking depth (Figure 2.8).

To take into account shallow creep, Hussain et al. (2016) proposed to model it by using a
back slip approach with (i) a Heaviside function H(x) corresponding to shallow creep (i.e. the
sum of slip on the entire fault plane) and (ii) a screw dislocation in the opposite sense to plate
motion at creeping depth d»:

V(x)= —%arctan(dil) +C[%arctan(%> —H(x)] +a (2.5)

with C the creep rate, and a a constant.

2.2.1.5 Computation of the strain field

In order to investigate horizontal deformation in the context of regional tectonic plate
motions, I compute the strain field, which quantifies the spatial deformation associated with
the accumulation and release of tectonic stresses, as follows:

LA 1(8Ve 4 OV
{811 812} _ &x 2\ oy Sx (2.6)
&1 &n| |1({8% % Wy '
21 22 2<5y + ox oy

with € corresponding to the strain, V the velocity field, and (x,y) the East-West and North-
South components. Different components can be deduced from the strain field, such as the
shear strain (€3), the rotation (w;7), the dilatation and the maximum shear strain (¥,qy). To
estimate these strain rates, I first calculate the InSAR East-West velocity gradient directly from
the velocity field (Figure 2.7a). The North-South component, which is poorly constrained by
InSAR data due to the near-polar orbital geometry of SAR satellites, was neglected in this
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Figure 2.9: Results of the strain field computation at large scale. (a) Mean InSAR East-West

velocity. The black rectangles highlight the zooms shown in Figure 2.10. (b-c) Maximum shear
strain rate estimated at (b) 1 km-resolution and (b) 2 km-resolution.
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analysis. However, this omission has a significant impact on the strain rate computation, as the
fault-perpendicular component of deformation along the East-West striking NAF is primarily
expressed in the North-South direction. The rotation is therefore equal to the shear in this
case. Then, I compute the various components using the following equations:

oV, 8V,
= 2.7
@12 = ( Sy  ox ) 27)
dilatation = @ (2.8)
1
Ynar = 5 \/(811 —exn)?+4el, (2.9)
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Figure 2.10: Focus on the three areas of interest: (a-c) the Izmit-Diizce segment, (d-f) the
Ismetpasa segment and (g-i) the Alaca-Ezine segment. (a,d,g) Mean InSAR East-West velocity.
(b,e,h) Maximum shear strain rate estimated at 1 km-resolution. (c,f,i) Rotation estimates. (a-i)
The fault network is shown by the black lines (Emre et al., 2018). (a,d,g) Italic letters correspond
to names of fault segments: IZ: Izmit, K: Karadere, DU: Diizce, IS: Ismetpasa, ES: Esencay, and
EZ: Ezinepazari.

The Figure 2.9 shows the results at large scale, and the Figure 2.10 shows zooms of several
regions of interest.

2.2.2 Results

On the mean East-West velocity map (Figure 2.7a), we can see the westward extrusion of
the Anatolian plate accommodated by two major fault systems: the NAF and EAF. A strong
tectonic signal is also visible along the EAF, corresponding to the 2020 M,, 6.8 Elazig earth-
quake (e.g. Pousse-Beltran et al., 2020). This signal could have been attenuated by estimating
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Figure 2.11: Focus of the mean vertical velocity on the Bursa basin.

and removing the coseismic offset of displacement for each pixel. The north-western part of
Tirkiye appears noisier, preventing precise analysis of the steady-state deformation.

The mean vertical velocity map (Figure 2.7b) shows no obvious signal, if any, related to the
two main fault systems, suggesting that both faults are mostly strike-slip faults at a large scale.
However, some signals can be related to the tectonic activity, such as the large sedimentary
basins located in the western part of Tiirkiye (Western Anatolian Extensional Province), high-
lighted by the subsidence due to the North-South extension of the area (e.g. Bozkurt, 2003).
North of the Konya Basin (central Anatolia), strong uplift with up to 2 cm/yr is measured,
which may require further attention to verify whether it could be related to the tectonic de-
formation, the area being affected by the active Tuz Goli Fault Zone (Yildirim, 2014) or to
phase bias. More local signatures can be related to the presence of large sedimentary basins
and hydrological forcing (e.g. the Adapazari basin on the north-western side, see Figure 2.15b),
while other areas are affected by a vertical signal due to anthropogenic activities, e.g. the big
mine at Tungbilek/Tavsanli/Kiitahya (see Figure 2.15b). One interesting example is the Bursa
basin shown in Figure 2.11, which exhibits a subsidence rate of up to 5 cm/yr. As proposed by
Aslan et al. (2019a) who found a subsidence of up to 2.5 c¢m/yr, this vertical motion may be
related to anthropogenic activities such as agriculture related to groundwater pumping. In this
case, the higher subsidence amplitude reported by Aslan et al. (2019a) may reflect the different
study period (2014 —2017), during which subsidence rates could have been more pronounced.

The strain rate map shown in Figure 2.9c also highlights both strike-slip fault systems with
maximum shear rates > 20.10~8yr~!. Three segments are identified by higher values of the
shear strain rates: the Izmit, Ismetpasa and Elazig segments. However, the absolute amplitude
of the shear strain rates should be interpreted with caution, as two factors may affect their
estimates. First, the spatial smoothing applied during the velocity field interpolation reduces
the sharpness of strain rate gradients, likely leading to an underestimation of peak values
along the fault. Second, the omission of the North-South displacement component results in
an incomplete strain tensor, which may bias the amplitude of the computed shear strain rates.
The rupture of the 2020 earthquake along the Elazig segment explains the high rate estimates.
By comparing with the strain rate map at 1 km resolution (Figure 2.9b), the same characteristics
are visible with more precise strain variations along the NAF and EAF.

2.2.3 Discussion

2.2.3.1 Contribution of the InSAR data

This work enables the production of a first version of an unprecedentedly detailed East-
West velocity field computed over five years using InSAR data. The quality of the velocity field
resulting from a low amounts of post-processing (see Section 2.2.1.3) highlights the quality of
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the data provided by FLATSIM and validates the use of automatic processing chains to study
large-scale tectonic signals. This exercise has been done previously by Weiss et al. (2020) using
another automatically InSAR processing chain: LICSAR (Lazecky et al., 2020) and delivering
velocity fields and strain rate fields. Their study highlights the tectonic deformation related to
the NAF and EAF. Both studies support the use of automatic and massive processing chains,
in order to obtain large-scale velocity fields with a high spatial resolution, allowing for the

analysis of large and local deformation signals.
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Figure 2.12: Estimate of along-strike fault parameters. (a) Mean East-West velocity map fo-
cused on the NAF. Colored dots show values of locking depth estimates on fault-perpendicular
profiles. The fault network is represented by the black lines. (b) Length of the surface rup-
tures from Figure 1.42. (c) Fault azimuths per longitude on the NAF. (d) Estimates of the locking
depth, creep rate and creep depth per profile. The locking depth is represented by the gray

dots. The creep depth and rate correspond to the squares and the blue colorbar, respectively.
Hatching areas correspond to area without data.
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2.2.3.2 Continuous deformation related to the North Anatolian Fault

NAF perpendicular profiles across the fault and strain fields suggest lateral variations of the
strain accumulation with variations of the East-West velocity gradients and maximum shear
strain amplitudes. To better explain these observations, I used 111 km-long and 555 m-wide
fault-perpendicular profiles of the mean East-West InSAR velocity and the method described
in Section 2.2.1.4 to estimate locking depths and shallow creep along the main strand of the
NAF.

The Figure 2.12 gathers estimates of the creep depth (d>), the creep rate (C), the locking
depth (d;) and the fault azimuth. The estimates have been obtained by making the hypothesis
that the loading rate V is constant and equal to 24 mm/yr (McClusky et al., 2000). First, we
observe two segments affected by shallow creep, that I will detail in the next Section 2.2.3.3.
Then, we observe discrepancies of the locking depth (Figure 2.12 - a,d) ranging from 7 to
30 km, in agreement with previous studies (e.g., Wright et al., 2001b; Cavalié and Jonsson,
2014). Hussain et al. (2018) found the same order of magnitude for the locking depth along the
NAF, with some significant differences, such as in the western part (longitude < 31°E) where
they found locking depths deeper than 15 km. However, the trend of the lateral variations
of the locking depth is similar to the one that we observe. Lateral variations of loading rate
would impact the locking depths estimates.

The comparison between locking depth, fault azimuth, and the surface ruptures associated
with the major earthquakes of the last century (Figure 2.12 — b,c,d) suggests, at first order, a
relationship between fault orientation and the length of large seismic ruptures. These obser-
vations further emphasize the structural segmentation of the NAF, which likely influences the
spatial distribution of strain accumulation and earthquake rupture propagation.

2.2.3.3 Creeping segments of the North Anatolian fault

As mentioned above, the Figure 2.12d highlights two creeping segments corresponding to
both known Izmit and Ismetpasa around longitude 30°E and between 32.5 to 33.4°E, respec-
tively. Both segments ruptured during the last century, with the 1999 M,, 7.6 Izmit earthquake
and the 1944 M,, 7.3 Bolu-Gerede earthquake, respectively. Since then, several analyzes based
on creepmeters, GNSS, and InSAR data identified shallow aseismic creep and episodic SSEs
affecting both of them (Ambraseys, 1970; Cakir et al., 2005, 2012; Kaneko et al., 2013; Bilham
et al., 2016; Cetin et al., 2014; Rousset et al., 2016; Aslan et al., 2019b; Ozarpaci et al., 2021;
Jolivet et al., 2023; Ozdemir et al., 2025). Along the Izmit segment, I estimate a creep rate of up
to 7.5 mm/yr, a creep depth of about 2 — 3 km, and a locking depth close to ~ 7 km. This shal-
low locking depth is in agreement with Cakir et al. (2012); Ergintav et al. (2014); Aslan et al.
(2019b); Ozarpaci et al. (2020) who found a locking depth ranging from 5 to 12 km. Hussain
et al. (2016) found a slightly deeper locking depth (18 km), which can be related to the un-
certainties of their model. In comparison, McClusky et al. (2000) estimated a locking depth of
about 21 km before the rupture of the segment, suggesting that the locking depth has not yet
returned to its pre-earthquake value. The creep parameter estimates are also in good agree-
ment with previous studies. Along the Ismetpasa segment, I estimate a creep rate ranging from
7.5 to 11 em/yr, for a creep depth close to 4 — 5 km and a locking depth of about 10 km. The
first striking observation is the length of the creeping segment, reaching ~ 90 km-long (e.g.
Cakir et al., 2005; Kaneko et al., 2013; Rousset et al., 2016; Jolivet et al., 2023). Some studies
detected SSEs on the western edge of the Ismetpasa segment along a 5 — 8 km-long portion
(Rousset et al., 2016; Jolivet et al., 2023; Ozdemir et al., 2025). Moreover, the creep rate, the
creep depth, and the locking depth are in the same order of magnitude as previous estimates
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Figure 2.13: Fault-perpendicular profiles across the four following segments: (a) Izmit, (b)
Diizce, (c) Ismetpasa and (d) Ezinepazari. (top) Red and green lines correspond to the mean
East-West and vertical velocities, respectively. These mean velocities correspond to the aver-
age computed by using the gray dots in the background. The vertical data have been shifted
by 2 cm/yr in order to improve the visibility. (bottom) Maximum shear strain (see Figure 2.8).

(Jolivet et al., 2023, and references therein). By focusing on these areas in the mean East-West
velocity map, the maximum shear strain rate map and the rotation as shown in Figure 2.10 —
a-f, we can observe (i) a sharp gradient on the East-West velocity field, (ii) high values of the
maximum shear strain rate > 80 x 10~8yrs~!, and (iii) high absolute amplitudes of the rotation
> 40 x 10~8yrs~! along the creeping sections. Fault-perpendicular profiles centered on each
segment are shown in Figure 2.13 — a,c. The co-location of a peak amplitude of the shear rate,
the sharp offset of the East-West velocity and the fault trace proves shallow aseismic creep
along those segments. The pattern of the rotation amplitudes along the creeping segments
reveals a positive fringe on the fault, surrounding by negative fringes. This rotation anomaly
is directly related to the East-West velocity gradient perpendicular to the fault, as shown by
equation 2.7.

By analyzing in details the segments of the NAF, two additional segments present similar
observations: the Diizce segment (Figures 2.10 — a,b,c around 31.00°E —40.75°N and 2.13b) and
the Ezinepazari segment (Figures 2.10 — g,h,i around 36.00°E —40.50°N and 2.13d connected
to the main strand of the NAF). Liu and Wang (2023) also highlighted the potentially creeping
behavior of the Diizce segment and east of Destek, the latter being close to the Ezinepazari
segment, further motivating the study of both areas. The profile shown in Figure 2.13b along
the Diizce segment highlights a sharp gradient, with an offset of at least 9 mm /yr centered at
the fault trace. This segment, which ruptured during the 1999 M,, 7.2 Diizce earthquake, may
also be affected by shallow creep. This segment has been affected by smaller coseismic surface
offsets of up to 2 m in comparison with the central and eastern parts of the rupture, which
reached 5 m (Pucci et al.,, 2006). In addition, this segment has been affected by shallow earth-
quakes within the first two kilometers, before and after the mainshock. Further investigations
are needed to specify this behavior. This area is characterized by complex fault geometry
(junction with the Karadere segment to the West and en échelon fault segments, (Pucci et al.,

_98_



Large scale analysis

2008)) and basin-related subsidence. Together with the apparent slip deficit from the earth-
quake, these factors may promote shallow creep to release part of this energy. The second
segment of interest is the East-West Ezinepazari segment, corresponding to a branch of the
North Anatolian Shear Zone. Within this area, the main strand of the NAF splits into several
segments forming the Tasova-Erbaa and Niksar pull-apart basins (Figure 2.10g). The Niksar
one is the younger; its formation may have started during the early Pleistocene (Barka et al.,
2000). This pull-apart basin is related to the growth of the East-West Ezinepazari segment,
which ruptured during the 1939 M,, 7.7 Erzincan earthquake at its eastern termination (see
Figure 1.42a). As proposed by Barka et al. (2000), the joint formation of a new pull-apart basin
and fault segment suggests an anticlockwise rotation of the Anatolian plate. Some studies
along the western part of this segment (Sungurlu fault) found no or low strain accumulation
(e.g. Yavasoglu et al., 2011; Karasozen et al., 2014). However, by looking at the eastern part,
the InSAR East-West velocity field (Figure 2.10g) reveals a sharp gradient correlating with the
segment location, and therefore associated with a high value of shear strain (Figure 2.10h). The
analysis of the fault-perpendicular profiles (Figure 2.13d) shows an offset of about ~ 5 mm/yr
located at ~ 35 km south from the main strand of the NAF. This result suggests two points: (i)
the presence of slip partitioning between the NAF main branch and secondary faults, such as
the Ezinepazari segment within this area, and (ii) the presence of shallow creep along this seg-
ment, highlighted by a sharp velocity gradient. The red spot located at 35.5°F — 40.8°N shows
a strong negative vertical velocity and may be due to phase bias because of the presence of
crops.

2.2.4 Conclusion

The InSAR data automatically processed in the framework of the FLATSIM project covering
Tirkiye provide an unprecedented high spatial resolution of the steady-state velocity field,
with limited post-processing. It allows us to analyze the lateral segmentation of the NAF, and
highlight specific segments affected by shallow aseismic creep. As shown by previous studies,
the Izmit and Ismetpasa segments are clearly visible within the East-West velocity field, as
well as the maximum shear strain rate. Other segments might also be creeping, such as the
Dizce and Ezinepazari segments, even if further investigations are required to better describe
their slip dynamics (e.g., Liu and Wang, 2023). These results highlight the importance of the
segmentation of the main strand of the NAF, with segments affected by distinct behaviors.
Even if most of the 1600 km-long fault system is locked, ~ 95 — 100 km of the fault is creeping,
and therefore releases strain. This new steady-state velocity field also suggests that the slip
partitioning between the main strand and secondary faults may be underestimated. This seems
to be the case for the Tasova-Erbaa-Niksar pull-apart basins, where the Ezineapazari segment
is probably accumulating and releasing strain south of the main strand. Locally, this velocity
fields enables us to detect signals related to anthropogenic activities: large subsiding basins,
local effects such as resource pumping or mining. As pointed out by Hussain et al. (2018)
and Weiss et al. (2020), the contribution of the InSAR is crucial to better estimate the seismic
hazard, and the development of automatic processing chains such as FLATSIM is obviously
facilitating the task.
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2.3 Slip deficit below the Marmara Sea from joint InSAR
and GNSS velocity fields

2.3.1 Introduction

Some segments of the NAF beneath the Marmara Sea correspond to a seismic gap, and
threaten the megalopolis of Istanbul (see Section 1.5.2.1). A detailed study of the interseis-
mic behavior of these segments may help to better estimate the seismic hazard of this region.
Ozkan et al. (2025) recently proposed an augmented GNSS velocity field surrounding the Mar-
mara Sea with densified measurements on the northern shore. Here, I add InSAR data in
order to derive a Bayesian inversion of the slip rate beneath the Marmara Sea. This project is
led by Emilie Klein (Research Engineer CNRS at the Laboratoire de Géologie, Ecole Normale
Supérieure, Paris, France) and in collaboration with Baptiste Rousset, Frédéric Masson (Pro-
fessor at Université de Strasbourg, ITES, Strasbourg, France), Ali Ozkan (Assistant professor
at Osmaniye Vocational School, Osmaniye Korkut Ata University, Osmaniye, Turkey), Hasan
Hakan Yavasoglu (Professor at Department of Geomatics Engineering, Istanbul Technical Uni-
versity, Istanbul, Turkey), Romain Jolivet (Professor at Laboratoire de Géologie, Ecole Normale
Supérieure, Paris, France) and Patrice Ulrich (Engineer CNRS, Université de Strasbourg, ITES,
Strasbourg, France). I was in charge of the InSAR processing of the tracks overlaying the area,
supervised by Cécile Doubre and Baptiste Rousset.

2.3.2 Preparation of the InSAR data

Four tracks are overlaying the Marmara Sea: two ascending (A131 and A058) and two
descending (D036 and D138) tracks (Figure 2.1). As mentioned previously, the two western
tracks (A131 and D036) needed to be partially reprocessed, due to the incomplete initial un-
wrapping by FLATSIM (see Section 2.2.1.2).

In order to prepare the InSAR data for the joint inversion, we applied the following post-
processing sequence: (1) a temporal harmonization of the dataset, (2) GNSS referencing of the
InSAR velocity field, (3) quality control of the data, and (4) horizontal-vertical decomposition
of the velocity field to enhance the tectonic signal.

2.3.2.1 Harmonization of the dataset

To compare mean velocities computed over the same period, we re-estimate the mean
velocities on the FLATSIM time series, starting from the same common date: 9" October 2016.
We model the mean velocities by retrieving the linear term so that:

x(t) =xp+B.(t —19) (2.10)

with x(¢) the cumulative LOS displacement at each pixel at time ¢, 7y the initial time (here 1*
January 2016), xg a constant term and B the linear trend corresponding to the mean velocity.

2.3.2.2 GNSS referencing of the interseismic LOS velocity field

I referenced the InSAR LOS velocities relative to GNSS velocities using the method de-
scribed in Section 2.2.1.3. The GNSS velocity field used is a combination of data from England
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et al. (2016) and Ozkan et al. (2025), both relative to fixed Eurasia plate, calculated from survey
and continuous measurements. The GNSS data are shown in Figure 2.15 by the green arrows.

2.3.2.3 Quality control of the InSAR processing

I applied a mask based on the number of interferograms per pixels to remove possible
artifacts on the mean velocities, similar to the one described in Section 2.2.1.1. Due to the
difference in the total number of interferograms per track, I estimated independent thresholds
for each track, based on the standard deviation (o) and the mean (i) of the number of in-
terferograms. The Table 2.2 gathers the percentage of the total kept pixels after applying the
mask. The final mean velocities in LOS for the ascending and descending tracks are shown in
Figure 2.14.

Al131- Al31- D036- D036-
Tracks A0S8 South North D138 South North
u—20 96.48% | 93.48% | 94.63% | 95.26% | 94.02% | 95.56%
u—1lo 78.98% | 82.01% | 88.55% | 81.30% | 81.06% | 87.78%

Table 2.2: Percentage of total pixels kept after applying the mask based on the number of
interferograms for each track.
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Figure 2.14: Mean velocity in LOS after GNSS referencing and the application of a mask on

the number of interferograms per pixel for the (a) ascending and (b) descending tracks.
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2.3.2.4 Horizontal-Vertical decomposition

To improve the inversion results, I estimate the mean East-West InSAR velocity field, al-
lowing for the removal of local vertical effects, which are assumed to be non-tectonic. The
applied method is described in Section 2.2.1.3. The results are presented in Figure 2.15.

42°N 42°N
a ~—20 mm/yr cm/yr b cm/yr
.| Sapanca- 1 Gélctik 2
Izmit .
Akyazi
40°N ¢ 40°N
Biga
Peninsula .~
———
0 S o 2 T 1 0 R ..x‘]OQI
26°E 28°E 30°E 32°E 26°E

Figure 2.15: Mean (a) East-West and (b) vertical velocities over the study area. (a) The green
arrows correspond to the GNSS data from Ozkan et al. (2025), relative to the fixed Eurasia.

2.3.3 Results

Coseismic deformation
related to the 2017 Ayvacik
(Canakkale) earthquakes

® Faults

InWF 20170131/20170218
Phase (rad)
3,141593

-3,141593

Figure 2.16: Wrapped and Filtered Interferogram (InWF) between dates 31/01/2017 —
18/02/2017 of the track A131 computed by FLATSIM. The fault network is shown by the
black dots. The view is centered on the Biga Peninsula. The concentric fringes in south-west
highlight seismic deformations related to the 2017 Ayvacik (Canakkale) earthquakes.

As detailed in Section 2.2.1.2, the data within the northwestern part of the Marmara Sea
are noisy due to residual phase bias, preventing any precise interpretations.

On the mean East-West velocity map (Figure 2.15a), the predominant signal is related to the
NAF with a strong gradient along its main strand, consistent with the interseismic deforma-
tion accommodating the westward extrusion of the Anatolian plate (see Section 1.5.1.2). The
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onshore segments of the NAF reveal a sharp gradient along the Izmit segment (east), compared
to the smooth gradients observed along the Sapanca-Akyazi (east) and Ganos (west) segments.

On the mean vertical velocity map (Figure 2.15b), no vertical motion is observed in the
vicinity of the NAF. However, local tectonic motions can be pointed out, such as the normal
faulting close to Golciik, and also a strong signal on the south-west of the Biga peninsula (~
39.60°N,26.40°E). This latter is related to the seismic sequence of moderate earthquakes that
affected the region in 2017 over three months (Ozden et al., 2018). A southward propagation
of ruptures along normal antithetic faults led to surface deformation visible within InSAR data
(e.g. Ganas et al., 2018), as shown in Figure 2.16, which corresponds to a zoom on this area of an
interferogram built from 31/01/2017 — 18/02/2017 SAR images. Then, the large sedimentary
basins (e.g. Edremit, Bursa, Izmit and Simav graben) are affected by subsidence with high rate,
up to 5 ¢cm/yr in Bursa (see Figure 2.11). More locally, strong signals can also be related to
anthropogenic sources, e.g. the big mine at Tuncbilek/Tavsanli/Kiitahya.

2.3.4 Discussion

In this section, I present some preliminary results of slip inversions derived by Emilie Klein,
which are part of a publication currently in preparation.

2.3.4.1 Contributions of the InSAR data on the slip inversions

The Figure 2.17 compares different slip inversions obtained by using different datasets: (a)
GNSS, (b) InSAR, and (c) GNSS and InSAR jointly. We observe that in both GNSS and In-
SAR-only models, the central segment is creeping. Its slip rate and uncertainties vary, with
the GNSS-only model having higher uncertainties close to the surface, whereas it is more
homogeneous for the InSAR-only model. Using both datasets together (Figure 2.17c), the un-
certainties decrease close to the surface. The slip rate model also reveals an increase of the
slip under Izmit, thanks to the integration of InSAR data with a high spatial resolution close to
the fault along this segment. It also gives more precisions at longitude 29.2°, which is poorly
constrained due to the low density of GNSS data (see Figure 2.15a). The joint inversion takes
advantage of the high spatial resolution of the InSAR data filling potential areas where few
GNSS stations are present. It also provides good accuracy along onshore fault segments, de-
spite the downsampling of the data before inversion, explaining that the slip does not reach
the surface even if we conclude that this segment is mainly aseismically creeping (see Sec-
tion 1.5.2.2).

InSAR data used as inputs in Figure 2.17 are the LOS velocity fields shown in Figure 2.14.
Using ascending or descending data, the range of uncertainties of the slip models are between
—24.7-11.8 mm/yr and —23.32-10.4 mm/yr respectively, i.e. of the same order of amplitude.
However, the East-West and vertical decomposition of the velocity model (Section 2.3.2.4)
shows a non-negligible contribution of the vertical deformation in the LOS velocity field (Fig-
ure 2.15b). Assuming pure strike-slip motion and therefore using only the East-West compo-
nent of the velocity field as inputs of the joint inversion, the uncertainties are reduced to the
range —11.6-9.5 mm/yr.

- 103 -



Chapter 2

S °°  ‘Depth (km) °

S

SlipRate(mm/yr)

| — T g Gongitude

00 25 50 75 100
rate Unc(mm/yr)

[ —] B 7 Longitude

— . = 2 Tongitude

00 25 50 75 100
rate Unc(mm/yr)

Figure 2.17: Comparison of the estimated slip rates and corresponding uncertainties obtained
by using (a) only GNSS data, (b) only LOS InSAR data, and (c) GNSS and InSAR data (Klein et

al., in prep.).

2.3.4.2 Remarks on the slip predictions

Using GPS data acquired over 20 years, Ergintav et al. (2014) showed that not all of the
MMF was accumulating strain, but probably only its eastern segment (Princes Islands segment,
PI) with a slip deficit of up to 10 — 15 mm/yr, whereas the central segment (~ Central and
Kumburgaz basins, CeB and KB) may be creeping. These observations suggest that only the
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Figure 2.18: Final slip rate model compared to the seismic context (Klein et al., in prep). (a)
Tectonic settings with the location of earthquakes recorded along the NAF shown by black
and red dots (KOERI and Becker et al. (2023)), including repeaters shown by yellow stars.
The green star corresponds to the epicenter of the 2025 M,, 6.2 earthquake. The fault trace
used in the inversions is drawn by the black line. Blue dots correspond to the GNSS stations
used in this study (Ozkan et al., 2025). Green pentagons point out the locations of the main
cities. Gray bold and names correspond to the tectonic plates, and italic ones to the seas. (b)
Lengths and names of the main segments of the MMF and NAF. Segments abbreviations are:
GaF: Ganos Fault, TB: Tekirdag Basin, WH: Western High, CeB: Central Basin, KB: Kumburgaz
Basin, AS: Avcilar Segment, PI: Princes Islands, CB: Cinarcik Basin, IF: [zmit Fault. Segment’s
colors red, orange and blue correspond to locked, transitional and creeping segments, from
Becker et al. (2023). The black segment corresponds to the last rupture from the 1999 M,, 7.6
Izmit earthquake. (c) Histogram showing the number of earthquakes and of repeaters with
respect to the longitude of the epicenter in red, and in yellow, respectively. (d) Slip rate model
obtained by the joint inversion of GNSS and InSAR data, with both white stars highlighted the
two last mainshocks which ruptured the MMF. (e) Corresponding uncertainties rates.

PI fault segment may be able to generate a M,, > 7 earthquake; its last rupture being in 1766
(Ambraseys, 2002).

Following this work, new studies in the last decade refined the creeping behaviors of the
segments of the MMF, and the implications on the seismic hazard. Schmittbuhl et al. (2016b)
proposed that the CeB segment is creeping based on the presence of repeating earthquakes.
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However they interpreted the KB and CB (Cinarcik Basin) segments as locked, leading to an
estimate of the magnitude of a potential future event to 7.3 on the eastern part. Creep was
later confirmed by the detection of long-lasting seismic repeaters along the CB segment and
within the seismogenic zone (Schmittbuhl et al., 2016a).

