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Abstract

National and international seismic regulations commonly mandate the assessment
of seismic hazard through probabilistic seismic hazard assessment (PSHA) methods.
PSHA serves as a fundamental tool for authorities in establishing a framework from
which to consider ground motions for earthquake-resistant design. To effectively
utilize PSHA, knowledge regarding seismic sources and potential magnitudes must
be translated into probabilities of occurrence within specified future time window,
forming what is known as the source model. This source model, when coupled with
a ground-motion model, facilitates the determination of exceedance probabilities for
ground-motion levels at specific sites over forthcoming time windows. The primary
objective of this research is to explore how geodetic monitoring can provide valu-
able constraints to enhance the accuracy of the source model. In low-to moderate
seismicity areas, seismic activity is dispersed, hindering the identification of active
faults and the incorporation of realistic fault geometries into seismic hazard assess-
ments. Earthquake catalogs, merging instrumental and historical data, serve as the
foundation for establishing recurrence models. However, despite spanning several
centuries, these catalogs often have short observation time windows compared to
the recurrence times of moderate-to-large events, resulting in weakly constrained
recurrence models. To overcome this limitation, GPS measurements offer a promis-
ing alternative by providing estimates of deformation rates and valuable insights
into the anticipated rate of seismicity. The Conservation of Moment theorem forms
the theoretical basis of this study, asserting that seismic and geodetic moment rates
should equate, modulo a certain percentage of aseismic deformation.

Leveraging geodetic strain rate maps for Europe derived by Pifia Valdes et al. (2020)
and the recently released ESHM20 seismic hazard model by Danciu et al. (2021)
presents a valuable opportunity. This enables the comparison of the ESHM20
source model with geodetic moment rates across a geographically extensive region
characterized by heterogeneous seismic activity. In consequence, this thesis has
centered around a pivotal question: to what extent can geodetic moment rates
serve as a reliable proxy for seismic moment rates in Europe, spanning from high-
deformation zones to regions with low to moderate deformation?

We assess the agreement between seismic and geodetic moment rates across Eu-
rope, considering epistemic uncertainties, with seismogenic thickness identified as a
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pivotal parameter for geodetic moment rates. In high-activity zones, primary compat-
ibility is evident, yet local disparities underscore the importance of source zone scale;
broader zones enhance the overlap between geodetic and seismic moment rates
distributions. Discrepancies arise in low-to-moderate activity zones, particularly in
areas affected by Scandinavian Glacial Isostatic Adjustment, where geodetic moment
rates are much larger than seismic moment rates. However, in some zones where
the ESHM20 recurrence models are well-constrained, we note an overlap in the
distributions of seismic and geodetic moments, offering hope for the integration of
geodetic data even in regions with low deformation. Subsequently, we investigate
whether the disparity between seismic and geodetic moments may stem from the
seismic catalog not representing the long-term average seismicity rate. Leveraging
the work of Marsan and Tan (2020), we generate synthetic earthquake catalogs
reflecting a zone’s seismicity, introducing geodetic moments to balance earthquake
moment release over the long term. We develop a methodology to anchor the model
parameters to the zone’s long-term seismicity and apply it to a region (southern
Switzerland) with conflicting geodetic and seismic moment rates. Our findings
suggest that, in low-deformation regions like southwestern Switzerland, the seismic
catalog may not be representative of the seismic moment rate released over the long
term (millena). Under that hypothesis, even if it includes historical earthquakes as
old as a few centuries, the seismic catalogue may represent only a snapshot of the
average seismic moment rate over the long term, and could explain the difference in
seismic and geodetic moment rates.



Résumé

Les réglementations sismiques nationales et internationales exigent couramment
I’évaluation de 'aléa sismique par des méthodes d’évaluation probabiliste de 'aléa
sismique (PSHA). Le PSHA sert d’outil pour les autorités afin d’établir un cadre pour
la conception parasismique. En pratique, la connaissance des sources sismiques
et des magnitudes potentielles doit étre traduite en probabilités d’occurrence dans
des fenétres de temps futures, formant ce que I'on appelle le modéle de source. Ce
modele de source, associé a des équations de prévision du mouvement du sol, permet
la détermination des probabilités de dépassement de niveaux de mouvement du sol,
pour un site spécifique, dans une fenétre temporelle future. L'objectif principal de
cette recherche est d’explorer comment la surveillance géodésique peut apporter
des nouvelles contraintes pour améliorer la précision des modeles de source. Dans
les zones de sismicité faible a modérée, I'activité sismique est dispersée, entravant
l'identification de failles actives et 'intégration de géométries de failles réalistes
dans les évaluations de 'aléa sismique. Les catalogues de séismes, fusionnant des
données instrumentales et historiques, servent de base a I'établissement de modeéles
de récurrence. Ces catalogues incluent souvent plusieurs siecles de données ce
qui est cependant peu comparé au temps de récurrence des séismes de magnitude
modérées a grandes. Les modeéles de récurrences peuvent alors étre mal contraints.
Pour surmonter cette limitation, les mesures géodésiques offrent une alternative
prometteuse en fournissant des estimations des taux de déformation et des infor-
mations sur les potentiels taux de sismicité futurs. Le théoréme de conservation
des moments forme le cadre théorique utilisé dans cette étude. Il postule que les
taux de moments géodésiques et sismiques devraient étre égaux, modulo un certain
pourcentage de déformation asismique.

Deux études ont été récement publiées a I’échelle de I'europe : les cartes de taux de
déformation géodésique établies par Pifia Valdes et al. (2020), ainsi que le modeéle
d’aléa sismique ESHM20 par Danciu et al. (2021). Cela nous donne 'opportunité
de comparer le modeéle source ESHM20 avec des valeurs de moments gédésiques
dans une région géographiquement étendue caractérisée par des contextes sismo-
tectoniques divers. En conséquence, cette these s’est centrée autour d’une question
cruciale : dans quelle mesure les taux de moment géodésique peuvent-ils servir de
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proxy fiable pour les taux de moment sismique en Europe, depuis des zones de forte
déformation aux régions présentant une déformation faible a modérée ?

Nous évaluons I'accord entre les taux de moment sismique et géodésique a travers
I'Europe, en prenant en compte les incertitudes épistémiques qui leurs sont associées.
Nous observons que I’épaisseur sismogénique prise en compte dans le calcul du
moment géodésique est un parameétre clé controlant son incertitude. Dans les zones
de forte déformation, une compatibilité est globalement mise en évidence, bien
que dans le détail des divergences soient observées. Nous observons que le fait de
considérer des plus grandes zones augmente la superposition entre les distributions
des taux de moments sismiques et géodésiques. Des divergences apparaissent
dans les zones d’activité faible & modérée, notamment dans les zones affectées
par le rebond post-glaciaire scandinave, ou les taux de moment géodésique sont
nettement plus élevés que les taux de moment sismique. Dans certaines zones
ou les modeles de récurrence proposés par ESHM20 sont bien contraints, nous
constatons un chevauchement entre les distributions des taux de moments sismiques
et géodésiques, offrant des perspectives pour l'utilisation des données géodésiques
méme dans des régions de plus faible déformation.

Ensuite, nous questionnons si la disparité entre les moments sismiques et géodésiques
pourrait découler du fait que le catalogue sismique ne représente pas le taux moyen
de sismicité a long terme, a travers une zone exemple (au sud-ouest de la Suisse).
En utilisant le modele de Marsan et Tan (2020), nous générons des catalogues
sismiques synthétiques qui utilisent le taux de moment géodésique moyen de la
zone pour équilibrer la libération de moment sismique sur le long terme. Nous
développons une méthodologie pour ancrer les paramétres du modeéle sur la sismicité
a long terme de la zone. Nous appliquons cette approche a une région (le sud de la
Suisse) présentant des taux de moment géodésique et sismique contradictoires. Nos
résultats suggerent que, dans les régions a faible déformation comme le sud-ouest
de la Suisse, le catalogue sismique peut ne pas étre représentatif du taux de moment
sismique libéré sur le long terme (millénaires). Selon cette hypothése, méme s’il
inclut des séismes historiques datant de quelques siecles, le catalogue sismique
pourrait représenter seulement un instantané du taux moyen de moment sismique
sur le long terme, ce qui pourrait expliquer la différence entre les taux de moment
sismique et géodésique.
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1.1

Introduction

Motivation and Problem Statement

In Europe, we have all been deeply affected by the widely disseminated images
of seismic catastrophes that occurred around the Mediterranean in 2023. The
seismic sequence in Kahramanmaras, Turkey, extending from January to March
2023, culminated in the Pazarcik earthquake (My,7.8), resulting in the tragic loss
of just under 60,000 lives. These events inflicted substantial damages in Turkey,
Syria, and, to a lesser extent, neighboring countries, with estimated costs surpassing
100 billion US dollars. Another noteworthy seismic event occurred in Morocco
on September 9, 2023. The Al Haouz earthquake, with a moment magnitude of
6.8, occurred near Marrakesh, leading to the unfortunate loss of nearly 3,000 lives,
injuries to 6,000 individuals, damage or destruction of 60,000 homes and 585
schools as reported by the US Geological Survey (USGS.gov | Science for a changing
world 2023). These disasters, occurring as I was actively engaged in the research for
this thesis, served as a poignant reminder of the critical importance and utility of
endeavors aimed at preventing such calamities.

Earthquakes stand out as among the most destructive, lethal, and unpredictable
natural hazards. Among natural catastrophes, earthquakes accounted for approxi-
mately one-fifth of economic losses between 1900 and 2018, resulting in an average
of 20 thousand fatalities annually (Silva etal., 2019). Illustrating the gravity of
their impact, seven out of the ten deadliest natural catastrophes recorded from 2000
were attributed to earthquakes, as documented in the EM-DAT disaster database.
Notably, the My, 7 earthquake that struck Haiti in 2010 stands as a poignant exam-
ple, resulting in over 220,000 lives lost and economic losses exceeding 8 billion US
dollars. Another notable event is the 2004 My9.1 Sumatra-Andaman earthquake in
Indonesia, which triggered a tsunami, claiming more than 165,000 lives and causing
an economic loss of 4.5 billion US dollars.

In Figure 1.1, as illustrated by Elliott etal., 2016, the distribution of earthquakes in
South Asia from 1900 to 2015, leading to more than 1000 fatalities, is presented. The
size of the circle corresponds to the number of fatalities, while the color indicates the
magnitude. Notably, the largest circles, representing around 250,000 fatalities, are



situated in China, specifically for the Tangshan earthquake on July 1976 (depicted
in yellow), and the Haiyuan earthquake (depicted in orange). These incidents
are linked to earthquakes with magnitudes ranging from 7 to 8. Alternatively, we
observe other earthquakes of similar magnitude associated with significantly fewer
casualties, as seen in Iran or northern India, for example. Another noteworthy
observation is that even earthquakes of moderate magnitude (between 6 and 7) can
result in tens of thousands of fatalities, as exemplified in southern India. In essence,
this observation highlights that the number of victims is not directly proportional to

the magnitude of an earthquake.
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Fig. 1.1: From Elliott etal., 2016 : Distribution of current population relative to past
fatal earthquakes and crustal strain across Eurasia. (a) Population count on a
half-degree by half-degree grid for 2005. Megacities with populations over 2.5
million are marked by black circles. (b) Locations of past earthquakes in the period
1900-2015 resulting in more than 1,000 fatalities are denoted by circles coloured
by magnitude and scaled in size by the number of fatalities. (c) Global Strain Rate
Model (v2.1) showing the second invariant of the strain rate tensor. This model is
based on measurements from over 22,000 GNSS sites around the world. Large
cities are overlayed (green) and scaled by population size.

This example illustrates that seismic hazard is distinct from seismic risk. Seismic
hazard can be defined as the potential extent and frequency of ground motion in
a specific region, while seismic risk can be defined as the likelihood of humans
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experiencing loss of life and means of sustenance when exposed to a seismic hazard
with a specific probability of occurrence. Broadly speaking, this relationship can
be qualitatively represented by the equation: Seismic Risk = Seismic Hazard x
Vulnerability x Exposure.

Exposure encompasses all individuals and assets susceptible to the impact of a
seismic hazard. Returning to the previous example, this is exemplified by the fact
that the earthquakes in China occurred in areas with high population density, as
reported by the USGS.gov | Science for a changing world 2023. The quantity of
individuals susceptible to being affected by each earthquakes was consequently
significant.

These elements are further distinguished by their vulnerability, which is defined
as the degree of susceptibility to loss, ranging from 0% to 100%, following the
occurrence of an event of a specific severity. In the context of constructions, a
seismic vulnerability function is a correlation that outlines the anticipated damage
for portfolio as a function of a designated ground motion parameter representing
the seismic hazard.

In this thesis, we will focus on seismic hazard. A result frequently employed in
seismic hazard assessment is a map where ground motion, typically expressed in
terms of peak ground acceleration, spectral acceleration, macroseismic intensity,
etc, is presented, with a target probability of being exceeded within a future time
window.

To obtain this type of information, Probabilistic Seismic Hazard Assessment (PSHA)
models have gradually become an international reference. These models integrate a
source model, providing information about where and when future earthquakes are
likely to occur, along with a ground motion prediction model. The ground motion
prediction model determines how seismic waves are expected to propagate through
the Earth—whether they will attenuate, amplify, and to what extent—yielding
estimates of ground motions at each point in space. In this thesis, the focus is
specifically on source models.

What is an earthquake ? In simple terms, an earthquake is a geological phenomenon
that occurs when a fault remains locked (by friction) while stress slowly accumulates.
This phase is called the interseismic phase and is associated with deformation in
the vicinity of the fault. Then earthquakes occur when the fault suddenly ruptures,
releasing the stored-up stress. Energy is released in the form of seismic waves which
propagate throughout the Earth, leading to ground motion. This theory is known
as the elastic rebound theory (Reid, 1910). The moment magnitude (Myy) scale is

1.1 Motivation and Problem Statement



commonly used to quantify the size of an earthquake, providing a measure of its
amplitude.

The source models often rely on seismicity catalogs. An important point to note at
this stage is that seismicity can be divided into two distinct components. The first
part encompasses earthquakes that occur independently of preceding seismic events,
primarily attributed to long-term tectonic loading. These events are distinguished
from those interrelated earthquakes, such as aftershocks, which result from static or
dynamic stress changes induced by prior seismic events. Various scaling laws and
models (e.g., the Epidemic-Type Aftershock Sequence model introduced by Ogata,
1988) have been proposed to describe seismic activity and its temporal variability.
The most famous scaling law is known as the Gutenberg and Richter law and dates
back to 1944. It states that the logarithm of the cumulative number of events
(IN(M)) with respect to magnitude (M) follows a straight line with an ordinate at
the origin, the productivity, as a constant a, and a slope, the exponential coefficient,
as a second constant b, often around 1. It is noteworthy that several researchers have
introduced deviations from this line, particularly at lower and higher magnitudes,
as will be discussed later. For each seismic zone, this relationship, known as the
magnitude-frequency distribution (or Gutenberg-Richter curve), can be fitted to the
earthquakes recorded.

The challenge arises in how we fit the magnitude-frequency distributions with the
events included in the considered earthquake catalog. The issue lies in the fact that
the number of known earthquakes depends on various parameters, particularly the
time period for which we have information. This, in turn, depends on how long
records have been kept and the manner in which information has been preserved,
varying significantly across different regions of the world. Additionally, the number of
known earthquakes is influenced by the seismic activity of the region. In seismically
active zones, over the same time span, one is likely to record a greater number of
earthquakes compared to a less active region. This aspect influences the robustness
of recurrence models, providing better constraints in seismically active areas.

In regions where active faults are thoroughly characterized, their inclusion is im-
perative in seismic hazard assessments (e.g., Stirling et al., 2012; Field et al., 2014;
Beauval etal., 2018). These fault models predominantly rely on geological data,
encompassing temporal scales far beyond those covered by available earthquake
catalogs. Consequently, fault models provide valuable insights into earthquake
generation, supplementing catalog-based earthquake forecasts. Nonetheless, it is
acknowledged that fault databases exhibit inherent incompleteness, even in regions
with robust characterizations. Unforeseen earthquakes may manifest on unknown
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faults, as illustrated by historical seismic events such as the 2002 My 5.7 Molise
earthquakes in Italy (Valensise etal., 2004) or the Darfield My, 7.1 earthquake in
New Zealand (Hornblow etal., 2014).

In this context, Probabilistic Seismic Hazard Assessment (PSHA) tends towards
incorporating progressively additional data sets. Geodetic data, have undergone
significant advancements in the past two decades. One notable study was conducted
by Soudarin and Cazenave, 1995. They expressed displacement rates based on the
NUVEL-1 worldwide geological model (DeMets etal., 1990) and compared them
with displacement rates measured by geodesy (DORIS solution). They obtained
a linear relationship between the two, with a correlation coefficient of 0.98. At a
first approximation, this suggests a very good agreement between geological and
geodetic displacement rates. On the scale of tectonic plates, this provides support
for the argument that displacements have remained relatively constant over the past
millions of years. While GPS velocities typically capture long-term tectonic motion,
they can be influenced by variations such as Slow Slip Events (SSE) and post-seismic
effects. These variations are typically removed during the analysis of the time series
to isolate the long-term tectonic signals, although variations of coupling have been
evidenced at various subduction plates notably before the Tohoku earthquake in
japan (Heki and Mitsui, 2013; Mavrommatis et al., 2014; Marill etal., 2021).

Geodesy, therefore the advantage to provides an approach that we can assume is
representative of plate movement over the long term. Another advantage of this
technique is that the amount of data obtained in a region depend on the station
coverage. For instance, in Europe, Figure 1.2a illustrates the seismic locations
from ESHM20 (Danciu etal., 2021) earthquake catalog, revealing concentrations
in specific zones with higher seismic activity, primarily in southern Spain, Italy,
the Balkans, Greece, and Turkey. In comparison, regions with lower activity have
significantly fewer seismic events to constrain recurrence models based on seismicity
catalogs. Contrastingly, Figure 1.2b displays the locations of stations used to con-
strain geodetic models, indicating that many stations are situated in areas with lower
seismic activity. This example highlights the complementarity between seismicity
and geodesy data, where information can be obtained even from regions with lower
seismic activity—provided that sensors are strategically placed.

In practical terms, one method of leveraging geodetic data to provide new constraints
on seismicity involves deriving surface deformation from GPS measurements. This
surface deformation is expressed as strain rates, computed from the velocity gradient
tensor. Geodetic strain rate data can then be compared with earthquake-induced
strain or assessed in terms of geodetic moment. The fundamental concept is based on

1.1 Motivation and Problem Statement



Fig. 1.2: Comparison between earthquake locations and GNSS (Global Navigation
Satellite System) station locations in Europe. a) Earthquake locations in Europe
sourced from Danciu etal., 2021, utilized for the ESHM20 source model. b)
GNSS station locations derived from Pifia-Valdés etal., 2022, representing the best
models for strain rate maps. c) Velocity field in Europe obtained from Pifia-Valdés
etal., 2022.

the notion that the seismic moment released should equal the accumulated moment
measured by geodesy (i.e., the energy accumulated in the elastic part of the crust,
measurable at the surface through interseismic GNSS velocities). It is important to
note that this equality holds true when the influence of aseismic deformation can
be neglected (a point we will delve into in detail). However, in other cases, the
percentage of aseismic deformation needs to be taken into account.

Numerous studies at a regional scale have validated the equality between seismic and
geodetic moment, particularly in active zones (Kreemer and Young, 2022; D’Agostino,
2014; Mohapatra et al., 2014; Middleton et al., 2018). However, challenges persist in
standardizing its application, especially in areas characterized by lower deformation.
Many researchers, for example, have noted disparities between seismic and geodetic
moments in several regions where geodetic moments surpass seismic moments (for
example Ojo etal., 2021, Sparacino et al., 2020 in most of the zones considered in
Maghreb, Ward, 1998a in Turkey, Chousianitis etal., 2015 for most of the Aegean
zone, Clarke etal., 1997, Masson et al., 2004 for southern Iran, Mazzotti et al., 2011
for Western Canada).

In Europe, the new European PSHA model, ESHM20, was published in 2021 and
offers a compilation of all current data on earthquakes and faults, which have been
compiled and harmonized. Additionally, Pifia-Valdés etal., 2022 recently proposed
a strain model compiled from harmonized velocity fields for Europe. Europe is
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also characterized by diverse seismotectonic contexts, ranging from regions with
moderate to high deformation and seismicity as highlighted by the earthquake
location and velocity field in Figure 1.2 (Southern Spain, Greece, Italy, Turkey) to
areas with low to moderate deformation (Scandinavia, France, Germany). Therefore,
it provides an excellent playground for comparing geodetic and seismic moment in
various contexts.

The main question investigated in this thesis is as follows: In Europe, ranging from
areas of high to low deformation, can geodetic moment rates be effectively utilized as
a reliable proxy for seismic moment rates? Additionally, the research aims to identify
the reasons behind potential divergences between geodetic and seismic moments,
elucidate the parameters governing uncertainties, and establish best practices in
addressing these disparities.

Thesis Structure

Chapter 2 :

In this section, we review the methods and challenges associated with integrating
geodesy into Probabilistic Seismic Hazard Assessment (PSHA) models. We will
introduce the concept of PSHA before providing some principles of seismology and
geodesy that form the basis for this thesis. Subsequently, we explain how geodesy
and seismicity are related, encompassing the elastic rebound theory, the conservation
of moments theorem, and elastic dislocation theory.

Then, we will observe that numerous authors have identified a strong correspon-
dence between geodesy and seismicity in terms of strain and moment, particularly
in regions of heightened seismic activity. However, this alignment gives way to
discrepancies in various other zones, especially in areas characterized by lower
deformation. Subsequently, we will explore explanations presented in the literature
for these divergences. Finally, we examine the various approaches proposed by
different authors to practically incorporate geodesy into PSHA models.

Chapter 3 :

In this section, we provide a comprehensive review of existing studies on the seismic-
tectonic context in Europe and present ESHM20 model.

The section 3.2 is written in the form of a paper in preparation for the Geophysical
Journal International and makes a comparison in terms of moment at the Euro-
pean scale, between the strain rate estimates from Pifia-Valdés etal., 2022 and

1.2 Thesis Structure



the ESHM20 source model (Danciu etal., 2021). We aim to address the following
questions:

1. Are the ESHM20 seismic moment rates, inferred from the long-term magnitude
frequency distributions, consistent with the geodetic moment rates in Europe
in regions of high deformation?

2. Can it be extended to areas of low to moderate deformation, and under what
conditions?

3. How can uncertainties arising from the spatial inversion of data be accounted
for in the geodetic moment calculation, using the method employed by Pifia-
Valdés et al., 2022? What parameters control this uncertainty?

4. What is the impact of utilizing different ESHM20 geometries and models on
the moment balance?

To answer these questions, we propose a methodology for calculating geodetic
moments rates while accounting for the epistemic uncertainties, thereby obtaining
a distribution of geodetic moments rates. We then estimate the seismic moment
rates that correspond to the ESHM20 source model, built to be representative of
long-term seismicity. Then we compare these two quantities in Europe.

Chapter 4 :

This final section, is written in the form of a paper in preparation for Seismological
Research Letters and aim to explore whether, the divergence between seismic and
geodetic moments could be explained by the assumption that the seismic catalogue
does not represent the long term average seismicity rate.

To address this question, we focus on a ESHM20 polygon characterized by signifi-
cantly higher geodetic moments rates than seismic moments rates. Subsequently, we
generate synthetic seismicity catalogs based on the model developed by Marsan and
Tan, 2020. This model enables the creation of synthetic catalogs representative of a
zone’s seismicity, allowing the introduction of a moment (constrained, for example,
by geodetic data) into the system that should balance the earthquake moment re-
lease through time. We develop a methodology to anchor the seismicity parameters
of this model in the long-term seismicity of the zone. The analysis of the generated
catalogs provide insights into the representativity of the seismicity catalog.
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How to integrate geodesy into
PSHA model : A State of the
Art Review

Introduction to Probabilistic Seismic Hazard
Assessment (PSHA)

The aim of this section is to provide a brief overview of PSHA, how it is calculated,
and the challenges associated with integrating new datasets, such as geodetic infor-
mation, to better constrain source models. The majority of information presented in
the first two points has been extracted and synthesized from the theses of Mariniere,
2020; Mathey, 2020; Aristizabal, 2018.

Objectives

The Probabilistic Seismic Hazard Assessment (PSHA) was introduced by two authors
in the 1960s: Esteva, 1967 and Cornell, 1968. Since then, it has evolved into the
reference model for the majority of national and international seismic regulations.
The objective of PSHA is to provide a framework for assessing potential ground
movements that must be considered in earthquake-resistant design. This estima-
tion is applicable to both private entities (residential areas, industries, insurance
companies, etc.) and public agencies, serving to evaluate societal and economic
risks.

PSHA aims to be integrative, encompassing all possible earthquakes and their
spatial and temporal probabilities of occurrence based on magnitude. One of
the primary outputs of PSHA is hazard maps, which can be defined at regional,
national, or international scales. These maps represent, at each point, the probability
of ground movement (typically expressed in terms of peak ground acceleration,
spectral acceleration, macroseismic intensity, etc) or the ground movement at each
point with a given probability of being exceeded. An example of such a map is
presented in Figure 2.1 for the ESHM20 model. The represented value is the Peak



Ground Acceleration (PGA) with a 10% probability of being exceeded in the next 50
years. This representation is commonly used in PSHA, such as the hazard map for
France.

The EARTHQUAKE HAZARD map of Europe

WHAT IS EARTHQUAKE .
HAZARD?

HOW TO READ THE EARTHQUAKE HAZARD MAP OF
EUROPE

ACKNOWLEDGEMENTS

THE EARTHQUAKE HAZARD MAP
10% Exceadance Prababilky in 50 years.

Peak Ground accaleration {PCA) / o]

LicENSE

DisCLAIMER

Fig. 2.1: European Seismic Hazard Model 2020 (ESHM20) from Danciu etal., 2021. The
color represent the ground motion in term of Peak Ground Acceleration (PGA) (in
g) that has 10% of probability to be exceeded in the next 50 years.

2.1.2 Implementation

The implementation of the PSHA models involves four steps (Reiter, 1990), as
presented in Figure 2.2, modified from Mariniere, 2020 :

1. Source Definition: This step involves identifying locations susceptible to pro-
ducing earthquakes. Sources can be modeled with three different geometries
(e.g., OpenQuake by Pagani et al., 2023): point, planar (faults), or volumetric
(area source zone) defined by a surface polygon and depth.

2. Modeling Earthquake Occurrence Rate: The occurrence rate of earthquakes
is modeled based on their magnitudes. These relationships are derived from
the work of Gutenberg and Richter, 1944, who observed an exponential
decrease in earthquake frequencies as a function of magnitude.
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3. Estimation of Ground Motion: This step involves predicting ground motion
in response to seismic sources. A first category is the Ground Motion Prediction
Equations (GMPEs) describe the path of seismic waves through the subsurface
to the target site, expressing the probability density function of ground motion
based on magnitude and distance. A second category, known as site effects,
seeks to describe the impact of geology and topography on the earthquake
experienced at the surface around the site of interest. For example, an often-
used parameter is V S5, representing the harmonic mean of S-wave velocities
in the top 30 meters.

4. Determination of Ground Motion Exceedance Rates: This step combines the
previous information to define hazard curves, representing the annual rates
of exceeding target accelerations at a site. Another output is hazard maps,
illustrating accelerations with a target probability of being exceeded over a
future time window (t).

Step 2: Step 3: Step_ 4
Recurrence Ground Motion Probability of

\\Models Models Exceedance

over a future
Magnitude M,,

Step 1:

time window

PGA (g)

Source Zone

Cumulative
Annual Rate

Rupture distance (km)

Fig. 2.2: Modified from Mariniere, 2020 : illustration of the four steps used in the definition
of the PSHA approach.

Multiple models are frequently considered for each of the first three categories to
account for uncertainties in modeling and data. Typically, all envisaged scenarios
are represented in a logical tree. Logical trees, introduced by Kulkarni etal., 1984,
stand as the most widely employed method for incorporating uncertainties in PSHA
models. An example of the logic tree utilized by ESHM20 for the source model is
presented in Figure 2.2 and allow the integration of a plausible range of values for
the different components (a, b, M., choice of the equation) . The concept involves
associating all plausible branches with probabilities for the three aforementioned
aspects (Source, Earthquake Recurrence and Ground Motion models).

In the frame of this thesis we will only focus on the two first steps.

2.1 Introduction to Probabilistic Seismic Hazard Assessment (PSHA)

11



2.1.3

21.4

12

Source models datasets and future challenges

In contemporary probabilistic seismic hazard assessments, source models are con-
structed by integrating both past seismicity and active tectonics datasets. In regions
where active faults are well-characterized, their inclusion becomes imperative in
hazard estimations (Stirling etal., 2012; Field etal., 2014; Beauval etal., 2018).
Fault models predominantly rely on geological information, offering insights over
much larger temporal scales than available earthquake catalogs. Consequently, fault
models provide additional perspectives on earthquake generation that complement
catalog-based forecasts. Nevertheless, it is acknowledged that fault databases may
be incomplete, even in extensively studied regions, and seismic events might occur
on undiscovered faults.

Although the incorporation of geodetic data into source models has been limited
thus far, the use of deformation rates derived from Global Navigation Satellite
Systems (GNSS) velocities presents a promising avenue for constraining earthquake
recurrence models (Jenny etal., 2004; Shen et al., 2007).

