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Abstract

The seismic activity in Northeastern Algeria is characterized by the occurrence of swarms, often with-
out a mainshock, or classic sequences comprising a mainshock followed by aftershocks. These seismic
events exhibit strong temporal and spatial concentrations in both cases, lasting from days to months and
spanning distances ranging from a few to tens of kilometers. Occasionally, these activities demonstrate a
migration pattern over several kilometers across several weeks. While the advent of various seismologi-
cal methodologies at CRAAG has enhanced seismic studies in Algeria, there remains a notable absence
of detailed statistical analysis to characterize and categorize seismic sequences according to their spatio-
temporal patterns and physical processes. This thesis aims to address this gap by employing robust statis-
tical models to characterize earthquake sequences, focusing on quantifying their spatio-temporal patterns.
It embarks on a comprehensive exploration of spatio-temporal pattern modeling, elucidating both math-
ematical and physical characteristics. Key aspects covered include determining magnitude completeness
(m.), understanding magnitude distribution using the Gutenberg-Richter model, and examining spatio-
temporal models like the Omori-Utsu law and the ETAS (Epidemic Type Aftershock Sequence) model.
Additionally, it highlights physical models such as Rate-and-state friction, Coulomb failure, and time
dependent stress rate. The thesis also scrutinizes various statistical analysis approaches, exploring the ef-
fects of declustering on parameter estimation and the influence of misestimating completeness magnitude
on ETAS parameters. It further investigates techniques for achieving unbiased parameter estimation and
explores the impact of disregarding aseismic forcing transients. Moreover, it compares the isotropic and
anisotropic spatial distribution of aftershocks, shedding light on the complexities of seismic activity. An-
other significant aspect of the study is the detection and characterization of earthquake swarms, utilizing
spatio-temporal ETAS models and moment release time series analysis. Employing two methodologies
to identify swarm-like behavior, the research considers the tectonic and geological characteristics of the
area, offering valuable insights into the nature of seismic swarms. Special emphasis is placed on the
Beni-Ilmane earthquake sequence, one of the most important seismic events in Northeastern Algeria, in
terms of the number of earthquakes produced and studies conducted. Through the application of sta-
tistical tests, the research endeavors to understand the underlying mechanisms driving the heightened
seismicity observed in this sequence, drawing comparisons with previous physical and geological stud-
ies. In conclusion, this thesis significantly contributes to the understanding of seismicity in Northeastern
Algeria. The analyses conducted provide insights into the spatio-temporal characteristics of earthquakes,
crucial for predicting and managing seismic risks in the region. The comprehensive categorization of
seismic sequences enhances targeted mitigation strategies, making a valuable contribution to the field of
seismic research and facilitating informed decision-making for earthquake-prone regions.

Keywords: Northeast Algeria, Spatio-temporal evolution, Statistical analysis, Swarm sequences,
Seismic sequences, Fluid driven, Mainshock-aftershock sequences.



Résume

Lactivité sismique dans le nord-est de 1’Algérie se caractérise par la survenue d’essaims, souvent
dépourvus de choc principal, ou de séquences classiques comprenant un choc principal suivi de ré-
pliques. Ces événements sismiques présentent des concentrations temporelles et spatiales marquées dans
les deux cas, d’une durée de quelques jours a plusieurs mois et couvrant des distances allant de quelques
kilometres a plusieurs dizaines de kilometres. De temps a autre, ces activités montrent un schéma de
migration sur plusieurs kilometres sur plusieurs semaines. Bien que 1I’avénement de diverses méthodolo-
gies sismologiques au CRAAG ait amélioré les études sismiques en Algérie, on constate une absence
notable d’analyses statistiques détaillées pour caractériser et catégoriser les séquences sismiques selon
leurs schémas spatiotemporels et leur processus physique. Cette these vise a combler cette lacune en
utilisant des modeles statistiques robustes pour caractériser les séquences sismiques, en mettant 1’accent
sur la quantification de leurs schémas spatiotemporels. Elle entreprend une exploration approfondie de
la modélisation des schémas spatiotemporels, élucidant a la fois les caractéristiques mathématiques et
physiques. Les aspects clés abordés comprennent la détermination de la magnitude de complétude, la
compréhension de la distribution en magnitude en utilisant le modele Gutenberg-Richter, et I’examen
de modeles spatiotemporels tels que la loi d’Omori-Utsu et le modele ETAS (Epidemic Type After-
shock Sequence). De plus, elle donne un bref appercu des modeles physiques tels que le frottement
entre états, la chute de contrainte de coulomb et le taux de contrainte dépendant du temps. La these
examine également diverses approches d’analyse statistique, explorant les effets du dégroupement sur
I’estimation des parametres et I’'influence de la mauvaise estimation de la magnitude de complétude (m..)
sur les parametres ETAS. Elle enquéte en outre sur les techniques permettant d’obtenir une estimation
impartiale des parametres et explore I’impact de 1’ignorance du processus asismique transitoire. De plus,
elle compare la distribution spatiale isotrope et anisotrope des répliques, mettant en lumiere les complex-
ités de I’activité sismique. Un autre aspect significatif de 1’étude est la détection et la caractérisation des
essaims sismiques, utilisant des modeles ETAS spatiotemporels et une analyse des séries temporelles de
libération d’énergie. En employant deux méthodologies pour identifier un comportement semblable a un
essaim, la recherche prend en compte les caractéristiques tectoniques et géologiques de la région, offrant
des informations précieuses sur la nature des essaims sismiques. Une emphase particuliere est mise sur
la séquence sismique de Beni-Illman, I’'un des événements sismiques les plus importants dans le nord-est
de I’ Algérie, en termes de nombre d’événements générés et d’études conduites. A travers I’application de
tests statistiques, la recherche s’efforce de comprendre les mécanismes sous-jacents a I’augmentation de
la sismicité observée dans cette séquence, en établissant des comparaisons avec des études physiques et
géologiques antérieures. En conclusion, cette these contribue de maniere significative a la compréhension
de la sismicité dans le nord-est de I’ Algérie. Les analyses réalisées fournissent des informations sur les
caractéristiques spatiotemporelles des séismes, cruciales pour la prédiction et la gestion des risques sis-
miques dans la région. La catégorisation complete des s€quences sismiques renforce les stratégies ciblées
d’atténuation, apportant une contribution précieuse au domaine de la recherche sismique et facilitant la
prise de décisions éclairées pour les régions sujettes aux tremblements de terre.

Mots clés: Nord-Est Algérien, Evolution spatio-temporel, Analyse statistique, Séquence en swarm,
Séquence sismique, Déclenchement par les fluids, Séquences de séisme principal et de répliques.
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FORWORD

The intricate dance of the Earth’s crust, expressed through seismic events, has been a source of
fascination for scientists throughout the ages. As I introduce this thesis on the statistical analysis of
seismicity in the Northeastern region of Algeria, I am reminded of the numerous hours dedicated
to unraveling the concealed mysteries within the intricate patterns of seismic data.

The fascination with earthquakes and their enigmatic behavior has been a constant companion
since my early days as a student. The seismic events that shape the Earth’s crust are not merely
geological occurrences; they are windows into the very essence of our planet’s evolution.

The impetus to explore the statistical analysis of Algerian seismicity originated from my su-
pervisors, who presented this intriguing subject to me. While the initial foray was challenging,
grappling with the ambiguous link between statistical analysis and the physical processes gov-
erning earthquakes, I discovered an unexpected enjoyment in every moment of the journey. The
path was rugged, marked by more valleys than peaks, yet the summit experiences were profoundly
uplifting, unveiling dreams I never deemed attainable.

This thesis has not only enriched my academic journey but has also fostered lasting connections
with individuals who have now become close friends. In this collaborative endeavor, I had the
privilege of learning from the best, starting with my dedicated supervisors who provided a solid
foundation for my understanding. And led me to be part of their respective projects that gave
papers that I co-authored. Additionally, my institute (CRAAG), which provided the data, serves as
a pivotal source of information essential for conducting my studies.

I owe a debt of gratitude to a diverse group of individuals from around the globe who generously
welcomed me into their projects. It all began with Cristian Ghita from Romania, whom I had the
pleasure of meeting at the IUGG conference, facilitated by the introduction from Professor Bogdan
Enescu, a dear friend I met during my time at Kyoto University. Professor Enescu proposed that I
join the research on seismicity in Romania, a collaboration that culminated in my role as the third
co-author on a forthcoming paper slated for submission to Seismological Research Letters (SRL).
I got also to meet and exchange ideas with Professor David Marsan who, by his papers, influenced
my way of working.

My association with Kyoto University also led me to connect with a PhD student named Like
An and professor Franscesco Grigoli, who quickly became a cherished friend and collaborator. To-
gether, we are embarking on a joint venture to explore the fusion of innovative location techniques
and their impact on statistical parameters.

Reflecting on these experiences, I am transported back to the transformative journey at the GFZ
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Institute in Potsdam. During this period, I had the invaluable opportunity to meet Sebastian Hainzl,
and our collaboration has evolved into a joint exploration of a novel approach to the ETAS model,
aimed at determining the variable background rate. Sebastian Hainzl’s influence on my knowledge
has been profound; his papers have not only shaped my approach to work but also ignited a deeper
understanding of seismic dynamics. Working alongside him is truly an honor and a testament to
the collaborative spirit that defines seismic research.

Moreover, my time at GFZ extended beyond individual collaborations. I had the pleasure of
meeting other Ph. D. students with whom I am now engaged in exchanging ideas and working
on various projects. These interactions have further enriched my academic journey, fostering a
collaborative environment where diverse perspectives converge to push the boundaries of seismic
research Lastly, my paper "Time-dependent and spatio-temporal statistical analysis of seismicity:
application to the complete dataset of the 2010 Beni-Illman seismic sequence," published in Geo-
physical Journal International (GJI), has led a fellow friend from Cameroon to invite me to join
him in utilizing similar techniques for seismicity induced by fluids and magma intrusion. Seeing
the impact of your work make you feel greatful for the journey.

After all these experiences, what I can say is that the most valuable lesson I have learned from
this journey is humility. It underscores the realization that, despite acquiring knowledge, there is
always a vast expanse yet to be explored. Additionally, understanding that each researcher has their
own unique perspective, which should be respected, has taught me the importance of agreeing to
disagree in the pursuit of collaborative and constructive dialogue.

As I conclude this journey, I am grateful for the invaluable experiences, the friendships forged,
and the opportunities to contribute to the ever-evolving field of seismic research.
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General Introduction

An earthquake, a natural occurrence resulting from the fracturing of rocks in the Earth’s crust
and lithospheric mantle, unfolds abruptly, releasing a substantial amount of energy in the form of
seismic waves. These waves propagate in all directions, inducing ground shaking upon reaching
the Earth’s surface, occasionally leading to ground failure and causing adverse effects on human

lives and activities.

The social and economic repercussions of earthquakes are profound, transcending geological
impacts. Disruption of infrastructure, loss of property, potential loss of life, and the displacement
of communities are among the social challenges. Economically, earthquakes can incur significant
costs through the destruction of buildings, critical infrastructure, and disruptions to business activ-
ities. Understanding and mitigating seismic risks on a global scale are imperative for safeguarding

communities and sustaining economic resilience in the face of these natural events.

Earthquakes are not isolated incidents but rather components of a sequence, often starting with
a dominant event, known as mainshock, or in some cases, a subtle escalation in seismic activ-
ity termed foreshock activity. Subsequently, a series of smaller and less frequent earthquakes,
termed aftershocks, occur in close spatio-temporal proximity to the mainshock. Some earthquake
sequences may lack a dominant shock but can still elicit significant concern in society, referred to

as swarms (Utsu, 2002).

Over the past two decades, research has focused on characterizing diverse earthquake se-
quences, exploring the interaction between earthquakes, their triggering effects, and their appli-
cations in earthquake forecasting and prediction. Various methods, such as statistical clustering

theories and physics-based approaches, are employed to comprehend the spatio-temporal patterns
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of earthquake clustering. While pinpointing earthquake prediction in terms of exact occurrence
time, size, and location remains elusive, alternative approaches focus on estimating activity rates
for different spatio-temporal frames for seismic hazard analyses (Utsu et al., 1995; Zhuang et al.,

2002).

Physics-based and statistic-based models describing seismic occurrences are considered two
sides of the same coin. Statistical models are seen as complementary or extensions of physical-
based models, with the main difference lying in the required information. Statistical approaches
treat earthquakes as entities with attributes like origin time, hypocentral coordinates, and magni-
tude, considered as random variables with associated probability distributions, typically sourced
from earthquake catalogs. In contrast, the physics-based approach demands additional seismo-
logical attributes, such as seismic phases, and geophysical parameters like slip distribution over

ruptured areas and regional stresses, for a more comprehensive understanding.

The statistical assessment of earthquake occurrence rates, aftershock sequences, and their tem-
poral decay patterns aids in deciphering the underlying physics of earthquake nucleation. Addi-
tionally, the strength of faults and their response to dynamic stresses induced by seismic waves can
be investigated through statistical analyses. This analytical framework allows researchers to draw
comparisons to laboratory experiments and physical models, providing a deeper understanding of
fault behavior under different loading conditions. The use of statistical seismology is pivotal for
characterizing earthquake triggering effects, shedding light on the factors influencing seismicity
and contributing to advancements in earthquake forecasting and prediction (Helmstetter and Sor-

nette, 2002).

However, it’s essential to acknowledge certain limitations associated with statistical seismol-
ogy. One significant challenge lies in the inherent uncertainties and variability within seismic data,
as cataloged earthquake information may be subject to biases and incomplete recordings. The accu-
racy of statistical models heavily relies on the quality and completeness of earthquake catalogs, and
the presence of undetected seismic events can introduce biases in the analysis. Moreover, while sta-
tistical approaches provide valuable insights into seismic patterns and triggering effects, they may
not capture the full complexity of the underlying physical processes governing earthquake interac-

tions. The reliance on historical earthquake data also poses limitations in predicting future seismic
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events accurately. Despite these challenges, statistical seismology remains a powerful tool for un-
raveling seismic complexities and enhancing our understanding of earthquake behavior. Although
these techniques can be delicate to use, as explained, they are highly data-driven. Employing the
correct approaches and comprehending the data being utilized may help mitigate any biases that
could arise from these techniques. Furthermore, combining physical models with a deep under-
standing of the tectonic state of the region can create the perfect combination to unveil the complex

features of the underlying mechanisms responsible for seismic activity (Reverso et al., 2018).

The Northern Algerian region is known for experiencing numerous seismic events throughout
its history, some of which have been major. Examples include the earthquakes in Algiers in 1365
and 1716, Oran in 1790, Djidjelli in 1856, Gouraya in 1891, Aumale in 1910, Orleansville in
1954 (M6.7), El-Asnam (Chlef now) in 1980 (M7.1), Constantine in 1985 (M6.0), Tipasa in 1989
(M6.0), Mascara-Beni Choughrane in 1994 (M5.7), Ain Temouchent in 1999 (M5.9), Boumerdes-
Zemmouri in 2003 (M6.8) and most recently, the Bejaia earthquake in 2021 (M6.0). This seismic
activity, resulting from the convergence of the two major tectonic plates, African and Eurasian, has
been historically studied primarily through the analysis of historical events. It was only after the El
Asnam earthquake on October 10, 1980, that the beginnings of modern seismology emerged with

the use of seismological instrumentation.

Following the Boumerdes earthquake on May 21, 2003, the CRAAG (Research Center in As-
tronomy, Astrophysics, and Geophysics) decided to establish the initial digital seismological net-
work. This network, now recognized as the ADSN (Algerian Digital Seismic Network), began
deployment in 2007, gradually expanding to include a total of 69 stations, comprising 17 broad-
bands, 01 very-broadband, and 51 short-periods (Yelles-Chaouche et al. (2022)).

The initial contribution to understanding seismic hazard in the entire Northeastern region was
presented in Abacha, 2015. This work combined geological, tectonic, and seismological data to
identify nine seismogenic zones, delving into two seismic sequences: the first, induced in Mila
in 2007, and the second, tectonic in nature, occurring in Beni-Ilmane in 2010. However, caution
is advised in interpreting seismic behavior in each zone due to the presence of several unknown
faults. The spatial patterns of seismicity are complex and diffuse, often occurring away from the

main active fault zones’ transition areas.
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More recently, advancements in understanding active deformation in the Eastern Algerian re-
gion have been made through Bougrine, 2019. The author reveals the deformation partitioned
by the right-lateral strike-slip fault, "Gharimadou Nord Constantinois (GNC)," extending from
Tunisia, cutting across the entire Northeast Algeria. Also known as "the North Constantinois Fault
(NC) and Mcid Aisha-Debbagh (MAD)," this fault plays a significant role, contributing to 44% of
the oblique convergence between the African and Eurasian plates in Eastern Algeria. While the
GNC fault accommodates right-lateral shearing between the two plates, the convergence compo-
nent is distributed among offshore faults to the North (~1.5 mm/year) and the Gafsa fault system
to the south (~1.5 mm/year).

Lastly, the study by Boulahia, 2022 significantly advanced our comprehension of recent seismic
activity in Northeastern Algeria through spectral analysis and waveform modeling of significant
events. This analysis provided crucial insights into rupture processes, fault geometries, and source
parameters, essential for understanding earthquake interactions. Additionally, the use of precise
earthquake relocation techniques revealed previously unmapped faults and transverse structures,

enriching our understanding of regional seismicity.

Despite numerous studies, there has been no comprehensive statistical analysis of the North-
eastern part of Algeria to characterize and categorize seismic sequences according to their physical
processes, by understanding the statistical parameters to describe the ongoing process. Although
studies on forecasting seismicity rate and mitigating the maximum magnitude in the Northern part
of Algeria have already been conducted (Hamdache et al., 2019a; Hamdache et al., 2019b; Bel-
lalem et al., 2023, Merdasse et al., 2023). This region has witnessed several seismic sequences in
recent decades, exhibiting distinct patterns, including the occurrence of two or more strong shocks
within a confined space and a short timeframe, accompanied by temporal and spatial migration.
Considering the increasing global interest in this field, this thesis aims to characterize earthquake
sequences in the Northeastern part of Algeria. It employs well-established and robust statistical

models to quantify spatio-temporal and magnitude patterns of seismicity.
The thesis is structured into four chapters.

The first chapter delves into the spatio-temporal patterns models of seismicity, explaining the

mathematical and physical characteristics of these models. It begins with determining the mag-
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nitude of completeness (m.), a crucial parameter before conducting any statistical analysis. The
methods for determining this parameter are explored, considering their advantages and disadvan-
tages. The chapter then addresses magnitude distribution, describing the Gutenberg-Richter (G-R)
model with its two parameters, b — value and a — value, which represent the stress state and rate
of seismicity, respectively (Gutenberg and Richter, 1956). Temporal models are also discussed, in-
cluding the Omori-Utsu law, which describes the temporal decay of aftershocks after the mainshock
(Omori, 1894; Utsu, 1961), the analysis of the inter-event time for succecive events, and the tem-
poral ETAS model (epidemic type aftershock sequence), known for its robustness (Ogata, 1988).
The non-stationary ETAS model is introduced to describe seismicity triggered by aseismic transient
forcing rate (Marsan et al., 2013). The chapter also covers spatio-temporal models, including the
ETAS model with parameters variable in time and space (Ogata, 1998), and the Nearest Neighbor
Declustering (NND) (Zaliapin et al., 2008), both helpful in understanding events generated by ex-
ternal and internal forcing. Finally, a brief insight into physical models like the Coulomb failure
and the rate-and-state friction model (King et al., 1994; Dieterich, 1994), particularly the time-
dependent stress rate model (Dahm and Hainzl, 2022), is provided, proving to be more effective

than previously described models.

The second chapter will delve into various approaches that must be considered when conducting
any statistical analysis. Firstly, it will assess the impact of declustering on the estimation of the
b — value and, consequently, the predicted maximum magnitude in a region. Following that, it will
examine the advantages and disadvantages of all the techniques used to estimate the magnitude
of completeness. Additionally, it will scrutinize the influence of misestimating the magnitude of
completeness on the ETAS parameters, particularly the productivity factor o — value. The chapter
will also explore various techniques involved in both estimating the ETAS parameters to facilitate
unbiased parameter estimation without sacrificing information. Furthermore, it will investigate the
influence of neglecting aseismic forcing transients on the ETAS parameters. Finally, it will explore

the disparities between the isotropic spatial distribution of aftershocks and the anisotropic one.

The third chapter focuses on the detection and characterization of earthquake swarms in the
Northeastern part of Algeria, employing two methodologies. Firstly, the spatio-temporal ETAS

model parameters were determined for the entire region using a bootstrap approach to assess un-
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certainties. Subsequently, the region was divided into grid cells of dimensions 0.2°x 0.2°, and the
transformed time was calculated in each grid cell. The 1o criterion’ (Nishikawa and Ide, 2017) was
then applied to identify events exhibiting swarm-like behavior. For the second method, skewness
and kurtosis of the moment release time series were computed for each cluster after identification
using CURATE (Jacobs et al., 2013; Mesimeri et al., 2019). Two swarm catalogs were indepen-
dently found and merged, applying additional criteria such as ensuring the difference between the
largest and second-largest event in each cluster is less than one magnitude unit. Interpretations
were based on the tectonic setting and geological area to understand the factors responsible for
these earthquake swarms. This research, in which i served as the lead author, has been submit-
ted for publication in Natural Hazard (NH). The paper identifies a total of 32 seismic swarms
and a few sub-swarms. Some of these swarms are associated with seismic sequences previously

documented during my Ph.D. thesis, where i was a co-author.

The first sequence relates to the 2019 Jijel earthquake, which was published in the African
Journal of Science in 2021 (Yelles-Chaouche et al., 2021). The second sequence pertains to the
earthquake activity along the E-W trending Mcid Aicha-Debbagh fault in March 2017, published
in the Geosciences Journal in 2021 (Bendjama et al., 2021). The third sequence pertains to the
Mw 5.0 El Aouana earthquake on January 24, 2020, and was reported in the Pure and Applied
Geophysics (PAGEOF) Journal in 2023 (Abacha et al., 2023b). Additionally, a tomography of the
Bejaia-Babors region was conducted and submitted to PEPI (Physics of the Earth and Planetary
Interiors), which helped in the interpretation of the origin mechanisms of the identified swarms in

the region.

The final chapter will delve into one of the most crucial seismic events in the Northeastern
part of Algeria, the Beni-Ilmane earthquake sequence. To comprehend the heightened seismicity
observed in this sequence, which surpassed the earthquake frequency of other sequences in the same
region, various statistical tests were applied. The obtained results were meticulously compared to
insights derived from preceding physical and geological studies conducted in the region. Three
main studies were conducted to unravel the intricacies of this phenomenon. The first study focused
on the migration of fluids across different faults, identified as a significant factor in the formation

of seismic swarms. This phenomenon was unequivocally confirmed in the case of the 2010 Beni-
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Ilmane sequence through a comprehensive 4D seismic tomography study, with a specific emphasis
on the Vp/Vs ratio. The conclusive findings from this study were reported in 2023 in the Journal of
Seismology (JOSY) (Abacha et al., 2023a). Furthermore, the assertion regarding fluid migration’s
role was substantiated by a statistical analysis, serving as the primary publication of this thesis,
presented in the Geophysical Journal International (GJI) (Rahmani et al., 2023). Another study
on the Beni-Ilmane sequence has been submitted to GJI, by Tikhamarine et al., promising a more

intricate and comprehensive analysis of the seismic phenomenon.

In conclusion, all the tests and analyses conducted will contribute to a deeper understanding of
the spatio-temporal characteristics of earthquakes in the Northeastern part of Algeria. This knowl-
edge can be valuable for seismic hazard mitigation. The categorization of each seismic sequence
into swarms or mainshock-aftershock sequences is particularly important. This classification can

significantly enhance seismic hazard assessment efforts.

Categorizing seismic sequences is essential for seismic hazard assessment as it allows for a
more refined analysis of earthquake patterns. Swarms, characterized by clusters of seismic activity,
may indicate the presence of fluid migration along fault lines, potentially influencing seismic hazard
(Atkinson and Adams, 2013). On the other hand, distinguishing mainshocks and aftershocks within
a sequence is crucial for assessing the potential for secondary seismic events. This comprehensive
categorization aids in the development of targeted mitigation strategies and improves our ability to

predict and manage seismic risks in the Northeastern part of Algeria.
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Chapter 1

Spatio-temporal earthquake patterns

models

1.1 Introduction

Statistical methods play a pivotal role in seismology due to the incomplete understanding of
earthquake processes. Statistical seismology involves analyzing the distributions of earthquake-
related data and applying statistical techniques to address specific challenges. A primary goal is
to distill the available data into a more manageable format for interpreting the underlying physical

phenomena, primarily achieved through parameter estimation for the variables under study.

Within the realm of seismology, researchers frequently concentrate on examining the distri-
butions of key earthquake parameters, such as magnitude, occurrence time, and location, to gain
insights into the underlying physical mechanisms. Recently, there has been a growing interest in
understanding the spatial and temporal complexities of earthquake occurrences and interactions,
leading to an increased emphasis on investigating distributions of derived quantities. This chapter
explores earthquake distributions in terms of magnitude, temporal aspects, and spatial characteris-
tics. It is important to note that all figures presented in this chapter were generated using codes that
we developed, with Matlab and Python languages, through synthetic tests, except for Figure 1.19,
1.20, and 1.21 in section 1.6.
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1.2 Magnitude of completeness (1)

Evaluating the magnitude of completeness (m.) in instrumental earthquake catalogs is a funda-
mental and necessary process for seismicity analysis. m,. is characterized as the minimum magni-
tude at which 100% of earthquakes within a specific space-time volume are reliably detected and
recorded by a particular seismic network or instrument setup. The existence of m,. is generally due

to:

* The signal is so small that it cannot be separated from the background noise.

* The earthquake is so small, that is not detected by a sufficient number of seismic stations to

be recorded.
» Network operators decided that events below a certain threshold are not of interest.

* Some events are too small to be detected within the coda of larger events (increased noise).

Ensuring an accurate estimation of m,. is crucial because an excessively high value may result
in under-sampling, which will lead to a loss of information, while an excessively low value can
lead to inaccurate seismicity parameter values, introducing bias into the analysis through the use of

incomplete data. This section will outline various methods for estimating m..

1.2.1 The maximum curvature (MAXC)

The maximum curvature (MAXC) technique, initially proposed by Wyss et al., 1999 and sub-
sequently refined by Wiemer and Wyss, 2000, provides a swift and straightforward approach for
estimating m,.. This method involves identifying the point of maximum curvature by pinpointing
the peak value of the first derivative within the frequency-magnitude curve (Figure 1.1). Essen-
tially, this corresponds to the magnitude bin with the highest frequency of events in non-cumulative
frequency-magnitude distributions (FMD). Although this approach is easily applicable, it tends to
underestimate m,. when dealing with gradually curved FMDs. However, Mignan, 2011 demon-

strated that, within a localized dataset where variations in m, are minimized, the MAXC technique
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does not lead to m, underestimation. Another advantage of the MAXC technique is its ability to
provide a stable result with a smaller number of events compared to alternative methods (Mignan,

2011).
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Figure 1.1: Illustration showcasing the identification of the highest point on the non-cumulative
distribution of magnitudes. The red solid line represents the non-cumulative distribution of magni-
tudes, while the green line represents m., set at 1.4 for this test, in the synthetic catalog.

1.2.2 The goodness of fit (GFT)

The Goodness-of-fit test (GFT), introduced by Wiemer and Wyss, 2000, determines m,. by as-
sessing the agreement between the observed FMD and synthetic distributions. The measure of
GFT is quantified by the parameter R, representing the absolute difference in the number of events
within each magnitude bin between the observed and synthetic Gutenberg-Richter (G-R) distribu-
tions (Gutenberg and Richter, 1956) (refer to section 1.3). Synthetic distributions are generated

based on the estimated values of a and b (discussed in section 1.3) for magnitudes greater than or
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equal to the cutoff magnitude m.,;.

Mmazx
chut |Bl - SZ|

R(a,b,mq) = 100 — (
Zi B;

.100), (1.1)

in the Equation 1.1, B; and S; represent the observed and predicted cumulative number of events
in each magnitude bin. m,. is determined at the initial m.,; where the observed data for m > m.,,
is fitted by a straight line (in a log-lin plot) at a fixed confidence level, e.g., R = 90% or 95%
(Figure 1.2). Woessner and Wiemer, 2005a demonstrated that the GFT-90% approach tends to
provide m, estimates at the lower end of the m, distribution compared to other techniques, with

results closely aligned with those obtained using the MAXC method.
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Figure 1.2: Determination of m, using GFT Ttchnique. The black triangles represent the residuals
in % for each magnitude. The dashed green line represents 90% of residuals, with m, = 1.1, and
the dashed red line represents 95% of residuals, with m, = 1.4.

1.2.3 Magnitude of completeness by b-value stability (MBS)

Cao and Gao, 2002 utilized the stability of the b — value (refer to section 1.3) with respect to

Meyt, referred to as MBS by Woessner and Wiemer, 2005a, to estimate m,.. This approach operates
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under the assumption that b — value estimates increase when m.,; > m, and remain constant when
Mewt > Me. I My < M, the resulting b—value is inaccurate. As m.,; approaches m.., the b-value
approaches its true value, maintaining constancy for m., > m., forming a plateau (Figure 1.3).
The authors arbitrarily defined m, as the magnitude where the change in b — value (Ab) between
two consecutive magnitude bins is smaller than 0.03. However, Woessner and Wiemer, 2005a iden-
tified this criterion as unstable due to potential strong variations in the frequency of events within
individual magnitude bins. To introduce an objective measure and enhance numerical stability,
Woessner and Wiemer, 2005a employed the b — value uncertainty (6b) according to Shi and Bolt,

1982 as the criterion:

(1.2)

_ 2 Zi\;lmi_<m>2
§b—2.3b\/ NN =1)

with (m) being the mean magnitude and N the number of events. m, is then defined as the first

magnitude increment at which Ab = |by,. — b| < 0b.
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Figure 1.3: m,. determination via MBS, testing with m. = 1.4. The gray solid line illustrates the
cumulative number of events above each m.,,;, the blue circles indicate the associated b — values

with their uncertainty, and the gray dashed line represents the true b — value.
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1.2.4 The entire magnitude range (EMR)

Woessner and Wiemer, 2005a introduced a method for estimating m,. by considering the entire
magnitude range (EMR), encompassing events below m.. This model comprises two components:
the G-R law for the complete segment and the cumulative normal distribution for the incomplete
segment of the non-cumulative FMD. The aim of the model is to reproduce the entire FMD, accom-
modating the incompletely observed portion. However, this approach has faced criticism, as noted
by Kagan, 2002. The EMR method shares similarities with the one proposed by Ogata and Kat-
sura, 1993. The non-cumulative FMD can be characterized by the intensity A (normalized number

of events) at magnitude m, expressed as:

A(m) = Aog(m), (1.3)

with
A(m|B) = exp(—pm), (1.4)

where [ = b.log(10), with b representing the b — value of the G-R law (refer to section 1.3),
and ¢(m) a detection function with 0 < ¢ < 1. ¢ is commonly defined as the cumulative normal
distribution of mean p and standard deviation o (e.g., Ogata and Katsura, 1993 ; Iwata, 2008),

expressed as:

mo1 —(x — 1)?
q(mlp, o) :/ \/ﬂaemp( (202,@ )dx, (1.5)
with
mC:,U/—i_no-j (1.6)

where n indicates the confidence level. n = 0 means that 50% of the events are detected above m,.

n = (1,2, 3) means that 68%, 95% and 99% of the events are detected (Figure 1.4).
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Figure 1.4: A synthetic example illustrating the determination of m. using the EMR technique. m,.
is defined as the first magnitude above a 90% detection probability. The red solid line represents
the probability density function, the blue solid line represents the detection probability, and the
two dashed green lines correspond to 90% and 99% detection probability, with m. = 1.7 and 1.9,
respectively. The red dashed line represents m, determined by MAXC, with m,. = 1.1.