The use of onland geodetic data from the GPS networks can also be helpful to infer the
slip distribution along the MMF interface, as proposed by Klein et al. (2017). The building of
an interseismic model from a Bayesian approach led to similar interpretations, with a central
segment creeping, and the Ganos Fault (GaF) and CB segments being locked. However, the
sparsity of the GPS network is a limitation to the resolution of the slip model, adding the fact
that the onland data are acquired far from the fault.

To overcome this issue, some studies proposed the use of acoustic ranging techniques,
corresponding to seafloor geodesy, and enabling the monitoring of the horizontal deformation
with a mm-precision over several years. These experiments concluded that the eastern edge
of the KB segment is fully locked (Sakic et al., 2016; Lange et al., 2019). In contrast, Yamamoto
et al. (2019) used extensometer records on a western segment of the MMF named Western High
(WH) segment, and found evidence of creep, in agreement with seismic and onland geodetic
data.

The 23 April 2025, a My 6.2 earthquake ruptured a 10 — 20 km-long segment of the central
MMF, followed by =~ 500 aftershocks within 15 days, affecting the KB segment supposed to
be a locked or transitional segment (Ertuncay et al., 2025). This new earthquake has led to
a need to refine the coupling along those segments. Ozkan et al. (2025) took advantage of a
denser GPS network and longer data time series to update the slip rate model along the MMF.
This new velocity field confirmed that the western part (GaF segment) is locked, similar to the
eastern part (KB and CB segments). In order to understand the impact of the segmentation
on the seismic cycle, Guvercin and Barbot (2025) proposed numerical simulations based on a
3D rheological model built using heat flow related to the sediment thickness and temperature
along the fault, and laboratory-derived frictional properties. They successfully recover seis-
mic sequences similar to historical records along the MMF. They showed that the presence
of a rheological barrier within the CeB segment splits the MMF into two distinct parts with
different seismic cycles: (i) creeping along the CeB, and (ii) a low probability for the MMF to
fully rupture. They also suggest that the eastern part (KB and CB segments) can be affected
by full or partial ruptures (such as the 2025 M,, 6.2 earthquake), with creep potentially ac-
commodating the remaining slip deficit on the CeB segment. Finally, Martinez-Garzon et al.
(2026) provided precision on the seismic cycle in the eastern part of the MMF by analyzing the
seismic activity following the 2025 M,, 6.2 earthquake. They suggested an eastward propaga-
tion of ruptures by comparing the properties of the moderate events that occurred over the
last two decades. This 15 year-long eastward migration of M,, > 5 earthquakes is confirmed
by historical records (Ambraseys, 2002) and suggests a stress transfer closer to the edge of PI
segment. In summary, all the previous studies agreed that the PI segment can host the source
of a future M,, > 7 earthquake. The question of the slip deficit and the size of the rupture, and
therefore the magnitude, is still remaining.

Along these lines, refining the slip rate model and therefore the length of the locked seg-
ment located south of Istanbul is crucial to quantify the current high seismic risk in this area.
At time of writing, our final slip rate model resulting from the joint inversion of GNSS and
InSAR data is presented in Figure 2.18c. The striking observation concerns the KB segment,
which appears to be creeping, a behavior not captured by previous models. This result is pri-
marily constrained by the northern coastal GNSS stations, and synthetic tests demonstrate
that our dataset has sufficient resolution to resolve the slip behavior on this segment. If con-
firmed, this implies that the locked segment is smaller than previously estimated, though our
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model still suggests a significant risk of a large earthquake offshore Istanbul, with a maximum
magnitude of M,, 7—7.3.

2.3.5 Conclusion

This on-going study provides insights on the seismic hazard along the Main Marmara
Fault in Tirkiye. The joint analysis of the interseismic velocity field built from GNSS and
InSAR data takes advantage of both the high spatial resolution of the InSAR data and the
high accuracy of the GNSS velocity measurements. The slip inversion shows that the central
segment is creeping, in contrast to the surrounding segments, which are locked. The length of
the creeping segment is ~ 133 km-long. The related uncertainties and tested forward modeling
indicate that the data robustly resolve the slip behavior along this segment. We still note a
strain accumulation of up to ~ 10 mm/yr in to the shallow part, which can generate moderate
earthquakes (M,, ~ 5). The eastern segment close to Istanbul and the Princes Islands is locked
down to ~ 12 km-depth, and has accumulated sufficient strain to potentially produce a M,, > 7
earthquake.
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Automated Detection of Slow Slip
Events from InSAR: Application to the
North Anatolian Fault

In the previous section, we have seen that the InSAR data processed in the framework of
the FLATSIM project from Sentinel-1 SAR images based on the NSBAS processing chain and
over the period 2016 — 2021 allows us to produce a precise steady-state East-West velocity
field with an unprecedented high spatial resolution. This work points out lateral variations of
the creep dynamics along the whole NAF from fully locked segments to aseismically creeping
segments. Previous studies highlighted in Section 1.5.2.2 identified slow slip events (SSEs)
along those creeping segments. Looking at details in our data, we aim to identify new or
known SSEs. However InSAR time series contain distinct contributions as presented in the
Section 1.4, and therefore a post-processing sequence may be needed in order to extract the
tectonic signal.

After the application of a simple and basic post-processing sequence, I propose here an
automatic method to detect SSEs from InSAR data without any prior knowledge. This method
has been adapted from the initial one developed for GNSS time series by Rousset et al. (2017). It
correlates physics-based dislocation slip models representing synthetic SSEs with InSAR time
series to detect transient deformation signals and estimate their first-order spatio-temporal
characteristics (e.g., location, initiation time and equivalent magnitude). First, this method is
calibrated using synthetic tests including InSAR realistic noise, and then applied to real data
centered on two aseismically creeping segments of the NAF: Izmit and Ismetpasa. Synthetic
tests including InSAR realistic noise provided probabilistic detection thresholds as a function
of SSE magnitude and depth. These tests show that this method enables the detection with
> 90 % confidence of shallow SSEs with magnitudes larger than 4.5 using horizontal East-
West InSAR time series. Events with magnitude larger than 4.25 are detected with > 45 %
confidence. Second, applying this method to InSAR data along both creeping segments of the
NAF, we detected without any prior knowledge three previously reported transient events
along Izmit and two ones along Ismetpasa. The estimated magnitudes range from 4.0 to 4.5.
Despite the level of noise within the InSAR time series, the detection tests performed using
the geodetic matched filter approach demonstrate strong potential for the systematic detection
of transient slow slip signals. Applying this method on worldwide strike-slip fault segments
could enable rapid detection and a first order characterization of transient slip events.

This chapter is an article submitted in JGR: Solid Earth, and has been published as a Preprint:
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Neyrinck, E., Rousset, B., Doubre, C., Rivera, L. (2026). Automated Detection of Slow Slip Events
from InSAR: Application to the North Anatolian Fault. Preprint. https://doi.org/10
.31223/X5K77R.

Abstract

The growing volume of InSAR time series offers new opportunities to systematically detect
transient aseismic deformation, but identifying low-amplitude slow slip events (SSEs) remains
challenging due to noise and limited temporal resolution. Here, we adapt the geodetic matched
filter, originally developed for GNSS data, to InSAR displacement time series in the context of
shallow strike-slip faults. The method relies on correlations between physics-based templates
and relative displacement time series constructed between pixels located on either side of the
fault, enhancing the signal-to-noise ratio and mitigating atmospheric artifacts. Using syn-
thetic experiments with realistic noise, we quantify detection thresholds and show that SSEs
with magnitudes as small as M,, 4 —4.5 can be reliably detected at shallow depths. A valida-
tion strategy based on spatial coherence and weighted stacking of displacement time series
significantly reduces false detections. We apply this approach to the Izmit and Ismetpasa seg-
ments of the North Anatolian Fault using multi-level processed InSAR datasets. The method
successfully retrieves previously documented SSEs and shows that advanced post-processing
improves detection capability. Detected events have magnitudes M,, 4.0 — 4.3, shallow depths
(< 2—4 km), and durations of days to weeks, consistent with independent geodetic observa-
tions. These results demonstrate that physics-based template matching provides a robust and
scalable framework for automatic SSE detection in InSAR time series.

Keywords: slow slip events, North Anatolian Fault, SAR interferometry, strike-slip fault

@,
it + We developed a geodetic matched filter approach on InSAR data that en-
ables to detect shallow slow slip events along strike-slip faults.

« Based on synthetic tests, it can detect shallow events larger than M,, 4.5
with 90 % confidence using horizontal East-West time series.

+ Application along creeping segments of the North Anatolian Fault validates
the method by detecting and characterizing five slow slip events.
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Chapter 3

3.1 Introduction

Since the first observations of aseismic creep along the San Andreas Fault (SAF) by Stein-
brugge et al. (1960), numerous observations have been made worldwide, refining our under-
standing of the seismic cycle and its implications for seismic hazard estimates (Avouac, 2015).
Due to the increase in geodetic measurements and improvements in their temporal resolu-
tion, the intermittent occurrence of aseismic slip has been documented in several tectonic
contexts, including subduction zones and strike-slip faults (Biirgmann, 2018). In subduction
zones, large transient slow slip events (SSEs) of M,, up to 7.5 and producing up to several cen-
timeters of surface displacement, are mostly detected with Global Navigation Satellite System
(GNSS) observations (Dragert et al., 2001), although strainmeters (Hawthorne and Rubin, 2013)
and tiltmeters (Hirose and Obara, 2005) can also capture them. Along strike-slip faults, most
observed SSEs occur in the shallow parts of faults, producing surface deformation footprints
only a few kilometers wide with centimetric displacements. Whereas creepmeters can detect
SSEs with millimeter-scale offsets at specific locations (Linde et al., 1996; Bilham et al., 2016),
Interferometric Synthetic Aperture Radar (InSAR) time series have also proven valuable for
detecting shallow SSEs along strike-slip faults (e.g. Rousset et al., 2016; Materna et al., 2024).

Developing automatic - or quasi-automatic - methods for SSE detection along strike-slip
faults is essential to cope with the rapidly growing volume of InSAR measurements and to
densify worldwide SSE catalogs. Several approaches have been proposed to extract transient
deformation in geodetic data, including deformation due to SSEs.

Given that transient SSEs produce permanent offsets in displacement time series observed
at the surface, one way to detect them is to use data-driven methods, searching for steps
in geodetic time series. Nishimura (2014) scanned moving windows of GNSS time series in
Nankai and fitted each segment either with a linear trend or with a linear trend plus an offset
associated with potential SSEs. The preferred model was then selected using the Akaike In-
formation Criterion (AIC, Akaike (1974)), allowing a statistical evaluation of the robustness of
the models.

Principal Component Analysis (PCA) is also commonly used to separate distinct deforma-
tion sources within geodetic data. It assumes that the different physical processes contributing
to the signal are orthogonal and can therefore be separated into a small number of dominant
eigenmodes. This method has been widely applied to geodetic time series to highlight tec-
tonic transients superimposed on long-term trends or seasonal components (e.g. Kositsky and
Avouac, 2010).

Other decompositions are based on Singular Spectrum Analysis (SSA) and its multichan-
nel extension (M-SSA). These techniques decompose time series into periodic signals, trend,
and noise components while accounting for temporal correlations, making them particularly
suited to extract repeating processes such as seasonal signals. Their ability to recover smooth
transient signals from InSAR time series has been demonstrated in various contexts. For in-
stance, Jasir et al. (2024) used SSA to isolate the post-seismic deformation of the 2019 M,, 6
Mirpur earthquake, while Walwer et al. (2025) applied M-SSA to identify volcanic deformation
transients at Pacaya volcano.

A more flexible decomposition is provided by Independent Component Analysis (ICA) and
its probabilistic variants such as variational Bayesian ICA (vbICA, Gualandi et al., 2016). Unlike
PCA, ICA aims to separate statistically independent, non-Gaussian sources, making it particu-
larly effective when deformation processes are not orthogonal. Maubant et al. (2020) used ICA
on InSAR time series to extract the transient signal associated with the 2017-2018 Guerrero
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SSE in the Mexico subduction zone. Similarly, Gualandi and Liu (2021) showed that vbICA
can robustly separate tectonic loading from seasonal hydrological deformation in InSAR time
series in the San Joaquin Valley and the central San Andreas Fault.

Finally, sparse-representation methods assume that transient deformation can be captured
by a sparse set of basis functions. The approach of Riel et al. (2014), based on sparse B-spline
coefficients, automatically identified repeating SSEs of varying duration in GNSS time series
along the Cascadian subduction zone.

A second group of methods used to detect and extract transient deformation within geode-
tic data is based on physical models of SSEs. The network inversion filter, proposed by Segall
and Matthews (1997), models GNSS displacement time series as a combination of secular ve-
locities, fault slip, benchmark motions, reference frame errors, and estimation errors. It uses a
Kalman filter to provide a stochastic description of these components over time, allowing for
the separation of transient slip signals from background noise. It provides a kinematic mod-
eling of large SSEs. By adapting the method to InSAR data, Bekaert et al. (2016) analyzed the
2006 SSE in Guerrero, Mexico.

Another approach specifically designed to detect and characterize small-amplitude SSEs is
based on correlations between synthetic dislocation-based time series and continuous GNSS
data (Rousset et al., 2017). Using a network-based method, it allows the extraction of coherent
slow slip surface deformation patterns and provides estimates of the main SSE parameters. The
first application was on the Mexican subduction zone (Rousset et al., 2017), and subsequent
applications have been performed in various tectonic contexts, including the San Andreas
Fault (Rousset et al., 2019a), the Nankai subduction zone (Okada et al., 2022), the northern
Japan subduction zone (Marill et al., 2024), the South-Central Alaska subduction zone (Okada
and Nishimura, 2023), and the southern Peru—northern Chile subduction zone (Jara et al., 2024).

More recently, deep learning approaches have been applied to denoise geodetic time series
to better highlight transient deformation signals (Rouet-Leduc et al., 2021; Costantino et al.,
2024). These models are trained on synthetic time series that include realistic noise and SSEs
and are then applied to different tectonic contexts. Rouet-Leduc et al. (2021) applied such
a method to the Ismetpasa segment of the North Anatolian Fault (NAF) in Tiurkiye, which
allowed the extraction of surface deformation due to a known SSE affecting in 2013 (Rousset
et al,, 2016). Similarly, Costantino et al. (2024) applied this approach to GNSS time series
and recovered denoised signals highlighting transient deformation potentially associated with
low-amplitude SSEs.

In this study, we adapt the geodetic matched filter, originally developed for GNSS observa-
tions (Rousset et al., 2017), for application to InSAR observations in the context of strike-slip
faults. Indeed, this method takes advantage of the redundancy of information collected at mul-
tiple locations to reduce the detection threshold for low-amplitude SSEs. Given the high spatial
density of InSAR observations, it therefore has the potential to detect low-amplitude events
compared to the noise amplitude. First, we consider relative displacement time series between
pixels located on either side of the fault to mitigate large-scale atmospheric propagation delays.
Second, we analyze the noise characteristics of the InSAR time series to construct synthetic
time series with realistic noise, which allows us to assess the limitations of our method and to
estimate correlation coefficient thresholds for the detection of potential SSEs. Third, following
detection, we characterize the main features of the identified SSEs, including their duration
and magnitude. Finally, we apply this method to two creeping segments of the NAF, where
such events have been documented in previous studies.
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3.2 Method
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Figure 3.1: Flow chart presenting the main steps of the method. (a) Method’s inputs including
analysis of the InSAR noise and construction of the templates. (b) Module 1: analysis on syn-
thetic data to determine detection thresholds for SSE identification. (c) Module 2: Processing
workflow applied to real data, including initial detections and validations. (d) Module 3: esti-
mation of the main characteristics of the detected SSEs from real data.

The geodetic matched filter approach developed by Rousset et al. (2017) is based on physics-
based template matching. It enables the detection of SSEs on fault zones by analyzing corre-
lation coefficients between time series of surface displacements derived from geodetic data
and templates, corresponding to synthetic dislocation models of SSEs. The main phases of
the approach presented in Figure 3.1 are: (a) the preparation of the inputs of the method, (b)
the analysis of synthetic time series including realistic noise and synthetic SSEs to estimate
detection thresholds, (c) the application to real data to detect potential SSEs with a detections
validation step, and (d) the characterization of the SSEs in terms of initiation time and slip
amplitude on the fault interface.

3.2.1 Method’s inputs

In this section, we explain the preliminary steps of the method shown in the Figure 3.1a,
leading to the preparation of the method’s inputs.
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3.2.1.1 Analysis of realistic noise

To build synthetic displacement time series allowing for thresholds estimates before, we
need to analyze the noise content present within the real InSAR displacement time series
(Figure 3.1a). We made the analysis on Line Of Sight (LOS) and East-West (EW) displacement
time series, in order to estimate the impact of the noise level on the detectability of the method
and evaluate the benefits of post-processing methods.

We assume that the InSAR noise is spatially correlated but temporally uncorrelated, as
atmospheric dynamics typically evolve much faster than the revisit period of Sentinel-1 ac-
quisitions. Spatially correlated noise is generated by filtering white Gaussian noise in the
Fourier domain so that its power spectrum follows a negative power-law. Three parameters
are estimated from noise extracted from real InSAR time series: (1) the slope of the power
spectrum, (2) the mean noise amplitude, and (3) its standard deviation. The slope of the power
spectrum is estimated by fitting a linear function in log-log space, which characterizes the
spatial correlation of the noise. The mean and standard deviation of the noise amplitude ob-
served in real data are then used to define parameter distributions, ensuring that the synthetic
noise reproduces the dispersion within the synthetic data. Histograms representing the dis-
tributions of each parameter derived from the real data are shown in Appendix B (Figures B.1
and B.2).

3.2.1.2 Definition of a template
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Figure 3.2: Synthetic template corresponding to surface displacements induced by a sliding
area on the fault interface. (a) Relative time series (solid line) of the template computed for
the pair of pixels shown in Figure 3.3a, assuming a relaxation time of 6 days. The dotted line
corresponds to its temporal derivative. (b) Mesh of the fault interface, with the sliding patches
used to build the template shown in red. The fault is meshed with patches of 0.33 km x 0.33 km,
from the surface down to 10 km.

The temporal source function s of synthetic SSEs is defined based on creepmeter measure-
ments on the Izmit segment (Figure B.3):
t

s(t) :m(l—e_Tl) (3.1)

with s the cumulative slip, m the slip amplitude, #; the time and 7 the relaxation time. The du-

ration of events is estimated by 57. The template displacement time series w' is then obtained
by using the following equation: ' .

wi(1) = wis(t) (32)
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with w' the surface displacement at pixel i deduced from static Green’s functions.

An example of a template time series and its temporal derivative is shown in Figure 3.2a.
To reduce spurious detections associated with short-lived spikes, the template displacement
time series defined in equation 3.2 is extended by adding two constant plateaus before and
after the transient signal. Each plateau corresponds to a constant value with a duration com-
parable to that of the transient event. Green’s functions, relating slip on a given fault patch
to surface displacement, are computed assuming a multi-layered elastic half-space (Zhu and
Rivera, 2002), using local velocity and density models for the Izmit and the Ismetpasa seg-
ments (detailed in Figure B.4, Ozalaybey et al. (2011); Laske et al. (2013); Rousset et al. (2016);
Karabulut (2025)). An example of the mesh of the fault interface is shown in Figure 3.2b.

3.2.2 Module 1: Detection of synthetic slow slip events

The following parts explain the steps of the Module 1 shown in the Figure 3.1b, leading to
the analysis on synthetic displacement time series.

3.2.2.1 Building the synthetic data

We use the real InSAR noise characteristics (Section 3.2.1.1) to build synthetic displacement
time series cubes. To sample the full range of parameter combinations according to their
associated probabilities in the synthetic time series, parameters are randomly drawn from
these empirical distributions. To mitigate residual atmospheric signals present within InSAR
displacement time series, we decided to use relative displacement time series between all pairs
of pixels located on either side of the fault. It has the advantage to remove similar amplitudes
of the residuals at nearby pixels and to enhance the tectonic signal by taking pixels on either
side of the fault. The relative surface displacement between the pair of pixels i and j noted
wh/ is estimated by:

Wi’j(ll) :Wi(ll)—wj(l‘l) (3.3)

The final synthetic displacement time series cubes are constructed by combining realistic
noise with one or several synthetic SSEs using equation 3.3. Examples of synthetic time series
are presented in Figure 3.3 — a,b,c,d, with panel 3.3d showing the relative displacement time
series (in black) between two displacement time series from a pair of pixels on either side of
the fault (panel 3.3c¢).

We also decimate the initial pixels using an exponential relationship with the distance
from the fault for the Izmit segment and a quadratic one for Ismetpasa (smaller study area), to
decrease the number of pixels, as shown by the black dots in Figure 3.3 — a,b. We will show
the influence of decimation on our results in the next part (see section 3.2.2.2).

3.2.2.2 Correlation functions

The correlation functions C*/ used to detect the SSEs are computed between the template
relative displacement time series w"/ and the InSAR relative displacement time series d"/ of
each pair of two pixels i and j located on either side of the fault. As described by Rousset et al.
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Figure 3.3: Examples of synthetic InSAR time series and correlation functions. (a,b) Synthetic
cumulative surface displacement fields including (a) only realistic synthetic noise at a date T}
and (b) realistic noise and a SSE located in the middle of the fault trace (shown in black) at a
date 75. SSEs are built using a sliding patch of 6 km-length and 1 km-width, centered at a depth
of 0.67 km, with a magnitude of 4.55. Black dots indicate pixel locations after decimation. (c)
Synthetic time series for the two pixels marked by black crosses in panels (a, b), located on
either side of the fault. The blue curve corresponds to the northern pixel and the red curve to
the southern pixel. (d) Relative time series obtained by differencing the two time series shown
in (c). (e) Synthetic SSE templates inserted into the time series, for the two pixels and for their
relative time series. (f) Correlation functions associated with the sliding patch used to build
the synthetic SSEs. The green line and dots show the detection threshold and the detected
peaks, respectively. (c-f) Thick gray vertical lines correspond to the occurrence and duration
of the synthetic SSEs added to the time series. Vertical dash-dotted lines indicate the two dates
used to plot the maps (a,b).

(2017), we use the temporal derivative of w/ (Figure 3.2a) and d'~/ so that:

- < whi(ty),dbi (1) >
CHi(t) = wh (1) () >~ (3.4)

with N the number of time steps of the template (N = [|t1|| = [|2[|) and At the temporal sam-
pling. <w"/(t;),d"’(t2) >n ar the inner product is defined as:
.. .. N_] .. ..
<wh(t1),d"™ (1) >N A= Z whl (t) + kAt)d" (t, + kAt). (3.5)
k=0
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The correlation is then weighted by the amplitude of the Green’s function at each pair of
pixels (i, j): . S
G/ (1) = (wil-lwg[)C™ (). (3.6)

A more important weight is given to pixels that are supposed to be the most affected by the
SSE.

Finally, the correlation coefficients used for SSE detections are the mean average of all ci/
computed for every pair of pixels (i, j). An example of correlation coefficients are shown in
Figure 3.3f.

Comparison of the maximum values of the correlation functions estimated for the same
displacement time series cube one shallow slow slip event (SSE) (depth 500 m — M,, 4.8) and
a realistic InSAR noise but applying different decimation ratios shows that the correlation
values are similar (= 0.035), however it enables to significantly reduce the computation time
by ~ 96% (see Figure B.5).

3.2.2.3 Thresholds estimates

The occurrence of potential SSEs in the data is highlighted by high values of the correla-
tion coefficients, relative to a given threshold. An example is shown in green in Figure 3.3f.
To estimate the optimal thresholds and to analyze the sensitivity of the method, we first use
synthetic displacement time series built in the previous section (Section 3.2.2.1). We use a syn-
thetic displacement time series cube composed of 100 events over a period of 6000 time steps.
Each synthetic SSE has a slip area of ~ 6 km in length and ~ 1 km in width, with a relaxation
time of ~ 6 days. These parameters have been calibrated according to the characteristics of
observed shallow SSEs reported in previous studies (Rousset et al., 2016; Neyrinck et al., 2024;
Ozdemir et al., 2025). The influence of both the template area and the relaxation time on the
correlation functions is analyzed in the Appendix B: a template length that is twice as long or
twice as short as the real SSE length decreases the correlation coefficient by ~ 2 (Figure B.6);
a relaxation time that is too long will both decrease the correlation coefficient and shift the
detection in time (Figure B.7).

To analyze the reliability of the detections on synthetic displacement time series, we com-
pute the precision-recall product PRP, defined as:

TP TP
PRP = —

= 3.7
AP RP’ (37)

with TP corresponding to the true positive detections (i.e. the number of detections corre-
sponding to synthetic SSEs added to the displacement time series), RP the real positive de-
tections (i.e. the initial number of SSEs in the synthetic displacement time series) and AP all
the positive detections (i.e. true and false positive detections). PRP lies between 0 and 1, with
PRP =1 indicating that all the SSEs in the synthetic displacement time series are detected,
with no false detection. The first ratio TP/AP estimates the fraction of true detections (i.e.
the precision), while the second ratio TP/RP estimates the number of detected events rela-
tive to the number of events in the time series (i.e. the recall). This product is estimated by
combining all the detections associated with the ensemble of fault patches along the fault in-
terface. Figure 3.4 — a,b shows PRP as a function of the selected threshold for two given depths
of the synthetic SSEs. By using this precision-recall product, we can estimate the minimum
magnitude of the events that can be detected by this method as a function of the depth of the
synthetic SSEs, and the corresponding threshold for a given PRP > p, with p representing the
confidence of the detections. The final results for this synthetic displacement time series with
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Figure 3.4: Precision-recall products (PRP) estimated for various synthetic SSE depths and
event magnitudes, compared to the thresholds used for the detection. (a,b) PRP obtained for
events at depths of 0.67 km (a) and 5.33 km (b). Each colored line corresponds to a given
magnitude. (c) Minimum detectable magnitudes (black) and associated thresholds (pink) for
PRP > 0.4 as a function of depth. The dotted lines show the selected minimum magnitude and
threshold corresponding to PRP > 0.4 at both depths shown on panels (a,b). (d) Comparison of
the minimum magnitudes estimated using synthetic noise from three different datasets: LOS
(solid line), EW-Raw (dotted line) and EW-ICA (dash-dotted line).

PRP > 0.4 are shown in Figure 3.4c. By applying these thresholds to the correlation functions,
we detect potential SSEs.

3.2.3 Module 2: Real data peak detection

The following parts explain the steps of the Module 2 shown in the Figure 3.1c, leading to
the detection of SSEs with the real InSAR displacement time series. Some parts have already
been explained in the previous section (Section 3.2.2).

3.2.3.1 Validation of the detections

In order to detect small magnitudes SSEs, we need to choose a relatively low PRP to de-
crease the minimum magnitudes of SSEs detectable using this approach (Figure 3.4c) and ac-
cording to the InSAR noise present in the data (Figure 3.4d — test of three different types of
noise). Therefore, we define two conditions tested beforehand using synthetic displacement
time series, that allow us to select the detections obtained from the correlation functions, and
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remove false detections due to the choice of a low PRP.

The first condition is based on the number of neighboring sliding patches triggering a pos-
itive detection. Due to the difference between the synthetic SSE sliding patch size and the
discretizations of the fault interface (areas of 0.33 x 0.33 km?), a SSE must be detected on sev-
eral neighboring sliding patches in the horizontal direction. We therefore discard detections
associated with a single horizontal sliding patch.
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Figure 3.5: Example of a weighted stack (black line) of synthetic displacement time series in-
cluding an SSE of M,, 4.65, located at 0.67 km-depth. The red rectangle shows the duration of
the synthetic SSE. The red curve corresponds to the model obtained during the characteriza-
tion step, allowing the estimate of the initiation time (dotted line), offset and relaxation time
(related to the duration At).

The other condition is based on a weighted stack of displacement time series at each pixel
centered on the detection time. The aim of the stack is to enhance the signal-to-noise ratio by
stacking the raw displacement time series, weighted by the Green’s functions w’ associated
with the template that exhibits the maximum correlation coefficient. An example of a synthetic
stacked time series is shown in Figure 3.5. The offset associated with the SSE is related to the
source slip and the slipping area. To validate the detection, we compute the offset by taking the
difference between the averages over 6 — months time windows before and after the detection.
We validate the detection if this offset is larger than the standard deviation of the stacked time
series computed on a period of 5 months centered on the detection.

