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Abstract—From November 2012 to May 2013, the coastal

region of Bejaia (northeastern Algeria), experienced three distinct

seismic sequences in about 6 months. The first one was on 28

November 2012 started with a mainshock of magnitude Mw = 5.1,

and the second one occurred on 22 February 2013, a few kilometers

southeast from the first one and culminated with a magnitude

Mw = 4.3 earthquake. The last sequence comprised two shocks of

moderate magnitude: a Mw 5.2 event on 19 May 2013, followed by

a Mw 5.0 event on 26 May. Earthquakes were relocated using the

double-difference method with differential times derived from

phase-picked data and waveform cross-correlation delays. We

compiled a dataset of 252 accurately relocated events that are

associated with focal mechanism solutions consistent with a near-

vertical, right-lateral strike-slip fault striking NW–SE. The data

analysis is coherent with a new fault extending over 35 km from

the Gulf of Bejaia to the northeast of Kherrata. This newly dis-

covered active fault, we name it the Babors Transverse Fault,

appears to be segmented in four segments (S1–S4) evidenced by

separate earthquake clusters. Static Coulomb stress changes and the

spatiotemporal evolution of seismicity suggest static stress trig-

gering, with the rupture first activated in the S1 segment in the

northwest, migrating to S2, and terminating in S3 and S4 in the

southeast. Stress tensor inversion from focal mechanisms implies

that the dominant local stress field is a pure strike-slip regime, with

N–S maximum horizontal compression in good agreement with the

velocity field displaying reorientation compared to the oblique

convergence of Africa–Eurasia. In this study, the newly identified

Babors Transverse and Tizi N’Berber–Darguinah faults, in asso-

ciation with the NNW–SSE offshore active fault of the Greater

Kabylian block (in the north) and the NNW–SSE right-lateral

strike-slip Lâalam fault (in the south), form an en echelon fault

system that acts as a transfer zone between offshore thrust faulting

and the Ghardimaou–North Constantine strike-slip fault.

Keywords: Seismic sequences, Bejaia–Babors Fault, wave-

form inversion, spatiotemporal analysis, Coulomb stress changes,

stress field.

1. Introduction

The Bejaia–Babors region is a coastal mountain

region in northeastern Algeria, located 200 km east

of Algiers. The mountains of the Babors belong to the

external zones of the Tellian chain overhanging the

bay of Bejaia. The Babors chain outlines the region

between the two Paleozoic Kabylian blocks of the

Internal Domain (Greater and Lesser Kabylian

blocks) (Durand-Delga 1969) (Fig. 1a, b).

The convergence of the African and Eurasian

plates in the Ibero-Maghrebian domain results in a

continuous occurrence of earthquakes of low to

moderate magnitude (Udias & Buforn 1994) with a

few strong (6 B Mw B 6.9) to major earthquakes

(7 B Mw B 7.9): e.g., in the Southern Alboran Sea in

2016 (Mw 6.4) (Buforn et al. 2017), Hoceima (Mor-

occo) in 1994 (Mw 6.0) and 2004 (Mw 6.4) (Akoglu

et al. 2006; Cakir et al. 2006; Kariche et al. 2017;

Tahayt et al. 2009), Asnam (Algeria) in 1980 (Mw

7.3) and Boumerdes 2003 (Mw 6.8) (Ayadi et al.

2008; Meghraoui et al. 2004; Ouyed et al. 1981;

Philip & Meghraoui 1983; Yelles-Chaouche et al.

2004), and in the eastern part of the Ibero-Morocco

region in 1960 (Mb 6.1), 1964 (Mw 6.5), and 1969

(Mw 7.8) (Buforn et al. 2020).

In northeastern Algeria, many small to moderate

earthquakes occurred in the last 10 years. We regis-

tered: the 2010 Beni-Ilmane earthquake sequence

which ruptured two distinct and adjacent NNE–SSW
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left-lateral strike-slip fault segments and an E–W

reverse fault segment (Abacha et al. 2014; Yelles-

Chaouche et al. 2013a); the 2015 Ain Azel earth-

quake which broke two E–W V-shaped right-lateral

strike-slip fault segments (Abacha & Yelles-

Chaouche 2019; Chami et al. 2019), the 2017 earth-

quake sequence along the main Mcid-Aı̈cha Debbagh

Fault (Bendjama et al. 2021), and the 2019 Jijel

earthquake which ruptured an * EW thrust fault

segment offshore of the Jijel region (Yelles-

Chaouche et al. 2021).

From regional seismicity analysis in northern

Algeria (Fig. 1b, c), we notice that the Bejaia–Babors

region belongs to a transition zone (gray square in

Fig. 2a), between a wide fold-and-thrust belt

(* 100-km-wide region) in western and central parts

of northern Algeria characterized by the highest-

magnitude earthquakes, and a zone of relatively

Figure 1
a Tectonic outline of the Mediterranean region. The grey surface frames the northern Algeria part. Predicted velocities along the Eurasia–

Africa Plate boundary (blue arrows from Nocquet et al. 2006). b Seismotectonic map of northern Algeria, displaying the main active faults

delineated in the Tellian Atlas (inspired by Domzig 2006; Kherroubi et al. 2009; Meghraoui 1988; Vila 1980; Yelles-Chaouche et al. 2009b)

as well as the focal mechanisms of earthquakes of M C 5.5 (Harvard: https://www.globalcmt.org/CMTsearch.html). The blue solid line shows

the major active Ghardimaou–North Constantine (GNC) fault compelled by geodetic data (Bougrine et al. 2019). c Northern Algeria

seismicity between 1900 and 2020 (CRAAG catalog). Five purple lines indicate the location of the SPIRAL wide-angle profiles
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Figure 2
a The dashed rectangles delineate domains characterized by relatively uniform tectonic regimes (from Serpelloni et al. 2007). b Seismo-

tectonic map of the Babors zone and Setif region. The focal solution of the 1974 earthquake is obtained from Hatzfeld (1978). c Seismic

events were detected in the region from 1900 to 2020, and the largest historical earthquakes (CRAAG catalog)
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distributed deformation in the eastern part marked by

low to moderate magnitude mainly related to strike-

slip faulting (Abacha 2015; Abacha & Yelles-

Chaouche 2019; Bougrine et al. 2019; Buforn et al.

2004; Harbi et al. 2003; Meghraoui & Pondrelli 2012;

Serpelloni et al. 2007; Soumaya et al. 2018).

The Bejaia–Babors region is delimited between

two major structures: the offshore thrust fault system

in the north marking the Europe–Africa plate

boundary (Bird 2003) and the Ghardimaou–North

Constantine Fault (GNC) in the south (Fig. 1b). In the

context of convergent margins, accommodation of

the oblique plate motion develops new strike-slip

faults or activates inland crustal weakness (Cooke

et al. 2020). Slip partitioning arising from oblique

subduction is typically attributed to margin-parallel

strike-slip crustal faults (Stanton-Yonge et al. 2016

and reference therein). However, the Algerian margin

transverse faults referred to as faults striking 30� to

60� away from the trend of the margin (Stanton-

Yonge et al. 2016) remain poorly known due to the

lack of additional marine surveys to the previous

MARADJA program (Yelles-Chaouche and Maradja

Team 2006). Therefore, from a seismology point of

view, the study of 2012–2013 sequences allowed us

to investigate such structure striking * 50� from the

margin and to understand its kinematics.