A brief introduction to the 2020 European Seismic Hazard
source model (ESHM20)

The aim of this point is to provide a brief introduction for the ESHM20 source
model used in this thesis. The information presented has been synthesized from
the article Danciu et al., 2021, to which we recommend referring for more detailed
information.

The 2020 European Seismic Hazard Model (ESHM20) by Danciu etal., 2021 is
an integral component of a seismic risk model developed under the EU-funded
project "Seismology and Earthquake Engineering Research Infrastructure Alliance for
Europe" (SERA). Comprising both a source model and a ground motion prediction
model, our focus in this discussion will be solely on the source model. It integrates
crustal, deep and subduction sources.

The ESHM20 source model relies on several updated datasets (Danciu etal., 2021):
1. A historical seismicity catalogue covering earthquakes from 1000 to 1899;
2. An instrumental earthquake catalogue from 1900 to 2014;

3. Active faults datasets, encompassing their geometry and slip characteristics,
referred to as the European Fault-Source Model 2020 (EFSM20).

Chapter 2 How to integrate geodesy into PSHA model : A State of the Art
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2.2.1

Several hazard models are combined to capture the spatial and temporal uncertainty
of earthquake rate forecasts in Europe.

Firstly, Danciu et al., 2021, propose an Area Source Model. It is based on cross-border
polygons, called area source zones, where the seismic activity rates are assumed
to follow a Poisson process. The magnitude-frequency distributions are computed,
taking into account the uncertainties.

The second model proposed by ESHM20 is a fault source model (labeled ’Active
Faults’ in figure 3.7). It is combined with a smoothed seismicity model that proposes
an earthquake recurrence model on a grid based on background seismic activity. In
the vicinity of active faults, the smoothed seismicity model is combined with the
fault model. Earthquakes below a moment magnitude threshold are assigned to the
smoothed seismicity, whereas others are considered to be taken into account by the
fault model.

In conclusion, ESHM20 incorporates information from both earthquake catalogs and
active fault datasets. Consideration and synthesis of uncertainties in data quality
and earthquake recurrence models are depicted through the logic tree presented in
figure 3.7.

In the upcoming sections, we will delve into the characteristics of the two types
of datasets used in this thesis : seismicity and geodesy. Following that, we will
outline the theoretical models that form the foundation for establishing a connection
between them. Then, we will highlight the successes and challenges that persist in
adopting geodesy as a proxy for seismicity, both in regions of high and low deforma-
tion. Finally, we will explore how geodesy is practically employed in probabilistic
seismic hazard assessment (PSHA) source models.

Seismicity: from data to seismic moment calculation

In this section, we will first explore the fundamental statistics used to model the
observed seismicity recorded in earthquake catalogs. Subsequently, we will delve
into the calculation of seismic moment from these data and models.

From data to models

The objective of this section is not to be exhaustive but to offer a concise overview
of key points that will facilitate understanding in the subsequent sections of this

2.2 Seismicity: from data to seismic moment calculation
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thesis. We will present both the equations commonly employed for PSHA and those
that will be utilized in the final chapter. A substantial portion of the information has
been extracted and synthesized from Reverso, 2015 thesis, to which we recommend
referring for more detailed insights.

Scaling laws

In the early 20"

century, Galitzin developed the first electromagnetic seismometer,
laying the foundation for modern seismometers. These instruments facilitated the
establishment of seismicity catalogs worldwide, forming the basis for empirical
relationships. These catalogs contributed to the formulation of scaling laws, which

we will discuss in the context of this thesis.
Productivity Law

This law defines the number of aftershocks generated for an earthquake of magnitude
m:

k = ko exp(a(m — My)) 2.1)

where, ky and « are constants, where ky depends on the region, and « is approxi-
mately 2 and M, the threshold magnitude, is the minimum magnitude from which
the vast majority of seismic events will be detected.

Omori-Utsu Law

At the end of the 19" century, Fusakichi Omori observed a decrease in the aftershock
rate of the Nobi earthquake in Japan in 1891 over time. He expressed the number
of aftershocks (n), over time (t), with an empirical law. Utsu later modified and
universalized Omori’s law, resulting in the well-known Omori-Utsu law:

n(t) =k/(t+c)? (2.2)
where p is a constant describing the temporal decay, typically ranging between 0.8
and 2.
Gutenberg-Richter Law

One of the most well-known scaling laws is the Gutenberg-Richter law, proposed
by Gutenberg and Richter in 1944 based on the analysis of Californian earthquake

Chapter 2 How to integrate geodesy into PSHA model : A State of the Art
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catalogs. It states that the logarithm of the cumulative number of events (N (M))
with respect to magnitude (M) follows a straight line with an ordinate at the origin,
the productivity, as a constant a, and a slope, the exponential coefficient, as a second
constant b, often around 1. This relation can be expressed as :

logioN(M) =a —bM (2.3)

Since 1944, several discussions have unfolded, particularly concerning various
models that have attempted to better constrain the behavior of this law in the
highest magnitudes ranges. These variations have been extensively deliberated
in the context of seismic moment calculations, and they will be presented in the
following section.

ETAS Models

Seismicity can be modeled as the superposition of two processes described by
distinct components: background seismicity ;» and a term accounting for interaction
between earthquakes, denoted v. The occurrence rate of earthquakes in space and
time A\(z,y,t)

Nz, y,t) = p(z,y,t) + v(z,y,t) (2.4)

The term u(x, y, t) is independent of previous seismicity and is related to spontaneous
seismic activity, varying across different zones. The probabilistic distinction between
these components was introduced by Kagan and Knopoff, 1978, stating that the
background rate is stationary and homogeneous for a given region.

Ogata, 1988; Ogata, 1998 proposed a method based on clustering models, known
as the ETAS model (Epidemic-Type Aftershock Sequence). It is a stochastic method
aimed at 1) determining the background seismicity rate, assuming spatial homogene-
ity and stationarity, and 2) modeling the interaction term between earthquakes.

The second term depends on empirical laws described earlier (Gutenberg-Richter
law, Omori law, productivity law, spatial distribution of aftershocks). Marsan and
Tan, 2020 adapted this model to allow input of a moment that could be released
within the system over time by using the Hanks and Kanamori, 1979 relationship
expressing the moment released by an earthquake in terms of its magnitude.

2.2 Seismicity: from data to seismic moment calculation
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Seismic moment computation

The seismic moment is computed in two ways in the literature.

The first commonly used approach, the Kostrov, 1974 summation, involves summing
the contributions of earthquakes in the earthquake catalog, utilizing the formula of
Hanks and Kanamori, 1979 to convert the earthquake moment magnitude (Myy)
obtained from the catalog to scalar seismic moment (M,).

Mg = 10°Mw+d (2.5)

where ¢ = 1.5 and d = 9.1. Certain authors employ values of d = 9.0 or d = 9.05,
choosing between them based on the rounding conventions applied to coefficients
in the equation linking moment and moment magnitude (refer to Pancha, 2006). As
indicated by Mariniere, 2020, opting for d = 9.0 instead of d = 9.1 results in a 20%
reduction in the calculated moment rate for a given magnitude.

The Kostrov summation has been used in studies conducted by Ward, 1998b; Ward,
1998a; Masson et al., 2004; Palano et al., 2018; Ojo etal., 2021. The seismic moment
rate is obtained by summing the contributions of each event in the catalog and is
represented by the following equation :

N

Mos =1/t 10°Mw D)+ (2.6)
i=1

where N is the total number of earthquakes and t the time interval. The sec-

ond commonly employed method integrates the contributions of earthquakes over

magnitude-frequency distributions, relying on the Poissonian behavior of earthquake

recurrence (Gutenberg and Richter, 1944). A common approach is to combine these

functions with the Hanks and Kanamori, 1979 equation 2.5.

Various equations have been proposed, differing in their form at high magnitudes.
The three subsequent forms are illustrated by Figure 2.3 The two primary solutions
are commonly found in studies comparing geodetic and seismic moment rates and
have been proposed by Anderson and Luco, 1983. One such equation is the truncated
Gutenberg-Richter (GR), also known as Anderson and Luco form 1. This equation is
frequently employed in studies that compare geodetic and seismic moment rates,
and it finds widespread use (Main et al., 1998; Mazzotti et al., 2005; Ojo et al., 2021;
Palano etal., 2018; D’Agostino, 2014; Avouac, 2015; Stevens and Avouac, 2016;
Stevens and Avouac, 2017).
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It states that the number of earthquakes with a magnitude greater than M follows
the relation:
N(m) = 107" for m < M,puz 2.7)

When integrated, the seismic moment rates can be computed following the equation
(Mariniere etal., 2021):

Mog = ——— 107 (=) Mmaq (2.8)
(c=1b)

Another form is the Anderson and Luco, 1983 form 2. It is the most commonly
used in PSHA studies (Beauval et al., 2014; Mariniere etal., 2021) and is the one
implemented in OpenQuake (Pagani etal., 2023, “Truncated Gutenberg—-Richter
MFD”).

N(m) = 10472 4 109 Mmaz for m < Mpqee (2.9)

Giving (Mariniere etal., 2021):

b

) 107+ d+(e=b)Mmas (2.10)

Mos =

Another function proposed by Kagan, 2002 introduces a corner magnitude (M¢)
influencing a decrease in the function:

N(m) = a * 102/3bxe(Mi—m) eXp(loc(Mt_Mc) _ 10(m—Mc)) (2.11)

with M, the magnitude threshold (taken as the minimum magnitude considered) and
« the occurrence rate for earthquakes with a moment magnitude M; and greater.

N (m) can be integrated over the higher magnitudes by:

Mos = MG xax M «T(2 - 8)/(1 - B) (2.12)

with I, the gamma function (defined as I'(z) = [;°t*~letdt ), and B = b x In(10).

Other equations, albeit not extensively utilized, are found in the literature, such
as the Gaussian function (Main etal., 1998) or the Anderson and Luco, 1983 form
3. The Weichert, 1980 maximum-likelihood method allows for the determination
of the Gutenberg—Richter recurrence parameters from magnitude intervals with
varying time windows of completeness (productivity a and exponential coefficient
b, (Gutenberg and Richter, 1944)). The parameter that is the most challenging to
evaluate in this case is the one governing the behavior near the maximum magnitude
Mz There are three definitions of M,,,,, (Main etal., 1998):

2.2 Seismicity: from data to seismic moment calculation
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Fig. 2.3: Three distinct representations of varying forms applied within the highest mag-
nitude range, where constants a and b are fixed at 3.2 and 0.9, respectively. a)
Illustrates the curve modeled by the Anderson and Luco form1 equation, employ-
ing Mmax = 6.6 (Equation 2.7). b) Depicts the curve modeled using Anderson
and Luco Form 2 with Mmax = 6.6 (Equation 2.9). c¢) Presents the curve modeled
by the equation 2.11, representing the Tapered Pareto form of the function, Mc =
6.0, Mt = 4.5
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2.3

1. The maximum historical earthquake, providing a lower bound for the maxi-
mum size.

2. The maximum ’credible’ earthquake, based on a 'reasonable’ assessment of the
maximum earthquake potential with respect to the ambient tectonic regime.
The definition of ’credible’ and 'reasonable’ is not fixed; it depends on the state
of knowledge and is based on expert opinions, for example on the known
faults. It is less than or equal to the maximum possible earthquake (defined
below) but greater than or equal to the maximum historical earthquake.

3. The maximum possible magnitude that could occur in a given time interval
and tectonic regime, providing an absolute though improbable upper-bound
earthquake.

In litterature, maximum magnitudes are estimated using scaling laws, geological and
geomophological studies, or comparisons with other regions with the same tectonic
context. One way is to use the information from fault (or fault zones) to constrain
M. Empirical relationships have been formulated, linking fault parameters,
such as surface rupture length, earthquake moment magnitude, rupture area, and
displacement, with earthquake magnitude (Wells and Coppersmith, 1994; Hanks,
2002; Hanks and Bakun, 2008; Wesnousky, 2008). To ascertain the maximum
magnitude (M,,.,) associated with a particular fault or fault zone, these empirical
equations can be integrated with details concerning the overall length of the fault
susceptible to rupture and the potential width or seismogenic thickness capable
of undergoing rupture. For an illustrative example, one may refer to the work of
Whitney and Hengesh, 2013.

We have discussed how seismic moment can be calculated from earthquake catalogs.
Now, our focus turns to the calculation of geodetic moment from GNSS data.

Geodesy: from data to geodetic moment calculation

In a manner similar to seismicity, we will first explore how geodetic data is acquired
and interpreted in terms of strain rates maps. Subsequently, we will delve into how
these strain data are employed to calculate a representative geodetic moment for a
given region.

2.3 Geodesy: from data to geodetic moment calculation
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From data to models

The objective here is not to provide an exhaustive overview but to present the
concept of strain rates map creation, setting the stage for the thesis challenges. The
majority of the information is extracted and synthesized from the theses of Masson
etal., 2019; Mariniere, 2020; Tarayoun, 2018; Pagani, 2021 as well as from Shen
etal., 2015 article on VISR software.

The GPS, developed in 1973 for military purposes and made publicly available
in 2000, marks a significant advancement in precise location determination. GPS
constellation includes 24 operational satellites orbiting 20,000 km above Earth’s
surface in 12-hour circular orbits. Subsequent developments in satellite navigation
systems, collectively known as Global Navigation Satellite Systems (GNSS), include
the Russian GLONASS and European GALILEO systems.

The creation of strain maps from GNSS data involves several phases outlined in
Figure 2.4 which are 1) Station Position Calculation, 2) Velocity Derivation from
position time Series, and 3) Strain Rates Map Generation from Station Velocities.

Theses 3 items will be detailed in the next points.

Step 1: Step 2: Step 3:
Signal Reception Hell Velocity Strain Rates
computation Maps
gel |from Time i computation |¢+."
series shaies et 3

Antenna

Distance (mm)

Reciever

Fig. 2.4: Illustration of the 3 steps used to compute strain rate maps. Steps 1 depict the
equipment used to receive location data, with an example of a campaign GNSS.
Step 2 shows two panels: the first one displays an initial time serie, each dot
representing a location recorded over time, and the bottom panel illustrates the
overall interseismic movement of the station across time after removing transient
parasitic signals. Step 3 provides an example of a strain rate map computed
from several stations. In this example, the map shows the Pifia-Valdés et al., 2022
second invariant of the strain rate tensor, termed the ’best model’, computed from
the VISR algorithm (Shen etal., 2015) and a combined velocity field for Europe.
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Station Position Calculation

We have GNSS stations and aim to determine their locations. These stations consist of
ground-based receivers equipped with antennas linked to a receiver, as illustrated in
Figure 2.4a. They capture signals from satellites, and the positions of GNSS stations
are obtained through the inversion of phase arrivals. Typically, for monitoring
tectonic movements and intracontinental deformation, we rely on static positions
estimated from 24 hours of observation, then georeferenced. The evolution of these
positions over time can be tracked through the analysis of time series of positions.
This approach enables the monitoring of changes in station locations, providing
valuable insights into tectonic movements and intracontinental deformation.

Velocity Derivation from position time Series

Once the precise daily positions are estimated, repeated measurements over time
yield time series of position (Figure 2.4b). These position time series are affected
by various phenomena like seasonal variations, co-seismic jumps, antenna changes,
or postseismic relaxation, that necessitate the removal of parasitic terms to reveal
the station’s motion associated with the linear trend usually supposed to represent

the interseismic loading and possibly the secular tectonic movement of the stations.

Conventionally, the method used is to subtract functions representing these transient
variations from the signal, for example, using trajectory models approaches (Bevis
and Brown, 2014; Marill etal., 2021). This is illustrated in Figure 2.4, step 3. The
top panel of the figure depicts a noisy signal that can be obtained as input. The
bottom panel represents the component of the signal corresponding to the movement
made by the station, once these transient variations have been removed. Alternative
methods, such as statistical analysis of the position time series such as MIDAS Blewitt
etal., 2016, also lead to a robust estimate of the linear long-term velocity at the
station, with a lower sensitivity to unknown jumps in the time series. Because of its
robustness, this approach is the one used by NGL (http://geodesy.unr.edu/) and by
EPOS (https://www.resif.fr/) to compute their velocity products.

Strain Rates Map Generation from Station Velocities

In this section, we will start by providing a definition of strain rate, utilizing a 1D
scenario. Subsequently, we will explore the derivation of the strain rate tensor
from a velocity gradient tensor within a 2D context. Most of the information of the
two first point is extracted from Calais classes (Calais, 2023). Following this, we
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will exemplify the spatial inversion process using Shen et al., 2015’s VISR software,
illustrating how strain rates can be obtained across a grid from discretized GNSS
stations. The rationale for presenting this example lies in its adoption as the primary
method in this thesis. Lastly, we will delve into alternative approaches for computing
strain rate maps that have been developed in the existing literature.

1) 1D case : Strain rate definition

Let’s consider a 1D case with two stations A(x) and B(z + dx), very close to each
other, in a coordinate system (O, x).

Assuming infinitesimal displacements, the two stations are now located at A’ and B’
with u(x) and u(z + dx) representing the displacements at A and B, respectively.

As the displacement dz is infinitesimal, therefore:

u(z + dx) = u(x) + %dw (2.13)

Strain is defined as the ratio of the change in length to the original length :

_AL

7 (2.14)

Ex

with L as the distance between the two stations and AL as the change in length
between them. Then we can write:

_g_A’B’—AB_da:—l—(u(x)—i—g—gd:r)—u(x)—dx_%

L AB dx ox (2.15)

Ex
Infinitesimal strain can be expressed as the gradient of the displacement.
2) 2D Case : Strain rate tensor from velocity gradient tensor

We consider a 2D Cartesian frame (O, z,y) and infinitesimal displacements. The
velocity along the two coordinates can be expressed as a function of the position X
in the following manner.

a(X +0X) = vy (X) + %ﬁ”aﬁ %Zéy (2.16)
Ovy vy
So
o(X +6X) = v(X) + VVX (2.18)
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AL I ] (2.19)

896 oy

With VV the velocity gradient tensor. The theory of tensors states that second-rank
tensors can be decomposed into a symmetric and an antisymmetric tensor. So,

VV =1/2[VV + VVT] +1/2[VV — VVT] (2.20)

Which can be written as :

vy l(avz + C%y) 0 l(avz _ %)
vV = ox 2 + 2\ 9y ox (221)
(;&% O ) (( g

With the left part being the symmetric tensor and the right part being the antisym-
metric tensor. The strain rate tensor is defined as the symmetric part of the velocity
gradient tensor. The antisymmetric part is the rigid rotation tensor and is denoted
as W. We have the strain rate tensor F:

E= (é“ é“’) (2.22)

él’y éyy
o . Ovy _ 1/(0vg ov
with &, = §= , ¢, = ¥ and &, = §(52= + F2)
One way to represent the strain is to use the eigenvectors (principal axes of the
strain rate tensor) and eigenvalues (principal strain rates). Here are the equations
to find the eigenvalues and principal angle.

. . . . 2 . . . . 2
: Eaz + € Exz — € o Ezz+E Epgp — & ‘
smax:MAX< s yy+J< ) yy) +é3— yy—J( = yy) +a%y>

(2.23)
Eug + € Enz — Eyy\’ Eng + & Exz — Eygy )
5mm:MIN( St ( 5 yy) ey ( 5 yy) +egy)
_ (2.24)
284y
tan(20) - (2.25)
Exx — Eyy

By convention, extension is taken as positive. In Figure 2.5, we will have &,,,;, as
the width of the rectangle (under compression) in the e2 direction, and é&,,,,, as the
length of the rectangle (in the el direction).

We need a spatial inversion method to obtain the strain rate tensor in each point
of the space (not only xhere there are GNSS stations). To present the method, we
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Fig. 2.5: From Calais classes: representation of the transformation of a square (in red)
from an initial state in the Cartesian coordinate system (O, x,y) to a final state
following deformation in a frame defined by the principal directions of the strain
rate tensor, el and e2. The values of extension &,,,, and compression &,,;, are
given by the length and width of the black rectangle, respectively. © represents
the rotation between the two frames (O, z,y) and (O, el, €2).
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will follow the approach of Shen etal., 2015, as this algorithm is used in this thesis.
Later, we will explore other possibilities presented in the literature.

3) Spatial inversion used in VISR software Shen etal., 2015

At each interpolation coordinate R, the horizontal strain rates and displacement field
can be linked to the velocities of the neighboring GNSS stations, considering only
the case of horizontal strain rates.

d=Am +¢ (2.26)

with d is the data vector, m is the vector of unknowns (translation, rotation and
strain) A is the partial derivative matrix and ¢ is the error vector. It can also be

written as :
Vg, 1 0 dy1 dxy dyp O I €z,
Uy 0 1 —dl’l 0 da;l dy1 Ux €y
Vo 10 dys dzro dys 0 wy €z
U | =10 1 —dzs 0 dxe dyo : + | €y (2.27)
T
5
Vg, 1 0 dy, dx, dy, O _xy €z,
5
Vy, 0 1 —dz, 0 dz, dy, v €yn

With U, and U, the translation in x and y direction, w the rotation, £,,, €., and €,
the component of the strain rate tensor in the cartesian reference frame. v,, and v,,
are the displacement component of the i** GNSS station at location r;. dz; and dy;
are the vector components of dR; = r; — R

If we assume the error matrix is e ~ N(0,C) and C is the covariance matrix of the
velocity data, the preceding equation can then be solved using the least-squares
method:

m = (ATC7tA)~1ATC (2.28)

The preceding equations hold for the mean strain field of the entire region. Conse-
quently, the data is reweighted to give more weight to sites closer to R. To achieve
this, they reconstruct the covariance matrix C' by multiplying a weighting function
to each of its diagonal terms C;, and the weighting is given as C; + C;G;'. The
weighting function is G; = L; x Z;, in which L; and Z; are functions dependent on
distance and spatial coverage, respectively.
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For distance-dependent weighting, they proposed two equations, Gaussian or
quadratic (refer to Shen etal., 2015 for further details). The primary difference
lies in how the Gaussian function diminishes weight more rapidly with distance
AR; compared to the quadratic function. The choice between them depends on
data quality; the Gaussian function may yield a finer resolution of the interpolation
result when dealing with clean and smooth data. Conversely, if the data exhibit
heterogeneity, the quadratic function tends to be more conservative, offering a
smoother solution, particularly in regions with sparsely distributed data.

The Z; function is designed to compensate for the often unevenly distributed data
points, offering two alternatives. The first is termed the ’azimuthal weighting
function’, which assigns a weight to the i’ station based on the station coverage per
azimuthal bin. The second involves the use of Voronoi cells. In this case, the surface
area of the Voronoi cells is utilized as a reweighting coefficient.

4) Other examples in literature

In performing spatial inversion to obtain deformation measurements, the literature
addresses several major issues following the acquisition of a well-defined velocity
field, including tectonic discontinuities and their boundary conditions, as well as
variations in station density. For the first question, some authors have proposed
creating multiple subsets on which they calculate strains and then combine them
afterward. However, this approach sometimes poses challenges in terms of how to
effectively merge them (e.g., Frank, 1966). Regarding classical smoothing issues,
there were two main approaches until now. One involves spatially interpolating the
locally measured displacement rates at GNSS stations to obtain a continuous field.
This approach involves an arbitrary level of smoothing defined by the user (example:
the SPARSE code by Beavan and Haines, 2001). Alternatively, one can invert from
GNSS data without needing a velocity interpolation scheme (Shen etal., 1996). In
this case, a grid is defined, and at each point, a system of linear equations can relate
displacement and deformation at that point with the velocities of GPS stations at
neighboring points. GNSS velocities can then be inverted using a standard least-
square scheme to recover deformation at each point. This second method has been
refined over the years (Shen etal., 1996; Shen etal., 2015) and is widely used in the
literature (Pifia-Valdés etal., 2022; Ojo etal., 2021, ect ). Other alternatives exist.
Some of these methods rely on geophysical models, such as elastic or viscoelastic
block models with predefined faults (e.g., McCaffrey etal., 2013 or Parsons, 2006),
to calculate surface velocities and deformation rates. Additionally, recent methods
propose novel techniques, such as Pagani, 2021, who suggest inverting geodetic
data to create strain maps based on a Bayesian approach.
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2.3.2

This study exclusively adopts the VISR model, used by Pina Valdes et al. to produce
European-scale strain maps. The investigation aims to meticulously consider the
impact of different model parameters on geodetic moment uncertainties, excluding
alternative approaches.

Geodetic moment equations

The generation of strain maps involves various uncertainties, stemming from the
GNSS measurements themselves and the spatial inversion techniques employed for
these data. Here we review the various methodologies employed in the computation
of the geodetic moment derived from strain rate tensors.

The formulation for computing the geodetic moment is not singular and varies
particularly in the manner of integrating the strain component. Hereafter are

presented the most common ones.

A primary equation, employed by numerous researchers (pagani_bayesian_2021;
Ward, 1998a; Ward, 1998b; Ward, 1994; D’Agostino, 2014; D’Agostino et al., 2009;
Adly etal., 2018), is expressed as follows:

My = 2uAHE paz (2.29)

Where, p is the shear modulus (second Lamé coefficient) of the considered elastic
layer, expressed in N.m ™! or in GPa (IN.m~! = 10~°G Pa). Classical values for the
crust are 33G'Pa and 30G Pa (Dziewonski and Anderson, 1981; Burov, 2011) as it
will be detailed in the subsequent point, H is the seismogenic thickness, A the area
of the zone, and &,,,, the maximum principal component of the strain rate tensor.

An alternative proposal was put forth by the Working Group on California Earthquake
Probabilities, 1995 :

MOG = 2,UIAH(€max - Emzn) (230)
In this equation, ¢,,;, represents the second principal component of the strain rate
tensor

Savage and Simpson, 1997 demonstrated that the approach based on surface strain
accumulation leads to a non-unique determination, primarily resulting in underesti-
mation, of the scalar moment rate. This non-uniqueness stems from the inherent

2.3 Geodesy: from data to geodetic moment calculation

27



28

limitation that a 2-D strain rate tensor typically does not correspond to a double-
couple mechanism. The authors argue that attempting to deduce a unique scalar
moment rate from such strain rate data is challenging due to the complexities of
resolving the moment tensor into multiple double-couple mechanisms, each with its
own scalar moment rate. In response to this challenge, they proposed an alternative
equation, formulated as the minimal energy effectively accumulated in the crust, as
a more robust method for estimating the scalar moment rate.

MOG - QﬂAHMAX“gmax’a ’émin|7 |émam - 5mzn|) (231)

This approach has found extensive use in literature (Ojo etal., 2021; Mazzotti et al.,
2011; D’Agostino et al., 2009).

Recently, Stevens and Avouac, 2021 introduced an additional approach to address
this issue, using the second invariant of the strain tensor, which reflects the magni-
tude of the total strain:

Mog = ConAH &y + 4 + 28 (2.32)

with éyn, €pE, and €y as the components of the strain tensor in the North, East,

and North East directions, \/ e3 v + % + 2¢% ; the second invariant of the strain
rate tensor and C as a geometric coefficient.

The choice of the parameters used to compute the geodetic moment is detailed in
the subsequent point.

Definition and values of the parameters used to compute the geodetic
moment

The estimation of the geodetic moment can be viewed either as a best-model or
as a distribution, exploring the various parameters listed below to account for
their uncertainties. Different approaches have been proposed to integrate these
uncertainties. For instance, D’Agostino etal., 2009 explored several equations
and seismogenic thicknesses, comparing the resulting distribution with the seismic
moment. Mazzotti and Adams, 2005 suggested several alternative geodetic moment
computations integrated in a tree of uncertainty prospecting inspired by the logic-
tree approach for Probabilistic Seismic Hazard Assessment (PSHA). Hodge etal.,
2015 incorporated uncertainties by conducting Monte Carlo simulations.
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The shear modulus x is commonly considered as the bulk shear modulus for the
crust. In the context of continental regions, two values serve as the reference,
namely 33G Pa and 30G Pa (Dziewonski and Anderson, 1981; Burov, 2011), and
find widespread use (Palano etal., 2018; Stevens and Avouac, 2021; Hyndman
etal., 2003 for 33G Pa, and Ward, 1998a; Working Group on California Earthquake
Probabilities, 1995 for 30G Pa). However, certain authors have proposed broader
ranges of values, such as Mazzotti etal., 2011 (23 — 37G Pa, from Turner, 2002) or
smaller values such as Bird, 2004 (27.7G Pa).

Another contentious parameter is the seismogenic thickness. According to Mazzotti
and Adams, 2005, it can be defined either as the seismogenic thickness or as an
effective seismic thickness. In the former case, the extent may be constrained by
the minimum and maximum earthquake depths. The latter definition corresponds
to the thickness over which 100% of the deformation is seismic. They highlighted
that strictly adhering to the first definition might lead to significant approximations,
primarily because the initial kilometers of the crust do not predominantly produce
earthquakes, and secondarily because some deep-seated earthquakes are a conse-
quence of local mechanical properties that do not reflect the mechanical state of the
surrounding rocks. Most authors adapt this first definition, viewing it as the depth
at which the majority of earthquakes occur (Hodge etal., 2015; Palano etal., 2018;
D’Agostino, 2014; Pancha, 2006; Masson et al., 2004).