Figure 3.6 — a,b shows the effect of the validation for two synthetic displacement time
series including SSEs at two distinct depths, with PRP > 0.4. It shows that the validation step
allows to separate well true positive detections from true negative ones. Some false positive
detections remain, usually corresponding to low offset amplitudes.

Figure 3.6d shows TP/RP and TP/AP ratios before and after the validation step, ob-
tained with different initial PRP values for synthetic SSEs located at 0.67 km-depth (Figure B.8
presents a similar figure for the Ismetpasa configuration). The TP/AP ratio (in green) is signif-
icantly improved by the validation step for low PRP. We also observe a decrease in the TP/RP
ratio (in blue), which is important for PRP = 0.1 and of approximately ~ 0.1 for larger PRP.
This can be explained by the fact that for low PRP, the tested magnitudes are lower (as shown
by panel 3.6c¢), leading to SSE offsets that are close to the noise level.

In order to maximize the probability of capturing SSEs while maintaining a confidence of
getting true positive detections larger than 0.9, we chose an initial PRP > 0.4 for the real
InSAR data, corresponding to TP/RP > 90% at the minimum detectable magnitude. The val-
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Figure 3.6: Final detections of synthetic SSEs after the validation step. (a,b) Comparison be-
tween the estimated offsets and the standard deviation of the weighted stacks for each detec-
tion for synthetic SSEs at a depth (a) of 0.67 km and (b) of 5.33 km. TP, TN, and FP denote
true positives, true negatives and false positives, respectively. The dash-dotted line indicates
the threshold where the offset equals the standard deviation, which is used to separate posi-
tive from negative detections. (c) Minimum moments My (and corresponding magnitudes M,,)
detected as a function of PRP and estimated before the validation step. (d) TP/RP and TP/AP
ratios as a function of PRP, shown in blue and green, respectively. Solid and dotted lines
correspond to the ratios before and after the validation step, respectively. Panels (c) and (d)
correspond to synthetic SSEs at a depth of 0.67 km.

idation step makes it possible to choose a lower PRP while keeping a high probability of
detecting true events, and thus further reduce the minimum detectable magnitude.

3.2.4 Module 3: Characterization of the events

The following section explains the steps of the Module 3 shown in Figure 3.1d. After the
validation of the detections, we estimate several characteristics of the detected SSEs, including
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their location along the fault and at depth, the initiation time, the relaxation time and the
equivalent magnitude of the event.

3.2.4.1 Location of the events

For the Izmit segment, the spatial extent of the sliding patch is fixed to 6 km-length by
1 km-width, based on previous studies properly extracting slip area (Neyrinck et al., 2024). The
along-fault and depth locations for a given location correspond to the patch with maximum
correlation amplitude. The Figure B.9 shows the impact of the chosen size of the sliding patch
on the final magnitude estimates of the events by comparing the estimated moments with the
initial ones, for different sizes and different magnitudes. By using a smaller patch, we tend
to underestimate the magnitude, whereas a larger patch overestimates it. However, even by
using the smaller patch, the magnitude estimate error is up to ~ 0.17. The accuracy of the
location along the fault and at depth estimates of the sliding patch is shown in Figure B.10 -
a,b, at a function of depth and PRP. High PRP improves the estimate accuracies, and we see
a decrease of the depth estimate accuracy for deeper sliding patches due to a larger spatial
extent of the related surface deformation reaching the edges of the study area.

3.2.4.2 Initiation time and relaxation time

As for the validation step of the detection (section 3.2.3.1), we use the stacked displace-
ment time series weighted by the Green’s functions coefficients w associated with the patch
of larger correlation coefficient (Rousset et al., 2017). The stacked time series is then fitted
by the temporal function used to describe the template time evolution (equation 3.2) and is
set to zero beforehand. The initiation time and relaxation time are estimated by minimizing
the root-mean-square error (RMSE) between the model and the weighted stacked time series.
An example of the best model is shown in Figure 3.5. The RMSE calculation is weighted, with
more weight at the center of the time series, to emphasize the transient signal. The accuracy of
the relaxation time and initiation time estimates based on synthetic tests are presented in Fig-
ure B.10 - c,d as a function of depth for 3 values of PRP. The relaxation time is overestimated
by ~ 6 days, due to the low InSAR return time, which is comparable with the relaxation times
of SSEs. However, the initiation time is well resolved, with an error of 5 days, consistent
with the return time of the InSAR data obtained from Sentinel-1 images.

3.2.4.3 Magnitude

By using the offset surface displacement of the modeled SSE to compute the temporal
parameter, and the fixed template slip dimensions of the sliding patch, we compute the moment
My and the associated moment magnitude M,, using the following equations:

My = [.L.S.Au, (3.8)
2
MW = §.<log10M0 - 9.1), (3.9)

with 1 the shear modulus, S the slipping surface and Au the slip amplitude. The accuracy of
magnitude estimate from synthetic tests shows that the magnitude is well recovered for sliding
patches down to a depth of 5 km and is slightly overestimated at greater depths (Figure B.10e).
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3.3 Application to the North Anatolian Fault

3.3.1 Tectonic context and InSAR data processing

The NAF is a major continental right-lateral strike-slip fault system accommodating the
westward extrusion of Anatolia relative to Eurasia (Sengor et al., 2005). Two segments are
characterized by shallow aseismic creep and episodic SSEs, documented using creepmeters,
GNSS, and InSAR observations (Ambraseys, 1970; Cakir et al., 2005; Cakir et al., 2012; Bilham
et al., 2016; Rousset et al., 2016; Jolivet et al., 2023; Neyrinck et al., 2024).

In this study, we apply the geodetic matched filter approach to the two creeping segments:
the Izmit segment (Figures B.11a and B.12a), which ruptured during the 1999 M,, 7.6 earth-
quake (Barka, 1999), and the Ismetpasa segment (Figures B.11b and B.12b), which ruptured
during the 1944 M,, 7.3 earthquake (Stein et al., 1997). Both segments have hosted multi-
ple shallow SSEs since their last major ruptures (Aslan et al., 2019b; Neyrinck et al., 2024;
Ozdemir et al., 2025), providing independent constraints for validation of our detections. Be-
cause of their strike direction close to 90°, the locations along the fault is also expressed in the
following parts by the longitudes.

The InSAR displacement time series are automatically processed within the FLATSIM
framework (Thollard et al., 2021), using a Small Baseline Subset approach (NSBAS, Doin et al.,
2011). In order to assess the influence of noise reduction and signal extraction on SSE de-
tectability, we consider several levels of post-processing. These include raw Line-Of-Sight
(LOS) displacement time series, East-West (EW) displacement time series obtained after geo-
metric decomposition and seasonal signal removal, and further post-processed EW displace-
ment time series in which non-tectonic components are isolated and removed using Indepen-
dent Component Analysis (ICA).

3.3.2 Application to the Izmit segment: influence of InSAR post-processing

We first apply the method to the Izmit segment to investigate how InSAR post-processing
affects SSE detection performance. Three datasets are tested: (1) raw LOS displacement time
series from Sentinel-1 ascending track A058, (2) EW displacement time series after horizontal-
vertical decomposition and removal of seasonal signals (EW-Raw), and (3) EW displacement
time series further denoised using ICA (EW-ICA). The detailed post-processing method used
for the datasets (2) and (3) is described by Neyrinck et al. (2024), consisting in a seasonal
and linear decomposition of the signal to remove the non-tectonic annual periodic terms, a
horizontal-vertical decomposition of the LOS displacement time series using ascending and
descending tracks (producing the EW-Raw dataset) and the application of an Independent
Component Analysis (ICA) on the pixels of the previous EW-Raw displacement time series
within the sedimentary basin (producing the EW-ICA dataset).

Based on the synthetic tests presented in Section 3.2, we adopt an initial precision-recall
product of PRP > 0.4 for the Izmit segment. The minimum detectable magnitudes inferred
from the synthetic experiments (Figure 3.4d) indicate that LOS and EW-Raw datasets yield
comparable detection thresholds, with slightly improved sensitivity at shallow depths for the
EW-Raw case. In contrast, the EW-ICA dataset consistently allows the detection of lower—
magnitude events at all depths, highlighting the benefit of advanced noise reduction.

When applying the matched filter to the real data (Figure 3.7a), no SSE is detected using
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Figure 3.7: Final peak detection obtained for the Izmit segment (a) and the Ismetpasa segment
(b). The peaks are shown by their difference between the correlation coefficients and the
thresholds. Filled red circles highlight final validated detections (after the validation step —
Section 3.2.3.1), whereas empty gray circles are considered as false detections. Two datasets
from different post-processing sequences are considered: the EW-Raw (squares) and EW-ICA
(circles) datasets (cf. the description of the datasets in part 3.3.2; the LOS dataset resulting in
zero detection is therefore not shown here). The vertical lines correspond to initiation times
of SSEs recorded along both segments by creepmeters (Figures B.12, B.15 and B.16).

the LOS dataset, indicating that residual atmospheric and non-tectonic signals dominate the
displacement time series at this processing level. Using the EW-Raw dataset, two SSEs are
detected in 2018 and 2019. The EW-ICA dataset enables the detection of an additional event in
2016 and yields systematically higher correlation coefficients for all detected events, demon-
strating an improved signal-to-noise ratio. The three events detected are consistent with the
three event already documented in published articles (Aslan et al., 2019b; Neyrinck et al., 2024).

The detected events are subsequently characterized following the procedure described in
Section 3.2.4. Figure 3.8 illustrates the characterization of the 2019 event. The highest correla-
tion coeflicients correspond to a sliding patch centered at approximately 30.05°E and at about
1 km depth, within the Izmit sedimentary basin (Ozalaybey et al., 2011). The corresponding
weighted stack displacement time series (Figure 3.8b) exhibits a clear transient offset that is
well fitted by the adopted temporal source function. Independent creepmeter records from the
Izmit-Seller and Tepetarla sites show contemporaneous transient displacements (Figure 3.8c),
providing an external validation of the InNSAR-based detection. Similar figures for the charac-
terization of other detections using EW-Raw and EW-ICA datasets are shown in Figure B.13.

For the three events detected using the EW-ICA dataset, the estimated magnitudes range
between M,, 4.1 and M,, 4.35, with relaxation times between ~ 1 and 5.3 days, all estimates
being gathered in Table 3.1. Previous InSAR and creepmeters analyses of SSEs along the Izmit
segment already provided some estimates, and are also gathered in Table 3.1. We observe
a good consistency with the creepmeters data of the initiation time with Afg ~ 4 — 11 days.
The duration or relaxation time obtained by the geodetic matched filter approach leads to
higher values for the 2018 and 2019 SSEs, whereas the estimates corresponding to the 2016

- 124 -



Application to the North Anatolian Fault

Table 3.1: Results of the characterization of the five SSEs detected using the geodetic matched
filter approach along the Izmit and Ismetpasa segments, compared to previous works. IZ and
IS stand for Izmit and Ismetpasa, and Cm. stands for Creepmeters. The references are the
following ones: [1] for Aslan et al. (2019b), [2] Jolivet et al. (2023), [3] Neyrinck et al. (2024)
and [4] Ozdemir et al. (2025). * indicates results from this study, and — indicates that no
information is available for this feature.

Seg. Initiation Lon. (°) Depth RelaxationDurationM,, Ref.

time (km)  time (days)
(days)

IZ 30/11/2016 - - - - - Cm.
—/12/2016 2998 - - 21 - [1]
—/12/2016 29.85 - - - - 3]
03/12/2016 30.025 1.00 1.0 4.16 *

IZ —/03/2018 30.03 0.5 - 21 4.4 3]
10/03/2018 30.038 1.00 64 4.29 *

1Z 25 — - - 1.4-3 9 - Cm.
29/11/2019
—/11/2019 30.04 1.00 - 21 4.3 3]
18/11/2019 30.05 1.00 5.1 - 4.29 *

IS 11/06/2017 - - 9.7 - - Cm.
mid 2017 3262 - - - - 2]
08,/08/2017 3258 210 2.8 - 4.41 *

IS 21/12/2019 - - 9.3 - - Cm.
late 2019 3262 - - - - 2]
21/12/2019 3265 <2 - 26 4.8 [4]
20/12/2019 3261 043 119 - 3.98 *

event is much lower, probably due to the variations of the signal-to-noise ratios between the
three weighted stack displacement time series (Figure B.13). A comparison of the tectonics
(Figure 3.8 - b,c) for the 2019 event shows smaller duration of the event according to the
creepmeters data. The inferred sliding patches are shallow (< 2 km depth) and display a slight
eastward migration with time, consistent with previous InSAR analyses of SSEs along the Izmit
segment (Aslan et al., 2019b; Neyrinck et al., 2024).

3.3.3 Application to the Ismetpasa segment

We next apply the geodetic matched filter approach to the Ismetpasa segment in order to
test its robustness in a different location along the NAF with a distinct noise environment.
For this segment, we use the EW-Raw dataset only, ICA attempts being unsuccessful on that
segment. The noise characteristics are recomputed locally (Figure B.2) to derive segment-
specific detection thresholds (Figure B.8). Due to the higher noise level, a lower precision-
recall product (PRP =~ 0.2) is adopted. Based on previous geodetic observations and inverse

slip models (Rousset et al., 2016), we also use a smaller template size (3 km length and 1 km
width).

The initial application yields to 55 candidate detections (Figure 3.7b). After applying the
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Figure 3.8: Example of the 2019 SSE detected along the Izmit segment (Figure 3.7a). (a) Corre-
lation coefficients along the fault interface at the date of the detection for the EW-ICA dataset.
Dots indicate spatial detections, with the black one marking the patch with the highest am-
plitude, corresponding to the center of the template (dotted black line). The gray line shows
the downdip boundary of the sedimentary basin (Ozalaybey et al., 2011). (b) Weighted stack
displacement time series for the template highlighted in (a) by the dotted black line. The best
fitting model is shown in red. The vertical dotted line shows the time of highest correlation
amplitude. (c) Creepmeter records in Izmit-Seller and Tepetarla sites, showing cumulative dis-
placement over the same period. The locations of both creepmeters are shown in Figures B.11a
and B.12a (Bilham et al., 2016; Emre et al., 2018).

validation criteria based on spatial coherence and weighted stack displacement time series
(Section 3.2.3.1), only two detections remain, occurring in August 2017 and December 2019
(Figure B.14).

The retained events have estimated magnitudes between M,, 4.0 and M,, 4.4 and are located
at a shallow depth ranging from ~ 0.4 to 2 km (Table 3.1). The inferred relaxation time ranges
between 3 and 12 days. Despite larger uncertainties than for the Izmit segment, these estimates
are consistent with previous InSAR, GNSS, and creepmeter observations along the Ismetpasa
segment (Table S1; Bilham et al., 2016; Jolivet et al., 2023; Ozdemir et al., 2025). The first
detection in August 2017 seems related to the 2017 SSE recorded along the Ismetpasa segment
(Figure 3.7b), despite a difference of ~ 58 days of the intiation time with the creepmeter record
(Figure B.16). The relaxation time is therefore also lower than observed on the creepmeter data,
due to the temporal shift of the detection. The 2019 event is detected with only one-day delay,
but large differences of the estimates: a relaxation time difference up to 3 days compared to
the creepmeters records, and a duration difference up to 30 days compared to GNSS data. We
also obtain a lower magnitude than the one calculated using the GNSS data.

Overall, the application of our method to the Ismetpasa segment confirms that the geodetic
matched filter approach can successfully identify SSEs in independent datasets, even under less
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favorable noise conditions. The comparison between the Izmit and Ismetpasa segments high-
lights the importance of local noise characterization and appropriate InSAR post-processing
to maximize the sensitivity and reliability of automatic SSE detection.

3.4 Discussion

3.4.1 Validation of the approach and assumptions

The results obtained from both synthetic tests and real-data applications demonstrate that
the adapted geodetic matched filter approach is capable of detecting and characterizing shal-
low SSEs using InSAR time series. Synthetic experiments (Figures 3.4 and 3.6) show that, for
realistic noise conditions, SSEs with a magnitude down to M,, ~ 4 —4.5 can be detected at
shallow depths with a confidence level exceeding 90 % after the validation step (Figure 3.6 —
c,d). The minimum detectable magnitude increases with depth, as expected from the decay of
surface displacement with increasing source depth (Figure 3.4c).

The application to the Izmit and Ismetpasa segments further confirms the robustness of
the approach. Along the Izmit segment, the three previously documented events (Aslan et al.,
2019b; Neyrinck et al., 2024) are successfully retrieved when applying the method to the EW-
ICA dataset (Figures 3.7a, 3.8 and S13), and their estimated magnitudes (M,, 4.1 —4.3), depths
(£ 2 km), and relaxation times are consistent with previous InSAR and creepmeter analy-
ses (Aslan et al., 2019b; Neyrinck et al., 2024). Along the Ismetpasa segment, two events are
detected after validation (Figure 3.7b and Figure B.14), with magnitudes and durations compa-
rable to earlier geodetic observations (Rousset et al., 2016; Ozdemir et al., 2025), although with
larger uncertainties. The agreement between detected events, weighted stack characteriza-
tion (Figure 3.8b), and independent creepmeter records (Figure 3.8c and Figures B.15 and B.16)
provides an external validation of the method.

A key outcome of this study is the strong dependence of detection capability on the noise
level and post-processing strategy. The comparison between LOS, EW-Raw, and EW-ICA
datasets along the Izmit segment (Section 3.3.2; Figure 3.4d) shows that post-processing sub-
stantially lowers the detection threshold. While no event is detected using raw LOS time series,
the EW-Raw dataset enables the recovery of two events, and the EW-ICA dataset allows the
detection of an additional, smaller event with systematically higher correlation peaks. These
results highlight that the sensitivity of the matched filter is primarily controlled by the signal-
to-noise ratio of the input time series.

Despite these encouraging results, several assumptions we made impose limitations. First,
the spatial extent of the template used during the SSE characterization (Section 3.2.4) is fixed.
This choice is motivated by the difficulty of resolving source dimensions from InSAR data
alone, given the strong spatial covariance of atmospheric noise at kilometer scale (< 5 km),
which can generate deformation patterns partially mimicking shallow SSE signals. Indeed, the
estimated PSD slopes (= 2.574; Figures B.1 and B.2) are consistent with atmospheric turbulence
and imply a steep power-law spectrum dominated by long wavelengths. Such spectral behav-
ior indicates substantial spatial correlations at scales comparable to the expected dimensions
of shallow SSE sources.

Second, the temporal evolution of the template is defined by a fixed relaxation time (7 =
6 days), calibrated from previous observations along continental strike-slip faults (Rousset
et al., 2016; Neyrinck et al., 2024; Ozdemir et al.,, 2025). As shown in Figure B.7, using a re-
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laxation time significantly different from that of the real event reduces correlation amplitudes
and may shift detection times. The adopted value represents a compromise: it maximizes sen-
sitivity to SSEs with durations of a few weeks while reducing spurious correlations during
noise-only periods. However, events with relaxation times substantially different from the as-
sumed template value would produce lower correlation amplitudes and therefore be detected
with reduced efficiency.

Third, the method assumes temporally uncorrelated but spatially correlated noise when
generating synthetic time series (Section 3.2.1.1). Although this assumption is justified by
the short characteristic timescale of atmospheric variability relative to the Sentinel-1 revisit
period, residual temporally correlated signals (e.g., hydrological loading) may still affect de-
tection performance. The improvement observed when applying ICA (Section 3.3.2) illustrates
that incomplete separation of non-tectonic signals directly impacts the minimum detectable
magnitude.

Finally, the temporal resolution of InSAR (6 days for Sentinel-1A/B) inherently limits the
precision of initiation time and relaxation time estimates. Synthetic tests (Figure B.10 - c,d)
indicate a systematic overestimate of the relaxation time by ~ 6 days, and comparisons with
creepmeter records (Section 3.4.2) show discrepancies of up to one SAR acquisition interval
for initiation times. These differences reflect both the coarse temporal sampling of InSAR and
the different spatial sensitivities of creepmeters and InSAR observations.

Overall, the combined synthetic validation and successful retrieval of independently doc-
umented SSEs demonstrate that the proposed approach provides a reliable and systematic
framework for detecting shallow SSEs in the InSAR time series. At the same time, its perfor-
mance remains conditioned by noise characteristics, template assumptions, and the intrinsic
spatial and temporal resolution of the data. These aspects should be carefully considered when
applying the method to other tectonic contexts.

3.4.2 Comparison with independent geodetic observations along the
NAF

A detailed comparison with previously published creepmeter, GNSS, and InSAR studies
provides an independent assessment of the robustness of the geodetic matched filter approach
along the Izmit and Ismetpasa segments of the NAF. We focus here on the consistency of the
inferred spatiotemporal parameters and on the origin of remaining discrepancies.

3.4.2.1 Izmit segment

Along the Izmit segment, the three events retrieved with the EW-ICA dataset correspond to
the 2016, 2018, and 2019 SSEs previously documented using InSAR time series and slip inver-
sions (Aslan et al., 2019b; Neyrinck et al., 2024). The estimated magnitudes (M,, ~ 4.1 —4.3) and
shallow depths (< 2 km) are consistent with the slip models inferred by Neyrinck et al. (2024),
in which the creeping section is confined within the sedimentary basin (Figures 3.8a and S13).
The spatial location of the sliding patches inferred from the maximum correlation coefficients
falls within the areas of significant slip in those models, indicating that the template-based
approach captures the first-order geometry of the events without performing a full inversion.

Temporal parameters derived from the weighted stack analysis (Figure 8b and S13) are
also comparable to independent creepmeter observations (Figure 3.8c and Figure B.15). The
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initiation times agree within approximately one to two Sentinel-1 revisit time (6 — 12 days).
Relaxation times estimated from the matched filter approach (e.g., ~ 5.3 days for the 2019
event) are slightly longer than those inferred from creepmeters (1.4 — 3 days). This systematic
difference likely reflects (i) the coarse temporal resolution of InSAR compared to the 30s sam-
pling of creepmeters, and (ii) the fact that creepmeters record slip over a few tens of meters at
the surface, whereas InSAR integrates deformation over kilometer-scale fault areas.

3.4.2.2 Ismetpasa segment

Along the Ismetpasa segment, two events are retained after validation and can be compared
with previous InSAR, GNSS, and creepmeter analyses (Jolivet et al., 2023; Ozdemir et al., 2025).
The 2019 event, characterized by GNSS by Ozdemir et al. (2025) with an equivalent magnitude
of ~ 4.8 and a duration of ~ 26 days, is also identified by our approach with a shallow depth
(< 2 km) and a duration of a few months (~ 60 days). Although our magnitude estimate is
slightly smaller, this discrepancy can be partly attributed to the fixed template size used in the
characterization step (Figure B.9), which may underestimate the moment if the true slipping
area exceeds the prescribed dimensions. As described in Ozdemir et al. (2025), the signal-to-
noise ratio of the GNSS surface displacements is too low to permit a reliable inversion. We
reach a similar conclusion using the InSAR observations.

The mid-2017 event is more weakly constrained. While a correlation peak is identified (Fig-
ure 3.7b), the inferred initiation time differs by up to three months from the N. Wall creepmeter
record (Figure B.16). An increase in the stacked displacement time series (Figure S14a) is also
observed in July, consistent with the timing of the creepmeters, followed by a decrease likely
related to atmospheric noise. The delayed detection likely reflects the higher noise level of the
Ismetpasa InSAR dataset and the lower signal amplitude of this event. Nevertheless, the in-
ferred depth range remains broadly compatible with previous geodetic interpretations (Jolivet
and Frank, 2020; Ozdemir et al., 2025), suggesting that the detection is physically meaningful
even if its temporal characterization is less precise.

More generally, the comparison with GNSS observations highlights the complementary
strengths of the datasets. GNSS provides higher temporal resolution but sparse spatial sam-
pling, whereas InSAR offers dense spatial coverage but limited temporal resolution. The
matched filter approach leverages the spatial redundancy of InSAR to compensate for its lower
temporal sampling, enabling the recovery of shallow, kilometer-scale events that may be only
partially resolved by GNSS networks.

3.4.2.3 Synthesis across techniques

Importantly, no additional events are detected when lowering the PRP, suggesting that
the current InSAR noise level likely prevents the identification of smaller, millimetric SSEs
documented by creepmeters (e.g., mid-2018 along Ismetpasa; Figure B.16a).

The overall consistency between the template-based detections and independent geodetic
constraints indicates that the method successfully captures the first-order physical character-
istics of shallow SSEs without requiring a full slip inversion. Differences in initiation times
and relaxation times remain within the limits imposed by the temporal sampling and noise
level of the InSAR data. These comparisons demonstrate that the geodetic matched filter ap-
proach provides a robust framework for systematic SSE detection while remaining consistent
with high-resolution in situ observations. Nevertheless, when the signal-to-noise ratio allows
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it, a dedicated slip inversion would provide a more detailed characterization of the spatial dis-
tribution of slip and a refined estimate of the moment (Rousset et al., 2016; Neyrinck et al.,
2024).

3.4.3 Slow slip events physical mechanisms

3.4.3.1 Structural and mechanical controls on shallow SSE occurrence

The shallow SSEs identified along the Izmit and Ismetpasa segments occur within fault sec-
tions that are already characterized by aseismic creep. On the Izmit segment, aseismic creep
appears to be localized primarily downdip of the SSEs (Neyrinck et al., 2024), whereas along
the Ismetpasa segment it is observed on both sides of the SSEs and possibly beneath them
as well (Jolivet and Frank, 2020). This observation may indicate that surrounding persistent
aseismic creep constitutes a necessary mechanical background for the occurrence of shallow
SSEs. In rate-and-state friction frameworks, velocity-strengthening regions are typically asso-
ciated with stable creep (Kaneko et al., 2013), but spatial heterogeneities within such regions
may lead to conditionally stable behavior and the emergence of transient slip episodes (Wei
et al., 2013). The fact that both Izmit and Ismetpasa host SSEs within creeping sections, while
most other NAF segments do not, supports the hypothesis that a pre-existing aseismic slip
regime may be a prerequisite for transient slow slip.

In addition to the presence of creep, both segments share a striking geological feature:
the SSEs are systematically located within sedimentary basins. Along the Izmit segment, the
detected events are confined within the Izmit basin (Figure 3.8a), whose downdip boundary
lies at about two kilometers depth (Ozalaybey et al., 2011). Along the Ismetpasa segment, the
events are also located within a shallow sedimentary cover (Jolivet et al., 2023; Ozdemir et al.,
2025). Sedimentary basins are typically characterized by clay-rich, weak, and potentially over-
pressurized materials, which may favor stable or conditionally stable slip (Biirgmann, 2018).

The geological context of the NAF is complex, as the fault follows former suture zones
separating distinct lithological units (Sengér et al., 2005). However, only two segments exhibit
both shallow creep and recurrent SSEs, suggesting that lithological contrasts alone are insuf-
ficient to explain their occurrence. The spatial coincidence between SSEs and sedimentary
basins instead points toward the importance of shallow material properties. Similar associa-
tions between shallow slow slip and sedimentary or altered materials have been documented
along other continental strike-slip faults, including the Imperial and Superstition Hills faults
in California (Materna et al., 2024; Vavra et al., 2024). These analogies suggest that the pres-
ence of compliant, clay-rich may promote frictional conditions favorable to transient aseismic
slip.

3.4.3.2 Role of pore-fluid pressure

Elevated pore-fluid pressure likely plays a central role in the nucleation and evolution of
the shallow SSEs identified along both the Izmit and Ismetpasa segments. High pore pres-
sure reduces the effective normal stress acting on the fault, thereby lowering the shear stress
required for slip and promoting aseismic deformation (Sibson, 1992). In creeping fault sec-
tions overlain by or within sedimentary basins, permeability contrasts, clay-rich lithologies,
and fluid trapping may favor locally elevated pore pressures. Such conditions are commonly
invoked to explain stable or conditionally stable slip behavior in both subduction zones and
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continental strike-slip faults (e.g. Biirgmann, 2018).

Theoretical and numerical studies have shown that fluid pressure variations can signifi-
cantly modify slip stability in rate-and-state systems. Coupled hydromechanical models demon-
strate that pore-pressure diffusion may generate slow slip pulses even in velocity-strengthening
regimes, provided that effective normal stress is sufficiently reduced (Segall and Rice, 1995;
Segall and Matthews, 1997; Liu and Rice, 2007; Heimisson et al., 2019). In particular, Heimis-
son et al. (2019) showed that poroelastic coupling can destabilize otherwise stable sliding and
produce transient SSEs with durations and magnitudes comparable to those observed geode-
tically.