1.2.5 Median-Based Analysis of the Segment Slope (MBASS)

The Median-Based Analysis of the Segment Slope (MBASS), introduced by Amorese, 2007,
is a non-parametric approach for estimating m.. It employs an iterative process to detect multiple
change points in the non-cumulative FMD. The Wilcoxon rank sum test is utilized to determine
the acceptance or rejection of the null hypothesis. The MBASS technique can identify various
discontinuities in the FMD, with the primary one corresponding to m.. Additional discontinuities

may align with breakpoints at higher magnitudes (e.g., Wesnousky, 1994).

1.2.6 Short-term incompleteness (STAI)

Intense earthquakes commonly result in incomplete aftershock records immediately following

their occurrence, primarily due to coda wave overlap (Hainzl, 2016a; de Arcangelis et al., 2018).
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The abbreviated event records in the short term can significantly obscure both the "true" decay
following the Omori Law (Omori, 1894; Utsu et al., 1995) (refer to section 1.4), and the "true"
aftershock productivity of the triggering event (refer to section 1.4), leading to an overestimation
of the Omori parameter c and an underestimation of the productivity parameter. Helmstetter et al.,
2006 developed an empirical relationship between the mainshock magnitude and m, to determine
the duration of data incompleteness after a powerful mainshock. The relationship is described as
me(m,t) = Mpyain —4.5—0.75log(t), where m,,,4:,, is the magnitude of the mainshock, and ¢ is the
relative time to the mainshock. Figure 1.5 showcases an example of a synthetic catalog generated,

including incompleteness right after the occurrence of the mainshock.
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Figure 1.5: illustration of STAI The black dots represent the synthetic earthquakes, and the dashed
red line represent m..(t).

1.2.7 Rate dependent magnitude of completeness

Hainzl, 2016b illustrated the variability in determining m, relative to seismicity rates. Initially,
the author employed a maximum likelihood method to compute the b — values, treating the seismic

data as a function of the estimated local earthquake rate. Assuming a constant FMD, incomplete
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recordings is expected to result in an apparent decrease in the estimated b — value. The observed
rate of b—value decrease was then used to estimate the time-varying m... The essential assumptions

of this approach are as follows:

1. The seismic network’s minimum completeness magnitude (1) is tied to the sensitivity of
the recording system during low seismicity periods, a value traditionally established through

conventional methods like MAXC, GFT, MBS, EMR, and MBASS.

2. Within short time frames, earthquake occurrences can be approximated using a stationary
Poisson process. This approximation resonates with the idea that seismicity is often well-
explained by a blend of stationary and non-stationary Poisson models, which encompass fac-
tors like tectonic background activity, Omori-type aftershocks, and transient aseismic forc-

ing.
3. The earthquakes are consistently recorded by the same stations.
4. The rate of earthquakes with magnitudes m > m, is denoted by 7.

5. An earthquake cannot be adequately distinguished through seismogram analysis if it occurs

less than At after the last event of equal or larger magnitude.
6. An earthquake catalog is considered complete for m > m, if earthquakes with magnitude

me are recorded with a probability P.,.

Given these assumptions, the probability that an event of magnitude m,, has no predecessor of

magnitude m > m,, within the precursory time interval At (and therefore can be recorded) is:
Py = exp(—At), (1.7)

according to the Poisson model. This directly yields the maximum rate (7,,,,,), which is linked to

the probability (F.) used for completeness definition, to b expressed as:

_ln(PC)

= 1.
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Thus, any period exhibiting a seismicity rate r > 7y, 1s automatically classified as incom-
plete (Figure 1.6). Typically, At (and hence r,,,,) may vary with the magnitude level (m.y) due
to longer coda duration associated with stronger earthquakes. It’s essential to note that no explicit
spatial component is introduced, consistent with assumption (3). Short-term earthquake cluster-
ing is typically driven by spatially confined seismic events, satisfying this assumption. However,
extending this approach to larger spatial scales might overestimate m.(t) in remote regions where

independent seismic networks record simultaneous earthquakes.
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Figure 1.6: m. dependence on rate. Illustrated through a synthetic example.

1.2.8 Summary

All these methods have their advantages and disadvantages, depending on the data used, whether
it’s a small sample of earthquakes or a large one, local earthquake analysis or regional/global assess-
ments, earthquake sequences, or general seismicity. Instead of relying on a single specific method,

the recommended approach is to try all of them, test their effectiveness, and select the one yield-
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ing the highest result to avoid complications. The selection of m, and strategies for overcoming

encountered problems are further elaborated in chapter 2, section 2.4.

1.3 Magnitudes distribution

A common finding in seismology is that smaller earthquakes tend to happen more frequently
than larger ones (Figure 1.7). The G-R law, established by Gutenberg and Richter, 1956, is a firmly
established empirical principle in the field. Within a specific region, the G-R law characterizes the
distribution of earthquake frequencies in relation to their magnitudes above a certain threshold as
follows:

l0g10(N>y,) = a — bm, (1.9)

where N is the number of events equal to or greater to m, m being the magnitude and a, b are
constant to be determined. The most important parameter is the b — value which, mathematically,
express the proportion of small and large earthquakes, physically, it’s negativaly proportional to the
stress stat and act somehow as a stress-meter. This interpretation of the b —value is observed in dif-
ferent fault types where high b—values are found for normal faults (low stress), intermediate values
for strike-slip faults (intermediate stress) and low values for reverse faults (high stress) (Schorlem-
mer and Wiemer, 2005). The b — value is also used for earthquake forcasting by analysing its
temporal and spatial distribution to map the stress state of a region in time and space. One exem-
ple, Gulia and Wiemer, 2010 found a decrese of the b — value just before the parkfield Mw=6.0

indicating an increase of the stress state in the region.

Generally the two constant of the G-R law, a and b values, are either determined using a least
squares regression by fitting the straight line of the G-R distribution, or by using the maximum

likelihood method (Utsu, 1961).

Given an earthquake dataset with magnitudes m, a maximum likelihood estimate of the b —

value is (Aki, 1965; Utsu, 1961):

1

b p—
log10(Tn — M)

5 (1.10)
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where m represents the mean-value of the magnitudes in the dataset and m,,,;,, represents the bin-
ning correction which is expressed by 1, = m. — Am/2, where m, is the magnitude of com-
pleteness and Am is the binning of the magnitude distribution. The maximum-likelihood estima-

tion of the a — value is as follow :

a = 1ogl0(N>p,.) + bm,, (1.11)

where NNV is the number of earthquake equale or greater to m..
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Figure 1.7: llustration of FMD with a synthetic example. The solid red line represents the cumu-
lative number of earthquakes, while the histograms depict the incremental number of earthquakes.

1.4 Temporal distribution

The first law describing the temporal distribution of aftershocks was the Omori-Utsu law which
express the temporal decay of aftershocks in time following a mainshock (Omori, 1894; Utsu,
1961; Utsu et al., 1995), expressed as:

dn k

@ = o (112
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where n is the number of aftershocks, ¢ is the time relative to the mainshock and k, ¢, p are constant
to be determined. The k — value expresses the productivity of aftershocks, the ¢ — value is the time
in which the rate of aftershocks is roughly constant, and the p — value is the constant that control
how fast is the temporal decay. To calculate the number of aftershocks in a time period after the
mainshock we simply integrate Equation 1.12 from 0, occurence time of the mainshock, to 4z,

end time of the studied period, which will give:

1 1
n = k{(p _ 1)(C+ tmaz)p_l - (p _ ].)Cp_l]. (113)

Since Omori’s law was first formulated in 1894, researchers have extensively examined after-
shock sequences stemming from both shallow and deep mainshocks in various tectonic settings.
These investigations have spanned oceanic spreading centers and transform faults (Bohnenstiehl
et al., 2002), continental transform fault zones (Kisslinger and Jones, 1991), continental collision
zones ( Pavlis and Hamburger, 1991; Nyffenegger and Frohlich, 2000), subduction zone environ-
ments (Wiens and McGuire, 2000), and even aftershock sequences related to nuclear explosions
(Gross, 1996). A comprehensive review of the statistical aspects of Omori’s law and a summary
of numerous studies on aftershock sequences can be found in Utsu et al., 1995. Kisslinger and
Jones, 1991 delves into the connection between fault zone properties and Omori’s law, while Davis
and Frohlich, 1991 investigate regional variations in the decay laws of aftershock sequences. One
notable outcome of these investigations is the recognition that both the productivity of aftershocks,
quantified by the number of aftershocks, and the Omori law decay parameter p — value exhibit sig-
nificant variations across different tectonic environments. A high p — value indicates a faster decay
rate of aftershocks over time compared to a lower p—wvalue. For instance, Davis and Frohlich, 1991
noted that earthquakes occurring at depths exceeding 70 km tend to produce fewer and smaller af-
tershock sequences. In contrast, shallow subduction zone earthquakes tend to generate more after-
shocks than their counterparts in shallow ridge-transform zones. Additionally, intermediate-depth
earthquakes, though infrequent, have been found capable of producing aftershock sequences in
collisional plate boundary settings like the Pamir-Hindu Kush region. Investigations of aftershock
sequences in subduction zones have revealed that earthquakes occurring as deep as approximately

650 km can be highly productive in terms of the number of aftershocks (Wiens and Gilbert, 1996).
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Notably, deep earthquakes in regions such as Japan and Indonesia often exhibit low or no after-
shock productivity (Wiens and Gilbert, 1996). Omori’s law decay parameter p — value has been
a focal point in the study of aftershock sequences. Utsu et al., 1995 reported a range of published
p — values from 0.6 to 2.5, with a median of 1.1. In California, for shallow aftershock sequences,
Kisslinger and Jones, 1991 observed p — values ranging from 0.7 to 1.8, with a mean of 1.1.
Bohnenstiehl et al., 2002 presented p — values of 1.74 and 2.37 for two aftershock sequences as-
sociated with the mid-Atlantic ridge spreading, and p — values in the range of 0.94 to 1.29 for
three aftershock sequences related to transform faults offsetting the ridge. In the Pamir-Hindu
Kush region, Pavlis and Hamburger, 1991 indicated a p — value close to 1 for three sequences with
mainshocks occurring at approximately 200 km depth. However, Nyffenegger and Frohlich, 2000
found p — values of 0.53 and 0.83 for the two most significant aftershock sequences studied by
Pavlis and Hamburger, 1991. In the case of aftershock sequences following the deep 1994 Tonga
and Bolivia earthquakes, p — values similar to those for shallow sequences were observed, with a
p — value of 1.19 for the Bolivia event (Nyffenegger and Frohlich, 2000) and 1.006 for the Tonga
event (Wiens and McGuire, 2000). Interestingly, it has been observed that the value of p does not
correlate with either the magnitude of the mainshock or m. (Utsu, 1961; Kisslinger and Jones,
1991; Utsu et al., 1995). This suggests that p — value may reflect characteristics of the fault system
and the surrounding rock material. Additionally, some authors have noted a correlation between
high p — values and high surface heat flow (Kisslinger and Jones, 1991; Kisslinger and Jones,
1991). In contrast to the behavior of the decay parameter p — value, the remaining parameters of
Omori’s law, k£ — value and ¢ — value, display significant variability based on the chosen m,. Utsu
et al., 1995 demonstrated that increasing m,. leads to lower values of both £ — value and ¢ — value,
implying a potential interdependence between these parameters, possibly reflecting the same un-
derlying physical process. The parameter ¢ — value in Omori’s law, often considered as a time
offset to account for incomplete aftershock detection in the immediate aftermath of the mainshock,
has raised debates. While it is commonly interpreted this way (Utsu et al., 1995; Kisslinger and
Jones, 1991), it’s worth noting that positive ¢ — values have been observed in adequately recorded
aftershock sequences. However, interpreting ¢ — value remains a topic of controversy, with some
arguing that it primarily reflects incomplete detection of aftershocks based on statistical analyses

of earthquake catalogs (Kagan, 2004; Kagan and Houston, 2005; Lolli and Gasperini, 2006). Fig-
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ure 1.8 illustrates an exemple of the Omori-Utsu rate decay for a ¢ — value of 0 days (dashed black

line) and a ¢ — value of 0.7 days (solid black line).

- = =c=0

c=0.7

10?2

Rate
_D‘_\
rd

10° ; i
10! 10?2

10°
Time (days)

Figure 1.8: Representation of the Omori-Utsu law decay of aftershocks for £=90, and p = 1.0, with
¢=0.7 (solid black line) and ¢=0 (dashed black line).

The Omori-Utsu parameters are generally optimized by using the maximum likelihood function

described as follow:

L(#) = Zln()\ti) - /S A, = Nin(k) —pZ(ti +¢) — KA(c,p), (1.14)

where
ifp=1.
(1.15)

In(T + ¢) — In(S +¢),
Ale,p) = :
(T+¢)P = (S+c)7P]/(L=p), ifp#L

A, represents the Omori-Utsu function. .S is the start time of the target period for optimization, and

T is the end time of the target period for optimization. The maximum likelihood estimates of the

parameters k, ¢, and p are those that maximize the likelihood function.
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Another way to explain the temporal distribution of earthquakes is analyzing the inter-event
time distribution. Previous studies have demonstrated that the probability density function of inter-
event time between consecutive earthquakes can be approximated by a gamma function (Corral,
2003), expressed as:

p(6t) = Ce Mt5t™, (1.16)

with p(dt) is the probability density function of the inter-event time distribution, Jt is the inter-
event time between consecutive earthquakes, n a model parameter expressing the branching ratio
(Helmstetter and Sornette, 2003), which is the fraction of aftershocks among all the events, . the
forcing rate or background rate, and C' a normalization constant. Hainzl et al., 2006 showed that

the forcing rate and the branching ratio can be estimated according to:

(1.17)

n=1—uk (), (1.18)

where E/(.) and var(.) are respectively the mean and variance of the inter-event time. For short
inter-event times, the distribution diminishes in accordance with §¢t=! (Figure 1.9, dashed black
line). This phenomenon can be attributed to Omori-like aftershock activity, with a p — value
approaching 1. Howerver, for larger inter-event times the distribution follow a more poissonian

model according to exp(—dt) (Figure 1.9, solid black line).
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Figure 1.9: Log-log representation of inter-event time probability density function. The blue solid
line illustrates the probability density function of inter-event times of the synthetic catalog. The
solid black line represents an exponential (exp(—dt)) distribution, while the black dashed line
represents a power-law (6¢ 1) distribution.

The most common known model to use for analyzing temporal patterns of earthquakes is the

ETAS model (Epidemic Type Aftershocks Sequence) (Ogata, 1988), described as:

At)=p+ > keIt —t; 4 )77, (1.19)

ity <t
where m, is the completeness magnitude of the catalog, ¢; and m; represent the time occurrence
and magnitude of the i*" event , a denotes the efficiency in generating aftershock by an event of a
specific magnitude, and k, ¢, p are the Omori-Utsu parameters. The productivity factor « is highly
sensitive to the changes of m,. and is generally in the range from 1.2-2.3 for aftershock sequences

and below 1 for seismic swarm activity (Ogata, 1992). It has also been interpreted that lower
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a — value leads to a high probability of a small events to generate a much larger event (Kumazawa
and Ogata, 2014). Figure 1.10 illustrates an example of the number of aftershocks triggered for

magnitudes ranging from 0 to 5 with an a — value of 2.
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Figure 1.10: ETAS productivity evolution with each magnitude according to a synthetic catalog for
a=2.

In accordance with the ETAS model, we categorize earthquakes into two groups: independent
events, referred to as mainshocks, and dependent events, known as aftershocks. Earthquakes are
considered mainshocks when they result from factors such as tectonic loading and fluid intrusions,
independent of the occurrence of other seismic events. On the other hand, aftershocks are induced
by static or dynamic stress alterations and/or seismically-triggered fluid movements, and they are,
to some extent, linked to preceding earthquakes. Figure 1.11 showcase an exemple of the ETAS
rate for a synthetic catalog generated with the parameters u=1, £=0.01, ¢=0.01 days, a=2, and

p=1.1.
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Figure 1.11: ETAS rate based on a synthetic catalog. The blue solid line represents the modeled
ETAS rate, and the black dots represent the synthetic catalog.

The ETAS parameters are determined by maximizing the maximum likelihood function defined

as:

£(6) = 3~ () - / AL, (1.20)

where A(t;) is the ETAS function (Equation 1.19), S is the the starting time of the studied period,
and 7 is the end time of the studied period. We visually assess the goodness-of-fit of the estimated
ETAS model by comparing the cumulative number of observed earthquakes, with magnitudes m
greater than or equal to m,, to the cumulative number calculated from the estimated ETAS model.
To achieve this, we compute the theoretical cumulative function A(¢) of the underlying earthquakes
at time ¢t and Ay (¢) of the detected earthquakes. These functions are respectively calculated fol-

lowing Equation 1.21. We define the transformed time 7 = A(¢):
T
A(t) = / Ab)dt. (121)
s

If the estimated model is correct, the observed earthquakes in the transformed time should
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exhibit characteristics of a stationary Poisson process. Consequently, the observed cumulative
number in the transformed time will be represented by a nearly straight line when plotted. This

crucial analysis serves as an indicator of the goodness-of-fit for the estimated model (Ogata, 1988).

Marsan et al., 2013 developed a new approach for a variable forcing rate in time (Hainzl, 2016a,
Crespo-Martin et al., 2021). This method is based on the estimation of both the time-dependent
background rate and ETAS parameters by using the maximum likelihood estimation (MLE) with

n-nearest-neighbor smoothing of the background rate. The overall steps to follorw are:

* Estimate the ETAS parameters with a constant background rate in time x(t) = po by maxi-

mizing the log-likelihood.

» Calculate the probability that each event belongs to the background. This probability is
defined as (Zhuang et al., 2002).

* Smooth the background rate by using the n-nearest-neighbors (n.). The best n. will be

chosen according to the Akaike criteria (Akaike, 1974).

AIC(n.) = —L + ﬁ, (1.23)

Te

where L is the maximum-likelihood value of the model fit and N is the number of earth-

quakes.

The procedure will be repeated until the convergence to the best model. To show how the AIC
criteria is used to choose a proper smoothing window for the variable background rate, we generated
two synthetic catalogs with one having a constant background rate in time, and one with a variable
background rate. The results found are depicted in Figure 1.12 and Figure 1.13. The results show
that in each case the method can recover the true background rate with the AIC showing the best

window.
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Figure 1.12: (a) AIC against smoothing window. (b) Background rate for a smoothing window of

10 events (solid green line) compared to the true background rate (dashed black line). (c) Back-

ground rate for a smoothing window of 100 events (solid green line) compared to the true back-

ground rate (dashed black line). (d) Background rate for a smoothing window of 1000 events (solid

green line) compared to the true background rate (dashed black line).
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Figure 1.13: (a) AIC against smoothing window. (b) Background rate for a smoothing window of
10 events (solid green line) compared to the true background rate (dashed black line). (c) Back-
ground rate for a smoothing window of 80 events (solid green line) compared to the true background
rate (dashed black line). (d) Background rate for a smoothing window of 1000 events (solid green
line) compared to the true background rate (dashed black line).

This specific formulation of the ETAS model is particularly well-suited for scenarios where a
fault undergoes external forcing. Three primary cases exemplify this applicability. Firstly, a con-
stant forcing rate is represented by a consistent background rate over time, reflecting the straightfor-
ward situation of a fault system enduring continuous tectonic loading (Figure 1.14a). The second
case is characterized by earthquake swarms featuring a swift transition from low to high seismic
activity. This can occur, for instance, due to external factors like fluid or magma intrusion. The

abrupt surge in seismic activity is typically attributed to aseismic processes such as the migration
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of fluids or the gradual onset of slow earthquakes. Notably, the absence of a large earthquake at

the onset of activity makes it challenging to attribute the sudden increase in seismic activity to seis-

mic events (Figure 1.14b). Lastly, the third case pertains to seismic swarms originating from slow,

transient deformations (Figure 1.14c).
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Figure 1.14: (a) Synthetic exemple for a constant background rate (solid green line). (b) Synthetic

exemple for a rapid onset of the background rate (solid green line). (c) Synthetic exemple for a
smooth variation of the background rate (solid green line).
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1.5 Spatio-temporal characteristics

Ogata, 1998 extended the ETAS model to a space time component with the assumption that :

ity <t
where
k(m;) = Keomimme), (1.25)
and
gt —t;)=(t—t;+¢)77, (1.26)

the spatial f(r;(x,y), m;) kernel models the 2D-distribution of aftershocks locations. In conven-
tional ETAS model approaches, the triggering event is assumed to be a point source, distributing
its offsprings isotropically around its epicenter (Figure 1.15). A classical definition of an isotropic

kernel (Ogata, 1998; Grimm et al., 2021) is:

(). ) — q—1 mri(z,y)? iy
f(rilz, 9),mi) D.exp(y(m; —m)) (1+ D.exp(y(m; — mc))) ' (127

where 7;(x,y) denotes the point-to-point distance between a potential aftershock location (x,y)
and the coordinates (x;,y;) of the triggering event ¢, and m; is the magnitude of the event 7. The
kernel is constrained by the parameters D and + that control the magnitude-dependent width of the
kernel, and parameter ¢ that describes the exponential decay of the function with growing spatial
distance. A high value for the ¢ parameter indicates that the triggering effect is mainly confined
in a relatively small area, whereas small ¢ value indicates a gradual spatial decay of aftershock

productivity.
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Figure 1.15: (a) Isotropic spatial distribution of events. (b) Isotropic spatial density of events.

Since, the distribution of aftershocks in space shows a more anisotropic distribution (Fig-

ure 1.16), the formulation of Equation 1.27 was changed by Grimm et al., 2021 to:

g—1 - 20iri(z,y) + mri(z,y)?

= D.exp(y(m; —m)) D.exp(y(m; —me)) )4 (1.28)

fri(z,y), m;)

In this spatial model, the distance term 7;(z, y) denotes the point-to-line distance between the
potential aftershock location (x, %) and the estimated rupture segment of triggering event i with
length /;. That is, the kernel assigns constant density along the rupture line segment, with a power-
law decay to the sides. Note that the anisotropic kernel is a generalization and collapses to the
isotropic model if the triggering location is assumed to be a point source with rupture extension
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The background rate (u(x,y)) is dependent of space and independent of time, we generally use

a 2D gaussian kernel to smooth the background rate in space according to :

2

N
1 -5
wz,y) = Zﬁﬁi%h e M, (1.29)
i=1 st

with ¢; being the background probability of the i** event, and h,; the spatial bandwidth to smooth
the 2D gaussian kernel. To estimate the parameters of the spatio-temporal ETAS model we usually

use a semi-parametric optimization following the steps below:

1. Set the probability ¢; that an earthquake is a background event to 0.5 for all events.
2. Calculate the background rate according to Equation 1.29.

3. Estimate the parameters u, K, «, ¢, p, D, v, and ¢ by maximizing the L. — value in the

equation below and store the corresponding L. — value.

N t ) 2
L(0) :Zln()\(t,x,y,m))—/o / /y At 2y, m). (130)
=1 T1 Y1
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4. For all events, calculate the background probability ¢; = %

5. Repeat steps (1) to (4) until L is converged.

The ETAS model serves as a crucial method for distinguishing mainshocks (background events)
from aftershocks, and identifying seismic activity clusters. Other techniques for catalog decluster-
ing also exist, such as the Nearest-Neighbor Declustering (NND). In this method, the fundamental
element is the proximity between earthquakes in the space-time-magnitude domain, emphasizing

the nearest-neighbor relationship (Zaliapin and Ben-Zion, 2013).

Take into account an earthquake catalog in which each event ¢ is defined by its occurrence time
t;, hypocenter r= (x;, y;, z;), and magnitude m;. The measure of earthquake j's proximity to the

preceding earthquake 7 is asymmetric in time and is explicitly defined as:

ti<(7’i-)d10_bmi, for t;: > 0.
ng =4 T (1.31)
o0, for tij S 0.

in this context, ¢;; = ¢; —t, represents the intercurrence time between events, taking a positive value
if event j occurred after event z; 7;; > 0 denotes the spatial distance between earthquake hypocen-
ters (or epicenters); d stands for the fractal dimension of the hypocenters (or epicenters); and b is
the b — value of the G-R law. For every event j, we determine its distinct nearest neighbor (par-
ent) ¢ by assessing the proximity outlined in Equation 1.31. The corresponding nearest-neighbor
proximity is denoted as n;;:

Ny = mm(nm,z < j), (1.32)

the event j is consequently labeled as an offspring of . As per this definition, every event (excluding
the initial one in the catalog) possesses a singular parent and has the potential for multiple offspring.
The spatial and temporal distances between event j and its parent ¢, normalized by the magnitude

m,; of the parent event, are described, by (Zaliapin et al., 2008), as:
Ty = ti;1070™ (1.33)

R = rii1077m, (1.34)
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qg+p=1, (1.35)

hence, logl0(n;;) = logl0(T};) + loglO(R;;). Zaliapin et al., 2008 and Zaliapin and Ben-Zion,
2013 demonstrated that a Poisson marked field with a stationary time component, a uniform or
inhomogeneous random space component, and a G-R magnitude distribution results in a unimodal
distribution of (log10(R),l0g10(T)) concentrated along a line defined by (log10(R),logl0(T)) =
const. Conversely, observed seismicity exhibits a bimodal distribution of (log10(R),logl10(T)).
One mode closely resembles that in a Poisson field, representing background events. The other
mode is situated significantly closer in time and space to the origin, signifying clustered events.
This bimodality has been observed across multiple regions and scales. The bimodal nature of
observed seismicity aids in the detection and declustering of clusters. Figure 1.17 showcases an
example of a synthetic catalog generated by the ETAS model (using the same parameters as in

section 1.4) and declustered with the NND technique.
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Figure 1.17: Representation of the NND echnique for a synthetic catalog.

Other techniques, so called window based declustering, are straightforward. For each earth-
quake in the catalog with magnitude m, subsequent shocks are classified as aftershocks if they

occur within a designated time interval 7'(m) and a specified distance interval L(m) (van Stiphout
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et al., 2011). Examples of windowing techniques include the algorithm developed by Gardner and
Knopoff, 1974. Reasenberg, 1985 method is the most widely recognized approach to declustering,

known for its cluster identification methodology.

1.6 Physical models

From a statistical standpoint, earthquakes can be conceptualized as points in both space and
time. However, when considering the physical mechanisms involved, the generation of earthquakes
is intricately tied to the accumulation of stress within the brittle crust. This stress buildup ultimately
leads to the rupture of pre-existing faults in the crust. While measuring absolute stress magnitudes
in the crust is challenging, the stress changes induced by earthquakes can be calculated. Different
physical phenomena exist to explain the role of earthquakes in inducing stress changes, giving rise

to two main types.

Static stresses represent the permanent stress state of a given area. Alterations in static stresses
constitute a lasting modification dependent solely on the co-seismic displacement of the fault. Dur-
ing an earthquake, stresses are liberated along the fault plane and extend beyond the rupture zone,
primarily concentrating at the fracture ends (Chinnery, 1963; Das and Scholz, 1981). The spatial
variations of static stresses diminish rapidly with the epicentral distance A, following a A~3 decay
pattern (Hill and Prejean, 2015). As a result, the potential for static triggering is concentrated in
the near field, typically within a few fault lengths, encompassing the radius where aftershocks are

localized.

Dynamic triggering, the second type, occurs when there is a causal link between the local re-
sponse to seismic waves generated by a distant event (Hill and Prejean, 2015). While this response
should be immediate due to the non-permanent nature of deformation, activation delays, ranging
from seconds to hours, have been observed (e.g., Brodsky et al., 2000; Gomberg, 2001). The chal-
lenge lies in demonstrating that local activities are indeed triggered by a distant earthquake rather

than occurring coincidentally.

Beyond tectonic loading, other external forces, such as fluid migration induced by volcanic
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activity or human fluid injection, significantly influence earthquake occurrences. The circulation
of fluids in the crust induces stress variations. By increasing pore pressure, fluids reduce effective
normal stresses along pre-existing structures, preventing brittle rupture (Nur and Booker, 1972).
Conversely, a decrease in pore pressure can stabilize the fault, leading to periods of seismic quies-
cence. Fluids play a pivotal role in promoting fault weakening, either facilitating seismic slipping

or inducing aseismic rupture, depending on the circumstances (King Hubbert and Rubey, 1959).

The Rate-and-State (RS) and Coulomb Failure (CF) models represent two extensively applied
physics-based seismicity models. Both models operate under the assumption of pre-existing fault
populations responding to Coulomb stress changes. In the CF model, the focus lies on the absolute
Coulomb stress, triggering instantaneous events when stress surpasses a threshold. On the other
hand, the RS model relies solely on stress changes. Both models demonstrate the capability to
predict background earthquake rates and time-dependent stress effects. However, the RS model,
distinguished by its three independent parameters, offers an added dimension by accounting for

delayed aftershock triggering.

1.6.1 Rate-state friction model (RS)

Dieterich, 1994 bridged the gap between statistical and physical seismicity model by proposing

a relationship between the rate of seismicity and the stress state history, one formulation is

R=—, (1.36)

where r the background rate of seismicity, which is assumed constant in time, 7, is the background
shear stressing rate and + is a state variable that depends on the shear and normal stressing his-
tory acting on the population of potential seismic sources. Dieterich, 1994 derived the following

ordinary differential equation for vy
. T .
1 —7.T+7(; — a)al, (1.37)

7=l

where A is a constitutive parameter relating changes in instantaneous slip rate to friction, ¢ and 7
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are the effective normal stress and shear stress (respectively) acting on the population of sources,

and « is a constitutive parameter that relates change in normal stress to friction.

Dieterich, 1994 applies the RS dependent friction model to analyze the occurrence of after-
shocks. This model establishes a connection between steps in shear and normal stresses on faults
and the failure times of a fault population. The seismicity rate remains constant if the rate of tec-
tonic loading is steady. In the RS friction model, static stress changes associated with a mainshock
lead to a stepwise increase in sliding speed and a reduction in the time to failure of pre-existing

faults in the surrounding region.

Dieterich, 1994 demonstrates, assuming a constant normal stress, that the RS friction model
aligns with Omori’s law (refer to section 1.4) for the rate of aftershocks, providing a possible ex-
planation for the observed decay in aftershock rates. The model also predicts an initially constant
aftershock rate before transitioning to a power-law decay over time. A fault population governed
by RS friction becomes a physical model predicting a non-zero value of ¢ in the Omori law (Equa-

tion 1.38).
r k

B exp(£I) +t.7. /Ao T4t

R(t) (1.38)

where AT is the difference in shear stress, and t, is the time since the mainshock. Under the
assumption of a constant stressing rate before and after the mainshock, the parameter c is inversely
related to the stress change. Larger stress changes result in smaller values of ¢, indicating a faster
approach to the power-law decay of seismicity rates. This is explained by the fact that larger stress
changes bring more earthquakes closer to failure sooner, causing the seismicity rate to begin its
decay earlier than in the case of smaller stress changes. Notably, RS friction suggests an inverse
relationship between the Omori law parameter c and the magnitude of the mainshock, where a larger
mainshock corresponds to a smaller value of c in the resulting aftershock sequence. Figure 1.18

illustrates a the decay of aftershocks for diffrent stress changes.
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Figure 1.18: Log-log illustration of the temporal decay of aftershocks rate for diffrent stress
changes.