Mazzotti and Adams, 2005 proposed a methodology to apply the second definition.
They suggest that H can be approximated by utilizing the depth distribution of
the number of earthquakes as a proxy for the distribution of seismic moment. The
effective seismic thickness is then defined as the height of a rectangle which has an
area equivalent to the depth distribution and a width defined by the peak in the
distribution (as depicted in Figure 2.6 below). The figure demonstrates that in the
case of Charlevoix in Western Quebec, the resulting effective seismogenic thickness
(second definition) is approximately one third (12 km vs. 30 km) of the seismogenic
thickness computed from the strict first definition.

Other propositions have been put forth in the literature for this coefficient. For
instance, Ojo etal., 2021 consider it as one third of the Moho depth in their study
on Canada. Another approach was presented by Bird, 2004. They estimate the so-
called "coupled thickness’ by solving the moment conservation principle for different
types of plate boundaries on a global scale. Their results have been incorporated in
various studies, such as those from Carafa etal., 2017; Rong etal., 2016 and Bird
and Kreemer, 2015.
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Fig. 2.6: Adapted from Mazzotti and Adams, 2005: Earthquake depth distribution is
illustrated in their example in the Charlevoix and West Quebec seismic zones
respectively. Dashed and dotted lines depict the depth distribution of earthquakes
in these zones. ’h.¢s’ and ’h,.;s’ denote respectively effective seismic thickness
and seismogenic thickness.
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2.4

2.4.1

The coefficient C is a geometric coefficient that depends on the orientation and
dip angle (§) of the fault plane accommodating the strain. Following Stevens and
Avouac, 2021, for dip-slip faults with uniaxial compression, C, = 1/(sin(d)cos(9)).
A dip angle of 45° is associated with a geometric coefficient of 2, a value adopted
by the Working Group on California Earthquake Probabilities, 1995 and Savage
and Simpson, 1997, as well as in a significant portion of the literature (e.g., Ward,
1998a; Jenny et al., 2004; Bird and Liu, 2007; D’Agostino, 2014). In their recent
investigation of the Himalayan region, Stevens and Avouac, 2021 incorporate two
values, corresponding to dips ranging from 45° (Cy, = 2) to 15° (C; = 4), to
accommodate the presence of low-angle thrust faults in the area. This parameter is
rarely explored in the estimation of geodetic moment rates.

We have thus far explored the geodetic and seismic datasets and calculation of
moments. Now, our focus shifts to theoretical framework establishing connection
between these two quantities.

Theoretical framework: Establishing the connection
between geodesy and seismicity

In this section, we will present the major models that serve as the foundation for
comparing seismicity with geodesy, forming the basis of the scientific literature
on this subject. Additionally, we will highlight the assumptions underlying these
analyses, facilitating a discussion on their validity in Section 2.5.2.

Elastic rebound theory

The triggering of earthquakes is a complex process involving mechanisms that
generate both millimeter-scale and multi-kilometer-scale ruptures. As presented in
figure 2.7, during the interseismic phase, loading occurs at asperities present on the
superficial part of the fault, which remains locked by friction. The deformation in the
vicinity of the fault is characterized by a specific shape in surface which correspond
to an arc-tangent in the case of a strike slip fault in a homogeneous elastic half space
model, has presented in figure 2.7b. Earthquakes occur when the accumulation
of interseismic deformation reaches a critical stress level (oc) that surpasses the
threshold of friction along a fault. It releases the stored-up stress. This phase is
known as the coseismic phase. Once the released energy becomes too low to sustain
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rupture propagation, the sliding stops, and the system begins to accumulate stresses
again. Some deformation occurs in the vicinity of the rupture zone just after an
earthquake. This last phase is known as the post-seismic phase.

a) Initial state b) Interseismic loading c) Rupture : earthquake

brittle crust

aseismic slip

few seconds

loading rate
loading rate

time time time

Fig. 2.7: Translated from Reverso, 2015 : Simplified diagram of a classical seismic cycle.
The fault plane (blue) is represented on the surface. Over time, the present
forces induce displacement (interseismic displacement) affecting the area and
a portion of the fault, but it remains locked at the brittle crust level. When
the forces become too intense, an earthquake occurs (red star) and propagates
along the fault, generating displacement along the fault (co-seismic displacement)
accommodating the subsurface movement.

In this thesis, we focus on two measurable observation that characterized this
seismic cycle : firstly, the seismic waves characterizing the co-seismic phase, and
secondly, the permanent interseismic regional displacement measured by GNSS (or
InSAR). Within the existing literature, the link between these two observations is
generally rooted in the elastic rebound theory, that has been developed following
the geodetic study of the 1906 California earthquake, by Reid, 1910. They propose
that the surface deformation on both sides of the associated fault resulted from
the earthquake. In essence, this theory postulates that an earthquake releases the
accumulated elastic strain over the long term preceding its occurrence.

Several hypothesis (hereafter enumerated as Hn) are necessary to apply this theory
effectively.

H1: The interseismic velocities recorded extracted from geodesy are representative
of the region. This implies that the record by GNSS is sufficiently long to ensure
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reliability, and their distribution sufficiently dense to provide a comprehensive
understanding of the deformation in the area.

H2: The crust’s rheology can be conceptualized by an homogeneous elastic layer
of a certain thickness (approximately 15 km in the figure 2.8) overlaying a ductile
layer represented as the lower crust. The deformation accumulates in this elastic
segment and is subsequently released seismically.

H3: Inter-seismic loading remains stationary through time and the period of mea-

surement is not affected by major transient motion.

Coseismic Interseismic

Dry
Wet  oliving
olj Vine

Fig. 2.8: From Eliott et al. 2015: Conceptual cartoon of deformation in the crust and
uppermost mantle. Satellite geodesy offers the opportunity to measure the com-
plete earthquake cycle: first, coseismic slip in the seismogenic upper crust, its
relationship with aftershocks and fault segmentation; second, postseismic defor-
mation localized on fault structures as shallow and deep afterslip, or more widely
distributed through the ductile lower crust and upper mantle flow as viscoelastic
relaxation; and third, interseismic strain accumulation across fault zones between
earthquakes.

If we look in the vicinity of faults, this theory has evolved over time and enables
monitoring of where and when faults are likely to break.

2.4 Theoretical framework: Establishing the connection between
geodesy and seismicity

33



2.4.2

34

The elastic dislocation theory

The aim is to examine how the field of deformation can be linked to the mechanical
properties of faults at depth. Tectonic geodesy has facilitated the development of
models illustrating the evolution of slip on faults during the different stages of the
seismic cycle, with the widely utilized model being the elastic dislocation theory
(Avouac, 2015).

This approach stems from the observation of disparities between velocities recorded
near the fault and the far field velocities, often considered as the plate boundary
velocity (plates motions). Faults can either be locked by friction at asperities present
on the superficial part of the fault, or exhibit aseismic slip and the ratio between
fault creep and fault velocities is interpreted in terms of fault locking.

In literature, a widely adopted method to interpret this concept involves defining
a coupling coefficient. The interseismic coupling coefficient X; is determined as
the ratio of the slip rate deficit during the interseismic period to the long-term slip
rate.

X, =1 Jeeer (2.33)
Uplate

with vereep the velocity of the creep along the fault and w4t the long term velocity
of the tectonic plate. This coefficient serves as a quantitative measure of the degree
of locking within the fault zone. A value of X; = 1 indicates a fully locked patch,
while X; = 0 represents a patch exhibiting full creep at the plate convergence rate.

The concept of ’fault coupling’ has emerged, describing the ratio between fault creep
and and long term fault velocity along the fault. Coupling typically signifies a state
of no or low current slip. If a fault is completely locked, it can be described as
"coupled". Conversely, if a plate boundary fault is creeping at the long-term plate
convergence rate, it is regarded as "decoupled". Fault segments that creep at a rate
slower than the plate convergence rate are categorized as "partially” coupled (Wang
and Dixon, 2004).

During the interseismic phase, loading occurs at asperities present on the superficial
part of the fault, which remains locked by friction. Earthquakes occur when the
accumulation of interseismic deformation reaches a critical stress level that surpasses
the threshold of friction along a fault.

The illustrative figure 2.9, as presented in Avouac, 2015, delineates a comprehensive
representation of this coefficient, employing the instance of a fully locked subduction
zone. As demonstrated in panel a), the interface is observed to be locked within a
thickness (z,), characterized by a coupling coefficient of 1. At farther depths, the
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subduction interface is creeping at the plate convergence rate, corresponding to a

coupling coefficient of 0. This frictional profile is reflected in the velocity profiles

showcased in panel b), displaying the interseismic phase (depicted in blue) that

counterbalances the coseismic and post-seismic displacement represented in red.
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From Avouac, 2015: Simple two-dimensional model of the seismic cycle on a
subduction zone. The model assumes that, in the long run, plate convergence is
entirely absorbed by slip along the subduction interface (the so-called megathrust).
(a) Interseismic coupling. (b) Displacements at the surface. The blue line repre-
sents the theoretical surface displacement rate relative to the stable overriding
plate. The dark yellow line represents the long-term surface displacement rate.
The difference between the two curves, depicted by the red line, represents the
contribution of transient slip events. (c) Displacements at depth, indicated by red
arrows (coseismic) and blue arrows (cumulated over the interseismic period). The
shallower portion of the megathrust, highlighted in red, is assumed to slip only
during transient slip events (interplate earthquakes, afterslip, or slow slip events)
and is fully locked during the interseismic period between these transients (X; = 1
in panel a). The deeper part of the interface (beyond depth z,), highlighted in
blue, creeps at the plate convergence rate, V' (X; = 0 in panel a).
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Since the coupling coefficient is often interpreted in terms of the frictional state on
the fault interface, it is commonly utilized as a proxy for the mechanical properties of
the fault interface, highlighting areas or patches exhibiting either rate-strengthening,
which inhibits rupture, or rate-weakening, which facilitates the propagation of
rupture (Avouac, 2015). The presence of rate-weakening patches, also known
as ’asperities’, is a widely utilized method for identifying regions where the next
earthquakes are most likely to occur, providing valuable insights into their potential
magnitudes that can be used to estimate the seismic hazard.

What has been explained earlier is applicable to a known fault where deformation
is concentrated. In areas of low deformation, this approach becomes obsolete
(unknown or insufficiently active faults, distributed deformation, etc.). In such cases,
the approach used is to perform a moment balance at the regional scale, utilizing
the 'moment conservation principle’, as we will present in the next point.
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2.4.3 Moment Conservation Theorem

The concept of moment conservation has been utilized since 40 years (Molnar,
1979). It directly stems from the elastic rebound theory (Reid, 1910) and posits that
the accumulated strain corresponds to an elastic potential energy budget within the
seismogenic crust. This approach asserts that the rate of elastic strain accumulation
should be equal to the rate of strain release during earthquakes.

It implies that the release seismic moment should be equal to the accumulated mo-
ment measured by geodesy (accumulated in the elastic part of the crust, measurable
at the surface through interseismic GNSS velocities). However, it is imperative to
first scrutinize the conditions under which this equivalence holds and the parameters
influencing this correlation.

Let us consider the hypothetical case of an ideal polygon situated on a continental
crust satisfying H1, H2, and H3 (i.e., GNSS representative of the deformation, a
crust well-modeled by an elastic layer overlying a more ductile layer as represented
in Figure 2.8, interseismic loading stationary). We can expect the moment budget to
be balanced if the following hypothesis are also validated:

H4: The considered region must be consistent from a seismotectonic perspective.
It should be sufficiently large to avoid being affected by deformation signals in the
direct vicinity of faults and should form a coherent unit from a tectonic viewpoint.

H5: The seismic moment must be representative of the interseismic phase of the
seismic cycle.

In essence, as in this thesis, we will focus on a heterogeneous zone ranging from
high-activity areas (Turkey, Greece) to lower-activity zones (as northern Europe), by
comparing geodetic and seismic moment rates. The following section will present
results from the comparison between geodesy and seismicity. Initially, we will
elaborate on studies demonstrating agreement between the two datasets in high-
activity regions, followed by an examination of studies indicating disagreement,
especially in low-to moderate activity areas.

2.4 Theoretical framework: Establishing the connection between 37
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Comparisons between geodesy and seismology for
earthquake potential evaluation

In this section, we will cover several aspects. Firstly, we will focus on areas of higher
activity, revealing that numerous studies have demonstrated agreement between
data derived from seismicity and geodesy. Following this, we will delve into the
persisting challenges in systematizing their use, particularly in regions of lower
deformation. We will preferentially focus on areas outside of Europe. This choice
is made as we plan to present a synthesis on active deformation and seismicity in
Europe in Section 3.1.

Agreement between seismicity and geodesy in regions with
high seismic activity

Time and space-dependent approach: When geodesy provides insights into
potential locations and timing of future seismic events thanks to
interseismic coupling calculation

Let’s first focus on high-activity zones, which are well-monitored and have known
faults. In this case, we will see that the use of geodetic data provides information on
potential locations and timing of future seismic events on the fault zone.

1. Pioneering studies in the 1980s.

In the 1980s, pivotal investigations marked the genesis of research in seismic
patch identification. One notable study in California assessed interseismic strain
by measuring variations in length along trilateration lines near Parkfield along
the San Andreas Fault, interpreted as a locked segment (Harris and Segall, 1987).
Concurrently, Savage, 1983 contributed significantly to establishing a methodological
framework for studying subduction zones during this era.

2. Evolution of methods illustrated with the example of the Main Himalayan
Thrust.

The Main Himalayan Thrust (MHT) in Nepal, forming the boundary between the
Eurasian and Indian plates, serves as an exemplary case to illustrate the evolution
of techniques. It has been extensively studied because it exhibits an exceptionally
high seismic hazard, notably highlighted by the 2015 My 7.8 Gorkha earthquake
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(Avouac etal., 2015) and the 1950 ~ My 8.7 Assam and 1934 ~ My, 8.4 Nepal-Bihar
earthquakes (Chen and Molnar, 1977).

Historically, the use of interseismic coupling facilitated the initial identification of
potential seismic patches, evolving and improving over time. Studies by Pandey
etal., 1995; Bilham etal., 1997; Bilham etal., 2001; Ader etal., 2012; Stevens and
Avouac, 2015 and Bilham, 2019 provide early evidence of detecting asperities using
geodetic and seismic data in the region. Their work emphasizes the necessity of
large-magnitude earthquakes.

Subsequently, methods for evaluating maximum magnitudes were established (see
part 2.6 for the methodology), stressing the need for earthquakes exceeding mag-
nitude 8 (Ader etal., 2012) , and Stevens and Avouac, 2016 argue for millennial
occurrences of My, 9 events to counterbalance the accumulated slip deficit. Then
another approach was proposed by Michel etal., 2021 by incorporating physic based
model on the fault slip. They obtained a frequency of My, 8.7 earthquakes every 200
years.

3. Method Validation.
This section highlights the efficacy of the method through:

* The increase in earthquake probability with the level of coupling as demon-
strated by Kaneko etal., 2010 who developed a numerical simulation model
showing that the probability of generating an earthquake is a function of
coupling on a locked patch.

* Concrete examples of identifying patches predicting subsequent earthquakes.
Findings by Moreno etal., 2010 revealed a correlation between the slip during
the Maule earthquake and the pre-seismic locking of the Andean subduc-
tion zone (as also observed by Loveless and Meade, 2011 in Japan and by
Métois etal., 2016 in Chile for example). Furthermore, Protti etal., 2014
demonstrated that the 2012 earthquake in Costa Rica ruptured a fault patch
previously identified through geodetic observations.

Figure 2.10, adapted from Moreno etal., 2010, presents the interseismic coupling
depicted in panel a), observed during the decade preceding the Maule earthquake.
Panel b) illustrates the distribution of pre-seismic locking in the study area, rep-
resented by isolines, superimposed on the coseismic slip distributions computed
from GNSS inversion for the 2010 Maule earthquake. Notably, the figure shows a
strong correspondence between the coupling and the co-seismic slip distribution,

2.5 Comparisons between geodesy and seismology for earthquake
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revealing that a significant portion of the slip of the earthquake occurred in regions

characterized by high coupling coefficients.
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Fig. 2.10: Adapted from Moreno etal., 2010: Correlation between interseismic coupling

and co-seismic Slip prior to the 2010 Maule Earthquake. a) Distribution of cou-
pling coefficient along the Andean Subduction Zone Megathrust before the 2010
Maule Earthquake, with the epicenter (white star) and focal mechanism (beach
ball) of the 2010 event. b) Pre-seismic locking distribution (isolines) superim-
posed on preliminary coseismic slip patterns of the 2010 Maule earthquake.
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4. Global Application to Known Faults. The practice of estimating interseismic cou-
pling and its spatial variations, with the goal of identifying asperities, comprehending
the nature of coupling, and pinpointing regions that may harbor future earthquakes,
has found extensive application across various renowned faults worldwide.

These studies have been particularly important for subduction zones where pop-
ulations reside on the overriding plate. Notable research contributions include
Lundgren etal., 1999 for Costa Rica, Sagiya, 1999, Mazzotti et al., 2000 in Japan,
Chlieh etal., 2004; Métois et al., 2012; Métois et al., 2013b; Métois etal., 2013a in
Chile, Chlieh etal., 2008 in Malaysia, Cross and Freymueller, 2007 for the Aleutian
subduction zone (Alaska), Chlieh etal., 2011 for the Central Andes, Hsu etal., 2016
in the Philippines, and Mariniere etal., 2021 in Ecuador.

Similar studies have been conducted on other significant faults within intracontinen-
tal regions, such as Western India (Szeliga etal., 2012) and Taiwan (Thomas etal.,
2014).

Collectively, these studies underscore the widespread adoption and utility of this
method.

These studies are applicable in cases where we have a well-defined and monitored
fault zone. In the next section, we will explore how geodesy is employed when fault
traces are unknown or when the GNSS network is not dense enough to highlight
coupling patches.

2.5 Comparisons between geodesy and seismology for earthquake
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Time-independent approach for earthquake potential evaluation : geodesy
utilized as a proxy for long-term seismic behavior

If we assume that fault traces in the area are inaccessible, what alternative parame-
ters can be utilized to leverage geodesy and enhance our understanding of long-term
seismic behavior?

The insight provided by Figure 2.11 reveals that, in two highly active regions, Turkey
(panels a to ¢) and California (panels d to f), areas with the highest strain rates
(exceeding 200 nanostrain per year) align with regions exhibiting seismic moments
greater than 10" N.m.km 2 (calculated from the cumulative earthquake moments in
the catalog since 1000 AD). These locations also display a correlation with seismicity
rates, as indicated by the ’a’ values. It is important to note that this zoning correlation
is a first-order approximation. Upon closer examination, variations become apparent
(for instance, the highest strain rates are observed in the northern fault zone in
Turkey, while the zones with the highest seismic moments and earthquake rates are

situated in the southern zone).

This figure, illustrating a correlation between geodetic strain rates, seismic moment,
and seismicity rates in active regions, underscores that several alternative parameters
can be effectively employed, as we will further explore below.
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From Elliott etal., 2016 : Comparison of geodetic strain rate against seismic
moment and earthquake rate. (a) Second invariant of the horizontal geodetic
strain-rate tensor for Eastern Turkey, showing localized strain on the North and
East Anatolian Faults (NAF and EAF respectively). Active fault traces are denoted
by black lines. (b) The log of the summed seismic moment since 1000 AD, derived
from declustered historical and instrumental seismic catalogue and calculated
at 0.25° resolution. (c) The Gutenberg-Richter a-value calculated at the same
resolution from the same data. d—f show the same for California and the San
Andreas Fault Zone, with seismic parameters derived from declustered UCERF3
seismic catalogue. Fault traces show structures assumed active since the late
Quaternary from the USGS. For both Eastern Turkey and California, there is a
clear relationship between geodetic strain-rate and both seismic moment and
earthquake rate.
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1. Correlation between strain rate and seismicity rate

Some authors compare geodetic and seismic data by examining seismicity rates and
geodetic strain tensors, obtaining a correlation between the two values in active
areas:

* Shen etal., 2007 in California conducted a comparison between geodetic strain
rates and seismic rates, observing a significant correlation when considering
only events of Myy5 and above.

* Zeng etal., 2018 in California studied the relationship between strain rates in-
ferred from GNSS data and seismicity, revealing a strong correlation suggesting
a close connection between the two.

» Stevens and Avouac, 2021, in the Himalayas, compared seismicity rates and
geodetic strain rates in different zones defined by ranges of homogeneous
geodetic strain rates. They demonstrated a strong correlation, analyzing it
both linearly and non-linearly.

2. Comparison of seismic and geodetic strain rate tensors

Other studies indicate that in certain highly active regions, the deformation tensors
derived from geodetic measurements and those computed from seismicity (using
the Kostrov summation, 1974) could be compatible in terms of both orientations
and magnitudes:

* Jenny etal., 2004 conducted a study in the Eastern Mediterranean, where they
compared the horizontal seismic strain rate field, recorded over a 500-year
historical catalog, with the tectonic strain rate field measured geodetically.
They found that the two strain rates exhibit very similar characteristics in
style across all magnitude ranges. With the exception of the region along the
Hellenic Arc, the amplitudes of the strain rates are also consistent, further
enhancing the coherence between the geodetic and seismic measurements in
the area.

* Masson etal., 2004 in Iran compared strain tensors obtained from GNSS and
those derived from seismicity, distinguishing seismic and aseismic deforma-
tion. They found that in areas of significant deformation, the two tensors
were collinear. Moreover, their magnitudes were compatible in northern Iran
(Geodetic/Seismic ratio between 30% and 100%). Note that other zones,
notably in southern Iran, exhibited significantly higher geodetic strain rates
compared to seismic strain rates, which will be further discussed in a subse-
quent point (2.5.2).
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* Middleton etal., 2018 analyzed seismic and geodetic strains in the Ordos
Plateau in China, revealing a strong agreement in both orientation and magni-
tude of strain.

This comparison reveals that the assumption of equality between seismic and geode-
tic strain measurement appears to be validated in specific active zones. Consequently,
it suggests that geodetic deformation measurements may provide information con-
sistent with seismicity, enhancing the estimation of seismic hazard.

3. Nearly balanced moment budget in active zones

In the last section we presented the potential of agreement between geodetic and
seismic strain rates, here we want to emphasize studies that have compared seismic-
ity and geodesy in term of moment. In active zones, numerous studies conducting
moment balances have demonstrated that seismic and geodetic moments are of
the same order of magnitude. We can note here that many studies have shown
that the geodetic moment can be significantly greater than the seismic moment, as
we will detail in Section 2.5.2. Here, we focus only on studies that demonstrate
agreement between these two values or highlight a slightly higher geodetic moment
compared to the seismic moment, attributing the minor moment deficit to potential
forthcoming major earthquakes. Comparing these studies is challenging due to
the evolving methodologies used to compare geodetic and seismic data over time.
The aim here is just to provides some examples. Notably, these studies encompass
various active zones worldwide.

In North America:

* Field etal., 1999 found that adjusting catalog b values, magnitude-moment
relations, or magnitude estimates in California could match geodetic and
catalog moment rates.

* Ward, 1998a in California compared geodetic and seismic moments, suggest-
ing that the divergence between the two values could be attributed to an
impending high-magnitude earthquake, thereby potentially aligning the two.

* Hyndman etal., 2003 studied crustal earthquakes in the western United States,
estimating occurrence rates of large future earthquakes from geodetic mo-
ments, indicating the existence of plausible scenarios.

* Mazzotti etal., 2005 in Eastern North America reported a ratio of approxi-
mately 1 from GNSS to earthquake catalog moment rates.

2.5 Comparisons between geodesy and seismology for earthquake
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* Pancha, 2006 in the Basin and Range Province, USA, computed seismic mo-
ments from seismicity catalogs and compared them with geodetic moments.
They showed good agreement between the two quantities, accounting for
uncertainties.

In other parts of the world:

* Déprez etal., 2013 conducted a comparison between seismic moments (in-
tegrated from recurrence models) and geodetic moments in the East African
Rift in Africa. They discussed potential causes for differences, indicating that
the Western Rift exhibited a My /Mg ratio close to 1, while the slight preva-
lence of geodetic moment over seismic moment in the Malawi Rift could be
explained by plausible future earthquakes.

* Palano etal., 2018 analyzed the ratios between seismic and geodetic moments
in northern Iran. They found that in the northern Zagros and on the Turkish-
Iranian Plateau, a moderate to large fraction of the deformation measured by
the geodetic moment is released seismically, although this was not the case in
other parts of the study region as we will see later (in section 2.5.2).

* Grunewald and Stein, 2006 in Japan reported a ratio of approximately 1 from
GNSS to earthquake catalog moment rates.

These studies collectively underscore the importance of comparing geodetic and
seismic moments. From these examples, it is evident that the correspondence
between seismic and geodetic moments has been demonstrated in several active
zones worldwide. However, it is noteworthy that, even in these high deformation
zones, many authors (sometimes the same) have found differences, notably with a
geodetic moment exceeding the seismic moment. We will now review the challenges
that have been emphasized in the literature and need to be overcome.

To conclude, we have seen that in high-activity zones, geodesy is used to provide
information about potential locations for future seismic events along fault zones.
Additionally, at a regional scale, numerous studies have highlighted similar seismic
and geodetic strain tensors, both in terms of orientation and amplitude. Moreover,
in many regions, seismic and geodetic moments are of the same order of magnitude.
In the next section, we will explore the persistent challenges in systematically
implementing their usage, particularly in low-strain areas.
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2.5.2 Remaining challenges, particularly in low strain/seismicity
zones

Numerous active regions worldwide exhibited geodetic and seismic moments of
comparable magnitudes, providing encouragement for utilizing this technique as
a proxy for future PSHA studies. However several counterexamples exists with a
discrepancy between these two quantities (for example Ojo etal., 2021, Sparacino
etal., 2020 in most of the zones considered in Maghreb, Ward, 1998a in Turkey,
Chousianitis etal., 2015 for most of the Aegean zone, Clarke etal., 1997, Masson
etal., 2004 for southern Iran, Mazzotti et al., 2011 for Western Canada). In these
cases, authors usually emphasize that the study area did not meet one of the initial
assumptions outlined in the section 2.4. In this section, we try to analyze the
challenges associated with each of these assumptions.

H1: Is the GNSS always representative of the deformation ?

Several challenges persist in understanding the uncertainties associated with GNSS
data, propagating throughout the chain leading up to geodetic moment calculations.
Firstly, in regions of low deformation, extracting a signal out of the noise is chal-
lenging. According to Mazzotti etal., 2005, the uncertainties associated with GNSS
are typically of the same order of magnitude as the deformation signal in areas of
low deformation (that they defined as strain inferior of 1071°/yr). Furthermore, a
prolonged acquisition period may be necessary to stabilize the signal over time, as
demonstrated by Walpersdorf etal., 2015, who showed that sub-millimeter velocities
in the southwestern Alps converged after a 15-year acquisition period.

Additionally, the velocities derived from GNSS undergo spatial inversion to be
analyzed in terms of strain rates. A well-distributed spatial coverage is essential,
which can be challenging, particularly when a portion of the region is offshore.
For instance, in their study on the Betics and the Maghreb, Sparacino etal., 2020
highlighted a limitation in their interpretation of the areas north of Algeria due to
the exclusion of offshore (highly active) deformation in that region. The impact of
this inversion is often absent from the analyses in various studies. Only a few authors
(Mazzotti etal., 2011; D’Agostino et al., 2009) have investigated the influence of
smoothing coefficients on geodetic moment results, showing that this impact is not
negligible. However, we have not found any studies that comprehensively discuss
all stages of the inversion chain on the moment budget.
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H2: Can the crust be accurately represented by a simple elastic layer
overriding a ductile layer?

The hypothesis of an elastic layer with a thickness H, accumulating deformation
and situated above a ductile layer (see Figure 2.8), is a key assumption that is
frequently debated in regions exhibiting a seismic moment deficit. Many authors
interpret this difference in terms of "aseismic deformation’ (for instance, Elliott etal.,
2016; Sparacino etal., 2020, for the Betics and Morocco; Ward, 1998b, in Turkey;
Chousianitis etal., 2015, for the western Gulf of Corinth in Greece; Masson etal.,
2004, for the Zagros region in Iran; Mazzotti et al., 2011, for Western Canada) which
can be attributed to several processes (viscous flow in the lower crust, asthenospheric
mantle, creep or afterslip on faults, magmatic deformation, etc.), as we will discuss
here.

Under the assumption of non-neglectable aseismic deformation, the conservation
theorem of moments can be rephrased as follows:

MOS = OéMOG (234)
with « as the proportion of aseismic deformation.

The aseismic deformation assumption is due to several reasons. First and foremost,
as discussed in section 2.3.2, estimating the seismogenic layer’s thickness is com-
plex and necessitates a well-constrained catalog where the earthquakes depths are
precisely known, which is not always the case. Since the method and definition
of this layer vary among authors, this leads to different results and considerable
uncertainty in estimating this parameter.