The Bejaia–Babors region is a seismic zone where

little information was known until recently due to

insufficient coverage of seismic stations and because

of a lack of seismic and geological investigations.

The main information related to this area comes from

historical catalogs. For a long time, several authors

have suggested that the Kherrata reverse fault is

primarily responsible for the seismic activity of the

region (Beldjoudi et al. 2009; Bouhadad et al. 2003;

Meghraoui 1988; Harbi et al. 1999; Rothé 1950;

Yelles-Chaouche et al. 2006), while all recent focal

mechanisms show strike-slip faulting.

The recent installation of the Algerian Digital

Seismic Network (ADSN; Yelles-Chaouche et al.

2013b) makes it possible to progressively discover

the focus of many epicentral areas, such as the bay of

Bejaia and the Lâalam area in the Babors region

where a moderate event occurred in 2006 (Abbes

et al. 2019; Beldjoudi et al. 2009). This earthquake

damage the center of Lâalam city with four deaths, 68

injured, and more than 40 housing units destroyed.

Field investigations revealed that these casualties

were caused by an earthquake-induced landslide

(Guemache et al. 2010). The decade 2010–2020 had

been a more fruitful period to investigate the seismic

activity of the Bejaia–Babors region due to the

occurrence of several moderate events (mainly the

sequences of 2012–2013). Yet, valuable small events

had given a coherent understanding of the complex

seismotectonic zone.

The primary objective of this study, which focu-

ses mainly on the seismic sequences of 2012–2013, is

first to analyze the spatiotemporal distribution of

hypocenters located with high precision, then to

identify the connection between the fault system and

its kinematics. The analysis provides insights into the

rupture process along the newly identified major

transverse fault (the Babors Transverse Fault) on a

well-resolved scale for the first time through the

conjugate action of static stress and fluid-driven

process. The results are integrated into a new regional

kinematical frame, taking into account the previous

studies. The stress change and fault segment inter-

actions are presented to be incorporated in realistic

seismic hazard assessment and risk mitigation, near

one of the major cities of Northern Algeria.

2. Seismotectonic Setting

The Bejaia–Babors region situated close to the

African and Eurasian plate boundary is among the

active seismic zones in the Western Mediterranean

(Udias & Buforn 1994). Along this border, the

deformation is attributed to the anticlockwise rotation

of Africa–Eurasia (Serpelloni et al. 2007). The line

from the Azores triple junction in the west (Atlantic

Ocean) to the Maghrebides belt in the east (Fig. 1a)

crosses different tectonic regimes: respectively

extensive, strike-slip, and finally compressive tec-

tonic regimes.

The Algerian margin formed through the back-arc

opening of the Algerian Basin in the Mediterranean

Sea results from the rollback of the Tethys slab

(Spakman & Wortel 2004). Compressional seismic

activity recorded both inland and at sea indicates that

this margin might be transitioning from a passive to

1256 O. Boulahia et al. Pure Appl. Geophys.



an active stage through an inversion process (Domzig

2006; Yelles-Chaouche et al. 2009b; Hamai et al.

2015, 2018; Strzerzynski et al. 2010). Recently,

Soumaya et al. (2018) showed that the present-day

active contraction of the northern Algerian boundary

is accommodated by E–W strike-slip faulting with a

reverse component along the Eastern Tellian Atlas

Mountains and by predominantly NE–SW-trending

thrust faults with a strike-slip component in the

Western Tellian Atlas.

In Algeria, the seismicity is concentrated in the

Tellian region, a part of the Maghrebides belt

(Fig. 1c). The zone is dominated by a transpressive

regime (Meghraoui & Pondrelli 2012), with a com-

pression direction oscillating between N–S and NW–

SE (Soumaya et al. 2018). The structures accommo-

dating this deformation are mainly oriented NE–SW

(Fig. 1b) perpendicular to the direction of shortening

(the El Asnam fault, Meghraoui 1988; the Boumerdes

fault, Yelles-Chaouche et al. 2004). Serpelloni et al.

(2007) showed that the Tellian Atlas accommodates

2.7 to 3.9 mm/year from the current Africa-Eurasia

convergence. The hypothesis of a deformation band

along the margin, which accommodates a substantial

percentage of the Africa–Eurasia convergence

[4.4 mm/year in western Algeria to 1.5 mm/year in

eastern Algeria (Bougrine et al. 2019)], agrees with

the seismicity distribution (Fig. 1c) and also with the

marine geophysical surveys: MARADJA 1, MAR-

ADJA2/SAMRA (MARge Active ‘‘el DJAzaı̈r’’)

(Yelles-Chaouche and Maradja Team 2006) launched

in 2003 and SPIRAL (Sismique Profonde de la

Region Algerienne) in 2009 (Yelles-Chaouche and

the Spiral Team 2010, Fig. 1c).

In the study area, the 2012–2013 earthquakes

occurred in the Gulf of Bejaia and the Babors

mountain range, between the Greater Kabylia and

Lesser Kabylia crustal blocks (Durand-Delga 1969).

The former is part of the dislocated Alboran, Kabylia,

Peloritan, and Calabria (AlKaPeCa) zones of the

European margin (Bouillin 1986). The rate of local

shortening is * 1.6 mm/year, as measured in Bejaia

city (Fig. 2b; Bougrine et al. 2019). The Babors

mountain range trends generally E–W and extends for

more than 100 km between Lesser Kabylia and the

Soummam basin (Fig. 2b). It is characterized by

folded Jurassic limestone belts that trend E–W to

WNW–ESW and by high mountains with peaks up to

2004 m (at Mount Babor) (Fig. 2b). The depressions

between the limestone massifs are filled by Lower

Cretaceous marls. However, the present-day topog-

raphy and dominant structures are the results of a late

orogenic stage (Dalloni report in Rothé 1950).

Among the structural sets inherited in these basement

rocks is a NW–SE major orthogonal tectonic accident

at K’Frida (Gabert 1984); according to Leikine

(1971), the direction of the sliding movement of

K’Frida is right lateral. Likewise, Guiraud (1977)

made the same observations in the neighboring High

Plains.