1.6.2 The Coulomb failure (CF)

Coulomb failure stress, also known as Coulomb failure criterion or Coulomb yield criterion, is

a concept in geology and mechanics that describes the conditions under which a material will fail

(i.e., fracture or undergo irreversible deformation) when subjected to shear stress. According to the

Coulomb failure criterion, failure occurs when the shear stress on a plane reaches a critical value
defined by the formula:

CFS=71+pulo,+P)— 05, (1.39)

where 7 is the shear stress, o, is normal stress, and P is the pore pressure. The coefficient of
friction 1 and the cohesion S are both assumed to be constant. Positive changes in the stresses

and/or pore pressure move a fault closer to the failure stress by an amount:

ACFS = At + p(Ac, + AP) = (. (1.40)
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In the CF model, the occurrence of an earthquake is immediately triggered when the Coulomb
stress (7.) at the source surpasses the inherent cohesive strength (7, ), which ( is the difference

between them (Figure 1.19).
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Figure 1.19: Schematic illustration of Coulomb failure stress changes AC'F'S and critical fluid
pressure changes AP plotted in a Mohr stress diagram required to cause the slip of an individual
fault or asperity (the black circle). The Coulomb Failure line is plotted in red. The symbol (
represents the difference between the strength threshold, 7y, and the actual Coulomb stress, 7, at
the source.

For a consistently applied and uniformly distributed stressing rate 7. the time-to-failure (¢ ) for

a source is straightforwardly determined by:
T0o — Tc _ C

= -2 1.41
P drjdt — 7 (1.41)

consequently, the density distribution of sources for a constant rate ry is:

x=()H(©Q), (1.42)

Te

where H is the Heaviside function (H(¢)=1 for ¢ > 0 and 0 else). Figure 1.20 depicts a schematic

representation of the CF theory.
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Figure 1.20: (a) The Coulomb Failure within the Mohr stress diagram, where the three colored
circles indicate the state of stress on individual faults or asperity. (b, left-penal) Trigger probability
function p(—() (gray line, associated with o = 0) and the CF model for a uniform pre-stress
density distributiony(¢). In the TDSR model, the probability is a smooth function, as indicated
by the non-zero skin parameter Ao (red line). (b, right-penal) Normalized distribution of source
stresses are defined by an initial susceptibility function x((,t) (modified from Dahm and Hainzl,
2022).

1.6.3 Time-Dependent Stress Response Model (TDSR)

The CF model oversimplifies the process by assuming a fixed threshold that instantaneously
triggers events. However, instabilities are realistically expected to manifest at various stress levels.
To address this, Dahm and Hainzl, 2022 introduced the TDSR model as a modification of the CF
model. The TDSR model incorporates the delayed nucleation of both tensile and shear cracks by

introducing a stress-dependent mean time-to-failure (t;) following an exponential function:
— <
te = tpede, (1.43)

the constant ¢, represents the average delay time for a critically stressed source (¢ = 0). The param-

eter 0o governs the escalation of (t¢) with ¢ and is referred to as the skin parameter (Figure 1.20).

In the scenario where do — 0,

ty — oo for ¢ > 0 (stable)
, (1.44)

tf — 0 for ¢ < 0 (instantaneous failure)
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this scenario aligns with the principles of the CF model. The total event rate of the volume at time

AR ()
R(t)—/oo = dc (1.45)

X(C, t) is the time-dependent density distribution of sources at the different stress levels. Noting

tis given by:

that the mean failure rate for N sources is given by N/t¢, where t; is independent of time. To utilize
this relationship for rate forecasts, it is essential to track the evolution of x (¢, ¢). Dahm and Hainzl,
2022 addressed this by employing various assumptions and simplifications in their analytical and
numerical solutions. Analytical predictions for the model can be derived for certain simplified

stress scenarios, as detailed in Table 1.1.

Tet  _ Smin—Tct

. . T . ) TN CE S IC e D R T
Uniform Initial Distribution With Constant Loading (0, =" —
l—e 60
_ So -
Stationary seismicity Toe toree 3
Tc
Stress step —_—

Changing Stressing Rates — 0
(1-ZeYe™ b0 +-2c

Tc,a Tc,a

Table 1.1: TDSR functions for diffrent case of seismicity rate.

Figure 1.21 exemplifies the use of TDSR in studying induced seismicity at the Groningen field,
Netherlands, known for being one of the world’s largest gas reservoirs. The figure compares the
results of the TDSR model with other models, with Dahm and Hainzl, 2022 adjusting the remaining
free parameters to match the observed annual rates of earthquakes above magnitude 1.45, consid-

ered the estimated completeness magnitude since 1993. Their findings suggest that:

e The CF model with uniform pre-stress conditions cannot fit the observations, neither for

critical nor for subcritical conditions.
* TDSR and RS assuming an initially constant background seismicity rate lead to identical fits.
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* RSsubcrit leads to almost the same result as RS but with a significantly larger background

stressing rate.

* The rate of seismic activity decline is significantly affected by the assumed pre-stress dis-
tribution, as shown in Figure 1.21. Models like RS and TDSR, with various pre-stress as-
sumptions, display similar decay patterns. However, a Gaussian distribution leads to a much
sharper decline, indicating faster depletion of seismic sources. This finding has important

implications for seismic hazard studies.

- 30 © observed o o
CF
25 7 CFsubcrit
RS
== RSsubcrit .

20 - == TDSRrit
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= TDSRgauss

10 A

Rate [#/year]
=
(2]
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Figure 1.21: Applying the time-dependent stress response (TDSR) model to the Groningen gas
field (from Dahm and Hainzl, 2022. The seismic response of the TDSR model to average pressure
variations in the Groningen gas field is illustrated here. Data points represent the yearly rate of
earthquakes with magnitudes exceeding 1.45. For comparison, the subcritical Coulomb Failure
(CF) model (CFsubcrit) and the subcritical rate-and-state (RS) model (RSsubcrit) are also depicted.
In both CFsubcrit and RSsubcrit, an initial stress gap of 8.5 MPa was assumed, occurring just prior
to the initial recorded earthquakes in 1991. Notably, the RS model yields an identical forecast to

the TDSR model.
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1.7 Conclusion

This chapter provides an overview of magnitude, temporal and spatio-temporal models in seis-
micity. Additionally, it includes presentations of other physical models that can explain earthquake
triggering mechanisms and spatio-temporal patterns of seismic activity. These models can be sub-

ject to biases stemming from partial data.

In conclusion, statistical methodologies emerge as indispensable tools in seismology, crucial for
navigating the inherent uncertainties surrounding earthquake processes. The scrutiny of earthquake-
related data distributions and the strategic application of statistical techniques are paramount for ef-
fectively addressing the multifaceted challenges within the field. While researchers have tradition-
ally concentrated on dissecting fundamental earthquake parameters, such as magnitude, occurrence

time, and location, this chapter endeavors to extend the analytical scope.

However, these methods can be subject to biases resulting from the incorrect estimation of m,
and catalog errors that can impact statistical parameters. Thus, understanding the seismicity catalog
and each piece of information along with its associated errors is crucial and primordial. The next
chapter will focus on the different biases that can be encountered when using statistical analyses

and the corrections that need to be applied to avoid them.
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Chapter 2

A deep dive in understanding earthquakes

catalog

2.1 Introduction

Understanding the flaws in earthquake catalogs is one of the most crucial steps before con-
ducting any statistical analysis. Statistical models heavily depend on the data, and the inversion
of statistical parameters yields results based on the processed data. Therefore, a thorough analysis
of the catalog is essential, involving high-resolution location, homogeneous magnitude estimation,

temporal constraints, and the selection of appropriate statistical models.
In this chapter, we will address biases encountered in statistical analysis by:

Firstly, we will define what constitutes an earthquake catalog, identify the necessary parameters,
and highlight potential errors. Next, we will explore the decision of whether to decluster a catalog
and determine the most suitable technique for doing so. Subsequently, we will compare different
techniques for determining m., discussing their respective advantages and disadvantages. We will
also delve into the impact of temporal incompleteness on estimating ETAS parameters and propose
solutions to mitigate these issues. Furthermore, we will examine the influence of non-stationarity
in the background rate on the estimation of ETAS parameters, by highlighting the usefulness of a

time-dependent background rate to address and prevent biases resulting from its non-stationarity.
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Finally, we will discuss spatial errors and recommend models that should be incorporated into the
ETAS model to mitigate these spatial issues. All the synthetic tests were conducted using Python

and MATLAB codes

2.2 Earthquake catalog

Seismic networks provide earthquake catalog data, serving as the primary source of information
for earthquake studies. A typical earthquake catalog includes details such as the location, time,
magnitude, depth, and focal mechanism of recorded seismic events. Since earthquake catalog data
serve as the sole representation of reality, ensuring the quality of the data is exceptionally crucial,
especially during statistical analysis. Biases can be introduced from various sources, with the most

crucial ones being errors in earthquake locations and magnitude estimations.

2.2.1 Earthquake location

The determination of earthquake locations relies on two crucial procedures: accurately picking
the arrival times of the P-wave (longitudinal wave) and the S-wave (shear wave), and establishing
a specific velocity model for both seismic waves in the studied region. Therefore, the precision of
earthquake location data hinges on the accuracy of the velocity model. Lateral variations in veloc-
ity can introduce potential systematic errors, especially since seismic networks typically employ
1D velocity models, with 3D models less frequently utilized. Calibration efforts aim to improve
existing velocity models by locating events with known parameters, such as mine blasts or quarry

blasts, or by dividing the network area into smaller regions with distinct 1D models.

Once a velocity model is established, the earthquake location algorithm predicts the arrival
times of P and S waves, which are then compared to observed arrival times. The hypocenter loca-
tion is determined by minimizing the differences between predicted and observed times. Arrival
time errors may also be introduced, contingent on the timing of recorded waveforms, with older

recordings often affected, especially in cases where GPS receivers were not available.

Methods for earthquake location include both linear and non-linear approaches. Linear meth-
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ods, employing partial derivatives and matrix inversion, are computationally faster than non-linear
methods, but their efficacy relies on the quality of the initial guess. In contrast, non-linear models
do not depend on an initial guess and provide solutions that account for uncertainties (Husen and

Hardebeck, 2010).

Earthquake location errors can be categorized based on the following criteria:

¢ Measurement errors in seismic arrival times.
* Modeling errors in calculated travel times.

* Non-linearity of the earthquake location problem

2.2.2 Magnitude errors

In the context of magnitude errors, we are addressing alterations in the magnitude type (e.g.,
Local magnitude, Moment magnitude) provided or changes in the algorithms utilized for magnitude
estimation. Such inconsistencies have the potential to introduce heterogeneity to an earthquake
catalog. Werner and Sornette, 2008 demonstrate how uncertainties in magnitudes can influence
seismic rate estimates and forecasts. Moreover, magnitude uncertainties may result in deviations

from the G-R law, impacting estimates of m,., as highlighted by Mignan, 2011.

Finally, the incorrect estimation of m, can introduce biases in the estimation of statistical pa-
rameters. As discussed in chapter 1, section 1.2, STAI and temporal fluctuations in m,. can severely
underestimate the b — value and the productivity factor o. Therefore, incorporating a time-variable
m.(t) or choosing an appropriate one is a crucial step in any analysis of the earthquake catalog. In

section 2.4, we will discuss how to properly choose m..

2.2.3 summary

Statistical models heavily rely on data, making it imperative to conduct a thorough analysis of
the catalog before initiating any seismicity analyses. This involves assessing the accuracy of the

location, ensuring the precise estimation of magnitudes, and validating the m, estimations. Various
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sources of bias can influence the seismicity catalog, including natural factors such as the impact
of aseismic transients on statistical parameter estimates and STAI (refer to chapter 1, section 1.2).
Additionally, man-made biases, such as network densification over time or declustering, can also

play a role. Subsequent sections will delve deeper into these biases.

2.3 To decluster or not to decluster ?

Declustering serves the purpose of classifying earthquake catalogs into independent events
(mainshocks) and dependent events (afterrshocks) (refer to chapter 1, section 1.5). In this sec-
tion, we will assess various declustering techniques on synthetic data to examine their impact on
the FMD. First, we generate a synthetic catalog based on the ETAS model with the following pa-
rameters: pu=1, p=1.20, ¢=0.001, £=0.0059, =2, D=0.5, ¢=1.5, v=1, and with a b — value set to 1.
Figure 2.1 displays the synthetic catalog generated, containing 1800 events with three mainshock-
aftershock sequences occurring around 580, 650, and 700 days, and the entire catalog having a

maximum magnitude of 3.5.

3.5

25} . .

Magnitude
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Time (days)

Figure 2.1: Synthetic catalog according to the ETAS model.
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The choice of a low & — value aims to diminish the ability of smaller events to generate
larger events and increase the overall earthquake count (Kumazawa and Ogata, 2014), the o —
value selected corresponds to that commonly found in normal tectonic regimes where mainshock-
aftershock sequences are more prevalent (Ogata, 1992), and the chosen b — value is representative

of typical values found in various regions worldwide (Wyss et al., 2004).

The four techniques to be tested in this section are those explained in chapter 1, section 1.5,
namely the spatio-temporal ETAS model, the NND technique, and the window-based methods
(Reasenberg’s algorithm and Gardner and Knopoff technique). The cumulative number of main-
shocks, according to these declustering techniques, is represented in Figure 2.2. Upon observing
the results, it is evident that the number of events in the declustered catalogs decreases by more than
50% compared to the full catalog, ranging from approximately 500 to 800 events, depending on the
declustering technique. Additionally, it can be observed that the increase in the number of events
related to the aftershocks (Figure 2.2, black solid line) disappears, confirming the effectiveness of

the declustering procedure.
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Figure 2.2: Cumulative number of mainshocks declustered compared to the full catalog.
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We proceede with estimating the b and a values for each catalog using the maximum likelihood
technique (refer to chapter 1, section 1.3). Figure 2.3 and Figure 2.4 illustrate the FMD of events,
with the event rate (a — value) plotted against magnitude on a log10 scale. The event rate is notably
lower for each declustered catalog compared to the full catalog, primarily due to the exclusion of
aftershocks. Table 2.1 presents the results for each catalog, showing a decrease in the b — value for
each declustering technique. Only the ETAS model was able to recover the true b—value, while the
Gardner-Knopoff method exhibited a notable decrease in the b — value, mainly attributable to the
relative increase of larger events. A lower b — value estimation can lead to an unrealistic estimate

of the number of events with larger magnitudes.

In summary, three main trends are visible: "aggressive" declustering, as implemented by the
Gardner-Knopoff technique, tends to exclude a higher number of small events, resulting in a de-
crease in the b — value. In contrast, the ETAS model does not impact the b — value estimation.
Finally, the NND technique and Reasenberg’s method exhibit a slightly smaller decrease in the

b — value, but they still cannot fully recover the true b — value.

Declustering method —value b — value
Full catalog 3.25 1
ETAS catalog 2.76 0.99
Gardner-Knopoff catalog ~ 2.91 0.88
Reasenberg catalog 2.84 0.96
NND catalog 2.76 0.95

Table 2.1: G-R law parameters for the full catalog and the declustered ones
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Figure 2.3: FMD of mainshocks declustered compared to the full catalog.
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Figure 2.4: G-R law fit for declustered catalogs compared to the full catalog.
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We conduct a simulation to predict the largest magnitude of a catalog using the different b —
values determined for each declustered catalog. To achieve this, we generate 10,000 earthquake
catalogs by employing the parameters of the ETAS model used to create the synthetic earthquake
catalog, with the sole modification being the replacement of the b—value found for each declustered
catalog. Subsequently, we creat a probability density function (PDF) from our results to observe
the variations across each declustered catalog. The results found from this simulation are depicted
in Figure 2.5. This analysis provides insights into the potential range of maximum magnitudes that

could occur based on the specific b — values obtained through different declustering techniques.

0.9

NND

ETAS
Gardner-knopoff | 4
Reasenberg

08

< o <o o
= o @ ~
T T T

Probability density function (PDF)

=
[
T

0z2r

017

Magnitude

Figure 2.5: Probability density function of the largest magnitude predicted for the full catalog and
the declustered ones

It is evident that as the b — value decreases, the magnitude of the largest event increases. This
implies that an underestimation of the b — value may lead to an overestimation of the maximum
magnitude in a given region. While one might instinctively believe that overestimating the maxi-
mum magnitude is preferable to underestimating it, it is crucial to take into account the economic
conditions of each country. Striking the right balance between the observed reality and the eco-
nomic aspects of the region becomes vital, especially for those engaged in determining seismic

hazards. Alternatively, understanding the fundamental physical mechanisms responsible for gener-
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ating earthquakes may also be influenced when utilizing declustering to interpret the b — value. As
mentioned in chapter 1, section 1.3, the b — value acts somewhat like a stress meter, and underes-

timating it may result in a biased interpretation of the stress state in the region.

These results are consistent with the findings of Mizrahi et al., 2021b. In their study, where they
determined the b — values for the entire Californian earthquake catalog, including the declustered
events, they observed that the ETAS model maintained an unchanged b — value. However, the
Gardner-Knopoff declustering method, heavily underestimate the b — value. They also highlighted
that all declustering techniques underestimated the true event rate. On the other hand, Eroglu Azak
et al., 2018 propose that the effectiveness of each declustering technique depends on considering
each tectonic region separately. They suggest a careful examination of catalogs and the tectonic
setting before applying any declustering technique. Furthermore, they advocate that if the declus-
tered catalog and the full catalog share the same b — value, it is acceptable to decluster. Finally
they interpret differences in b — values as possibly indicating that clustered events and mainshocks
do not follow the same tectonic regime. This observation, although potentially evident, raises the
possibility that the reduction in the number of earthquakes post-declustering could contribute to

smaller b — values.

Probabilistic seismic hazard assessment (PSHA) relies on a Poisson distribution for earthquake
occurrence, an assumption intended to be maintained through the process of declustering. How-
ever, the absence of a standardized method for declustering, coupled with the lack of an objective
criterion to distinguish mainshocks, aftershocks, and foreshocks, significantly impacts the results.
Additionally, the potential threat posed by aftershocks was highlighted in a study by Marzocchi
and Taroni, 2014, revealing that declustering can lead to an underestimation of PSHA. In response,
Iervolino et al., 2018 and Iervolino, 2019 proposed a generalization of the hazard integral to reintro-
duce aftershock hazard in PSHA. Contrastingly, Nandan et al., 2019 proposed employing the ETAS
model for seismicity rate assessment. In their study conducted in California for pseudo perspective

forecasting, the ETAS model outperformed all other techniques.

Revisiting the initial question: To decluster or not? The answer is both yes and no. While
PSHA require a Poissonian distribution of earthquakes, recent advancements in the field propose

models that incorporate aftershocks to characterize the complete seismicity rate. However, scien-
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tists continue to use conventional methods for determining PSHA without fully considering these

recent findings. Despite this, it remains crucial to address the issue and search for a proper solution.

2.4 How to properly choose the magnitude of completeness?

The selection of m, stands out as a critical preliminary step before embarking on any statis-
tical analysis (refer to chapter 1, section 1.2). Hence, it is imperative to accurately estimate m,,
considering that even minor temporal variations can introduce bias into the statistical analysis. In
this section, we will systematically examine each factor that influences m. and its impact on our
statistical parameters, particularly the ETAS model. Initially, we assess m, estimation for varying
sample sizes (number of events) by generating synthetic catalogs with m.=2 and a b — value of 1.
Introducing incompleteness to the catalogs is achieved using the EMR technique with parameters
p=1 and 0=0.25. Catalogs are then generated with sample sizes ranging from 25 to 1500. m, is
subsequently determined using four techniques outlined in chapter 1, section 1.2. To gauge the
uncertainties in the m,. estimates, a bootstrap approach is employed. Bootstrap sample earthquake
catalogs are formed by randomly selecting, with replacement, an equivalent number of events from
the original catalog. For each bootstrap sample earthquake catalog, m,. and dm,. are calculated . The
results obtained are depicted in Figure 2.6, the red line represent the mean m, from the bootstrap

estimation, and the gray solid line represente the uncrtanties dm..
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Figure 2.6: (a) MAXC method estimation of m, for different sample size. (b) EMR method esti-
mation for different sample size. (¢) GFT method estimation of m, for different sample size. (d)
MBS method estimation for different sample size

Both the MAXC and GFT-95% approaches consistently exhibit an underestimation of m,. by ~
0.1, with MAXC consistently yielding the smallest values (Figure 2.6a, and c). The EMR method
effectively recovers m. ~ 2.0 for larger sample sizes but tends to overestimate it for sample sizes
~< 600 (Figure 2.6b). In contrast, the MBS approach significantly underestimates m.., particularly
for small sample sizes (~< 500), displaying a notable dependence on the number of data points
(Figure 2.6d). The trend of dm,. (ranging between ~ (0.2 and 0.04) decreasing with an increase in
sample size aligns with expectations, as smaller sample sizes lead to higher parameter variability
(Figure 2.6, gray lines). This pattern of decreasing uncertainty with an increase in the number
of data points is consistent with the statistical principle that a larger sample size generally results
in more precise parameter estimates. Smaller sample sizes inherently lead to greater variability
in the calculated parameters, contributing to larger uncertainties. This observation underscores
the importance of considering the sample size when interpreting the uncertainties associated with

seismic parameters. From these tests, the EMR method proved to be the most effective in recovering
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the true m...

To explore the impact of temporal variations in m,. on the ETAS parameters, we conducted
three distinct synthetic tests. Initially, we generated a synthetic catalog using the ETAS model with
the following parameters: k=0.015, a=2.1, ¢=0.01, p=1.2, and p=1. Subsequently, we replicated
three different tests based on the methodology outlined by Hainzl et al., 2013, each with varying
parameters. These tests focus solely on the conventional temporal ETAS model. Following this,
we applied different solutions and compared them to the true synthetic parameters. The series of

synthetic tests is as follows:

* The first synthetic catalog exhibits time-dependent incompleteness for lower magnitudes
ranging from O to 0.5. We incorporate incompleteness using the EMR technique during mag-
nitude generation, ensuring that events with magnitudes in the range of 0-0.5 are partially
excluded. This scenario, referred to as case-1, represents a typical catalog found in current
practice, where detection depends on the level of noise in the region, leading to variations in

the temporal evolution of m, (Figure 2.7).
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Figure 2.7: Synthetic catalog with incompleteness below 0.5. The black circles represent synthetic
earthquakes in the complete range (>0.5), and the red circles represent the incomplete part (m<0.5)

* The second synthetic catalog has all earthquakes occurring between 500 and 700 days with
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magnitudes ranging from 0O to 0.5 removed, creating partial incompleteness and inducing a
time-dependent m,. This scenario simulates a situation where some stations in the network
configuration are non-operational for a period of time. We will refer to this case as case-2

(Figure 2.8).
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Figure 2.8: Synthetic catalog with partial incompleteness < 0.5, from 500 to 700 days (red circles).

* The third synthetic catalog will incorporate STAI following major mainshocks. STAI will be
implemented by removing events based on the empirical relationship discussed in chapter 1,
subsection 1.2.6, as outlined in Helmstetter et al., 2006. All earthquakes that do not satisfy
the conditions of the empirical relationship will be removed from the synthetic catalog. This

scenario will be denoted as case-3 (Figure 2.9).
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Figure 2.9: Synthetic catalog with STAI for periods after two mainshocks for magnitude 3 and 4
(red circles).

The estimated parameters of the ETAS model are outlined in Table 2.2.

Case 1 P c k Q@
True parameters 1.00 1.20 0.010 0.015 2.10
Case-1 098 1.19 0.015 0.006 2.06
Case-2 092 1.22 0.034 0.028 1.94
Case-3 096 1.18 0.021 0.020 1.98
Case-2, with m > m+0.5 0.99 1.21 0.012 0.013 2.08

Case-3, with excluding the events from the incomplete part 1.02 1.19 0.009 0.016 2.12

Table 2.2: ETAS parameters determined for each case.

Specifically, it was observed that partialy excluding events ranging from magnitude 0 to 0.5
from the catalog in case-1 results in a reduction of the parameter £ and a slight increase in the
¢ — value, without introducing any bias in the other parameters (Table 2.2). However, the other
two cases lead to a significant underestimation of the o« — value, and an over estimation of both the
c—value and k—wvalue. This discrepancy can be explained by the fact that in case-2, the absence of
events, with magnitude ranging from O to 0.5, in the 200-day time period reduces the productivity of

larger shocks and increases it for smaller events. In case-3, scaling the incompleteness time period
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with the mainshock magnitude diminishes the apparent productivity of larger events compared to
lower magnitudes, which results also in an increase of the k —value. In the latter case, the bias in «
is relatively small if the catalog is taken for a long period but for a short period (seismic sequence)

the bias can become larger.

This analysis highlights that catalog errors in both case-2 and case-3 introduce significant biases
in the estimation of a. However, two solutions can be implemented: firstly, optimizing only for
events with magnitudes above the highest m,. in the catalog, which in this case is m > 0.5 (applied
to case-2), and secondly, excluding events occurring during incompletely recorded time periods
immediately following large earthquakes (applied to case-3). These solutions have proven effective

in mitigating bias in parameter estimation (refer to Table 2.2).

Other solutions, proposed by Hainzl, 2016a and Mizrahi et al., 2021a, exist to account for time-

varying m,. on a short or long-term scale.

Firstly, Hainzl, 2016a included information on STAI in the ETAS model by incorporating the
rate dependent m,. (refer to chapter 1. section 1.2). The methodology is grounded in the straightfor-
ward assumption that an earthquake of magnitude m becomes indistinguishable and undetectable
by seismogram analysis if it occurs within a blind time 7; after an event of equal or larger magni-
tude (Hainzl, 2016a; Lippiello et al., 2016). Building on this premise, Hainzl, 2016a derived the
functional form of the apparent seismicity rate 17, and magnitude distribution F’ based on recorded,
incomplete catalog data. Notably, R and F' are contingent on the true underlying rate R, at time ¢
and the time-invariant, true magnitude distribution F{. The probability of observing an earthquake
with a specific magnitude m > m, at time ¢ is determined by the likelihood that no earthquake
occurred between t — Tj, and ¢ with a magnitude larger than m. Assuming an (inhomogeneous)
Poisson process with the true rate R, which represent the temporal ETAS function (refer to chap-

ter 1, section 1.4, Equation 1.19), the detection probability F; is given by:
Py(m,t) = e(—No(t)Fo(m))’ 2.1)

where Fy(m) is the true cumulative distribution function of earthquake magnitudes, and Vj is the

true number of expected m > m, events, i.e., the integral of R, over the time interval [t — T, t].
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The product Ny(t).Fo(m) represents the expected number of events with a magnitude larger than m
occurring in the interval 7},. With this detection probability, both the apparent rate and magnitude

distribution can be analytically determined. Hainzl, 2016a demonstrated that the apparent rate is

specifically given by:
R(t) = mmm Ro(t).Pa(t m)
[ By(t).e(=No(t) Fo(m) 2.2)
L
and the apparent magnitude distribution becomes:
F(m,t) = /mmw Fo(m).Py(t, m)
_ / e Fy(m).e(~No®Fo(m)) 2.3)

1 — e~ TeRo(t)Fo(m)

= 1 _ e_TbRU(t) ?

in both equations, the approximation is considered valid because seismicity rates typically do not

vary significantly over the time scale of 7, which is in the order of seconds to minutes; thus,
No(t) - Ro(t)Tb

Figure 2.10 illustrates the relation between the true rate and, the apparant rate for diffrent 7
values. It becomes evident that the impact of incompleteness strongly increases with increasing 73,

but with a 7,=0, the relation between the apparant rate and the true rate becomes linear.
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Figure 2.10: Aftershocks rate decay for different blind time.

To estimates to ETAS parameters with the new information for STAI, we optimize the maximum
likelihood of the apparant rate R(t;) with the magnitude distribution accounting for incomplete part

of the catalog f(t;, m;), as defined in the equation below:

L(0) = Z In(f(ti, mi)R(t;)) — /ST R(t;)dt, (2.4)

thus the probability density function of the magnitude distribution of the incomplete part of the

catalog is given by:

10—b(m—mc)G—No(t)lo—b(m—mc)

f(ti;mi) = In(10)bNo(t) (2.5)

1 — e No(® ’

here, the optimization of both the ETAS parameters and the b — value in the G-R model is carried
out simultaneously. This is because the function describing the magnitude distribution depends
not only on the b — value but also Ny(t), which contain the ETAS parameters. Therefore, in
addition to the 5 parameters of the ETAS model, the b — value and the blind time are also included

as parameters to be fitted. This new model was named as ETASI (Epidemic Type Aftershock
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Sequence Incomplete).

We replicated case-3 by generating only one seismic sequence containing STAI for a main-
shock of magnitude 4, and for a time period of 5 days, using the same ETAS parameters. We then
attempted to fit the synthetic data by both ETAS and ETASI. Table 2.3 depicts the comparison be-
ween the true parameters, ETAS inversion and ETASI inversion. The obtained results indicate that
by incorporating information to address STAI, we can avoid excluding events occurring just after a
significant mainshock, leading to the identification of the true ETAS parameters with a still slight
overestimation of the c—value (Table 2.3). In fact, incorporating incompleteness (Figure 2.11b) re-
sults in an underestimation of the v — value when using the conventional ETAS model (Table 2.3).
This underestimation, in turn, leads to a misrepresentation of the predicted model (Figure 2.11a).

In the case of ETASI, the true observed model is accurately recovered (Figure 2.11a).
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Figure 2.11: (a) Fitting of the cumulative number of earthquakes using both the ETAS model (green
dashed line) and the ETASI model (red dashed line). (b) Short-term incompleteness of the fitted
catalog.

Model I P c k Q@ T,
True parameters 1.00 1.20 0.010 0.015 2.10 -

ETAS 094 1.18 0.026 0.024 1.88 -

ETASI 1.02 1.19 0.017 0.018 2.09 260

Table 2.3: Comparison between the true parameters of the synthetic catalog and the parameter
inversion of ETAS and ETASI.
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Secondly, the methodology proposed by Mizrahi et al., 2021a yields substantial improvements
when applied to catalogs exhibiting changes of m,. in the long term. As time progresses and seismo-
logical science advances, additional stations are installed to enhance the detection capabilities for
smaller events. Ignoring these changes in the network configuration can lead to biases in estimating

m., introducing errors that may impact the accuracy of statistical parameter estimates.
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Figure 2.12: Schematic representation of m,.(¢) and m.. The green area represents the unobserved
events, and the white area represents the observed events. my is defined as the minimum of m..(t).