Secondly, the interpretation of the crust as a purely elastic layer has been a subject
of discussion, suggesting that it might be an oversimplified representation (Burov,
2011). Certain geological contexts are associated with specific rheologies, leading
authors to question the assumption of a purely elastic crust. For example, in Malawi,
Déprez etal., 2013 argue that the moment deficit in the Main Ethiopian rift is due
to potential volcanic activity. Similarly, in Iran, Palano etal., 2018 argue that the
formation of the Hormuz evaporites is responsible for aseismic deformation in the
associated zone. Similar arguments are put forth by numerous other studies. Some
tectonic contexts are almost systematically associated with a significant moment
deficit interpreted as aseismic deformation, such as those affected by viscoelastic
mantle flow (as Glacial Isostatic Adjustment (GIA)) (we will detail in the next point),
by volcanic activity or by certain lithology (evaporites, smectites, serpentinites).
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Thirdly, even in areas where the geology can be reasonably approximated with a
simple crustal model (Figure 2.8), moment may be released in the fault zone in
an aseismic manner in the form of creep (Rosen etal., 1998), afterslip, or slow
slip events (Behr and Biirgmann, 2021). This moment dissipation is not always
accounted for in the seismic moment calculation and thus leads to a moment deficit.
Although this type of long-term creep has been proposed as an explanation for
the difference between GNSS and seismic rates in some areas (Working Group on
California Earthquake Probabilities, 1995; Masson et al., 2004; Barani et al., 2010),
most studies remain susceptible to limitations due to catalog completeness or geode-
tic strain rate resolution, which makes it difficult to obtain accurate quantitative
resolution of seismic moment under these conditions.

Fourthly, the alignment between the orientation of the seismic and geodetic strain
tensors is observed in many contexts, validating the assumption that the measured
deformation is representative of the stress field on the fault (Rontogianni, 2010; Mid-
dleton etal., 2018). There is a general agreement in both orientation and magnitude
between the time-averaged seismic and geodetic strain rate tensors, in regions large
enough where short-term variations in seismicity rate are not significant (Ekstrém
and England, 1989). Conversely, the crust breaks in areas of pre-existing weaknesses,
i.e., fault zones, which might have originated from ancient tectonic processes. The
orientation of faults relative to the stress field determines whether they are in a
favorable stress regime for rupture. For instance, Damon etal., 2022 investigation in
the Paris Basin, a region characterized by minimal deformation, revealed that the
considered GIA could induce significant stress perturbations capable of potentially
reactivating faults. However, it was observed that known fault structures in the
eastern Paris Basin are more likely to be immobilized when integrating these stress
perturbations into the ambient crustal stresses. The pre-existing structures within
the Earth’s crust can significantly influence the release of aseismic deformation.

The approximation of the zone’s geology by a simple elastic layer is one of the
greatest source of uncertainty in the geodetic moment calculation and would benefit
from better constraints. Some solutions have been proposed in the literature.

Firstly, some authors (Bird, 2004; Bird and Liu, 2007; Bird etal., 2010) propose
calculating the seismogenic thickness globally by introducing a ’coupled thickness’.
They separate plate boundaries into different types and calculate global geodetic
strain rates and associated seismic moments from seismicity catalogs considered
representative due to their global scale and thus constrained by numerous earth-
quakes. This approach allows the resolution the coupled thickness. Their estimates
have been widely used in the literature (Carafa etal., 2017; Rong etal., 2016; Bird
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and Kreemer, 2015). However, some issues persist, as even if seismicity catalogs
are more comprehensive at a global scale, are they complete and representative of
the long-term seismic cycle (especially in intracontinental environments)? More-
over, authors linking the percentage of aseismic behavior to the local geology show
that a local parameter’s contribution can be significant (e.g., evaporite formation,
volcanism). Working on a global scale, while very interesting generally and in the
context of creating global PSHA maps, may not be a universal resolution to aseismic

deformation issues.

Another occasionally discussed solution is regional rescaling. This was the approach
taken by Ward, 1994 and Lotfi etal., 2022. In essence, they solve equation 2.34
to obtain the percentage of aseismic on a regional scale. Once the proportion of
aseismic behavior is quantified, they discuss local variations.

Finally, another branch of research is crustal deformation model, aiming to consider
precisely the rheology of rocks in a given area. Takeuchi and Fialko, 2012, for
instance, proposed a deformation model along the San Andreas Fault to better
understand the seismicity of this area. Shen and Bird, 2022 also achieved promising
results by comparing the rates of seismicity from a crustal deformation model
constrained by fault data, GNSS, and crustal stress orientation with the current
seismic model.

In conclusion, understanding what occurs in the deforming Earth’s crust is a primary
source of uncertainty in establishing the moment budget.

H3: Is the interseismic loading always stationary ?

The notion that interseismic strain remains stationary finds support in the congruity
of geodetic and geological evaluations of slip rates on various continental faults
(Meade etal., 2013).

However, there are instances that contradict this hypothesis. We will cite three
examples hereafter :

* First, Peltzer etal., 2001 highlighted that the strain accumulation rate in the
East California Shear Zone is currently three times its average, whereas the
Garlock fault exhibits no present signs of strain accumulation, despite its
average slip rate of 7mm - yr~! over the Holocene. This illustration implies
that interactions between faults could induce notable temporal variations in
strain rates.
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* Another aspect to consider is viscoelastic relaxation following an earthquake,
which can extend over several decades Wang etal., 2012 (e.g., over 60 years
in the case of the 1960 Valdivia earthquake in Chile Wang etal., 2007). The
impact of this phenomenon can potentially extend to regional scales (Chéry
etal., 2001).

* Similarly, the case of GIA presents a pertinent example. Craig etal., 2016 have
shown that the reverse-faulting earthquakes (described by Arvidsson, 1996)
occurred in Scandinavia during a period of extensional strain, suggesting that
the elastic lithosphere might accumulate strain over long periods.

Stevens and Avouac, 2021, proposed a sanity-check to assess whether the inter-
seismic loading is stationary in their study of the Himalayas. They stated that
"Earthquakes release elastic strain built up over a duration much longer than the
period covered by geodetic measurements." As a result, temporal variations in the
strain rate tensor would manifest as geometric discrepancies between geodetic strain
and coseismic strain. Validating the geometric consistency between these tensors
could confirm the stationarity of interseismic loading.

H4: At what spatial scale should we integrate the strain rates?

The calculation of strain over zones is motivated by the observations of Amelung and
King, 1997, who demonstrate that strain release computed from earthquakes tends
to follow the regional pattern of tectonic deformation when averaged over a regional
scale. The geometry of the zones over which geodetic and seismic moments are
compared varies between studies, integrating over grids (Ojo etal., 2021; Masson
etal., 2004; Jenny etal., 2004) or polygons. Polygons are often defined based on
criteria of tectonic coherence, such as "homogeneous spatial and temporal seismicity
distribution; consistent tectonic and stress patterns; consistent GNSS strain rate
style (and amplitude)" (Mazzotti etal., 2011). An alternative approach proposed by
Stevens and Avouac, 2021 involves basing polygons on criteria of constant strain.
The zoning used for strain integration varies depending on the approach, impacting
the calculation of geodetic and seismic moments. Some studies have incorporated
the impact of zone geometry on moment balance. Rontogianni, 2010, for example,
investigated the compatibility between geodesy and seismicity on both grids and
polygons in Greece. It would be beneficial to further quantify the impact of selecting
specific zones in such studies.
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H5: Is the seismic moment representative of the long-term seismic cycle ?

Earlier it was observed that there are different approaches to calculating seismic
moment. Two major contrasting methods include using Kostrov summation on
the catalog and employing recurrence models. Several authors have utilized both
approaches to compare them (Palano etal., 2018; Ojo etal., 2021) and have found
that the seismic moment computed using Kostrov sums is generally lower than
that obtained from recurrence models. A limitation of using Kostrov sums is the
incompleteness of seismicity catalogs over the considered time period, leading to an
underestimation of the seismic moment. In contrast, considering recurrence models
attempts to capture long-term seismicity (Palano etal., 2018). For authors relying
on estimating seismic moment from recurrence models, a significant challenge is
properly accounting for uncertainties, especially in integrating the behavior near
M- Mariniere etal., 2021 demonstrated that the shape of the curve at high
magnitudes and the values of M,,,, were the parameters that most influenced
the seismic moment. Having representative models of long-term seismicity and its
uncertainties is, therefore, a challenge in these studies.

Moreover, the majority of studies that uses the traditional approach of computing
earthquakes recurrence model from Weichert, 1980 methodology (see 2.2), neglect
the contribution of aftershocks. This is grounded in research, such as that conducted
by Beauval etal., 2006, which quantified the contribution of aftershocks to seismic
hazard. Their findings indicate that, on average, aftershocks contribute less than
5% to the probabilistic hazard, with an upper bound reaching around 18% in the
Pyrenees region in France. However, Rollins and Avouac, 2019 noted that there is
uncertainty about whether to decluster the instrumental catalog first, which method
to use if so, whether declustering should yield a smaller b-value, and how this may
affect the inferred long-term model. Another limitation has been pointed out by Stein
and Liu, 2009 who showed that in intracontinental areas, a considerable portion of
intracontinental earthquakes may constitute aftershock sequences originating from
events occurring centuries ago. Stevens and Avouac, 2021 applied this argument in
their study of the Himalayas, arguing that there might be clusters corresponding to
aftershocks of main shocks that are not documented in the instrumental catalog they
utilized. Consequently, these clusters are not eliminated during the declustering
process. This may skew the average rate of small earthquakes, leading to an overall
upward shift in the seismic curve.

Other works have proposed alternatives to incorporate aftershocks in such studies.
Rollins and Avouac, 2019 developed moment-balanced synthetic catalogs including
seismicity with aftershocks. Similarly, Marsan and Tan, 2020 proposed models that
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utilize moment-balanced synthetic catalogs, which include aftershocks, indicating a
promising avenue for research.

Traditionally, PSHA models are based on instrumental and historical seismic catalogs
to compute recurrence models. However, this approach is limited in regions where
the average recurrence interval is greater than the length of historical seismicity,
as is the case in the majority of continental areas worldwide (Elliott etal., 2016).
Consequently, the issue of whether earthquake catalogs are long enough to capture
the long-term seismicity or not remains a crucial concern. Ward, 1998a argued
that the completeness of a seismic catalog depends on the duration of observation
and the regional strain rate, with regions experiencing slower strain requiring a
proportionally longer observation period. He modeled catalog completeness using
gamma distributions based on the ratio of observed seismic moment to geodetic
moment, demonstrating that it would take between 200 and 300 years of seismic
data to represent the long term seismicty in regions with a strain rate of 10~ "yr—!,
similar to that of Southern California. Conversely, regions with a strain rate of 10~
yr—1, such as the Southeastern United States, would require over 20,000 years of
seismic data to achieve a similar level of completeness. Similarly, Pancha, 2006
proposed introducing a factor that would indicate whether the catalog duration is
sufficient to represent the seismic cycle based on the geodetic moment, defined as
the product of the duration of the earthquake record, the area of the region, and the
average strain rate, as estimated by space geodetic methods.

In conclusion, the methods used for calculating seismic moments, the behavior of
recurrence models for high magnitudes, the consideration or neglect of aftershocks,
and the representativeness of seismicity catalogs are significant limitations for
seismic moments to accurately represent the long-term seismic cycle.

The particular case of areas affected Glacial Isostatic Adjustment (GIA), and
other contexts impacted by visco-elastic deformation

In this section, we will delve into the specific case of Glacial Isostatic Adjustment
(GIA) before extending our discussion to other types of context characterized by
viscoelastic deformation. In contrast to the rest of this section, we will incorporate
European examples to illustrate these concepts.

The GIA is a geodynamic process associated with glacial cycles. During a glacial
period, substantial amounts of water are locked in the form of ice on continents,
resulting in an overload on the continental lithosphere. This induces a large-scale

2.5 Comparisons between geodesy and seismology for earthquake
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bending of this elastic lithosphere, which sinks into the underlying viscous as-
thenospheric mantle. The viscoelastic relaxation of the mantle-lithosphere system
following the ice cap’s melting leads to a movement, recorded in GNSS data, char-
acterized by uplift velocities of several millimeters per year (up to 11 mm/year in
Scandinavia for example). The maximum uplift rates occurs where the ice cap had
its greatest thickness. Uplift rates decrease away from this central zone, and the
uplifted area may be surrounded by a subsiding region (Nocquet, 2005). Horizontal
velocities can exhibit a radial pattern, with velocities pointing outward from the
zone of maximum uplift rates.

The regions influenced by GIA are characterized by a persistent prevalence of geode-
tic moment over seismic moment, representing a substantial order of magnitude
disparity that cannot be solely attributed to data uncertainties, issues of catalog
completeness or aseismic deformation (Ojo etal., 2021 in Canada, Mazzotti et al.,
2011 for the western United States, James and Bent, 1994 in North America, Maz-
zotti etal., 2005 for western Canada, excluding the Charlevoix region, Keiding etal.,
2015 for Scandinavia).

We found 4 hypotheses have been posited in scientific literature to elucidate this
disparity.

First, James and Bent, 1994, conducted a comparative study in North America,
contrasting strains derived from a GIA model with seismicity data. Their findings
suggest that, in most instances, deglaciation appears to be unrelated to seismic
activity. They offer two potential explanations. Firstly, they argue that the rapid
and cyclical nature of post-glacial loading and unloading on a geological timescale
could trigger crustal yielding under significant strains over prolonged time periods.
Secondly, they propose that the orientations of strains originating from GIA do not
seem aligned to amplify the observed deviatoric stress field.

Another hypothesis has also been raised in Fennoscandia, where Keiding etal., 2015
and Craig et al., 2016 have shown that contemporary seismicity likely releases both
elastic strain accumulated from postglacial relaxation and ongoing tectonic strain.
Consequently, the modern geodetic strain rate tensor may not be in alignment with
the accumulated elastic strain available for release via seismic events.

Finally, one hypothesis highlights the role of the lithosphere’s visco-elastic response
to postglacial rebound as a primary source of aseismic strain (Mazzotti etal., 2011)
due to viscous flow in the astheosphere.

It is noteworthy that other contexts characterized by large-scale viscoelastic mantle
processes are also associated with aseismic deformation. For instance, the slab
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2.6.1

detachment that occurred in the Vrancea region in Romania (Nemcok et al., 1998)
exhibits significant post-seismic visco-elastic deformation, with substantial strain but
a low occurrence of shallow seismic events. Another example is the case of the Alps.
In the Alps, three tectonic processes can induce viscoelastic mantle deformation
characterized by aseismic deformation: (1) Post-glacial rebound (Mey etal., 2016),
(2) Erosion, where the removal of material (reduced weight) leads to isostatic
adjustments, (3) Slab detachment.

In this section, we observed that geodesy can function as a reliable proxy for seis-
micity in high-activity areas. However, challenges persist in systematizing its use,
especially in low-activity regions. The following section will delve into how geodesy
is practically integrated into Probabilistic Seismic Hazard Assessment (PSHA) mod-
els.

How is Geodesy Practically Integrated into PSHA
Source Models?

The use of geodetic data by various researchers in an attempt to better constrain the
probabilities and locations of future seismic events has been previously discussed.
The diversity of approaches in utilizing geodetic data to enhance the understanding
of the seismic cycle mirrors the variety of ways it is integrated into PSHA source
models.

It will be shown that numerous PSHA source models already incorporate geodetic
data, typically as a proxy for the available long-term seismic energy. This incor-
poration serves to constrain fault slip rates and is also integrated into area source
zone models. Additionally, some studies have suggested a more nuanced use of
geodetic data in PSHA by incorporating coupling concepts into these models, as will
be discussed subsequently.

To constrain fault slip rates

Geodesy provides precise information to constrain fault slip rates when combined
with other data types such as geochronology and paleoseismicity (Elliott et al., 2016).
It is frequently used in fault-based PSHA source models.

2.6 How is Geodesy Practically Integrated into PSHA Source Models?
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Its application in fault zones dates back several decades, with Molnar, 1979 establish-
ing a relationship between fault slip rates and the available moment in the region,
calculated from seismicity or geodetic data. Since then, various methods have
been developed. One straightforward approach is to utilize the relative horizontal
velocities between pairs of GNSS stations situated on opposite sides of the fault,
positioned sufficiently far from the fault trace to minimize the elastic contribution
from the locked fault segment (Beauval etal., 2014). Another commonly employed
method involves the inversion of geodetic data using block models (Meade and
Loveless, 2009).

Numerous PSHA models incorporate these data, including those by Field etal., 2014
in California, Petersen, 2014 covering other parts of the United States, Beauval etal.,
2014 in Ecuador, and Basili et al. in press. for Europe (ESHM20).

At the regional scale, integration in area source zone model

The integration of geodetic data into PSHA models has a long history. Papastamatiou,
1980 discussed the general incorporation of crustal deformation data into PSHA
models. Ward, 1994 then proposed the first PSHA source model based on geodesy,
which combined seismological, geodetic and geological data in a recurrence model
for forecasting earthquake frequencies in seismic hazard assessments. This proposi-
tion was subsequently integrated into the model put forward by the Working Group
on California Earthquake Probabilities, 1995 for California.

How is this done? There are several possibilities. One major approach involves the
development of hybrid models combining seismology and geodetic data. In such
cases, seismic events constrain a part of the recurrence curve, while geodetic data an-
chors the other part. This is commonly achieved through the estimation of maximum
magnitudes (M,,,.), which are challenging to determine (but it can also be used to
constrain the a value in areas where M, is well constrained). Various methods
have been proposed in the literature, such as resolving the moment conservation
equation and expressing M,,,, as a function of recurrence parameters. As already
detailed in part 2.5.2, various factors can influence the uncertainties associated with
this method, including the b-value, the choice of magnitude-frequency distribution,
and the precise moment-magnitude definition used (Field etal., 1999). Nonetheless,
the shape of the curve near M,,,, has the most significant impact on the derived
M, q Values (Mariniere etal., 2021).

This method of obtaining M,,,, has been extensively utilized in litterature. For
instance, Main etal., 1998 in the UK used a mixture of geodetic and isostatic models

Chapter 2 How to integrate geodesy into PSHA model : A State of the Art
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to constrain the magnitude-frequency distribution. Similarly, Koravos etal., 2003
constrained M,,,, for the Aegean region using tectonic moments and regional
seismicity. Pancha, 2006 in the United States compared different forms of Anderson
and Luco, 1983 equations to estimate M,,,,. Other studies, including Mazzotti et al.,
2005 in Canada, Mohapatra et al., 2014 in northern India, and Stevens and Avouac,
2021 in the Himalayas, also relied on geodetic data to anchor M,,,, values.

Several comprehensive PSHA source models have been constructed based on the
aforementioned approach. Rong etal., 2020 developed a hybrid PSHA model for
China, which exhibited favorable alignment with previous PSHA models. Lotfi et al.,
2022 introduced a novel PSHA model for Iran, also grounded on similar principles.
Additionally, other hybrid models have been proposed, including Field etal., 2014
in California, Kastelic etal., 2016 in the Dinarides, Hodge et al., 2015 and Williams
etal., 2023 in Malawi.

Various techniques have been proposed to capture the maximum magnitude, inte-
grating the uncertainties associated with the process. We can underline that Stevens
and Avouac, 2017 proposed a recursive approach to determine M,,,, from geodetic
data and observed earthquake occurrence rates, which accounts for aftershocks. This
method was employed in the PSHA source model developed for Nepal by Stevens
etal., 2018, where a hybrid PSHA source model was created. The maximum magni-
tude earthquake (M,,,,) was estimated using a combination of earthquake catalogs,
moment conservation principles and comparisons with other tectonic regions.

Rollins and Avouac, 2019 also developed an alternative approach to constrain
recurrence models using geodetic data by creating synthetic moment-balanced
catalogs that incorporate both Gutenberg-Richter models and aftershock models
(Bath law). They selected models that appeared to be consistent with the seismicity
of the considered zones, enabling the estimation of M,,,, and b-values as probability
distributions. Their method is well illustrated in the figure 2.12 for the example of
California. The moment-balanced recurrence models from synthetic catalogs are
represented in blue and grey, while the brown and white curves depict the G-R
model from the recorded instrumental catalogs including or not aftershocks. This
method proves to be highly valuable for obtaining distributions on the parameters of
recurrence models for various zones, thus providing potential application in future
PSHA models.

Moreover, Avouac, 2015 notably proposed an approach that was further investigated
by Mariniere et al., 2021 in their case study in Ecuador. Essentially, this technique
involves integrating coupling coefficient into the moment conservation principle and
incorporating it into the computation of M.

2.6 How is Geodesy Practically Integrated into PSHA Source Models?
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Fig. 2.12: From Rollins and Avouac, 2019 : (a) Preferred estimates of long-term-average

earthquake likelihoods (in Gutenberg-Richter space), assuming that mainshocks
obey a truncated (gray) or tapered (blue) Gutenberg-Richter (G-R) magnitude-
frequency distribution (MFD) and are accompanied by aftershocks plus postseis-
mic deformation. The brown lines are cumulative MFDs of the four versions of the
instrumental catalog. Thin translucent lines are full MFDs (including aftershocks)
of the best fit ting 0.5percent of models in the truncated (gray) and tapered
(blue) cases. The gray shape is the 2-D probability density function (PDF) of the
maximum earthquake’s magnitude and recurrence interval assuming a truncated
G-R distribution. The brown error bars show aggregate recurrence interval and
magnitudes of paleoearthquakes. The dashed purple line is cumulative MFD from
all faults in study area. (b) Histograms of b-values in the best fitting 0.5percent
of truncated (gray) and tapered (blue) models. The solid lines are intrinsic model
parameter b that governs mainshocks (M) and individual aftershock sequences;
the dashed lines are maximume-likelihood b-values of the full (F) long-term MFDs
of the same models (including aftershocks) at M. = 3.5; the brown lines are
maximum-likelihood b-values of four versions of the instrumental catalog at
M, = 3.5.
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Another major approach is to develop PSHA source models independent of seismicity
data. This was proposed by Shen and Bird, 2022 in California. Essentially, they
constructed a crustal deformation model using the Neokinema software, incorporat-
ing data from faults, GPS and crustal stress orientation. Subsequently, they derived
seismicity rates from this model and compared them with existing seismic models.
They observed that the long-term seismicity rates obtained from their model showed
good agreement with the observed seismicity rates, except in the Cascadia region
where the instrumental seismicity rates over 45 years were significantly quieter than
the projections from their long-term model.

2.6 How is Geodesy Practically Integrated into PSHA Source Models?
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At global scale

In this section, we briefly overview the research conducted in the aftermath of the
Seismic Hazard Inferred from Tectonics (SHIFT) project. Our objective here is not to
delve into the intricacies of the method (as it was not applied in this thesis) but to
acknowledge its existence and reference the relevant articles. The primary aim of
the SHIFT project was to enhance the reliability of long-term seismicity forecasts
beyond those primarily grounded in local instrumental and/or historical records,
incorporating plate tectonic models and strain data.

Bird, 2003 initiated the process with a comprehensive literature review on plate
tectonics, classifying every plate-boundary step into seven types, as cited in Table
2.1.

Following this, Bird, 2004 utilized these classifications to assign 95% of shallow
earthquakes to appropriate plate boundaries, estimating seismicity parameters in
concordance with tectonic constraints. They introduced a novel parameter, the
‘coupled thickness,’ representing the fraction of seismogenic thickness that is coupled.
The main result is a table associating each plate boundary with various parameters,
such as coupled thickness or the shearing coefficient. This table (table 2.1) is
presented hereafter, extracted from the subsequent article for ease of use.

Subsequently, Bird and Liu, 2007 refined the model and introduced a method
to estimate long-term average seismicity for any region. This approach relies on
geodetic strain rates and the earlier global calibration of plate-boundary seismicity
established in Bird, 2004. Essentially, the procedure involves calculating the geodetic
moment by combining geodetic strain rates with the remaining parameters (mu,
seismogenic thickness, considered as the coupled thickness) obtained from global-
scale statistics, as outlined in Table 2.1. This resulting geodetic moment is then
utilized to conduct moment budgets at a regional scale. The application of this
method to California yielded a long-term seismicity forecast exceeding the levels
observed in several 20th-century catalogs. Notably, this method has been embraced
in the literature, including contributions by Carafa etal., 2017 and Rong etal.,
2016.

Subsequently, Bird, 2009 created a long-term seismicity forecast map by applying
the Bird and Liu, 2007 method on a global scale. To achieve this, they initiated the
process by creating a strain rates map (called GRSM Global Strain Rate Model) on a
global scale based on GNSS data before utilizing their method to develop long-term
worldwide seismicity models.

Chapter 2 How to integrate geodesy into PSHA model : A State of the Art
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Tab. 2.1: From Bird and Liu, 2007 (truncated) : Seismicity Parameters for Discrete
Faults, with the 7 plate boundary types defined by Bird, 2003: CRB, continental
rift boundary; CTF, continental transform fault; CCB, continental convergent
boundary; OSR, oceanic spreading ridge; OTF, oceanic transform fault; OCB,
oceanic convergent boundary; SUB, subduction zone; <cz>, the coupled thick-
ness ; 6 the fault dip ; u, the shear modulus

Slip Plate
Subduction Crust Fault Rate, Boundary <cz>, 6, A
Zone? Type Type mm a’' Analog km* deg.* GPa*
Yes (Mixed) All (merged) any SUB 18 14 49
Thrust any CCB 18 20
Contin- o\ ike-slip  any CTF 86 73 277
ental
Normal any CRB 3 55
Thrust any 0CB 3.8 20 49
No <39.5 slow OTF 13
. medium
Oceanic Strike-slip 39.5-68.5 OTF 1.8 73 257
>68.5 fast OTF 1.6
Normal any OSR/normal eq.(3) 55 257
* Based on Bird and Kagan (2004), table 5.
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Finally, the Global Earthquake Activity Rate Model (GEAR) models developped by
Bird etal., 2015 propose a method to develop hybrid models between seismicity and

strain rate maps.

These articles are noteworthy as they offer global statistics to constrain the cal-
culation of geodetic moment. Additionally, they provide a valuable initial global
perspective on potential long-term seismicity rates, particularly useful for estimating
hazard in areas where no models have been developed yet. However, these models
were not employed in this thesis, as calibrating geodetic moment parameters based
on global data ultimately renders them dependent on global seismicity catalogs.
In our approach, we aimed to consider geodetic strain rates as a dataset entirely

independent of seismic catalogs.
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3.1

Comparison between seismic
moment rates from ESHM20
model and geodetic estimates

Active deformation and seismicity in Europe

Hereafter, we present a succinct synthesis of recognized deformation patterns in
Europe. Our approach involves a systematic description of the deformation character-
istics in each zone, with insights primarily drawn from review works by Jean-Mathieu
Nocquet (2012), Pifia-Valdés et al. (2022), and J.-M. Nocquet and Calais (2003;
2004). Throughout this discussion, we will reference pertinent studies that have
leveraged geodetic data to enhance our understanding of seismic behavior within

these zones.

High activity areas

In Europe, regions of high strain are positioned along plate boundaries, particularly
between Nubia and Eurasia in the western part of the continent and between Nubia,
Anatolia, and Eurasia in the east, owing to the relative movement of these plates.
The study made by Ward, 1998b, one of the early works in Europe, calculated the
geodetic moment in active zones based on strain rates and compared it with a seismic
moment calculated as the sum of earthquake moments in a 100-year catalog. They
obtained a ratio My /Mys between 0.5 and 0.7 in active European zones, except
for Turkey (0.22). The authors argued that improved geological fault databases,
longer historical earthquake catalogs, and the densification of the continent’s space
geodetic network would clarify the roles of aseismic deformation versus statistical
quiescence.

In a more recent study, Rong et al., 2016 focused on active zones in Europe (excluding
intraplate regions). They initially compared geodetic and seismic moments for
ESHM13 (Woessner etal., 2015) area sources grouped by proposed M,,,, ranges.
The study revealed a good agreement between these two values in the Apennines,
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Dinarides, and most of the eastern Mediterranean. However, for the Betics, Alps,
and Pannonian Basin zones, they demonstrated that the geodetic moment exceeded
the seismic moment. In these cases, the authors argued that this inequality validates
the decisions of ESHM13 modelers to set M,,,, values above observed historical
seismicity. A similar observation was made in areas around the North Anatolian
Fault.

Now, let’s present the major deformation patterns from west to east.
1) Westernmost part of Europe and Betics range

To the west of the Gibraltar Strait, the oceanic-oceanic plate boundary between
Nubia and Eurasia transitions into a continent-continent type, with an increase of
deformation from west to east (Nocquet, 2012). According to Nocquet and Calais,
2004; Serpelloni etal., 2007, more than 90% of the convergence in the westernmost
part of Europe is accommodated through the Maghrebide (figure 3.1). In our
study area, the Betics Mountains (figure 3.1), located in the southwest of Spain,
constitute the primary deforming region along the dextral strike-slip Betics fault
system, which accommodates a 4mm/year dextral strike slip movement. Koulali
etal., 2011 proposed that the southern Betics can be modeled as a block, including
the Rif, moving southeastward relative to stable Eurasia. This zone also concentrates
the majority of seismicity in the region, both in terms of the number of earthquakes
and their magnitudes.

Sparacino etal., 2020 focused on the Maghreb and Betics, defined source zones
and analysed seismic/geodetic moment ratios. The findings revealed that, in the
Betics, most of the region exhibited a seismic-to-geodetic ratio (Mys/Moyg) below
23%, while certain areas, particularly those in the east, presented an intermediate
ratio between 35% and 60%. The authors interpreted this difference as indicative of
the proportion of aseismic deformation present in this region.

Chapter 3 Comparison between seismic moment rates from ESHM20 model
and geodetic estimates
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Fig. 3.1: From Nocquet, 2012: A: Tectonic map of Iberia and Morocco, H.F.Z.: Horsehoe
upper case names surrounded by the yellow rectangle indicate main tectonic
plates. H.F.: Horseshoe fracture zone. B: Seismicity distribution (NEIC catalog,
1976-2010) and CMT focal mechanisms (http://www.globalcmt.org, 1976-2011);
C: velocity field in a Eurasia fixed reference frame. Error ellipses show 1-sigma
(67%) confidence level.