The Babors mountain range shows relatively high

seismic activity in comparison to other parts of

Algeria (Abacha 2015; Abacha & Yelles-Chaouche

2019). The seismicity of the region is characterized

by events mostly of small magnitude and of moderate

magnitude. (Fig. 2c). Several active faults have been

recognized in the region (Bouhadad et al. 2003; Harbi

et al. 1999; Meghraoui 1988; Vila 1980). In the

central part of the Babors mountain range, the active

Kherrata Fault was the source of the Ms 4.7 Kherrata

earthquake on 17 February 1949 (Meghraoui 1988;

Rothé 1950). The Kherrata fault-related fold trends

70�, plunges to the north, and is either[ 10 km long

(Rothé 1950) or 40 km long (Meghraoui 1988). The

1949 earthquake produced a reverse movement that

resulted in a 50-m-long surface rupture and a vertical

displacement of 30 cm (Rothé 1950). Earthquakes in

the Bejaia–Babors region are generally of moderate

magnitude, although destructive events have occurred

in the past. For example, a strong earthquake in AD

419 (Fig. 2b) is reported to have destroyed the

Byzantine city of Sitifis (Guidoboni 1994; Harbi et al.

2003; Yelles-Chaouche et al. 2009a).

In the last decade, the Beni-Ourtilane earthquake

of 10 November 2000 (Ms = 5.7) was the first well-

studied event. It allowed identifying the NE–SW

reverse Tachouaft fault located at the western end of

the Babors mountain range (Abacha & Yelles-

Chaouche 2019; Bouhadad et al. 2003; Meghraoui

1988). The second event studied in the Babors region

was the Lâlaam earthquake on 20 March 2006 (Mw

5.2). It was firstly attributed to a N–S sinistral strike-

slip segment (Beldjoudi et al. 2009). The recently

revised study attributes this event to a NNW–SSE-
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striking fault (Lâlaam fault in Fig. 2b) (Abbes et al.

2019). Offshore investigations (e.g., Domzig 2006;

Kherroubi et al. 2009; Yelles-Chaouche et al. 2009b)

made during the Maradja 2 survey reveal offshore

NW–SE to NNW–SSE-striking lineaments at the

eastern side of the Greater Kabylian block that might

correspond to active faults (Domzig 2006).

According to a survey of seismic activity in

northern Algeria, the ADSN reveals a great number

of small events in the Babors region. A quick look at

the cloud of these events displays a major NW–SE

trend (Fig. 2c) that cuts the Babors mountain range

(Abacha 2015).

3. Data Acquisition and Velocity Model

The Bejaia earthquake sequences were recorded

by permanent stations of the ADSN and a temporary

(portable) network of 10 three-component seismic

stations, deployed inland around the Gulf of Bejaia a

few days after the first mainshock of 28 November

2012 (Fig. 3a). The temporary seismic network was

designed with a spacing of 10 to 40 km between

stations. It contains two station types: six GEOS-

TARS digitizers coupled to L22 (f0 = 2 Hz) sensors

and four GeoDevice EDAS-24IP digitizers coupled to

GeoDevice FSS-3 (f0 = 1 Hz) sensors. The perma-

nent network consists of GeoDevice EDAS-24IP and

Q330 digitizers coupled to GeoDevice BBVS-60s

and Streckeisen STS-2 broadband sensors, as well as

Q330 digitizers coupled to SS-1 (f0 = 1 Hz) short-

period sensors.

To minimize the uncertainties in event location,

we tested four regional velocity models that have

been used in previous studies of nearby earthquakes:

the 2003 Boumerdes earthquake (Bounif et al. 2004),

the 2006 Lâalam earthquake (Beldjoudi et al. 2009),

the 2007 Mila earthquake (Semmane et al. 2012), and

the 2010 Beni-Ilmane earthquake sequence (Yelles-

Chaouche et al. 2013a). We also constructed a

velocity model from two seismic profiles acquired

during the SPIRAL (Sismique Profonde et Investi-

gations Régionale du Nord de l’Algérie) project

(Yelles-Chaouche 2010), namely the Kabylie profile

(Aidi et al. 2018) located 100 km west of the Bejaia

Figure 3
a Macro-seismic map of the 2012 first mainshock (modified from a CRAAG internal report) with the locations of stations in the seismic

network and b the 1D velocity model (Beldjoudi et al. 2009) used in this study

1258 O. Boulahia et al. Pure Appl. Geophys.



epicentral area, and the Jijel profile (Mihoubi et al.

2014) located 50 km east of Bejaia (Fig. 1c). Both

seismic profiles were used as a priori models for the

1D inversion algorithm VELEST (Kissling et al.

1994). The velocity model was built using the

SPIRAL data, and it provided larger errors than the

other models, probably due to the fact that the two

transects were nonsuitable with the studied area. As

regards the five models, the Lâalam model (Beldjoudi

et al. 2009) provides the smallest residuals. This

model consists of three layers, with P-wave velocities

between 4.9–6.5 km/s and depths of 0–15 km

(Fig. 3b) and a Vp/Vs ratio equal to 1.75.

Between 28 November 2012 and 31 May 2013, a

total of 345 events were identified, which were

recorded by a minimum of four seismic stations.

These events were located using the HYPOINVERSE

software (Klein, 2002).

Following this first step, events with a root mean

square (RMS) travel time residual of less than 0.30 s,

location uncertainties in the horizontal (ERH) and

vertical (ERZ) directions less than 2 km, and an

azimuthal gap less than 180� are considered best-lo-

cated events and are included in the final dataset. Of

the 345 preliminary events, 328 (95%) meet these

criteria. Three events of Md (duration magnitude) C 3

do not meet these conditions but have an

RMS B 0.35 s. As these events were registered

before the installation of the temporary network and

are considered important, we retain them as the final

dataset.

4. Methodology Analysis

This paper presents mainly the seismological

study of the seismic sequences that took place in

Bejaia–Babors (Northeastern Algeria). It focuses on

the case of a series of four earthquakes and their

aftershocks occurring between 2012 and 2013, sup-

ported by some small events occurring in the Babors

region between 2014 and 2020. We applied a stan-

dard seismological procedure which includes

hypocentral localization associated with a spa-

tiotemporal evolution of seismicity; fault plane

solution; stress field; changes in static Coulomb

stress, etc. The different methodologies for data

analysis are presented below.

4.1. Location, Relocation, and Focal Mechanism

Techniques

Firstly, an absolute location of 345 events was

performed using HYPOINVERSE software (Klein,

2002). Then, we perform a high-precision relocation

of the seismic dataset by implementing a two-step

process: (1) identification of multiplets using cross-

correlation and (2) relocation of the identified fam-

ilies using the double-difference algorithm HypoDD

(Waldhauser & Ellsworth 2000). These techniques

have been widely employed to relocate earthquakes

at local and regional scales (e.g., Hauksson & Shearer

2005; Waldhauser & Schaff 2008). In the first step,

for all possible event pairs, we perform cross-

correlations of the P-wave phase in the spectral

domain from the vertical component of common

seismological stations. The waveform windows are

256 samples long; they begin 100 samples before the

P-wave pick, and are bandpass-filtered over 3–20 Hz.