The concept of a long-term, time-dependent m,. acknowledges that requirement for complete
recording of all potential triggers may be compromised. In the given context, we define m,..r as the
minimum magnitude, denoted as min[m.(t;)], where m.(¢;) represents the minimum magnitude for
events in the complete catalog at times ¢;. This definition implies that for times when m.(t) > m,.,
the requirement of complete recording of all potential triggers may be violated. Events falling
within the magnitude range of m,.; to m.(t) are not considered part of the complete catalog and
are deemed unobserved, even if they might have been detected by the network. Consequently,
the ETAS model requires adjustment to account for the possibility that event was triggered by an

unobserved event (Figure 2.12).
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Let’s now consider the ratio £(t), which represents the relationship between the expected num-
ber of events triggered by an unobserved event and the expected number triggered by an observed

event at time ¢:

17D fn(m)G(m)dm

Myef

Sy for(m)G (m)dm’

§(t) = (2.6)

far(m) = B.e7B-(m=mres) is the probability density function of magnitudes according to the G-R
law, with 5 = b.log(10), b being the b — value, and G(m) is the total number of expected after-
shocks larger than m,..; following an event of magnitude m, which is the integral of the aftershock
contribution in the temporal ETAS model (chapter 1,section 1.5, in Equation 1.19). Analogously,
the ratio between the expected fraction of unobserved events and the expected fraction of observed

events at time ¢ is given by:
Jonetey For(m)dm’

if 5 > « (productivity factor of the ETAS model), both £(¢) and ((¢) are well-defined, we have:

C(t) = (2.7)

efﬁ(m*m'ref) . ea(mfm'ref ) dm

fmc(t)
t) =t
5( ) fmc(t) e B-(m—mycp) pa(m—mnrer) dm,
cla—B)am _ q (2.8)
e(a*B)Am

= e(~(0=B)Am®) _ 1

and

fmC(t) 675.(m7mref)dm

t) =t
C( ) fmc(t) e—ﬁ.(m—mref)dm
 eam (2.9)
efﬁAm

_ BAm®) _ 1

Y

where Am(t) = m.(t) —m,.s. The condition 3 > « is generally fulfilled in naturally observed cat-
alogs (Helmstetter and Sornette, 2003). The ETAS model \; comprises the sum of the background

rate and aftershock rates of all events. In the case of time-varying m., an event 7 can be triggered not
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only by observed events 7, but also by unobserved events k. Therefore, ); is generalized by adding
the expected rate of aftershocks of unobserved triggering events at that time, g;.£(t;), where gy
is the rate of aftershocks in the temporal ETAS model. This yields: A\; = 1+ >, gr; (1 + §())-
The generalized definitions of the probability that an event is a background event or triggered event

¢4 and ¢, are given by:

i Yij
iy = : (2.10)
’ Bt Zk:tk<tj i (1 +&(tr))

ind H
ij = ) (2.11)
’ Bt Zk:tk<tj i (1 + &£ (tx))

note that the probability gbmgg that an event j was triggered by an unobserved event is given by
o7+ ¢mgg + > ¢r; = 1. In the special case of m.(t) = m,.s, where {(t) = 0, and ((t) = 0
the estimated number of background events and triggered events, which are found by summing
the probabilities, of the prior event above m,..; , including unobserved events. Similar to ampli-
fying the triggering power, the observed event numbers are adjusted to account for unobserved
events. Whene an event is observed at time ¢; , we expect that ((¢;) events occurred under similar

circumstances but were not observed. This yields:

Noack = > ¢ (1 +C(t5)), (2.12)

J
Nipigg = qumgg 1+¢(ty)), (2.13)

With these refined definitions, the parameters of the ETAS model can be inverted using the
methodology outlined by Veen and Schoenberg, 2008. This process involves the application of
the Expected Maximization (EM) procedure, which accommodates missing data by assuming the
existence of corresponding unobserved data points for each observed data point. It is noteworthy
that this particular definition has been incorporated into the temporal ETAS model, as opposed
to its utilization in the spatio-temporal ETAS model by Mizrahi et al., 2021a. Consequently, a
key distinction arises where £(t) in the spatio-temporal ETAS model is a function of «, 53, 7,

and g—parameters linked to magnitude (refer to chapter 1, section 1.5, in Equation 1.24, 1.25, and
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1.27). In our context (temporal ETAS), however, £(t) is solely dependent on «v and /3 (Equation 2.8).

To test the efficiency of this procedure, we generated an earthquake catalog that contain high
changes in m, over long periods of time. The parameters used to create this synthetic catalog are
k=0.010, a=1.80, c=0.01, p=1.2, and pu=1. Then, we introduced incompleteness so that from 0
to 1900 days , m. = 2, from 1900 to 3800 days, m.=1, and from 3800 to 5000 days, m.=0.5

(Figure 2.13). In this particular case, m,..;=0.5 representing min[m.(t)].
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Figure 2.13: Synthetic catalog with a variable m,, representing a scenario of network densification
over time.

This synthetic catalog represents a scenario where network densification is ongoing over time,
resulting in a reduction of m.. It is crucial to consider such changes, as explained earlier, because
alterations in the m,. can introduce biases in ETAS and G-R law parameters. Some solutions, such
as adopting the highest value of m,, have been proposed, but this approach systematically reduces
the number of events, resulting in a loss of information. Conversely, selecting the smallest value of
m. can introduce biases in the parameters. This type of bias can be assimilated to case-1 in the first

synthetic test with a larger time scale.
We applied the modified ETAS model, which accounts for changes in m, over time, and com-
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pared it with selecting the lowest value in the temporal distribution of m.. The results indicate that
opting for the minimum value of m, results in an overestimation of the k — value and ¢ — value
and a significant underestimation of the o — value (Figure 2.14, blue circles). Conversely, when
utilizing the ETAS model with a variable m,. over time, we obtained nearly the same true values
as provided, resulting in more robust results (Figure 2.14, red circles). It is noteworthy that even
in the previous synthetic tests, the p — value remains unaffected. Therefore, we can conclude that
the p — value is the only parameter not influenced by changes in m, (as explained in chapter 1,

section 1.4).
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Figure 2.14: Inversion results of the ETAS parameters for the minimum magnitude (blue circles)
and the ETAS model with variable magnitude of completeness (red circles) compared to the true
values (black squares).

2.5 Influence of a time dependent background rate on the esti-

mation of the ETAS parameters

We investigated the impact of three distinct forms of time-dependent aseismic forcing on pa-
rameter estimation. In the first case (case-1), the backgorund rate is ocnstant in time, which can
be assimilated to a constant tectonic loading, u(t) = po = 1 (Figure 2.15a). The second case
(case-2) simulates the anticipated effects associated with an underlying aseismic stress step, such
as those related to fluid intrusion. In this scenario, aseismic transient triggering is modeled using an
Omori-Utsu-type decaying rate, pu(t) = po+ k(t —to) ™ = 1+0.0059(¢ — 500) 2 (Figure 2.15b).
The third case (case-3) simulate temporal changes in background forcing exhibit smooth varia-

tions, generally associated with slow transient deformation. The background rate is modeled using
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a gaussian function, () = o + (11 — p10)e=10)*/20* = 1 4 (4 — 1)e(t=700*/100° (Eigyre 2.15¢).

The other four parameters («, k, ¢, and p) chosen for each case are listed in Table 2.4.
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Figure 2.15: (a) Synthetic catalog with a constant background rate. (b) Synthetic catalog with
transient background rate. (c) Synthetic catalog with a gaussian background rate

For each case, we conducted parameter estimation through two distinct methodologies. The
first adheres to the conventional ETAS model which account for a constant background rate, while

the second employs the time-dependent background rate ETAS model (Marsan et al., 2013).

In the context of case-1 featuring constant background rate, both methodologies produce com-
parable and unbiased estimates for the true underlying parameters (Table 2.4). Conversely, in
simulations entailing time-dependent forcing (case-2 and case-3), the method proposed by Marsan

et al., 2013 consistently identifies time-dependent forcing as the preferred solution, with parameter
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estimation nearly unbiased (Table 2.4). On the other hand, estimating ETAS parameters under the
assumption of constant background rate results in markedly biased aftershock productivity parame-
ters when aseismic forcing is present. Notably, parameters k and « are highly impacted (Table 2.4).
k is overestimated, and « is significantly underestimated (Table 2.4). This can be explained by the
fact that assuming a constant background rate in a context of swarm-like activity increases the
capacity of smaller earthquakes to generate aftershocks (overestimation of the £ — value) and de-
creases the productivity of larger events (underestimation of the o — value). Thus, the time-varying
background rate proves to be highly efficient in modeling swarm-like seismicity. These results are
comparable to those found by Hainzl et al., 2013, where in the case of synthetic testing, the time-
dependent background rate ETAS was accepted as the best model for modeling seismic activity

generated by external forcing.

Case I D c k o

Case-1 true parameters 1.00 1.20 0.010 0.0059 2.10

Case-1 inverted parameters (constant background rate) 1.01 1.18 0.009 0.0062 2.15
Case-1 inverted parameters (time-dependent background rate) 1.02 1.21 0.011 0.0058 2.12
Case-2 true parameters - 1.20 0.010 0.0059 2.10

Case-2 inverted parameters (constant background rate) 2.14 1.24 0.013 0.0150 1.72
Case-2 inverted parameters (time-dependent background rate) - 1.18 0.014 0.0055 2.09
Case-3 true parameters - 1.20 0.010 0.0059 0.80

Case-3 inverted parameters (constant background rate) 3.54 1.18 0.012 0.0360 0.31
Case-3 inverted parameters (time-dependent background rate) - 1.23 0.011 0.0057 0.82

Table 2.4: ETAS parameters determined for each case by comparing the true parameters with
the inverted ones using both the constant background rate ETAS model and the time-dependent

background rate model.

2.6 Spatial biases corrections

In the application of the ETAS model accurate earthquake location holds critical significance

for various aspects of spatio-temporal analysis. The ETAS model, commonly used for describing
seismic clustering, particularly aftershocks, relies on precise location information. Location errors
can influence cluster identification, potentially leading to mischaracterization of clustering patterns.

Moreover, these errors can introduce biases in estimating key parameters such as mainshock pro-
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ductivity, aftershock triggering behavior, and background seismicity rates. Accurate locations are
essential for capturing spatial variations in seismicity rates, and errors in location data may result
in an incorrect assessment of the spatial distribution of earthquake activity. Additionally, location
errors can violate model assumptions regarding stationarity and isotropy, impacting the testing and
calibration of the ETAS model. Aditionnaly, two other source of biases must be took into concider-

ation.

The first bias is to neglect the anisotropic distribution of aftershocks (chapter 1, section 1.5),
which can lead to an underestimation of the productivity factor o (Grimm et al., 2021). The
isotropic model is adequate for small rupture extensions (moderate earthquakes) but becomes prob-
lematic for larger events in which the aftershocks will be distributed along a longer fault plane

(Figure 2.16)."

The second bias is linked to the infinit spatial extent of the spatial density of earthquakes.
According to the conventional definition of an infinite spatial kernel, aftershock triggering tends
to be biased towards the numerous smaller events. These smaller events possess greater flexibility
in mimicking anisotropic event alignments compared to the fewer, more powerful mainshocks.
Consequently, this bias can result in unrealistically distant trigger impacts for smaller magnitudes
and a significant underestimation of the direct aftershock productivity stemming from strong events.

This, in turn, leads to a smoothing effect on temporal event distributions (Grimm et al., 2021).

To address this issue, one idea is to integrate an anisotropic function for the aftershock distri-
bution into the spatio-temporal ETAS model (refer to chapter 1, section 1.4, in Equation 1.28), and
confine the distribution of events only to the rupture length by incorporating a distance threshold
dependent on the magnitude of the event. Figure 2.16 represents a simulation for both isotropic and

anisotropic kernel distributions, restricted to the rupture length.
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Figure 2.16: Visualization of the spatial kernels restricted, with an isotropic distribution for a shock
of magnitude 5, and anisotropic for shocks of magnitude 6 and 7.

2.7 Conclusion

This chapter emphasizes the significance of carefully understanding the data, as numerous bi-
ases can be introduced to the earthquake catalog. Neglecting these biases may lead to false results
and, consequently, a misinterpretation of the underlying physical processes. Firstly, the choice of
the declustering technique is crucial to avoid biases in the b — value. Than, a meticulous estima-
tion of m, is essential. It is imperative to comprehend the advantages and disadvantages of each
technique available. Additionally, studying the temporal variation of m,. is crucial, as temporal fluc-
tuations can introduce biases to statistical parameters, even over short periods. For instance, STAI,
to which the ETAS model is highly sensitive, can be addressed by either considering the largest m,.
or incorporating parameters in the model that account for these changes, such as rate-dependent
m. or long-term methods for incompleteness. Another critical consideration is the influence of
aseismic transient forces, such as fluids, which cannot be avoided. Neglecting these forces may
result in biases in the estimation of ETAS parameters. Therefore, a non-stationary ETAS model
is preferable, as it can capture both a constant background rate and a variable one. This flexibil-
ity is a powerful tool for understanding changes in seismic activity. Finally, before applying any

statistical model, the spatial parameters of earthquakes (longitude, latitude, and depth) must be
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well-constrained. A comprehensive understanding of the spatial distribution of events is necessary
to choose an appropriate model between anisotropic and isotropic models and to restrict the spa-
tial extent of aftershocks. By addressing these considerations, you can initiate the analysis of the

catalog and gain insights into the underlying physical processes.
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Chapter 3

Detection and Characterization of
Earthquake Swarms in the Northeastern

Part of Algeria

3.1 Introduction

In the realm of seismic phenomena in the Northeastern part of Algeria, two distinct types of
seismic sequences emerge, rooted in the temporal and spatial attributes of events (Utsu, 2002).
Firstly, (foreshocks-) mainshock-aftershocks activity is characterized by a major event of a defined
magnitude followed by a decrease in subsequent event magnitudes over time (Figure 3.1a, b).
Secondly, Swarm-type activity is defined by irregularities in temporality, lacking a mainshock or

involving a succession of several mainshocks (Figure 3.1c, d).

Various physical mechanisms, including creeping, slow slip events, magmatic intrusion, and
fluid migration, often contribute to earthquake swarms (Hill, 1977; Vidale and Shearer, 2006;
Lohman and McGuire, 2007; Bourouis and Cornet, 2009, Hainzl and Ogata, 2005, Pacchiani and
Lyon-Caen, 2010; Yoshida, 2019; Mesimeri et al., 2023). Regions with elevated heat flow and
reduced viscosity are suggested to be more prone to producing swarms rather than mainshock-

aftershock sequences (Ben-Zion and Lyakhovsky, 2006; Yang and Ben-Zion, 2009). Additionally,
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earthquake-earthquake interactions, such as static stress transfer, can influence the temporal evolu-

tion and spatial migration observed in complex seismic sequences (Mesimeri et al., 2023).
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Figure 3.1: Example of seismic sequences with the temporal variation of the number of earth-
quakes. (a) Mainshock-aftershocks sequence; (b) Foreshocks-mainshock-afterchocks sequence;
(c) Swarm-type sequence with no clear mainshock; (d) Succession of mainshock-aftershocks se-
quences (modified from Utsu et al., 1995). Ordinary-type sequences encompasse (a) and (b), while
swarm-type include (c) and (d).

Seismic activity in Northern Algeria stands as a crucial subject of investigation, given its pro-
found impact on the socio-economic development of the country. This seismicity is a consequence
of the geographical position of Algeria at the boundary between the African and Eurasian plates
within the Western Mediterranean region. The NW-SE convergence of these plates is linked to the
counterclockwise rotation of Africa relative to Eurasia, with a pivotal Euler pole (EP) situated off
the coast of Morocco, because of oceanic expansion at the Atlantic Ridge, occurring at a rate of 25

mm/year in the North and 40 mm/year in the south (Demets et al., 1994; Nocquet) (Figure 3.2a).
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This convergence has led to the creation of relief features, including the mountain ranges found in
the Tellian Atlas System (e.g., Hodna, Bibans, and Babors). Seismic activity is predominantly con-
centrated along the Algerian margin, including the Tellian Atlas in the North (Figure 3.2b), which
is generally related to Neogene basins such as the Mitidja, and Mila-Constantine basins (MB, and
M-CB in Figure 3.2c) (Abacha, 2015). Conversely, areas further south, such as the High Plateaus
or the Saharan Atlas, experience comparatively less impact from current active deformation (Fig-

ure 3.2b).

A notable characteristic of Algerian seismicity is its pronounced concentration in the eastern
part of the country, where nearly two-thirds of seismic events have occurred to date (Abacha, 2015;
Yelles-Chaouche et al., 2022), (Figure 3.2b). In this region, a distributed deformation pattern is
observed, primarily marked by low to moderate-magnitude seismic sequences associated with var-
ious strike-slip faulting mechanisms. These include NE-SW left-lateral, NW-SE right-lateral, and
WNW-ESE right-lateral faults, with the M’cid Aicha-Debbagh Fault (MADF) standing out as the
most significant (Abacha and Yelles-Chaouche, 2019; Bendjama et al., 2021; Boulahia et al., 2021;
Abacha et al., 2023b) (Figure 3.2c). To a lesser degree, there are also instances of E-W thrust
faults, particularly observed in the offshore region (Yelles-Chaouche et al., 2021; 2023). A distinc-
tive feature of these seismic sequences is their tendency to manifest with two or more mainshocks,
comparable to exemples from Figure 3.1c, and d, coupled with a considerable number of seis-
mic events, often exhibiting spatio-temporal migration (Khelif et al., 2018; Yelles-Chaouche et al.,
2019; Abacha and Yelles-Chaouche, 2019; Bendjama et al., 2021; Boulahia et al., 2021; Boulahia,
2022; Abacha et al., 2022, 2023a). In contrast, western Algeria displays a more uniform and
homogeneous deformation pattern compared to its eastern counterpart. Seismicity in this region
predominantly occurs along a 200 to 300 km wide band, characterized by active thrust faulting,
indicative of concentrated deformation within a compressive stress regime. Notably, this area is
susceptible to high-magnitude earthquakes typically of the mainshock-aftershock type, exempli-
fied by the 1980 El Asnam earthquake with a magnitude of 7.3 (Ouyed et al., 1981). This clarifies

why we have focused our attention on the Northeastern region of Algeria.

Major progress has been made in seismic monitoring in Algeria since 2000, with the first rein-

stallation of the former seismic monitoring network (Réseau Algérien de Surveillance et d’ Alerte

98



Chapter III: Detection and Characterization of Earthquake Swarms in the Northeastern Part of
Algeria

Sismique: REALSAS), partially destroyed in the 1990s, and the second in 2007, with the deploy-
ment of the more modern Algerian Digital Seismic Network (ADSN; Yelles-Chaouche et al., 2022),
(Figure 3.2¢). The latter allows a more realistic view of Algerian seismicity through the acquisition
of a large amount of seismic data and also by the possibility of studying the more recent moderate

events. Hence, our focus in this study is primarily on a 2007-2020 catalog.

This chapter focuses on seismic swarm detection from the 2007-2020 catalog, utilizing two
methodologies - the spatio-temporal Epidemic-Type Aftershock Sequence (ETAS) model and skew-
ness and kurtosis of the moment release time series analysis. The comprehensive examination
contributes to seismic hazard assessment, providing insights into the dynamic behavior of seismic
events. This research enhances our understanding of seismic risks, contributing to refining haz-
ard models and formulating effective preparedness measures (Nishikawa and Ide, 2017; Mesimeri

et al., 2019; Jacobs et al., 2013; Yelles-Chaouche et al., 2022).

3.2 Methodology description

The study utilized data from the Algerian Digital Seismic Network (ADSN) covering the North-
eastern part of Algeria, spanning from 2007 to 2020. The decision to exclude data preceding 2007
was made due to the establishment of the permanent network by ADSN in that year, ensuring con-
sistency. Including earlier data could introduce bias into the estimation of m, (refer to chapter 2,
section 2.4). The region was partitioned into grids measuring 0.2°x 0.2°, and for each grid cell, m,
was calculated. The highest value among these, 2.8, was selected to minimize biases in estimating

statistical parameters. The study considered a total of 2354 events for analysis (Figure 3.2d).
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Figure 3.2: (a) Algeria’s location in Africa, illustrating its border with the Eurasian Plate and the
African Plate. The numbers represent the velocity expansion in mm/year. The studied area is high-
lighted by a blue box. (b) Spatial distribution of the Algerian earthquake catalog. The main Alge-
rian geological units are named on a yellow background. The red line represents the Eurasia—Africa
Plate boundary (simplified from Bird, 2003), and the blue line represents the deformation front of
Tell. (c) Spatial distribution of the Algerian Digital Seismic Network (ADSN). The main tectonic
structures are also represented by solid black lines. The main Tellian Atlas mountain ranges are
named on a white background. (d) Spatial distribution of earthquakes above the magnitude of com-

pleteness.
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Two methods were used to detect seismic swarms. In the first one, we calculated the spatio-
temporal ETAS model parameters (refer to chapter 1, section 1.5) using a bootstrap approach to
quantify the uncertainties. Than from each cell grid, we determine the transformed time according

to:

Tend
A= [ [ N, @)
Tstart S

where A(t;, x;, y;) represents the spatio-temporal ETAS function (see chapter 1, section 1.4). from

this we convert the occurence time (Z;) in a region S into transformed time 7(t) = A(t) (refer
to chapter 1, section 1.4). Nishikawa and Ide, 2017 introduced the ’1o criterion’ suggesting that
swarm sequences should follow the condition 7,1 — 7; + 0 < 1 for five concecutive events. Here,
T,+1—T; represent the number of event expected between two succecive events, and o is the standard
deviation which is equal to /7,11 — 7;. We rearranged this formulation for 5 succecive events and

we have:
V5 —1

5 )? &~ 0.382. (3.2)

Tiv1 — T < (

We applied this condition to each grid cell to determine the events that have swarm tendency.
Figure 3.3 depicts two exemples of transformed time within a grid cell: one where no swarm is

detected (Figure 3.3a), and another where a swarm is identified (Figure 3.3b).
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Figure 3.3: (a) Transformed time computed for seismicity without any swarm, and a line with a
slope of unity is also depicted. (b) Transformed time calculated for seismicity containing swarm
(red circles), and a line with a slope of unity is also included in the plot.
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Once these events were identified, we organized them into clusters and implemented additional
criteria to prevent false positive clusters. The initial criterion entails choosing clusters where the
magnitude difference (Am) between the largest event and the second-largest event is less than
one unit. This criterion aligns with Bath’s Law, which suggests that this difference is usually
greater than or equal to one unit in a typical earthquake sequence. The second criterion involves
considering only clusters where the first event has a background probability exceeding 0.5, thereby

excluding abnormal high-rate earthquake sequences (Nishikawa and Ide, 2017).

The second method employed adopts a different approach by utilizing the seismic moment
release. Previous research has indicated that mainshock-aftershock sequences often exhibit a pro-
nounced surge in seismic moment release at the onset of the sequence. In contrast, earthquake
swarms typically demonstrate a more uniformly distributed moment release over time. Quanti-
fying the weighted skewness (S) of the moment release time series distribution has proven to be
a valuable metric in distinguishing between mainshock-aftershock sequences and swarm-like se-
quences, as demonstrated in prior studies (Roland and McGuire, 2009; Chen and Shearer, 2011;
Mesimeri et al., 2016; Zhang et al., 2016;Passarelli et al., 2018).

o D= Pl 53

o3 ’

where t; represents the occurrence time since the beginning of the sequence, ¢ is the weighted
mean time, my(7) denotes the moment release for the i'" earthquake, and o is the cubed standard
deviation. According to their findings, mainshock-aftershock sequences should exhibit a positive
skewness (skewed to the left), while swarm sequences should have small positive to zero values of
skewness. Building upon this method, Mesimeri et al., 2019 recommended calculating the kurtosis

(K) of the moment release history for each earthquake sequence.

o X0t = Dmoi) )

ol

High values of K indicate a heavy-tailed distribution, similar to mainshock-aftershock se-
quences (Figure 3.4a), whereas earthquake swarms tend to exhibit more of a normal distribution

(Figure 3.4b).
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Figure 3.4: Temporal distribution of seismic moment release for a Mainshock-Aftershock sequence
(depicted by black circles) and a swarm sequence (depicted by red circles).

When plotting K against S, a parabolic relationship between the two parameters becomes appar-
ent (Cristelli, 2014; Sattin et al., 2009). Before calculating these parameters, we initially utilized
CURATE (Jacobs et al., 2013) to extract clusters, which were subsequently employed to com-
pute S and K for each cluster. These values were then used to categorize sequences into swarm-
like sequences and mainshock-aftershock sequences. Following this categorization, we fitted the

parabolic relationship between the two parameters.

3.3 Detected swarms

The model parameters fitted using the bootstrap approach for the ETAS model are as follows:
k = 0.37+0.03 events, ¢ = 0.034+0.04 days, o = 1.42+0.0095, p = 1.07£0.003,D = 0.000090+
0.04 deg?, ¢ = 1.61 £ 0.006, and v = 0.25 4= 0.14 (Figure 3.5). It’s important to note that these
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parameter values represent the mean triggering effect for the entire region. Therefore, earthquake
sequences with higher productivity may be interpreted as swarms. However, the Am criterion is
designed to exclude such sequences from our analysis. 72% of the entire dataset is interpreted
as background events, with parameters A and « indicating that an earthquake of magnitude 5 can

trigger 8.41 aftershocks.
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Figure 3.5: Error bars for the ETAS parameters computed using the bootstrap approach.

In total, 37 clusters were identified, comprising 313 events, which represent approximately 13%
of the overall seismicity. The minimum and maximum number of events for all clusters are 5 and
30, respectively, with durations ranging from 0.17 day to 68 days. Figure 3.6 illustrates an example

of the swarm event detected in 2011.
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events. (b) Graph illustrating the transformed time calculation for seismic activity.
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Conversely, the analysis of skewness and kurtosis, from the second method, yielded 32 clusters
with 621 events, constituting 26% of the entire seismicity. Each cluster has a minimum of 5 events
and a maximum of 191 events, with durations ranging from 1 day to 100 days. The parabolic

fit between kurtosis and skewness (see Figure 3.7) produced the following results in the equation

below:
K =1.015% + 1.415 + 2.01 (3.5)
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Figure 3.7: A parabolic relationship between skewness and kurtosis observed in the analyzed earth-
quake clusters.

The disparity in the numbers of swarm events and their durations arises from the distinct ap-
proaches of the two techniques. The first technique identifies swarm seismic events within each
cluster, while the second method analyzes each cluster to determine if it exhibits swarm-like be-
havior. The spatial distribution of those clusters by both techniques is plotted on Figure 3.8a, and
b, respectively. The combination of the two results led to 39 clusters. Some clusters, due to their
proximity in both time and space, were merged into a single cluster. This consolidation process

ultimately yielded a total of 32 final clusters (Figure 3.8c).
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Figure 3.8: (a) Spatial distribution of earthquake swarms detected using the 1o criterion. (b) Spa-
tial distribution of earthquake swarms identified by analyzing the temporal distribution of seismic

moment release. (c) Spatial distribution of earthquake swarms merged from the two methods. The
distinct seismic swarms are labeled as CO1-32.
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Combining the results from both techniques, we integrated all the events to compile a compre-
hensive swarm catalog for the Northeastern part of Algeria. In total, 676 events were identified
as swarms, constituting 29% of the entire seismicity in the region (Figure 3.9a). The magnitude

against time of the detected swarm compared to the entire catalog, is also plotted in (Figure 3.9b)

2500 T T T

® |

T T T
Cumulative number of earthquakes
Cumulative number of swarm events

2000 |

1500 |-

1000

Cumulative number of earthquakes

500 -

oo

551

@ - ® ®
5 ® ® ® © g
® ®
® ® ®
° ® ® ® ® -
< ® .
2451 @ - ) [oNo} - @
= .. [o} (0]
& . ® ® -
= o @ - . @ ®-
o @ - . NG
4 0 e 00O - ® o i
R R @ 0 ® -d
e smmee e o @D @O - ® ® @« ® ®
CO& - @ -® ce @ ed® o e e@m © “® o . -
BB+ =+ e @D RO [oXo) 00 @ @+ oo - @O
350G @ @reemm = e e o@D e @D e s @ cee s O@ @O o seeae @@ OF
COB e @D B0 cn GO @B O e me =@ OF
(OO e v D @Bromn OO ¢ D B B memre OO SO
D@D e ¢ 10 nt @D Buienisem o0 Q@D o0 o0 @ O Bem + « e e e OO
DO e s et @D (D Dee 2 QR coe DD D@D @ e v sone o DA
3| -ee- — @ S = GG OB
b @0 == eme CEBEE =D = Or CHBm = =e — B e CEB @+ + = voom smrme e ~-BADC
TS - =l et ek oo )
2008 2010 2012 2014 2016 2018 2020 2022

Time (years)

Figure 3.9: (a) Cumulative number of observed events (depicted by the black line) and cumulative
number of swarm events (depicted by the red line). (b) Magnitude versus time chart, where black
dots represent all earthquakes, and red circles specifically denote swarm events.

The number of events in each cluster ranges from 5 to 191, with a mean of 19.40 events and
a standard deviation of 35.08 events (Figure 3.10c). The duration of each swarm ranges from 0.9

days to 118 days, with a mean of 25 days and a standard deviation of 29.21 days (Figure 3.10d).
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The maximum magnitude ranges from 3.0 to 5.3, with a mean of 4.05 and a standard deviation of
0.68 (Figure 3.10b). The magnitude difference between the largest shock and the second-largest
shock ranges from 0.1 to 0.7, with a mean of 0.26 and a standard deviation of 0.17. The low mean
of the difference between the largest shock and the second-largest shock suggests that no clear
mainshocks were detected in each swarm cluster, which is a typical feature of swarm sequences.
The analysis of the G-R law parameters for all events in the seismic swarm catalog yielded a
b — value equal to 0.82+0.03 and an a — value equal to 5.10+£0.05 (Figure 3.10a). Interpreting
the b — value as a stress meter, the low value found suggests a region influenced by high stress.
However, analyzing the entire region might not be meaningful, and consideration should be given
to analyzing the b — value for each zone. The small number of events in each zone introduces high

uncertainties in the b — value analysis, potentially leading to misleading interpretations.
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Figure 3.10: (a) Frequency-magnitude distribution of the swarm events. The dashed line refers
to a Gutenberg-Richter relation with b = 0.87. (b) Histogram of the maximum magnitude. (c)

Histogram of the number of events. (c) Histogram of the time duration.
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3.4 Possible origin of earthquake swarms detected

Abacha, 2015 marked the initial endeavor to identify seismic swarms across the entire North-
eastern region. This comprehensive study amalgamated geological, tectonic, and seismological
data to delineate nine seismogenic zones. It delved into two significant seismic sequences: the first
induced, occurring in Mila in 2007 (Semmane et al., 2012), and the second, unfolding in Beni-
Ilmane in 2010, characterized by two triggering mechanisms: tectonic loading (Yelles-Chaouche
et al., 2014) and fluid migration (Abacha et al., 2014). Furthermore, the research shed light on
the phenomenon of typical swarms lacking clear mainshocks, often associated with factors such as
reservoir water level fluctuations following heavy precipitation, as well as heightened interstitial
pressure resulting from fluid injection or water circulation within hydrothermal systems. Building

upon this foundation, employed three statistical approaches in an attempt to elucidate the nature of
these swarms further.
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Figure 3.11: Spatial distribution of 32 swarm clusters color-coded based on the 9 identified zones,
with a gradual scale corresponding to their occurrence time in each zone.

In Northeastern Algeria, our analysis revealed the presence of 32 swarms, some of which in-
clude sub-clusters, belonging to 13 sequences characterized by a succession of several mainshock

patterns, alongside 19 distinct swarms lacking a clearly identifiable mainshock. To interpret the
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results, we categorized the clusters into nine zones based on their geological and tectonic attributes

(Figure 3.11).

3.4.1 Zone 1: Along the southern and western borders of the LKB

Seismic activity in this zone primarily clusters around the Lesser Kabylia Block (LKB), particu-
larly along major tectonic faults such as the M’cid Aicha Debbagh Faults (MADF) to the south and
the Aftis Fault (AF) to the west (see Figure 3.2b). Conversely, seismicity within the LKB seems to
be less pronounced (refer to Figure 3.2b). Yelles-Chaouche et al., 2021 attribute this discrepancy to
the block’s inherent rigidity, attributed to its Paleozoic geological formations. In this first zone, five
clusters were identified, starting with C22 (see Figure 3.8c), which corresponds to a portion of the
seismic crisis recorded in the Sidi Dris region between March 4 and March 16, 2017 (Figure 3.11).
A comprehensive study conducted by Bendjama et al., 2021 reveals an unusual spatial distribution,
with events arranged linearly along two NNW-SSE parallel sinister faults, resembling two parallel
channels (Figure 3.12). Such a configuration is often associated with seismicity induced by fluid
injection (e.g., Calo et al., 2011). The Sidi Dris crisis warrants further investigation, particularly
concerning a spatio-temporal analysis of the multiplets and repeaters very likely to exist, taking
into account the short duration of the activity, which occurred during only two days, March 4 and
5. At this stage, we can categorize this seismic swarm as likely induced, possibly associated with

fluid circulation.
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Figure 3.12: Map and cross sections of the Sidi Dris region highlighting the distribution of 83
well-located events and the focal mechanism solutions of several key events. The red rectangle
(~4 km long ~1.5 km wide) surrounds the western seismicity cluster oriented N20°E, and the blue
rectangle (~3 km long and ~4 km wide) surrounds the eastern cluster (Bendjama et al., 2021).