Dilatancy further modulates this behavior. During shear, fault zone dilatation reduces pore
pressure locally, temporarily increasing effective normal stress and stabilizing slip. Subse-
quent fluid diffusion restores pore pressure, allowing slip to resume. This dilatancy-diffusion
feedback has been proposed as a key mechanism governing episodic slow slip in subduction
settings (Segall and Rice, 1995; Liu and Rice, 2007) and may similarly operate in shallow con-
tinental environments. The shallow depth of the detected events (< 2 km) is consistent with
zones where permeability heterogeneities and fluid circulation are expected to be strong, par-
ticularly within sedimentary basins.

Seasonal modulation of creep attributed to hydrological loading suggested by Li et al. (2023)
on the San Andreas fault highlights the potential sensitivity of shallow fault slip to effective
stress variations. Although no clear seasonal modulation of slip is resolved here, the fact that
SSEs on the Izmit segment consistently occur in winter suggests that pressure transients may
play a role in triggering the SSEs.

3.4.3.3 Moment-duration scaling

The detected SSEs fall within the moment-duration domain previously identified for shal-
low continental SSEs (Figure 3.9). When plotted on the scaling diagram adapted from Ide and
Beroza (2023) and Materna et al. (2024), the Izmit and Ismetpasa events cluster within the so-
called "hidden” region for subduction zones, corresponding to low-magnitude, short-duration
events that are only detectable on strike-slip faults because of their shallow depth.

Their position on the diagram is consistent with moment magnitudes M,, ~ 4 —4.3 and
durations of days to a few weeks. These values align with observations from other continen-
tal creeping faults (Materna et al., 2024; Vavra et al., 2024) and suggest that shallow SSEs obey
a scaling shifted from that of fast earthquakes and subduction SSEs. Although the limited
number of events prevents robust scaling estimation, the clustering of the NAF SSEs within
a narrow portion of the scaling space suggests that common mechanical conditions govern
their occurrence. The similarity between Izmit and Ismetpasa, despite their different posi-
tions within the seismic cycle (post-1999 rupture versus ~ 80 years after the 1944 rupture),
indicates that local frictional and hydromechanical properties may dominate over large-scale
stress evolution in controlling shallow SSE behavior.

3.4.3.4 Implications for continental fault mechanics

Taken together, the observations support a conceptual model in which shallow SSEs pref-
erentially develop on fault portions surrounded by creeping segments and within sedimen-
tary basins, where frictional heterogeneity, compliant materials, and fluid effects combine
to produce conditionally stable slip. Persistent aseismic surrounding creep may provide the
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Figure 3.9: Moment-duration scaling plot modified from Ide and Beroza (2023) and Materna
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background deformation necessary to load small velocity-weakening or conditionally stable
patches, leading to recurrent transient slip.

The similarity of these features with those documented in California suggests that such
structural and hydromechanical conditions may represent a common ingredient for shallow
SSE occurrences worldwide. Expanding SSE catalogs using systematic approaches, such as
the geodetic matched filter, will be essential to test whether this association between creep,
sedimentary cover, and shallow slow slip holds across broader tectonic contexts.

3.5 Conclusion

The adaptation of the geodetic matched filter approach to InSAR time series enables the
detection of shallow SSEs along continental strike-slip fault segments, under assumptions
that are consistent with previous observational and modeling studies. Applied to two dis-
tinct creeping segments of the North Anatolian Fault, this method demonstrates its ability to
automatically detect and characterize SSEs without requiring extensive post-processing or full
slip inversions. Over the 2016-2021 period, we identify three events along the Izmit segment
and two along the Ismetpasa segment, with moment magnitudes ranging from M,, ~ 4 to 4.4,
compatible with previous estimates, all located within the upper few kilometers of the fault
interface. The geodetic matched filter provides a systematic screening tool for large InSAR
datasets, guiding more detailed analyses when the signal-to-noise ratio permits. With the con-
tinuous increase in SAR acquisitions, improvements in automated InSAR processing, and the
development of advanced post-processing techniques, such approaches open the possibility
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of systematically documenting aseismic transient deformation along continental faults over
decadal time scales. Expanding SSE catalogs is essential for better constraining the kinematics
and mechanics of shallow fault slip, improving our understanding of fault zone processes, and
refining seismic hazard assessments in regions hosting creeping strike-slip faults.
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Chapter 4

Creep behavior along the Izmit segment

In the previous chapter, I proposed an automatic method of detection of SSEs adapted to
InSAR data, in order to increase the amount of SSEs detected along continental faults. The first-
order estimates of the event magnitudes reveal smaller magnitudes for an equivalent duration
in comparison with SSEs identified along subduction zones, and therefore included within
the "hidden region" defined by Ide and Beroza (2023). The occurrence of these SSEs along
continental strike-slip faults in addition to the unprecedented data quality of the FLATSIM
products offer an opportunity to study in details these events.

In this chapter, I focus on the Izmit segment of the NAF, with the objective of extracting the
tectonic signal related to the three previously detected SSEs. I develop a post-processing work-
flow to extract the tectonic signal from InSAR time series, including GNSS-based referencing,
removal of seasonal components, and blind source separation using Independent Component
Analysis (ICA). The post-processed time series were then used in inversion models to infer the
slip distribution at depth on a two-dimensional fault interface embedded in a layered elastic
half-space. These observations were combined with creepmeter data recorded on the fault in
order to better characterize the SSEs. A detailed analysis of the last two detected events along
the Izmit segment occurring in March 2018 and November 2019 revealed moment magnitudes
of 4.3 —4.4. The inferred slip is located at shallow depth within the sedimentary basin. I also
identified continuous creep between these events, with most of the slip occurring between
2 and 5 km-depth, just below the sedimentary basin, likely participating in loading SSE as-
perities. Creepmeters records during the 2019 event confirm the occurrence of the SSE and
enables a lateral propagation velocity estimate of 6.4 km/day. These observations support a
conceptual model in which shallow SSEs preferentially develop on fault portions surrounded
by creeping segments and within sedimentary basins, where frictional heterogeneity, compli-
ant materials, and fluid effects are combined to produce conditionally stable slip. Persistent
aseismic surrounding creep may provide the background deformation necessary to load small
velocity-weakening or conditionally stable patches, leading to recurrent transient slip.

This chapter is an article published in Earth and Planetary Science Letters (EPSL), as:

Neyrinck, E., Rousset, B., Doubre, C., Rivera, L., Lasserre, C., Doin, M.-P., Durand, P., Bilham,
R., Cakir, Z., FLATSIM Working Group (2024). The slow slip event cycle along the izmit segment
of the North Anatolian fault. Earth and Planetary Science Letters, 648 , 119104. https:
//doi.org/10.1016/j.epsl.2024.119104.
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Chapter 4

Abstract

The occurrence of aseismic creep along seismogenic faults significantly impacts seismic
hazard assessment by releasing accumulated stress and reducing the slip deficit. Since the
1999 M,,7.6 Izmit earthquake on the North Anatolian Fault in Tiirkiye, while aseismic creep
has been observed as a postseismic response to the Izmit rupture, additional slow slip events
were detected in 2015 and 2016, accommodating several millimeters of relative displacement
over periods of approximately one month. By automating Interferometry Synthetic Aperture
Radar time series processing from 2016 to 2021 (FLATSIM project) and applying specific post-
processing, we extract the tectonic signal to estimate the slip dynamics of the Izmit segment,
including the detection and characterization of slow slip events. Modeling the slip distribu-
tion at depth on a 2D fault interface within a layered elastic half-space, we estimate a locking
depth of 11 km and steady creep between 2 and 5 km. Above the steady creep zone, we identify
two new shallow slow slip events in March 2018 and November 2019, with moment magni-
tudes of 4.3 and 4.4, respectively. Based on creepmeter measurements, we estimate a lateral
propagation velocity of 6.4 km/day for the 2019 event. The location of these shallow slow
slip events above the sedimentary-bedrock interface suggests a critical role of variations in
frictional properties in the occurrence of transient slip events.

Keywords: shallow aseismic creep, slow slip events, seismic cycle, strike-slip fault, SAR in-
terferometry, North Anatolian Fault.

@,
bt + Aseismic creep along the Izmit segment includes a steady creep from 2 to

5 km-depth, and episodic SSEs at shallower level.

o From InSAR time series, we detect three SSEs (December 2016, March 2018,
November 2019).

The return period of the SSEs along the segment is quantified to ~ 1.3 years.

+ The moment magnitude of the 2018 and 2019 SSEs is ~ 4.3 —4.4.
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Chapter 4

4.1 Introduction

The growing number of seismological and geodetic observations has enabled to refine the
seismic and aseismic slip behaviors of worldwide active faults (e.g. Biirgmann, 2018). A large
diversity of aseismic behaviors is observed, ranging from steady-state creep to slow slip events
(SSEs), also referred to as transient creep events, that can last from minutes to years. The
first observations of aseismic creep came from Steinbrugge et al. (1960) who highlighted the
existence of shallow creep on a continental strike-slip fault by analyzing distortions on con-
structions in the cities above San Andreas Fault (SAF) zone. Since these observations, aseismic
deformation on faults has been extensively studied using various geodetic techniques includ-
ing Global Navigation Satellite System (GNSS), strainmeters, creepmeters and Interferometry
Synthetic Aperture Radar (InSAR). Transient SSEs have mostly been detected on subduction
zones including the Cascadia subduction zone (Dragert et al., 2001), the Nankai subduction
zone (Obara et al., 2004), in Mexico (Radiguet et al., 2011), New Zealand (Wallace et al., 2016),
Alaska (Rousset et al., 2019b), Costa Rica (Jiang et al., 2012), Ecuador (Vaca et al., 2018), and
more recently in Chile (Klein et al., 2017). They have been observed at both the deep (e.g.
Dragert et al., 2001; Obara et al., 2004) and shallow (McCaffrey et al., 2008; LaBonte et al., 2009,
e.g.) ends of the seismogenic zone. Several continental strike-slip faults appear to also be af-
fected by SSEs such as the SAF (e.g. Rousset et al., 2019b; Gittins and Hawthorne, 2022), the San
Jacinto Fault close to the Anza gap (Inbal et al., 2017), the Superstition Hills Fault (Wei et al.,
2009), the Haiyuan Fault (Jolivet et al., 2012) and the North Anatolian Fault (NAF) (Rousset
et al,, 2016; Aslan et al., 2019b; Jolivet et al., 2023).

On continental strike-slip faults, SSEs predominantly occur within the upper few kilome-
ters, exhibiting slip amplitudes ranging from millimeters to centimeters and equivalent mo-
ment magnitudes from 4 to 5 where estimable (e.g. Wei et al., 2009; Rousset et al., 2016; Materna
et al., 2024). These events recur every few months to years or decades (Wei et al., 2013; Bilham
et al., 2016; Vavra et al., 2024) and recurrence intervals can transition from shorter to longer
periods during the postseismic phase (Wei et al., 2013). The SSEs timing can also be influenced
by dynamic stresses from nearby large earthquakes (Wei et al., 2011).

The primary explanation for shallow creep on strike-slip faults is the presence of poorly
consolidated sediments close to the surface (Scholz, 1998). Lateral alternations of creeping and
locked segments could be due to lateral variations in mineralogical composition of the gouge,
with talc and serpentine for example, deforming and transforming into low-friction minerals,
favoring creep (e.g. Biirgmann, 2018; Kaduri et al., 2017). The presence of high pore fluid pres-
sure on some segments may also enhance aseismic slip, as evidenced in geothermal contexts
(e.g. Guglielmi et al., 2015). In the framework of rate-and-state friction seismic cycle models for
purely elastic media, shallow creep can be reproduced with a shallow velocity-strengthening
layer (Kaneko et al., 2013). The emergence of transient SSEs can arise by adding a layer of
velocity-neutral friction also referred to as conditionally stable (Wei et al., 2013). However,
the small number of SSE observations on strike-slip fault contexts limits our understanding of
the underlying physical processes and key mechanical parameters. A better description of the
mechanisms governing the various aseismic slip behaviors on faults and the possible interac-
tions between seismic and aseismic slips throughout the various phases of the seismic cycle is
crucial to improve seismic hazard models (Avouac, 2015).

In this paper, we focus on the Izmit segment of the NAF in Tiirkiye where aseismic creep
is observed since the 1999 M,,7.6 Izmit earthquake from geodetic measurements (Cakir et al.,
2012; Hussain et al., 2016; Aslan et al., 2019b; Ozarpaci et al., 2020). Based on automatically pro-
cessed Sentinel-1 InSAR time series from 2016 to 2021, we apply a sequence of post-processing
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steps to extract the tectonic signal and study the slip behavior of the segment, in comparison
with creepmeter records with higher temporal resolution.

4.2 Tectonic context
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Figure 4.1: Tectonic settings and coverage of the InSAR data. (A) GNSS velocity field from
England et al. (2016) of the Anatolia and the Aegean plates relative to Eurasia. The horizontal
velocities are represented by the green arrows. The tectonic plates are delineated by the bold
dark lines. The black rectangle corresponds to the area shown in B. (B) Earthquakes from the
AFAD catalog over the 1999-2021 period are shown by colored dots. The focal mechanisms
are for the 1999 M,,7.6 Izmit (West) and the 1999 M,, 7.2 Diizce (East) earthquakes. The corre-
sponding surface rupture trace is indicated by the bold red line (Barka, 2002). The geological
faults are shown by the black lines (Emre et al., 2018). The dashed rectangles correspond to
the three InSAR tracks used in this study, and the dotted rectangle corresponds to the cover of
the bottom map. (C) Bedrock depth (green lines) within the Izmit basin based on gravity data
from Ozalaybey et al. (2011). The gray zone shows the pixels within the Izmit basin, with an
elevation lower than 150 m. The black star corresponds to the 1999 Izmit earthquake epicenter.
The two black crosses and the two black dots show the locations of two creepmeters installed
along the Izmit segment and of the campaign GNSS stations (SISL, SMAS), respectively. The
bold red line corresponds to the surface rupture of the Izmit earthquake from Barka (2002).
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The right-lateral strike-slip NAF located between the Anatolia and Eurasia plates, with a
relative velocity of 24 4+ 1 mm/yr (McClusky et al., 2000; Reilinger et al., 2006; Nocquet, 2012),
crosses Tirkiye from East to West over a length of 1600 km. Since the 1930’s, it has been
affected by a seismic sequence that includes 7 M,, > 7 earthquakes, propagating westwards
from Erzincan to the Izmit segment (figure 4.1), until the offshore segment below the Marmara
Sea which remains a seismic gap and threatens the region of the megalopolis of Istanbul (Stein
et al., 1997).

The two last M,, 7.6 and M,, 7.2 earthquakes of this sequence ruptured in 1999 the Izmit and
Diizce segments (red line Figure 4.1B), respectively. The coseismic deformation of the Izmit
mainshock has been widely studied, using seismic data (e.g. Bouchon et al., 2001), geodetic
data including SAR acquisitions and GNSS data (e.g. Delouis et al., 2002; Feigl et al., 2002) and
field observations (e.g. Barka, 2002). The Izmit bilateral rupture from the epicenter (40.76°N,
29.97°E) led to numerous coseismic slip models showing between two and three main slip
asperities, with a slip amplitude reaching 8 m (e.g. Delouis et al., 2002; Feigl et al., 2002). The
M,, > 3 aftershocks are concentrated on the rupture segment, leading to the nucleation of the
Diizce earthquake 87 days later and a seismic quiescence on the Izmit segment after the Diizce
rupture (Karabulut et al., 2011).

Studies of several time periods following the mainshock reveal a postseismic phase in
two stages: i) rapid deep afterslip in areas surrounding the coseismic slip during the first
~ 2.5 years (e.g. Burgmann et al., 2002; Hearn et al., 2002), ii) viscoelastic relaxation of the
lower crust and upper mantle over the decades following the earthquake (Ergintav et al., 2009),
as shown by Hearn et al. (2009) and Wang et al. (2009) who used various rheological models
to compute the postseismic deformation and found a viscosity for the lower crust and the up-
per mantle of ~2.10'"® —5.10!° Pa.s and ~ 7.10'° —2.10?° Pa.s, respectively. Comparison of
afterslip models indicates a common slip area that rapidly initiated below the Izmit segment
at a depth of 12 — 24 km with a maximum amplitude of 2 m (Cakir et al., 2003).

In addition to the deep afterslip and the viscoelastic deformation, the shallow part of the
Izmit segment is slipping aseismically since the mainshock, raising the question whether this
on-going segment behavior is related to the postseismic phase or is more perennial and cor-
responds to the interseismic deformation. Cakir et al. (2012) showed that the Izmit segment
started to creep after the 1999 earthquake on the first kilometers of the sub-surface down to
depths of 4 — 5 km with a creeping rate of up to 10 mm/yr computed over the 2003-2009 pe-
riod. It showed that some portions of this segment can slip both seismically and aseismically.
By using InSAR, GNSS, and creepmeters data, the aseismic creep along the Izmit segment has
been confirmed until 2017 (Cakir et al., 2012; Hussain et al., 2016; Aslan et al., 2019b; Ozarpact
et al., 2020), with a locking depth estimated between 10 and 18 km and shallow steady creep
of from 5 to 10 mm/yr, located between the surface and 8 km depth, depending on studies.
Recently, Aslan et al. (2019b) highlighted a 1 month-long SSE in December 2016 causing a
surface relative displacement of 10 mm, by using Sentinel-1 InSAR time series and creepme-
ter data collected close to Izmit (figure 4.1C). Ozarpaci et al. (2020) detected another transient
event, also recorded by the Izmit creepmeter in September 2015, as well as with campaign
GNSS measurements acquired close to the fault.
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4.3 InSAR analysis

4.3.1 Interferograms and time series processing

By exploiting Sentinel-1 A and B SAR acquisitions, which benefit from repeat acquisition
times of 6 days, we aim to characterize the deformation on the Izmit segment with a high
temporal resolution from 2016 to 2021, i.e. extending the time period with respect to previous
studies. The interferograms and InSAR time series used in this work have been processed in
the framework of the FLATSIM ForM@Ter LArge-Scale Multi-Temporal Sentinel-1 InterferoMe-
try Service project, operated by the French Centre National d’Etudes Spatiales (CNES) (Thollard
etal., 2021). The processing workflow follows the New Small Baseline (NSBAS) approach (Doin
etal., 2011): a selection of bursts, image co-registration and correlation, evaluation of the spec-
tral diversity (Grandin, 2015), range estimate relative to the Digital Elevation Model (DEM) and
precise orbit corrections. Interferogram networks are built by minimizing the perpendicular
and temporal baselines (up to one year to reduce the impact of phase biases). Atmospheric
contributions are addressed for each interferogram, based on global atmospheric models, us-
ing the ERA-5 meteorological analysis from the European Centre for Medium-Range Weather
Forecasts (ECMWF) (e.g. Jolivet, 2011). Finally, the time series are calculated from the inver-
sion of the interferometric phases.

We use the results from three 250 km-wide tracks covering the Izmit segment of the NAF
(figure 4.1B): two ascending ones (A058 and A160), and a descending one (D138). The Fig-
ure C.1 in the Appendix C gives the interferogram networks with the number of SAR images
and interferograms used for the time series analysis. The common time period covered by the
time series of the three tracks is from February 2015 to April 2021. In order to remove the pix-
els with abnormal noise levels, we kept only the time series corresponding to the pixels with
a Root Mean Square (RMS) misclosure lower than 1.5 rad in each interferogram and using at
least 900 interferograms per pixel to derive the time series (63 — 68% of the initial pixels —
Figure C.2). The mean InSAR Line Of Sight (LOS) velocities of the three tracks are shown in
Figure 4.2 — A and B.

4.3.2 InSAR referencing relative to GNSS velocities

We use the velocity field centered on the studied area relative to the fixed Eurasia plate
calculated from survey and continuous GNSS measurements by England et al. (2016) covering
the Anatolia plate (figure 4.1A) to reference the InSAR data. The details are explained below.

Method 1 - Method of InSAR referencing relative to GNSS velocities:

We project the GNSS velocities into the LOS components for each track, only using the
horizontal eastward and northward GNSS components. We then extract the mean InSAR LOS
velocities within a 1 km-diameter circle surrounding each GNSS station to compare them with
the GNSS velocities. We compute a 2D plane corresponding to the difference between the
estimated mean InSAR LOS velocities and the GNSS velocities. By subtracting the 2D plane to
our InSAR velocities, we obtain a LOS velocity field relative to fixed Eurasia.
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4.3.3 Extraction of seasonal signals

Most of the LOS displacement time series across the tracks are affected by strong seasonal
signals. To isolate the tectonic signal, we model the seasonal signal for each pixel with annual
periodic terms. Details of the method including specific referencing of the seasonal terms are
described below.

Method 2 - Seasonal signals extraction:

We model the seasonal signal using a linear and annual periodic terms:

x(t) =xgr+B.(t —t9) + C.sin(2n(t — t9)) + D.cos(2n(t — tp)) (4.1)

with x(¢) the cumulative LOS displacement at each pixel at time ¢, fy the initial time (here
January 1%, 2015) and xg a constant term. B represents the linear trend of the signal. C and D
correspond to the seasonal amplitudes with periods of one year (cosine and sine correspond to
the summer/winter and spring/autumn cycles for a #p on January 1%, respectively). The best
parameters are estimated independently for each pixel of each track in a least-square sense.
The seasonal amplitudes (C and D components) are locally referenced by subtracting a 4"
order fitting surface in order to not be dependent on the signal amplitude of the unwrapping
reference point.

4.3.4 Horizontal and vertical decomposition

The mean strike of the Izmit segment being fixed to N90°, we combine LOS time series
corrected from the seasonal effects and referenced by GNSS velocities from the two ascending
and the descending tracks, and convert them into horizontal East-West and vertical displace-
ment time series. We consider that the North-South displacements are negligible. The method
is described below. Finally, we obtain four time series: the East-West and the vertical cumula-
tive displacement time series for the two ascending/descending couples of tracks. To describe
the pairs of tracks used in each decomposition, we specify the set of data with the following
terms TA058-D138 and TA160-D138, corresponding to the numbers of the ascending (A) and
descending (D) tracks.

Method 3 - Horizontal/Vertical decomposition:

We interpolate the LOS time series to be on the same spatial and temporal basis for the three
tracks, by building a new spatial grid using a 0.001°-side square mesh (the initial grids having a
8 looks resolution corresponding to a 120 m pixel size (Thollard et al., 2021)) and interpolating
each time series with it. Then, we define a new time vector with 6 days-intervals, minimizing
the time between the initial acquisition times of the three tracks and the interpolated one,
coinciding with the days of acquisitions of the tracks A058 and D138, acquired the same day
but with an interval of 12 hours (D1308 is acquired at 4am and A058 is acquired at 4pm). The
time interpolation is linear. Since Sentinel-1 acquisitions shifted from 12 days revisit times
before April 25, 2016 to 6 days-intervals afterward, we only use data acquired after May 1¥,
2016, for consistency.

We then use the following equations to project the LOS ascending and descending dis-
placements onto the fault-parallel (horizontal) and vertical directions (e.g. Fialko et al., 2002):
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i (4.2)
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with P a rotation matrix, o the mean strike of the fault (in this case 90°), (e;,n;,u;) the
Cartesian components of the satellite look vectors for the ascending and the descending tracks
(noted asc and dec, respectively), x;; the LOS displacement, and (x7;,x.,) the component of
the displacement along the fault-parallel direction and the vertical direction, respectively, at
time ¢.

p_ <eascsina + nggecosq uasc)

Because the Izmit segment is located in the far range of the track A058 where sensitivity
to vertical displacements is lower than in the near range, we focus in the main text on the
East-West time series based on the pair of tracks TA058-D138. The results for the second pair
TA160-D138 are shown in the Appendix C.

4.3.5 Extraction of the tectonic signal

To extract small amplitude deformation within the area of interest (figure 4.2 — C and D)
related to slip on the top first kilometers of the Izmit segment interface, we apply additional
corrections. We first correct for remaining long-wavelength signals that are non-tectonic,
possibly due to orbit errors, tides or atmospheric signals. To do so, (i) we remove a linear
temporal trend in each pixel time series, then (ii) we flatten each residual epoch displacement
map, and finally (iii) we add back the linear trend. This step enables to reduce the mean
standard deviation of the time series from 1.71 ¢m to 1.05 cm.

As shown in Figure 4.1C, the surface trace of the Izmit segment cuts through a Quaternary
basin. Horizontal time series throughout the basin exhibit high-frequency temporal noise. To
address this noise, we apply blind source separation using Independent Component Analysis
(ICA) (e.g. Maubant et al., 2020). More details on this method are described below. The decom-
position is only applied to pixels within the basin selected based on an elevation threshold
(<150 m - gray area Figure 4.1C), on the temporally detrended horizontal time series. By
removing two sources extracted by ICA, we reduce the average time series variances within
the Izmit basin by 83%. The spatial distribution of the components (figure C.4 — A and C)
corresponds to a ramp within the basin, possibly due to residual low-elevation atmospheric
signals.

Method 4 - Independent Component Analysis (ICA):

Independent Component Analysis (ICA) assumes that a signal X can be represented as a
mixture of several independent sources S so that X = A xS, where A is a mixture matrix. The
sources are estimated in order to estimate sources as independent as possible (Hyvéarinen and
Oja, 2000). We use the FastICA algorithm from the scikit-learn Python library.

We determine the optimal number of IC components by comparing the InSAR time series
variances with the variance of the reconstructed time series using a variable number of IC
components (figure C.3). Three components enables to explain almost 80% of the InSAR data
variance (shown in Figure C.4), including one component exhibiting a temporal linear trend
(figure C.4E). In order not to get rid of potential tectonic signal, we only remove the two
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components without temporal linear trends (figure C.4 — D and F). By checking differential
time series between two pixels on opposite sides of the fault, we verify that the tectonic signal
is unaffected by the removal of the noise components (e.g. Figure C.5).

4.4 Mean velocities and seasonal signals analysis

4.4.1 Mean horizontal East-West signal

On the mean East-West velocity map (figure 4.2D), the main signal is the strong gradient
located along the NAF, consistent with the interseismic deformation accommodating the right-
lateral relative motion of the plates. By comparing the extracted velocities from 80 km-long
fault perpendicular profiles (red profile on Figure 4.2E), we estimated a far field relative mo-
tion of 2.26 0.1 cm/yr by using far field linear fits, in agreement with previous estimations
(McClusky et al., 2000; Reilinger et al., 2006; Nocquet, 2012). Lateral variations of the veloc-
ity gradient in the near fault are visible along the NAF, with a stronger gradient across the
Izmit segment as shown by the profile Figure 4.2E, and a smoother one across the Adapazari
segment (eastern part of the study zone — Figure C.7). These lateral variations confirm that
shallow creep is occurring along the Izmit segment, while the fault interface of the Adapazari
segment is locked from the surface to a greater depth (Aslan et al., 2019b).

4.4.2 Mean vertical signal

On the mean vertical velocity field (figure 4.2C), the Adapazari, Golciik and Izmit basins are
affected by subsidence (from 0.5 to 5 cm/yr in the Adapazari basin). On the north of the NAF,
many pixels located outside of these Quaternary basins also have a negative mean vertical
velocity, mostly correlated with westward motion, inconsistent with the expected tectonic
deformation. Possible explanations for this signal could be either short-term phase biases or
variations of temporal coherence due to soil moisture or vegetation growth, these pixels being
located in vegetated areas (e.g. crops, forests). However, we did not succeed to find a good
metrics to mask out these pixels. Because the affected pixels are relatively far from the fault,
they do not impact the extraction of the tectonic signal in this study.

Along the Izmit segment, no vertical motion is observed in the vicinity of the fault, except
within 3 km-wide areas located south of the NAF (zoom on Figure C.8A) and affected by sub-
sidence, likely due to local hydrological effects. The fault-perpendicular profile of the mean
vertical velocity (the blue profile on Figure 4.2E) reveals no deformation at the location of the
fault.