This procedure is used only for multiplet classifica-

tion and not for the relocation process. Using

relatively strict criteria, multiplet families are

extracted by considering only the waveform pairs

for which coherence is C 0.7 for at least four stations

(four P phases). In the second step, we relocate the

dataset with higher accuracy; we computed time

delays between all possible earthquake pairs in each

event family. We retain all estimated delays for

P-wave pairs if the maximum value of the correlation

function is C 0.7, then we exploit the ability of

HypoDD to associate differential times derived from

picked phases (P & S) and waveform cross-correla-

tion delays.

Finally, focal mechanisms were calculated for

events with at least 10 clear P-wave polarities using

the SPHERA program (Rivera & Cisternas 1990).

The code SPHERA provides two parameters, score

and quality, which measure the misfit defined as the

difference between polarities observed and predicted

by the model. We employed as well the waveform

modeling technique developed by Yagi and Nichi-

mura (2011) to independently estimate the focal

mechanism and other source parameters for the four
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mainshocks. Nine broadband stations (27 compo-

nents) were used to estimate the moment tensor

solution. The observed raw data were corrected for

seismometer responses and converted to ground

velocity motion. We used 100–180 s of waveform

data for each studied mainshock. The data were

filtered in the relatively low frequencies

(0.02–0.07 Hz) to mitigate the effect of the hetero-

geneity of the local velocity structure and to produce

the best fit between observed and synthetic wave-

forms. Then, data were down-sampled with a 1-Hz

rate. The Green’s functions have been calculated

using the discrete wavenumber method developed by

Kohketsu (1985) for the velocity model based on the

Lalaâm model (Beldjoudi et al. 2009) and used in the

inversion of the observed three-component broad-

band waveforms (100–180 s). The moment tensor

solutions have a quality factor assigned by the

number of stations used during the inversion, and

the goodness of fit between synthetic and observed

data.

4.2. Spatiotemporal Evolution, Stress Tensor,

and Coulomb Stress Change Triggering

To assess the behavior of the seismicity, we

analyze the number of events as a function of time

and the properties of earthquake clusters (Scholz

2002; Utsu 2002), such as foreshock–mainshock–

aftershock sequences and earthquake swarm type.

Aftershock activity decays with time according to a

power law, empirically described by the modified

Omori formula (Eq. 1):

N tð Þ ¼ K= t þ cð Þp; ð1Þ

where N(t) is the number of aftershocks per unit time,

t is the time since the mainshock, and k, c, and p are

constants (e.g., Utsu et al. 1995).

The estimated p and c values are considered to be

the most important parameters in characterizing a

mainshock–aftershock sequence (Utsu 1961, 1969).

The value of p is thought to be related to regional

geology and tectonics (e.g., Kisslinger & Jones 1991;

Utsu and Ogata 1995; Wiemer & Katsumata 1999).

To evaluate the consistency of the stress tensor

with the kinematics of the seismogenic source and

use the parameters of the stress tensor to estimate

Coulomb stress changes, we perform formal stress

inversions for focal mechanisms of the 2012–2013

Bejaia sequence key events (Md C 3.0) and a cluster

of 11 events (Md C 3.0) recorded between 2017 and

2020 (80 fault planes), following the technique of the

TENSOR program (Delvaux & Sperner 2003) and

using the Win-Tensor program (Delvaux 2012). The

final stress tensor characterizes the tectonic stress

regime in terms of the index R0: R0 = 0–1 for

extensional stress, 1–2 for strike-slip, and 2–3 for

compression (Delvaux et al. 1997).

An important feature of seismogenesis is that

earthquakes do not occur independently but interact

with each other through their stress field (Scholz

2002). In cases of earthquake sequence, where

several segments are involved in the rupture process,

the spatial migration of seismicity is most probably

enhanced by stress transfer. To identify this pattern,

we explore the interaction between the activated

segments. We assess the static stress changes caused

by the 2012–2013 Bejaia earthquake sequences using

the program Coulomb 3.4 (Stein et al. 1992; Toda

et al. 1998). Using this method, we compute the stress

change on a specified strike-slip fault, caused by a

slip on a nearby source fault, within a homogenous

elastic half-space. We assume a shear modulus of

32 GPa, Young’s modulus of 80 GPa, and a Pois-

son’s ratio of 0.25 which are typical values in the

studied seismogenic layer (4–12 km) (Kariche et al.

2017; Khelif et al. 2018; Lin et al. 2011).

5. Results

5.1. Mainshock and Waveform Modeling

On 28 November 2012 at 23:15 (UTC), the first

sequence among the four was started by an Md 5.1

offshore earthquake located 7 km NE of Bejaia city.

This event was felt in the city and caused minor

damage, mainly superficial cracks in old buildings.

The isoseismal map (Fig. 3a) shows a general NW–

SE trend, with a maximum intensity of VI (European

Macroseismic Scale 1998) at the epicenter (CRAAG

internal report). Waveform inversion resolves a

seismic moment M0 = 5.3 9 1016 Nm and a moment

magnitude Mw = 5.1 (Table 1).
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Table 1

Computed locations, released moments, magnitudes, and focal mechanism solutions for the four mainshocks and those provided by different

seismological observatories
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The second earthquake (Md = 4.3) occurred on

22 February 2013 at 12:30 (UTC) in Bejaia Bay,

10 km SE of the first mainshock. Waveform model-

ing gives a seismic moment M0 = 0.32 9 1016 Nm

and a moment magnitude Mw = 4.3.

Three months later, in May 2013, two earthquake

sequences with mainshocks of duration magnitude

Md = 5.3 and Md = 5.0 occurred near the village of

Aokas (Bejaia coastline). These earthquakes were

located to the southeast of the initial two events,

along the same trend. The first was recorded on 19

May at 09:07 (UTC) and the second on 26 May at

16:00. Waveform modeling indicates the first event

had a seismic moment M0 = 7.50 9 1016 Nm and

moment magnitude Mw = 5.2, and the second had

M0 = 3.80 9 1016 Nm and Mw = 5.0 (Table 1).

All solutions correspond to strike-slip motion, in

agreement with that determined by international

seismological agencies (Table 1).

5.2. Aftershock Distribution and Spatiotemporal

Evolution

In total, seismic activity associated with the

2012–2013 Bejaia sequences lasted for 184 days.

Over this time, 328 events previously filtered (several

with magnitude Md C 3) map onto a 35-km-long

elongated cluster, trending NW–SE (Fig. 4a), all

concentrated at depths of 4–12 km (Fig. 4b).

Seismicity over this period can be separated into

four clusters, which are distinct in time and space. The

earliest cluster (C1) occurred from 23:15 (UTC) on 28

November 2012 to 19:17 on 01 February 2013. The

second cluster (C2) began at 03:15 on 12 February and

ended at 06:16 on 08 May. Clusters C3 and C4 span

from 09:07 on 19 May to 21:16 on 21 May, and from

16:00 on 26 May to 17:40 on 31 May, respectively.