The second cluster, C26 (see Figure 3.8c), recorded in January-February 2020, encapsulates the
seismic activity of the 2020 El Aouana sequence, characterized by two larger events with magni-
tudes of Mw 5.0 (LE-1) and Mw 4.4 (LE-2). This cluster was triggered by the NW-SE right-lateral
strike-slip motion along the El Aouana fault, which is a segment of the Aftis fault (AF in Fig-
ure 3.11). Abacha et al., 2023b revealed a clear migration from the NW to the SE from the LE-1
towards the LE-2 then from the LE-2 to the SE end (Figure 3.13a). While the migration of seis-
micity typically serves as a reliable indicator of fluid involvement in the triggering process, the
seismic tomography study conducted by Abacha et al. (under review at PEPI) reveals a low Vp/Vs
value, suggesting the absence of fluid implication (Figure 3.13b). Consequently, the triggering

mechanism for the El Aouana swarm remains ambiguous at this stage.
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Figure 3.13: (a) Spatial distribution of El-Aouana sequence (Abacha et al., 2023b). (b) P-wave
velocity 978 anomalies in the El Aouana region (Abacha et al. under review at EPEI).

In the El Kantour region, we identified two swarms, C27 and C32. The first occurred in January
2020 concurrently with the El Aouana sequence, while the second, the most significant, took place
in November of the same year. It is worth mentioning that the area also experienced a Mw 4.7
earthquake on March 5, 2017, along with 25 aftershocks, coinciding with the Sidi Dris crisis (C22).
The collective seismic activity observed in the El Kantour region provides insight into the static
stress transfer between these events (Figure 3.14). In particular, the occurrence of the mainshock of
the November sequence a few kilometers south of the main swarm (C32), indicates a likely stress
transfer from the segment responsible for the Mw 5.3 mainshock to the segment generating the
main swarm as documented in Bendjama, 2022. Such stress transfers are known to contribute to

the occurrence of seismic swarms.
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Figure 3.14: Distribution of aftershocks of the November 2020 El Kantour Earthquake sequence
with the focal mechanisms of significant aftershocks: red star denotes the 2017 event (Mw 4.7),
blue star represents the most recent event (Mw 5.3). A1-A2 is a deep-seated cross-section along
the aftershock cloud E-W (swarm C32); B1-B2 is a perpendicular cross-section to the previous
one. The black lines indicate the two significant faults in the MAD zone (E-W) and El Kantour
(NE-SW) (Bendjama, 2022).

The latest seismic swarm (C30) occurred near the Beni-Haroun dam, situated at the western
terminus of the MADF, positioned between the El Aouana and El Kantour sequences. This event
corresponds to the Mila sequence observed in July-August 2020. The Mila sequence was charac-
terized by a series of two mainshocks measuring Mw 4.8 and Mw 5.0, along with an E-W spatio-
temporal migration pattern (Figure 3.15a, and b). Boulahia, 2022 confirmed that the sequence or
C28 swarm was triggered by fluid infiltration and pore-pressure migration, supported by modeling

the events using the equations proposed by Shapiro et al., 1997.
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The occurrence of four seismic swarms along the AF and MADF, which delineate LKB through-
out 2020, likely suggests both static and dynamic stress transfers among these events. The static
transfer primarily affected a localized area like the El Kantour region, while dynamic stresses were
induced by seismic waves along the AF and MADF, as exemplified by the El Aouana and El Kan-
tour swarms, which started on January 24, 2020, and January 29, 2020, respectively. Moreover,
the presence of these seismic swarms along the extensive MADF, spanning over 80 km, suggests
its division into small segments where seismic energy is dispersed. This mechanism potentially
mitigates the risk of a single large, catastrophic earthquake. Nonetheless, we cannot dismiss the

possibility of such an event if multiple segments were to rupture simultaneously.

3.4.2 Zone 2: Mila-Constantine basin

In contrast to other intramountain basins in the Tellian Atlas, the Mila-Constantine basin is
situated at a higher altitude. Known for its predominantly low to moderate seismic activity (Abacha,
2015), this region has also experienced occasional strong earthquakes, such as the Constantine
earthquake in 1985 with a magnitude of Ms 6.0 (Bounif et al., 1987). Within this context, two
seismic swarms, C0O3 and C18, have been identified, corresponding to the Mila crisis of 2007 and

the Guettar Aich crisis of 2016, respectively.

The Mila swarm (CO03) is further characterized by two sub-clusters: one occurring in August
2007 and the other in November-December 2007. Semmane et al., 2012 attributed the November-
December sub-cluster to induced seismicity resulting from water infiltration into the soil, facilitated
by preexisting fractures, faults, and karsts, during water transfer between the Beni-Haroun dam
and Oued Athemania reservoir. The study revealed that only 45% of the transferred water was
recovered at the Oued Athmania reservoir, with a significant portion of slightly pressurized water
leaking through defective joints in a tunnel passing through the Akhal mountain (Figure 3.16a).
Additionally, the authors found a strong correlation between the number of events and the pumping
rate (Figure 3.16b). Subsequent statistical analyses conducted by Abacha, 2015 and Abacha et al.,
2022 supported this conclusion. On the other hand, previous studies have linked the August sub-

cluster with a water pumping test (Figure 3.16c).
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Figure 3.16: (a) Study area featuring the Beni Harroun dam and the swarm cluster location: The
top section shows the water conveyance system (dashed lines), the tunnel through Jebel Akhal (red
dashed line), seismic events over a two-year period (2006-2007) (Black dots), the locations of the
temporary seismic network (reverse triangles), and the earthquake swarm detected (yellow circles).
The bottom section provides a North-South topographic profile of the water conveyance system. (b)
Daily recorded seismic events are plotted alongside the Beni Harroun (BH) filling rate (blue line)
and the volume of water pumped (green line). (c) Context of long-term seismic activity. (modified
from Semmane et al., 2012).

The Guettar Aich swarm (C21 in Figure 3.8c) was situated North of the E-W reverse Sigus
fault (SF in Figure 3.11) and SW of the NE-SW left-lateral strike-slip Constantine fault (CF in
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Figure 3.11), which was responsible for the 1985 Constantine earthquake. Both faults could poten-
tially serve as the source of C21. However, the triggering mechanism remains uncertain. It could be
attributed to a creeping phenomenon associated with the SF, especially if we know that microseis-
micity occurs almost constantly in the region, even observable in catalog records preceding 2007,

or another underlying cause.

3.4.3 Zone 3: Bejaia-Babors

Numerous researchers (Harbi et al., 1999; Yelles-Chaouche et al., 2006; Beldjoudi et al., 2009)
previously attributed the primary source of seismic activity in the Bejaia-Babors zone to the Kher-
rata reverse fault (KF). However, two recent studies by Boulahia et al., 2021 and Abacha et al.,
2023b have revealed the existence of a newly discovered NW-SE dextral Bejaia-Babors shear zone
(BBSZ), which has been identified as the main contributor to recent seismic activity in the re-
gion. The BBSZ is delineated from the east by the AF and from the west by the Babors Tranverse
Fault (BTF), a right-lateral strike-slip fault divided into four segments (Figure 3.11). The iden-
tification of the BTF was made through analysis of the event distribution during the 2012-2013
Bejaia-Babors earthquake sequences, comprising four mainshocks and their corresponding after-
shocks on 28 November 2012, 22 February, 19 May, and 26 May 2013, respectively (Boulahia
et al., 2021) (Figure 3.17a, b, and c¢). This sequence is represented here by the C14 swarm, which is
subdivided into three sub-clusters corresponding to the second, third, and fourth clusters identified
in Boulahia’s study. Additionally, Boulahia’s study demonstrated a clear migration of seismicity
from the NW to the SE (Figure 3.17d), indicating potential fluid involvement through the seis-
micity modeling by Shapero equation (Figure 3.17e). The recent study by Abacha et al. (under
review at EPEI) has further revealed the presence of a fluid reservoir near the third segment of
the BTF, characterized by a high Vp/Vs ratio (Figure 3.17f). Therefore, it is inferred that the C14
swarm was generated by fluid circulation. In addition to the influence of fluids, Boulahia et al.,
2021 demonstrated the interaction between the four segments of BTF in terms of Coulomb stress

transfer (Figure 3.17a, b, and c).
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of triggering the February 2013 event (Event 2), (b) Events 1 and 2 in terms of triggering the 19
May 2013 sequence (Events 3 and 4), and (c) the cumulative effect of Events 1-4 on optimally
oriented fault planes. The white rectangles represent the surface faults. (d) The map shows a
migration pattern. Earthquakes that belong to different clusters are denoted with different colors.
(e) Hypocentral separation of events with time since the first event for the entire sequence. Thick
black curves show diffusion rates of 1.4 m? /s, 2.3 m? /s, and 6 m? /s, respectively. The dashed
blue line is a constant migration velocity of 144 m/day. Colored circles are earthquakes in identified
clusters: C1 (green), C2 (yellow), and C3—C4 (red) (Boulahia et al., 2021). (f) P-wave velocity
anomalies 988 in the region (Abacha et al. under review at EPEI).

Many other segments have been identified within the BBSZ, including the NW-SE right-lateral
strike-slip Lallam fault (LF in Figure 3.11), responsible for the 2006 Lallam earthquake with a
magnitude of Mw 5.2 (Beldjoudi et al., 2009). From Figure 3.11, it is evident that a small cluster
(C19) was recorded in 2016, precisely situated on LF, likely indicating its source. However, the

specific triggering process remains unknown.

3.4.4 Zone 4: Hodna range

The Hodna Massif stands as a prominent geological feature in the southern sector of the Tellian
Atlas, extending in a WNW-ESE orientation from the Bibans range to the Aures massif. Over

the past decade, the Hodna zone has experienced four seismic swarms, alternating between two
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primary areas: (1) the Beni-Ilmane region at the Northwest end of the Hodna Massif, characterized
by swarms C06 and C24, and (2) the Ain Azel region at the southeast end of the Hodna Massif,
exhibiting swarms C18 and C28 (Figure 3.11).

Cluster C06, boasting the highest event count (191 events), encapsulates the seismic sequence
of Beni-Ilmane in May 2010, which stands as one of the most comprehensively studied phenomena
in the Northeastern region of Algeria. This prominence is attributed to the plethora of completed
or ongoing publications on the subject ( Yelles-Chaouche et al., 2014;Abacha et al., 2014; 2019;
2023a;Abacha and Yelles-Chaouche, 2019; Beldjoudi et al., 2016; Hamdache et al., 2017; Beld-
joudi, 2020; Rahmani et al., 2023). Characterized by the occurrence of three significant seismic
events with magnitudes exceeding 5 and an exceptionally high productivity rate ( 25,000 events).
In addition to tectonic loading, other mechanisms contributed to the sequence triggering, including
static stress transfer, fluid dynamics, and aseismic slip transients with spatio-temporal event migra-
tion. These factors imply a complex interplay of processes. More details about the sequence are

provided in chapter 4.

Transitioning to the southeastern sector of the Hodna range, specifically to the Ain Azel region,
which was notably marked by the 2015 seismic activity showcased by the C18 swarm. This area
witnessed two main seismic events on March 15th and 21st, 2015, measuring magnitudes of Mw
4.6 and 4.9, respectively, alongside a notable frequency of activity with 1008 events attributed to
two fault segments (Figure 3.18a, b, and c) (Abacha et al., 2022). Recent research has further
unveiled the role of fluid involvement caused by the circulation of thermal waters in the triggering
mechanism through an analysis using three statistical models (Figure 3.18d, e, and f). Further east,
the C28 swarm was recorded exactly 5 years after the C18, suggesting an eastward migration of
seismicity. However, the statistical study was conducted hastily, particularly in determining the
magnitude of completeness. Therefore, it is necessary to repeat this study to account for biases

stemming from errors in the catalog.
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Figure 3.18: Ain Azel earthquake swarm. (a) Spatial distribution of 862 events with nearby thermal
sources. (b) Events’ number/cumulative number of events per time. (c) The magnitude evolution
per time. (d) Gutenberg—Richter law. (e) Inter-event time analysis. (f) Omori law (Abacha et al.,
2022).

In summary, the swarms identified in the Hodna range, specifically in the Beni-Ilmane (C06
and C24) and Ain Azal (C18 and C28) regions, have been validated to have an aseismic process in
their triggered mechanism, as supported by subsequent studies. Additionally, the spatio-temporal
migration of events within each swarm has been confirmed, with a short time interval estimated
at several days. Furthermore, an inter-swarm migration spanning a larger time frame, estimated at

years, has also been postulated.
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3.4.5 Zone 5: Central Tellian Atlas

This zone encompasses several Tellien sub-domains, including the Bibans range, Blida Atlas,
and Tablat Atlas. It hosts the highest number of seismic swarms (09 clusters), which comprise
C02, associated with the 2007 Medea sequence; CO7 and C12, linked to the El Hachimia seismicity
between 2010 and 2012; C0O8 and C31, corresponding to the Oued Djer seismic activity recorded in
2011 and 2020; C15 and C17, related to the 2013-2014 Hammam Meloune sequences; and finally,
the 2016 and 2019 Mihoub sequence with C20 and C25.
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Figure 3.19: At the top, ACF'F' (Coulomb Failure Function change) due to source faults 1 and 2
(strike 15, dip 65, rake -18) on the receiving fault 3 (strike 219, dip 74, rake -5) for ' = 0.4. (a)
Horizontal section (plan view) calculated for p/ = 0.4 at a depth of 10 km. (b) A vertical section
A-B showing variations in AC'F'F' with depth. The source fault here encompasses the combined
contributions of faults 1 and 2 (not shown in the figure). Fault 3 is the receiving fault. At the
bottom, AC'F'F' due to source faults 1 and 2 on the receiver fault 3 for ¢/ = 0.1. The figure is
structured similarly to the one at the top (Dabouz et al., 2021).
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The 2007 Medea seismic sequence comprised three moderate events occurring between May
and August 2007, with magnitudes of Mw 4.4, 4.1, and 4.6, respectively, and a notably low pro-
ductivity rate (58 events relocated). Dabouz et al., 2021 conducted a study to calculate static stress
changes, aiming to elucidate the interconnections among these events (Figure 3.19a, and b). The
findings revealed interactions among the faults associated with these seismic occurrences through-
out the sequence. Considering the low productivity rate and the outcomes of the static stress change
analysis, we infer that this swarm (C02) likely occurred due to stress transfer, with no apparent

aseismic process involved.

The El Hachimia swarms were situated in the Bouira sub-basin, bordered to the south by the
Bibans range. Seismic activity in the area was consistently recorded from 2010 to 2011, where it
can be encompassed into two main clusters. The initial cluster, CO7, occurred within a relatively
short period (July-August 2010), while the second cluster, C12, extended over a more extended
period, with two sub-clusters observed in 2011 and 2012. It is worth noting that this region has
experienced several historical earthquakes exceeding magnitude 5, with the most notable being
the Aumale earthquake of 1910, which registered Ms = 6.6 (Benouar et al., 1994). The presence
of swarms in an area characterized by significant historical seismic activity can be explained as a
precursor of a large event (Michael and Toksoz, 1982; Evison and Rhoades, 2000; Shanker et al.,
2010). The precise mechanism behind these seismic events remains unclear; however, Abacha,
2015; Abacha et al., 2022 suggest a connection to thermal water circulation based on certain statis-

tical patterns.

The two Oued Djer swarms, CO8 in 2011 and C31 in 2020, occurred in the vicinity of the
January 2, 2018 ML 5.0 earthquake, situated southwest of the Mitidja basin (MB, in Fig. 1) (Mo-
hammedi et al., 2019). It is noteworthy that this region was also the site of a notable historic
earthquake in 1988, measuring magnitude 5.4. The triggering mechanism for both swarms remains

unclear.

The Hammam Melouane region, situated in the Blida Atlas south of the Mitidja Basin, ex-
perienced two swarms, C15 in 2013 and C17 in 2014, which constitute the Hammam Meloune
sequence from 2013 to 2014. This sequence included two significant earthquakes of magnitudes

Mw 5.0 and 4.9, respectively (Yelles-Chaouche et al., 2017; Boulahia, 2022). Boulahia, 2022 iden-
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tified two fault segments in the area. One segment, associated with the 2013 sequence, represents
a dextral strike-slip fault-oriented NW-SE. The second segment, related to the 2014 sequence, also
exhibits a dextral strike-slip fault orientation NW-SE but is slightly offset from the first segment,
suggesting a possible curved fault (Figure 3.20). The spatio-temporal evolution of seismic events
indicates a Northward migration, possibly attributed to fluid involvement. It is worth noting that
a third subsequence occurred on February 10, 2016, with a magnitude of ML 4.8. However, this

subsequence did not meet the criteria to be classified as a swarm in the study.
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Figure 3.20: The spatial distribution (horizontal and vertical) of relocated events of the Hammam
Melouane seismic sequences, along with their focal mechanisms, for the 2013 and 2014 sequences.
A-A’: Vertical section across both clusters, B-B’: Parallel section across both clusters. C-C’: Verti-
cal section on the 2013 cluster, and D-D’: Vertical section on the 2014 cluster Boulahia, 2022.

The most recent seismic sequence in this zone is the Mihoub sequence, which occurred in the
Tablat Atlas in 2016 and is represented by the C20 cluster with 81 events (the second largest after

the Beni-Ilmane sequence in 2010). This sequence included two mainshocks on April 10 and July
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15, 2016, with magnitudes ML 4.9 and Mw 5.4, respectively. Two fault segments are responsible
for this sequence: the first is an EW-directed segment with a strike-slip character, where the initial
event of the sequence (ML 4.9 on April 10, 2016) was located. The second fault plane, where
the most significant event of the sequence occurred on May 28, 2016 (Mw 5.4), is a reverse fault
plunging towards the southeast (Khelif et al., 2018). This last study calculated the static stress
change caused by the initial event (ML 4.9) of the sequence. The results indicate that the fault
plane of the largest event in the sequence (Mw 5.4) and most of the aftershocks occurred within an
area of increased Coulomb stress (Figure 3.21). Therefore, it is plausible to assume that this swarm
was generated by stress transfer. Four years later, a small swarm (C25) was recorded in the same
region southeast of C20, possibly indicating a migration of the rupture to the adjacent segment.
Moreover, seismicity migration within and between swarms serves as a reliable indicator of fluid

dynamics implying probably a complex interplay.
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Figure 3.21: Change in Coulomb stress due to the E-W fault segment (strike N70°E, dip 77° to
SSE) on the NE-SW specified fault segment (strike N60°E, dip 70°to SE, rake 130°). Blue colors
indicate a decrease in stress; hot colors (red and yellow) indicate an increase. (left) Horizontal
section on 7.5 km depth, green rectangles represent vertical projection of the two fault segments.
(right) vertical section AB following depth, green line indicates the receiver fault (Khelif et al.,
2018).
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3.4.6 Zone 6: Offshore Algeria margin

For decades, the seismic activity along the Algerian margin has been poorly understood, largely
due to the limited capabilities of the seismic network and a lack of marine investigations. The off-
shore region of Northern Algeria has been the site of several significant historic marine seismic
events, including the 1365 Algiers Earthquake, the 1790 Oran Earthquake, and the 1856 Jijel earth-
quake sequence. In more recent times, the eastern-central margin has experienced three earthquakes
with magnitudes greater than 6: the 1989 offshore Ms 6.0 Tipaza Earthquake, the 2003 Mw 6.8
Boumerdes Earthquake, and the 2021 Mw 6.0 Bejaia Earthquake (Yelles-Chaouche et al., 2021;
2022; 2023). Recognizing the critical need to enhance our understanding of the Algerian mar-
gin’s geodynamics and to study its tectonic structures, several marine projects have been launched
recently. These projects, including MARADJA1 and MARADJA2/SAMRA in 2003 and 2005, re-
spectively, and SPIRAL in 2009, have employed high-resolution methods to achieve these goals
(Yelles-Chaouche et al., 2022).

The present study identified four swarms along the Offshore Fault System Kabylia (OFSK).
The first, CO9 in 2011, coincides with the area of aftershocks from the 2003 Boumerdes earthquake
and could be considered part of the aftershock sequence of this event. It is important to note that
many major earthquakes produce aftershocks for extended periods (Chen and Shearer, 2011). The
subsequent cluster, C11, was located off the coast of Ain Benian in 2011, coinciding with the
location of the 1996 Ain Benian earthquake of ML 5.7. Yelles Chaouche et al., 2009 identified
an asymmetrical submarine fold-fault oriented NE-SW (ABF in Fig. 7) in the region, with an
estimated uplift rate of 2 mm/year in the Plio-Quaternary. These authors linked the Ain Benian
earthquake to this structure (ABF). It is possible that the swarm in question was associated with

this structure; however, further investigation is required to fully understand its mechanical behavior.

The third cluster, C13, was detected in a particularly intriguing area off the coast of Azzafoune
in 2012. This region presents a concerning gap between two areas already affected by significant
earthquakes: the Mw 6.8 Boumerdes earthquake in 2003 to the west and the Mw 6.0 Bejaia earth-
quake in 2021 to the east. Despite this swarm, there have been no other notable seismic events
in the region. It is important to note that the area contains significant structures (see Fig. 7) that

accommodate an average deformation rate of 1.5 mm/year. It is highly probable that this swarm
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could be a precursor to a major destructive earthquake, similar to the El Hachimia swarms.

The final cluster, C16, represents the seismic sequence of Algiers in 2014, featuring two main
events of Mw 5.5 and ML 3.9. Yelles-Chaouche et al., 2019 demonstrated that this sequence was
triggered by a curved NE-SW-striking reverse fault for the largest event, with a minor strike-slip
fault roughly aligned N-S intersecting the eastern part of the reverse fault for the smaller event
(Figure 3.22). The authors also calculated the Coulomb stress changes following the Mw 5.4 event.
The results indicate that the rupture of the ML 3.9 event, along with nearly all aftershocks occurring
within a day of the largest event, were located in an area of heightened Coulomb stress. Therefore,
swarm C16 may have been triggered by static stress transfer within the sequence, in addition to the
dynamic stress transfer among all these seismic swarms along the OFSK, which were recorded for
only about one year. This scenario mirrors what was observed in the swarms detected along the

MADF in Zone 1.
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3.4.7 Zone 7: Aures range

This zone is typically characterized by low seismic activity, punctuated by occasional moderate
earthquakes. Of particular note are three significant earthquakes along the deformation front of the
Tellian Atlas: the earthquake of the year 267, which serves as a reference earthquake in this area;
the 1885 earthquake with a maximum intensity of Imax = VIII MSK; and the 1924 earthquake with

a magnitude of Ms = 5.3.
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Figure 3.23: (Top) Spatial distribution of the 20 localized seismic events of El-Madhar crisis.
The red, blue, and yellow events are those localized on April 10, 11, and 12, 2010, respectively.
(Bottom) Histogram representing the number of recorded and localized events over time (Abacha,
2015).

Three small swarms were identified: C04 and C10 in the El Madhar region, and C29 in the
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Bouzine region. The first cluster represents the El Madhar crisis that occurred in April 2010, with
two main events on April 10 (ML=4.7) and April 11 (ML=4.4). Abacha, 2015 attributed this
crisis to a NE-SW right-lateral strike-slip fault, based on the distribution of events and the focal
mechanisms of the two main events (Figure 3.23). This fault showed a migration pattern towards
the southwest. The occurrence of two seismic events with a migration pattern is often indicative of
fluid movement. This was further supported by the occurrence of the second C10 cluster exactly
one year later in the same region. Several kilometers south of the El Madher swarms, cluster C29
was located in 2019 in a seismically anonymous region if we exclude the three historic earthquakes

mentioned above.

3.4.8 Zone 8: South Atlasic Flexure

The WNW-ESE South Atlasic Flexure (SAF) serves as a significant boundary between the
Aures Range and the Saharan Platform. This fault system has been associated with several his-
torical earthquakes, such as the 1869 Biskra earthquake (10 = VIII-IX, Harbi, 2001), as well as
more recent events like the 2007 ML 5.2 El Oued earthquake (Abacha, 2015), and the 2016 ML
5.1 Biskra earthquake (Yelles-Chaouche et al., 2017). The SAF accommodates a deformation rate
of 1.5 mm/yr (Bougrine et al., 2019).

Two seismic swarms have been identified along the SAF. The C05 swarm was located 5 km
south of the 2007 El Oued earthquake in May 2010, which has been termed the 2010 El Oued
Crisis by Abacha and Yelles-Chaouche, 2019. This crisis began with an event of ML 4.0 and was
followed by a series of micro-events. The cause of this swarm remains unknown. The C23 swarm
was located around Biskra City in 2019, a few kilometers west of the 2016 earthquake. This raises
questions about a potential relationship between them. Therefore, further investigation is needed to

understand the tectonic characteristics of this zone.

3.49 Zone 9: Saharian Atlas

The Saharan Atlas is a geological unit and mountain range that experiences fewer earthquakes

compared to the Tellian Atlas, primarily due to its distance from the collision zone between the
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African and Eurasian plates. Despite this, some moderate and isolated earthquakes have been
recorded sporadically. It is important to note that this mountain range extends towards the south-
west, forming the High Atlas in Moroccan territory. The High Atlas experienced the Adssil earth-
quake in September 2023, with a magnitude of Mw 6.8. Studying seismic activity along this lin-
eament is crucial for gaining a clearer understanding of tectonic patterns. A detailed study of the
Djelfa swarm, CO1, recorded in 2007 presents an excellent opportunity for this purpose. Since this
study does not accurately determine its source, additional geological and geophysical investigations

are necessary.

In summary, we have identified swarms linked to underground fluid circulation, others gener-
ated by stress transfer either static or dynamic, and yet others by aseismic sliding or long-duration
aftershocks. Some cases are influenced by complex interactions, as seen in the seismic sequences
of Beni-Ilmnae in 2010, Bejaia-Babors in 2012-2013, and Mihoub in 2016. However, there are also
cases where the triggering mechanism remains unknown or ambiguous, warranting further in-depth

study to understand the underlying tectonic patterns.

3.5 Conclusion

This study delved into the identification and characterization of earthquake swarms in the
Northeastern part of Algeria as it is most susceptible to this type of seismic activity. Employ-
ing the *1o criterion’ and computing the kurtosis and skewness of the temporal release of seismic
moment, we aimed to discern seismic patterns. Despite the disparate nature of the two methods,
their outcomes demonstrated a high degree of comparability, revealing nearly identical clusters
with variations in event numbers. To enhance the overall understanding, the two swarm catalogs
were merged, resulting in a more comprehensive swarm catalog. This study focused on the pe-
riod from 2007 to 2020, as it represents the Algerian catalog’s most reliable period in terms of
detection capacity and data accuracy. A total of 32 swarm clusters were identified, and subsequent
categorization based on geological and tectonic contexts was conducted. The mechanisms account-
able for swarm cluster generation varied across zones. In some instances, fluid involvement led to

heightened seismicity, while others were associated with static or dynamic stress transfer. How-
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ever, certain clusters remained enigmatic, requiring further studies for a more precise interpretation

(refer to Table 3.1).

Understanding the mechanisms responsible for swarm cluster generation is vital for assessing
seismic hazard accurately. It not only aids in identifying areas prone to increased seismic activity
but also facilitates the development of more targeted and effective strategies for seismic risk miti-
gation. While this study sheds light on various aspects of seismic behavior, the enigmatic nature of
certain clusters emphasizes the need for ongoing research to refine our understanding and improve

the precision of seismic hazard assessments in the Northeastern part of Algeria.
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Table 3.1: List of identified seismic swarm clusters along with their potential origins

Seismic Swarm | Origin

C30: The 2020 Mila Eq Sequence (Z1) Fluid involvement
CO03: The 2007 Mila Crisis (Z2)

C14: The 2012-2013 Bejaia-Babors Eq Sequence (Z3)
C06: The 2010 Beni-Ilmane Eq Sequence including the
C24 2019 swarm (Z4)

C18: The 2015 Ain Azel Eq Sequence including the C28
2020 swarm (Z4)

C22: The 2017 Sidi Dris Crisis (Z1) Probable fluid involvement
C15-C17: The 2013-2014 Hammam Melouane Eq Se-
quence (Z5)

C20: The 2016 Mihoub Eq Sequence including the C25
2019 swarm (Z5)

C04-C10: The 2010-2011 El Madher Crisis (Z7)

C27-C32: The January-November 2020 El Kantour | Stress transfer
Swarms

C14: The 2012-2013 Bejaia-Babors Eq Sequence (Z3)
C06: The 2010 Beni-Ilmane Eq Sequence including the
C24 2019 swarm (Z4)

C20: The 2016 Mihoub Eq Sequence including the C25
2019 swarm (Z5)

C02: The 2007 Medea Eq Sequence (Z5)

C16: The 2014 Algiers Eq Sequence (Z6)

CO06: The 2010 Beni-Ilmane Eq Sequence including the | Aseismic slip
C24 2019 swarm (Z4)

C09: The 2011 Boumerdes Swarm (Z6) Long-Lived Aftershocks

C20: The 2016 Mihoub Eq Sequence including the C25 | A complex interplay
2019 swarm (Z5)

C14: The 2012-2013 Bejaia-Babors Eq Sequence (Z3)
C06: The 2010 Beni-Ilmane Eq Sequence including the
C24 2019 swarm (Z4)

C26: The 2020 El Aouana Eq Sequence (Z1) Unidentified process
C21: The 2016 Guettar Aich Swarm (Z2)

C19: The 2016 Lallam Swarm (Z3)

C07-C12: The 2010-2011 El Hachimia Smarms (Z5)
C08-C31: The 2011 and 2020 Oued Djer Swarms (Z5)
C13: The 2012 Azzafoune Swarm (Z6)

C29: The 2019 Bouzine Swarm (Z7)

C04: The 2007 El Oued Swarm (Z8)

C23: The 2019 Biskra Swarm (Z8)

CO1: The 2007 Djelfa Swarm (Z9)
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Chapter 4

Overview on the Beni-Ilmane seismic

sequence

4.1 Introduction

The 2010 Beni-Ilmane earthquake sequence stands as the most important seismic crisis that
happened in the last decade. It began on May 14, 2010, with the first strong shock having a
magnitude of ML 5.4 (BI-MS1), followed by two others with magnitudes of ML 5.3 each (BI-MS2
and BI-MS3), occurring after two and nine days, respectively. Despite the moderate deformation
rate of 1.5 mm/year, the 2010 Beni-Ilmane earthquake sequence, taking place on the southern
deformation front of the Tellian Atlas, and ~100 km south of the Eurasia—Africa Plate boundary
(Figure 4.1a), generated approximately 25,000 events within the first two weeks, making it the most
significant seismic sequence in Northern Algeria. Notably, seismic sequences in the region often
involve two or more mainshocks accompanied by spatial migration (Figure 4.1b), as explained in

chapter 3, with the Beni-Ilmane sequence standing out due to its exceptionally high event count.

Numerous studies have investigated the 2010 Beni-Ilmane earthquake sequence, leading to the
development of seismotectonic models. (Yelles-Chaouche et al., 2014) proposed a model involving
a reverse E-W fault and a strike-slip NNE-SSW fault, while (Beldjoudi et al., 2016) assigned each

mainshock to different segments. Subsequently, Tikhamarine et al. (under review at GJI) proposed
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the most representative tectonic model, incorporating all faults contributing to the sequence based
on a detailed analysis of multiplets and repeaters. Additionally, seismic tomography models by
Abacha et al., 2014 and Abacha et al., 2023a aimed to understand the depth distribution of seismic
activity. Hamdache et al., 2017 performed statistical analyses using various methods. Finally, Beld-
joudi, 2020 examined the static Coulomb stress transfer between the three main faults mentioned in
Beldjoudi et al., 2016. However, the full understanding of earthquake activity in the region remains

elusive.