4.4.3 Seasonal signals

Similar to the linear terms, we transform the two LOS displacement fields corresponding
to the seasonal terms C and D from the equation 4.1 into horizontal East-West and vertical
displacement fields by combining the seasonal terms from ascending and descending tracks
(figures C.9 andC.10). The profiles perpendicular to the NAF confirm that the slip on the fault
is not modulated by the seasonal oscillations on the Izmit basin. More details are given in
section C.1.3 in the Appendix C.
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Figure 4.2: InSAR LOS, horizontal and vertical velocity fields. (A,B) Maps of the mean LOS
velocities of (A) ascending tracks A058 and A160 and (B) descending track D138. Red and blue
values correspond to velocities in cm/yr away and towards the satellite, respectively. The fault
network is represented by the black lines from Emre et al. (2018). The green arrows correspond
to the GNSS velocities in a fixed Eurasia reference frame, obtained from England et al. (2016),
and used to reference the East-West InSAR velocity field. The two black stars correspond to
the 1999 Izmit M,, 7.6 and the 1999 Diizce M,, 7.2 earthquakes epicenters and the main cities are
located by black triangles. The dotted rectangle corresponds to the cropped zone used in this
study. (C,D) Mean vertical (C) and horizontal East-West (D) velocities after decomposition for
tracks A058 and D138, and GNSS referencing. (C) Mean vertical velocities in ¢m/yr with in red
and blue, up and down displacements, respectively. (D) Mean East-West velocities in cm/yr
with in red and blue, eastward and westward displacements, respectively. The dotted lines
highlight the major Quaternary basins named after the main city within them, Golciik-Izmit,
Adapazari and Geyve. (E) Fault-perpendicular profiles corresponding to the dotted-dashed
rectangles on the middle maps of mean vertical (blue) and mean East-West (red) velocities,
and the elevation (upper profile in gray). The thick lines correspond to the averaged velocities
(smoothed over moving windows of 18 days). For graphical reasons, the vertical velocity
profile is shifted by +2 cm/yr. The corresponding results obtained with the decomposition
TA160-D138 are shown Figure C.6.
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4.5 Creep dynamics along the Izmit segment
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Figure 4.3: Spatial and temporal evolution of the East-West relative displacements along the
Izmit segment. (A) East-West relative displacement rate along the Izmit segment estimated by
using a 50 days average sliding window, using pixels from 400 m to 1000 m away from the fault.
The pixels used are shown in Figure C.11. Three high amplitude periods are delimited by white
dotted rectangles, corresponding to an increase of relative displacement rates above 4 cm/yr.
The arrows below the Figure correspond to the location of the profiles shown on panels (B)
and (C), green and red corresponding to the locations of the Izmit and Tepetarla creepmeters,
respectively. (B) Cumulative East-West relative displacement estimated at three longitudes,
by using pixels from 600 m-width boxes. The lines correspond to the 60 days average slid-
ing windows. (C) Corresponding detrended cumulative East-West relative displacement time
series obtained after the removal of the linear trend between the transient accelerations. (D)
Creepmeter records over the analyzed period of time, green and red corresponding to Izmit
and Tepetarla creepmeters, respectively.
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In this section, we compare the InSAR relative displacements between pixels on both sides
of the fault with the data collected at two creepmeters installed on the Izmit segment: the
‘Izmit creepmeter’ on its western part (40.7211°N-29.9465°E) and the 'Tepetarla creepmeter’
on its eastern part (40.7210°N-30.0784°E) (shown in Figure 4.1C). The temporal coverage of
the creepmeters is from 2015 to 2020, but is discontinuous because of technical issues like

flooding.

4.5.1 Fault relative displacement

Transient creep events

We analyze the East-West displacement time series corrected from non-tectonic signals
close to the fault in order to focus on the shallow creep dynamics of the Izmit segment. We
compute the mean time series of the pixels located within two 600 m by 600 m squares, located
on each side of the fault and centered 700 m from the fault trace. We then compute the dif-
ference of both time series to obtain the Izmit along-strike relative displacement. Figure 4.3B
shows three examples of cumulative relative displacement time series obtained at longitudes
E029.95°, £030.01° and E£030.08°. All three relative time series exhibit a linear trend corre-
sponding to an average velocity of ~ 5.3 mm/yr at the western location, ~ 6.7 mm/yr at the
middle one and ~ 6.0 mm/yr at the eastern one. Superimposed on these positive trends, clear
temporal variations are observed in the time series, including transient accelerations in early
2018 and late 2019 at the two eastern locations.

Figure 4.3C shows the detrended cumulative relative displacement time series, where the
linear trends computed between the acceleration episodes have been removed. It highlights
the relative displacement amplitude during the transient accelerations in March 2018 and in
November 2019 of up to 10 mm of cumulative offsets during the two events. The second tran-
sient event coincides in time with a transient observed by both creepmeters (figure 4.3D) with
transient amplitudes of 2 mm at the Izmit creepmeter and 4 mm at the Tepetarla creepmeter.

To constrain the lateral extent of these transient events, we analyze the relative displace-
ment along the entire Izmit segment (figure 4.3A). The two transient events of 2018 and 2019
are clearly visible, extending along ~ 13 km, from the Marmara sea to latitude £030.10°. An-
other transient event emerging from the noise is also visible in 2016 but with lower amplitude
than the two others. It coincides in time with a 1 mm transient recorded by the Izmit creep-
meter (figure 4.3D) and has also been documented by Aslan et al. (2019b) who estimated an
offset of about 10 mm of East-West displacement with InNSAR measurements.

Analysis of transient and inter-transient periods

To compare the total displacements due to the transient events and the periods between
them (Cinter-transient’ periods), we define two complete cycles composed of one main tran-
sient event and one inter-transient period. The first cycle starts on January 20, 2017 and ends
on May 20, 2018, including the 2018 transient slip event, while the second cycle starts on May
21, 2018 and ends on January 10, 2020, including the 2019 transient slip event.

Figure 4.4 shows the cumulative displacements recorded during each period. The spatial
extent of the three transient events is different. The 2016 event (panel A) ruptures mostly
the western part of the segment over a ~ 8 km-long distance, and both the 2018 and 2019
events (panels B and C, respectively) happen on the central part of the segment over a ~
13 km-long distance. The shape of the cumulative displacements during these events is mostly
symmetrical, with maximum amplitude at the center. This representation highlights a lack of
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Figure 4.4: Relative cumulative displacement recorded during (A,B,C) and in between (D,E)
three transient events highlighted by the white dotted rectangles in the Figure 4.3A: in De-
cember 2016, in March 2018 and in November 2019. Two inter-transient periods are therefore
defined, between the 2016 (from October 10, 2016 to January 20, 2017) and 2018 (from January
15, 2018 to May 20, 2018) events and 2018 and 2019 (from October 10, 2019 to January 10,
2020) events. (F) Sum of the relative cumulative displacement during the transient (red) and
inter-transient (blue) periods. The pixels used to build this Figure are shown in Figure C.11.
Similar results obtained with the pair of tracks TA160-D138 are shown in Figure C.12.

displacement during the transient events on the eastern part of the segment. The analysis
of the cumulative relative displacements during the inter-transient periods (panels D and E)
shows a cumulative relative displacement of 1 cm on average everywhere along the segment.
Lateral variations are evolving between the two inter-transient periods showing a temporal
evolution of either local noise or potential other transient slip events producing a signal close
to the noise level.

On Figure 4.4F, we sum the relative displacements for the two 2018 and 2019 transient slip
events and 2016-2017 and 2017-2018 inter-transient periods. Despite the variations of cumu-
lative relative displacement during the inter-transient periods, the sum is homogeneous over
the segment. However, the largest cumulative displacement occurring during the transient pe-
riods is located on the central part of the segment, with a difference of at least 10 mm of total
displacement between the middle and the edges of the segment. The proportion of displace-
ments due to both periods varies along the segment. On the middle of the segment, 50% of
the cumulative deformation is due to the transient events, against only 25 — 30% at the edges.
Note that these ratios depend on the distance from the fault trace chosen to compute the rel-
ative displacements. For example, the creepmeters located right on the fault capture only the
transient events and no relative displacements before or after the events (figure 4.3D), suggest-
ing that only the slip during the transient events reach the surface while the inter-transient
slip might be deeper.
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4.5.2 Slip inference at depth
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Figure 4.5: East-West velocity field during the continuous creep periods and East-West static
offsets during the transient slow slip events. (A) Surface velocity computed during the steady-
state creep periods. (B) Fault-perpendicular profile (location on A with the dashed lines) of
the East-West velocity and of the mean elevation. (C-E) Static displacements offsets estimated
during the three transient slow slip events in 2016 (C), 2018 (D) and 2019 (E). (F-H) Associated
fault-perpendicular profiles from each map. The corresponding results obtained with the pair
of tracks TA160-D138 are shown in Figure C.13.

In this section, we estimate the slip distribution along the Izmit segment of the NAF from
surface InSAR East-West displacement time series. We perform independent inversions for
the static displacement during transient SSEs and for the linear velocity associated with steady
creep estimated in between transient events. The inverse models formalism is explained below.

Method 5 - Inverse models formalism:

To estimate the depth and amplitude of slip on the fault interface, we invert the InNSAR
surface displacement or velocity field by using the generalized least square solution (Tarantola
and Valette, 1982):

m=my+(G'.C;'.G+C,")"".G".C;'.(d — G.my) (4.4)

where m is the strike-slip distribution on the fault plane, m the a priori model (non-zero
only for the steady creep inversions), G the Green’s functions relating unit slip on a given
fault patch to the surface displacement field, C; the data covariance matrix, C,, the model
covariance matrix and d the InSAR data. We add a positivity constraint on m of positive
right-lateral strike-slip motion by using the non-negative least square algorithm (Lawson and
Hanson, 1995). We compute covariograms for each dataset to estimate the spatial covariance
C (Sudhaus and Jonsson, 2009):
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N
Clhe) = 5.2 Y (d(ri)d(s1) (4.5)

where r; and s; are two pixels, ic = ||r; — s;|| is the distance between both pixels, N is the
total number of pairs and d the observed displacements per pixel. The matrix C; is made of the
spatial covariance C for each pixel within the study zone. We compute a covariance matrix,
using the following equation (e.g. Radiguet et al., 2011):

(}1::<OM.%?>263 (4.6)

with 0, the standard deviation of the model parameters, Ay a scaling factor, A the corre-
lation distance, and a the distance between fault patches.

To compute the Green’s functions G, we consider a multi-layered elastic half-space (Zhu
and Rivera, 2002). The velocity model (Karabulut, 2025) as well as the density model for the
sedimentary basin (Ozalaybey et al., 2011) and for the deeper part (Crust 1.0, Laske et al., 2013))
are shown in Figure C.14. This layered structure is important for the study area to take into
account the low velocities and low densities within the Izmit basin, and avoid estimation bias
of the shallow slip. The fault is meshed with tight patches of 333 m by 333 m below the Izmit
segment down to 5 km. The mesh is coarser around and down to 35 km with patches size
increasing from 750 m by 1000 m meters at the surface to 5000 m by 5000 m at depth. For
the steady creep estimation between transient SSEs, we estimate tectonic loading from the
side by computing Green'’s functions for 4060 km-long and 35 km-deep fault patches. Below,
we use a soft medium with near zero velocities. Such a medium has no resistance against the
above-imposed fault motion and thus move together with both plates. A comparison with an
infinite fault in an elastic medium shows that this boundary condition produces equivalent
deformation amplitudes in the far field at a much reduced computational cost (figure C.15).
The scaling factor Ay being determined using the mean distance between the patches, we use
1500 m for the continuous creep using the whole mesh and 333 m for the transient creep
events inversions using only the tightened mesh.

Steady-state creep

To study the linear trend observed on the time series between transient SSEs, we adjust the
time series segments by removing the transient SSE offsets and compute the mean velocity us-
ing a linear regression (figure 4.5A). The fault-perpendicular profile shown on the Figure 4.5B
is focused closer to the fault than the profile shown Figure 4.2E and enables to confirm the
relative long-term velocity of the NAF (McClusky et al., 2000; Reilinger et al., 2006; Nocquet,
2012).

We perform a series of inversions to constrain the locking depth in the deep part of the
fault, using as inversion parameters 1500 m for Ay, 2500 m for A and 0.5 for o, parameters
selected by computing the slip roughness as a function of the RMS and selecting the values
with the L-curve criterion (Hansen, 1992) (figure C.19A). We conduct several inversions with
varying locking depths in the a priori model mg ranging from 0 to 30 km, with slip rate be-
low the locking depth fixed to the relative plate motion of 24 mm/yr (McClusky et al., 2000;
Reilinger et al., 2006; Nocquet, 2012). We compute the RMS errors as a function of the a priori
locking depths (figure C.16) and investigate the slip models (figure C.17). For a priori locking
depths below 10 km, the RMS are large and the slip models cannot explain the displacement
away from the fault (figure C.18), because of too shallow locking depths together with the slip
positivity constraint preventing to obtain smaller slip amplitudes fitting the data. For lock-
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Figure 4.6: Fault slip models for the steady creep and the 2018 and 2019 slow slip events. (A)
Preferred slip model obtained for the steady creep, with an a priori locking depth at 11 km-
depth. (B-C) Slip models obtained for the 2018 and 2019 slow slip events. The gray area
underlined by a black thick line corresponds to the sedimentary basin obtained from gravity
data by Ozalaybey et al. (2011). The distance along fault is computed from the 1999 Izmit
earthquake epicenter. (D) Depth distribution of the cumulative slip during the two complete
cycles of transient and inter-transient periods (from the October 10, 2016 to January 10, 2020).
The blue and red parts correspond to the creep during the inter-transient and transient periods,
respectively. It has been computed within the tightened mesh, below the Izmit segment.

ing depths below 15 km, deep patches with unrealistic slip amplitudes are appearing in the
slip models to counterbalance too deep locking depths. We thus estimate the optimal locking
depth at 11 km, to both fit the data and obtain an homogeneous slip distribution below the
locking depth. The corresponding slip distribution is presented in the Figure 4.6A (the deeper
part is shown on Figure C.17B), and shows homogeneous slip below the locking depth as well
as shallow creep. The residuals between the preferred model prediction and the observations
are shown in Figure C.18H.

The final slip distribution (figure 4.6A) shows shallow slip, mostly from 2 to 4 km, with slip
rates of 2 cm/yr and up to 6 cm/yr at the longitude £029.99°. This shallow slip is located right
below the sedimentary basin as constrained by gravity measurements (Ozalaybey et al., 2011).
Other slip patches closer to the surface are located to the east of the Izmit segment, below the
Sapanca Lake, at longitude £030.18°. The lateral roughness of shallow creep is poorly con-
strained by the data, which prevents us to study the along-strike slip rate variations. Several
models obtained with distinct spatial smoothing in slip rate equally explain the observations
(examples Figure C.20). However, the depth distribution is well constrained, independently of
the spatial smoothing, with high slip rates between 2 and 4 km depth.

Transient slow slip events

After the removal of the linear inter-transient velocity studied previously (figure 4.5A),
we compute the total displacement during each SSE by averaging the displacements 1 month
before and after the transient periods and computing the difference, at each pixel. The three
maps on the Figure 4.5 - C,D and E are the total East-West displacement fields obtained for
the 2016, 2018, and 2019 events, respectively. The locations of the three fault-perpendicular
profiles (figure 4.5 — F,G and H) have been selected at the maximum relative displacements
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along the fault for each transient event. The three profiles show a strong gradient with differ-
ent amplitudes: ~ 5 mm, ~ 8 mm and ~ 9 mm for the 2016, 2018 and 2019 events, respectively.
While the signal associated with the 2016 event appears more noisy on the map, the 2018 and
2019 events are characterized by positive and negative lobes on each side of the fault.

We conduct inversions to estimate the slip at depth associated with the 2018 and 2019 SSEs.
Taking into account the strong gradients of the East-West displacement fields observed across
the fault, we choose to consider only the part of the interface below the Izmit segment from the
surface to 5 km. The Figure 4.6 — B and C shows the results of the inverse model computation
for the 2018 and 2019 transient events, respectively, using as inversion parameters mg = 0,
Ao =333 m, A =2500 m (2018 event) and A = 2000 m (2019 event) and &,, = 0.5. A is selected
based on the L-curve criterion (Figure C.19B and C.19C). Different models with varying A are
shown in Figures C.22 and C.23. RMS errors obtained when comparing the preferred model
predictions to the data are shown in Figure C.21. The main slipping patches are concentrated
on the upper part of the fault interface, above 2 km-depth, within or close to the downdip limit
of the sedimentary basin. In both slip distributions, the slip is mostly localized on the central
part of the Izmit segment, with a mean East-West displacement of about ~ 3 cm. We observe
two main slipping areas, a smaller one on the western part (~ 3 km?) and a bigger one on the
central part of the interface with a size about ~ 8 km?. Both are located within or just slightly
below the sedimentary basin. It suggests that the same slipping areas ruptured by both SSEs.
By using a mean shear modulus of 18 GPa for the first 4 km of the fault interface and slipping
areas of 11.4 and 9.3 km? for the 2018 and 2019 transient events, respectively, we obtain equiv-
alent magnitudes of 4.4 and 4.3 (Hanks and Kanamori, 1979). Thus, the predicted North-South
displacements related to each slip distribution reveal amplitudes lower than 0.1 mm, validating
the assumption of a negligible North-South displacement along the Izmit segment.

4.6 Discussion

The InSAR data used in this study results from the automatic processing made in the
framework of the FLATSIM project briefly described in section 4.3.1. We applied specific post-
processing including referencing, denoising and sources decomposition (section 4.3) allowing
us to extract a tectonic signal related to the spatio-temporal evolution of the slip on the Izmit
segment of the NAF (section 4.5). Our results confirm that the products of this automatic
processing are suitable not only for the analysis of continental deformation (Lemrabet et al.,
2023), but also for the analysis of a regional (within a 200 km? region) and slow (a few mm for
the transient events) deformation. Our post-processing analysis enables to correct the InSAR
data from seasonal signals, as well as (i) large-scale signals included in the whole tracks, ex-
tracted using a trajectory model approach (section 4.4.3) and (ii) local signals located within
the Izmit sedimentary basin and extracted using ICA (section 4.3.5). These seasonal signals
(figures C.4, C.9 and C.10) can be related to several mechanisms not studied here (e.g. hydro-
logical or atmospheric residuals effects), and their spatial analysis reveal that no clear tectonic
signal was contained in both types of signal, meaning that the creep along the Izmit segment
is not seasonally modulated.

4.6.1 Steady creep along the Izmit segment

Our results confirm that the Izmit segment is still aseismically creeping 22 years after the
1999 Izmit earthquake. To compare the cumulative displacements along the segment before
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Figure 4.7: 2D fault interface of the Izmit segment with the slip distributions at distinct phases
of the seismic cycle. The green lines delimit the coseismic slip distribution from Delouis et al.
(2002). The blue colorbar corresponds to the continuous creep with homogeneous creep at
24 mm/yr below 11 km depth and continuous creep patches between 2 and 4 km depth. The
red colorbar corresponds to the sum of both slip distributions obtained by inversions of the
total displacements during the 2018 and the 2019 slow slip events. The gray area corresponds
to the bottom of the sedimentary basin obtained from gravity data by Ozalaybey et al. (2011).
The red star corresponds to the 1999 Izmit earthquake hypocenter. The distance along fault is
computed from the 1999 Izmit earthquake epicenter.

and after the Izmit earthquake, we use two survey GNSS stations SISL and SMAS located
3 km away from the fault (black dots in Figure 4.1C) combined with published InSAR time
series (Cakir et al., 2012; Hussain et al., 2016) as well as InSAR time series from this study. The
Figure C.24 shows the East-West component of the SMAS-SISL baseline computed for the 1995-
2019 period after removing the interseismic linear trend before the earthquake (Ozarpaci et al.,
2020). We used the logarithmic decay with a relaxation time of 60 yr provided by Ozarpaci
et al. (2020) based on the SMAS-SISL baseline to model the postseismic phase. As mentioned
by Ozarpaci et al. (2020), this logarithmic evolution suggests that the postseismic phase is still
on-going. The InSAR time series from this study, with ~ 5 mm/yr of baseline increase rate
during the period 2015-2021, fit well with the logarithmic decay.

The shallow steady-state creep estimated in this study, occurs within the shallowest 5 km of
the fault. Coseismic models of the 1999 Izmit earthquake (Delouis et al., 2002; Feigl et al., 2002)
suggest that 2 — 3 m of slip occurs in the first 5 km while the slip reached a maximum value
of 7 m around 6 to 8 km-depth. This is leading to 4 to 5 m of slip deficit in the shallow section
of the fault. Postseismic slip estimates are discontinuous in time in the published literature.
Early postseismic models suggest that 5 —9 cm of slip occurred on the first 5 km of the Izmit
segment during the first 10 days (Birgmann et al., 2002; Ergintav et al., 2002). However, we
have no constraints on the amplitude of early afterslip that occurred within the first few hours
after the earthquake, which could reach up to 10 % of the coseismic slip amplitude (Twardzik
et al,, 2019). Later estimates of the postseismic creep rate on the first kilometers of the fault
(< 5 km-depth) are coming from InSAR studies: ~ 10 mm/yr from 2002 to 2010 (Cakir et al.,
2012; Ergintav et al., 2014; Hussain et al., 2016), ~ 8 mm/yr from 2011 to 2017 (Aslan et al.,
2019b; Ozarpaci et al., 2020) and ~ 7.5 mm/yr from 2016 to 2021 estimated by our study. Taking
into account all these estimates plus the observation that 2 /3 of the relaxation occurred within
the first two years based on the logarithmic decay for the baseline between GNSS sites SISL
and SMAS (figure C.24), we obtain a rough estimate of a cumulative shallow postseismic slip
of ~ 35 cm, representing less than 10% of the coseismic slip deficit, in agreement with the
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analysis from Ozarpaci et al. (2020). Such a small amount of shallow postseismic slip with
large uncertainties could mean that either a large part of the early shallow afterslip is missing
in the published models or that the coseismic deficit was overestimated (e.g. due to neglected
off-fault yielding) or that postseismic afterlip can still last for several decades to catch-up the
deficit, like on the NAF Ismetpasa segment still creeping at the surface about eighty years after
the 1944 M,,7.3 Bolu-Gerede earthquake (Jolivet et al., 2023).

Our inverse models with varying a priori locking depths (section 4.5.2), suggest an optimal
locking depth of ~ 11 km along the Izmit segment during the 2016-2021 period. Reilinger et al.
(2006) found a locking depth of 21 km before the 1999 earthquake, whereas studies for the
periods after the earthquake found locking depths from 10 to 12 km (Cakir et al., 2012; Aslan
etal., 2019b; Ozarpaci et al., 2020), in agreement with our result, except for Hussain et al. (2016)
who found a deeper locking depth of ~ 18 km. The shallow locking depth in the two decades
after the Izmit earthquake together with the deeper one estimated before the earthquake is
favouring a still active postseismic afterslip below the seismogenic zone, with deepening of
the locking depth throughout the seismic cycle. A shallow locking depth is also observed
along the Ismetpasa segment of the NAF by Jolivet et al. (2023), who found locking depths of
about 8 — 12 km below the creeping segment and 15 — 20 km below the locked surrounding
segments. As proposed by Jolivet et al. (2023), the shallow locking depth below some segments
may potentially be a key factor in terms of stress transfers for the establishment of long-lasting
continuous shallow creep during the interseismic phase.

4.6.2 Izmit slow slip event cycle

Up to now, four SSEs have been detected along the Izmit segment: in September 2015
(Ozarpaci et al., 2020), in December 2016 (this study and Aslan et al., 2019b), in March 2018
and in November 2019 (this study), corresponding to an averaged return period of ~ 1.3 years.
Such a recurrence interval is on the same order of magnitude to the ones observed on the
California faults segments with shallow SSEs, including the Superstition Hills Fault or the San
Andreas Fault near San Juan Bautista (Wei et al., 2013). The recurrence intervals of SSEs on
the Ismetpasa creeping section of the NAF was also of ~ 1 yr in the 80’s and between 2014 and
2016 (Bilham et al., 2016). This recurrence interval might increase in the future if the Izmit
segment is still in its postseismic phase or can stay steady if the fault is already back in its
interseismic phase (Wei et al., 2013). In between SSEs, we observe steady-state creep that is
localized below. When looking at the slip rate variations during these periods of time, they are
not steady in time (figure 4.4 — D and E) and might suggest the presence of lower amplitude
transient slip events. However, these variations are at the noise level, preventing us to identify
smaller amplitude SSEs. All scenarios between end-members continuous slip and successions
of small amplitude SSEs are possible for the slip dynamics between 2 and 4 km-depth.

Among the four SSEs of the Izmit segment observed so far, only the 2018 and 2019 events
have a signal complete enough to get estimates of associated slip at depth. The 2015 event
has been observed only with the Izmit creepmeter recording 1.6 mm of dextral displacement
(Aslan et al., 2019b). The 2016 event has been observed both with the Izmit creepmeter record-
ing 1.1 mm of dextral displacement and 10 mm of InSAR East-West relative displacement by
Aslan et al. (2019b) and 5 mm of East-West InSAR relative displacement in our analysis. The
maximum relative displacement (figure 4.4A) is located on the western part of the Izmit seg-
ment. Slip amplitudes for both 2018 and 2019 SSEs are around 1 to 2 ¢m and can reach up to
6 cm depending on spatial smoothing. The slip is mainly located on the central part of the
Izmit segment for both of these events, suggesting a potential migration compared to the 2016
event. The associated equivalent moment magnitudes for these two events are 4.4 and 4.3.
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The slip characteristics in terms of depth, shape of the slipping asperity and amplitudes are
equivalent to other models of shallow SSEs on the Ismetpasa segment of the NAF (Rousset
et al., 2016) or on the Supertition Hills Fault (Wei et al., 2009). These SSEs on the Izmit seg-
ment allow the release of 48 —51% of the plate loading velocity, when computing the loading
moment rate on the same area than the one used to compute the equivalent moment of the
events.

Extension amplitude, mm

0 —

1 1T T 1 1T T T1

A Aad A Ad Al Al.al Al al

\,q\\/ 7:1,\\/ ,,f;\x ’L%\\/ 0’\,\\' QA\\ ! 42 ,\/Q\'\' \:5\\/
Date

—— lzmit creepmeter —— Tepetarla creepmeter

Figure 4.8: Creepmeter records from Izmit (in green) and Tepetarla (in red) during the 2019
event. The lines correspond to the raw records and the rectangles correspond to the transient
event periods.

To estimate the durations of the transient events, we analyzed the creepmeters records,
the 6 days InSAR temporal sampling being too sparse to estimate precisely the durations of
the SSEs. The Figure 4.8 shows the records of both creepmeters for the 2019 event, with a
sampling of 30 sec. The start of the event is obvious with a sharp onset. We estimate the end
of an event as the time for which the pre-transient trend is being recovered. For the Izmit
creepmeter (figure 4.8 in green), the event started on November 26, 2019 at 10am GMT and
ended on December 6, 2019 at 9am GMT, corresponding to a total duration of 9 days and
23 hours. For the Tepetarla record (figure 4.8 in red), the event started on November 28, 2019
at 5pm GMT and ended the December 7, 2019 at 1pm GMT, corresponding to a total duration
of 8 days and 21 hours.

By using the total duration of about 9 days and the equivalent moment magnitude of 4.3
for the 2019 event estimated from the slip models, we can compare these characteristics with
other worldwide SSEs. These values are in agreement with shallow continental strike slip
faults SSEs on the Ismetasa segment of the NAF (Rousset et al., 2016), on the Superstition Hills
Fault (Wei et al., 2009) and the Imperial Fault (Materna et al., 2024). Compared to subduction
SSEs, these events have lower moment magnitudes, but the duration that can be equivalent to
some short-term subduction events. In a moment magnitude versus duration plot, they fall to
the left of the linear relation between duration and moment magnitude obtained by gathering
all subduction SSEs and tremors (Materna et al., 2024). As suggested by Ide and Beroza (2023),
these events take place within the hidden area due to the a lack of observational results for
small magnitude events in subduction zones.
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The onset of the 2019 SSE is shifted by 2.26 days between both creepmeters. By using the
distance of ~ 14.5 km between them, and assuming a unilateral rupture with constant velocity,
we estimate a propagation velocity from Izmit to Tepetarla of ~ 6.4 km/day, comparable with
the ones observed for propagating events on the San Andreas Fault (Gittins and Hawthorne,
2022; Materna et al., 2024). It is also comparable with the along-strike propagation velocities
of subduction SSEs in Nankai (Obara and Sekine, 2009), Cascadia (Bartlow et al., 2011) and
Alaska (Rousset et al., 2019b). Given that there is only two observation points to estimate the
onset of the 2019 Izmit SSE, it is also possible that this event propagated bi-laterally, starting
in between the two creepmeters and would lead to a propagation velocity between 0 and
6.4 km/day depending on the initiation location.