Cluster C1 includes 46 events (colored green in

Fig. 4a). This cluster can be considered as an

ordinary mainshock–aftershock sequence, which

began with the Mw 5.1 event of 28 November 2012

and lasted 60 days. Following the mainshock, the

cumulative number of events increased slightly and

then stabilized (Fig. 4c), while event magnitudes

decreased with time as expected (Scholz 2002)

(Fig. 4d). Any rapid increase in the number of events

is unlikely to have been recorded, given the absence

of nearby stations (the closest stations were two

permanent stations, CTCH and CBOS, located 75 km

from the mainshock 1).

Cluster C2 comprises 51 events (colored yellow in

Fig. 4a) that define a foreshock–mainshock–after-

shock sequence. The Mw 4.3 mainshock occurred on

22 February 2013 and was preceded by three

foreshocks on 12, 16, and 20 February 2013, of

magnitudes Md = 2.1, 3.3, and 3.5, respectively. The

aftershocks occur in a small area (* 2 km2) and

show no clear geographical trend. During this crisis,

the cumulative number of events increased rapidly

even though the magnitudes are smaller than the first

cluster, reflecting the improved coverage of the

deployed mobile stations (Fig. 4c). The event mag-

nitudes generally decreased in the days following the

mainshock (Scholz 2002) (Fig. 4d).

Clusters C3 and C4 represent two successive

mainshock–aftershock sequences and between them

account for 70% of the event dataset. Cluster C3

(colored red in Fig. 4a) includes 58 events, while

cluster C4 (colored blue in Fig. 4a) comprises 173

events. The two sequences have mainshocks of mag-

nitudes Mw = 5.2 and Mw = 5.0, respectively.

Although clusters C3 and C4 are distinct in time, they

have similar spatial distributions (Fig. 4a, b). However,

the relatively short time between mainshocks means

that some aftershocks of C3 are likely to have occurred

during the time of the C4 cluster. In Fig. 4b, events in

each cluster show a V-shaped configuration. The left

sub-cluster is more concentrated and contains the two

mainshocks, whereas the right sub-cluster is more

sparse and consists mainly of events belonging to

cluster C4. Sharp increases in the cumulative number

of events are seen following the mainshocks associ-

ated with each of these clusters (Fig. 4c), particularly

for C4. However, C3 and C4 show a barely discernable

decrease in event magnitude over time compared with

clusters C1 and C2, but a zoom on the last two peaks’

activity identifies the supposed decline in the kind of

aftershock–mainshock sequences (Scholz 2002).

Next, in our temporal analysis, the maximum

likelihood method was applied to estimate the value

of p of the modified Omori law in Eq. (1). To fit the

decay of seismic activity after the first peak (C1), an

exponent p = 0.85 is necessary (Fig. 5a), for the

second peak (C2), an exponent p = 1.11 is required
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(Fig. 5b), and after the last two peaks of activity (C3

and C4), an exponent p = 0.85 is needed to describe

the data (Fig. 5c). The exponents are within the

normal range of different previous studies. Papaza-

chos (1975) examined the temporal distribution of six

aftershock sequences in Greece using the cumulative

number method, revealing that the p values are

independent of the magnitude range and vary

between 0.7 and 1.9. A median p value of * 1.1

has been reported for the aftershock sequences in

various regions worldwide, with a range of 0.6–2.5

(Utsu and Ogata, 1995), whereas Kisslinger and

Jones (1991) reported p values of 0.7–1.8 with a

mean of 1.11 for shallow aftershock sequences in

California. This parameter differs from sequence to

sequence based on the tectonic situation in the

considered area, the higher p value infers faster

decay of aftershock activity. However, the p value

approaching a value of 1.0 indicates that the earth-

quake happened in a tectonically active region with

an amount of stress dissipation. The value of the

parameter c can range from 0.01 days to over 1 day,

and it is a dubious parameter (Utsu and Ogata, 1995)

dependent on the rate of activity in the beginning part

of the sequence. For the first peak (C1), it is difficult

to estimate c properly for the first mainshock–

aftershock sequence, probably because of missing

data shortly after the first mainshock when consider-

ably small aftershocks are not seen on reported

records. Given that 5 days of aftershock activity

Figure 4
a Lateral distribution of the 328 best-located events. Green, yellow, red, and blue correspond to the first, second, third, and fourth seismic

sequences, respectively. Squares represent epicenters located using data from the permanent network only (i.e., before installation of the

temporary network). b Distance from the first mainshock (horizontal axis) vs. hypocenter depth (vertical axis) for our located data. The colors

represent the sequence (time) in which the event occurred, consistent with a. c The cumulative number of events and number of events per day

are associated with clusters C1–C4. d Temporal evolution of the event magnitudes
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lacked over this time, the calculated value of

c = 3.04 (Fig. 5a) may be an overestimate.

The statistical analysis of the 2012–2013

sequences using 328 events (0.5 B Md B 5.3) has

provided interesting results concerning the spatial and

temporal patterns that have emerged with the use of

different methods. The presence of four separate

seismicity phases in time and also in space have been

analyzed along the NW–SE-striking fault with south-

eastward migration of the seismicity cluster.

5.3. Cluster Relocation and Focal Mechanisms

The HypoDD results demonstrate significant

clustering of seismic events compared to those

obtained by the HYPOINVERSE process. Out of

the initial 328 events, 252 are successfully relocated

into five distinct clusters, with a spatial uncertainty in

relative locations of less than 200 m for more than

82% of events (Fig. 6a). This spatial clustering of the

relocated events (Fig. 6a) shows a linear feature that

trends NW–SE and represents a rupture on five

segments a total of * 35 km long, 3 km wide, and at

a depth range between 6 and 12 km.

The green, yellow, and red clusters in Fig. 6a

correspond to clusters C1, C2, and C3 (Fig. 4a),

respectively, which are now more well-defined in

space. The event relocations have also enabled us to

better resolve cluster C4 as a V-shaped feature (cross-

sectional view in Fig. 6a). The left side of the feature

(colored blue in Fig. 6a) is a new family from the C3

cluster, and the right side is a new cluster shown in

Figure 5
The Omori–Utsu law decay curve for the four seismic sequences and the cumulative number of events recorded with time during each

sequence. a The first cluster (C1) of 70 days from the occurrence of the 28 November 2012 mainshock. b The second cluster (C2) of 80 days

from the occurrence of the 22 February 2013 mainshock. c The third and fourth clusters (C3 and C4) of 14 days from the occurrence of the 19

May 2013 mainshock
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purple. In Fig. 6b, we depict the five multiplet

clusters by ellipses that encompass most of the events

in a given group. Each cluster was likely generated by

activation of a separate fault segment (denoted S1–S4

in Fig. 6a) of the NW–SE-trending Babors Trans-

verse Fault (BTF). The red and blue multiplet clusters

(Fig. 6a, b) are an exception to this and are both

associated with segment S3. The rupture was initiated

in the shallow part of this segment (red cluster) and

migrated deeper (blue cluster).