This chapter offers fresh insights into seismic activity analysis in the region. Firstly, we de-
termined m,, considering potential biases stemming from alterations in the network configura-
tion and catalog incompleteness. This approach enabled the application of the Omori-Utsu law,
Gutenberg-Richter law, the analysis of inter-event times, and the ETAS model (both temporal and
spatio-temporal). Secondly, a time-dependent background rate ETAS model was employed to dis-
cern the mechanisms driving seismic activity in the region. Lastly, we replicated the methodology
of Abacha et al., 2023a, calculating the Vp/Vs ratio and juxtaposing the outcomes with our results.
Collectively, these methodologies contribute to a more global comprehension of seismic activity in

the region, aiding in the identification of potential seismic hazard risks.

4.2 Description of the seismic sequence

The 2010 Beni-Ilmane earthquake sequence occurred in the southern deformation front of the
Atlas Tellian region, situated in a geologically intricate area between the Hodna and Bibans Moun-
tain ranges, specifically in the southern part of the NE-SW Djebel Choukchot massif (Figure 4.1c¢).
This massif has undergone significant deformation, resulting in the formation of a network of faults
and fractures with diverse types and orientations (Yelles-Chaouche et al., 2014; Beldjoudi et al.,
2016; Abacha et al., 2023a). Owing to two distinct tectonic phases, the geological formations in
the region display specific characteristics. Firstly, two main domains exist: the Sub-Bibanic al-
lochthonous and Djebel Choukchot Parautochtonnous. These domains are primarily composed of
Jurassic, Upper Cretaceous, Eocene, and Miocene sedimentary cover, thrust onto the Pre-Atlasic

autochthonous domain of the Hodna basin, which consists of Ouanougha Miocene sediments. Sec-
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ondly, there is a strike-slip tectonic setting that intersects these geological formations and the sur-

rounding thrust faults (refer to Figure 4.1d).
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Figure 4.1: (a) Map of the southern part of the Western Mediterranean, delimiting the Tellian Atlas
System Tell (one of the main geological units in Algeria). The red line represents the Eurasia-Africa
Plate boundary (simplified from Bird, 2003), and the blue line represents the deformation front of
Tell. Predicted velocities along the Eurasia—Africa Plate boundary (green arrows) are simplified
from Nocquet et al., 2006. (b) Spatial partitioning of strain in Northeastern Algeria along the three
major tectonic structures, which are schematized in black lines according to the study of Bougrine
et al., 2019. The mainshocks and their focal mechanism of the main seismic sequences are also
shown. (c) Tectonic map of the study area on a local scale, showing the seismic sources (black
dots) with the three mainshocks (red stars) and the seismic stations (triangles). (d) Geology of the
epicentral area (modified from Beldjoudi et al., 2016; Abacha et al., 2023a)), showing the 2876
events that represent the complete number of located events.

The relocated hypocenters (2876 events), which represent the total of number of earthquakes
recorded during four months since the 14 May, were distributed into two main clusters, Cluster 1
oriented E-W and Cluster 2 oriented NNE-SSW (Figure 4.1c). The identification of these clusters
was based on three criteria established in previous studies. Firstly, the seismotectonic criterion,
as proposed by Yelles-Chaouche et al., 2014, used well-located aftershocks and focal mechanisms
for earthquakes with a magnitude > 4, revealing two clusters with different orientations (E-W for

Cluster 1 and NNE-SSW for Cluster 2), attributed to high-angle reverse and near-vertical left-lateral
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strike-slip faults, respectively (Figure 4.2).

03.90°

36.00°

35.90°

—~10 ]

Figure 4.2: Horizontal and vertical distributions of the 1403 relocated events, showing focal mech-
anisms of events with M > 4. The E-W rectangle represents the first cluster and the NNE-SSW
rectangle represents the second cluster (Yelles-Chaouche et al., 2014).

Secondly, Abacha et al., 2023a divided the dataset into episodes, noting spatial separation be-
tween the clusters, particularly in Episodes A and B, where Cluster 2 displayed heightened activity
along the strike-slip fault (Figure 4.3). Thirdly, the same study by Abacha et al., 2023a supported
this choice, as it identified two distinct triggered processes for each cluster through seismicity mi-

gration analysis (Figure 4.3).
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Figure 4.3: Spatio-temporal diagram for the evolution of the 2010 BI earthquake sequence over
time since the first mainshocks on 2010 May 14. Parabolic theoretical curves of the probable
triggering fronts considering hydraulic diffusivity values D = 8 m2s~! for Cluster 1 (upper curve)
and D = 2.4 m?2s~! for Cluster 2 (bottom curve). The migration velocity-indicating lines in the box
in the bottom-right corner refer to horizontal migration (Abacha et al., 2023a).

4.3 Magnitude distribution analysis

Before delving into any statistical analysis, establishing m,. is crucial, as indicated in chapter 1,
section 1.2 and 2, section 2.4. Various techniques were employed to determine a robust magnitude
of completeness. It is noteworthy that within one day of the initial mainshock, a temporary network
was deployed to enhance the network’s detection capability. While beneficial for detecting smaller
earthquakes, this installation introduced bias into the estimation of statistical parameters. Conse-
quently, we conducted a re-evaluation of earthquake detection using only the permanent network.

A total of 815 events were detected using this procedure.

Methods employed to determine m,. included MAXC, EMR, and GFT ( refer to chapter 1,
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section 1.2), utilizing a bootstrapping approach to quantify uncertainties. The bootstrap analysis
encompassed a sample size of 300 events, consistent with Woessner and Wiemer, 2005b findings,
demonstrating the stabilization of the m, variance for a sample size equal to or exceeding 200

events.

The initial method, MAXC, yielded an m, of 2.1 with an uncertainty of 0.05. Typically, this
method does not exhibit a distinct magnitude peak, but in this case, a clear peak is observable

(Figure 4.4).
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Figure 4.4: Non-cumulative distribution of earthquakes magnitude. The red line represent m,. of
the catalog.

The second method used is the GFT, which, at a residual level of 95%, estimated m,. for the
complete catalog to be 2.0 with a standard deviation of 0.08. This result implies that, at a 95%
residual level, seismic events with magnitudes equal to or greater than 2.0 are reliably detected in
our seismic catalog (Figure 4.5). Notably, a lower residual level of 90% yielded a slightly reduced
m. value of 1.9 (Figure 4.5). The standard deviation of 0.08 provides insights into the stability and
consistency of the estimated m.. A lower standard deviation suggests a more robust estimation,

while a higher value may indicate greater variability in the data or potential sensitivity to certain
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parameters. In comparison to the MAXC method, the uncertainty is much higher. Considering this

uncertainty, the estimated m,. could potentially be higher, around 2.1.
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Figure 4.5: Residual against magnitude. the two black dashed lines represent the residual at 90%
and 95%.

The final technique employed is EMR, considered the most reliable one. m,. determined, using
this method, is 2.1 with a standard deviation equal to 0.04 (Figure 4.6). Along with m,, two addi-
tional parameters are determined. The first parameter, p, represents the magnitude at which 50%
of the seismicity is detected, found to be 1.01 in our study. The second parameter, o, corresponds

to the standard deviation and is equal to 0.56 in our case.
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Figure 4.6: Probability density function of the magnitude distribution. The blue solid line represent
the detection probability, the red solid line represent the probability density function of the magni-
tude distribution, and the two greed dashed lines represent the detection probability at 90 and 95%.

After conducting various tests utilizing different techniques, m. = 2.1 was selected due to
being the highest value, even when considering the associated uncertainty. Opting for the maximum
value of m,. may result in some information loss, but it serves to mitigate biases in the estimation

of statistical parameters.
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Figure 4.7: Magnitude versus time representing short-term incompleteness for BI-MS1, BI-MS2,
and BI-MS3, from left to right.

Another issue addressed pertains to STAI, wherein we employed the empirical relationship

between m,. and the magnitude of the mainshock (refer to chapter 2, section 1.2). All events
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occurring during the period of incompleteness were excluded from the calculation and estimation

of the parameters (Figure 4.7).

From the 815 events detected (Figure 4.8a), a total of 433 events were retained (Figure 4.8b),
significantly fewer than those encompassed by the complete recording process, yet still unbiased
for parameter estimation. The spatio-temporal evolution, depicted in Figure 4.8c, illustrates that
both clusters initiated nearly simultaneously, with the bulk of events in the first cluster. However,
following BI-MS3, activity shifted predominantly to the second cluster, with some events lingering
in the Northern part, particularly in the last days of activity, indicating a sort of N-S migration. This
pattern holds valid for all events in the sequence, as evidenced by both Abacha et al., 2023a and
Tikhamarine et al. (under review at GJI). This suggests that the selected set of partial events in this
study concerved the patterns of the global dataset. Furthermore, the seismic activity sources were
concentrated in a roughly 10 km deep strip, aligning with the seismogenic layer of all Algerian

seismicity (Yelles-Chaouche et al., 2022).
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Figure 4.8: (a) Magnitude-time with the event rate (red line) of the events recorded by the per-
manent network. (b) Magnitude-time with the cumulative number of events plot (green line) and
event rate (red line) of the Beni-Illmane seismic sequence above m.. (c) the spatial distribution
of the relocated earthquakes with two vertical sections oriented across and along the hypocenter
trend, where symbol size is proportional to the magnitude. Events are color coded according to
their occurrence times.
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m,. determined, we can now process the estimation of the magnitude distribution parameters
(see chapter 2, section 1.3). The estimation of the b — value and a — value were computed using
the maximum likelihood technique with a bootstrap approach. The results illustrate the FMD of the
seismic sequence, revealing a b — value of 0.8740.02 for m,. > 2.1 (Figure 4.9a), signifying the
dominance of larger events in the sequence. The binning strategy adopted in this study is set to 0.1.
Larger bin sizes were avoided as they can introduce biases in the final results, potentially leading

to the underestimation of the b — value (Marzocchi and Sandri, 2009;Marzocchi et al., 2019).

The observed plate or deviation for events with magnitudes < 2.1 may be attributed to partial
incompleteness. To track changes in the G-R law parameters, the seismic sequence was divided into
two periods based on the observed variations in the cumulative number of events (Figure 4.8b). The
first period, spanning from BI-MS1 to the event before BI-MS3, is characterized by a b — value of
0.8240.06 and an a — value of 3.87 for m. equal to 2.1 (Figure 4.9b). In the second period, post
BI-MS3, there is an increase in both the b — value and a — value, each equal to 0.90+0.03 and
4.27, respectively, for m. equal to 2.1 (Figure 4.9c). These changes are associated with the relative
increase in smaller earthquakes during the second period compared to the first one. However,

considering uncertainties, the b and a — values found for each phase are quite similar.
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Figure 4.9: (a) Frequency-magnitude distribution of the entire sequence. The dashed line refers to
a Gutenberg-Richter relation with b = 0.87. (b) Frequency-magnitude distribution of the first phase
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of 0.90.
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4.4 Spatio-temporal Charecteristics

To examine the temporal characteristics of the Beni-Ilmane seismic sequence, we initially ap-
plied the Omori-Utsu model to the entire sequence following BI-MS1 of ML 5.4 (refer to chapter 1,
section 1.4). The model parameters were obtained through maximum likelihood estimation, yield-
ing p = 1.56, ¢ = 5.03 days, and k = 723.45 (Figure 4.10a). The elevated p — value, compared to
typical values ranging from 0.8 to 1.2 in different seismic sequences (Utsu et al., 1995; Hainzl and
Marsan, 2008), and the high ¢ — value (typically ranging from 0.5 to 20 hours, Utsu et al., 1995)
suggest a potential influence of secondary aftershock sequences triggered by aftershocks. This ef-
fect can impact the temporal decay, especially in our case where three strong shocks occurred in
less than 10 days. This type of phenomenon can be tricky to interpret since it has not been estab-
lished that the ¢ — value has a clear correlation with the physical state of the region. It may be a

subject of research that can be analyzed in the future.

A noticeable increase in the number of events per day immediately after the occurrence of BI-
MS3 is evident (Figure 4.10a). To examine changes in the Omori-Utsu parameters, we divided
the seismic sequence into two periods, similar to the approach used for the G-R law. Both periods
appear to conform to the Omori-Utsu law. In the first phase, a low p — value of 0.7, within the
mentioned typical range, was found (Figure 4.10b). The fit also revealed a low ¢ —value of 0.0045.

However, the second phase displayed elevated p and ¢ — values (Figure 4.10c).
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Figure 4.10: (a) Aftershock decay in comparison to the fit of the Omori-Utsu law of the entire
sequence. (b) and (c) aftershock decay in comparison to the fit of the Omori-Utsu law for phases
one and two respectively.

The examination of inter-event times through the modified gamma function (refer to chapter 1,

section 1.4) unveiled a background rate (p) of 1.36, signifying that 146 events (34%) were inde-
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pendent, with a branching ratio (n) of 0.656 (Figure 4.11a). The distributions exhibit a strong
correlation with the modified gamma function, while deviating significantly from an exponential

distribution. The latter, expected in a Poissonian process where activity is uncorrelated in time.

To delve deeper into the evolution of the background rate, we employed a moving window
approach, estimating it with windows of 100 events and a step size of 10 events (Figure 4.11b).
The findings indicate an increase in the background rate following both BI-MS1 and BI-MS3,

suggesting that the background contribution undergoes dynamic changes.

This dynamic evolution of the background rate provides valuable insights into the seismic ac-
tivity’s temporal behavior. The observed increase following significant mainshocks (BI-MS1 and
BI-MS3) suggests a complex interplay between mainshock occurrences and subsequent changes in

the background seismicity.

Additionally, the identification of 146 events (34%) operating independently underscores the
heterogeneous nature of the seismic activity, with a substantial portion exhibiting a degree of auton-
omy from the mainshock-induced changes. This highlights the need for a nuanced understanding
of the underlying processes governing seismicity, as it involves a combination of correlated and

uncorrelated events.
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Figure 4.11: (a) Probability density function of inter-event time (balck line) with the gamma dis-
tribution fit (red dashed line). (b) Background event rate modeling with a moving window of 100
events using the inter-event time declustering.
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We explored several probability distribution functions, such as the Weibull, Log-Normal, and
Exponential functions, to model the inter-event time distribution (Figure 4.12). For each distri-
bution, we conducted fitting for the scale parameter («)) and the shape parameter (), except for
the Exponential function, which only has a scale parameter, and the log-Normal, which comprises
a log-scale and a log-shape, using the Akaike criterion. The results, along with each distribution

function, are presented in Table 4.1.
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Figure 4.12: Probability density function of the inter-event times for the examined clusters along
with the fit of different statistical distributions (Lognormal, Weibull, and Exponential).

It is commonly understood that the Exponential function is often used to characterize events
assumed to be independent of each other in time. On the contrary, the Weibull and Log-Normal
functions do not assume independence between events. As is known, the Exponential distribution
is memoryless and does not take into account the preceding event, whereas the LLog-Normal and
Weibull distributions do consider the preceding event. Our findings reveal that the Log-Normal
function provides the best fit for our model, having the lowest AIC (Table 4.1), capturing both
short and long inter-event times. This suggests that earthquakes in our study are not independent

but instead exhibit clustering behavior. The Log-Normal distribution, being more flexible, proves
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to be a suitable model for capturing the complex temporal patterns observed in seismic events.
However, it is important to note that no additional information about the temporal behavior can be

inferred solely from these tests.

Distribution ~ Density function « Ié] AIC

t)ﬁ

Weibull 5 sth=1el% 0.10 049 -1281.31

In(dt—a)

Log-Normal -L—e 25" 334 2,10 -1513.02

el

Exponential 0.25 - -863.82

Q=
a

Table 4.1: Estimated parameters for the different distributions along with the AIC criteria.

We proceeded to estimate the parameters of the ETAS model (see chapter 1, section 1.4) (Fig-
ure 4.13a). The branching ratio was found to be less than 1 (0.48) with AIC = -1455.3, suggesting
the assumption of a stable optimal model (Sornette and Werner, 2005). Plotting the cumulative
number of events against transformed time revealed both negative and positive deviations (Fig-
ure 4.13b), indicating instances where the ETAS model overestimates and underestimates earth-
quake occurrences, respectively. The low 1 — value of 0.17 implies a low forcing rate, signifying
that only 4% of events are externally triggered. The obtained low o — value aligns with previous
findings for swarm activities (0.35-0.85), distinguishing them from non-swarm activity character-
ized by higher o — values (1.2-3.1). Deviations in seismic activity, reflecting relative quiescence
and activation in seismicity through downward and upward trends, are typically associated with

changes in specific parameters (Kumazawa and Ogata, 2014).
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Figure 4.13: (a) Cumulative number of earthquakes observed and modeled. (b) Number of earth-
quakes versus transformed time according to the ETAS model.

To further examine the changes in the ETAS parameters, we implemented a moving window
analysis with a window length of 100 events and a step size of 10 events. The four parameters, k,
a, p, and ¢, were fixed based on our previously obtained results, and only the background rate (1)
was calculated for each window. This approach enables a detailed investigation into the temporal
variations of the background seismicity rate while holding the other ETAS parameters constant.
By fixing k, a, p, and ¢ according to our findings, we isolate the changes in the background rate,
allowing us to discern patterns and trends over successive windows of seismic events. The resulting
figure (Figure 4.14) provides a visual representation of how the background rate evolves throughout
the seismic sequence. Any discernible trends, spikes, or anomalies in the background rate within
each window can offer valuable insights into the dynamic behavior of seismicity following specific

triggering events.

This analysis complements our earlier examination of the inter-event time distribution and en-
hances our understanding of the temporal dynamics of seismic activity. It serves as a targeted
exploration of how the background seismicity rate responds to variations in the seismic sequence,
shedding light on potential correlations with mainshocks or other influencing factors. In addition,
the temporal evolution of the background rate with the ETAS model reveals a similar trend to that
observed for the background rate with inter-event time distribution using the same window length.

Notably, the increase in the background rate just after BI-MS3 doesn’t decrease sharply but instead
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shows a more gradual, resembling an envelope-like pattern in the part where high seismic activity

is observed (Figure 4.14).
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Figure 4.14: Background event rate modeling with a moving window of 100 events using the ETAS
parameters.

Furthermore, we applied the spatio-temporal ETAS model (refer to chapter 1, section 1.5).
The resultant parameters found are u=1.00, £=0.027, ¢=0.018 days, p=1.53, a=0.98, D=1.2 km?,
q=2.71, and y=1.17. The temporal and magnitude-related parameters (k, o, ¢, p) increased com-
pared to the conventional temporal ETAS model. The trade-off between k and « is respected, as it
has been proven that an increase in the o — value leads to a decrease in the £ — value. We also

observe an increase in the p — value, suggesting a faster decay for aftershocks.

Analyzing the spatial parameters (D, g, ), we find that the effective triggering distance for
direct aftershocks is associated with a small area, especially considering the high ¢ — value (2.71),
which represents a faster decay in space for aftershocks (Figure 4.15). This implies that the trig-

gering effect is confined to a limited region.
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Figure 4.15: Spatial decay of aftershocks reltive to BI-MS1.

Moreover, the ETAS model assumes a constant background rate in time, and neglecting its
temporal variation can introduce bias in parameter estimation (refer to chapter 2, section 2.5).
Consequently, we employed a time-dependent background rate ETAS model, providing a better

fit to the observations with an improved AIC (-1553.24) for a smoothing window equal to 12
(Figure 4.16).
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Figure 4.16: AIC for each smoothing window.
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The higher oo — value obtained, compared to the constant background rate ETAS model, is con-
sistent with results found by Hainzl et al., 2013, suggesting that considering a constant background
rate may underestimate the o — value. The proportion of background events in the entire sequence
is 52%, surpassing typical percentages observed in mainshock-aftershock sequences. Seismicity
exhibits non-stationarity during the BI-MS1 and BI-MS-3 mainshocks, transitioning to a stationary
trend after each event (Figure 4.17a). Notably, there is an increase in the background rate following
the BI-MS1 mainshock and a sudden surge in the forcing rate after the BI-MS3 mainshock (Fig-
ure 4.17b). This pattern aligns with observations made in both the inter-event time analysis and the

conventional temporal ETAS model, when employing a moving window.
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Figure 4.17: (a) Cumulative number of earthquakes observed and modeled with the non-stationary
ETAS model of the entire sequence. The cumulative number of background events is also shown.
(b) The event rate modeled and the background. (c) and (e) The cumulative number of events
observed and modeled, along with the cumulative number of background events, for phase 1 and
2 respectively. (d) and (f) the event rate modeled and the background rate for phase 1 and 2,
respectively

In the first phase, as revealed in the declustering analysis, background events constitute a small
proportion of overall seismicity (43%) (Figure 4.17c). The seismicity rate initially increases in
response to the rise in the background rate before reaching a more or less stationary state over time

(Figure 4.17d). In the second phase, the contribution of background events to seismicity increases
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to 53%. The abrupt increase in the number of events is reflected in the cumulative number of back-
ground events, corresponding to the BI-MS3 mainshock of 5.3 ML (Figure 4.17e). This rise is also
mirrored in the event rate over time, aligning with the background contribution rate (Figure 4.17f).
After approximately 40 days, the trend shifts, and the background seismicity no longer mirrors the
rise in the cumulative number of events, indicating a stationary process (Figure 4.17¢). The magni-
tude evolution with scaled colors based on background probability (Figure 4.18) reveals that events
with the highest background probability are mainly located in the second phase, corresponding
to the increase in background rate (Figure 4.17f). The spatial plot of background and aftershock
seismicity (Figure 4.19a) also illustrates two distinct phases. In the first phase, most seismicity is
concentrated in the E-W cluster and primarily comprises aftershocks (Figure 4.19a). Conversely,
in the second phase, the majority of seismicity is observed in the NNE-SSW cluster and mainly

consists of background events.
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Figure 4.18: Magnitude against time with scaled colors based on background probability.

We have also determined the proportion of background events for each background probability

exceeding 50% (Table 4.2).
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data >0.9(%) >0.8(%) >0.7(%) >0.6(%) >0.5(%)
Whole sequence  0.23 6.23 19.8 48 69
Phase 01 0.23 0.23 1.8 6 14
Phase 02 0 6 18 41 55

Table 4.2: Per cent of events for different background probabilities.

We observe that the second phase exhibits the highest number of events with a background
probability exceeding 50%. In fact, over half of the sequences are indicative of external triggers.
Additionally, this trend underscores the significance of external influences during this particular

phase.

4.5 Discussion and interpretation of the results

The seismic sequence in Beni-Ilmane stands out as one of the most significant events in Algeria
in terms of event count. Despite more than a decade passing, numerous mysteries surrounding this
sequence remain incompletely understood. The occurrence of a moderate earthquake generating
such a multitude of seismic events is noteworthy. Fortunately, the sequence comprised three main-
shocks of the same magnitude, indicating that the energy release was divided among at least two

primary faults, averting the potential for a catastrophic earthquake.

To gain deeper insights into the unprecedented 2010 Beni-Ilmane earthquake sequence, we
conducted a comprehensive statistical investigation of seismicity. Our analysis reveals significant
changes in earthquake generation pathways. Utilizing probabilistic estimations in two main phases,
the declustering technique allows us to differentiate between background and aftershock contribu-

tions (see Figure 4.18).

The first phase spans from the initial mainshock (BI-MS1) on May 14, 2010, to the third main-
shock (BI-MS3) on May 23, 2010. Mainshocks on May 14 and 16 (BI-MS2) played a crucial
role in triggering aftershocks during this period. Approximately 57% of events in this phase are
self-triggered. The b — value of 0.82 suggests high stress, with the Omori-Utsu law’s p — value

indicating a slow decay over time, possibly accompanied by slow stress relaxation.

155



Chapter 1V :Overview on the Beni-Illmane seismic sequence

The second phase begun just after BI-MS3 (May 23), featuring the highest number of events in
the entire sequence, predominantly characterized by a high number of background events (53%).
A sudden increase in forcing rate occurs post-BI-MS3, indicating that, in addition to stress changes
triggering aftershocks, BI-MS3 induced aseismic transients. This induced additional earthquakes
(background events) — potentially caused by phenomena like breaking a sealed source and fluid
infiltration. Compared to the initial phase, a rise in the p — value suggests a faster decay rate,
possibly indicating fast stress relaxation, with a b — value of 0.90, typical for natural fluid-driven

seismicity (Lei et al., 2013).

Figure 4.19 illustrates a spatial plot of seismic events color-coded by background probability.
During the first phase (Figure 4.19a), triggered aftershocks are more apparent in Cluster 1 along
the E-W direction, with some occurring in Cluster 2. Following BI-MS3 in the second phase (Fig-
ure 4.19a), Cluster 2 experiences a significant increase in background events along the NNE-SSW
direction. Thus, based on the spatio-temporal distribution of background probability (Figure 4.18
and 4.19), we conclude that the 2010 Beni-Ilmane earthquake sequence began with triggered af-
tershocks from BI-MS1 and BI-MS2, mainly along Cluster 1 in the E-W direction. Subsequently,
background events emerged after BI-MS3 along Cluster 2 in the NNE-SSW direction.

Our findings align with a recent study by Abacha et al., 2023a, employing local earthquake
tomography and 4-D Vp/Vs models, providing evidence that the processes triggering the 2010
Beni-Ilmane earthquake sequence were fluid-driven. Their study revealed a high-Vp/Vs anomaly
in the central part post-BI-MS3, interpreted as fluid-saturated rocks and suggesting a hydrocarbon
reservoir presence. Replicating their work for the two phases revealed by our study confirms a

high-Vp/Vs anomaly appearing immediately post-BI-MS3 in the second phase.
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Figure 4.19: (a) Spatial plot of background and aftershock seismicity relocated for the two phases
and the entire seismicity. Scaled colors are based on background probability and grey points are
the whole seismicity. (b) Vp/Vs ratios in horizontal sections at depth of 4 km for the first, second
phase and the entire sequence with their cross-sections.

Abacha et al., 2023a also investigated seismicity migration, modeling seismic events using the
equation of Shapiro et al., 1997. They found a good fit on Cluster 2 with reduced diffusivity and
a migration velocity, indicating a pore-pressure diffusion mechanism with a time-delayed response
(Figure 4.3). Our results support their conclusions, emphasizing the significant role played by
fluids in the production of Cluster 2. Additionally, upon plotting the spatial distribution of the
background rate using the spatio-temporal ETAS model, there is a noticeable concentration of the

highest values in the Cluster 2 (see Figure 4.20).
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Figure 4.20: Background rate in space, accompanied by a plot of events.

In summary, our study of the Beni-Ilmane Earthquake sequence reveals a triggering process
combining tectonic seismicity and aseismic forcing, occurring over a 4-month period from May 14
to August 31, 2010. The rupture of the NNE-SSW by BI-MS3 released high-pressure fluids that
moved upward, triggering earthquakes by causing pore-pressure perturbations. Our findings align
with examples of mixed seismic mechanisms in moderate to low seismic sequences worldwide,

emphasizing the crucial role of fluids in such events.

Furthermore, the involvement of fluids in earthquake sequences is well-documented in North-
eastern Algeria, including the 2012-2013 Bejaia-Babors seismic sequence, the 2015 Ain Azel se-
quence, and the 2020 Mila sequence. Future applications of the methodology used in this study
aim to determine the seismic mechanisms behind these sequences through time-dependent and

spatio-temporal statistical analysis.
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4.6 Conclusion

In conclusion, this study provides a comprehensive investigation into the seismic activity in
Algeria following the 2003 Boumerdes earthquake (Mw 6.9), with a specific focus on the intriguing
2010 Beni-Ilmane earthquake sequence. Unfolding over a four-month period starting from May
14, 2010, in the transition zone between the Bibans and Hodna mountains, this seismic event has
been a subject of significant inquiry. The Beni-Ilmane sequence, marked by three mainshocks (BI-
MS1, BI-MS2, and BI-MS3) with a magnitude of Mw>5.3, coupled with a notable clustering of
events in two primary orientations (E-W and NNE-SSW), has presented a complex seismic puzzle.
The seismic mechanism underlying this sequence has remained elusive, prompting our in-depth

analysis.

The application of the Epidemic Type Aftershock Sequences (ETAS) model, coupled with a
comparative examination using 4D Vp/Vs models, has allowed us to delineate two distinct phases
in the sequence. During the initial phase (May 14-23), an intense earthquake sequence dominated
seismicity, primarily propelled by aftershocks of BI-MS1 and BI-MS2. Stress changes induced
by these mainshocks facilitated a subsequent aseismic process, significantly contributing to the
observed seismic activity. In the second phase, following the occurrence of the third mainshock
(BI-MS3), aseismic forcing (constituting 53% of the background contribution) manifested along
the second cluster. The rupture of the fault by BI-MS3 led to the upward flow of high-pressure fluids
through the damage zone, triggering earthquakes through pore-pressure perturbations. Supporting
this conclusion is the observation of a high-Vp/Vs anomaly immediately after BI-MS3, suggestive

of a hydrocarbon reservoir in the central part of the studied region.

The statistical analysis, incorporating temporal characteristics and the Gutenberg-Richter law,
significantly advances our comprehension of the underlying mechanisms. This contribution is piv-
otal in refining seismic hazard models, underscoring the importance of extending similar stud-
ies to other sequences in the Northern part of Algeria. Furthermore, the broader implications of
naturally fluid-driven seismicity, as highlighted by Atkinson, 1984, emphasize that regions with
low-to-moderate seismic activity may face heightened seismic hazards. This study reinforces the

notion that naturally fluid driven seismicity can substantially elevate earthquake rates, potentially
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triggering events of considerable magnitude. Additionally, insights from Lei et al., 2013 regarding
fluid-driven seismicity’s potential to extend rupture lengths and generate larger earthquakes over

time further accentuate the importance of understanding such phenomena.

It is noteworthy that the outcomes of this study have been disseminated through publication
in Geophysical Journal International (GJI) Rahmani et al., 2023. Moreover, an ongoing study by
Tikhamarine et al. (under review at GJI), where I am a co-author, further delves into the intricacies
of the generation mechanism responsible for the seismicity. This forthcoming study includes a
detailed analysis of repeating events and multiplets, complemented by a comprehensive spectral

analysis.
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General conclusion

This thesis endeavors to elucidate the spatio-temporal evolution of seismicity in the Northeast-
ern part of Algeria through a comprehensive statistical analysis. Notably, this region has witnessed
numerous earthquake sequences exhibiting consistent magnitudes, spatial distributions, and tempo-
ral patterns over the past decades. Since no study involving understanding the statistical parameters
to describe the ongoing process has been done before, this thesis aims to fill this gap by categorizing
seismic sequences according to their spatio-temporal pattern and uncovering the full complexity of

one of the sequences, which is the Beni-Ilmane seismic sequence.

A thorough grasp of statistical models is indispensable, considering that each technique comes
with its distinct set of advantages and drawbacks. Moreover, interpreting the results in alignment
with the underlying physical processes proves to be challenging and intricate, primarily due to
the unique tectonic characteristics exhibited by each region. Despite the passage of centuries and
decades, the quest for a singular, all-encompassing model capable of effectively explaining ev-
ery seismic sequence has remained elusive. This emphasizes the inherent complexity of seismic
phenomena and underscores the imperative for nuanced, region-specific approaches in earthquake

studies.

However, it is noteworthy that the ETAS model emerges as a cutting-edge tool for compre-
hending earthquake behavior. Recent developments in the model have demonstrated efficacy in
modeling spatio-temporal patterns of earthquakes, with each parameter holding its distinct physi-
cal interpretation. Additionally, the G-R law, particularly with the b — value, retains its status as the
sole model that provides a comprehensive understanding of magnitude distribution. It stands out as

the only model requiring minimal information to understand the stress state of a specific region.
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Recognizing the necessity to transition to physically-based statistical models is crucial, as these
two domains are complementary. The combination of both can be exceptionally powerful in under-
standing the physical processes generating earthquakes, as recent developments in the field have
illustrated. Finally, it is essential not to view statistical analysis as a simple "add-on’ in every study,
but rather as potent complementary information that can even stand alone in certain cases. Un-
derstanding its role and potential in seismic research is key to harnessing its full capabilities for a

comprehensive exploration of earthquake dynamics.