4.6.3 Possible mechanisms promoting creep and SSEs along the Izmit

segment

Our analysis of the slip rate on the Izmit segment reveals two distinct slip modes: steady
creep between 2 and 4 km and transient SSEs between the surface and 2 km depth. The pres-
ence of shallow aseismic slip within the first 4 km is likely due to a compensation of slip
deficit from the 1999 Izmit earthquake coseismic slip at seismogenic depths. Both slip modes
observed at shallow depth are possibly due to depth variations of frictional properties, the
shallow SSEs being located within or close to the downdip limit of a sedimentary basin. The
continuous creep between 2 and 4 km might be a necessary condition to drive the shallow
SSEs by continuously increasing the shear stress on the first kilometers of the fault.

In the framework of rate-and-state friction models, the depth-dependence of the frictional
parameters explains the various seismic and aseismic slip modes for strike-slip faults. An
unstable velocity-weakening layer at seismogenic depth overlaying a velocity-strengthening
layer at deeper depths explains cycles of large earthquakes (e.g. Lapusta et al., 2000; Barbot
et al., 2012). The addition of a velocity-strengthening zone within the first kilometers of the
fault can explain shallow aseismic creep (Kaneko et al., 2013). By adding even more com-
plexities to the frictional variations within the first kilometers of the faults, including vari-
ations between conditionally stable velocity-neutral and velocity-strengthening layers, Wei
et al. (2013) and Tymofyeyeva et al. (2019) show that the emergence of shallow transient aseis-
mic slip events is possible. In the particular case of the Izmit segment, two key features have to
be explained, (i) a logarithmic decay associated to the postseismic afterslip as observed by the
pair of GNSS sites SISL and SMAS (figure C.24) and (ii) the emergence of transient slip events.
The models derived by Wei et al. (2013) including a small conditionally stable layer close to
the surface succeed to explain both of these observations. This model predicts a shortening of
the recurrence SSE intervals within the postseismic phase. However, we cannot estimate such
an evolution with the limited number of events observed so far on the Izmit segment.

The distribution between creeping segments (e.g. Ismetpasa and Izmit) and locked seg-
ments along the NAF remains unclear, although a mineralogical control is often evoked. Within
the Izmit area, the northern branch of the NAF splits two bedrocks units composed of (i) lime-
stones from the Paleozoic-Mesozoic sequence on the northern side and (ii) several metamor-
phic units on the southern side, both deposited on a metamorphic basement (Akbayram et al.,
2013; Kaduri et al., 2017; Taylor et al., 2019). The mineralogical analysis of the gouge of the Is-
metpasa creeping segment from Kaduri et al. (2017) suggests that the volcanic units are more
prone to be affected by both seismic and aseismic slip than the limestone ones. In the case
of the Izmit segment, the contrast between the northern and the southern units is in agree-
ment with geological conditions which can promote aseismic creep according to Kaduri et al.
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(2017). The shallow sediments are usually clay-rich (e.g. Rockwell et al., 2009), which can also
promote the development of creep (Biirgmann, 2018). In addition, a tomography study from
Taylor et al. (2019) shows that the damaged zone within the crust goes down to 5 km below
the Izmit segment surface trace, compatible with the depth of the creeping zone.

High pore fluid pressure can also enhance the presence of transient aseismic slip as evi-
denced by tomography with high Vp/Vs ratio at subduction zones areas prone to SSEs (Shelly
et al., 2006). In geothermal contexts, aseismic slip seems also to be the favored mechanisms to
release the accumulated stress on local faults (e.g. Guglielmi et al., 2015). On strike-slip faults,
intense rain events have been suggested to favor transient creep events (Roeloffs, 2001). Sea-
sonal modulation of creep have been observed on some faults, like the SAF (Li et al., 2023),
which could be due to seasonal variations of either pore pressure or regional hydrological sur-
face loading. On the Izmit segment of the NAF, we analyzed the seasonal components of the
time series (section 4.4.3) and found no clear evidence of seasonal modulation of creep. To
evidence any potential correlation with meteorological events, we looked at temperature and
precipitation data from the ERA-5 Land data during the 2016-2021 period (figure C.25). We
do not see clear relationship between temperature variations, cumulative precipitations and
the transient event occurrences. However, the 2016 transient event coincides with a period of
increased precipitations, which could potentially have an effect on pore pressure of the fault
interface. The topographical low of the Izmit basin together with the sedimentary basin may
also favor an overall high pore pressure within the basin.

Finally, we looked at the AFAD earthquake catalog over the 2016-2021 period to detect
any link between seismicity within the Izmit basin and the SSEs (figure C.26). The temporal
distribution of the events seems to be random over the 5 years-long period, and no obvious link
between these events and the SSEs can be inferred. The location of the events (figure C.26A)
reveals a seismically quiescent area corresponding to the central part of the Izmit segment,
where the SSEs slip amplitude is the highest (figure 4.4F), suggesting a spatial segmentation
between seismicity and transient aseismic SSEs. We also looked for possible triggering by
regional large earthquakes and found no events at the times of the shallow SSEs, suggesting
that they are spontaneous SSEs.

4.7 Conclusions

By employing automated InSAR time series analysis and subsequent processing, we inves-
tigated the slip dynamics of the Izmit segment of the North Anatolian Fault from 2016 to 2021.
Our results reveal a locked zone at 11 km depth and aseismic creep within the upper 5 km, likely
compensating for the 1999 Izmit earthquake’s slip deficit. The temporal analysis of the creep
combined with slip inverse models show that steady creep is occurring 2 — 4 km-depth while
transient slow slip events are happening from the surface to 2 km-depth. The depth separation
between these two slip modes is likely due to frictional variations, the SSEs being located at
the downdip limit of the sedimentary basin and above it. We detected two new SSEs, leading
to four SSEs observed along this segment since the 1999 Izmit earthquake: in September 2015,
December 2016, March 2018 and November 2019; corresponding to an average return period
of 1.3 years. The slip models of the 2018 and 2019 events correspond to equivalent moment
magnitudes of 4.4 and 4.3, respectively. The creepmeter recordings at two sites allow to ex-
tract a propagation velocity of 6.4 km/day for the 2019 event. The presence of a transient slow
slip event cycle 22 years after the Izmit earthquake might last for decades when comparing to
the Ismetpasa segment of the NAF where slow slip events are still happening 80 years after
the 1944 Gerede-Bolu earthquake.
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From coseismic rupture to shallow slow
slip: seismic-cycle modeling of the Izmit
segment of the North Anatolian Fault

The detection (Section 3) and subsequent detailed characterization of the spatio-temporal
properties of two slow slip events (SSEs) occurring along the Izmit segment of the NAF in 2018
and 2019 (Section 4) highlight the important role of these transient slip events within the Izmit
seismic cycle. These events enable the aseismic release of part of the residual strain that was
not accommodated during the 1999 M,,7.6 Izmit earthquake. The shallow localization of the
slip, together with the distinction between the transient shallow SSEs within the sedimentary
basin and the steady-state creep observed at depths of 2-5km, suggests that frictional varia-
tions with depth may control the slip dynamics along the fault. Following discussions with
Matt Wei (Associate Professor at the University of Rhode Island, USA) and Yoshihiro Kaneko
(Professor of Geophysics at Kyoto University, Japan) during the 2024 AGU fall meeting, who
derived seismic cycle models for the Superstition Hills Fault in California (Wei et al., 2013),
we decided to collaborate with them. For the Superstition Hills Fault case, mechanical mod-
els incorporating shallow frictional heterogeneity within the framework of RSF successfully
reproduced the observations and explained the occurrence of SSEs during the seismic cycle.
The objective of this chapter is therefore to test whether similar mechanical models can re-
produce the full range of observed time scales along the Izmit segment, including coseismic
slip amplitudes and recurrence times, postseismic afterslip relaxation, and the amplitudes and
recurrence times of shallow slow slip events, and therefore provide insights into the underly-
ing physical mechanisms. The work of this chapter is currently being prepared as a journal
article.
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Abstract

Earthquake-cycle models provide a mechanical framework for linking the broad spectrum
of slip rates observed on faults, from seismic rupture to interseismic creep, postseismic af-
terslip, and slow slip events. Yet the parameters controlling shallow slow slip events (SSEs)
on continental strike-slip faults remain poorly constrained, mainly because such observations
are still rare and because few fault segments are monitored over sufficiently long periods to
capture several phases of the seismic cycle. Here, we use one-dimensional quasi-dynamic
rate-and-state friction models to investigate the ensemble of geodetic, seismological, and pa-
leoseismological observations available along the Izmit segment of the North Anatolian Fault
in Tirkiye. This segment ruptured during the 1999 M,, 7.6 Izmit earthquake and has since
been extensively monitored, providing constraints on coseismic slip, earthquake recurrence
time, logarithmic postseismic relaxation, and shallow SSEs. GNSS, InSAR, creepmeter, seismo-
logical, and paleoseismological observations allow us to describe cumulative fault slip during
several phases of the seismic cycle. The comparison between model predictions and observed
time scales leads to a restricted family of frictional models. First, the maximum coseismic
slip of ~ 6 m and recurrence times of > 200 yrs are reproduced by an unstable seismogenic
layer extending below 5.5 km depth, with a thickness of ~ 9.5 km and frictional parameter
(a—Db) ~ —0.004. Second, the decadal afterslip observed by a pair of campaign GNSS sta-
tions located on opposite sides of the fault is mainly controlled by a stable layer between 1.3
and 5.5 km depth, whose lower limit is consistent with the upper extent of the aftershock
sequence. We compare model slip predictions with GNSS time series by computing Green’s
functions for a layered elastic half-space. The intermediate layer that best reproduces the ob-
served relaxation time is characterized by (a — b) ~ 0.005 and D, ~ 8 km. Finally, a shallow
layer extending from the surface to ~ 1.3 km depth is required to generate shallow SSEs about
20 yrs after the mainshock. This layer may either have constant negative frictional parame-
ters or a vertical gradient in apparent frictional properties. Its depth extent is consistent with
the Quaternary sedimentary basin beneath the Izmit region, suggesting that sediment prop-
erties, pore-pressure variations, or both may promote shallow velocity-weakening behavior
and episodic aseismic slip.

Keywords: seismic cycle models, rate and state friction, shallow aseismic creep, slow slip
events, strike-slip fault, North Anatolian Fault

Q
v « Frictional parameters, critical slip distance, and layer width jointly control
coseismic rupture, postseismic relaxation, and shallow slow slip along the

Izmit segment.

« A shallow transition from stable to conditionally unstable friction promotes
the occurrence of shallow slow slip events.

+ Pore-pressure variations or lithological heterogeneity within the Izmit sed-
imentary basin may generate a frictional gradient that favors episodic shal-
low slip.
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5.1 Introduction

Faults accommodate plate motion through a wide range of slip modes that vary with depth,
frictional properties, effective normal stress, temperature, lithology, and fluid pressure. In the
classical view of the seismic cycle, the seismogenic zone accumulates elastic strain during the
interseismic period and releases it during earthquakes through rapid seismic slip. Above and
below this unstable region, faults may instead slip aseismically, either continuously or tran-
siently. At shallow depth, creep may reach the surface and produce measurable fault-parallel
displacement without generating large earthquakes. This shallow aseismic slip may be steady
over years to decades, but it may also occur episodically as shallow slow slip events. Around
coseismic rupture zones, postseismic afterslip can further accommodate part of the coseis-
mic stress perturbation, often producing logarithmic or power-law surface deformation over
months to decades (Avouac, 2015). The coexistence of seismic slip, shallow creep, afterslip,
and slow transient deformation therefore indicates that the seismic cycle cannot be described
only by locked and fully rupturing fault patches, but must instead include transitional regions
with conditionally stable or spatially heterogeneous frictional behavior.

Slow slip events have been most extensively documented in subduction zones, where they
often occur near the downdip transition from the locked seismogenic zone to stable sliding
(e.g. Birgmann, 2018). In these settings, SSEs are commonly interpreted as the expression of
transitional behavior between frictional to ductile due to temperature increase (Yousfi et al.,
2026) with potential high pore pressure effects (Segall et al., 2010). However, SSEs are not
restricted to subduction interfaces. Growing geodetic evidence shows that transient aseismic
slip also occurs on continental strike-slip faults, including the San Jacinto Fault near the Anza
gap (Inbal et al., 2017), the Hayward Fault (Lienkaemper et al., 2001), the Imperial and San
Andreas faults (Titus et al., 2006; Gittins and Hawthorne, 2022), the Superstition Hills Fault
(Wei et al., 2013), the Haiyuan Fault (Jolivet et al., 2012), and several sections of the North
Anatolian Fault, including the Ismetpasa (Rousset et al., 2016; Jolivet et al., 2023) and Izmit
segments (Aslan et al., 2019b; Neyrinck et al., 2024). Along strike-slip faults, shallow SSEs
are generally inferred within the first kilometers below the surface and may be influenced by
sedimentary basins, shallow lithological contrasts, fluids, geometric complexity, or inherited
damage zones. These processes can modify effective stress or frictional stability and may allow
small shallow patches to fail episodically rather than slip steadily.

The Izmit segment of the North Anatolian Fault provides a particularly favorable natu-
ral laboratory for investigating these processes (Figure 5.1). This segment ruptured during
the 1999 M,, 7.6 Izmit earthquake, which produced several meters of coseismic slip along the
fault (Delouis et al., 2002; Cakir et al., 2003). Historical and paleoseismological data indicate
that large earthquakes repeatedly rupture this section of the fault, with recurrence times on
the order of one to several centuries (Ambraseys, 2000; Langridge et al., 2002; Rockwell et al.,
2009). After the 1999 earthquake, geodetic observations revealed significant postseismic af-
terslip, including decadal deformation recorded by campaign GNSS stations located on both
sides of the fault within the Izmit basin (Ozarpaci et al., 2021). More recently, InSAR, GNSS,
and creepmeter observations have revealed several shallow SSEs in 2015, 2016, 2018, and 2019,
localized within the shallow portion of the 1999 rupture zone and partly overlapping the Qua-
ternary sedimentary basin beneath Izmit (Ozarpaci et al., 2020; Aslan et al., 2019b; Neyrinck
et al., 2024). These observations raise a central question: which frictional structure can simul-
taneously reproduce large coseismic ruptures, long-lived afterslip, and shallow SSEs along the
same fault segment?

To address this question, we use the rate-and-state friction numerical framework imple-
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mented by Wei et al. (2013). We test whether shallow frictional heterogeneity associated with
the Izmit sedimentary basin can explain the occurrence of SSEs while preserving the main
characteristics of the 1999 earthquake cycle. We first describe the rate-and-state formulation
and the two shallow mechanical models considered. We then compare the simulated coseismic
slip, postseismic relaxation, and SSE properties with GNSS, InSAR, creepmeter, seismological,
and paleoseismological constraints. Finally, we discuss the physical implications of the op-
timal models, with particular emphasis on the role of shallow sedimentary materials, pore
pressure, and frictional gradients in promoting episodic aseismic slip.
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Figure 5.1: Tectonic context of the Izmit segment of the North Anatolian Fault (NAF) in
Tirkiye. (a) GNSS velocity field from England et al. (2016) of the Anatolia and Aegean plates
relative to Eurasia, represented by black arrows. Tectonic plates are delineated by red lines.
The brown rectangle corresponds to the area shown in panel (d). (b) Historical earthquakes
that may have affected the Izmit segment since A.D. 1300, compiled by Langridge et al. (2002)
and references therein. (c) SMAS-SISL GNSS postseismic displacement following the 1999
Izmit earthquake from Ozarpaci et al. (2021). The locations of both stations are shown in
panel (d) by purple dots. (d) Static displacement offsets estimated during the 2019 SSE from
InSAR data within the Izmit basin (Neyrinck et al., 2024). Bedrock depth within the Izmit
basin, based on gravity data from Ozalaybey et al. (2011), is shown by green contours. The
black star corresponds to the 1999 Izmit earthquake epicenter. The two black crosses show the
locations of two creepmeters installed along the Izmit segment. (e) Two-dimensional fault in-
terface of the Izmit segment showing the coseismic slip distribution from Delouis et al. (2002)
and the sum of the slip distributions inferred from inversions of the 2018 and 2019 SSEs from
Neyrinck et al. (2024), corresponding to the red and yellow color bars, respectively. The gray
area corresponds to the base of the sedimentary basin from Ozalaybey et al. (2011). The black
star corresponds to the 1999 Izmit earthquake hypocenter.

- 165 -



Chapter 5

5.2 Methods

5.2.1 Rate-and-state formalism

We use numerical simulations based on a quasi-dynamic method for a one-dimensional
strike-slip fault embedded in a two-dimensional elastic half-space. Fault slip is modeled over
multiple seismic cycles using the rate-and-state friction framework (Rice, 1993; Lapusta et al.,
2000; Liu and Rice, 2007; Wei et al., 2013). In this approach, the shear stress 7 evolves as a
function of slip rate V and of a state variable 6, which describes the slip history of the fault:

”L':E[fo-i—aln <VKO)+bln<VDO?>}, (5.1)

where a and b are friction parameters, D, is the critical slip distance, fj is the friction coefficient
at the reference velocity Vp, and G is the effective normal stress. We use the aging law to
describe the evolution of 0 (e.g. Scholz, 1998):

de Ve (5.2)
d D, '
The nucleation size h* is defined as
N 2ubD,
W=—— 53
n(b—a)’*c’ 5.3)

where (1 is the shear modulus (e.g. Rubin and Ampuero, 2005). By prescribing these parameters
along a depth profile, we compute the evolution of cumulative slip over several hundreds of
years and analyze the resulting seismic-cycle behavior.

The algorithm developed by Wei et al. (2013) is based on the quasi-dynamic relation be-
tween shear stress and slip. In discretized form, the shear stress 7; on the i-th grid point is
expressed as (Rice, 1993; Liu and Rice, 2007)

N

5= = ki (5= Vo) = v, 54
j= s

where N is the total number of grid points, k;; is the elastic stiffness, V), is the tectonic loading
rate, ¢ is time, 5j is slip, u is the shear modulus, c; is the shear-wave speed, and V; is the slip
velocity on the i-th grid point. For very low slip rates, the friction law is regularized as

(fo+b1n(V09/Dc))}

; (5.5)

T 0, arcsinh 4 ex
=a R
) Wo p

which is justified by a thermally activated description of slip at frictional contacts (Lapusta
et al., 2000; Rice et al., 2001). The fixed parameters used in the numerical simulations are
given in Table D.1.

5.2.2 Definition of the mechanical models

To explore the development of shallow SSEs during the seismic cycle, we build two end-
member mechanical models defined by their depth-dependent frictional properties. Both mod-
els share the same deeper structure, but differ in the shallowest layer. Figure 5.2a shows the
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Figure 5.2: Schematic representation of the depth-dependent frictional structure used to ana-
lyze the seismic cycle along the Izmit segment. (a) Stable, conditionally stable, and unstable
regions are defined from the sign and magnitude of (¢ — b)o. (b,c) Two shallow configurations
tested in this study. Blue arrows and annotations indicate the seismic-cycle features most af-
fected by each layer. Horizontal dotted lines indicate the two depth limits used to define the
frictional structure. (b) Reference model, hereafter called Model 1, with a velocity-weakening
top layer. (c) Intermediate model, hereafter called Model 2, with a vertical gradient of frictional
parameters in the top layer.

common deeper part, composed of Layers 3 and 4, following previous rate-and-state modeling
studies (e.g. Rice, 1993; Lapusta et al., 2000).

The velocity-weakening Layer 3 corresponds to the seismogenic zone and controls earth-
quake nucleation and coseismic rupture. The deeper velocity-strengthening Layer 4 repre-
sents the stable lower portion of the fault interface, where pressure-temperature conditions
inhibit seismic rupture. Figures 5.2b,c show the two shallow configurations tested here. In
the first model, referred to as Model 1, the uppermost layer is a homogeneous conditionally
stable velocity-weakening layer overlying a stable Layer 2. In the second model, referred to as
Model 2, the shallow layer contains a vertical gradient in frictional parameters, representing
a progressive change in apparent frictional stability with depth. This second configuration is
designed to mimic potential gradual changes in pore pressure or damage within the shallow
sedimentary basin.

To identify models that best reproduce the surface slip observed along the Izmit segment
during the seismic cycle, we explore the influence of the critical slip distance D, effective
normal stress o, frictional parameter (@ — b), and layer widths (d; in Figure 5.2a). The tested
ranges and final estimates are listed in Table 5.1. The effective normal stress is assumed to
increase linearly with depth using a lithostatic-minus-hydrostatic gradient of 13 MPa/km (Wei
et al,, 2013).

Several parameters are constrained using geological and seismological observations. The
depth of Layer 1 (d; in Figure 5.2a) is set to the mean depth of the base of the sedimentary
basin beneath Izmit, about 1.2 km (Ozalaybey et al., 2011). This choice assumes that shallow
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Parameters Min. Max. Final estimates
Model 1 Model 2
Layer 1 | —0.004 —0.001 | —0.0015 —0.0025
a—b Layer 2 | 0.0035 0.0075 0.005 0.005
Layer 3 | —0.007 —0.001 | —0.004 —0.004
Layer 1 0.1 4.5 0.3 0.3
D¢
Layer 3 5 11 8 8
) Layer 2 3.7 6.7 3.7 3.7
Width | ver3| 95 12.5 10.5 10.5

Table 5.1: Table gathering the parameters values tested for the input model and the final esti-
mates corresponding to the optimal models.

lithology partly controls frictional properties. The depth of Layer 2 (d; in Figure 5.2a) is con-
strained by the upper limit of the aftershock sequence after the 1999 M,, 7.6 Izmit earthquake,
following the interpretation of Marone and Scholz (1988); this limit is approximately 5-6 km
depth (e.g. Karabulut, 2025). The base of Layer 3 (d3 in Figure 5.2a) is constrained by locking-
depth estimates after the 1999 earthquake, between 11 and 15 km depth (Cakir et al., 2012;
Hussain et al., 2016; Aslan et al., 2019b; Neyrinck et al., 2024). Because these depth limits re-
main uncertain, we test several widths for Layers 2 and 3. The tectonic loading rate V), is fixed
to 24 mm/yr, following previous estimates (e.g. McClusky et al., 2000). Finally, because of the
lack of direct constraints on shallow cohesion along the Izmit segment, the effective normal
stress at the surface is set to zero (Figure D.1; Liu and Rice, 2007).

5.2.3 Observational constraints along the Izmit segment

Coseismic Afterslip SSEs 20 years after the mainshock
Amplitude | Return Time Amplitude | Return time Relaxation
time
constants time
~ ~ 140 £ | c~4.88cm | ~ ~ 1.35 £+ | ~6%1days
5.5+0.5m | 30 years and d ~ |24+05cm | 0.05 years
25.23 yrs~!
e.g., De- | Ambraseys | Ozarpaci Aslan et al. | Neyrinck et al. | Aslan et al
louis (2002) | (2000); et al. (2021) | (2019b); (2024) (2019b);
Rockwell Ozarpact Neyrinck
et al. (2009) etal. (2021); et al. (2024)
Neyrinck
et al. (2024)

Table 5.2: Table gathering the Izmit observations of its seismic cycle.

Table 5.2 summarizes the observational constraints used to evaluate the simulations. The
1999 M,, 7.6 Izmit earthquake provides direct constraints on coseismic slip amplitude and
rupture depth. Paleoseismological and historical earthquake studies constrain the recurrence
of large earthquakes along the Izmit segment (Figure 5.1b; Ambraseys, 2000; Rockwell et al.,
2009). Coseismic slip models indicate maximum slip at depth of at least 5 m (Cakir et al.,
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2003). Postseismic deformation is constrained by the SMAS and SISL campaign GNSS sta-
tions, located about 3 km from the fault within the Izmit basin (Figure 5.1c,d), and analyzed by
Ozarpaci et al. (2021). Finally, the properties of shallow SSEs are constrained by four events
detected to date: September 2015 (Ozarpaci et al., 2021), December 2016 (Aslan et al., 2019b),
March 2018, and November 2019 (Neyrinck et al., 2024). The slip amplitude is constrained by
slip inversions based on InSAR measurments while the relaxation time is constrained by creep-
meter records (Neyrinck et al., 2024). Because no comparable SSE observations are available
before, we focus on SSEs occurring about 20 yrs after the mainshock.

5.2.4 Comparison between numerical simulations and observations
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Figure 5.3: Model predictions of fault slip through time for the optimal Model 2. (a) Slip history
during two seismic cycles. Solid and dashed lines correspond to cumulative slip during the
interseismic period, plotted every 40 yrs, and during the coseismic period, plotted every 2 s,
respectively. Colors correspond to the layers shown in Figure 5.2. (b) Example of modeled
fault slip during an SSE 20 yrs after the earthquake, shown in black, compared with the 2019
Izmit creepmeter record, shown in yellow. (c) Relative surface slip 20 yrs after the earthquake
from the model predictions compared with the relative surface displacement recorded by the
SMAS-SISL GNSS stations along the Izmit segment, shown by blue dots (Ozarpaci et al., 2021).

We evaluate each simulation against six observables that characterize the Izmit seismic
cycle: coseismic slip amplitude, earthquake recurrence time, postseismic relaxation time, SSE
amplitude, SSE recurrence time, and SSE duration. Figure 5.3 illustrates the procedure for
one optimal model, showing cumulative slip over two seismic cycles, an SSE extracted 20 yrs
after the mainshock, and the corresponding surface displacement predicted at the SMAS—-SISL
GNSS station pair.

Mainshock times are identified from peaks in maximum fault velocity satisfying log;o(Viax/Vpi) >
5.44, which selects slip rates high enough to represent dynamic rupture in the quasi-dynamic
framework. From these events, we estimate coseismic slip amplitude and recurrence time.
Postseismic deformation is then extracted after each mainshock. To compare the simulated
afterslip with GNSS observations, we compute Green’s functions for a homogeneous elastic
half-space (Okada, 1985) and combine them with the modeled depth-dependent slip to predict
surface displacement near the two GNSS stations shown in Figure 5.1d. The resulting time
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series is fitted with
x(t) = a+bt +clog(1+dt), (5.6)

where a, b, c, and d are fitted constants. The fit is obtained using a Levenberg-Marquardt
inversion implemented with the Python library SciPy. We then compute root-mean-square
errors (RMSEs) between the model predictions and the observations.

SSE starting times are extracted by selecting periods during which the maximum velocity
on the shallowest fault cell satisfies 0.5 <log;((V /V},;) < 6.85, while excluding coseismic rup-
ture periods. We then estimate SSE amplitudes and recurrence times throughout the seismic
cycle. The duration of each SSE is more difficult to estimate automatically because the end of
an event is not sharply defined. We therefore analyze SSE durations in detail only for the final
optimal models.

5.3 Results

We now describe how the numerical simulations reproduce three key components of the
Izmit seismic cycle: mainshocks, postseismic afterslip, and shallow SSEs occurring about 20 yrs
after the 1999 earthquake. These comparisons allow us to identify two optimal models, one
for each shallow frictional configuration.

5.3.1 Coseismic observations
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Figure 5.4: Comparison between modeled mainshock amplitude and recurrence time as a func-
tion of the properties of Layer 3: (a) frictional parameter (a — b), in green; (b) critical slip dis-
tance D,, in red; and (c) layer width, in blue. Shallow-layer properties are fixed. The reference
values used for the three tested parameters are (a —b) = —0.004, D, = 8 mm, and a layer
width of 9.5 km. Black dots correspond to observational estimates. In panels (b,c), dotted lines
show linear regressions, with the corresponding equation and coefficient of determination R?
indicated in the lower-left corner.