The results of focal mechanism solutions for

events of magnitude Md C 3 and having at least 10

P-wave polarities are displayed in Table 2 organized

according to each cluster, and their polarities are

shown in the Online Appendix. The focal mechanism

solutions (Fig. 6b, Table 2, and Online Appendix)

indicate strike-slip faulting, consistent with right-

lateral slip on NW–SE-trending planes. The mean

fault strike is * 140�, in agreement with the trend in

Figure 6
a Lateral and vertical distributions of the 252 relocated events. Colors relate to the multiplet clusters (families) as discussed in the text (Sect.

5.3). Green, yellow, red, blue, and purple relate to events of the first, second, third, fourth, and fifth multiplet clusters, respectively. Pie chart of

relative relocating errors. b The lateral and vertical extent of the five multiplet clusters with locations and focal mechanisms for events with

M C 3. Focal mechanisms are colored consistent with the multiplet cluster they represent (see a). The focal mechanisms are numbered as in

Table 2. c Cross-sections perpendicular to each multiplet cluster
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the lateral distribution of seismic events. The mean

fault dip is * 78�.
Cross-sections A–A0, B–B0, C–C0, and D–D0

(Fig. 6c) indicate that the event foci are generally

distributed on a high-angle dip fault plane, at depths

of 6–12 km. Cross-section A–A0 shows that the

aftershock locations associated with cluster C1 are

relatively diffuse and show no clear dip orientation.

Table 2

Fault plane solutions for the four mainshocks and 25 largest aftershocks (Md C 3) of the 2012–2013 Bejaia seismic sequences and 2006–2020

(Md C 3) earthquakes in the Babors region

‘Score’ and ‘quality’ are two parameters that measure the similarity between polarities observed and predicted by the model. C1: Cluster 1;

C2: Cluster 2; C3–C4: Clusters 3 and 4; L: Lâalam earthquake; TZNB: 2017–2020 Tizi N’Berber events; D1: Darguinah event 1; D2:

Darguinah event 2; A1: Aokas event 1; A2: Aokas event 2; B: 2020 Bejaia event
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This is because this cluster is located far from any

permanent station. Cross-sections B–B0 (related to

C2) and C–C0 (related to C3 and C4) show a dip of

* 70�, are consistent with the average dip across the

fault, and calculated by focal mechanism solutions

(Fig. 6b and Table 2). Finally, cross-section D–D0,

which displays the most southeasterly events of

cluster C4, shows no clear dip angle but a weak trend

towards the NE.

5.4. Stress Tensor Inversion and Coulomb Stress

Changes

The results of stress tensor inversion are shown in

Fig. 7. The selected nodal planes are moderate to

Figure 7
Stress tensor inversion result showing selected focal planes projected onto the lower hemisphere (Schmidt stereographic projections). The

histogram represents the distribution of the misfit function F5, linearly weighted by event magnitudes. r1, r2, and r3 are the maximum,

intermediate, and minimum principal stress axes, respectively. Stress symbols on the upper left corner show the horizontal stress axes (SHmax

and SHmin)
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steeply inclined (60�–90�) and strike NW–SE and

NE–SW. The steeply and shallowly dipping focal

planes indicate that the maximum horizontal princi-

pal stress is oriented near N–S

(SHmax * r1 = N000� ± 10.8�). The average slip

deviation is 9.9, and the quality rank ‘‘A’’ indicates

reliable results. The computed orientations (dip/

azimuth) are sub-horizontal r1 (14�/N359� E), near-

vertical r2 (74�/N208� E), and sub-horizontal r3 (07�/
N091� E) (Fig. 7). The stress regime index

(R0 = 1.41 ± 0.25) indicates a pure strike-slip

regime.

As for static stress changes, during parameteriza-

tion, we tested different values of the effective

friction coefficient l’, ranging from 0.2 to 0.8. Our

results show that static stress changes are not strongly

dependent on l’. As l’ is unknown, we set l’ = 0.4,

consistent with recent work on Algerian faults

(Kariche et al. 2017; Khelif et al. 2018; Yelles-

Chaouche et al. 2018). For each mainshock of the

four sequences, we calculate the stress change on the

subsequent fault segments associated with later

events to better understand the link between the

seismic sequences. Hereafter, we refer to the main-

shocks as Events 1, 2, 3, and 4, consistent with the

order in which they occurred. Fault plane geometries

are obtained from the focal mechanism solutions of

the specified (both source and receiver) events and

the spatial distribution of aftershocks for each cluster.

Figure 8
Coulomb stress change caused by a the 2012 Bejaia earthquake (Event 1) in terms 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
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Figure 8a shows Coulomb stress changes pro-

duced by slip associated with Event 1, at 8.5 km

depth, on planes with the same orientation as the

Event 2 fault plane. In the figure, the extent of the

fault surface associated with Event 2 is superimposed

on the stress field. We observe that Event 2 occurred

in the SE of the increased Coulomb stress zone and

that most of the aftershocks are associated with

positive Coulomb stress changes that act to trigger

failure.

Figure 8b shows the Coulomb stress change

caused by slips associated with both Event 1 and

Event 2, at 9.5 km depth, on planes with the same

orientation as Event 3 and Event 4 (which are

interpreted to have occurred on the same fault

segment) fault plane. This figure shows that the

previous slips of Event 1 and 2 increased the

Coulomb stress further in the SE, where Events 3

and 4 were located. This explains the SE migration of

seismicity and suggests that Events 3 and 4 were

triggered by slip on previously activated fault

segments.

Finally, we compute the static stress change on

optimally oriented fault planes that results from the

slip associated with the mainshocks of all four

sequences. This approach does not require consider-

ation of the orientation of receiver faults. To compute

the optimal plane, we use the three principal stress

axes calculated above. As focal mechanisms of both

mainshocks and aftershocks indicate strike-slip

motion, the static stress change is computed on

optimally oriented strike-slip planes. Figure 8c shows

the cumulative static Coulomb stress change due to

events 1–4 on optimally oriented fault planes at 9.4-

Figure 9
Geological map showing the main stratigraphic units in the Babors chain (modified and simplified from the 1:50,000 geologic map of Ziama-

Mansouriah, Kireche 1993; Vila 1980). Fold axes are shown as white dashed lines (Kireche, 1993). The numbers relate to the main events that

have occurred in the area since 2006, as listed in Table 2. The red lines map the lineaments associated with the BTF and TZNB-DF faults, as

interpreted in this study, and the black line indicates the Kherrata Fault as mapped by Rothé (1950). Focal mechanism (D) represents that of

the 1974 Darghuinah earthquake
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km depth. A zone of positive Coulomb stress change

occurs as a lobe-like feature that extends from the

lateral location of Event 4 towards the SE corner of

the seismogenic volume. The late aftershock activity

associated with cluster C4 is located on the lobes of

this structure. Figure 8c also shows that the epicen-

ters of the recent Md 4.2 Aokas 1 (19 August 2018)

and Md 3.0 Aokas 2 (15 January 2020) earthquakes

are located over this structure. Positive Coulomb

stress changes also occur on a parallel (NW–SE-

trending) structure where several recent earthquakes,

such as where the Tizi N’Berber earthquake (6

February 2018) was located.