Although these models can be powerful, they are susceptible to bias if we do not carefully un-
derstand the earthquake catalog, which is the sole information needed for statistical studies. The
parameters of these models can be significantly biased if we do not ensure that the processes of
magnitude determination and location have been executed properly. One parameter, in particular,
stands out as the most crucial, namely m.. As elucidated in the thesis, opting for a small m, can
introduce bias into statistical analyses, while selecting a larger one may result in a loss of informa-
tion. Striking the right balance to capture the appropriate m,. and, by extension, the right patterns is
challenging but crucial. I encountered challenges in this aspect throughout the thesis and conducted
a reevaluation of the detection, location, and magnitude determination process, especially to miti-
gate STAIL Even with the application of recent detection techniques, this incompleteness cannot be

entirely eliminated due to its inherent connection to the nature of seismic events.

I find inspiration in a statement from a colleague at ETHZ, as expressed in one of her article
title: "Embracing data incompleteness instead of avoiding it" by Mizrahi et al., 2021a. In my opin-
ion, this is a powerful statement, and indeed, recent techniques such as the rate-dependent m,. from
Hainzl, 2016a or the long-term m, from Mizrahi et al., 2021a have proven effective in recover-
ing the true statistical parameters without a loss of information. Another potentially controversial
bias involves the impact of declustering on the estimation of the b — value. As explained in chap-
ter 2, section 2.3, the b — value is substantially underestimated when using the Gardner-Knopoff
technique compared to stochastic declustering, as highlighted in various studies (Mizrahi et al.,
2021b; Eroglu Azak et al., 2018). Choosing the right technique for declustering and understand-
ing the regional catalog is crucial before attempting to decluster. It is also essential to emphasize

that studying aftershocks is as important as studying mainshocks, given their potential for causing
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damage. Additionally, acknowledging the capability of small earthquakes to generate larger ones

is crucial.

Other issues related to the impact of aseismic transients were explored, as swarm activities are
mostly generated by aseismic transients, and neglecting them may lead to biases in the productivity
of the ETAS model (Hainzl et al., 2013). Furthermore, aseismic transients are significant, as every
sequence may exhibit these phenomena (afterslip, fluid intrusion, etc.), confirming their importance
in statistical analysis. Finally, the anisotropic distribution of aftershocks is one of the key elements

in the spatial characterization of aftershocks.

These statistical models not only excel in characterizing earthquake sequences or general earth-
quake behavior, but they also prove to be powerful tools for detecting temporal and spatial anoma-
lies known as swarms. As explained, the Northeastern part of Algeria has witnessed numerous
sequences in recent decades, underscoring the importance of categorizing them into whether they
are swarms or aftershock sequences. To achieve this, we employed two independent techniques for

swarm detection, ensuring the reliability of our results.

We utilized the earthquake catalog from the Algerian Digital Network spanning from 2007 to
2020, comprising 9000 events. The region was divided into a grid of 0.2°x0.2°, and the spatial mag-
nitude of completeness was calculated, with the highest value set at 2.8, resulting in 2634 events
available for analysis. The first technique involved the spatio-temporal ETAS model, wherein pa-
rameters were calculated, and the *1o criterion’ introduced by Nishikawa and Ide, 2017 was ap-

plied. This identified 313 events as swarm events, constituting 13% of the overall seismicity.

The second technique utilized the determination of skewness and kurtosis of the temporal dis-
tribution of seismic moment release (Mesimeri et al., 2019). Aftershock sequences typically exhibit
the highest moment release at the beginning, linked to the mainshock, while seismic swarms dis-
play the highest seismic moment release in the middle of the sequence or towards the end. Results

from this technique identified 621 swarm events, representing 26% of the entire seismicity.

Despite the independence of both techniques, they revealed the same clusters, with variations
in the number of events. This discrepancy is explained by the fact that the first technique considers

events from clusters as having swarm behavior, whereas the second method determines if each
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cluster exhibits swarm behavior. The swarms detected by both techniques were merged, resulting
in a total of 676 events classified as swarm events. Each cluster was then assigned to a zone, and
interpreting the generation mechanism of each swarm proved challenging. Some were interpreted
as being generated by fluid intrusion, others by static and dynamic stress transfer, while some
remain ambiguous in their interpretation. Future studies will delve into each cluster independently,
employing additional statistical analyses. However, the current challenge lies in the low number of

earthquakes in some clusters, making further investigation difficult at this stage.

One sequence, in particular, stands out among the detected swarms due to its unprecedented
complexity and the number of earthquakes involved. This is the Beni-Ilmane seismic sequence,
which displays spatio-temporal migration and includes three shocks with magnitudes above 5. De-
spite several conducted studies (Yelles-Chaouche et al., 2014;Beldjoudi et al., 2016;Hamdache
et al., 2017;Abacha et al., 2019), this sequence has not yet unveiled all its secrets, making it an
exceptionally intriguing natural laboratory in Algeria. The abundance of high-quality data adds to

its attractiveness and stimulates curiosity.

Our reevaluation of this sequence unfolded in three steps. Firstly, a 4D tomography was per-
formed, revealing the intrusion of fluid later in the sequence, interpreted as hydrocarbon by Abacha
et al., 2014, particularly after the third-largest shock. This discovery points to a combination of
stress transfer and aseismic transient forcing responsible for generating the sequence (Abacha et al.,

2023a).

The second step involved a detailed statistical analysis to identify the periods when fluid intru-
sion occurred. Using the non-stationary ETAS model, we identified two phases. The first phase,
spanning from the 14th of May to the 23rd, primarily encompassed aftershock sequences, revealing
a stationary process for aseismic rate. On the other hand, the second phase indicated a transient
aseismic forcing rate, leading to an increase in the number of independent events. This correlation
with the tomography suggests a potential connection to fluid dynamics. The temporal evolution
between the two phases of the b — value of the Gutenberg-Richter law and the p-value from the
Omori-Utsu law revealed similar processes. Additionally, the study included an examination of
the temporal evolution of the inter-event time background rate and the stationary ETAS model

parameters, highlighting the non-stationarity of the background rate (Rahmani et al., 2023).
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The final step delved into the study of repeating events, grouping them together based on the
similarity of their respective waveforms. This in-depth investigation aimed to understand how each
group evolves in time and space and the physical interactions between them. The detailed study un-
veiled a combination of many processes responsible for the generation of the sequence. Excitingly,
more studies are planned for the future, as the mystery surrounding this sequence remains intrigu-
ing and may require unconventional approaches for a comprehensive understanding (Tikhamarine

et al., under review).

While this thesis represents a humble contribution to the Algerian research community and
contributes to the field of statistical seismology, it is essential to acknowledge that we are still far
from a complete understanding of the physical processes responsible for Algerian seismicity. The

complexity of seismic phenomena in this region demands continuous exploration and investigation.

Looking ahead, I am hopeful and eager to persist in contributing to this field. Numerous ideas
are currently circulating in my mind, including collaborative efforts with Sebastian Hainzl from
GFZ to enhance the ETAS model. Collaborating with our research team in Algeria will further
enable us to characterize earthquake sequences and delve deeper into comprehending the intricacies

of seismic activity in the region.

Furthermore, I aspire for this thesis to serve as a valuable resource for upcoming researchers
venturing into the realm of statistical seismology. My desire is that it not only provides knowl-
edge but also sparks enthusiasm and attention, fostering a deeper appreciation for the complexities
involved. As the journey in seismic research is ongoing, I remain committed to contributing and

expanding our understanding of earthquake dynamics in Algeria and beyond.
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SUMMARY

The Beni—Ilmane (BI) seismic sequence, situated in the north-central region of Algeria, began
on 2010 May 14 with a main shock of M 5.4 followed by two other shocks on May 16 and 23 of
My 5.3 for both. Using the complete data set from May 14 to August 31 and the Epidemic Type
Aftershock Sequences (ETAS) model to separate background from aftershocks contribution
gave a first insight around the uncertainty that surrounds the causes and mechanisms of the
seismicity. According to our findings, two phases have been determined, the first one, beginning
from May 14, shows low b- and p-values with most of the seismicity being self-triggered. In
contrast, the second phase, beginning from May 23, demonstrates an increase of both the b-
and p-values with a high number of background events. In the second phase, the background
contribution involves 53 per cent of all seismic activity after May 23’s peak which is high
compared to typical main shock—aftershocks sequences. A possible explanation is that the
main shocks began or assisted aseismic processes in addition to causing aftershocks. A sealed
source at depth may have been broken by the third main shock, opening the way for the
following incursion of highly pressurized fluids (hydrocarbures) confirmed by a high V,/V;
ratios.

Key words: Africa; Spatial analysis; Earthquake hazards; Induced seismicity; Seismic to-
mography; Statistical seismology.

1 INTRODUCTION

The Tellian Atlas in northern Algeria has experienced numerous
moderate to large earthquakes over the last two decades, begin-
ning with the devastating earthquake in Boumerdes in 2003 May,
which had a magnitude of M,, 6.8 (Yelles-Chaouche et al. 2004).
These earthquakes are related to the oblique convergence between
the African and Eurasian plates since the Late Cretaceous, with a
rate of 4.5 = 0.3 mmyr~! along the N325 W =4 5° shortening di-
rection (Nocquet 2012, Fig. 1a). Indeed, the present strain partition-
ing in northeastern Algeria is the result of convergence involving
three major fault structures, as indicated by the study conducted by
Bougrine et al. (2019). First, the Offshore Fault System exhibits a
slip deficit rate of 1.5 mmyr~!. Secondly, the Gharimadou-North—
Constantine Fault accommodates dextral displacement and has a
significant present-day slip deficit rate estimated at 2.4 mmyr~'.
Lastly, a deformation rate of 1.5 mmyr~! is observed along the
fault system extending from the well-known E-W Gafsa Fault in

Tunisia to the South Atlas Fault System in Algeria, and further
along the southwestern end of the NW-SE Aures Range until the
Hodna Range near our study area (refer to Fig. 1b). Despite the
relatively low deformation rate of 1.5 mmyr~' and the main shock
being considered a moderate event, the 2010 BI earthquake se-
quence generated a significant number of events during the first
two weeks. Approximately 25 000 events were detected by a single
nearby station, making it the most noteworthy seismic sequence in
the northern part of Algeria.

One of the most significant features of this seismicity is the oc-
currence of seismic sequences with two or more main shocks and
an important number of seismic events, which are mostly accompa-
nied by spatial migration (Khelif et al. 2018; Yelles-Chaouche et al.
2018; Abacha & Yelles-Chaouche 2019; Bendjama et al. 2021;
Boulahia ef al. 2021; Abacha et al. 2022, 2023). The 2010 Bani-
Tlmane (BI) earthquake sequence stands out as the most notable
example due to the high number of seismic events. In Fig. 1(b),
we present the recent main earthquake sequence that occurred in
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Figure 1. (a) Map of the southern part of the Western Mediterranean, delimiting the Tellian Atlas System Tell (one of the main geological units in Algeria).
The line represents the Eurasia—Africa Plate boundary (simplified from Bird 2003), and the line with triangle represents the deformation front of Tell. Predicted
velocities along the Eurasia—Africa Plate boundary (arrows) are simplified from Nocquet et al. (2006). (b) Spatial partitioning of strain in northeastern Algeria
along the three major tectonic structures, which are schematized in lines according to the study of Bougrine ef al. (2019). The main shocks and their focal
mechanism of the main seismic sequences are also shown. (c) Tectonic map of the study area on a local scale, showing the seismic sources (dots) with the three
main shocks (stars) and the seismic stations (triangles). (d) Geology of the epicentral area (modified from Beldjoudi ef al. 2016; Abacha et al. 2023), showing

the 2876 events that represent the complete number of located events.

northern Algeria, along with the corresponding number of located
events for each one. It is evident that these sequences exhibit a sig-
nificantly lower number of events in comparison to the BI sequence.
Therefore, what physical mechanism underlies the initiation of this
unusual sequence?

The 2010 BI earthquake sequence took place in the southern de-
formation front of the Atlas Tellian region, in a geologically com-
plex area between the Hodna and Bibans Mountains ranges, specif-
ically in the southern part of the NE-SW Djebel Choukchot massif
(Fig. 1c). The massif is highly deformed, resulting in a network
of faults and fractures of various types and orientations (Yelles-
Chaouche ef al. 2014; Beldjoudi ef al. 2016; Abacha et al. 2023).
Due to two tectonic phases, the geological formations in the area
exhibit distinct characteristics. First, there are two main domains,
namely the Sub-Bibanic allochthonous and Djebel Choukchot Pa-
rautochtonnous. These domains consist primarily of Jurassic, Upper
Cretaceous, Eocene and Miocene sedimentary cover and have been
thrust onto the Pre-Atlasic autochthonous domain of the Hodna
basin, which is composed of Ouanougha Miocene sediments. Sec-
ondly, there is a strike-slip tectonic setting that cuts across these
geological formations and the surrounding thrust faults (refer to
Fig. 1d).

The earthquake sequence began on 2010 May 14, at 12:29 GMT,
with the first main shock (BI-MS1) having a magnitude of M, 5.4.
Two other main shocks (BI-MS2 and BI-MS3) followed after two
and nine days, respectively, with magnitudes of M, 5.3 for both. The
initial data set used in the first studies consisted of 1403 relocated
events, while the total activity lasted for four months until 2010

August with 2876 relocated events. There were no instrumental
seismological researches in the region before this sequence, except
for the ones conducted by Hatzfeld (1978) and a macroseismic
study carried out by Benouar (1994) on the 1960 Melouza earth-
quake (M 5.6), which is the first indication of active deformation
in the region. A subsequent study by Abacha et al. (2019), using
a scaling law determined from the 2010 BI sequence, obtained a
seismic moment M, of 5 x 107 N-m, a moment magnitude M,,
of 5.8, a source radius r of 2.7 km and a stress drop Ao = of
10.5 MPa. While numerous studies have been carried out on gen-
eral geology and some geophysical investigations were conducted
by the Algerian oil company SONATRACH, unfortunately, these
data are not accessible as it belongs to the country’s economic
sector.

Several studies have been performed on the 2010 BI earthquake
sequence since its occurrence. These studies have led to the develop-
ment of two seismotectonic models. The first model was proposed
by Yelles-Chaouche et al. (2014) and suggests that the sequence was
caused by two faults, a reverse E-W fault and a strike-slip NNE-
SSW fault. The second model was proposed by Beldjoudi et al.
(2016), who assigned each of the three main shocks to three differ-
ent segments. Additionally, seismic tomography models have been
used to understand the depth distribution of the seismic activity
by Abacha et al. (2014, 2023). Hamdache ef al. (2017) conducted
a statistical analysis of the earthquake sequence using three differ-
ent methods, including analysing the Gutenberg—Richter magnitude
frequency relationship, the sequence with a stochastic point process
model and the multifractal properties of the seismicity but without

20z Alenige £z uo 1senb Aq 298681 ./9¥Z L/€/9€Z/aIoME/ B/ W00 dno"olWepeoe)/:SdRY Wol) Papeojumoq



1248 S.T-E. Rahmani et al.

taking into account changes in the network configuration. However,
despite these studies, the mechanism behind the earthquake activity
in the region is still not fully understood.

To further understand the seismic activity and the causes of earth-
quakes, scientists often use statistical methods. Two types of seismic
events can occur: dependent and independent. Dependent events
happen when stress changes occur due to main shocks, whereas
independent events are a result of tectonic stress buildup or tran-
sient aseismic forces, including fluid migration or slow-slip events.
The Epidemic Type Aftershock Sequence (ETAS) model, devel-
oped by Ogata (1988), is a statistical tool that separates earthquake-
triggered and background seismic events. This model is useful for
declustering earthquake catalogues and differentiating between de-
pendent and independent events. The ETAS model usually assumes
a constant background rate, but Hainzl & Ogata (2005), and later
Marsan et al. (2013), modified it to account for time-dependent
background rates. This modification can help identify the mecha-
nisms behind the seismic activity and any significant changes that
occur.

This study provides new insights into the analysis of seismic ac-
tivity in the region. Compared to previous studies, our approach
involves several novel aspects. First, we have calculated the magni-
tude of completeness and considered the bias that can be introduced
by changes in the network configuration and incompleteness of the
earthquake catalogue. This allowed us to apply the Omori—Utsu
law, Gutenberg—Richter law and the ETAS model, and to analyse
inter-event times. Secondly, we have used a time-dependent back-
ground rate ETAS model to identify the mechanisms responsible
for the seismic activity in the region. Finally, we have reproduced
the work of Abacha et al. (2023) by calculating the V,/V; ratio
and comparing it with our results. Overall, these approaches pro-
vide a more comprehensive understanding of the seismic activ-
ity in the region and can help identify potential risks for seismic
hazards.

2 DATA AND METHODOLOGY

2.1. Data description

The seismic data set used in this study was collected by Algeria’s
permanent network which has been operational since 2007, a mo-
bile network was then installed gradually 1d after the first main
shock. Before conducting any statistical analysis, it was necessary
to determine the magnitude of completeness M,. To avoid any bias
resulting from the installation of the mobile network over time, we
only selected events recorded by the permanent network and calcu-
lated the magnitude of completeness using the maximum curvature
method, the EMR (Entire Magnitude Range), the goodness of fit
and the MBS (Magnitude Bin Shifting), with a bootstrap approach
to quantify the uncertainties. The Algerian permanent seismic net-
work recorded 815 events with magnitudes ranging from 0.4 to 5.4
M, (Fig. 2a).

The chosen bin size for estimating the magnitude of complete-
ness using each technique is set to 0.1. Studies have demonstrated
that biases associated with this bin size are negligible when com-
pared to larger bin sizes, especially when determining the b-value,
as discussed later (Marzocchi ef al. 2020). The maximum curvature
method yields a magnitude of completeness of 2.1, with a standard
deviation of 0.05. Similarly, the EMR method also yields a magni-
tude of completeness of 2.1, with a standard deviation of 0.04. The
goodness-of-fit approach results in a magnitude of completeness of

2.0, with a standard deviation of 0.08. Finally, the MBS method pro-
duces a magnitude of completeness of 1.9, with a standard deviation
of 0.11. After careful consideration, we have chosen to adopt the
EMR magnitude of completeness, as it has been proven effective in
recovering the true M. (Mignan & Woessner 2012).

Another issue addressed in this study is the short-term in-
completeness immediately following main shocks. It has been
established that the completeness magnitude significantly in-
creases after large earthquakes (Kagan 2004). In our study,
we have excluded early aftershocks based on the empirical
relationship between main shock magnitude and time (days),
M (M,t)=M —4.5—0.75log(t) (Helmstetter et al. 2000).
According to this empirical law, the time windows of 38 min after
the first main shock, 27 min after the second main shock and 28
min after the third main shock are considered incomplete (see
Appendix B, Fig. B1). Therefore, the final catalogue contains 433
events sorted according to the obtained M, (Fig. 2b).

The relocated hypocentres were distributed into two main clus-
ters, Cluster 1 oriented E-W and Cluster 2 oriented NNE-SSW
(Fig. 1c). The identification of these clusters was based on three
criteria established in previous studies. First, the seismotectonic
criterion by Yelles-Chaouche et al. (2014) used well-located after-
shocks and focal mechanisms for earthquakes with a magnitude
of > 4, revealing two clusters with different orientations (E-W for
Cluster 1 and NNE-SSW for Cluster 2), attributed to high-angle
reverse and near-vertical left-lateral strike-slip faults, respectively
(see Appendix A, Fig. Al). Secondly, Abacha et al. (2023) divided
the data set into episodes, noting spatial separation between the clus-
ters, particularly in Episodes A and B, where Cluster 2 displayed
heightened activity along the strike-slip fault (see Appendix A,
Fig. A2). Thirdly, the same study by Abacha et al. (2023) analysed
seismicity migration, showing Cluster 1 with higher diffusivity and
migration velocity compared to Cluster 2, which exhibited a slower,
more extended migration process, possibly linked to a pore-pressure
diffusion mechanism with a time-delayed response (see Appendix
A, Fig. A3). The temporal evolution of the seismic activity reveals
that both clusters began almost simultaneously, with the majority
of events occurring in the first cluster, but after the May 23 main
shock, almost all activity was concentrated in the second cluster
(Yelles-Chaouche et al. 2014; Hamdache et al. 2017; Abacha et al.
2019; 2023). The sources of seismic activity were concentrated in
a strip of approximately 10 km depth, corresponding to the seis-
mogenic layer of all Algerian seismicity (Fig. 2c, Yelles-Chaouche
et al. 2022).

2.2. The Gutenberg—Richter Law

The Gutenberg—Richter law describes the relationship between
the frequency of earthquakes and their magnitudes (Gutenberg &
Richter 1942)

log (Noy) = a —bM,

where ‘N’ is the number of events with a magnitude larger or equal
to M, ‘a’ express the seismicity rate, and ‘b’ is the relative propor-
tion of small and large earthquakes. The b-value is an important
parameter interpreted as an inverse measure of the stress state in a
region (Scholz 1968; Bufe 1970; Gibowicz 1973; Wyss 1973). This
interpretation of the h-value is supported by the observation of its
variability on different fault types (Petruccelli et al. 2019) where
they found low b-values for thrust faulting events (high stress) and
high values for normal faulting events (low stress).
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The parameters of the Gutenberg—Richter law were determined a = logio(N(M > M.)) + b.M.,
by the maximum-likelihood estimate (Aki 1965; Utsu 1965),

where m is the mean value of the magnitudes and M, = M, —
1 AM /2 represents a correction applied for magnitude binning and

= accounting for magnitude errors (Marzocchi & Sandri 2003), with
In10. (M —Mpnin)
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M, being the magnitude of completeness and AM the magnitude
binning.

2.3. Omori-Utsu law

The Omori—Utsu law describes the rate decay of aftershocks in time
following the main shock. It is expressed as:

n(t) = k(t +¢)°,

where n is the number of events after the main shock, 7 is the
time starting from the main shock, occured in t = 0, to the last
event and k, ¢ and p are constants. The k-value here expresses the
productivity factor, the p-value varies significantly for the different
tectonic regime and may reflects the proprieties of the fault system
(Mogi 1967; Kisslinger 1996; Nanjo et al. 1998), and the c-value
is a little controversial. Most studies suggest that high c-values are
related to the incomplete part of the catalogue at the beginning of
the sequence after a large event (Enescu et al. 2009), but others
have found a physical correlation between the ¢ parameter and
the tectonic context (Narteau et al. 2009) where they found high c-
values for normal faulting events and low c-values for thrust faulting
events.

2.4. Inter-event time analysis

Previous studies have demonstrated that the probability density
function of inter-event time between consecutive earthquakes can
be approximated by a gamma function (Corral 2004)

p(8t)= C.e™™ 5t7",

with 8¢ the inter-event time between consecutive earthquakes, n
a model parameter expressing the branching ratio (Helmstetter &
Sornette 2003) which is the fraction of aftershocks among all the
events, u the forcing rate or background rate, and C a normalization
constant. Hainzl e al. (2006) showed that the forcing rate and the
branching ratio can be estimated according to

E(5t)

’ zvar((St)’
n=1—unEt),

where E(.) and var(.) are, respectively, the mean and variance of the
inter-event time.

2.5. Time-dependent background ETAS model

The ETAS model proposed by Ogata (1988) is a point-process
model which affirms that each earthquake triggers its own Omori-
type aftershocks (Ogata 1988, 1993; Helmstetter & Sornette 2002).
The model expresses that the overall rate is equal to the sum of the
constant background rate (or forcing rate) and the aftershock rate
(or earthquake-earthquake triggering):

My= p+ Y KeMM(t—ti4c) 7,

it <t

where M. is the completeness magnitude of the catalogue, #
and M, represent the time occurrence and magnitude of the ith
event, o denotes the efficiency in generating aftershock by an
event of a specific magnitude, and K, ¢ and p are the Omori—Utsu
parameters.

We visually assess the goodness of fit of the estimated ETAS
model by comparing the cumulative number of observed after-
shocks with magnitudes (M) greater than or equal to the complete-
ness magnitude (M) to the cumulative number calculated from the
estimated ETAS model. To achieve this, we compute the theoreti-
cal cumulative function A(t) of the underlying aftershocks at time
t and AN(7) of the detected aftershocks. These functions are re-
spectively calculated as follows. We define the transformed time
T = A():

A()= [ A(t)dt.
0

If the estimated model is correct, the observed sequence of af-
tershocks in the transformed time should exhibit characteristics of
a stationary Poisson process. Consequently, the observed cumu-
lative number in the transformed time will be represented by a
nearly straight line when plotted. This crucial analysis serves as
an indicator of the goodness of fit for the estimated model (Ogata
1988).

Marsan et al. (2013) developed a new approach for a variable
forcing rate in time (Hainzl et al. 2016; Crespo-Martin et al.
2021). This method is based on the estimation of both the time-
dependent background rate and ETAS parameters by using the
maximum-likelihood estimation (MLE) with n-nearest-neighbour
smoothing of the background rate. The overall steps to be followed
are:

1. Estimate the ETAS parameters with a constant background rate
in time u(¢) =po by maximizing the log-likelihood.

2. Calculate the probability that each event belongs to the back-
ground. This probability is defined as (Zhuang et al. 2002)

N U)
L) +0(n)

3. Smooth the background rate by using the n-nearest-neighbours
(n.). The best n, will be chosen according to the Akaike criteria
(Akaike 1974)

N
AIC (n,) = —L + o
where L is the maximum-likelihood value of the model fit and N is
the number of earthquakes.
The procedure will be repeated until the convergence to the best
model. The application of this method in 2010 BI gives an insight
into the characteristics of seismicity and generation mechanisms.

2.6. Declustering

This procedure enables the separation of independent events from
dependent seismicity (background earthquakes and aftershocks).
Separation is based on preceding shocks, the highest seismicity rate
compared to the long-term average or the spatio-temporal proximity
of earthquakes (van Stiphout ef al. 2012). The approaches are either
deterministic or stochastic. In the first case, the earthquakes are
classified as main shock or aftershocks according to their space—
time distance, while stochastic algorithms use the ETAS model to
calculate probabilities (Zhuang et al. 2002; van Stiphout et al. 2012).
In this study, we employ the probabilistic ETAS-approach based on
Marsan et al. (2013) method, which is the most suitable approach
for our study area where seismicity patterns change over time and
since it takes into accounts a time-dependent background (Hainzl &
Ogata 2005; Hainzl ez al. 2013). As a result, each event is assigned
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a probability of being either a background or an aftershock, ranging
from 0 (aftershock) to 1 (background).

3 RESULTS

3.1. Frequency-magnitude distribution

The outcomes depict the frequency—magnitude distribution of the
sequence with a b-value of 0.87 for M, > 2.1 (Fig. 3a) which means
that larger events are dominating the seismic sequence. The binning
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Table 1. Parameters of the Gutenberg—Richter for the entire sequence and
each phase,

Period b-value a-value
All data (staring from BI-MS1 14/05/2010 0.87 £0.02  4.44 £ 0.13
12:29:20)

1st period (starting from BI-MS1 0.82£0.06 3.87+0.21
14/05/2010 12:2920 to before BI-MS3 at

23/05/2010 08:42:02)

2nd period (starting from BI-MS3 0.90£0.03 4.27+0.17

23/05/2010 08:42:02)

employed in this study is set to 0.1, as using larger bin sizes can
introduce biases in the final results and lead to underestimation of
the h-value (Marzocchi & Sandri 2003; Marzocchi et al. 2020).
The plate or deviation observed for magnitudes < 2.1 events may
be due to partial incompleteness. To observe the changes of the
Gutenberg—Richter parameters, we divided the seismic sequence
into two periods according to the changing observed in the cumu-
lative number of events (Fig. 2b). The first period, starting from
BI-MSI1 to the event before BI-MS3, is characterized by a b-value
equal to 0.82 and an a-value of 3.87 for a magnitude of complete-
ness equal to 2.1 (Fig. 3b), then in the second period, after BI-MS3,
we notice an increase of both the b- and a-values with each of them
equal to 0.90 and 4.27, respectively, for a magnitude of complete-
ness equal to 2.1(Fig. 3c). This changes are related to the relative
increase of smaller earthquakes in the second period compared to
the first one, but if we take into consideration the uncertainties,
both the b- and a-values found for each phases are quite similar
(Table 1).

3.2. Spatio-temporal characteristics

In order to investigate the temporal characteristics of the BI seismic
sequence, we first fitted the Omori—Utsu to the entire sequence
after the BI-MS1 of My 5.4. The parameters are obtained using the
MLE: p = 1.56, ¢ = 5.03 d and k = 723.45 (Fig. 4a). The p-value
is high compared to the typical values found for different seismic
sequences that range from 0.8 to 1.2 (Utsu et al. 1995; Hainzl &
Marsan 2008) and the c-value here is also high (ranging usually from
0.5 to 20 hr; Utsu et al. 1995). These high values may be related to
the secondary aftershock sequences triggered by aftershocks which
can affect the temporal decay (Hainzl et al. 2016), which in our
case must be related to three strong shocks occurring in less than
10 d. A notable increase in the events number per day immediately
after the occurrence of BI-MS3 is noticed (Fig. 4a). To observe
the changes of the Omori—Utsu parameters, we divided the seismic
sequence into two periods as we did for the Gutenberg—Richter law.
As observed, both periods seams to follow the Omori—Utsu law. For
the first phase, we found a low p-value equal to 0.7 belonging to
the interval mentioned above, which indicates a typical value found
for different seismic sequences (Fig. 4b). The fit also shows a low
c-value equal to 0.0045. However, the second phase shows high p-
and c-values (Fig. 4c). The results found for the Omori—Utsu law
are depicted in Table 2.

Analysis of the inter-event times, from the modified gamma func-
tion, revealed a background rate j« of 1.36, indicating that 146 events
(34 per cent) were independent with a branching ratio n of 0.656
(Fig. 5a). The distributions correlate well with the gamma distri-
bution, while it deviates notably from an exponential distribution,
which would be anticipated for a Poissonian process, where activ-
ity is uncorrelated in time. To further investigate the evolution of
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Figure 4. (a) Aftershock decay in comparison to the fit of the Omori—Utsu law of the entire sequence. (b) and (c) Aftershock decay in comparison to the fit of

the Omori—Utsu law for phases one and two, respectively.

Table 2. Parameters of the Omori—Utsu for the entire sequence and each
phase.

Period

All data (staring from BI-MS1
14/05/2010 12:29:20)

c-value

5.03 £0.04

k-value
723.47 £ 11.20

p-value
1.56 £0.12

1st period (starting from BI-MS1 26.15+£3.02  0.70£0.09 0.0045 £ 0.01
14/05/2010 12:2920 to before

BI-MS3 at 23/05/2010 08:42:02)

2nd period (starting from BI-MS3  99.96 £10.02 128 £0.10  0.76 +0.02

23/05/2010 08:42:02)

the background rate, we estimated it using a moving window of
100 events with a 10-event step (other window sizes were also ex-
plored, as shown in Appendix D, Fig. D1). The results show that the
background rate increased after both BI-MS1 and BI-MS3, indi-
cating that the background contribution is not stationary over time
(Fig. 5b).