Figure 5.4 shows how coseismic slip amplitude and earthquake recurrence time vary with
the parameters of the seismogenic Layer 3. The parameter that most strongly controls coseis-
mic slip amplitude is (a — b) (Figure 5.4a). For (a —b) > —0.001, the model does not produce
large mainshocks. As (a — b) decreases from —0.002 to —0.007, the maximum coseismic slip
increases up to ~ 9 m. This increase is accompanied by variations in recurrence time of about
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100 yrs, although the relation is nonlinear: more negative frictional parameters tend to pro-
duce larger earthquakes with shorter recurrence times.

The critical slip distance D, and the width of Layer 3 mainly affect recurrence time, with
variations of about 130 yrs, while coseismic slip amplitude varies more moderately, by about
0.5-2 m. Increasing D, increases both amplitude and recurrence time. Increasing the width of
the seismogenic layer increases coseismic amplitude but decreases recurrence time.

5.3.2 Afterslip observations
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Figure 5.5: Comparison between simulated afterslip and the SMAS-SISL GNSS campaign ob-
servations following the 1999 M,, 7.6 Izmit earthquake. (a) Root-mean-square error (RMSE)
between the fitted model predictions and the GNSS observations, as a function of two Layer 2
parameters: layer width and frictional parameter (a — b). Empty cells correspond to simula-
tions that did not converge. Edge colors red and green highlight the two examples shown in
panels (b) and (c). (b,c) Examples of two model predictions, shown in red and green, compared
with the observations, shown in purple. Parameter pairs ((a — b), width) are (b) 0.0035, 5.2 km
and (c) 0.0055, 4.2 km.

Figure 5.5 shows the RMSE obtained when comparing simulated postseismic deformation
with the SMAS-SISL GNSS observations. We vary two parameters of Layer 2: its width and
frictional parameter (a — b). Both parameters influence the modeled afterslip. Increasing ei-
ther the width of the layer or (a — b) generally increases the RMSE (Figure 5.5a). The examples
shown in Figures 5.5b,c indicate that high RMSE values are associated with excessive postseis-
mic displacement. Thus, larger positive (a — b) values or wider stable layers tend to generate
too much cumulative afterslip during the postseismic period. While the solution is non-unique,
(ab) values around 0.005 with a stable layer thickness of 3.7 km represent one combination
consistent with the observed postseismic displacements.

5.3.3 SSE observations

We test the two shallow configurations shown in Figures 5.2b,c to determine whether they
can generate shallow SSEs about 20 yrs after the mainshock. We focus on three parameters:

- 171 -



Chapter 5

a Model 1

1.0 A

[ SSEs

> No SSEs
=
£0.5 -
[J]
(a]

0.0 - T T T T T T T
b Model 2

1.0 A —
>
=
£0.5 -
[]
a

0.0 - T T T T T T T

1.0 1.2 1.4 1.6 1.8 2.0 2.2

h*

Figure 5.6: Histograms of the density of tested models producing SSEs 20 yrs after the main-
shock for (a) Model 1 and (b) Model 2. Gray histograms indicate all tested values of #*, and
vertical bars highlight simulations producing SSEs 20 yrs after the mainshock.

the type of shallow frictional heterogeneity (either Models 1 or 2), the frictional parameter of
the top layer (a — b) x W, and the critical slip distance of this layer, D x cl.

Both Model 1and Model 2 can generate SSEs 20 yrs after the mainshock, but the fraction and
diversity of successful simulations differ between the two configurations (Figure 5.6). Using
Equation 5.3, we estimate the range of nucleation sizes h* that allows SSEs. The successful
Models 1have h* values of 1.3-1.6 km, whereas the successful Models 2 have h* values of 1.4-
1.9 km. The Model 2 configuration therefore allows a broader range of nucleation sizes and
model parameters. However, 41* alone does not fully determine whether SSEs occur, as shown
by the fact that the density of successful models is not always equal to one within these ranges.

a. b
Model 1 Model 2
Frictional
5 - oM O Opdm | O | parameters:
- -0.002
4 1 \ ® O b z
- —0. |
g oocooax® © )
237 1 A
-
£ |zmit Izmit —0.004
< 2 A . < .
ﬂ \ ﬁ%m Critical length:
A d.=0.25
14 a I md=03
® d.=0.5
0 T T T T T T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Return time, yrs Return time, yrs

Figure 5.7: Amplitude and recurrence time of modeled SSEs 20 yrs after the mainshock for (a)
Model 1and (b) Model 2. Green shading indicates variations in the frictional parameter of Layer
I: the constant value for the Model 1 and the minimum value for the Model 2. Marker shapes
indicate different values of the critical slip distance of Layer 1. The black diamond corresponds
to the observational estimates at 1 km-depth along the Izmit segment.
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Figure 5.7 compares the amplitude and recurrence time of modeled SSEs with the Izmit
observations. Both model families produce SSEs within the same order of magnitude as the
observed events. The Models 1 produce amplitudes between 1 and 5.2 ¢m and recurrence
times between 0.5 and 5.2 yrs. The Models 2 produce amplitudes between 1 and 3.5 cm and
recurrence times between 0.5 and 3.5 yrs.

The frictional parameter (a — b)w corresponding to the minimum frictional parameter
within the Layer 1 affects both SSE amplitude and recurrence time. In general, less nega-
tive values of (a — b)w produce smaller and more frequent events. This trend is not strictly
monotonic, especially for the Models 2 with D, = 0.3, indicating that SSE properties depend
on coupled variations in frictional stability and critical slip distance. Increasing D, generally
increases both SSE amplitude and recurrence time.
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Figure 5.8: Evolution of depth-dependent slip during an SSE for the two shallow model con-
figurations. Top and bottom panels correspond to the Model 1 and Model 2, respectively. (a,d)
Zoom on the shallow frictional structure. (b,e) Time evolution of slip with depth. (c,f) Slip
time series at three depths: the shallowest cell, 300 m, and 725 m, indicated by line styles and
by vertical lines in panels (b,e).

Because SSE duration is difficult to define automatically, we analyze the time evolution of
slip for the final optimal models. Figure 5.8 shows an example of an SSE occurring 20 yrs after
the mainshock for both model configurations. The two models share three main phases. First,
slip initiates at intermediate shallow depth, around 650-725 m, with a nearly linear increase
in slip during around 10 days. Maximum slip rates during this phase reach 13.7 cm/yr for the
Model 1 and 11.2 cm/yr for the Model 2. Second, slip propagates upward toward the surface,
producing rapid acceleration of the shallowest cells during about one day. During this phase,
the shallowest cell releases up to 42.9% and 37.5% of its total displacement in the Model 1 and
Model 2, respectively. Third, slip decelerates over at least 10 days with a logarithmic decrease
in the Model 1, and more complicated temporal variations for the Model 2, with a secondary
acceleration at the surface.

Despite these similarities, the two model families differ in detail. The initiation depth is
shifted downward by about 75 m in the Model 2 relative to the Model 1. The initial slip rate
is higher in the Model 1, reaching 14.2 ¢cm/yr at 650 m depth, compared with 11.2 c¢m/yr at
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725 m depth in the Model 2. In both models, the delay between the onset of shallow slip and the
beginning of simultaneous deceleration at all depths is about one day. However, the relaxation
phase differs: the Model 1 displays a more logarithmic deceleration, whereas the Model 2 shows
complex deceleration including a secondary acceleration phase five days after the first one.

5.4 Discussion

5.4.1 Model limitations and quasi-dynamic approximation

The first limitation of this study is the use of a quasi-dynamic approximation rather than
a fully dynamic solution. Quasi-dynamic models approximate inertial effects during rupture
through a radiation damping term (Rice, 1993), but they do not explicitly solve for the com-
plete propagation of seismic waves (Lapusta et al., 2000). This approximation greatly reduces
computational cost and therefore makes it possible to explore a wide parameter space over
multiple seismic cycles. However, it may affect the details of rupture propagation, peak slip
velocity, rupture arrest, and the stress redistribution associated with dynamic waves. It should
primarily affect the coseismic phase, but likely have little to no effect on the characteristics of
afterslip and SSEs.

Previous comparisons between quasi-dynamic and fully dynamic models indicate that the
broad slip patterns are often similar, but that some model parameters may be shifted between
the two approaches (Thomas et al., 2014b). For the Superstition Hills Fault, Wei et al. (2013)
found that quasi-dynamic and fully dynamic simulations produce comparable behavior, al-
though the optimal frictional parameters and the width of the velocity-strengthening layer
above the seismogenic zone differ slightly. Similar uncertainties may affect our estimates for
the Izmit segment. Therefore, the values reported here should not be interpreted as unique fric-
tional properties, but rather as effective parameters within the adopted quasi-dynamic frame-
work. Given the limited constraints on the lithological composition, fluid pressure, and fric-
tional properties of the Izmit fault gouge at depth, this approximation remains appropriate
for identifying the first-order ingredients required to reproduce the observed seismic-cycle
behavior.

5.4.2 Controls on coseismic rupture and postseismic afterslip

The modeled coseismic and postseismic behavior is primarily controlled by the geometry
and frictional properties of the intermediate and seismogenic layers. External constraints on
layer depths are essential for reducing the range of acceptable models. The shallowest layer
is tied to the depth of the Izmit sedimentary basin (Ozalaybey et al., 2011); the base of Layer 2
is constrained by the upper extent of the aftershock sequence following the 1999 earthquake
(Marone and Scholz, 1988; Karabulut, 2025); and the base of Layer 3 is guided by locking-depth
estimates (Hussain et al., 2016; Neyrinck et al., 2024). Within this structure, the frictional pa-
rameter (a — b) and the critical slip distance D, of Layer 3 control the amplitude and recurrence
of large earthquakes. More negative (a — b) values promote larger coseismic slip, whereas D,
and seismogenic-layer width mostly modulate recurrence time.

Postseismic deformation is mainly controlled by the velocity-strengthening Layer 2. This
layer accommodates stress changes imposed by the 1999 rupture and produces the decadal
relaxation observed by the SMAS—-SISL GNSS station pair. The best-fitting models require a
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stable layer extending from the base of the shallow sedimentary unit to the upper limit of the
aftershock sequence. Increasing either the width of this layer or its positive (a — b) value pro-
duces excessive postseismic slip and worsens the fit to the GNSS observations. The resulting
estimates for Layers 2 and 3 are of the same order of magnitude as those inferred by Wei et al.
(2013) on the Superstition Hills Fault, suggesting that comparable frictional structures may
explain earthquake-cycle deformation on different continental strike-slip faults.

5.4.3 Frictional ingredients required for shallow SSEs

The occurrence of shallow SSEs in our models requires a shallow conditionally unstable
layer above the stable postseismic afterslip zone. Without this shallow velocity-weakening or
transitional layer, the fault either creeps stably or remains too strongly coupled to generate
episodic shallow transients. This result is consistent with previous models in which shallow
frictional heterogeneity is required to produce SSEs on strike-slip faults (Wei et al., 2013; Tymo-
fyeyeva et al., 2019). In the Izmit case, the required shallow layer extends over approximately
the same depth range as the sedimentary basin, suggesting a mechanical link between basin
structure and shallow transient slip.

The two tested shallow architectures reproduce the main observed SSE properties, but they
do so with different degrees of parameter sensitivity. In the homogeneous Model 1, SSEs occur
only within a relatively narrow range of nucleation sizes and frictional parameters. This sug-
gests that a uniform shallow velocity-weakening layer requires fine tuning to generate SSEs
with amplitudes and recurrence times comparable to the observations. In contrast, the Model 2
allows SSEs over a broader range of parameters. A vertical gradient in apparent frictional prop-
erties therefore provides a more robust mechanism for producing shallow transients. Such a
gradient may smooth the transition between stable creep and unstable slip, slowing rupture
propagation and allowing days-long events rather than either steady creep or rapid seismic
failure.

The duration of the modeled SSEs further illustrates the importance of shallow frictional
structure. Both optimal models generate events lasting several days, compatible with the Izmit
observations, but the slip histories differ. The homogeneous Model 1 produces a sharper ac-
celeration and a more logarithmic decay, whereas the Model 2 produces a more progressive
complex temporal pattern with two phases of acceleration. This is compatible with creepme-
ter observations at Ismetpaga (Ozdemir et al., 2025), where the 2019 recordings show several
phases of acceleration within a single SSE. Both models also suggest that the initiation of the
SSE start around 10 days before the surface transient slip likely observed by surface geode-
tic measurements. This important model prediction would suggest that shallow SSEs along
strike-slip fault have a long-lasting nucleation phase.

5.4.4 Implications for slow slip events physical precesses

The spatial coincidence between the modeled shallow SSE source region and the Izmit sed-
imentary basin suggests that basin properties may play a key role in controlling shallow slip
behavior. The basin is composed of alluvial deposits, including sand, clay, and gravel, as well
as Late Pliocene—Pleistocene deposits (Karakas and Coruk, 2010; Dogan et al., 2021). Such ma-
terials may influence friction through lithological contrasts, clay-rich gouge, distributed dam-
age, or variations in permeability. These properties can generate spatially variable frictional
behavior along the shallow fault zone, potentially allowing localized conditionally unstable
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patches to nucleate slow events.

Pore pressure provides another plausible mechanism for producing an apparent frictional
gradient. Elevated or depth-dependent pore pressure reduces effective normal stress and there-
fore modifies both frictional strength and nucleation size. In a sedimentary basin, permeability
contrasts and fluid circulation may produce strong vertical variations in effective stress. Under
these conditions, a layer that would otherwise be stable may become conditionally unstable
and host episodic slip. The Model 2 can be interpreted as a simplified representation of this
effect: rather than prescribing explicit hydrological processes, it imposes a depth-dependent
apparent frictional stability that captures the mechanical consequences of variable effective
normal stress.

5.4.5 Broader implications for strike-slip faults

The similarity between the Izmit models and previous models developed for California
strike-slip faults suggests that shallow SSEs on continental faults may share common me-
chanical ingredients. In both cases, a shallow conditionally unstable layer embedded between
the surface and a deeper stable region can generate episodic aseismic slip. Sedimentary basins
may be particularly favorable environments because they combine low effective stress, vari-
able lithology, high damage, and possible fluid circulation. This does not imply that all sed-
imentary basins should host SSEs, but rather that basin-related frictional and hydrological
heterogeneity may lower the threshold for shallow transient slip.

These results also have implications for seismic hazard. Shallow SSEs may release part
of the accumulated slip deficit near the surface, but they do not necessarily reduce the haz-
ard associated with the deeper seismogenic zone. Along the Izmit segment, the models that
reproduce shallow SSEs still require a deeper velocity-weakening layer capable of producing
large earthquakes with recurrence times comparable to paleoseismological estimates. There-
fore, shallow aseismic slip should be interpreted as one component of the seismic cycle, not
as evidence that the entire segment is creeping or mechanically stable.

5.5 Conclusions

We used quasi-dynamic rate-and-state friction models to reproduce the main observations
of the seismic cycle along the Izmit segment of the North Anatolian Fault: coseismic slip
amplitude, earthquake recurrence time, postseismic relaxation, and shallow slow slip events.
The results show that these observations can be explained by a layered frictional structure
composed of: (1) a velocity-weakening seismogenic layer controlling large earthquakes; (2)
an overlying velocity-strengthening layer controlling decadal postseismic afterslip; and (3) a
shallow conditionally unstable layer controlling shallow SSEs.

The depth of the shallow layer required to generate SSEs is consistent with the depth extent
of the Izmit sedimentary basin. This spatial correspondence suggests that basin-related fric-
tional properties, lithological heterogeneity, or pore-pressure variations may promote episodic
shallow slip. A homogeneous velocity-weakening shallow layer can reproduce the observa-
tions, but only within a relatively narrow parameter range. A model with a vertical frictional
gradient provides a more flexible and physically plausible explanation, as it may represent
gradual variations in pore pressure, lithology, or damage within the basin.
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The comparison with previous models for other continental strike-slip faults suggests that
shallow SSEs may arise from common mechanical conditions: a shallow transitional frictional
regime, low effective normal stress, and structural or hydrological heterogeneity. Further ob-
servations, especially dense near-fault geodesy, continuous creepmeters, and improved con-
straints on shallow basin properties, are needed to determine whether shallow SSEs along
the Izmit segment are primarily controlled by pore pressure, lithology, or a combination of
both. More complex 2D seismic-cycle models would allow the exploration and reproduction
of additional details of seismic and SSE ruptures, such as lateral propagation and final rupture
lengths.
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Chapter 6

Discussion, perspectives et conclusions

In this final chapter, I revisit the main scientific questions that motivated this thesis and
discuss the implications of this work along three main axes. First, I discuss the use of InSAR
data to monitor tectonic deformation along continental faults, from large-scale processes such
as interseismic loading to smaller-scale transient deformation such as slow slip events. Sec-
ond, I focus on the North Anatolian Fault in Tiirkiye in order to provide an overview of the
current understanding of the tectonic setting and creep dynamics of this fault system, from
the regional scale down to individual fault segments. Third, I highlight how constraining the
creep dynamics along the North Anatolian Fault may contribute to a broader understanding
of other continental strike-slip faults worldwide, and how detailed observations along a sin-
gle fault segment can help identify common behaviors and key processes controlling seismic
cycles. Finally, I take a broader perspective by comparing SSEs observed along continental
strike-slip faults with those occurring in subduction zones. The objective is to identify poten-
tial common features that may improve our understanding of the mechanisms controlling the
occurrence of these transient slip events.
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Chapter 6

6.1 Insights of geodetic data monitoring: focus on InSAR

As described in Section 1.4, SAR images cover large regions every 6-12 days with high
spatial resolution, making InSAR technique a unique tool to monitor the behavior of large
continental faults. Furthermore, the implementation of automatic InSAR processing chains
such as FLATSIM (see Section 1.4.4; Thollard et al., 2021) provides a large amount of available
displacement time series covering large areas over several years. However, in this work, we
aim to study SSEs whose related surface deformation reaches amplitudes on the order of a
millimeter, requiring a specific methodology to achieve this precision.

Related questions

Q1. How can large-scale, automatically processed InSAR datasets be used to build in-
ventories of transient slip events along global fault systems?

Q2. What are the current limitations in terms of measurement precision and geometry,
spatial resolution, and noise discrimination?

Results

Large-scale monitoring

The study of the steady-state deformation in Tiirkiye using FLATSIM data (Section 2.2)
demonstrates the capability of large-scale, automatically processed InSAR datasets to char-
acterize creep dynamics along major fault systems at high spatial resolution, without heavy
post-processing. In particular, it highlights distinct creeping segments with lengths of a few
kilometers (e.g., the ~15 km-long Izmit segment). Patterns characteristic of local deformation
were also observed, especially within the mean vertical velocity field (Figures 2.7b and 2.11).
Although I did not focus on them, they suggest the efficiency of this dataset in resolving de-
formation affecting kilometer scale areas (e.g., mines, urban subsidence). In addition, the sea-
sonal components of the InSAR displacement time series (Figures A.3 and A.4) reveal spatially
distinct patterns, potentially related to hydrology-driven processes (e.g., amplitudes located
within valleys) or climate-driven processes (e.g., snow and ice loading on mountain ranges),
illustrating the broader potential of such datasets beyond tectonic applications.

Building on this large-scale perspective, the joint inversion of GNSS and InSAR data pre-
sented in Section 2.3 further demonstrates the complementarity of these two geodetic observ-
ables in constraining interseismic deformation along the Main Marmara Fault. While GNSS
measurements provide three-dimensional displacement vectors with high temporal resolution,
their inherently sparse spatial distribution leaves the slip rate model under-determined, par-
ticularly along continental segments of the fault with shallow creep such as the Izmit segment.
The inclusion of InSAR data significantly increases the spatial sampling of surface deforma-
tion, adding observational constraints in areas poorly covered by the geodetic network. This
densification directly translates into a reduction of the uncertainties associated with the esti-
mated slip rate distribution, allowing more robust discrimination between locked and creeping
fault segments.
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Regional-scale monitoring

Focusing on the detection and characterization of SSEs brings new challenges related to
the small displacement amplitudes associated with these events. The implementation of an au-
tomated detection method based on InSAR data (Section 3) quantifies the impact of the noise
level on the detectability of SSEs, and highlights the benefits of targeted post-processing —
such as horizontal-vertical decomposition of the signal or denoising approaches like ICA — to
remove most of the non-tectonic contributions. The extraction of the tectonic displacement as-
sociated with SSE occurrences then proves feasible, allowing the inference of slip distributions
at depth and providing a more precise understanding of the potential driving mechanisms. In
particular, the presence of sedimentary layers in the basin appears to promote the occurrence
of SSEs — a factor also identified along other continental strike-slip fault segments such as
Ismetpasa (Jolivet et al., 2023) or the Superstition Hills Fault (Materna et al., 2024). Altogether,
the application of dedicated post-processing to FLATSIM data enables a significant enhance-
ment of the signal-to-noise ratio, making it possible to study millimeter-scale deformation
signals such as those produced by SSEs (Neyrinck et al., 2024).

Perspectives

+ Interseismic loading:

— The isolation of the interseismic tectonic signal from non-tectonic contributions
(e.g., hydrological loading, urban subsidence) remains a significant challenge when
working with long InSAR time series. The application of advanced signal decom-
position approaches, including Independent Component Analysis (ICA), or deep
learning-based methods, to multi-year InSAR datasets could improve the extrac-
tion of the slow tectonic signal, particularly in regions where non-tectonic defor-
mation sources are spatially correlated with fault-parallel structures.

— The availability of SAR archives spanning several decades (from ERS and Envisat
to Sentinel-1) opens the possibility of investigating the temporal variability of in-
terseismic coupling along continental faults. Constructing long InSAR time series
over such periods would allow potential temporal variations in the coupling coef-
ficient to be detected, providing a more dynamic view of the interseismic phase of
the seismic cycle.

- In this work, the constraints on interseismic coupling models rely on the joint in-
version of GNSS and InSAR data. A natural perspective would be to assess the
extent to which InSAR data alone, provided that they offer sufficient spatial cover-
age and robust atmospheric corrections, could independently constrain fault cou-
pling models. Such an assessment would be particularly valuable in regions lacking
dense GNSS networks, where InSAR constitutes the primary available geodetic ob-
servable.

— The multidisciplinary approach combining GNSS and InSAR data, as applied along
the Main Marmara Fault, could be extended to other poorly instrumented fault
segments where the spatial coverage of geodetic networks remains insufficient to
resolve along-strike variations in fault coupling. In particular, integrating seafloor
geodetic observations — such as GNSS-Acoustic measurements — with InSAR data
would allow coupling models to be better constrained along offshore segments,
where surface deformation is not directly observable from space. Furthermore, the
increasing availability of multi-track SAR acquisitions from current and forthcom-
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ing satellite missions (e.g., NISAR, Sentinel-1 Next Generation) will enhance the
three-dimensional decomposition of the mean velocity field, reducing the inherent
ambiguity of LOS measurements and improving the resolution of slip rate models.

« Slow Slip Events:

— The automated detection framework developed in Section 3 constitutes a first step
toward the systematic construction of SSE catalogs along continental fault systems.
Applying this method to other strike-slip fault segments — particularly those shar-
ing comparable geological settings (e.g., sedimentary basins and/or shallow creep-
ing sections) such as the Imperial Valley Fault (e.g., Materna et al., 2024) — would
allow a more comprehensive assessment of the spatial distribution and recurrence
of transient slip events. Such catalogs are essential to investigate the along-strike
variability of fault rheology and its role in modulating the slip behavior.

— The installation of more sensitive instruments along creeping segments affected
by SSEs, such as strainmeters or tiltmeters, could enhance their identification by
lowering the detectability threshold, as demonstrated by Linde et al. (1996) along
the San Andreas Fault.
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6.2 Perspectives on the behavior of the North Anatolian
Fault (NAF) in Tiurkiye

Related questions

Q1. What new insights or added values into fault creep dynamics can be gained from con-
tinuous, long-term InSAR monitoring along the North Anatolian Fault at regional
to large-scale, and to what extent does this provide new insights into seismic hazard?

Q2. What do the fault creep dynamics imply for the seismic cycle along the Izmit segment
and the seismic hazard estimate of the western part of the North Anatolian Fault?

Results

Large-scale monitoring

Analysis of the steady-state horizontal velocity field and strain rate along the NAF (Sec-
tion 2.2) highlights the influence of fault segmentation on the lateral variations of the creep
dynamics behavior. In particular, creeping segments are identified through high strain accu-
mulation and anomalous surface deformation. In addition to the two previously documented
creeping segments (Izmit and Ismetpasa, e.g., Cakir et al., 2012; Rousset et al.,, 2016), two
additional segments appear to be creeping: the western part of the Diizce segment and the
Ezinepazari segment. The presence of strain accumulation along the latter suggests that this
segment, which ruptured in 1939 during the Erzincan earthquake, may be aseismically releas-
ing accumulated strain. This observation is of direct relevance to seismic hazard assessment in
the region, where the NAF splits into several branches, forming pull-apart basins in between
(e.g., Barka et al., 2000).

Estimates of the locking depth along the NAF derived from fault-perpendicular profiles
reveal significant lateral variations. A particularly notable observation is the correlation be-
tween shallow locking depth and the presence of shallow aseismic creep, suggesting potential
processes at depth that enhance near-surface displacement (e.g., Jolivet et al., 2023).

The heterogeneous interseismic behavior including locked segments, creeping sections
and segments affected by SSEs is consistent with the along-strike variability of rupture pat-
terns documented during past earthquake sequences (e.g. Armijo et al., 2000), where abrupt
transitions between seismic and aseismic slip have been observed, suggesting the presence
of potential structural barriers arresting the displacement along the interface (Kearse and
Kaneko, 2026). A key open question concerns the temporal dimension of this segmentation:
whether the aseismic deformation observed today along certain segments was already present
prior to historical ruptures, or whether it was initiated or enhanced by the coseismic stress
changes associated with past earthquakes. Addressing this question would require longer
geodetic time series and a more systematic comparison of pre- and post-seismic deformation
patterns across the fault system.

Focusing on the Marmara region (Section 2.3) further illustrates the contribution of InNSAR
data to the monitoring of the steady-state velocity field and the inference of interseismic cou-
pling along the Main Marmara Fault. The joint inversion with GNSS and InSAR data allows
the distinction between regions of high strain accumulation, indicative of locked fault seg-
ments and regions of strain release associated with aseismic creep, providing critical input for
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seismic hazard assessment in one of the most tectonically threatened urban areas in the world.

Regional-scale monitoring

Additional detections of SSEs along the Izmit segment and their spatio-temporal character-
ization provide new insights into the seismic cycle and the slow slip event cycle. Observations
spanning the whole seismic cycle allow the use of inverse and mechanical models to specify
the spatial relationships between co- and postseismic slip distributions at depth, linking the
1999 Izmit slip deficit with the current pattern of aseismic creep. Mechanical models further
support the potential key role of the sedimentary basin in promoting the occurrence of SSEs
within the shallow part of the fault.

Monitoring of SSEs along the Izmit segment since 2015 (Aslan et al., 2019b; Ozarpaci et al.,
2020) has so far led to the detection of four events, with a recurrence time of 1.3 — 1.4 years
and a preferential occurrence in winter. These observations provide a basis for anticipating
future detections along the segment and refining the characterization of the slow slip event
cycle.

A particularly striking observation is the spatial relationship between SSEs and the sur-
rounding fault kinematics. Along the Izmit segment, the occurrence of SSEs in the shallow part
of the fault appears spatially associated with deeper steady-state aseismic creep below. Along
the Ismetpasa creeping segment to the east, the asperity producing SSEs is also surrounded
by continuous creep. This configuration suggests that the conditionally stable zone where
SSEs nucleate may be mechanically loaded by the adjacent aseismic creep. The location of the
fault, crossing a sedimentary basin, a characteristic shared with other continental strike-slip
systems exhibiting shallow creep, thus appears to be a controlling factor in the occurrence of
transient slip events.

Perspectives

+ Interseismic loading:

— The identification of new potentially creeping segments along the NAF such as
the western Diizce and Ezinepazari segments calls for an updated block modeling
approach that accounts for the full complexity of the fault network. Incorporating
these segments into kinematic block models would allow the strain budget across
the entire fault system to be reassessed, and would provide tighter constraints on
the locking state of individual fault branches, with direct implications for regional
seismic hazard.

— The strain map computed in this work exhibits non-tectonic signals arising from
small and localized velocity changes far from the fault, which lead to spuriously
high strain amplitudes. A Bayesian approach for strain computation (e.g. Métois
et al., 2025), combined with an adaptive mesh of higher density surrounding the
NAF and EAF, could preserve high spatial resolution in the vicinity of the faults
while mitigating non-tectonic signals over the rest of the map.