Spatiotemporal distribution of earthquakes

revealed NW–SE hypocentral migration from the

starting point, suggesting the division of the seismic

Figure 10
High-resolution Google Earth photographs showing the epicentral area of the Bejaia 2012–2013 fourth seismic sequence and the 2017–2020

Tizi N’Berber–Darguinah seismic events. Red dots indicate onshore seismic events. a A regional view that shows the main faults in this area.

Red lines are the potentially active fault segments deduced from this study. The orange line indicates a fault that trends WNW–ESE and cuts

the Jurassic massifs. b Enlargement showing the eastern margin of the Sidi Djeber massif, as delimited by NNW–SSE lineaments.

c Enlargement showing the western margin of the Iril Oudrar massif and the suspected lineament of a section of the BTF in this area. Drag

folding (yellow dashed lines) and clear offsets are observed associated with dextral fault movement (blue arrows)
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Figure 11
a Map showing the various fault systems located in the study area: (1) the Offshore Fault System (OFS), adapted from Domzig (2006), Yelles-

Chaouche et al. (2009b), and Kherroubi et al. (2009); (2) the E–W-striking, right-lateral Ghardimaou–North Constantine (GNC) Fault

(Bougrine et al. 2019; Meghraoui & Pondrelli 2012); and (3) the south Greater Kabylia faults (Boudiaf 1996). GPS velocities are shown

relative to Eurasia (Bougrine et al. 2019). b Map showing the location of the study area in the transfer zone between the OFS and the N–W-

striking dextral GNC Fault. Established composite solution (black) of fault mechanisms from seven aftershocks of the 2006 Lâalam

earthquake in Abbes et al. (2019) which reveals right-lateral strike-slip faulting. c Modeled transfer fault (BTF ? TZNB-DF ? Lalaam

fault ? NNW–SSE offshore active fault) in a regional context. GPS velocities are shown relative to the Eurasia plate (purple arrows)
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sequence into five of four major clusters. The

hypocentral migration was corroborated by the

Coulomb stress change calculation, indicating that

four fault segments involved in the rupture process

successively failed due to static stress transfers.

6. Relation to Local-Scale Geology

Based on the distribution of aftershock locations

and focal mechanism solutions, we attempt to infer

the relationship between the local geology and the

Bejaia earthquake sequences. The lack of recent

sedimentary deposits means that it is difficult to

identify potentially active faults by neotectonic

analysis. The 2012–2013 events occurred in four

clusters that define a NW–SE-trending linear struc-

ture, extending from the Gulf of Bejaia to the central

part of the Babors mountain range. Although limited

sub-bottom data have been collected in the gulf, we

used data from previous works (Domzig 2006; Harbi

et al. 1999) to constrain the location of the fault

lineament at sea. Onshore, where the events are dis-

tributed between the settlements of Aokas and

Derguinah, a geological structure can be identified

using remote sensing techniques, geomorphic analy-

sis (based on digital elevation models), and data from

previous geological studies (Kireche 1993). The

structure revealed by these methods defines a fault

system that matches both the spatial distribution of

aftershocks and one of the nodal planes of the focal

mechanism solutions (Fig. 9). The SE part of cluster

zone C4, located SE of Aokas, is affected by a fault

system that strikes 145� and cuts belts of folded

Jurassic limestone. Figure 10 shows a high-resolution

photograph of the area associated with cluster C4.

Many indicators of dextral strike-slip movement are

observed. Figure 10c shows drag folds and strati-

graphic offsets consistent with dextral strike-slip

movement along the fault that marks the western

border of the Iril Oudrar massif. A few kilometers to

the west, at the Tizi N’Berber–Darguinah area, we

observe a fault striking 115� (orange fault in

Fig. 10a) that cuts the Jurassic blocks of the Ablat

Amella and Imoulentaour massifs. Cumulative dex-

tral offsets of up to 1 km are observed along this fault

(Fig. 10a). However, in the epicentral area of the

2017–2020 Tizi N’Berber–Darguinah event, which

consists of a cluster of 11 events (Md C 3.0) precisely

relocated in this study (Figs. 8c, 9 and Table 2), their

distributions show a fault segment located 10 km

west of the BTF, oriented NW–SE on a right-lateral

strike-slip fault. Previously unknown, we name it the

Tizi N’Berber–Darguinah Fault (TZNB-DF)

(Fig. 11b). These events are not aligned with the 115�
striking lineament but map onto a lineament that runs

parallel to the fault system striking 145� (i.e., the red

fault marked with ‘‘?’’ in Figs. 9 and 10a). This fault

is not evident on satellite images, suggesting that it

may be a blind fault. In making these observations,

we did not evaluate the active tectonics affecting

Plio-Quaternary formations, as this is beyond the

scope of this study. The location and focal mecha-

nisms of seismicity in this area suggest that activity

results from the reactivation of preexisting faults that

formed during previous polyphase deformation, in

response to changes in the local stress regime.

7. Discussion

Our study used the opportunity provided by the

seismic sequences that occurred between 2012 and

2013 and backed by good-quality data for recent

moderate events recorded until 2020 to explore a

seismotectonically poorly known region.

Although the 2012–2013 Babors–Bejaia seismic

sequences released moderate events, the recognition

of the related seismogenic fault pattern is particularly

relevant in light of defining a new seismotectonic

model useful to give new insights on the kinematics

and the structural style of the active deformation in

this undiscovered area, known for its complex active

tectonics by connecting several seismogenic zones;

the Soummam basin, the two paleozoic Kabylia

blocks, Offshore Fault System (OFS) north, and GNC

fault south (Fig. 11a).

From this study, the newly discovered BTF and

TZNB-DF are NNW–SSE-striking, dextral strike-slip

faults which, in combination with the NNW–SSE

offshore active fault (Domzig, 2006) and the Lâalam

fault (Abbes et al. 2019), define a new dextral transfer

zone which involves several sub-crustal fault seg-

ments that separate the Greater and Lesser Kabylia
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blocks. This inference is supported by also the

shortening variation on the order of 0.5 mm/year

between the two blocks 1 & 2 or OFS1&2 faults

located on each side of the transfer zone (Fig. 11b).

This transfer zone (red fault in Fig. 11c) links the E–

W-striking OFS1&2 faults situated north of the two

Kabylian blocks and the E–W-striking Ghardimaou–

North Constantine Fault (GNC) located inland to the

south, which both accommodate the shortening

resulting from the oblique convergence of the African

and Eurasian plates. Slip deficit rates associated with

the OFS1&2 faults range from 4.4 mm/year in

western Algeria to 1.5 mm/year in eastern Algeria,

while the GNC fault accommodates a slip deficit rate

of 2.4 mm/year (Bougrine et al. 2019).