2) The Appenines

Looking east, the counterclockwise rotation of Adria/Apulia (figure 3.2a) plate
with respect to stable Europe results in a north-eastward motion visible in Italian
peninsula (Pifia-Valdés et al., 2022; Nocquet, 2012) as it can be seen in the figure
3.2c. Their relative motion is accommodated by a set of active faults which has
an extensional play in the Apennines range (as shown in the kinematic models
figure 3.2d). This region accommodates up to 4mm/yr of horizontal velocities
and 1-2mm/yr uplift. The figure 3.2b shows that the Apennines range presents an
abundant seismicity, mainly extensive.

The Italian Peninsula has garnered considerable attention in research due to the
abundance of rich, reliable, and consistently updated historical earthquake and
seismogenic fault databases, coupled with the dense network of permanent GPS
stations.

Firstly, the Apennines have been a extensively studied region, and the correlation
between seismicity and strain evolution can be conducted in a highly detailed
manner, as demonstrated by these two studies.

D’Agostino et al., 2009 performed a moment budget in the Apennines, revealing a
moment deficit in the northern Apennines. They suggested that this deficit could be
filled by forthcoming seismicity or explained by aseismic deformation (see section
2.5.2).

3.1 Active deformation and seismicity in Europe
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Fig. 3.2: From Nocquet, 2012: A: Tectonic map of central Mediterranean. W. Alps: western
Alps, C. Alps, central Alps, F.R.: French Riviera, P.B. Pannonian basin, Lig. Sea,
Ligurian Sea, Tyr. Sea, Tyrrhenian Sea, Io. Sea, Ionian Sea, Ad., Adria, G: Gargano,
0.S.: Otranto Strait, AP. Apulia, M.S. Messina strait, C.W, Calabrian wedge, Hy.
Hyblean plateau, M.E, Malta escarpment, S.C: Siculy Channel. B: Seismicity
distribution (NEIC catalog, 1976-2010) and CMT focal mechanisms ; C: velocity
field in a Eurasia fixed reference frame. Error ellipses show 1—sigma (67%)
confidence level. D: Kinematics models 1, 2, 3 indicate the boundary between
Apulia and Nubia favored by different authors (see Nocquet, 2012 for more
information).
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D’Agostino, 2014 conducted a comprehensive analysis of the geodetic and seismic
moment accumulation over time in the central Apennines, demonstrating that the
geodetic moment accumulation coincides with the seismic moment accumulation
without the need for invoking aseismic processes. They also identified spatial
patterns where seismic moment release occurred in areas with a previous moment
deficit, suggesting the presence of a spatial window capable of generating a 6.5
magnitude earthquake.

The figure 3.3 provides a comprehensive visualization of the findings. The plot de-
picting the cumulative moment release (b) from earthquakes in the area (illustrated
in c) reveals that the total moment release reaches a plateau corresponding to the
long-term geodetic moment across the Apennines, except for specific areas identified
as a spatial windows (a). This observation suggests that the occurrence of a major
earthquake in these spatial windows is anticipated compared to other parts of the
Apennines.

Several other studies combining seismicity and geodesy have been conducted in
southern Italy, offering novel insights into deformation patterns and stress states in
the region.

Jenny etal., 2006, in southern Italy, incorporated constraints on the style and rate of
deformation from geological and geodetic data at the seismotectonic source zone
scale. They demonstrated that in the majority of southern Italy, seismic coupling
appears to be broad, even complete, in most zones, indicating good compatibility
between geodetic and seismicity data. The only exception is within the Southern
Tyrrhenian thrust zone, where they identified aseismic deformation ranging from
25% to almost 100% for the Aeolian Islands.

Angelica etal., 2013 presented a comprehensive analysis of the seismic potential
distribution across the Apennines and southern Italy, examining the variations in
space-time seismic strain rates in comparison to cumulated geodetic strain rates.
The study demonstrated that deformation rates derived from seismic and geodetic
data exhibit similar styles of deformation and coherent kinematics in areas where
both datasets provide enough information. The southern Apennines exhibited the
highest seismic potential, revealing a significantly lower seismicity in the last two
decades despite being subjected to the highest total strain rates. In contrast, the
central-northern Apennines and the northern offshore region of Sicily demonstrated
a lower seismic potential than the central-southern Apennines, possibly influenced
by more recent seismic activity in these areas. The Messina Straits and eastern Sicily
displayed significant seismic potential, along with the Calabrian arc (see figure 3.2a
for the locations).

3.1 Active deformation and seismicity in Europe
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Fig. 3.3: From D’Agostino, 2014 : a) Second invariant of the strain rate tensor with model
velocities (white vectors), labeled dates of My, > 6 seismic events and active
faults. (b) My, > 6 seismic events ordered in temporal sequence from bottom to
top are shown as horizontal red bars scaled to the length of rupturing faults. (c)
Distribution of smoothed seismic moment released by earthquakes in various time
frames compared with the 1550-2010 seismic moment buildup from GPS (95%
confidence interval). (d) Deficit of seismic moment release calculated in moving
spatial windows of 25 and 50 km (assuming a zero strain level prior to 1550).
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Carafa etal., 2018 investigated the subduction of the Ionian seafloor beneath Cal-
abria. Historically, Calabria has experienced significant crustal earthquakes, but
there is no evidence available regarding the activity of the underlying megathrusts.
The key question they addressed, is whether the subduction interface is creeping, pos-
ing no additional threat to the region, or if it is locked and capable of rare but major
earthquakes. Through numerical 3D modeling of crustal and subduction-related de-
formation constrained by GNSS velocities, they demonstrated that Southern Calabria
may represent a "geodetic gap", where subduction-related strains are temporarily
offset by crustal strains. This suggests that the subduction may indeed be locked.

Finally, it is worth noting a recent study that provided new constraints on the state
of faults at the scale of the entire Italy. Carafa etal., 2017 analyzed fault catalogs,
earthquake catalogs, and geodetic data to enhance the understanding of coupling
on different types of faults (extensional, strike-slip, compressional). They have
demonstrated that seismic coupling is twice as large for extensional faults compared
to compressional faults, implying that the most significant earthquakes occur in
extensional settings, while compressional faults host comparatively smaller events.

3) The Alps

Toward the north, the Alps show low strain rates. In the western Alps, inframil-
limetrics horizontal velocities underline extension where the highest relief takes
place. In central and eastern Alps, the 2mm/yr of convergence between Adria and
Europe (5-10 nanostrain/yr) is principally localized in the south of the Dolomites.
This region has been studied by several authors :

Firstly, Barba etal., 2013 estimated the seismic potential in this region by fitting
a rheological model with GPS data. They interpreted the comparison between
the deformation provided by the model and seismicity rates in terms of coupling
coefficients on different faults in this area. They showed that certain structures in
this zone, such as the Massano Thrust, are prone to be characterized by aseismic
deformation, whereas others, like the Bassano Thrust, may be locked and thus prone
to produce major events.

Then, Cheloni etal., 2014 estimated the seismic potential in this region using
geodetic data, suggesting that a magnitude 7.5 earthquake would balance the
moment budget and align with the fault zone’s geometry in the region.

4) The Dinarides

The Dinarides region, as depicted in Figure 3.4, serves as a focal point for significant
seismic activity in the examined area, as illustrated in Figure 3.4b. This zone plays a
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crucial role in absorbing a substantial portion of the Italian peninsula’s movement
towards the northeast relative to Europe, with a rate of 3mm/yr compared to the
overall convergence rate of 4mm/yr, as evidenced in Figures 3.4c and d. The residual
northeastward velocities are accommodated in the Pannonian basin towards the
east.
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Fig. 3.4: From Nocquet, 2012: A: Tectonic map of central Mediterranean. Ad. Adria,
AP. Apulia, H Hungary. B: Seismicity distribution and CMT focal mechanisms
; C: velocity field in a Eurasia fixed reference frame. Error ellipses show 1-
sigma (67%) confidence level. D: Kinematics model. Dashed area shows the area
accommodating the deformation. Green arrows show the average strain rate
(nstrain/year) for the Pannonian basin.

In the Dinarides the study of Kastelic etal., 2016 assesses the efficacy of geodynamic
models in comparison to traditional Probabilistic Seismic Hazard Assessment (PSHA)
models based on seismicity. Utilizing various geodynamic models constrained by
fault data and GPS measurements, the authors demonstrate a notable consistency
with conventional PSHA models. Seismic hazard calculations derived from geody-
namic models exhibit coherence with those from classic seismicity-based models.
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Moreover, the variability in results, quantified in terms of Peak Ground Acceleration
(PGA), is found to be comparable to that arising from ground motion prediction
models. This comparative analysis underscores the efficacy of geodynamic mod-
els in addressing seismic uncertainties, providing a complementary approach to
conventional seismicity-based methodologies.

5) Eastern Mediterranean

The figure 3.5 from Nocquet, 2012 shows that the eastern Mediterranean pattern of
deformation is due to a combination between the relative movement of Nubia wrt
Eurasia at convergence rates of 5.5 to 6 mm per year in the direction N322-332E, and
between the movement of Arabia wrt stable Eurasia of 1.5cm/yr in a direction N340
(Nocquet, 2012). Both movement result in a counterclockwise rotation of Anatolia.
The principal deforming areas are at its borders. We can highlight the subduction of
Nubia beside Eurasia which occur in the Hellenic trench with a convergence rate
around 3.5cm/yr, the dextral strike slip motion of 2.5cm per year along the north
Anatolian Fault and the dextral strike slip Kephalonia fault (2cm/yr). Despite the
high velocities at its border, high deformation rates are also recorded inside Anatolia.
Several studies have been done in the Aegean : Firstly, Clarke etal., 1997 performed
a moment budget analysis in the Gulf of Corinth, indicating agreement between
the geodetic and seismic values to the east of the gulf. However, a seismic moment
deficit was observed in the central and western parts, suggesting a requirement for
several My, 6.5 earthquakes to balance the budget.

Secondly, in their study focusing on Greece, Rontogianni, 2010 undertake a com-
parative analysis of geodetic and seismic strain rates. Their investigation reveals a
remarkable consistency in the orientations of these deformation measures, thereby
bolstering the reliability of geodetic data. Employing a strain budgeting approach,
the authors juxtapose the amplitude of geodetic strain, assessed across polygons and
a grid, against seismic strain derived from recorded seismic events. The findings
uncover a pervasive seismic strain deficit across all examined regions in Greece. The
researchers interpret this deficit as indicative of latent seismic potential, suggesting
that accumulated deformation may be discharged through future seismic events.
Alternatively, they entertain the possibility of aseismic deformation.

Thirdly, Vernant etal., 2014 explored the Hellenic subduction by employing GNSS
data to fit a block model. Their objective was to assess the coupling properties along
the main structures. They demonstrated that a low coupling (10 percent) for the
Hellenic Trench is in agreement with the observations.
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Finally, in their investigation Chousianitis etal., 2015 on the Aegean scale, the
authors explored the moment budget, revealing that in the central Ionian Sea, the
geodetic moment is entirely released seismically. However, across the majority
of the study area, geodetic moment rates exceeded earthquake-based rates by at
least a twofold margin. This disparity was primarily attributed to the limitations
in earthquake catalog representativeness over extended periods, or suggesting a
potential contribution from aseismic deformation. Particularly in the western part of
the Gulf of Corinth, the authors identified deficits in seismic moment rates reaching
60% to 70% of the total deformation budget. They interpreted this incongruity not
solely as attributable to future seismic events but rather as necessitating a component
of aseismic deformation.

In our study region, specifically in Turkey, another noteworthy investigation is
the study by Meghraoui etal., 2021. They conducted a compelling study on the
Marmara Fault (the western termination of the North Anatolian Fault in Turkey),
performing a moment budget using seismic and paleoseismic data. They calculated
the moment deficit compared with geodesy and concluded that it can be balanced
by an earthquake of magnitude 7.4/7.5.

Low to moderate activity areas

In intracontinental Europe, the most important movement recorded by GNSS, is
due to the Glacial Isostatic Rebound (GIA) in Fennoscandia. During the Last Glacial
Maximum (~ 20 ka), an ice cap, which had a maximum thickness of 2 to 4km
covered northern Europe and a large part of Britain island (Steffen and Wu, 2011).
As a result, the visco-elastic relaxation of the mantle lithosphere system following the
melting of the ice cap causes an uplift which as a maximum (~ 11mm/yr) in the gulf
of Bothnia and progressively decreases until reaching subsidence of 0.4mm per year
in the northermost Europe (Nocquet, 2005). Horizontal velocities are organized in
radial pattern and reach 2mm per year. The strain is mainly extensional in the center
of Fennoscandia whereas a shortening is observed in the surrounding regions.

This region demonstrates a disparity between geodetic and seismic strain rates
in both orientations and magnitude (Keiding etal., 2015; Craig etal., 2016). We
recommend referring to Section 2.5.2 for more details.

Except for GIA, other places in Europe are known as potentially seismic active areas.
It is the case in the Armorican fault system in France, in the Roer-Rhine graben
system (between France and Germany), in the Eifel hotspot in Germany and in
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the Pyreneans mountains strike slip fault system at the border between Spain and
France.
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3.2 Article. Towards integrating strain rates in PSHA

3.2.1

models in Europe: Comparison between seismic
moment rates from ESHM20 model and geodetic
estimates

This article is a work in progress currently undergoing revision with the intention of

submission to the Geophysical Journal International in the coming months.

Introduction

Nowadays, source models in up-to-date probabilistic seismic hazard studies are
based both on past seismicity and active tectonics datasets. For example, the source
model logic tree in the European Seismic Hazard Model 2013 (Woessner etal.,
2015) and its update the European Seismic Hazard Model 2020 (Danciu et al., 2021)
include two main branches, an area source model and a fault model. In regions
where active faults are rather well-characterized, they must be accounted for in
the hazard estimations (e.g. Stirling etal., 2012; Field etal., 2014; Beauval etal.,
2018). Fault models are mostly based on geologic information, covering much
larger time windows than the available earthquake catalogs. Fault models thus
bring insights on the generation of earthquakes that complement the catalog-based
earthquake forecasts. However, fault databases are known to be incomplete, even in
the best characterized regions, and earthquakes may occur on unknown faults, as
demonstrated by several earthquakes in the past (e.g. the two 2002 Mw 5.7 Molise
earthquakes (Valensise et al., 2004) in Italy; or the Darfield Mw 7.1 earthquake in
New Zealand (Hornblow etal., 2014).

The use of geodetic data in the building of source models has been limited up to now,
although deformation rates based on velocities from the Global Navigation Satellite
Systems (GNSS) constitutes a promising perspective for constraining earthquake
recurrence models (Jenny etal., 2004; Shen etal., 2007). GNSS stations measure
the present-day displacements at the surface of the earth. A convenient way to
characterize the ground deformation is to invert the surface velocities measured
by GNSS to compute strain rate maps, that are independent from the reference
frame. The accuracy of the estimated strain rates depends on the spatial density
of GNSS stations, on the quality of the sites, and on the duration of the recordings
(Mathey etal., 2018). Along major interplate faults, such as subduction zones or
lithospheric strike slip faults, interseismic velocities measured by GNSS are now
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commonly used to constrain the slip deficit on the fault associated with locking
in between large seismic events (also referred to as interseismic coupling). In
such highly active tectonic boundary regions, the interseismic slip deficit may be
combined with the earthquake catalog to constrain earthquake recurrence (Avouac,
2015; Mariniere etal., 2021). In plate interiors, where the faults are moving more
slowly and where the fault mapping might not be exhaustive, strain rate models can
provide constraints on the seismic potential.

Indeed, the tectonic loading recorded by geodesy should be proportional to the
energy released during earthquakes, under the assumption that the earth’s crust
behaves elastically. If this assumption is true and if other factors such as aseismic
deformation are not significant, then the rate at which energy is released during
earthquakes (represented by the seismic moment rate) and the rate at which tectonic
forces build up between earthquakes (represented by the geodetic moment rates)
should be equal (Stevens and Avouac, 2021). This balance can be used to constrain
magnitude-frequency distributions. In the last 30 years, a number of studies have
analyzed the catalog-based magnitude-frequency distributions with respect to the
tectonic loading measured by geodesy. In the Hellenic arc, Jenny et al., 2004, found
that the maximum magnitudes required for the earthquake recurrence models to be
moment-balanced were unrealistic and concluded that a large part of the strain is
released in aseismic processes. In the India-Asia collision zone, Stevens and Avouac,
2021 highlighted a correlation between earthquake rates and strain rates. They
established moment-balanced recurrence models that fit both past seismicity and
the geodetic moment, bounded by maximum magnitudes compatible with those
expected in the region.

Determining the extent to which the methods used to study highly active tectonic
regions can be applied to areas with lower levels of seismic activity is an open
research question. The present study is at the scale of the whole European continent,
that is very heterogeneous in terms of tectonic activity. Southern Europe, with
regions such as the Apennines, Greece and Turkey, is characterized by a high seismic
activity; whereas northern and central Europe is characterized by a low to moderate
seismic activity. We take advantage of two new studies performed at the scale
of Europe: the release of the new probabilistic seismic hazard model for Europe
(ESHM20, Danciu etal., 2021); and the strain rates models computed by Pifia-Valdés
etal., 2022. Our objective is to compare the ESHM20 earthquake forecast with the
deformation rates obtained from the GNSS velocities, giving special attention to the
estimation of uncertainties.
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In a first step, we present the datasets and methods used to compute the seismic

and geodetic moments integrated in space and time and to explore the uncertainties.

Then we compare the estimated seismic and geodetic moments in the different
source zones of the ESHM20 model that covers the whole of Europe. We then
discuss the parameters that influence the most the compatibility in both high and
low-to moderate activity.
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3.2.2 Seismic moment: moment distribution associated with the

ESHM20 source model logic tree

The 2020 European Seismic Hazard Model (ESHM20) aims at delivering seismic
hazard levels throughout Europe, using harmonized datasets and applying homoge-
neous methodologies (Danciu etal., 2021). The hazard model is made of a source
model logic tree and a ground-motion logic tree. The present study deals with
the source model component. The earthquake forecast includes all earthquake
types, ie crustal, deep, and subduction earthquakes. In this paper we focus on the
contribution of crustal seismic sources, that can be easily compared to surface strain
rate.

The ESHM20 source model is based on several updated datasets (Danciu etal.,
2021): an earthquake catalog, covering the time window 1000-2014, including
both historical and instrumental periods, and a fault database including potentially
active faults, with their geometry and geologic or geodetic slip rates (European
Fault-Source Model 2020 EFSM20, Basili et al. in press.). The source model logic
tree accounts for alternative source models to capture the spatial and temporal
uncertainty of the earthquake rate forecast in Europe. It includes two main branches
: an area source model and a fault model associated to a smoothed seismicity
model.

The area source model is made of area sources which geometry is guided by seis-
motectonic evidence such as potentially active faults, geologic features, seismicity
pattern (Danciu etal., 2021). For every area source, a Gutenberg magnitude-
frequency distribution (Gutenberg and Richter, 1944) has been established from
the earthquake catalog taking into account time windows of completeness. Two
alternative models have been considered to account for the uncertainty in forecasting
earthquake rates in the upper magnitude range:

* a magnitude-frequency distribution truncated at a maximum magnitude M,,q,,
corresponding to form 2 in Anderson and Luco, 1983 :

N(m) = 10472 4 109" Mmas for m < M, (3.1)

* atapered Pareto distribution (Kagan, 2002) which includes a bending of the
recurrence model from a magnitude called the corner magnitude (M.).

As an alternative to the area source model, a fault model has been built, associated
with off-fault smoothed seismicity (Fig 3.7). For each fault, a moment-balanced
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magnitude-frequency distribution has been established, that accommodates the
moment inferred from the slip rate and the geometry of the fault, assuming moment
conservation principle. The maximum magnitude is obtained applying the Leonard,
2015, scaling relationship to the length, the width and the area of the fault (Basili et
al. in press). The smoothed seismicity model relies on the earthquake catalog. To
avoid double-counting, a buffer zone is applied around each fault (see Danciu etal.,
2021).

The source model logic tree explores the uncertainty on the definition of the maxi-
mum (or corner) magnitude both in the area source model and in the fault model
(Figure 3.7). For the area source model, the uncertainty on the estimation of a- and
b- values is also considered (Gutenberg-Richter model branch). For the fault model,
the uncertainty on the slip rate estimates is explored. Overall, the exploration of the
logic tree leads to 21 alternative recurrence models, with different weights.
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For every area source zone, 21 alternative estimates for the seismic moment are
computed from the 21 alternative source models. Considering the recurrence models
Gutenberg-Richter and Pareto, the total annual moment rate corresponds to the
integral under the curve in terms of moment. In the case of the Gutenberg-Richter
model (form 2 in Anderson and Luco, 1983), the moment can be estimated using
the equation (Mariniere etal., 2021) :

For every area source zone, 21 alternative estimates for the seismic moment are
computed from the 21 alternative source models. Considering the recurrence
models Gutenberg-Richter and Pareto, the total annual moment rate corresponds
to the integral under the curve in terms of moment. In the case of the Gutenberg-
Richter model (form 2 in Anderson and Luco, 1983), the following equation is used
(Mariniere etal., 2021) :

Mg = 100 td+(e=0) Mmax (3.2)

b
(c—=0

with ¢ = 1.5 and d = 9.1 the parameters used in the calculation of the seismic
moment from the moment magnitude, Hanks and Kanamori, 1979.

To compute the annual seismic moment rate from the smoothed seismicity and fault
model, we sum the seismic moments associated to every spatial cell within the area
source zone (one magnitude-frequency distribution per cell). When a fault straddles
several zones, the seismic moment associated to the source zone is proportional to
the length of the fault within the source zone.

For each source zone, a distribution of 21 seismic moments is obtained, represen-
tative of the uncertainties considered in the ESHM20 source model logic tree. A
weighted mean seismic moment is calculated considering the weights associated to
every branch combination (Fig 3.7). Besides, approximate 16! and 84" percentiles
are inferred from the discrete distributions.

Geodetic moment computation from strain rates maps and
uncertainty exploration

Our aim is to use strain rates evaluated at the scale of Europe to estimate the geodetic
moment rate within every area source of the ESHM20 source model. We rely on
the work done by Pifia-Valdés et al., 2022. They combined ten GNSS velocity fields
with different spatial coverage in Europe. After filtering the velocity field obtained
to remove stations with highest uncertainties, they applied the VISR algorithm
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(Shen etal., 2015) to produce a strain rate map for Europe (a best estimate model).
The algorithm VISR calculates horizontal strains through interpolation of geodetic
velocities. It is an undetermined inverse problem; the algorithm uses as inputs the
discretized geodetic observations and delivers smoothed distributed strain rates. Key
decisions need to be taken on the exact weighting scheme to apply, that may impact
the interpolation and the final strain rate estimates. In our case, rather than a best
estimate, we need a distribution for the geodetic moment rate that is representative
of the uncertainties.

Uncertainties on the strain rate estimates

Ideally, only the stations with the best constrained velocity estimates should be
included for deriving strain rates, however a compromise must be obtained between
discarding poorly constrained stations and keeping a reasonable number of stations
for the analysis. Pifia-Valdés et al., 2022 have classified the 4863 available stations
into 4 categories A, B, C, and remaining stations, depending on their noise level
(increasing uncertainty on the velocity, with A the stations with lowest uncertainty).
To derive their best model, they finally decided to include all stations falling into
categories A, B and C. Here, we are interested in quantifying how much this decision
impacts the strain rate estimates and we explore the uncertainty related to the use
of only class A stations (3377), of both A and B stations (4091), or all stations A, B
and C (4468).

For the strain rates to be reliable, anomalous velocities must be identified and
removed from the combined velocity field. Pifia-Valdés etal., 2022 proposed to
detect outliers based on an analysis of the spatial consistency of the velocities.
For every station, the distribution of the velocities within a circular region around
the station is obtained; stations with velocities in the tails of the distribution are
considered outliers. Pifia-Valdés et al., 2022 tested 4 different radius (50, 100, 150
and 200km) and showed that when the radius is increased, the number of outliers
decreases. They used 150km for deriving their best estimate model, considering this
radius a compromise between the number of stations left (4238) and a reduction of
the variance obtained on the final solution. Here, we keep track of the uncertainty
associated with this decision, and we use alternatively the 4 different radii to
evaluate strain rates.

While applying the algorithm VISR, a number of decisions are required that may
impact horizontal strain rates estimates. Shen etal., 2015 show that the distance-
dependent weighting can be achieved by employing either a Gaussian or a Quadratic
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decay function, and that for the spatially-dependent weighting either an Azimuthal
weighting or a Voronoi cell area weighting function can be applied. Another crucial
parameter is the weighting threshold, which governs the smoothing of the inversion
process. Here we include in the analysis both the uncertainty on the smoothing
function and on the spatially dependent weighting, as well as three alternative
weighting thresholds values (6, 12 and 24; see Shen etal., 2015).

Estimation of the geodetic moment rate within an area source zone

For each area source of the EHSM20 model, we determine a distribution for the
geodetic moment rate. Figure 3.8 illustrates the different steps for the source zones
in Northwestern France.

First, for each component of the strain rate tensor (€., €yy , €2 ), We determine the
mean component from all grid cells falling within the source zone (Figs. 3.8a and
3.8b) :

ncells - .

Then we calculate the principal components (eigenvalues) of the strain rate tensor
within the area source :

B N T \2 — — 2
(e () o (53 )

Evo T8y | (Eaz — E Eoo+ 8y | (Can—Eg )\
WL—MIN( zxz yy+ (a:a:2 yy) +@2; m2 yy (wzz yy) +5xg;2>

(3.5)

As underlined by previous authors (e.g. Ward, 1998a; Pancha, 2006), the conversion
of surface strain to a scalar moment rate bears large uncertainties and there is no
unique method. We use three different equations for calculating the moment rate,
to propagate this uncertainty up to the final moment estimate:

* The Working Group on California Earthquake Probabilities, 1995, uses the
difference between the principal strain rates:

MOG = 2/~LAH(5max - 6m'm) (36)
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* Savage and Simpson, 1997, propose that the scalar moment rate is at least as
large as:

MOG’ - QNAHMAX(|€max’; ’émin|7 |émaa: - E.min|) (37)

¢ Stevens and Avouac, 2021, uses the second invariant, which reflects the
magnitude of the total strain rate:

Mog = ConAH\/Zr” + By + 250y (3.8)

With . the shear modulus and H the seismogenic thickness. (| is a geometric
coefficient, it depends on the orientation and dip angle (§) of the fault plane
accommodating the strain. Following Stevens and Avouac, 2021, for dip-slip faults
with uniaxial compression, Cy = 1/[sin(d).cos(d)] . A dip of 45° corresponds to a
geometric coefficient equal to 2, which is the value assumed by Working Group on
California Earthquake Probabilities, 1995 and Savage and Simpson, 1997, as well as
in a large part of the literature (e.g. Ward, 1998a; Jenny et al., 2004; Bird and Liu,
2007; D’Agostino, 2014). In their study focused on the Himalayan region, Stevens
and Avouac, 2021 consider two values, corresponding to dips between 45° (C, = 2)
and 15° (Cy = 4), to account for the low-angle thrust faults in the region. Here we
consider two values 2 and 2.6, which is the range corresponding to a dip between
25° and 65°.

The uncertainty on the shear modulus is also taken into account, including two
alternative values 3.3 * 10'N.m™2 and 3.0 * 10'°N.m~2 (e.g. Dziewonski and
Anderson, 1981). Whereas for the seismogenic thickness (H in Equations 3.6 to
3.8), as there is considerable uncertainty, we use three alternative values (5, 10,
and 15 km). This seismogenic (or elastic) thickness is the average thickness over
which a region’s principal faults store and release seismic energy (Ward, 1998a).
The thickness considered in the literature usually varies between 10 and 15km.
Pancha, 2006 used a fixed seismogenic thickness of 15km throughout the Basin and
Range region in Western US. D’Agostino, 2014 applied a thickness of 10 4 2.5km
throughout the Apennines in Italy, whereas Stevens and Avouac, 2021 considered
15km in the India-Asia collision zone. In a study extending over Canada, Ojo
etal., 2021 constrained the crustal thickness inferred from ambient seismic noise
tomography.
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mean principal components in the source zone (&,,;, and &,,.,) (Equation 2.23, 2.24). ¢) One estimate for the geodetic moment rate
within the source zone, using the strain rate best model of Pifia-Valdés etal., 2022 and considering a depth of 10km, a shear modulus of
p = 3.3% 101" N.m~2, the equation from Savage and Simpson, 1997, and a geometric coefficient C, equal to 2. Acronyms of ESHM20 area
source zones are indicated.