+ Slow Slip Events:

— The two newly identified potentially creeping segments (western Diizce and Ezinepazari)
suggest dedicated investigation to determine whether transient slip events occur
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along these sections. Applying the automated InSAR-based detection framework
developed in Section 3 to these segments would allow their slip behavior to be sys-
tematically characterized and would contribute to expanding the current catalog
of continental SSEs.

The recent installation of new GNSS stations along the Izmit segment in 2024 by
Baptiste Rousset in collaboration with a Turkish team represents a significant step
toward establishing a dense, multi-sensor monitoring network. Combined with
InSAR time series, this instrumentation will improve the spatio-temporal charac-
terization of future SSEs and consolidate the Izmit segment as a natural laboratory
for the study of transient slip on continental faults. The deployment of seismic
nodes could further allow potential links between slow slip and seismicity to be
investigated (e.g., Luckie and Choens, 2025).

The preferential winter occurrence of SSEs along the Izmit segment raises the
question of the role of pore fluid pressure in modulating transient slip. Pore pres-
sure variations at depth has been proposed as a potential trigger for transient slip
episodes, an hypothesis supported by recent laboratory experiments demonstrat-
ing that fluid pressure variations can modulate the frictional stability of fault gouge
(e.g., Passeléegue et al., 2025). This interpretation is further supported by observa-
tions of SSEs in geothermal reservoir settings, where fluid-induced pore pressure
changes are known to promote episodic aseismic slip (e.g. Bayramov et al., 2025;
Lengliné et al., 2025).

The preferential occurrence of SSEs along the Izmit segment during winter months
further suggests a potential role of seasonal forcing, possibly through hydrological
loading or precipitation-induced pore pressure variations. This seasonal modu-
lation is particularly intriguing given that the sedimentary basin hosting the fault
should theoretically promote velocity-strengthening frictional behavior, and there-
fore inhibit unstable slip. Yet, SSEs are systematically observed there. This appar-
ent paradox calls for a more integrated view of the physical conditions governing
transient slip, combining frictional, hydrological, and lithological constraints.
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6.3 Slow slip events: toward a unified framework?

Related questions

Q1. How can the creep dynamics along fault segments provide insights into the mecha-
nisms governing the occurrence of shallow SSEs?

Q2. To what extent do SSEs along continental strike-slip faults share common charac-
teristics with those observed along subduction zones, and what does this imply for a
unified understanding of transient slip?

Results

The comparison of magnitude-duration estimates of SSEs along subduction zones with
estimates along the Ismetpasa (Ozdemir et al., 2025), Izmit, and San Andreas Fault segments
(Materna et al., 2024; Vavra et al., 2024) reveals that SSEs along continental strike-slip faults
release less energy for similar duration. Similar geodetic detection methods have been applied
in both contexts (Rousset et al., 2017), confirming that the general framework of slow slip as a
distinct mode of fault slip applies across tectonic settings (Ide and Beroza, 2023). The availabil-
ity of near-field geodetic observations along continental faults, closer to the slip source than
what is typically achievable above subduction interfaces, reveals slip events at scales that fall
within the so-called "hidden region" of subduction zone scaling relations.
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Figure 6.1: Creepmeters records along the Ismetpasa segment during the 2020 SSE published
by Ozdemir et al. (2025).

Creepmeter records at Ismetpasa, shown in Figure 6.1, reveal that large slow slip events
are composed of successive bursts of accelerated slip. This observation raises the question of
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whether the scaling relations established for geodetically detected SSEs remain valid at the
sub-event scale (Frank et al., 2018). Similarly, the displacement time series along the Izmit
segment exhibit smaller-amplitude transients superimposed on the inter-SSE periods, whose
origin remains ambiguous. Together, these observations raise the broader question of whether
steady-state aseismic creep is truly steady, or it reflects the time-averaged expression of a
continuous spectrum of slip transients below the detection threshold.

Along subduction zones, slow slip events are frequently accompanied by low-frequency
earthquakes and tectonic tremors, which serve both as indicators of ongoing slip and as con-
straints on its spatial and temporal evolution (e.g., Dragert et al., 2004). Along continental
strike-slip faults, such associations are less systematically documented. Recent work along
the San Andreas Fault (Zali et al., 2025) suggests that micro-seismicity may be associated with
transient slip episodes, opening new perspectives for the joint analysis of geodetic and seismic
signals along continental faults.

Perspectives

+ The potential establishment of a moment-duration scaling law for continental fault SSEs
remains unclear, primarily due to the limited size of existing catalogs and the scarcity of
precise geodetic estimates. Expanding the detection effort to other segments of the NAF
and comparable fault systems worldwide would increase the statistical basis required to
test and refine such a scaling relation, and to assess whether the lower energy release
observed on continental faults reflects a fundamental difference in slip mechanism with
respect to subduction zone SSEs.

« Whether observed steady-state aseismic creep is truly steady, or whether it reflects the
time-averaged expression of a continuous spectrum of slip transients below the detec-
tion threshold, remains an open question. Improving the temporal characterization of
events using high-temporal resolution data (e.g., high-rate GNSS records, creepmeters,
strainmeters, tiltmeters) and reducing the noise content of the time series may provide
key insights into the internal structure of SSEs, that can be compared across tectonic
contexts (Frank et al., 2018).

« The combination of geodetic observations with dense seismic networks capable of de-
tecting micro-seismicity may specify the potential relationships between transient slip
episodes and microseismicity.

+ The automatic detection methods developed in this work can be adapted to other datasets,
such as Distributed Acoustic Sensing, or submarine geodesy (e.g., Rolandone et al., 2018),
broadening the range of tectonic contexts in which SSEs can systematically be identified
and characterized. The combination of these approaches with near-field instrumenta-
tion would further lower the detection threshold and improve the spatial resolution of
slip models, contributing to a more unified view of transient slip across tectonic settings.
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Figure A.1: Interferogram networks delivered by FLATSIM corresponding to the ascending
tracks from (a) west to (g) east.
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A.2 Seasonal terms

a . Sinus
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Figure A.3: Amplitude of the sinus and cosine terms of the seasonal and linear decomposition
computed on the ascending tracks. The data are in Line Of Sight (LOS) so that red and blue
pixels correspond to motions away and toward the satellite, respectively.
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Figure A.4: Amplitude of the sinus and cosine terms of the seasonal and linear decomposition

computed on the descending tracks. The data are in Line Of Sight (LOS) so that red and blue
pixels correspond to motions toward and away from the satellite, respectively.
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APPENDIX

A.3 Mean East-West profiles

The following figures (Figures A.5, A.6 and A.7) show three examples of perpendicular to
the fault profiles extracted from the mean East-West velocity field, with the best fitted models
of the displacement related to the distance to the fault.
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Figure A.5: Perpendicular to the fault profile at longitude 29.4°E of the mean East-West velocity
map shown by the blue dots. The dotted black line corresponds to the fitted model of the far
field.
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Figure A.6: Perpendicular to the fault profile at longitude 32.7°E of the mean East-West velocity
map shown by the green dots. The dotted black line corresponds to the fitted model of the far
field, the blue one corresponds to the fit of the aseismic creep and the red one to the sum of
both processes.
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Figure A.7: Perpendicular to the fault profile at longitude 37.3°E of the mean East-West velocity
map shown by the orange dots. The dotted black line corresponds to the fitted model of the
far field.
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B.1 Method

B.1.1 Method’s inputs

B.1.1.1 Analysis of real InSAR noise

a
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Figure B.1: For the three datasets covering the Izmit segment, histograms of the (a) power
spectral density (PSD) slope, (b) amplitude and (c) standard deviation of the real InSAR dis-
placement time series. The blue, green and red colors correspond to noise contents from the
Line-Of-Sight (LOS) displacement time series of the ascending track A058, the East-West (EW)
displacement time series from the horizontal-vertical decomposition of the tracks AO58 — D138
and the EW displacement time series after post-processing steps detailed in Neyrinck et al.
(2024) within the Izmit basin, respectively. The boxes used to compute those features are lo-
cated within the area located between longitudes 30.0 — 30.6°E and latitudes 40.0 — 40.6°N.
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Figure B.2: Histograms of the (a) PSD slope, (b) amplitude and (c) standard deviation of the
real InSAR noise gathered from the Ismetpasa East-West displacement time series from the
horizontal-vertical decomposition of the tracks AO87 — D065. The boxes used to compute
those features are located within the area longitudes 32.4 — 33.2°E - latitudes 40.2 — 41.6°N.
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B.1.1.2 Definition of a template
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Figure B.3: Creepmeter record at Seller (longitude 29.9720°E - latitude 40.7209°N) during the
2019 event. The red line corresponds to the fit based on the equation s(#;) = m(1 — e_[?l), with
m = 2.04 mm and T = 3.44 days. Creepmeters data come from the GAGE/UNAVCO dataset
(https://www.unavco.org/data/strain-seismic/creep-data/cree
p-data.html).
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APPENDIX

B.1.1.3 Fault interface properties
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Figure B.4: (a) P-wave velocity Vp , S-wave velocity Vs and (b) density p values used for the
Green’s functions computation for a stratified medium. Blue and red colors correspond to
the velocities/densities at the Izmit and Ismetpasa segments, respectively. Along the Izmit
segment, Vp and Vs values come from Karabulut (2025), p values from the surface down to

1.5 km-depth come from Ozalaybey et al. (2011), and the other values of p are chosen according

to Crust 1.0 (Laske et al., 2013). Along the Ismetpasa segment, all of the velocities/densities
come from the model published by Rousset et al. (2016).
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B.1.1.4 Decimation of the data
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Figure B.5: Impacts of the data decimation on the correlation computation. The correlation

function is computed for a single displacement time series cube of 100 dates including one
shallow slow slip event (SSE) (depth 500 m — M,, 4.8) and a realistic InSAR noise. The pixels
ratio is the ratio between the final and initial numbers of pixels after and before decimation.
The black line shows the peak of correlation corresponding to the SSE and obtained for each
test of decimation. The red line highlights the computation time for each test. Those tests
show that the decimation enables to reduce drastically the computation time, without taking

into account the impacts on the computation memory.
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B.1.2 Synthetic tests

B.1.2.1 Effects of the template’s parameters on correlation functions
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Figure B.6: Effects of the patch size on the correlation coefficient. The correlation function is
computed with a displacement time series cube of 300 dates containing three shallow SSEs
located at depth 500 m and with M,, 4.8, computed using three different sliding patch lengths:
2 km, 6 km and 10 km. The width of the sliding patch is fixed of about 1 km. The periods
affected by a SSE are limited by the vertical dotted lines. The curves show the correlation
coefficients obtained by using three different template lengths (2 km, 6 km and 10 km). Sum of
the correlation functions for synthetic displacement time series (a) without noise and (b) with
realistic noise.
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Relaxation time of the sliding patch:
3 days 6 days 12 days
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Figure B.7: Effects of the relaxation time on the correlation coefficient. The correlation func-
tion is computed with a displacement time series cube of 300 dates containing three shallow
SSEs located at depth 500 m and with M,, 4.8, computed using three different relaxation time:
3 days, 6 days and 12 days. The periods affected by a SSE are limited by the vertical dot-
ted lines. The curves show the sum of the correlation functions computed by using the three
previous relaxation time for the template. Sum of the correlation functions for synthetic dis-
placement time series (a) without noise and (b) with realistic noise.
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B.1.2.2 Validation of the detections
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Figure B.8: (a) Minimum moments My (and corresponding magnitudes M,,, respectively) de-
tected as a function of the precision-recall product (PRP). (b) TP/RP and TP /AP ratios as a
function of PRP, shown in blue and green, respectively. T P stands for true positive detections,
RP for real positive detections and AP for all the positive detections. Solid and dotted lines
correspond to the ratios before and after the validation step. (c) Minimum magnitudes (black)
and thresholds (pink) relative to PRP > 0.2 as a function of depth.
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B.1.2.3 Accuracy of SSEs estimates

Template size

- 2 km-long
—— 6 km-long
—— 10 km-long

Figure B.9: Comparison of the magnitude estimates during the characterization of the SSEs
(Module 3 - Figure 1d) and the real one chosen to build the synthetic displacement time series,
related to the size of the template patch. A displacement time series cube of 300 dates including
three shallow SSEs (depth 500 m) are used for this test, without synthetic noise. The three SSEs
have three different magnitudes but a similar sliding patch size of 6 km-long and 1 km-deep.
From the first to the last event, the magnitude is 4.6, 5.0 and 5.4. Three analysis (detection +
characterization) are done by using three different lengths of the template patch: 2 km, 6 km
and 10 km. The lines show the log of the ratio of the magnitude estimates and to the initial

4.6 4.7 4.8 4.9

5.0 5.1 5.2 5.3 5.4

Initial M,,

magnitude, obtained with three different template patch.
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APPENDIX

Figure B.10: Estimates errors during the characterization of the detected SSEs. These errors
are computed using a synthetic displacement time series made of 100 events, as explained in
the main article. (a-b) Differences between the (a) location along the fault and (b) the depth of
the sliding patch. (c-d) Differences between the (c) relaxation time and (b) starting time of the

Depth, km
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SSEs. (e) Differences between the magnitudes of the SSEs.
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B.2 Application to real data

B.2.1 Presentation of the segments

41°00N]

40°30'N 1

Figure B.11: Mean East-West velocity maps after GNSS referencing covering the (a) Izmit and
(b) Ismetpasa segments. The red and blue pixels correspond to eastward and westward motion,
respectively. The fault network from Emre et al. (2018) is represented by the black lines. The
creepmeters are shown by the colored circles (Bilham et al., 2016). The dashed rectangles show
the cropped area surrounding the segments affected by SSEs, and used for the application of
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Figure B.12: Mean East-West velocity maps after GNSS referencing covering the (a) Izmit and
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(b) Ismetpasa segments, focused on the cropped areas shown figure B.11.
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APPENDIX

B.2.2 Izmit results
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Figure B.13: Final SSE detections along the Izmit segment.
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Figure B.14: Final SSE detections along the Ismetpasa segment.
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APPENDIX

B.2.3 Creepmeters records
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Figure B.15: Creepmeters records along the Izmit segment.
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Figure B.16: Creepmeters records along the Ismetpasa segment.
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C.1 InSAR analysis

C.1.1 InSAR data presentation
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Figure C.1: Interferogram networks for the tracks A058 (A), A160 (B) and D138 (C). ifg and
img stand for interferograms and images, respectively.
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Figure C.2: Number of interferograms (ifgs) per pixel for each track above the threshold of 900
interferograms (A-C) and below (D-F). Number of interferograms for the tracks A058, A160
and D138 correspond to the maps (A,D), (B,E) and (C,F), respectively.
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C.1.2 Extraction of the tectonic signal by Independent Component
Analysis (ICA)
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Figure C.3: Comparison of the variance of the reconstructed data based on the ICA sources
with the variance of the InSAR time series, as a function of the number of components used
for the ICA. The results are given as a percentage of the InSAR variance explained by the ICA
sources. The red area corresponds to the area within at least 80% of the InSAR data is explained
by the components. In order to get a compromise between the reconstructed variance and the
number of IC components, we chose to use three components.
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Figure C.4: Three sources extracted by the FastICA algorithm. (A,B,C) Weight per pixels for
each sources, corresponding to the mixing matrix. (D,E,F) Temporal sources extracted cor-
responding to each map. The A and C maps show patterns with high amplitudes associated
with high standard deviation on summer (D and F). The maps of these components do not
have patterns related to the fault location.
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Figure C.5: Examples of residual time series before (in black) and after (in orange) subtrac-
tion of the IC components. (A) Residual time series of one pixel located North of the fault
(40.73°N29.99°E). (B) Relative residual time series computed using the previous pixel and a
pixel located South of the fault (40.73°N29.99°F). Note that the ICA enables to reduce the vari-
ance of the time series by about 89.6% (A), without decreasing the tectonic signal as shown

by the relative analysis close to the fault (B).
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C.1.3 Mean velocities and seasonal signals analysis
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Figure C.6: Mean horizontal and vertical velocities of the cropped zone computed after HV
decomposition of the tracks A160 and D138, and after GNSS referencing. (A) Mean verti-
cal velocity with in red and blue up and down displacements, respectively. The dotted lines
highlight the major Quaternary basins named by the main city within them, Golciik, [zmit,
Adapazari and Geyve. The fault network is shown by the black lines. The black star is the
1999 Izmit earthquake epicenter and the two black crosses correspond to the Izmit (West) and
Tepetarla (East) creepmeters. (B) Mean East-West velocity with in red and blue eastward and
westward displacements, respectively. (C) Fault-perpendicular velocity profiles (dot-dashed
rectangle in the upper maps) are plotted relatively to the mean elevation of the zone. The
lines correspond to the mean average of the data, red and blue corresponding to the East-West
and vertical velocities respectively.
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Figure C.7: Mean horizontal and vertical velocities of the cropped zone computed after HV
decomposition of the tracks A058 and D138, and after GNSS referencing. (A) Mean verti-
cal velocity with in red and blue up and down displacements, respectively. The dotted lines
highlight the major Quaternary basins named by the main city within them, Gélciik, Izmit,
Adapazari and Geyve. The fault network is shown by the black lines. The black star is the
1999 Izmit earthquake epicenter and the two black crosses correspond to the Izmit (West) and
Tepetarla (East) creepmeters. (B) Mean East-West velocity with in red and blue eastward and
westward displacements, respectively. (C) Fault-perpendicular velocity profiles (dot-dashed
rectangle in the upper maps) are plotted relatively to the mean elevation of the zone. The
lines correspond to the mean average of the data, red and blue corresponding to the East-West
and vertical velocities respectively.
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Figure C.8: Mean East-West horizontal and vertical surface velocities on the Izmit basin com-
puted after the HV decomposition of the tracks A058 and D138, and after GNSS referencing.
(A) Mean vertical velocity in c¢m/yr with in red and blue up and down displacements, respec-
tively. The dotted lines highlight areas affected by a strong downward motion. The three
eastern areas are correlated with swamps, mapped by Barka (2002). (B) Mean East-West ve-
locity in ¢m/yr with in red and blue eastward and westward displacements, respectively. The
dotted ellipse highlights an area located South of the surface fault trace and affected by a
stronger westward motion, corresponding to one of the swamps. The fault network is shown
by the black lines.
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Figure C.9: East-West (A,B) and vertical (C,D) seasonal amplitudes obtained from the TA058-
D138 decomposition. The positive and negative values (red and blue) of the East-West am-
plitudes correspond to eastward and westward deformation amplitude, respectively, and the
positive and negative values of the vertical amplitudes correspond to upward and downward
deformation amplitude, respectively. (E,F) Perpendicular to the fault profiles corresponding to
the pixels within the dashed rectangle on the above maps.
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Figure C.10: East-West (A,B) and vertical (C,D) seasonal amplitudes obtained from the TA160-
D138 decomposition. The legend is the same as for figure C.8.
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The amplitudes of the seasonal amplitudes (Figures C.8 and C.9) are two to three times
larger on the vertical components than on the horizontal East-West ones. The spring/au-
tumn cycles (term C) present higher frequency contents than the summer/winter cycles (term
D), with high amplitudes north of the NAF in crop areas, likely related to surface moisture.
The large-scale annual deformation cycles are more pronounced along the cosine components
(summer/winter cycles) and are correlated with the topography, with larger amplitudes in the
valleys. The three sedimentary basins of Izmit, Adapazari and Geyve have particularly large
seasonal vertical deformation.

C.1.4 Fault relative displacement

40°45'N

29°55'E 30°00'E 30°05'E 30"; 0E

Figure C.11: Map centered on the Izmit basin with the location of the pixels used for the
calculation of the relative displacement rates. The pixels are pointed out with red dots, on
both side of the Izmit segment.
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Figure C.12: Cumulative relative displacement using the data from the TA160-D138 HV decom-
position recorded during (A,B,C) and in between (D,E) three transient events: in December
2016, in March 2018 and in November 2019. The two inter-transient periods are between the
2016 (from the October 10, 2016 to the January 20, 2017) and 2018 (from the January 1%, 2018
to the May 20, 2018) events and 2018 and 2019 (from the October 10, 2019 to the January 10,
2020) events. (F) Sum of the relative cumulative displacement during the transient (red) and
inter-transient (blue) periods.
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C.1.5 Slip inference at depth
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Figure C.13: East-West velocity field during the steady creep periods and East-West static
offsets during the transient slow slip events from the TA160-D138 HV decomposition. (A)
Surface velocity computed during the steady creep periods. (B) Fault-perpendicular profile
(location on A with the dashed lines) of the East-West velocity and of the mean elevation. (C-
E) Static displacements offsets estimated during the three transient slow slip events in 2016
(C), 2018 (D) and 2019 (E). (F-H) Associated fault-perpendicular profiles from each map.
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Figure C.14: (A) P-wave velocity V),, S-wave velocity V; and (B) density p values used for the
Green’s functions computation for a stratified medium. V), and V; values from the surface
down to 40 km-depth come from Karabulut (2025), p values from the surface down to 1.5 km-
depth come from Ozalaybey et al. (2011), and the other values of p are chosen according to
Crust 1.0 (Laske et al., 2013).
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Figure C.15: Perpendicular to the fault profiles of displacements based on different Green’s
functions, for homogeneous slip with amplitude of 1 c¢m starting from 5 km-depth. Displace-
ments using the Okada (1985) solution are shown with a solid blue line computed using a
4060 km-length and 35 km-deep fault. The dash-dotted line is the result for the same fault
geometry but using the velocity model shown figure C.14 and a soft medium below 35 km-
depth. The red line corresponds to the analytical solution of a dislocation in an infinite half
space following the equation d = > .atan(3;) (Savage and Burford, 1970).
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Figure C.16: RMS errors as a function of the a priori locking depth. The red dotted lines show
the a priorilocking depth for the preferred model.
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Figure C.17: Slip distributions obtained using several a priori models with locking depths of
(A) 5 km, (B) 11 km and (C) 16 km.
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Figure C.18: Comparison between the East-West steady creep velocity field (A-C) and three
model predictions obtained from the inversions based on a priori models with the locking
depths of (D) 5 km, (E) 11 km and (F) 16 km. The maps from G to I correspond to the difference
between the data and the model predictions for each a priori model.
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Figure C.19: L-curves obtained for (A) the steady creep, (B,C) the 2018 and 2019 slow slip
events, respectively. The top panels correspond to the RMS errors as a function of slip rough-
ness, and the bottom panels correspond to the RMS errors as a function of the L?>-norm. The
red dots indicate the inversion parameters chosen for each inversion.
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Figure C.20: Slip distributions obtained from the inversions of the mean inter-transient ve-
locity, for several parameters. Slip distributions obtained using the following couples (1; 0, ):
(A) (A = 10000 m; 6;, = 0.1), (B) (A = 2000 m; 6, = 0.5), (C) (A = 1500 m; 6, = 0.7) and (D)
(A = 1000 m; o, =0.9).
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Figure C.21: Comparison between the InSAR East-West displacements recorded during the
2018 (A) and 2019 (D) transient events with the model predictions (B,E respectively). The
residual displacements are shown on maps C and F respectively.
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Figure C.22: Slip distributions obtained from the inversions of the 2018 transient event dis-
placements, for several parameters. Slip distributions obtained using the following couples
(A;0m): (A) (A =5000 m; 6, =0.1), (B) (A = 2000 m; 6, = 0.5), (C) (A = 1000 m; 6,, = 0.4)
and (D) (A = 250 m; 6, = 0.6).
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Figure C.23: Slip distributions obtained from the inversions of the 2019 transient event dis-
placements, for several parameters. Slip distributions obtained using the following couples
(A;0m): (A) (A =5000 m; 6, =0.1), (B) (A = 2000 m; 6, =0.5), (C) (A = 1500 m; 6, = 0.7)
and (D) (A = 1000 m; 6, = 0.9).
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C.2 Discussion materials
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Figure C.24: Comparison between the GNSS SMAS-SISL baseline and the InSAR results. The
red dots correspond to the East-West component of the GNSS baseline, after the removal of
the interseismic behavior with an overlaying afterslip model in black dotted line determined
by Ozarpaci et al. (2020). The InSAR data come from Cakir et al. (2012), Hussain et al. (2016)
and our study.
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Figure C.25: Meteorological data over the period 2016 — 2021 within the Izmit basin. These
data come from the ERA-5 models, averaged on the region between the longitudes £029.8°
and £030.8° and the latitudes N40.6° and N40.9°. (A) The daily precipitation is shown by the
gray line, with the cumulative precipitation shown by the red line. (B) Time evolution of the
daily temperature. The red periods correspond to the three slow slip events detected by InSAR.
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Figure C.26: Seismic events from the AFAD catalog, from the January 1%, 2016 to the March 1+,
2021. (A) Location of the events within the Izmit basin. The dotted-dashed boxes correspond
to the pixels used for the mean East-West creep profiles presented in the graph (C). (B) Local
magnitude M}, as a function of longitude. (C) Time evolution of the mean East-West relative
displacement located west (black line) and on the central part (blue line) of the Izmit segment.
The dates of each event are represented by the coloured vertical dotted line. The red periods
correspond to the three slow slip events detected by InSAR.
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D.1 Inputs of the simulation

D.1.1 Fixed parameters

Parameters Value
Along-dip fault width 32 km
Shear module u 30 GPa
Grid size 25m
Fault dip angle 90°
Shear wave speed c; 3 km/s
Reference velocity Vj 1 mm/s
Steady state friction coeflicient at Vjy | 0.6

Table D.1: Model simulation parameters.

D.1.2 Tests on the cohesion value at the surface
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Figure D.1: Impact of the cohesion value oy in MPa on the predictions of the cumulative
displacement times series at the top cell. 69 = 50 M Pa appears to be a limit value affecting the
whole seismic cycle, whereas the lower values impact the amplitude and the return time of
the slow slip events. Because of the lack of information along the Izmit segment, we assume
a negligible cohesion value at the surface.
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Estelle NEYRINCK

Dynamics of transient aseismic slip along the North Anatolian
Fault from INSAR observations

Résumé

La déformation associée au mouvement des plaques tectoniques peut étre libérée de
maniere asismique sous forme de glissements lents transitoires (SSEs), dont les
mécanismes restent encore aujourd’hui mal compris. A partir de séries temporelles
INSAR dérivées d'images Sentinel-1 traitées dans le cadre du projet FLATSIM, cette
thése détecte, caractérise et modélise des SSEs le long de la faille nord-anatolienne
(NAF), en Turquie. Un champ de déformation a grande échelle confirme le glissement
asismique superficiel le long des segments d'lzmit et d'Ismetpasa. Une méthode de
détection automatique, calibrée par tests synthétiques, identifie cing événements
transitoires sur données reéelles, de magnitude 4,0 a 4,5. L'analyse détaillée du segment
d'lzmit révele des SSEs superficiels récurrents tous les ~1,3 ans, localisés dans le
bassin sédimentaire. Des modéles de friction rafe-and-state reproduisent le cycle
sismique complet, soulignant le réle des hétérogénéités frictionnelles superficielles dans
la génération des SSEs.

Mots clés : Glissements lents; Faille nord-anatolienne; Glissement asismique; Cycle
sismique; Faille décrochante; Aléa sismique

Abstract

Slow slip events (SSEs) represent a key component of the seismic cycle, yet their driving
mechanisms remain poorly understood. Using INSAR time series derived from Sentinel-1
images processed within the FLATSIM project, this thesis detects, characterizes, and
models transient slow slips along the North Anatolian Fault (NAF), Turkiye. A large-scale
deformation field confirms shallow aseismic creep along the Izmit and Ismetpasa
segments. An automatic SSE detection method, calibrated with synthetic tests,
successfully identifies five transient events on real data, with magnitudes ranging from
4.0 to 4.5. Detailed analysis of the I1zmit segment reveals shallow SSEs recurring every
~1.3 years, localized within the sedimentary basin. Rate-and-state friction models
reproduce the full seismic cycle, highlighting the role of frictional heterogeneities in
driving recurrent SSEs. These results suggest that shallow SSEs along strike-slip faults
might share common hydromechanical mechanisms with those observed in subduction
zones.

Keywords : InSAR; Slow Slip Events; North Anatolian Fault; Aseismic creep; Seismic
cycle; Strike-slip fault; Seismic hazard
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