We then estimated the parameters of the ETAS model (Fig. 6a).
The branching ratio was found to be less than 1 (0.48) with AIC
= —1455.3, indicating that a stable optimal model can be assumed
(Sornette & Werner 2005). Plotting the cumulative number of events
against transformed time revealed negative and positive deviations
(Fig. 6b), indicating that the ETAS model overestimates and under-
estimates earthquake occurrence, respectively. The p-value equal
to 0.17 indicates a low forcing rate which means that 4 per cent
of the events are triggered externally. The low «-value is similar
to the previous finding for swarm activities (0.35-0.85) compared
to non-swarm activity, which is characterized by a high «-value
(1.2-3.1). The deviations in seismic activity, where the downward
and upward trends correspond to relative quiescence and activation
in seismicity, respectively, are generally associated with changes in
a specific parameter (Kumazawa & Ogata 2014). Additionally, the
ETAS model assumes a constant background rate, and neglecting
its variation in time can lead to some bias in parameter estimation
(Hainzl et al. 2013). Therefore, we used a time-dependent back-
ground rate ETAS model, which may provide a better description
for this seismic sequence.

The time-dependent background rate ETAS model provided a
good fit to the observations, with a better AIC (—1553.24) for a
smoothing window equal to 12 (Fig. 7a). The higher «-value ob-
tained, compared to the constant background rate ETAS model, is
coherent with the results found by Hainzl et al. (2013), who sug-
gested that taking into account a constant background rate may
underestimate the «-value. The number of background events in the
entire sequence is 52 per cent, which is higher than what is typically
seen in main shock—aftershock sequences. The seismicity is non-
stationary during the BI-MS1 and BI-MS-3 main shocks, followed

by a stationary trend after each event (Fig. 7a). Notably, there is
an increase in background rate following the BI-MS1 main shock
and a sudden increase in the forcing rate after the BI-MS3 main
shock (Fig. 7b), which is consistent with the pattern observed in the
inter-event time analysis. The first phase, as seen in the decluster-
ing analysis, shows a small proportion of background events in the
overall seismicity (43 per cent, Fig. 7c). The seismicity rate also
increases initially in response to the rise in background rate before
becoming more or less stationary over time (Fig. 7d). In the second
phase, the contribution of background events to seismicity increased
to 53 per cent. The sudden increase in the number of events is also
reflected in the cumulative number of background events, which
corresponds to the BI-MS3 main shock of 5.3 My (Fig. 7e, also
refer to Appendix C, Table C1). This increase is also reflected in
the rate of events over time, which coincides with the background
contribution rate (Fig. 7f). After around 40 d, the trend changes, and
the background seismicity no longer follows the increase in the cu-
mulative number of events, reflecting a stationary process (Fig. 7e).
The magnitude evolution with scaled colours based on background
probability (Fig. 8) shows that events with the highest background
probability are mainly located in the second phase, correspond-
ing to the increase in background rate (Fig. 7f). The spatial plot
of background and aftershock seismicity (Fig. 9a) also shows two
distinct phases. In the first phase, most of the seismicity is located
in the E-W cluster and primarily consists of aftershocks (Fig. 9a).
Instead, in the second phase, most of the seismicity is observed in
the NNE-SSW cluster and mainly consists of background events.

4 DISCUSSION

The BI seismic sequence is one of the most notable occurrences
in Algeria in terms of the number of events. Even after more than
10 yr, many of its mysteries have yet to be fully understood. It
is remarkable that a moderate earthquake could generate so many
seismic events. Fortunately, the sequence had three main shocks of
the same magnitude, indicating that the energy released was split
between at least two primary faults, thereby averting a catastrophic
earthquake.

We performed a detailed statistical investigation of the seismic-
ity to better understand the unprecedented 2010 BI earthquake se-
quence. Our investigation reveals important changes in the earth-
quake generation pathways. Using probabilistic estimations in two
main phases, the declustering technique enables us to distinguish
between the background and aftershock contributions, as shown in
Fig. 8.
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The first phase spacing from the first main shock (BI-MS1) on important role in the triggering of aftershocks. We observed that
2010 May 14 to the third one (BI-MS3) on 2010 May 23. The this phase contains mainly self-triggered events (57 per cent). The
main shocks that occurred on May 14 and 16 (BI-MS2) played an b-value of 0.82, found for this period, indicates high stress with the
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p-value of the Omori—Utsu law indicating a slow decay over time
with maybe a slow stress relaxation.

The second phase started just after the occurrence of the BI-MS3
(May 23), which contains the largest number of events from all
the sequence characterized by a high number of background events
(53 per cent). A sudden increase in the forcing rate appears just
after the occurrence of BI-MS3. These observations imply that in
addition to the BI-MS3’s stress changes, which in turn caused af-
tershocks, it also induced aseismic transients (e.g. by breaking a
sealed source and allowing fluid infiltration from below), which in

turn caused additional earthquakes (background events). In com-
parison to the initial phase, we also observed a modest rise of the
p-value, indicating a faster decay rate with maybe a fast stress relax-
ation, and the b-value = 0.90. It is a typical value for a natural fluid
driven seismicity, according to the study conducted by Karimi &
Davidsen (2021). This study allowed to distinguish between natural
swarms (b-value = 0.7-0.95) and induced seismicity (fluid induced
by Man-made) (b-value = 1.50-2.44) in California (USA).

Fig. 9 shows a spatial plot of the seismic events colour coded by
background probability. We can see through the first phase (Fig. 9a)
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that the triggered aftershocks are manifested much more in Cluster
1 along the E-W direction with some being produced in Cluster
2. Then after the occurrence of the BI-MS3 in the second phase
(Fig. 9a), Cluster 2 exploded by a significant number of the back-
ground events along the NNE-SSW direction. Therefore, from the
spatio-temporal distribution of the background probability (Figs 8
and 9), we conclude that the 2010 BI earthquake sequence started
with the triggered aftershocks of the BI-MS1 and BI-MS2 generally
along the Cluster 1 on E-W direction, then the background events
began to appear after the occurrence of the BI-MS3 along of Cluster
2 on NNE-SSW direction.

Our results are in agreement with the last study conducted by
Abacha et al. (2023) where, from local earthquake tomography and
4-D V,/V,; models, they show evidence that processes triggering the
2010 BI earthquake sequence were fluid-driven. They made four
images of V,/V; models (an important parameter for determining
fluid and crack migration within the crust) for four periods A,
B, C and D chosen according to the events’ cumulative number.
The important result of this study is the apparition of the high-
V,/Vs anomaly in the central part after the occurrence of the BI-
MS3 (period B), which is interpreted as fluid-saturated rocks. This
fluid was considered by Abacha ef al. (2014) as the presence of
a hydrocarbon reservoir in the central part of the studied region.
They also found an increase of the V,/V; ratio with depth, reaching
its maximum value of 1.97 at 7-km depth not far from the third
main shock. They suggest that it is more likely that a hydrocarbon
reservoir is located near Cluster 2 at the 7-km depth, then the fluids
migrated vertically and laterally, after being released by the third
BI-MS3.

We reproduced this work with the same inversion parameters but
for the two phases revealed by this study. The results are displayed
in Fig. 9(b), which shows, as expected, a high-V,/V anomaly ap-
pearing immediately after the BI-MS3 in the second phase with the
maximal value of 1.97 recorded near this main shock. Therefore,
the rupture of the NNE-SSW by BI-MS3 liberated the high-pressure
fluids which moved upward through the damage area, triggering
earthquakes by causing pore-pressure perturbations.

On the other hand, the study of Abacha et al. (2023) investigates,
also, seismicity migration by modelling seismic events using the
equation of Shapiro et al. (1997). Their results demonstrate a good
fit on Cluster 2 with a reduced diffusivity and a migration velocity
(D = 2.4 m?>s7! and 600 md~!, respectively), which points to a
pore-pressure diffusion mechanism with a time-delayed response.
However, the migration process underlying Cluster 1 is unclear due
to the poor fit and the higher diffusivity than is normally expected
for the upper crust. This supports our conclusion on the important
role played by the fluids in the production of Cluster 2, as well as a
large number of the produced events.

Thus, as a summary, our research of the BI Earthquake sequence
reveals that the underlying triggering process is a combination of
seismic mechanisms, beginning with tectonic seismicity and then
moving on to an aseismic forcing, generated during a 4-month pe-
riod from 2010 May 14 to August 31. A more probable explanation
is that the (BI-MS3) broke a sealed source and helped the intrusion
of fluid and therefore caused an increase of seismic events, which
explains the high number of events recorded. Also, the migration of
fluid may have expanded the rupturing fault. This mixing between
two seismic mechanisms often appears in the case of moderate to
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sequence with their cross-sections.

low seismic sequences. Some examples are the 2014 aftershock
sequence that occurred in west Bohemia (Vogtland), which was
triggered by fluid intrusion (Hainzl ef al. 2016), and the intraplate
anomalous seismicity that occurred in Sarria-Triacastela-Becerrea
(NW Iberian Peninsula, Spain; Crespo-Martin et al. 2021).

Indeed the involvement of fluids in the triggering process of
some earthquake sequences with several main shocks is well known
in the northeastern part of Algeria. We can cite the 2012-2013
Bejaia-Babors seismic sequence (Boulahia et al. 2021), the 2015
Ain Azel sequence (Abacha et al. 2022) and the 2020 Mila se-
quence (Boulahia et al. in preparation). We intend to apply the same
methodology applied in this study in order to determine the seismic
mechanisms behind the occurrence of these earthquake sequences
through time-dependent and spatio-temporal statistical analysis.

5 CONCLUSION

This study focused on the most representative seismic sequences in
Algeria after the 2003 Boumerdes earthquake (M, 6.9); this work
investigates the 2010 BI earthquake sequence that hit the transition
zone between the Bibans and Hodna mountains (one of the main
southern geological massifs of the Atlas Tellian system), over 4
months since 2010 May 14. The BI sequence is marked by the

occurrence of three main shocks (BI-MS1, BI-MS2 and BI-MS3)
of M,, > 5.3 and by a great number of events distributed on the
main clusters (first oriented E-W and the second oriented NNE-
SSW), which left the inquiry about the seismic mechanism behind
its occurrence.

Our study is based on a time-dependent and spatio-temporal
statistical analysis of the BI sequence especially the isolation of
background from the main shock—aftershock contribution by means
of the application of the ETAS model and the comparison with the
4-D V,/V; models. Our results allow us to identify two phases.

In the first phase (May 14-23), intensive earthquake sequence
dominated seismicity, particularly related to aftershocks of the BI-
MS1 and BI-MS2. Due to the stress changes they caused, these main
shocks also assisted a subsequent aseismic process that significantly
aided in the triggering of the observed activity.

After the occurrence of the third main shock (BI-MS3) in the
second phase the aseismic forcing (53 per cent background contri-
bution) took place along the second cluster. After rupturing the fault
by the BI-MS3, the high-pressure fluids flowed upward through the
damage zone, triggering earthquakes by causing pore-pressure per-
turbations. This conclusion is supported by a high-V,/V, anomaly
that appeared immediately after the occurrence BI-MS3. The fluid
was interpreted as the presence of a hydrocarbon reservoir in the
central part of the studied region.
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The statistical analysis with the temporal characteristics and
Gutenberg—Richter law allowed us to understand the underlying
mechanism, which can improve our seismic hazard models. Hence,
the need to make these studies on the other sequences of the northern
part of Algeria. Indeed, a study conducted by Atkinson ef al. (2015)
demonstrated that the hazard from induced seismicity in a region
with low-to-moderate seismic activity can exceed the hazard from
natural background seismicity at most probabilities of engineering
interest. In fact, induced seismicity can significantly increase the
rate of earthquakes, and in some cases, it can trigger potentially
damaging earthquakes as large as M = 5.7 (Keranen ef al. 2013;
Sumy et al. 2014). The latter study suggested that an induced earth-
quake can trigger an even larger event if a nearby fault is critically
stressed.

On the other hand, a study conducted by Lei ez al. (2013) demon-
strated that the Zigong sequence, caused by fluid infiltration, showed
an increase over time in the maximum magnitude with a decrease in
the b-value. This suggests that fluid-driven seismicity can increase
the rupture length and, in turn, generate larger earthquakes.
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APPENDIX A. CLUSTERS IDENTIFICATION
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Figure Al. Horizontal and vertical distributions of the 1403 relocated events, showing focal mechanisms of events with A/ > 4. The E-W rectangle represents
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APPENDIX B. SHORT-TIME AFTERSHOCK INCOMPLETENESS

A 3zt 4
38 38 1
.
36 A Y 36 1
34 ¢ ¢ ¢ 34 ' ' © e
@ e L o 28} . . e e » & .
B 32 . = =32 . B
£ . £ - . . se £ &
= s -
A R * . 'l Easf e i = g’ . . ee o e |
~
223 e 2 . .8 = . . ee ® o s s see 4o EZE . . « ss ®w s e
- . . . . e ~ . . . - s oo
26 " . " me .o 24-\\‘ . . * o weses s o we 26 . .o . .
* em wese o - ~ L e e @ . " mme .
24 \\\ . ® s @ swess wm ~\~ . *s S SR meee 24~ s commss oo me o ome o
. - e  ®e o o emeemess 22 - T R R Sy ®s s e o we s mmmes o
23 ® o 3, 8 o %0 o o wwesmes oo * . 22 S, ® wmemssssss cmmmens oo
o o soe Eo-0- @9 5036206 - 60 D L e S “w . S5 GBI ¢ G-e-e0 O —EmED SO 3 $eeo]
2 2 L . 3 .
10 102 10! 102 107! 102 107
Time (days) Time (days) Time (days)

Figure B1. Magnitude versus time representing short-time incompleteness.
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Statistical analysis of seismicity 1261

APPENDIX C. PER CENT OF EVENTS WITH BACKGROUND PROBABILITY GREATER

OR EQUAL TO 50 PER CENT

Table C1. Per cent of events for different background probabilities.

Data >0.9 (per
cent)

Whole 0.23

sequence

Phase 01 0.23

Phase 02 0

>0.8 (per
cent)
6.23

0.23
6

>0.7 (per >0.6 (per >0.5 (per
cent) cent) cent)
19.8 48 69
1.8 6 14
18 41 55

APPENDIX D. BACKGROUND RATE FOR DIFFERENT MOVING WINDOWS USING

THE INTER-EVENT TIME

30 T T . T T

Background rate
. (=] (o]
wn = h

o
=
T

150

Background rate
I [
h (—]

=
=

0 10 20 30 40 50

Time (days)

70 80 90 100

10 20 30 40 S0 60 70 80 90 100

Time (days)

Figure D1. Background rate versus time for different windows ranging from 125 to 200 events.
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In northeastern Algeria, seismic activity is distinguished by the occurrence of swarms
or classic sequences, showing intense temporal and spatial clustering, lasting from
days to months and extending over distances of a few to tens of kilometers, sometimes
displaying migration patterns over several weeks. Categorizing seismic swarms and
comprehending their underlying mechanisms is essential for mitigating seismic risk in
the region, especially as they are indicative of potential physical changes in the crust,
such as slow slip or fluid flow, which makes them particularly noteworthy. To identify
seismic swarms, two methodologies were applied, including the use of spatio-temporal
ETAS models and moment release time series analysis, covering data from 2007 to
2020 in the region. Identifying 32 clusters, totaling 676 events and accounting for 29%
of the catalog above the magnitude threshold of 2.8, revealed 32 swarm sequences
marked by event counts exceeding five, with subsequent computation of the b-value
across the entirety of the swarm catalog; these clusters were then classified into zones
based on the geological and tectonic context of each area. Ultimately, we offer
potential explanations for the mechanisms driving the formation of these swarms,
alongside investigating their spatial migration and temporal evolution.
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Fluid-driven processes triggering the 2010 Beni-Ilmane
earthquake sequence (Algeria): evidence from local
earthquake tomography and 4D Vp/Vs models
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Abstract The 2010 Beni-Ilmane earthquake
sequence, with 3 Mw>5.2 mainshocks, occurred
in the southern Tellian Atlas approximately 200 km
southeast of the Algiers. We offer updated 3D Vp
and Vs models, and we outline the space and time
variations in the Vp/Vs ratio of the Beni-Ilmane crust
based on 2297 well-located aftershocks representing
the complete aftershock sequence. Two main P-wave
low-velocity patterns correspond to fault alignments
determined from geological studies: the NE-SW
thrust fault located at the foot of Djebel Chouk-
chot and the NNW-SSE oriented Samma strike-slip

Highlights

e This updated investigation used twice the number of
events from a previous study.

e A high-Vp/Vs anomaly coincided with hydrocarbon
reservoirs and fluid-saturated faults.

e The migration of high-pressure fluids released from a
ruptured reservoir caused aftershock activity.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10950-022-10130-8.
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corridor. The former crosscuts the two P-wave high-
velocity anomalies of the Kef Ouagnane and Kef
Kherrat summits of the Choukchot Mountains. The
third high-velocity anomaly represents the Jebel
Affroun Mountain in the sub-Bibanic domain. Two
high-Vp/Vs ratio patterns were revealed in the central
aftershock part and along the NE-SW Ouanougha
syncline, which constitutes a fluid reservoir and a
fluid-saturated fault zone filled after aftershock activ-
ity. The 4D Vp/Vs models monitored fluid migration,
and the modeled pore-pressure diffusion revealed that
earthquake rupture along an~N-S blind strike-slip
fault fractured the closed reservoir and released high-
pressure fluids, provoking a notable and long-lasting
aftershock sequence. Our study underlines that local
earthquake tomography (LET) can provide useful
insights into the upward migration of fluids from a
compartmentalized hydrocarbon reservoir.

Keywords Beni-Ilmane sequence - Seismotectonic -
LET - Fluids - 4D Vp/Vs ratio, pore-pressure
diffusion

1 Introduction

In May 2010, the Beni-Ilmane region (north-central
Algeria, Fig. 1a) was struck by a never-before-seen
seismic sequence, as this was the first time in Algeria
that a sequence was observed with three mainshocks
of a Mw >5.2 magnitude, recorded on May 14, 16,

@ Springer
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The 24 January 2020 Mw 5.0 El Aouana Earthquake, Northeastern Algeria: Insights
into a New NW-SE Right-Lateral Bejaia-Babors Shear Zone
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Abstract—On January 24, 2020, a Mw 5.0 earthquake occurred
in the El Aouana region, northeastern Algeria. This region is
located at the western end of the Lesser Kabylian Block (LKB), a
rigid body that was weakly deformed during the late Cenozoic
tectonic phase, and it is characterized by a lower seismic activity
than that in its bounding regions. The mainshock focal mechanism
was estimated via both the P-wave first motion and waveform
modeling methods. The earthquake was associated with the rupture
of a NW-SE-oriented right-lateral strike-slip fault, as revealed by a
6 km long and 2 km wide aftershock cluster. The seismic moment
estimated through waveform modeling was 3.6 x 10'® Nm, while
spectral analysis yielded a value of 3.9 x 10'® Nm corresponding
to a magnitude of Mw 5.0, a source radius of 1.6 km, and a stress
drop of 4 MPa. The spatiotemporal evolution of the aftershock
sequence, as modeled using a restricted epidemic-type aftershock
sequence (RETAS) stochastic model, yielded a slope p = 1, indi-
cating that the earthquake was generated by tectonic forces and that
the aftershock sequence included many subsequences. The calcu-
lated stress tensor suggested N—S compression, rotated clockwise
relative to NW-SE Eurasia—Africa convergence. Finally, the recent
seismic activity (2012-2021) and geological observations in the
area led to the suggestion of a new NW-SE right-lateral shear zone,
namely, the Bejaia-Babors shear zone, which was incorporated into
a seismotectonic growth model involving slip along inherited E-W
structures. The pattern of stepover structures throughout this wide
shear zone was enhanced during the recent seismic evolution.

Keywords: El Aouana, RETAS, source parameters, stress
tensor, shear zone, stepovers.
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1. Introduction

Northeastern Algeria is subjected to substantial,
moderate, and shallow seismic activity due to its
location along the African—Eurasian plate boundary
(blue line in Fig. 1a). One of the main statistical
characteristics of Algerian seismicity is its concen-
tration in the country’s eastern part, where nearly
two-thirds of the recorded seismic events have
occurred (Abacha, 2015; Yelles-Chaouche et al.,
2006). In this territory, numerous seismic sequences
took place over the past decade (2012-2021), par-
ticularly around the Lesser Kabylian Block (LKB)
(Fig. 1b). These include the 2017 seismic sequences
along the Mcid Aicha-Debbagh Fault (MADF) in the
south (Bendjama et al., 2021), the 2014 Ziama and
2019 Jijel earthquakes in the north (Yelles-Chaouche
et al.,, 2021), and the 2012-2013 Bejaia-Babors
sequences in the west (Boulahia et al., 2021).

On January 24, 2020, at 07 h 24 m 20 s, the
region of Jijel was shaken once more by a shallow
earthquake of magnitude Mw 5.0, namely, the El
Aouana earthquake at the western boundary of the
LKB, 20 km southwest of Jijel (Fig. 1c). The western
transverse fault system of Bejaia-Babors constitutes a
NW-SE-trending structure associated with right-lat-
eral strike-slip earthquake focal mechanisms. Recent
advances in understanding the fault geometry mech-
anism in this region have been obtained by Boulahia
et al. (2021), who identified the majority of the cur-
rently known en echelon fault segments that define
the western boundary of the transverse fault system.
The El Aouana 2020 earthquake exhibits a focal
mechanism with one of the planes subparallel to the
eastern boundary of the transverse fault system.

) Birkhauser
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The March 2017 earthquake sequence along the E-W-
trending Mcid Aicha-Debbagh Fault, northeast Algeria
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Hamoud Beldjoudi, Sofiane Taki-Eddine Rahmani, and Othmane Belheouane
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ABSTRACT: In Northeast Algeria, a sequence of 143 small earthquakes (My < 4.7) occurred near the Mcid Aicha-Debbagh (MAD)
Fault between 4 and 16 March, 2017. During this sequence, 74% of the seismic activity occurred in the first two days. Although the
earthquakes were not large, they yielded important new information and have improved our understanding of seismic activity in three
distinct regions along the fault. In the Sidi Dris region (western MAD Fault), 106 events (1 < My < 3.2) were located in an aftershock
cluster trending NNE-SSW; highlighting a transverse fault with ~6 km of strike-slip displacement that locally cuts the MAD Fault. In
the El Kantour region (central MAD Fault), 31 events were recorded along a 3 km long fault segment, including the M,, 4.7 mainshock.
The mainshock had a focal mechanism consistent with predominantly strike-slip motion on a N110°E-striking fault plane, in agree-
ment with the WNW-ESE orientation of the central MAD Fault segment. Finally, six diffuse events occurred in the Hammam Debbagh
region (eastern MAD Fault). A significant event (Mg 3.0) in this region had a focal mechanism consistent with strike-slip movement
and a normal component trending NW-SE. This is consistent with the fault plane orientations of key events in the time period 2003-
2014, likely related to the NW-SE-striking Hammam Debbagh Fault. The present-day stress tensor is characterized by a strike-slip tec-
tonic regime and a o; orientation (N342°E) that closely matches the maximum regional compressive stress orientation (NNW-SSE).

Key words: Mcid Aicha-Debbagh Fault, strike-slip, focal mechanism, source parameter, waveform modeling

Manuscript received September 11, 2019; Manuscript accepted November 1, 2020

1. INTRODUCTION

Using earthquake data to delineate seismically active geologic
structures is one of the primary goals of seismic monitoring.
Although large earthquakes provide the most direct information
regarding seismically active structures, they are relatively rare in
areas with low to moderate strain rates. Fortunately, sequences
of small to moderate earthquakes can sometimes be used to
highlight active geologic structures that have the potential to
generate larger events.

Small to moderate earthquakes have been used to identify
and map many faults in the Tellian Atlas, Northeast Algeria.
Examples include the 2000 My 5.3 Beni-Ouartilane Earthquake
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(Bouhadad et al.,, 2003); the 2006 My 5.2 Lalam Earthquake
(Beldjoudi et al, 2009); the 2010 Beni-Ilmane earthquake
sequence that contained three My ~5 mainshocks (Yelles-Chaouche
et al, 2014); the 2012-2013 Bejaia earthquake sequences,
including an My 5.2 mainshock (Abacha and Yelles-Chaouche,
2019); and the 2015 M4 4.8 Ain Azel Earthquake (Abacha and
Yelles-Chaouche, 2019). Some of the seismic activity in the
Eastern Tellian Atlas occurs along the E-W-trending Mcid
Aicha-Debbagh (MAD) Fault, also referred to as the North
Constantine Fault (Raoult, 1974), an > 80 km long strike-slip
fault that has been described previously as a late Quaternary
active transpressive structure (Meghraoui, 1988; Meghraoui et
al,, 1996). The MAD Fault has received little attention from the
geophysical community despite kinematic models of the Tellian
Atlas showing a significant present-day slip-rate deficit of
~2.4 mm yr' (Bougrine et al., 2019). The relationship between
minor seismic events and local geologic structures along the
MAD Fault is unclear, mainly because of the paucity of seismic
records and a lack of detailed geological investigations.

At 01:46 UTC on 5 March, 2017, the small village of Ain
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On July 13, 2019, a moderate earthquake shook the Jijel region of Algeria, ~300 km east of Algiers (Capital of
Algeria). In the past, the Jijel region experienced a destructive earthquake (Ip: X) on 21-22 August 1856, trig-
gering a moderate tsunami in the western Mediterranean region. The 2019 event is the second important event to
have occurred along this part of the Algerian margin, which has been undergoing an inversion process since the
Pliocene Epoch. The event occurred 40 km to the north of Jijel City, at 10 km depth. No property damage or
injuries were associated with this event. The seismic moment release estimated from waveform modeling was My
=3 x 10'® Nm, corresponding to a Mw 5.0 event. The mainshock focal mechanism is associated with the rupture
of an E-W thrust fault that is clarified by a 4-km-long x 10-km-wide aftershock cluster along the continental
slope of the Jijel margin. In the same area, ~30 km to the west and offshore of the coastal village of Zia-
ma-Mansouriah (west of Jijel) a Mw 4.1 earthquake occurred in 2014. This event is also associated with the
rupture of a western contiguous E-W thrust fault. Stress tensor inversion produces a main (¢;) maximum stress
axis oriented N356E, which is in agreement with previous stress studies of the Lesser Kabylia—Babors block. The
present-day stress field is characterized by a compressional tectonic regime (R’ = 2.96 + 0.21). Coulomb stress
analysis of the 2014 Ziama and 2019 Jijel earthquakes indicates that the two earthquakes appear to be indi-
vidually triggered events with no stress transfer between them. The 2019 Jijel earthquake is associated with one
of the three active en echelon faults that have already been identified in the central part of the Algerian margin via
recent marine surveys. It belongs to the serie of many moderate seismic events that have recently affected the
Algerian margin (Boumerdes, Algiers, Bejaia), and is representative of the active deformation process along the
Algerian margin that is marked by the initiation of an incipient subduction zone with a progressive plate
boundary migration since the late Miocene.

Coulomb stress
Deformation process

1. Introduction

The Algerian margin seismicity has been poorly constrained for de-
cades due to the lack of a high-performance seismic network and marine
investigations. Few studies have investigated the deformation process
that affects this region crosscutting by the African-Eurasian plate
boundary of the western Mediterranean (Fig. 1a).

The offshore region of northern Algeria was the site of a number of
historic marine seismic events, such as the 1365 Algiers Earthquake
(Mokrane et al., 1994) and 1790 Oran Earthquake (Benhallou, 1985;
Chimouni et al., 2018). However, archives and historical reports have
provided only sparse descriptions of these events. The 1856 Jijel

earthquake sequence on 21-22 August remains one of the best known
historical offshore events (Benhallou, 1985; Yelles-Chaouche et al.,
2009b; Harbi et al., 2003). A moderate tsunami was generated from one
of the mainshocks of this sequence, and impacted the Mediterranean
coast. The recent 1989 offshore Ms 6.0 Tipaza Earthquake (Bounif et al.,
2003) and 2003 Mw 6.8 Boumerdes Earthquake (Yelles-Chaouche et al.,
2004) occurrence demonstrated the crucial importance for more marine
investigations along the Algerian margin (Fig. 1b) to better understand
the deformation pattern along the African-Eurasian plate boundary in
the western Mediterranean region.

To address the urgent need to improve our knowledge of Algerian
margin geodynamics, several marine projects have recently
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Abstract: This study presents a local magnitude scale (ML) based on the original Richter
definition and designed for use within the Algerian Digital Seismic Network (ADSN).
The magnitude scale is derived from the analysis of 17377 zero-peak maximum
amplitude traces extracted from the vertical component, simulated as Wood-Anderson
seismograms. These traces are taken from a complete seismic dataset of 1901 high-
quality earthquakes recorded between January 1, 2010, and June 1, 2022, at a
minimum of five stations in the ADSN network. To better account for the attenuation of
direct and refracted waves over different distances in northern Algeria, amplitude
decay analysis reveals the presence of two transition distances at 90 and 190 km,
resulting in three segments. Therefore, a distance correction term, -log10(A0), is
introduced and described by the following trilinear function:

0.6747*log10(R) - 0.0002*R + 1.6306 R<90
-log(A0)=  1.7736*log10(R) - 0.0002*R - 0.5169 90<=R<190
2.4580*10g10(R) - 0.0002*R - 2.0765 R>190

R represents the hypocentral distance in kilometers. The derived distance correction
formula provides a well-constrained ML relationship for northern Algeria that is valid
over a distance range of 5 to 600 kilometers. Compared to other local magnitude
relationships, the correlation proposed in this study consistently gives ML values
slightly higher than those calculated by the Southern California relationship over all
distances, with an average difference of 0.2 units. We computed corrections for 72
stations by minimizing the ML residuals. These corrections range from -0.50 to 0.54,
highlighting the influence of local site effects on the amplitude of the seismic signal.
The magnitude residuals using our magnitude relationship and incorporating the
station corrections, show that the standard deviation has improved significantly, from
0.34 to 0.24. An ML relationship specific to the northern Algerian region provides a
valuable tool for seismic monitoring, hazard assessment, and earthquake research in
the region.
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Abstract: In recent years, the Algerian region of Bejaia-Babors (BB) has experienced significant
seismic activity, including the Bejaia-Babors seismic sequence in 2012-2013, the Jijel
earthquake in 2019, the El Aouana earthquake in 2020, and Bejaia subsequent
earthquakes in 2021 and 2022. These seismic events have not only brought to light the
existence of the Bejaia-Babors Shear Zone (BBSZ) but have also emphasized the
importance of discerning its structural components, depth, and extent. Our study
focuses on the analysis of seismological data from 2012 to 2022, with a particular
emphasis on elucidating the intricacies of this geological structure. Using the LOTOS
(local tomography software) algorithm, we conducted three iterations of tomographic
inversion, successfully obtaining horizontal and vertical sections that facilitated the
identification and characterization of subsurface anomalies. The resulting 3D velocity
models unveiled key tectonic structures within the BBSZ, including the Offshore Faults
System of Jijel (OFSJ), South Greater Kabylia Fault (SGKF), Transversal Fault 1
(TF1), and the collision between the Lesser Kabylia Block (LKB) and the Babors (THF-
1). Futhermore, brittle-ductile shears were identified along the Aftis Fault (AF) in the
east and brittle shears along the Babors Transverse Fault (BTF) in the west. P-wave
velocity analysis indicated the presence of rigid blocks. The observed high Vp/Vs ratio
near segment 3 of the BTF fault suggests the presence of a fluid reservoir, likely
involved in the Bejaia-Babors seismic sequence (2012-2013), as previously
documented. These findings provide valuable insights into the tectonic framework of
the BBSZ, highlighting major fault systems and the interaction between different
tectonic blocks. The presence of brittle-ductile shears along the AF suggests complex
deformation processes in this region. Overall, by identifying key fault systems,
characterizing subsurface anomalies, and unveiling the presence of fluid reservoirs,
our research not only contributes significantly to geodynamic knowledge but also holds
immense significance for seismic hazard assessment, resource exploration, and future
research in this field.
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research on shear zones
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