A geodetic moment rate distribution per area source zone

The aim is to obtain a distribution for the moment rate within an area source, that is
representative of the uncertainties. Figure 3.9 displays the exploration tree set up
to combine 12 different selections of GNSS stations (choice on the class and on the
radius applied to identify outliers), with 12 different regularizations of the GNSS
velocities inversion to determine strain rates (choice of the distance and spatial
weighting scheme, choice of the weighting threshold) and with finally 36 different
parametrizations to calculate the moment rate from the strain rates. For a given
source zone area, we obtain 5184 alternative moment rate estimates (12 * 12 * 26).
Figure 3.9b displays the distribution obtained for the area source zone hosting Paris
in France. The variability of the moment rate is significant, the value corresponding
to the percentile 84*" is three times larger than the value corresponding to the
percentile 16"

To understand which parameters, or decision, control the most the overall variability
on the geodetic moment, different parts of the tree are explored (Figure 3.10,
see Mariniere etal., 2021). The analysis is led in 3 example area source zones
characterized by different seismic activity: southern Brittany in France, located in
an intracontinental area and characterized by a low seismic activity, a large source
zone in Fennoscandia in a very low seismicity region, and northern Tuscany in
Italy, a moderate seismic area (see Fig. 3.11 for locations). For every parameter
choice, the entire tree is explored keeping fixed the other parameters, then from
the distribution obtained the mean as well as the percentiles 16!* and 84" are
estimated. For example, exploring separately the alternative branches corresponding
to the three different selections of GPS stations yields 3 distributions, made of 1728
moment estimates each (in green). Exploring separately the branches based on the 2
alternative spatial weighting schemes yields 2 alternative distributions, made of 2592
moment estimates each (in pink). The larger is the dispersion obtained between the
alternative mean values of the distributions, the larger is the contribution of this
parameter uncertainty to the overall moment variability.

The results show that the uncertainty on the seismogenic thickness controls the
overall moment variability, for all area source zones. The geodetic moment exhibits
a linear variation with both the seismogenic thickness and the shear modulus.
Except for the shear modulus for which a limited range of values is explored,
all other parameters’ uncertainties also contribute to the overall variability. It is
interesting to note that the exact selection of GNSS stations has an influence on the
moment rate estimates only in low seismicity areas (Fennoscandia and Southern
Brittany), but no impact in the moderate to high seismicity areas (such as northern
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Tuscany). This phenomenon can be attributed to the dominance of strong strains
in high-deformation zones, where even lower-quality stations provide accurate
measurements at a first-order approximation. Conversely, in low-deformation areas,
the measured signal is close to the noise level. Consequently, the exclusion or
inclusion of one or more stations has a substantial impact.
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Fig. 3.9: Determination of a distribution for the moment rate per area source zone, taking
into account the uncertainties on the different steps. a) Exploration tree to account
for the uncertainty on the exact set of GNSS stations used, on the technique
applied to infer strain rates from the geodetic velocities, and on the parameters
used to calculate the moment rate within an area source. b) distribution of the
geodetic moment rate estimates (5184 values) obtained for the example source
zone Parisian Basin in France (FRAS188 in ESHM20), mean value (red) and
percentiles 16'" and 84" (blue). ¢) Three alternative distributions for the moment
rate estimates, depending on the choice of the seismogenic depth, example source
zone Parisian Basin in France
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Fig. 3.10: Distribution for the geodetic moment rate (M) and identification of controlling
parameters, in 3 example source zones: southern Brittany (FRAS176), Fennoscan-
dia (SEAS410), and Northern Tuscany in Italy (ITAS335), see location in Figure
3.11). Mean value (square), as well as 16" and 84'" percentiles (vertical bar).
“Full”: full exploration of the tree (5184 branches’ combination and moment
values). “Class A, AB, ABC”: 3 different sets of GNSS stations, according to
quality (1728 values each). “Radius outlier”: choice of the spatial radius for
discarding outliers (50, 100, 150, 200 km, from salmon to dark red, 1296 values
each). “Distance weighting scheme”: choice of the decay function used for inter-
polation, whether Gaussian or Quadratic (2592 values each). “Spatial weighting
scheme”: choice of the method for spatial inversion, whether Azimuth or Voronoi.
“Weighting Threshold”: Choice of the threshold value on the distance weighting
function (6,12, 24, increasing smoothing, beige to brown, 1728 values each).
“Seismogenic depth”: elastic depth (5, 10 and 15 km, pink to red, 1728 values
each). “u”: choice of shear modulus value (3.3 * 10'°N.m (pink), 3 * 10'°N.m
(red)). “My¢ equation”: choice of the geodetic moment equation, see the text.
“Cy”. Choice of the geometric coefficient parameter, 2 ( pink) or 2.6 (purple)
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Fig. 3.11: Area source zones mentioned throughout the manuscript. In green: example
source zones in section 3.2.3: FRAS176 in Southern Brittany in France, SEAS410
in Fennoscandia, ITAS335 in northern Italy, as well as GRAS257 in Greece in
section 3.2.4. In pink : the eight source zones where the geodetic moment
estimates is much lower than the seismic moment estimates (section 3.2.4 and
Fig. 3.15). The grey dashed line represents the zones considered affected by the
Scandinavian GIA, including those intersecting this line and those located to the
north. The selection is based on the vertical velocity signal (Pifia-Valdés etal.,
2022) and includes 18 zones.
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3.2.4 Is ESHM20 earthquake forecast consistent with the tectonic

loading measured by geodesy?

Our aim is to compare the moment rate corresponding to the long-term ESHM20
source model with the geodetic moment rate. We acknowledge that the comparison
between deformation measurements performed over a few decades and a source
model built for hazard assessment must be done with caution. The ESHM20 earth-
quake forecast relies on earthquake catalogs extending over several centuries. The
recurrence model is in general anchored on the observed seismic rates extrapolated
up to magnitudes that correspond to the largest possible events in the area sources.
The model thus relies on past seismic rates as well as on a wider analysis of the seis-
mogenic potential of the area. The model also includes our current knowledge about
active faults (fault traces, segmentation, extension at depth). Geodetic information
has been used in some cases for estimating the deformation accumulating along
these faults (Basili et al. in press). The strain model thus is not strictly independent
from the source model, however GNSS velocities have not been directly used to
build the ESHM20 source model. The strain rate model can be used to test the
ESHM20 source model and evaluate how realistic the model is.

Correlation between geodetic and seismic moment rates at the scale of
Europe

The geodetic moment rate quantifies the ground surface deformation, that encom-
passes both seismic and aseismic processes. The mean moment estimates obtained in
every area source zone are displayed in Figure 3.12. Overall, geodetic moment rates
appear larger or equal to seismic moment rates, similarly to the findings of many pre-
vious studies (e.g. Ward, 1998a; Jenny et al., 2004; Mazzotti etal., 2011). Largest
geodetic and seismic rates are found in Greece, in Italy and in the Balkans. The
distribution in space of the geodetic moment rate is much more smoothed than the
seismic moment rate. One explanation could be that the deformation measured by
geodesy is more representative of long-term processes than the earthquake catalogs.
If earthquake catalogs of much longer time windows were available (e.g. 100,000
years), would the spatial distribution of the seismic moment rates be more alike
the spatial distribution of the geodetic moment rates? Another explanation could
be that the geodetic moment rate has a lower resolution in space than the seismic
moment rate inferred from the modeling of earthquake recurrence. Indeed, because
of the smoothing procedure applied to derive the strain rates, the geodetic moment
is strongly correlated spatially. Besides, we observe that in low-seismicity regions,
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geodetic moment rates reach a plateau (in green, in mainland Spain, northern
Europe and Fennoscandia) most probably because of a sensitivity threshold of the
velocities measured by GNSS, whereas the seismic moment rates go down to much
lower values.

Figure 3.13 demonstrates a remarkable linear correlation between the geodetic and
seismic moment rates above ~ 2.10 N.m.yr~!.km~2. In general, in the most active
regions in Southern Europe, the geodetic moment rates are well correlated with
the seismic moment rates. On the contrary, in the less active regions in northern
Europe, above ~ 50° latitude, the geodetic moment appears completely decorrelated
from the seismic moment. Seismic moment rates decrease to levels as low as
10° — 10'° N.m.yr—t.km~2, whereas geodetic moment rates reach a plateau around
10'2N.m.yr~'.km~2. The deformation measured in Fennoscandia and surrounding
regions might be mostly related to the post-glacial rebound and only a very small
part of it might be tectonic deformation (Keiding etal., 2015; Craig etal., 2016).
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Fig. 3.12: Mean geodetic and seismic moment rates within the ESHM20 area source zones. a) Mean geodetic moment (Moc) based on the strain
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Comparison of the moment rates distributions

Rather than comparing only mean values of distributions, the comparison of the
full distributions can be more instructive as the uncertainties are accounted for. For
a given area source zone, the distribution for the geodetic moment rate relies on
5184 alternative values (see Section 3.2.3), whereas the distribution for the seismic
moment is built from the 21 alternative branches in the ESHM20 source model
logic tree, taking into account the weights associated to each branch. To achieve
parity in the number of data points with the geodetic moment rate distribution,
we multiplied the seismic moment associated with each branch by its weighting
coefficient. Subsequently, we duplicated this distribution to align the number of
elements in the two datasets.

In Fennoscandia, the geodetic moment estimates are on average one hundred to
three hundred higher than the seismic moment estimates (loglo(Mgs / Mo(;) varies
between -2 and -2.5, in red in Fig. 3.13). The uncertainty on the geodetic moment
is large, but still there is no overlap between the two distributions (example source
zone SEAS410, Fig. 3.14). In most area sources below latitude 52°, geodetic moment
estimates are larger or equal to seismic moment rates, up to five times higher on
average than seismic moment rates (logio(Mos/Moc) varies between 0 and -0.7, in
green and yellow in Fig. 3.13). In some area sources such as GRAS257 in Greece,
the mean geodetic moment rate results five times higher than the seismic moment
rate and the two distributions only partially overlap. In other sources, such as
FRAS176 in France or ITAS335 in Italy, the seismic and geodetic distributions are
very consistent.

We quantify the overlap between the geodetic and the seismic distributions, for
all area sources (Fig. 3.15). As the distributions are mostly unimodal (one mode
only), the overlap between the distributions is usually increasing with closer mean
moment values. In the most seismically active regions in Europe, i.e. in Greece, Italy,
the Balkans, as well as in some parts of France and Switzerland, the seismic and
geodetic moment estimates are rather consistent (overlap between 35 and 80%, in
blue); whereas elsewhere the fit is quite poor (overlap lower than 30%, in red).
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Fig. 3.13: Comparison between geodetic and seismic moment in Europe at the scale of
the ESHM20 source zone : mean My versus mean Mg at the scale of the
source zone (uncertainty range 16" to 84*" percentile indicated). Sources zones
locations are indicated : 1: FRAS176 (southern Britanny) ; 2 : FRAS188 (Parisian
Basin) ; 3 : ITAS323 (Northern Tuscany) ; 4 : SEAS410 ; 5: GRAS257 ; 6 :
ITAS335 ; 7 : FRAS164 ; 8 : CHASO71 ; 9 : DEAS113 ; 10 : DEAS109 ; 11 :
ITAS339 ; 12 : BGAS043 ; 13 : ITAS331 ; 14 : ITAS308.
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Fig. 3.15: Comparison between geodetic and seismic moment rate mean estimates, within
the ESHM20 area source zones (227 source zones considered), estimates for
the overlap between the seismic and geodetic distributions. Area source zones
where the geodetic moment rate is much lower than the seismic moment rate : 1
: ITAS308 , 2 : ITAS331 ; 3: ITAS339 , 4 : BGAS043, 5: FRAS164, 6: DEAS113,
7: DEAS109, 8: CHASO71 (see the text and Fig. 3.11).
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Potential inconsistencies revealed in the ESHM20 source model

Let’s have a closer look at the eight area sources where the geodetic moment rate
results on average significantly lower than the seismic moment rate (data points that
are below the straight line Mog = Myg/2 in Fig. 2.9). Are these seismic moment
rates abnormally high ? Based on this observation, should we conclude that the
seismic rates are most probably over-estimated ?

These area sources fall in three categories:

1. Small size area, below the resolution of the geodetic signal (FRAS164, CHAS071,
DEAS113, DEAS109). The source zone FRAS164 in Western Pyrenees is a
small area with high seismic activity in comparison with the neighboring area
zones. The geodetic signal has a too large spatial wavelength to capture these
rapid spatial changes. The source zones CHASO71, DEAS113 and DEAS109
are not as active, but they are also small size area sources. In these cases, the
difference between the geodetic and the seismic moment estimates is expected
and does not question the validity of earthquake recurrence model.

2. Areas where the ESHM20 recurrence model was anchored on the upper mag-
nitude range rates, predicting in the moderate magnitude range much larger
seismic rates than what has been observed in the past (ITAS339, BGAS043) In
this case, the earthquake recurrence model might be over-estimating seismic
rates.

3. Areas where unusual earthquake recurrence models have been proposed to
account for two different slopes observed in the Gutenberg-Richter model
(area model, ITAS331, ITAS308)

In both area sources, the slope of the recurrence model in the upper magnitude range
(mostly historical period) is lower than the slope in the moderate magnitude range
(mostly instrumental period). This is quite unusual and contradicts the universality
of the Gutenberg-Richter model characterized by a unique b-value. It is interesting to
note that the fault model branches overall provide a moment range that is consistent
with the geodetic moment range, whereas the area model branches lead to much
higher moment estimates (Fig. 3.16). The present results could constitute an
argument for fitting the recurrence model on the moderate magnitude rates only.
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Fig. 3.16: Distributions of geodetic (orange) and seismic moment rates (blue) for three of the source zones, and the associated Magnitude Frequency
Distributions taken from Danciu etal., 2021. Sources zones located on Figure 3.11.
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The consistency between the geodetic and seismic moments depends on
the activity level, the spatial scale, and the source model

Figure 3.17 provides an overall view on the comparison between geodetic and
seismic moment estimates at the scale of Europe, and how this comparison varies
when subsets of the data are selected. Area source zones are grouped according to
the level of the geodetic moment estimates (dark and light green, red), showing that
the consistency systematically improves with increasing deformation.

In area source zones affected by the glacial isostatic adjustment (18 zones, selected
based on the vertical velocity signal (Pifia-Valdés etal., 2022)), both the geodetic
and the seismologic moments are low. But a noticeable feature is that the moment
estimate based on modeled earthquake recurrence distributions is two orders of
magnitude lower than the geodetic moment. This indicates that the deformation
processes involved are mostly aseismic, which is compatible with the processes
involved in glacial isostatic adjustment that result in a viscous asthenospheric flow
and a large scale bending of the overlying lithosphere. In those areas, the surface
deformation measured by geodesy is not a good proxy for the seismic activity and
can not be used directly to constrain seismic hazard models.

Considering area sources with the best constrained recurrence models (at least 30
events used, see Danciu etal., 2021), the consistency between both moment rate
estimates is strongly improved.

Considering only the ESHM20 model branch based on smoothed seismicity and
faults, the seismic moment rate estimates are overall less consistent with the geodetic
estimates (‘2)’ in left column, Fig. 3.17). We group the area zones that include
faults on one side, and the area zones that do not include any fault in the model on
the other side. We observe that the geodetic and seismic moment rates are much
better correlated in the first group, as the faults have mostly been characterized in
the seismically active parts of Europe. This also confirms that the inclusion of fault
slip rates are a valuable constraint in addition to the seismic catalogue to assess
the recurrence interval. In figure 3.24, we can observe that the inclusion of faults
improves the consistency with geodetic estimates even in slowly deforming areas.
This suggests that the identification of active faults in slowly deforming areas may
strengthen the estimate of the recurrence interval in areas that are characterized by
both a slow deformation rate and rare seismic events. This may also suggest that
the discrepancy between seismic moment rate and geodetic moment rate in slowly
deforming areas may be due to missing events in the seismic catalogue or a too short
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observational time range, ending in an underestimated seismic moment that is not
representative of the long term activity of the area.

At last, we check if the fit between geodetic and seismic moment rates varies with
the model selected to extrapolate earthquake rates in the upper magnitude range
(area branch). The fit results slightly better using the classical Anderson and Luco,
1983 form 2 than the Pareto distribution. This result is expected, as the Pareto
distribution implies a stronger decrease of seismic rates in the upper magnitude
range with respect to Anderson and Luco distribution (therefore a lower seismic
moment rate).

As the size of some source zones is too small for the comparison to be meaningful
(see Section 3.2.4), we also perform the comparison at the scale of the macrozones.
Macrozones are used at different levels in the building of the ESHM20 source model,
here we use the macrozones named ‘TECTO’ which corresponds to the merging of
several area source zones according to tectonic criteria (Fig. 3.7). Danciu et al., 2021
used these macrozones to evaluate the b-value for poorly constrained area source
zones. As expected, at the scale of Europe, the correlation between the seismic
and geodetic moment rates is slightly improved when considering the macrozones,
that cover a much larger spatial region than the individual area source zones (right
column in Fig. 3.7, mean values of distributions tend to be closer to 0). Performing
the comparison at the scale of the macrozones, a rather good fit is obtained for the
whole Euro-Mediterranean region, except in Spain (Fig. 3.18).
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zone and for the macrozone depending on geodetic and seismic activity, and
ESHM20 source model logic tree. The figures depict logm(Mo g /MOG). The
black whisker plot illustrates the distribution of all zones in the studied subset.
The red, light green, and green whisker plots respectively represent subsets of
zones with geodetic moments below 3 * 1012 N.m.yr~1.km =2, between 3 * 10'?
and 108 N.m.yr~t.km=2, and 10'3Nm.yr—t.km =2, reflecting zones with low,
moderate, and high deformation. The star (*) indicates that zones affected by the
Fennoscandian Glacial Isostatic Adjustment (GIA) are not represented, defined in
figure 3.11. (1) The first line presents the distribution of all source zones (227)
and all macrozones (51) studied, along with the subset of zones affected by GIA
and with at least 30 events used to compute the recurrence model, (2), (3), (4)
present a comparison between Mys and Mo computed from different branches
of the logic tree ESHM20.
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Focus in ltaly

Figure 3.19a presents a magnified view of figure 3.13a in the central Apennines. As
highlighted previously, the central zone (ITAS317) demonstrates a mean seismic
moment (Myg) exceeding the mean geodetic moment (Mog) (Log(Moys/Mog) > 0).
Conversely, the surrounding zones exhibit a geodetic moment significantly higher
than the seismic moment (logio(Mos/Moc) ~ —1, overlap < 20%).

However, as seen at the scale of macrozones (Fig. 3.18), this divergence is smoothed
at a larger scale. What is the impact of the scale at which we compare seismic and
geodetic moments on the result? In this section, we aim to assess this impact at
a smaller scale than previously considered, along a profile A, B passing through
Rome (as illustrated in figure 3.13b). Given our objective to examine the evolution
of seismic and geodetic moments along the profile, we will employ the Fault +
smoothed seismicity branch of ESHM20 model for comparison with the average
geodetic strain rate solution plotted on the same grid scale.

Figure 3.19c presents a comparison between the estimated My and Mg at the
scale of source zones along the cross-section AB. My consistently exceeds the
mean Mg in all source zones (5 to 10 times larger), except in the central source
zone, which is the most seismically active and encompasses several faults. In this
particular source zone, named ITAS317, Mg represents approximately two-thirds
of the geodetic moment estimated from strain rates. On the other hand, the seismic
moment computed as the weighted mean of all model is higher than the geodetic
moment rate in this zone (as highlighted in figure 3.17a).

To obtain values at a smaller scale, we calculate the summation of Myg and My
within the grid cells that belong to polygons approximately 14 km thick and 50
km long (the polygons in figure 3.19b indicate the edges of all considered slices),
as illustrated in figure 3.19d. This comparison reveals that the seismic moment is
concentrated in fault zones (marked with small blue arrows) and exhibits a sharp
decrease moving away from the fault zone. On the other hand, the geodetic moment
rates reach their maximum (4 x 10 N.m.yr~'.km~2) when crossing the eastern
fault (at the same location as the maximum observed for Myg). However, this time,
the decrease is not sharp but descends slowly toward the coast.

Several propositions can be put forth to explain this phenomenon.

Firstly, we may question whether the application of a smoothing step between GPS
data recording and strain map generation could lead to the solution being smoothed.
Secondly, another possible explanation is that, in areas dominated by large faults, the

Chapter 3 Comparison between seismic moment rates from ESHM20 model
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elastic rebound theory states that faults accumulate elastic strain that is then released
into earthquakes. During the interseismic period, the deformation associated with
the loading is usually modeled as a fault locked down to a given locking depth
and creeping at the loading rate below. This generates a smoothed deformation
pattern. The deeper the locking, the wider the deformation across the fault. In
elastic rebound theory, the slip deficit accumulated during the loading phase is then
released into earthquakes located on the fault plane. In areas where the deformation
mechanism is dominated by the seismic cycle on faults, the approach consisting in
comparing Myg and My reaches strong limitations, and a proper modelling of the
interseismic coupling on the faults would be better adapted.

From all this, we can conclude that the scale at which deformation is observed is
a crucial criterion for analyzing the compatibility between seismic and geodetic
moments. Therefore, in places where source zones are centered around fault zones
or areas with high seismic activity, a good practice for using geodesy as a proxy for
seismicity would be to work at a larger scale.

3.2 Article. Towards integrating strain rates in PSHA models in
Europe: Comparison between seismic moment rates from
ESHM20 model and geodetic estimates
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3.2.6 Focus in France

The figure 3.20 illustrates the locations of different zones in France, color-coded
based on the overlap. Meanwhile, the figure below displays the distributions of
geodetic and seismic moments obtained for each zone. These zones are categorized
by the number of earthquakes used to constrain the recurrence models in ESHM20
area source zones. It is evident that in zones with fewer than 10 earthquakes used
to constrain the recurrence models, the distribution of seismic moment (Mg) is
consistently lower than the distribution of geodetic moment (M). However, as the
number of earthquakes used increases to 18, the distributions tend to overlap more.
This trend continues until they become almost consistently superimposed when the
number of events in the zone exceeds 30 (starting from FRAS174), except for the
Lourdes area, FRAS164, which was previously detailed in more depth.

FRAS1
W — . .

50°

FRAS188 60
‘ﬂmmu FRAS173
FRAS185 50
FRAS165 S
FRAS176 o
; 40 ©
FRAS167 =
45° , FRAS174 3
30
20
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Fig. 3.20: Percentage of overlap between Mg and Myg distributions in France. ESHM20
denominations are indicated.
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3.2.7 Conclusion

We compared the consistency between seismic and geodetic moment rates at the
scale of Europe based on strain models (Pifia-Valdés et al., 2022) and earthquake
recurrence models from the ESHM20 source model (Danciu etal., 2021). We
observed that in moderate to high seismic activity zones such as the Apennines,
Greece, the Balkans and the Betics, the overlap between the distributions of seismic
and geodetic moment rates was sufficient to demonstrate a first-order compatibility.
However, local differences between the two distributions were observed when
seismicity was concentrated in areas with small characteristic distances (i.e., small
areas/faults). This suggests that in some cases, the scale of the source zones is
not suitable for comparing seismic moment rate and and geodetic moment rate.
As expected, considering larger spatial scale conducting the same analysis at the
macrozone scale yielded improved consistency.

In low activity zones, two cases can be distinguished. First, in regions where the
geodetic signal is dominated by isostatic rebound, such as in Fennoscandia, the
two estimates (seismic and geodetic) are not compatible, with a geodetic moment
much larger than the seismic moment. Second, in other areas south of Fennoscandia
(e.g., France, Germany, Spain), it can be hypothesized that geodesy represents the
current horizontal tectonic stresses. In these cases, either compatibility between
seismic and geodetic moments is observed, or the geodetic moment is much larger
than the seismic moment. In zones where the ESHM20 recurrence models are well
constrained (with >20 earthquakes used to constrain the models), we observed that
the distributions of seismic and geodetic moments tend to overlap. This gives us
hope for the integration of geodetic data, even in regions with low deformation.
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Additional analyses

In this section, we will explore some interesting results that were not included in
the article presented in section 3.2. Building upon Figure 3.10, our initial inquiry
will delve into the variability of geodetic moment uncertainty across the studied
parameters for all area source zones. Subsequently, we will compare the overlap
between geodetic moment rates computed from a non-combined GNSS solution
(Socquet et al., 2019) with the combined GNSS solution we used before (Pifia-Valdés
etal., 2022). Lastly, we will examine how the ratio Mg / My is influenced by the
density of earthquakes used to constrain the recurrence model and the inclusion of
active faults in the studied zones.

Assessing geodetic moment uncertainty: variability across
studied parameters for all area source zones

The presented figure 3.22 illustrates the variability (standard deviation/mean) of
the distribution of mean moments across studied parameters for geodetic moment
uncertainty assessment. The objective is to examine the impact of parameters on
the variability of geodetic moments across different zones: a parameter with higher
variability contributes more significantly to the variability of the geodetic moment
rate.

The figure indicates that the considered seismogenic thickness has a relatively
constant impact across zones (approximately 0.45) and exhibits higher variability
than other parameters in the majority of zones. Additionally, certain parameters
demonstrate negligible variability compared to the contribution of seismogenic
depth, consistently remaining below 0.2 across all zones. This is observed for
the geometric coefficient (Cy), shear modulus (1), as well as, to a slightly lesser
extent, the spatial weighting scheme (with one exception), Class, and radius outlier
(within less than 10 zones). Notably, for the latter three parameters, zones with
variability exceeding 0.2 are situated in regions characterized by low deformation
rates (Mo < 1022N.m.yr—akm=2).

Furthermore, some parameters exhibit intermediate behavior, with variability less
than 0.25 in the majority of zones, significantly lower than that of seismogenic
thickness. However, more than 10 zones for these parameters show variability
surpassing 0.2. Examples include the equation used for geodetic moment calculation,
weighting threshold, and distance weighting scheme. Concerning the weighting

Chapter 3 Comparison between seismic moment rates from ESHM20 model
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threshold, zones with variability exceeding 0.25 are associated with geodetic moment
rates below 3 % 10'2N.m.yr~!.km 2. For this parameter, variability remains strictly
below 0.45 for all zones. Regarding the distance weighting scheme, the variability
of this parameter reaches maximum values (up to 0.7), occasionally surpassing that
of seismogenic depth. All zones except five, with variability surpassing seismogenic
thickness, correspond to regions with low to moderate deformation characterized by
geodetic moment rates < 2 x 1022 N.m.yr—1.km=2.

We observed that the parameters distance weighting and weighting threshold (and
to a much lesser extent, station class and radius outlier), had an impact on the
uncertainty of the geodetic moment rate, primarily in low-deformation zones. This
can be explained by the fact that in areas with less deformation, higher-quality
stations are required, outliers need to be well-identified, and more significant
smoothing is necessary due to the proximity to the noise limit. Hence, it is normal

to observe substantial variability in these parameters in low-deformation zones.

Additionally, we did not identify a clear trend in the impact of the geodetic moment
rate equation, which can be attributed to the fact that this parameter largely depends
on tectonic style. Therefore, there is no apparent reason to observe a trend with the
seismic moment rate equation concerning the geodetic moment.

In conclusion, seismogenic depth is the primary control parameter for the variability
of geodetic moment rates across all zones. However, other parameters, such as
the weighting threshold, distance weighting scheme, and the moment equation
used, can also impact geodetic moment variability. Particularly for zones with low
deformation (Mo < 2 * 10'2N.m.yr—1.km~2), the distance weighting scheme may
be the predominant parameter influencing geodetic moment variability.

3.3 Additional analyses
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3.3.2 Impact of the GNSS solution

The combined velocity solution we have utilized thus far has been derived from
ten GNSS solutions in Europe. Pifia-Valdés etal., 2022 conducted a series of steps
to create this common solution, which involved transforming the solutions into a
common reference scale, weighting the different solutions, harmonizing uncertain-
ties, and removing some stations. We are interested in examining the impact of this
process, on the overlap between the distributions of Myg and M in areas of low
to moderate activity by taking the example of France, by comparing with a GNSS
solution centered in France, proposed by Socquet etal., 2019.

To begin, we calculated the distribution of geodetic moment from the non-combined
French solution (Socquet etal., 2019) as we did previously with Pifia-Valdés etal.,
2022 solution. Subsequently, we assessed its overlap with the distribution of seismic
moment. Figure 3.23 provides a comparison between the overlap with seismic
moment of the geodetic moment based on the non-combined solution on the one
hand, and based on the European common solution in the other hand. We observed
that in certain areas where My > Mg, transitioning to a non-combined solution
resulted in a decrease in geodetic moment and improved overlap. However, this
behavior is not consistently observed throughout the study area.
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3.3.3 Interplay between seismic and geodetic moment rates with
earthquake and fault densities

Figure 3.24 illustrates the logarithm (base 10) of the ratio between the mean seismic
moment rate (Mos) and the mean geodetic moment rate (Mog) per source zone.
Below, we will delineate zones where loglo(Mog / Mog) falls within the range of -1 to
1, indicating seismic moments rates 10 times higher or lower than geodetic moments
rates, as well as zones where the logio(Mys/Myg) ratio is between -0.5 and 0.5,
signifying seismic moments rates approximately 3 times lesser to 3 times greater
than geodetic moments rates.

Increasing the earthquake density used to constrain recurrence models causes
logio(Mos/Moyc) to tend towards 0, suggesting convergence between Mg and
Mo Except for five zones, all areas with a density surpassing 5 * 10~ earthquakes
used to constrain recurrence models per km? have a loglo(Mos / Mgg) between -0.5
and 0.5.

The figure also highlights the impact of active fault density on the consistency
between geodetic moment rates. Active fault density for each zone is defined as
the length of faults with a slip rate exceeding 0.1 mm/yr, divided by the zone’s
area (expressed in km~'). Zones with a density above 4 * 10~°km ™! display a
lOglO(MOS/Mog) between -1 and 1, with the majority falling within -0.5 and 0.5.
Higher active fault density tends to enhance compatibility between Mog and Mo.

Consistent with findings in figure 3.17, zones with higher geodetic moment exhibit
better consistency between Myg and Mo (all zones with Myg > 103 N.m.yr—!.km=2,
in red, fall within the lOglo(Mos / Mog) interval of -1 to 1). Notably, in zones with
lower activity (Mo < 3 * 10'2N.m.yr—1.km=2), increasing seismic or fault density
brings the log1o(Mys/Moyg) closer to 0. Zones with loglo(MOS/Mog) below -1 are
all characterized by a low earthquake density (< 0.5 x 10~ events.km~2) and a
minimum fault density (< 2% 10" km™1).
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4.1

Assessing the adequacy of
earthquake catalog sampling
for long-term seismicity in
low-to-moderate seismic
regions: A geodetic
perspective

This article is currently in development, undergoing revision with the aim of sub-
mission to the special issue of Seismological Research Letters of November 2024 in
the coming months (submission deadline on the 4th of May 2024). It has been col-
laboratively crafted with the contributions of David Marsan from ISTerre Chambéry;,

along with Anne Socquet.

Introduction

The incorporation of geodetic data into probabilistic seismic hazard assessment
(PSHA) has emerged as a promising trend in recent geophysical research. These
datasets offer valuable insights into the interseismic periods of seismic cycles,
deemed representative for hazard assessment. Over the past decades, numerous
studies have endeavored to compare geodetic and seismic-derived strain rates within
various geodynamic contexts. To facilitate the integration of this emerging dataset
into hazard assessments, researchers have undertaken moment budget computations
at different scales. A consistent finding in these investigations is that, in regions
of high seismic activity, geodetic and seismic moment rates are often in the same
range, providing constraints on magnitude-frequency distributions and maximum
magnitude (Kreemer and Young, 2022; D’Agostino, 2014; Mohapatra etal., 2014;
Middleton etal., 2018). However, in low-to-moderate activity regions, geodetic
moment rates have frequently surpassed seismic moment rates. (for example Ojo
etal., 2021, Sparacino etal., 2020 in most of the zones considered in Maghreb,
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Ward, 1998a in Turkey, Chousianitis et al., 2015 for most of the Aegean zone, Clarke
etal., 1997, Masson et al., 2004 for southern Iran, Mazzotti et al., 2011 for Western
Canada). An often-discussed hypothesis to account for this phenomenon suggests
that a large part of the energy accumulated in the crust, as captured by geodetic
measurements, may be released aseismically. Depending on the seismotectonic con-
text, another explanation is that available earthquake catalogs in such low-activity
regions are too short to sample the long-term characteristics of seismicity.

Nevertheless, recent work by Donniol Jouve et al. (in preparation, see section 3) has
shown that in certain low-to-moderate seismic activity regions where Glacial Isostatic
adjustment can be neglected, such as Southern Britanny in France, geodetic moment
rate estimates can serve as a reliable proxy for seismic moment rates. Their research
also indicates that the consistency between these two quantities may depend on the
number of earthquakes employed to constrain parameters in magnitude-frequency
distributions. Additionally, magnitude-frequency distributions are often based on
declustered catalogs where aftershocks are excluded. However, even though certain
studies as Beauval etal., 2006 have quantified the contribution of aftershocks to
seismic hazard in some regions and found it can be neglected, Rollins and Avouac,
2019 argue that ignoring aftershocks may affect the inferred long-term model. This
concern has also been raised by Stein and Liu, 2009, who demonstrated that in
intracontinental areas, a substantial portion of intracontinental earthquakes may
constitute aftershock sequences initiated by events occurring centuries ago.

In light of these considerations, this study attempts to address a fundamental ques-
tion: Does the existing earthquake catalog encompass a sufficiently long-time span
to adequately sample long-term seismicity in low-to-moderate seismic regions ? To
do so, we first calculate geodetic moment rate estimates based on the methodology
of Donniol Jouve et al. (see section 3) using the ESHM20 macrozones. We then
generate synthetic earthquake catalogs rooted in the highest magnitude range possi-
ble to represent the long-term seismicity of the region, ensuring moment balance
according to the Marsan and Tan, 2020 model. Some of the model parameters
are difficult to constrain by the existing data, as will be shown here, rendering the
practical use of this approach doubtful. However, the goal is rather to show that
we can propose realistic simulations that allow a first-order examination of this
sampling issue. Our investigation seeks to perform a sanity check by examining the
consistency of our results with the observed maximum magnitude and the temporal
clustering characteristics of the actual catalog. Additionally, we also compare the
resulting synthetic earthquake catalogs with the long-term recurrence models pro-
posed by ESHM20 (Danciu et al., 2021). These recurrence models are constructed
using two types of models. The first set of models is defined at the scale of polygons,
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4.2

4.2.1

and relies on a harmonized declustered catalog created for Europe. These models
encompass various possibilities regarding the shape of recurrence models, along
with an uncertainty range for the associated parameters (a, b, and a parameter
controlling the maximum magnitude). On the other hand, the second set of models
is based on a fault and smoothed seismicity model, defined on a grid. In areas where
faults are defined, the frequency-magnitude distribution relies on fault geometries
and slip rates. In cells without defined faults, the frequency-magnitude distribution
is based on the earthquake catalog.

Methods

Selection of the studied areas

We have opted to base our comparison on ESHM20 macrozones (called TECTO-zones
in ESHM20) for several reasons. Firstly, as outlined by (Danciu et al., 2021), these
macrozones were deliberately designed to represent tectonic regions. Secondly, they
encompass a sufficient number of earthquakes, making it possible to compute the b-
value of the Gutenberg-Richter law even in areas with low deformation. Additionally,
as per the findings of Donniol Jouve et al. (see section 3), conducting comparisons
of geodetic and seismic moment rates at the scale of ESHM20 macrozones yields
better consistency than at smaller scales.

In the initial phase of our investigation, our focus will be on Brittany (TSZ056) to
detail and illustrate the methodology. This particular area has been chosen due to its
comparability in geodetic and seismic moment rates distributions, coupled with the
abundance of available data. Subsequently, our examination will extend to a second
macrozone characterized by significantly higher geodetic moment rates than seismic
moment rate estimates. For this second analysis, we have selected the region TSZ089
in southeastern Switzerland. This region offers a double advantage, featuring a
robust density of GNSS stations and a substantial number of earthquakes, providing
a solid foundation for anchoring our statistical analyses. The geographical locations
of these exemplary zones and the dataset utilized for this article are depicted in
Figure 4.1. In Figure 4.2, the distributions of geodetic and seismic moment rates for
these two macrozones are presented.

4.2 Methods
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4.2.2 Geodetic moment computation

To tackle uncertainties in geodetic moment computations, we employed the geodetic
moment distributions over the relevant polygons, computed by Donniol Jouve et
al (in preparation; see Section 3 for the methodology). These distributions were
derived from Pifia-Valdés et al., 2022, strain rates maps, computed at the scale of
Europe using VISR software (Shen etal., 2015).

In Figure 4.2, we compare this distribution with the seismic moment rates from
ESHM20 that have been computed by Donniol Jouve et al. in prep (see section
3.2).

Our analysis reveals two significant observations. Firstly, the geodetic and seismic
moment distributions exhibit well-defined patterns, albeit with inherent variability.
By computing their mean values, we inevitably lose valuable information encap-
sulated within these distributions. Secondly, the adequacy between these moment
rate distributions varies depending on the macrozone under consideration. As em-
phasized in the upcoming study by Donniol Jouve et al. (section 3), the Brittany
macrozone (TSZ056) exhibits a notably strong similarity between geodetic and seis-
mic moment estimates, both in terms of the mean values and the overlap between
the two distributions. In the Swiss macrozone (TSZ089), these distributions exhibit a
weak overlap. Moreover, the mean geodetic moment rate is approximately six times
higher than the mean seismic moment rate, indicating significant disparity between
these two quantities. Our study aims at evaluating whether this disparity could be
owed to the limited sampling provided by the available seismicity dataset.
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Fig. 4.2: The distributions of geodetic Mo (orange) and seismic Mjs moment rates com-
puted from ESHM20 models (blue), for the two macrozones under investigation.
Vertical lines denote the mean of each respective distribution. The Southern
Brittany region (on the left) exhibits a commendable concordance between the
two distributions, whereas the Switzerland macrozone (on the right) manifests a
distinct prevalence of geodetic moment rates over seismic moment rates. Locations
are referenced in Figure 4.2. Color representation optimized for the electronic
version.

Methodological Development lllustrated: The Case Study of
Southern Brittany

Description of the catalog

We used the FCAT-17 catalog (Manchuel etal., 2018) (Figure 4.3a) for our analysis,
restricting our focus to earthquakes with hypocenters located at depths lower than
30 km confined within the polygon of southern Brittany shown in Figure 4.1. The
magnitudes of completeness were taken from (Drouet etal., 2020). The values
My > 3,3.5,4,4.5,5, 5.5 are linked to the corresponding years of completeness,
which are 1950, 1850, 1850, 1700, 1600, and 1500, respectively.

Our objective was to identify a magnitude interval with the longest completeness
period possible, allowing us to assemble a representative sample spanning the
greatest duration. As depicted in Figure 4.3a, the number of earthquakes with
magnitudes below 5 exhibits significant temporal variation, notably increasing over
the past 200 years. This upward trend is less pronounced for earthquakes with
magnitudes of My 5 and above. Therefore, we focused on this magnitude range.

Drouet etal., 2020 defined the magnitude of completeness for this interval as
1600 + 100 years. The annual earthquake rate for this magnitude interval is 0.01
per year. In Figure 4.3c, we present the annual rates of exceedance with respect

Chapter 4 Assessing the adequacy of earthquake catalog sampling for long-
term seismicity in low-to-moderate seismic regions: A geodetic
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to magnitude (in the magnitude of completeness range according to Drouet et al.,
2020. The b-value was computed as the slope of this distribution (Fig4.3c), yielding
a result of 0.9.
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Generation of Synthetic Catalogs

For the generation of synthetic catalogs, we employed the (Marsan and Tan, 2020)
model and methodology, aiming to create catalogs that are constrained to replicate
the mean geodetic moment of energy release. This model amounts to an Epidemic
Aftershock Sequence (ETAS) model that dynamically limits the maximum magnitude
of the Gutenberg-Richter law to yield a seismic moment release equal to stored seis-
mic moment. This ensures that the total seismic moment released by all earthquakes
equals the total geodetic moment accumulated within the tectonic region, over long
time scales (1 Myrs).

Marsan and Tan, 2020 model is based on the simplest version of the ETAS model
(Ogata, 1998) that describes the earthquake rate as :

-1 — )\ 7P
A= p+ Y moexp®miTmo) . (1 1! Ct > (4.1

1,t; <t ¢

with u the background earthquake rate (per year), m( the minimum magnitude
considered, ny the mean number of aftershocks generated by a mg magnitude
mainshock, a the productivity exponent, p and ¢ from Omori’s law.

This model involves making assumptions as detailed below. We constrain as much
as we can the model parameters to yield simulations that mimic the statistical
characteristics of the FCAT-17 catalog.

The following choices and assumptions were made:

1. Choice of Magnitude Cutoff (m(): We selected m( = 3 in order to maintain
a magnitude sufficiently below My, = 5.

2. Omori Law Parameter (p): We adopted p = 1.1. The temporal clustering
and sampling variability of the model output strongly depend on the choice of
this value, as will be described below. This p = 1.1 value is here intended for
illustration. A proper sensitivity study will be conducted below.

3. Background earthquake rate (u): It was assumed negligible. This amounts
to assuming a branching ratio very close to 1. There exists a wide scatter
of estimates for the branching ratio, depending on the region studied, the
methodological approach, and the size of the available dataset. It was however
argued by Marsan and Tan (2020) that the limit © — 0 is plausible in the
framework of an ETAS model with seismic moment budget as used here.
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The parameters used for the computation of the synthetics are detailed in Table 4.1,
and a comprehensive description of the calculations and rationale for all parameter’s
choices is presented hereafter.

In the geodetic zone, the geodetic moment is selected as the moment that can be
released. Therefore:
My = Mg = 1.52 10'N.m/yr (4.2)

We estimated b = 0.9 in Section 4.2.3, thus § = bIn(10) = 2.07. We further assume
a = (. Equalling these two parameters amounts to ensure self-similarity of the
model, e.g., zooming on the aftershock sequence of a My, = 4 mainshock and its
My > 1 aftershocks is statistically indistinguishable from looking at a My, = 8
mainshock and its My, > 5 aftershocks, in terms of number, temporal decay and
spatial pattern (after zooming in). This a = [ equality is suggested by several
studies on the scaling of aftershock productivity (Console etal., 2003; Helmstetter
and Sornette, 2003; Saichev and Sornette, 2005; Holliday etal., 2008; Davidsen
and Baiesi, 2016).

We choose my, the cutoff magnitude, to be 3, in order to be sufficiently below My,5
to provide an overall view without requiring too long computation times. We have
also estimated that the number of earthquakes with magnitude > 5, X5, is 0.032
earthquake per year (cf. Figure 4.3), which implies that the mean earthquake annual

rate for magnitude my, Xmo, is A5 x 10(6x(5=m0)) = 2 (0, The branching ratio is given
by:
_ p
n=1—— 4.3
A’V?’l() ( )

Other model parameters depend on these initial ones according to Marsan and Tan,
2020. We have: The average seismic moment of an earthquake with magnitude
> my: .

v 0G

My = = 7.6 x 10'°N.m/yr (4.4)

mo

Moreover, direct calculation using the Gutenberg-Richter law implies that,

My = Moy(my) exp(7~A)(2=mo) (4.5)
Therefore,
M, 1
Q=1In 0 3 + myg (4.6)
Mg (mo)ﬁ Y- 6
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with v = 1.51n(10) and My(mp) = Mo(3) = 10 3+%! from Hanks and Kanamori,

1979.

Hence 2 = 6.5. This value corresponds to the maximum magnitude that can occur

when averaging over long time scales, and is in this model the average seismic

moment stored in the system at any time, translated into magnitude. It can be

viewed as the equivalent of the long term maximum magnitude Mpay.

Further considerations lead to the determination of ng, i.e., the average number of

aftershocks triggered by a mainshock of magnitude my:

n

o= B(Mmax - mo)

In our case, ng = 0.14.

Therefore, the parameters obtained for this initial run are:

4.7)

Parameter Chosen value
b b value 0.9
g B =Db *1n(10) 2.07
o productivity exponent (taken = [3) 2.07
1 background earthquake rate (per year) 107°
ng mean number of aftershocks generated by a mq || 0.14
magnitude mainshock
mg minimum magnitude considered 3
p p (Omori’s law) 1.1
c ¢ (Omori’s law) (yr) 10°7
tmaz Simulation duration 1 million years
Myc || Geodetic moment rate 1.52 x 106 N.m/yr
My Mean seismic moment for any random earth- || 7.6 x 10'® N.m
quake
Amo Annual rates of earthquakes with magnitude > || 2.0
mo
Q Time-averaged seismic moment stored in the sys- || 6.5
tem (in magnitude scale)

Tab. 4.1: Model parameters used for the french zone TSZ056

Synthetic catalog analysis

In Figure 4.4, we present a zoom on the last 20000 yrs of the synthetic earthquake

catalog computed for the parameters listed in Table 4.1, that spans a total duration of
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one million years. The analysis of interevent times for earthquakes with magnitude
greater than 5 reveals significant aftershock clusters, such as the one around the year
10000. Seismic activity tends to concentrate within these clusters, characterized
by both high magnitudes (higher than 6 in this instance) and a larger number of
earthquakes with higher magnitudes. This strong clustering is due to both the
branching ratio close to 1 and the p value (p = 1.1) that sufficiently departs from 1,
as explained below. Conversely, this configuration also leads to extended periods
during which fewer high-magnitude earthquakes occur. An illustrative example of
such a period occurs around the year 5000. This intermittency implies that any short
period sampling is likely not to reflect the overall seismicity activity.

Chapter 4 Assessing the adequacy of earthquake catalog sampling for long-
term seismicity in low-to-moderate seismic regions: A geodetic
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We computed the total seismic moment cumulated over 410-year periods (repre-
senting the duration of completeness for magnitude 5+ earthquakes) by summing
all the moments of earthquakes within each respective time span. The resulting
distribution is shown in Figure 4.5.

Importantly, a substantial portion of the seismic moment rates falls within the range
proposed by ESHM20. Specifically, seismic moment rates computed from the actual
catalog (depicted in green) fall within the 16" and 84" percentiles of the synthetic
seismic moment distribution, demonstrating a robust consistency between the two
sets of results.
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Fig. 4.5: Histogram (in grey) of the distribution of log;o of the seismic moment rate
(N'm/yr), calculated as the sum of moments of all earthquakes in samples of
410 years of the synthetic catalog divided by 410 years, for southern Brittany
(TSZ056). The grey and black bars denote the 16", 84" percentiles, and the mean
of the distribution. The green bar is the seismic moment rate of the actual cata-
log, while the blue bars give the seismic moment rates computed from ESHM20
magnitude-frequency distributions (refer to Section 3 for details), indicating the
16" and 84'" percentiles and the weighted mean. The red bar shows the geodetic
moment.

Figure 4.6 offers an insightful perspective as it juxtaposes the magnitude-frequency
distributions across the entire dataset. In this representation, the distributions
proposed by ESHM20 for both the Pareto and Gutenberg-Richter branches are
depicted in green and blue, respectively. The red curve represents the actual catalog
(as seen in Fig 4.3c), while the black and grey curves represent the synthetic catalog,
both in terms of the overall distribution and the 410-year segments within the
synthetic catalog. Notably, this analysis reveals that when utilizing this model,
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the cumulative annual rates exhibit a strong consistency with both ESHM20 and
the actual catalog in all the magnitude ranges. This shows that the earthquake
activity over any random 410 year period can indeed be widely varying. We here
simply measure this variability using the coefficient of variation COV},,, namely,
the standard deviation of the log of the seismic moment rate normalized by its
mean, cf. Figure 4.8. The sample variability is mostly controlled by the p exponent
of the Omori’s law: as p — 1, the variability as measured by COV),, becomes
vaninshingly small, i.e., all 410 year samples are characterized by the same typical
earthquake activity. The release of seismic moment becomes increasingly intermittent
as p departs from 1. We must emphasize that even at p = 1.1 the intermitency is
significant, implying a high sensitivity to small excursions of p. In contrast, variations
in the branching ratio are found to little affect this sampling variability.
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Fig. 4.6: Magnitude-frequency distribution for the macrozone of southern Britanny
(TSZ056) from earthquake catalogs : Synthetic-catalog total and 410 year long
samples (black and grey lines), the FCAT-17 catalog (red line) and the recurrence
models proposed by ESHM20 (with varying shapes in the highest magnitude range
to account for the uncertainties) (in blue and green). The value of ;¢4 is also
indicated.
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Sanity check

In order to evaluate the consistency of the synthetic earthquake catalog with the
properties of the FCAT-17 catalog, we conducted two distinct sanity checks with the
following objectives:

1. Temporal Clustering Analysis: Our first objective is to gauge the temporal
clustering within the synthetic catalog in comparison to the original FCAT-17
catalog. After selecting events with a magnitude equal to or greater than
5 (Myw > 5), we calculate the coefficient of variation (COV) for the time
intervals between successive earthquakes. The COV is determined as the ratio
of the standard deviation to the mean of these time intervals. A COV of 0
implies cyclic seismicity, COV = 1 suggests random seismicity, and COV > 1
indicates an intermittent behavior. The analysis is carried out over 410-year
periods, specifically when the number of earthquakes with magnitude greater
than 5 exceeds 5, ensuring meaningful COV values. The resulting distribution,
presented in Figure 4.7a, indicates that the COV value computed for the actual
catalog is consistent with those obtained from the synthetic earthquake catalog.
However, it falls outside the 16th - 84th percentile interval, indicating that
the actual catalog is not one of the most likely 410-year earthquake catalog
corresponding to the seismicity described by our model as it is currently
parameterized.

2. Maximum Magnitude Consistency: Our second objective is to assess whether
different models lead to observed maximum magnitudes that align with those
of the actual catalog. We compare the maximum magnitude observed in each
410-year interval in the synthetic earthquake catalog, as illustrated in Figure
4.7.b. The analysis reveals that the observed maximum magnitude (My, = 6.3)
is consistent with the distribution obtained for the synthetic catalog.

In conclusion, our analyses support the notion that the synthetic earthquake catalog
can be considered representative of the observed seismicity in the FCAT-17 catalog.
Moreover, the comparison of the long-term behavior in the maximum magnitude
range with the ESHM20 model reveals a high degree of agreement. This is evident
when observing that the synthetic catalog (depicted in black) falls within the bounds
of the 12 area models proposed by ESHM20 in green and blue in Figure 4.6. We
use Qnean as a proxy for M,,,. for the synthetic catalog, so to compare it to the
M4, values proposed by ESHM20 (depicted in blue and green in Figure 4.7).
This streamlined comparison provides a rapid means of assessing the agreement
between the long term synthetic earthquake catalog and expert-derived models. In

Chapter 4 Assessing the adequacy of earthquake catalog sampling for long-
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the present case of Brittany, ,,cq, = 6.45 indeed falls in the 6.3 < M4, < 6.9
interval proposed by ESHM20.

We note that a maximum likelihood approach could be used to infer the most likely
p and n parameters given COV and M,,,, of the actual catalog. However, this
would amount to assuming that the only 410 year sample we know (i.e., the actual
catalog) is representative of all the 410 year samples over a long time scale, which
is precisely what we would like to asses here.
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: Sensitivity analysis for southern Brittany (TSZ056): Variability of the synthetic

catalog (std/mean) concerning varying parameters. In blue, for these points, we
computed 8 synthetic catalogs with parameters from Table 4.1 except for varying
p. The data points exhibit a pattern that can be interpolated by an exponential
function, given by the equation y = 8.7 x 1071 . exp(19z). In red, we generated
3 different synthetic catalogs with parameters from Table 4.1 but varying 7. The
points can be fitted with an affine equation: y = —0.5z + 1.4.
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Can the analysis of the synthetic catalog provide a
potential explanation for the observed disparity
between geodetic and seismic moments distribution
in TSZ089 ?

Description of the earthquake catalog used and generation of
synthetic catalogs

We conducted a similar analysis for the swiss macrozone considered. We utilized the
event of ECOS-09 catalog (Fah etal., 2011) (Figure 4.9a), specifically focusing on
hypocenters located at depths less than 30 km, for our analysis. As we were unable
to find an estimate of the completeness period specifically centered in our study
region, we determined it using the Weichert, 1980 methodology. (Refer to Annex
4.6.1 for the corresponding plots).

Similar to Section 4.2.1, our aim was to identify a magnitude interval with the
longest completeness period possible, enabling the assembly of a representative
sample spanning the greatest duration. We selected the My, > 4 magnitude range.
For this interval, we defined the period of completeness as starting in year 1890. The
annual earthquake rate within this magnitude interval is 0.11 per year. In Figure
4.9¢, we present the annual rates of exceedance concerning magnitude (specifically
for My, > 3, 3.5, 4, 4.5, 5 with corresponding completeness periods starting in year
2000, 1967, 1890, 1800 and 1500, respectively). The b-value was computed as the
slope of this distribution (Fig. 4.9¢), yielding b = 1.1.

Chapter 4 Assessing the adequacy of earthquake catalog sampling for long-
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In the preceding section, we made several assumptions regarding the parameters of
the Marsan and Tan, 2020 model. We will now systematically vary these parameters
to assess their impact on the resulting synthetic catalog, on top of the sensitivity study
already performed with Figure 4.8. Our objective is to identify a set of parameters
that validate the conditions outlined in the sanity checks detailed in section 4.2.3.

We generated a total of 18 synthetic earthquake catalogs by systematically varying
the parameters as shown in Figure 4.10 (3 values of p, 2 values of u, and 3 values of
annual rates). The parameters used for the runs are detailed in annex 4.6.2.

p v Annual rates

Fig. 4.10: Sets of parameters of the Marsan and Tan, 2020’s model. ¢ = 0 and p = 10%
of the mean annual rate are equivalent to a branching ratio n of 1 and 0.9,
respectively.

10% of the mean

annual rate

Evaluation of Parameter Choices on the Results and Selection
of an Optimal Synthetic Catalog

In Figure 4.11a, we present the overall distribution of moment values computed
for each set of fixed parameters. Similar to the approach detailed in section 4.2.3,
the plotted moment values result from aggregating all earthquakes within all the
118-year time intervals (the completeness period for My, > 4) in the synthetic
catalog. For instance, the light green distribution corresponds to the aggregation
of samples from 6 models that share the p value 1.01 (i.e., the two values of u and
the three values of annual rates). The greater the spread observed between the
alternative median values of these distributions, the larger the impact of parameter
uncertainty on the overall variability of moments. A similar analysis is conducted
for COV values in Figure 4.11c and for the observed maximum magnitude in Figure
4.11b.

Over 84" percentile of the seismic moment distributions from synthetics with a p
value of 1.01 fall within or below the seismic moment range proposed by ESHM?20,
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with higher p values leading to a translation of this range towards lower moment
values and a higher dispersion. Similarly, p significantly influences the distribution
shape (the lower value implies a more dispersed distribution), while the effect of A
appears less pronounced.

Among the three distributions depending on p, the one yielding observed M, 4.
ranges closest to those in the actual catalog occurs at p = 1.01, with the actual M, 4,
observed between the 5" and 95" percentiles of the distribution. The corollary is
that a synthetic catalog with a p-value of 1.01 is more likely to generate an actual
catalog with the same M,,,, as observed.

Turning our attention to the coefficient of variation (COV), once again, p proves
to be the most influential parameter. Interestingly, this time the COV value of the
actual catalog falls within the 16" to 84" percentile range for each p-value, even
as dispersion increases with p. Distributions centered on p = 1.01 and negligible
1 exhibit the most alignment with these COV values, with A showing minimal
influence.

In conclusion, our findings suggest that a synthetic catalog generated using a value
of p = 1.01, negligible i, A = A\jean, and incorporating both seismic and geodetic
data, is closest to the actual, observed catalog. A systematic search by likelihood
maximization over the parameter space could eventually be conducted, although
we did not perform this here. Again, this would assume that the available sample
is representative of the long-term activity, which is the question we aim to address
here.

4.3 Can the analysis of the synthetic catalog provide a potential
explanation for the observed disparity between geodetic and
seismic moments distribution in TSZ089 ?
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4.3.3 Results

In this study, seismic moments were computed over 118-year periods, representing
the duration of completeness for magnitude 4+ earthquakes. The methodology
involved summing the moments of earthquakes within each respective time span.
The resulting distribution of seismic moments over the 1 million-year synthetic
catalog generated using a value of p = 1.01, negligible u, A = \ean, is illustrated in
grey in Figure 4.12. The seismic moment rates obtained from ESHM20 models are
depicted in blue, the seismic moment rate from the actual catalog is presented in
green, and the geodetic moment rate is represented by the red line. The analysis
reveals that the majority (over 84" percentile) of the distribution of seismic moments
in the synthetic catalog falls within the interval proposed by ESHM20 for long-term
seismicity. Additionally, the green bar falls within the 16"" — 84th percentile interval,
indicating that the synthetic catalog has a high likelihood of producing a catalog
with a seismic moment similar to the observed catalog. This goes on to demonstrate
that our model can explain why random samples of 118 years can have a low
seismic moment rate (i.e., significantly lower than the geodetic rate), coherent with
the estimation of ESHM20, even though the long term moment rate equals the
geodetic one. In essence, this implies that the observed disparity between seismic
and geodetic moments can simply be due to sampling biases.
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Fig. 4.12: Histogram of the distribution of 1og10 seismic moment rates(N-m/yr) calculated
as the sum of moments from earthquakes within 118-year periods of the synthetic
catalog, divided by 118 years. The bars show (in green) the seismic moment of
the actual catalog and (in blue) in ESHM20 macrozone, and (in red) the geodetic
moment.
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Discussion: integrating this result into PSHA
Models ?

Examining the findings presented in Figure 4.11, it becomes apparent that the
proposed value of 2., consistently surpasses the maximum M,,,, values rec-
ommended by ESHM20 by more than an order of magnitude. Specifically, Q,,can
averages around 8.3, in contrast to ESHM20’s maximum M., of 7.1. It is crucial
to note that ..., represents the long-term average seismic moment stored in the
system, indicating the presence of sufficient energy for a potentially significant
rupture event, albeit such occurrences are unlikely within the 118-year timeframe
considered. This disparity suggests that the long-term seismic activity envisioned by
domain experts does not align with the synthetic catalog’s long-term seismicity.

The range of maximum magnitudes proposed by domain experts serves as a reference,
considered the most reliable. Consequently, it prompts inquiry into alternative
hypotheses that could elucidate the variance between these M., ranges.

Primarily, we acknowledge this challenge and recognize the absence of a straightfor-
ward resolution. A plausible hypothesis suggests that the contribution of aseismic
deformation in these regions cannot be disregarded when constraining magnitude-
frequency distributions. Figure 4.13 illustrates a potential method for estimating
this parameter within our study. This approach involves selecting the optimal model
(in this case, the synthetic catalog generated using p = 1.01, negligible u, and
A = Amean), then adjusting the input geodetic moment by an aseismic coefficient
until it aligns with the M,,,, proposed by experts, provided it is well-constrained.
In our scenario, over 70 percent of deformation would need to occur aseismically
for the mean (2 value to fall within ESHM20’s proposed range.

Aseismic deformation is one hypothesis to explain this discrepancy, yet it is pertinent
to note other significant hypotheses. The disparity between seismic and geodetic
moments may also stem from the inability to overlook the geodetic signal associated
with post-glacial isostatic rebound in the Alps. The phenomenon of Glacial Isostatic
Adjustment (GIA) represents a distinct seismotectonic context often characterized
by a persistent prevalence of geodetic moment over seismic moment. This disparity,
documented in various studies across different regions including Canada (Ojo etal.,
2021, Mazzotti etal., 2005 ), the western United States ( Mazzotti etal., 2011),
North America (James and Bent, 1994), and Scandinavia ( Keiding etal., 2015 ),
can be attributed to several factors.
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Firstly, the rapid and cyclical nature of post-glacial loading and unloading triggers
crustal yielding under significant strains over prolonged periods. Secondly, the
orientation of strains induced by GIA may not align to amplify the observed deviatoric
stress field ( James and Bent, 1994). Thirdly, contemporary seismicity in some
regions may release both elastic strain from postglacial relaxation and ongoing
tectonic strain, leading to misalignment between the modern geodetic strain rate
tensor and accumulated elastic strain available for seismic release (Keiding etal.,
2015 and Craig et al., 2016). Additionally, the lithosphere’s viscoelastic response to
postglacial rebound may contribute to aseismic strain (Mazzotti etal., 2011) .

One approach to address this phenomenon involves isolating the glacio-isostatic ad-
justment component of deformation to evaluate if the remaining long-term tectonic
loading aligns with seismic observations. Furthermore, other viscoelastic processes
in the Alps, such as erosion and slab detachment, may also influence geodetic and
seismic moment rate estimates, potentially leading to overestimations of maximum
magnitude estimates.
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Fig. 4.13: Influence of the percentage of aseismic deformation on the synthetic catalog’s
behavior: Analysis of both the distribution of maximum magnitude observed
in the synthetic catalog (segmented into bins of 118 years) and the long-term
behavior represented by Qmean. The range of maximum magnitude proposed in
ESHM20 is depicted in blue, while the maximum observed magnitude in the
actual catalog is highlighted in red.
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Conclusion

Essentially, what we have developed here is a robust methodology for estimating
moment-balanced seismicity catalogs based on earthquake occurrence rates. By
extending the data considerations to include properties of temporal clustering in
catalogs and observed maximum magnitudes, we have been able to parameterize
ETAS models that could be seen as representative of the long term seismicity (in
terms of number of earthquakes, and of the temporal clustering of earthquakes
and associated intermittency of the release of stored seismic moment). We observe
that in regions where geodetic moment significantly exceeds seismic moment, our
model demonstrates that it is highly probable to mimic the actual catalog over the
historical period of completeness (typically one to a few centuries) with regards to
the released seismic moment and the observed maximum magnitudes. In essence,
this suggests that the difference between seismic and geodetic moments in these
low-deformation regions, such as southwestern Switzerland, could be explained
by limited time range of the observed catalog, missing very rare events that would
balance seismic and geodetic moments. However, it is important to note that
the magnitude ranges of these very rare events appear unrealistic in light of our
understanding of the seismotectonics of this region. Therefore, this hypothesis alone
cannot explain the predominance of the geodetic moment over the seismic moment
but must be supplemented with other research hypotheses, such as the impact of
aseismic deformation, the necessity to consider the effects of post-glacial isostatic
rebound, or the inclusion of a GNSS solution with less uncertainty, featuring longer
time series and a greater number of stations.

Annex

Determination of periods of completeness for TSZ089

To determine completeness periods for the Swiss zone TSZ089, a thorough literature
review was conducted, but no completeness periods specifically developed for this
source zone using the same seismic catalog were found. While ESHM20 provided
completeness periods, it relied on a different catalog (declustered and harmonized
at the European scale). In Figure 4.14, we illustrate the methodology employed
to calculate completeness periods for various magnitude intervals with a sufficient
number of earthquakes (Myy3,3.5,4,4.5). Specifically, we identified breakpoints
in the curve representing the cumulative seismic rate for each target magnitude to
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ascertain completeness periods (according to Weichert, 1980). However, our catalog
only contained three earthquakes above My 5, posing challenges in obtaining well-
constrained completeness periods for higher magnitudes. Consequently, for moment
magnitudes exceeding 5, we opted to adopt the completeness periods proposed
by ESHM20, namely 1510 for moment magnitudes greater than 5 and 1200 for

moment magnitudes exceeding 5.9.
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Fig. 4.14: Determination of completeness periods according to the Weichert, 1980
methodology in the Swiss macrozone TSZ089. Panels (a) to (e) depict the
cumulated annual rates of events in blue for My, > 3,3.5,4,4.5 and 5, respec-
tively. The red lines represent linear regressions observed in the most recent part
of the catalog. The determined periods of completeness are 2000, 1967, 1890,
1800, and 1510 for the respective magnitude ranges. It is noteworthy that the
limited number of events in the actual catalog for magnitudes higher than 5 adds
complexity to the analysis. Consequently, we selected the year 1510, aligning
with the completeness period proposed by ESHM20 (Danciu et al., 2021) for the
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4.6.2 Parameters used to compute the synthetic catalogs for
Switzerland (TSZ089)

Here are the parameters employed in computing the synthetic catalogs for the
TSZ089 region. These correspond to the exploration depicted in Figure 4.10, utilizing
the detailed equations outlined in Section 4.2.3.
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Tab. 4.2: Model parameters used for the swiss zone TSZ089







General conclusions

The thesis has centered around a pivotal question: to what extent can geodetic
moment serve as a reliable proxy for seismic moment in Europe, spanning from
high-deformation zones to regions with low to moderate deformation? The explo-
ration through the chapters has been guided by this fundamental question. In this
concluding section, I will initially provide a summary of the findings from each
chapter. Subsequently, I will delve into the issues addressed in my study and suggest
potential perspectives.

Conclusions

First we scrutinized the compatibility between seismic and geodetic moment rates
across Europe. Epistemic uncertainties associated with geodetic moment rates have
been thoroughly investigated and considered in the analysis. The parameter identi-
fied as controlling these uncertainties is the seismogenic thickness, which is taken
into account in the computation of geodetic moment rates. In high-activity zones, a
first-order compatibility was observed. Nevertheless, local variations between the
seismic and geodetic moment rates became evident when seismicity was focalized in
regions with small characteristic distances (i.e., small areas/faults). This suggests
that, in certain instances, the size of the source zones may not be appropriate for
comparing seismic moment rates and geodetic moment rates. As anticipated, ex-
panding the spatial scale to the macrozone level enhanced the overall consistency.
In low-to-moderate activity zones, discrepancies emerged. In regions dominated
by glacial isostatic adjustment in the geodetic signal, the two models (seismic and
geodetic) were found to be incompatible, with a clear predominance of the geodetic
moment over the seismic moment. This discrepancy has been noted in the scientific
literature within this tectonic context and can be attributed to several factors. These
include the rapid and cyclical nature of post-glacial loading and unloading, as well as
the concurrent release of both elastic strain from post-glacial relaxation and ongoing
tectonic strain during contemporary seismic events. Additionally, the viscoelastic
relaxation of the upper mantle can causes extensive large-scale aseismic deformation.
In zones characterized by a high density of active faults or well-constrained ESHM20
recurrence models (with >20 earthquakes used to constrain the recurrence models),
we observed a tendency for the distributions of seismic and geodetic moments to
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overlap. This observation offers hope for the integration of geodetic data even in
regions with low deformation.

In the final chapter, we explored the possibility that the divergence between seismic
and geodetic moments may be attributed to potential sampling biases in seismicity
catalogs, which are used to constrain recurrence models. This consideration arises
from the fact that seismic cycles in low-deformation zones exhibit significantly
longer durations compared to those in active zones. To address this issue, we
have established a robust methodology to estimate moment-balanced seismicity
catalogs based on earthquake occurrence rates, leveraging the work by Marsan and
Tan, 2020. By expanding the scope of data considerations to encompass temporal
clustering properties in catalogs and observed maximum magnitudes, we have
been able to parameterize ETAS models that can be considered representative of
long-term seismicity. By taking the example of southwestern Switzerland, a region
characterized by low deformation, our study showed that in regions where geodetic
moment significantly surpasses seismic moment, our model has a high likelihood of
mimicking the actual catalog over the historical period of completeness (typically
one to a few centuries) in terms of released seismic moment, observed maximum
magnitudes and temporal clustering. Essentially, the discrepancy between seismic
and geodetic moments in low-deformation regions, like southwestern Switzerland,
may be attributed to the limited time range of the observed catalog. This limitation
could result in the omission of very rare events that would otherwise balance seismic
and geodetic moments. However, it is important to note that the magnitude ranges
of these very rare events appear unrealistic in light of our understanding of the
seismotectonics of this region. Therefore, this hypothesis alone cannot explain
the predominance of the geodetic moment over the seismic moment but must
be supplemented with other research hypotheses, such as the impact of aseismic
deformation, the necessity to consider the effects of post-glacial isostatic rebound, or
the inclusion of a GNSS solution with less uncertainty, featuring longer time series
and a greater number of stations.
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Perspectives

This thesis is positioned within the overarching goal of introducing a supplementary
approach to seismic catalogs and fault datasets for the development of PSHA source
models. The study conducted by Hodge etal., 2015 in Malawi serves as a compelling
illustration of this approach. In their research area, they demonstrated that the
extrapolation of the highest recorded magnitude to the upper magnitude range,
as done in the last PSHA source model, did not align with the geomorphological
evidence in the Malawi Rift. Consequently, they proposed a new PSHA source model,
incorporating geodetic and geomorphological data, as a valuable alternative to the
existing model.

In the perspective to develop regional PSHA source models incorporating geodetic
data, our work highlights new avenues for research.

Firstly, when we explored the geodetic moment rates uncertainties, we observed
that the seismogenic thickness exerted the greatest control over the uncertainty of
the geodetic moment. This result underscores the importance of integrating reliable
seismogenic thickness models into these studies. Although not directly addressed in
our work, a prospective avenue for research in this context would be to develop a
methodology for locally (and perhaps jointly) calculating parameters which describe
the behavior of the crust (the seismogenic thickness and the shear modulus) that are
not solely based on statistics related to earthquake depths or average at the scale of
continental upper crust, thereby incorporating local variations in rock rheology.

Furthermore, we also observed that the scale at which we integrated the geodetic
moment played a pivotal role in achieving moment equality. It is essential to consider
zones with a sufficiently large size for the comparison to be meaningful. It would be
beneficial to continue investigating this aspect to establish a set of best practices for
defining seismic source zones that make sense from a seismotectonic perspective
and are well-suited for incorporating geodetic strain rates.

In this thesis, we addressed epistemic uncertainties stemming from the computation
of strains, specifically those calculated using the method employed by Pifia-Valdés
etal., 2022 and the geodetic moment calculation. Within this uncertainty framework,
we integrated various choices provided by the VISR software by Shen etal., 2015 for
spatial inversion of velocities. I believe it would be valuable to perform a bechmark
of different methods to derive the strain rates in order to obtain a value of the
variability of strain rate computation depending on the different methods. Regarding
this aspect, leveraging the work by Maurer and Materna, 2023 could be particularly
insightful. In their study, they presented a methodology to estimate epistemic
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uncertainty related to the selection of spatial inversion models. The researchers
specifically examined five inversion models, including VISR. Their findings, based on
a study in California, indicate that the total variability among these five deformation
rate models is approximately 40%. Applying their method in this study on Europe
could shed light on the impact of the spatial inversion method on the distributions
of geodetic moments. Overall, considering the computation of strain inversion
methodology on epistemic uncertainties in geodetic moment calculations to constrain
seismic source models for PSHA can be crucial.

Subsequently, we observed that in certain regions of low to moderate deformation
in Europe, the moment conservation theorem could be extended. However, in the
majority of zones, this is not the case, and geodetic moment rates are significantly
higher than seismic moment rates. As a future perspective, it might be worthwhile
to revisit this study over a more extended period to assess whether acquiring new
GNSS data would yield improved results. Indeed, the work of Walpersdorf etal.,
2015 suggests that a prolonged acquisition period may be necessary to stabilize the
signal over time. In their study, they demonstrated that sub-millimeter velocities
in the southwestern Alps converged after a 15-year acquisition period. A longer
acquisition period for existing stations, coupled with increased station density, could
lead to better-constrained strain maps.

Dovetailing with this perspective, it is noteworthy to mention a recent trend in the
literature, where researchers compile strain rates maps inverted from large-scale
InSAR and GPS data. These findings are highly compelling and have the potential
to yield even better-constrained results rapidly. A notable study by Weiss etal.,
2020 developed an innovative method for generating strain rate maps through a
joint inversion of InSAR and GPS data over a five-year period on a national scale in
Turkey. They claim that their resulting maps provide a more detailed view of surface
deformation. When comparing strain maps obtained using each of the two methods,
they discern more precise deformation patterns, particularly along fault zones, with
the GNSS + InSAR method compared to GNSS alone. In our study, it would be
interesting to explore the application of their method on a European scale. More
broadly, I believe this novel use of InSAR data has the potential to swiftly deliver
usable strain maps, even in regions with sparse GNSS station density.
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(PDF) of the maximum earthquake’s magnitude and recurrence interval
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Determination of a distribution for the moment rate per area source
zone, taking into account the uncertainties on the different steps. a)
Exploration tree to account for the uncertainty on the exact set of GNSS
stations used, on the technique applied to infer strain rates from the
geodetic velocities, and on the parameters used to calculate the moment
rate within an area source. b) distribution of the geodetic moment
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Parisian Basin in France (FRAS188 in ESHM20), mean value (red) and
percentiles 16t and 84" (blue). c¢) Three alternative distributions for
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Distribution for the geodetic moment rate (Mo and identification of
controlling parameters, in 3 example source zones: southern Brittany
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(ITAS335), see location in Figure 3.11). Mean value (square), as well
as 16!" and 84'" percentiles (vertical bar). “Full”: full exploration of
the tree (5184 branches’ combination and moment values). “Class A,
AB, ABC”: 3 different sets of GNSS stations, according to quality (1728
values each). “Radius outlier”: choice of the spatial radius for discarding
outliers (50, 100, 150, 200 km, from salmon to dark red, 1296 values
each). “Distance weighting scheme”: choice of the decay function
used for interpolation, whether Gaussian or Quadratic (2592 values
each). “Spatial weighting scheme”: choice of the method for spatial
inversion, whether Azimuth or Voronoi. “Weighting Threshold”: Choice
of the threshold value on the distance weighting function (6,12, 24,
increasing smoothing, beige to brown, 1728 values each). “Seismogenic
depth”: elastic depth (5, 10 and 15 km, pink to red, 1728 values each).
“1”: choice of shear modulus value (3.3 * 10!° N.m (pink), 3 * 10'1°N.m
(red)). “Myq equation”: choice of the geodetic moment equation, see
the text. “C;”. Choice of the geometric coefficient parameter, 2 ( pink)
or 2.6 (purple) . . . . .. e

List of Figures

175



176

3.11

3.12

3.13

3.14

3.15

Area source zones mentioned throughout the manuscript. In green:
example source zones in section 3.2.3: FRAS176 in Southern Brittany
in France, SEAS410 in Fennoscandia, ITAS335 in northern Italy, as well
as GRAS257 in Greece in section 3.2.4. In pink : the eight source zones
where the geodetic moment estimates is much lower than the seismic
moment estimates (section 3.2.4 and Fig. 3.15). The grey dashed
line represents the zones considered affected by the Scandinavian GIA,
including those intersecting this line and those located to the north.
The selection is based on the vertical velocity signal (Pifia-Valdés et al.,
2022) and includes 18 zones. . . . . . . . .. ..o

Mean geodetic and seismic moment rates within the ESHM20 area
source zones. a) Mean geodetic moment (M) based on the strain
rates, mean of the distribution obtained by exploring uncertainties;
b) Mean seismic moment (Myg) estimated from the ESHM20 source
model logic tree. Area sources with more than 35% of surface off-
shore, or where the density of GNSS station is too low (< 1 station per
100000km?) are discarded. . . . . . . . ...

Comparison between geodetic and seismic moment in Europe at the
scale of the ESHM20 source zone : mean My versus mean Myg at
the scale of the source zone (uncertainty range 16" to 84" percentile
indicated). Sources zones locations are indicated : 1: FRAS176 (south-
ern Britanny) ; 2 : FRAS188 (Parisian Basin) ; 3 : ITAS323 (Northern
Tuscany) ; 4 : SEAS410 ; 5 : GRAS257 ; 6 : ITAS335 ; 7 : FRAS164
; 8 : CHASO71 ; 9 : DEAS113 ; 10 : DEAS109 ; 11 : ITAS339 ; 12 :
BGAS043 ; 13 : ITAS331 ; 14:ITAS308. . . . . . . . . ... ... ...

Comparison of seismic and geodetic moment rate distributions, for 4
example source zone in Fennoscandia (SEAS410), Greece (GRAS257),
France (FRAS176) and Italy (ITAS335), source zones in Fig. 3.11.
The overlap is computed as : 0 if MIN(Mog) > MAX(Mys) or if
MIN(Mys) > MAX(Myc) and as 3, MIN (Mog, Mys)/ number
element(Moc). « v v v v e e e e e

Comparison between geodetic and seismic moment rate mean estimates,
within the ESHM20 area source zones (227 source zones considered),
estimates for the overlap between the seismic and geodetic distributions.
Area source zones where the geodetic moment rate is much lower than
the seismic moment rate : 1 : ITAS308, 2 : ITAS331 ; 3: ITAS339,4 :
BGAS043 , 5: FRAS164, 6: DEAS113, 7: DEAS109, 8: CHASO071 (see
the text and Fig. 3.11). . . . . . . . . . .. . e
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3.16

3.17

3.18

3.19

3.20

Distributions of geodetic (orange) and seismic moment rates (blue) for
three of the source zones, and the associated Magnitude Frequency
Distributions taken from Danciu etal., 2021. Sources zones located on
Figure 3.11. . . . . . . . o e e e e e e e

Comparison of the correlation between Mg and My for the area
source zone and for the macrozone depending on geodetic and
seismic activity, and ESHM20 source model logic tree. The fig-
ures depict loglo(Mog /Mo@). The black whisker plot illustrates the
distribution of all zones in the studied subset. The red, light green,
and green whisker plots respectively represent subsets of zones with
geodetic moments below 3 * 10'2N.m.yr~!.km =2, between 3 x 10'2 and
1083 N.m.yr~t . km=2, and 10" Nm.yr—'.km~2, reflecting zones with
low, moderate, and high deformation. The star (*) indicates that zones
affected by the Fennoscandian Glacial Isostatic Adjustment (GIA) are
not represented, defined in figure 3.11. (1) The first line presents the
distribution of all source zones (227) and all macrozones (51) studied,
along with the subset of zones affected by GIA and with at least 30
events used to compute the recurrence model, (2), (3), (4) present a
comparison between Mg and My computed from different branches
of the logic tree ESHM20. . . ... ... .. ... ... ... ......

Comparison between geodetic and seismic moment rate mean estimates,
within the ESHM20 ‘TECTO’ macrozones (51 macrozones considered),
the overlap between the seismic and geodetic distributions is indicated

Spatial variability of geodetic deformation and seismic release in the
central Apennines. a) mean My versus mean Mg at the scale of the
source zone (zoom of Fig 8.a.) b) Geodetic moment inferred from strain
rates is shown as a colored map;grey dots represent earthquakes in the
ESHMZ20 catalog; blue lines represent the active faults in the ESHM20
fault model. ¢ and d) Geodetic (MOG ) and seismic (Mos moment rate
per kilometer along the cross-section AB : averaged within the source
zones (c), or averaged within bins of 14km along the swath profile (thin
grey rectangle) (d). The blue arrows indicate the intersection with the
two main faults systems along AB. . . ... ... ... .. .......

Percentage of overlap between My and Myg distributions in France.

ESHM20 denominations are indicated. . . . . .. ... ... ... ... 107
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3.21

3.22

3.23

For area source zones in France or at the border, distribution for the
geodetic moment rate (orange) and distribution for the seismic moment
rate (blue, inferred from the ESHM20 earthquake recurrence model).
Mean values and percentiles 16! and 84'". The order from left to right
correspond to an increasing number of events used for establishing the
earthquake recurrence model, less than 10 events for sources FRAS183
to FRAS173, and 30 to 78 events for sources FRAS174 to FRAS176 .

Variability (standard deviation/mean) of the distribution of mean mo-
ments across studied parameters (presented in figure 3.9) for geodetic
moment uncertainty assessment. The first line includes ’Class’ (A, AB,
ABCQ): three different sets of GNSS stations based on quality (1728 val-
ues each), 'Radius Outlier’: spatial radius choices for discarding outliers
(50, 100, 150, 200 km, 1296 values each), and 'Distance Weighting
Scheme’: choices of decay functions for interpolation, either Gaussian
or Quadratic (2592 values each). The second line comprises ’Spatial
Weighting Scheme’: methods for spatial inversion, either Azimuth or
Voronoi, and "Weighting Threshold’: threshold values on the distance
weighting function (6, 12, 24, 1728 values each). The third line in-
cludes ’Seismogenic Thickness’: choices of thickness (5, 10, and 15 km,
1728 values each), ’Shear modulus, p’: choices of shear modulus values
(3.3 x 10, N-m in pink, 3 x 10'°, N - m in red), "My Equation’: choices
of the geodetic moment equation, as described in the text, and 'Geo-
metric coefficient C,’: choices of the geometric coefficient parameter,
either 20r2.6. . . . . . . . . e

Comparison between the overlap with seismic moment of the geodetic
moment based on the non-combined solution on the one hand Masson
etal., 2019, and based on the European common solution in the other
hand Pifia-Valdés etal., 2022. . . . . . . . . .. . . ... ... ...
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3.24 Mean logio(Mos/Mog) for all source zones in Europe, as a function of

4.1

4.2

the number of earthquakes used to constrain the earthquake recurrence
model (My > 3.5). The color represents the mean geodetic moment
of the source zone area, and the size of the symbol is proportional
to the density of the faults, which slip rates is higher than 0.1mm/yr
(*), in the ESHM20 fault model. Compatibility between geodetic and
seismic moment rates increases with the geodetic moment rates, the
number of earthquakes used to constrain the earthquake recurrence
model, and the fault density. Shallow area source zones where the
geodetic moment rate is much lower than the seismic moment rate :
1: ITAS308, 2 : ITAS331 ; 3: ITAS339 , 4 : BGAS043 , 5: FRAS164,
6: DEAS113, 7: DEAS109, 8: CHAS071 and example source zones in
section 3.2.3 : 9: FRAS176, 10: SEAS410, 11: TTAS335, 12: GRAS257
(seethetextand Fig. 3.11). . . . . . . . . .. ... ... ...

Geographical representation of the two designated macrozones under
investigation and the corresponding datasets. a) Depiction of the re-
gion highlighted in the zoomed-in figures b) and c). b) Geographical
location of macrozone TSZ056. The earthquake catalog used (FCAT-17)
is depicted in black. c¢) Geographical location of macrozone TSZ089
in Switzerland. The earthquake catalog employed (ECOS-09) is rep-
resented in maroon. The GNSS (Global Navigation Satellite System)
stations, shown in yellow, were employed for the computation of geode-
tic moment rates within each zone. The national borders are delineated
in black. The color information is optimized for the electronic version
of this figure. . . . . . . . . . .. .. . ...

The distributions of geodetic My (orange) and seismic Mys moment
rates computed from ESHM20 models (blue), for the two macrozones
under investigation. Vertical lines denote the mean of each respec-
tive distribution. The Southern Brittany region (on the left) exhibits
a commendable concordance between the two distributions, whereas
the Switzerland macrozone (on the right) manifests a distinct preva-
lence of geodetic moment rates over seismic moment rates. Locations
are referenced in Figure 4.2. Color representation optimized for the
electronic version. . . . . . . . . . . ... e
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4.3

4.4

4.5

4.6

Description of the considered catalog. a: Catalog, each point represents
an earthquake. My, vs time. b: cumulative number of earthquakes
My, > 5 as a function of time. Data (blue) can be fitted by a linear re-
lationship (pink line) in the completeness period (from 1600 according
to Drouet et al. 2020). c: rate of exceedence vs My for the considered
catalog, taking into account the evolution over time of the completeness
magnitude (Drouet etal., 2020) . ... ... .. ... ... ......

Synthetic catalog, for southern Brittany (TSZ056) resulting from Run
1 (refer to Table 4.1) spanning one million years. Parameters include
p = 1.1, negligible 1, and a rate of 2.0 earthquakes with My > 3
occurring annually. a) The synthetic catalog, where each blue dot
represents an earthquake. €)(¢) is the seismic moment that the system
can release at time ¢ (in magnitude scale), and €,,,cq,, is the mean of
Q(t), chosen as a proxy for the maximum magnitude in the subsequent
point (here Q,,,c.n = 6.5). b) Cumulative number of events over time.
c) Interevent time for earthquakes with My, > 5, in years. The most
significant aftershock sequences are discernible and characterized by
rapid successions of events (e.g., observed not long before year 10000
forexample). . . . . . . . ... e e

Histogram (in grey) of the distribution of log;( of the seismic moment
rate (N-m/yr), calculated as the sum of moments of all earthquakes in
samples of 410 years of the synthetic catalog divided by 410 years, for
southern Brittany (TSZ056). The grey and black bars denote the 16",
84" percentiles, and the mean of the distribution. The green bar is the
seismic moment rate of the actual catalog, while the blue bars give the
seismic moment rates computed from ESHM20 magnitude-frequency
distributions (refer to Section 3 for details), indicating the 16" and 84t
percentiles and the weighted mean. The red bar shows the geodetic
MOMENT. .« . . v ettt e e e e e e e e e e e

Magnitude-frequency distribution for the macrozone of southern Bri-
tanny (TSZ056) from earthquake catalogs : Synthetic-catalog total and
410 year long samples (black and grey lines), the FCAT-17 catalog (red
line) and the recurrence models proposed by ESHM20 (with varying
shapes in the highest magnitude range to account for the uncertainties)
(in blue and green). The value of ¢4, is also indicated. . . ... ..
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4.7

4.8

4.9

4.10

4.11

4.12

4.13

Sanity check comparing synthetic and actual catalogs. a) Histogram
of the distribution of COV for magnitudes > 5 calculated over 410
years from the synthetic catalog. The red bar represents the COV
of the FCAT17 catalog on TSZ056 for the same magnitude interval.
b) Histogram of the distribution of observed Maximum Magnitudes
over 410 years from the synthetic catalog. The red bar represents the
maximum magnitude observed for the FCAT17 catalog on TSZ056.

Sensitivity analysis for southern Brittany (TSZ056): Variability of the
synthetic catalog (std/mean) concerning varying parameters. In blue,
for these points, we computed 8 synthetic catalogs with parameters
from Table 4.1 except for varying p. The data points exhibit a pattern
that can be interpolated by an exponential function, given by the
equation y = 8.7 x 10710 . exp(19z). In red, we generated 3 different
synthetic catalogs with parameters from Table 4.1 but varying n. The
points can be fitted with an affine equation: y = —0.5x+14. .. ...

Description of the considered catalog. a: Catalog, each point represents
an earthquake. My, vs time. b: cumulative number of earthquakes
My > 4 as a function of time. Data (blue) can be interpolated by
a linear relationship (crimson line) in the completeness period (from
1890). C: rate of exceedance vs Myy for the considered catalog, taking
into account the difference in completeness periods (see annex 4.6.1

Sets of parameters of the Marsan and Tan, 2020’s model. ; = 0 and
= 10% of the mean annual rate are equivalent to a branching ratio n
of 1 and 0.9, respectively. . . .. ... ... ... .. ... ... ....

Impact of the model parameters on a) the moment rates estimate, b)
M4 and c) the COV, for 118 year-long samples. . . . ... ... ...

Histogram of the distribution of log10 seismic moment rates(N-m/yr)
calculated as the sum of moments from earthquakes within 118-year
periods of the synthetic catalog, divided by 118 years. The bars show
(in green) the seismic moment of the actual catalog and (in blue) in
ESHM20 macrozone, and (in red) the geodetic moment. . . . .. . ..

Influence of the percentage of aseismic deformation on the synthetic
catalog’s behavior: Analysis of both the distribution of maximum mag-
nitude observed in the synthetic catalog (segmented into bins of 118
years) and the long-term behavior represented by Qmean. The range of
maximum magnitude proposed in ESHM20 is depicted in blue, while
the maximum observed magnitude in the actual catalog is highlighted
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4.14 Determination of completeness periods according to the Weichert,
1980 methodology in the Swiss macrozone TSZ089. Panels (a) to
(e) depict the cumulated annual rates of events in blue for My, >
3,3.5,4,4.5 and 5, respectively. The red lines represent linear regres-
sions observed in the most recent part of the catalog. The determined
periods of completeness are 2000, 1967, 1890, 1800, and 1510 for the
respective magnitude ranges. It is noteworthy that the limited num-
ber of events in the actual catalog for magnitudes higher than 5 adds
complexity to the analysis. Consequently, we selected the year 1510,
aligning with the completeness period proposed by ESHM20 (Danciu
etal., 2021) for the magnitudes higher than 5 and 1200 for magnitude
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