From the stress field issue, the stress field can be

deflected into sub-parallel or sub-perpendicular ori-

entations regarding the pre-existing faults (Tingay

et al. 2010), or stress rotation can occur within broad,

active fault zones (e.g., Townend & Zoback 2004);

these changes are known from geomechanical stud-

ies. Along the Babors–Bejaia zone, the first-order

SHmax orientation relatively consistent with the rela-

tive plate motion of Africa–Eurasia highlights the

role of large tectonic forces in a first-order stress

pattern (Heidbach et al. 2016). The first-order stress

field in the Babors–Bejaia region is largely a conse-

quence of compressional forces at the Africa–Eurasia

plate boundary, primarily relating to ridge push and

continental collision (Meghraoui & Pondrelli 2012;

Nocquet 2012). This is illustrated by Beldjoudi

et al.’s (2009) estimate of a NW–SE-trending maxi-

mum principal stress axis in the Babors mountain

range, based on an analysis of the 2006 Lâalam

earthquake and regional focal solutions (Fig. 2b), in

agreement with the regional velocity field (Bougrine

et al. 2019). Besides, the local SHmax (N180� E) ori-

entation found by our analysis follows the local

velocity field at Bejaia city (N171� E) (Bougrine

et al. 2019), not parallel to both (N134� E) stress

direction and (N131� E) velocity direction at regional

scales, which reinforces the moderate clockwise

rotation (46�) for stress and (40�) for velocity around

the Babors Transverse Fault shear zone revealed in this

study. Therefore, the dominant N–S right-lateral shear

deformation associated with an average E–W exten-

sion (Fig. 7 upper left) makes the Babors–Bejaia

domain to play a pivotal role by accommodating parts

of slip, on strike-slip structure parallel to the oblique

convergent plates and also involved in the reorientation

of the stress field. At a large scale, the interpreted

present-day SHmax runs NW–SE to N–S, interrupted by

Figure 12
a The map shows a migration pattern. Earthquakes that belong to different clusters are denoted with different colors. b Hypocentral separation

of events with time since the first event for the entire sequence. Thick black curves show diffusion rates of 1.4 m2/s, 2.3 m2/s, and 6 m2/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)
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local perturbations, suggesting that plate-driving for-

ces related to the Africa–Europe convergence impose

the largest component of the total stress field. In the

transfer zone, the horizontal stress direction (Fig. 11c)

is oriented N–S perfectly consistent with strain parti-

tioning, with pure thrust slip along offshore faults

OFS2 and pure right-lateral strike-slip along the GNC

fault bounding the Lesser Kabylia block2. The GNC

fault pulls the movement of the deformation in block 2

and results in variation of 0.5 mm/year between

OFS1&2 of Greater and Lesser Kabylia blocks,

respectively. The western tip of the GNC Fault borders

the Lesser Kabylia block2 to end most likely connected

to the highlighted transfer zone in the Babors region.

Figure 11 schematized the new findings obtained

from this study in conjunction with previous results

that describe recent deformation on several active

faults in the Bejaia–Babors and Jijel regions (Yelles-

Chaouche et al. 2021). This figure illustrates the role

of the BTF in transferring deformation among dif-

ferent active structures. This structure could have

played a major role in the suture of the Lesser

Kabylian block to the African plate.

On the other hand, the rupture along the BTF zone

supposes an earthquake-to-earthquake triggering. The

seismic activity begins in the NW in segment S1 and

migrates SE to segment S2, before terminating in S3

and S4. The occurrence of event migration between

adjacent segments, initiated by different triggers at

each segment, implies that each event occurred in a

segment previously stressed by lateral Coulomb stress

interactions. This suggests that the loading was in a

particular state of stress (i.e., uniform and close to

failure) along all fault segments, to enable propagating

earthquake sequences (Pondard et al. 2007). Fault

interaction, as investigated by static stress changes,

showed that these ‘‘triggers’’ cause small variations in

the static stress field (\ 0.1 bar), capable of inducing

the reactivation of nearby faults which are close to

failure (Toda et al. 1998; Ziv & Rubin 2000). This

process may induce aftershocks, or even major earth-

quakes, in neighboring areas (Stein 1999). The similar

fault plane solutions obtained for all moderate-mag-

nitude (Md C 3) events suggest a uniform stress field

within the seismogenic volume.

The occurrence of the Aokas 1 earthquake

(Md = 4.2) of 19 August 2018, which was located on

the southern part of segment S3, and the Aokas 2

event (Md = 3.0) of 15 January 2020, located

between segments S3 and S4, suggests that the BTF

is still releasing accumulated energy, as confirmed by

the Coulomb stress changes. Other earthquakes have

occurred on the fault in the past, such as the Mb = 4.7

event of 29 June 1974 (Figs. 9 and 11b), which struck

the Darguinah region. This event was located on

segment S4 of the BTF and showed right-lateral

strike-slip movement, a NW–SE strike, and a steep

dip towards the NE (Hatzfeld 1978). Therefore, a

future rupture could occur over multiple adjacent

segments, resulting in other moderate earthquakes.

Then, to understand the spatiotemporal evolution

of the seismic sequences in the context of driving

mechanics, the role of the fluids has been addressed

in several previous studies (e.g., Bourouis & Cornet

2009; Chen et al. 2012; Duverger et al. 2015). Indeed,

as we noticed the migration pattern in the Bejaia–

Babors seismic sequences (Fig. 12a), we investigated

the seismicity migration to explore if fluids are

involved in the successive failures. The fluid-in-

volved swarms can be modeled as a diffusion

process, with diffusivity ranging from 0.02 to about

10 m2/s (e.g., do Nascimento 2005; Parotidis et al.

2003; Shapiro et al. 2005). To test fluid diffusion, we

model seismicity using the equation of Shapiro et al.

(1997) by calculating the distance r of a propagating

pore-pressure front diffusing at rate D during time t

through a homogeneous isotropic saturated poroe-

lastic medium from a point source as (Fig. 12b):

r ¼
ffiffiffiffiffiffiffiffiffiffi

4pDt
p

: ð2Þ

Additionally, the pore fluid diffusion is typically

at velocities on the order of meters per day, generally

much slower than aseismic slip-driven migration,

which is usually at kilometers per hour (Roland &

McGuire 2009). Figure 12b shows seismicity

spreading at a similar rate to diffusion in the range of

5–6 m2/s or constant migration velocity on the order

of 114 m per day. This migration rate on this order

could be associated with fluid flow through a frac-

tured volume. Then we concluded that the fluids

played a role in the spatiotemporal evolution of

Beajia–Babors sequences.

Several important implications for seismic hazard

in the study area arise from the analysis of those
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seismic sequences. The expansion of the rupture zone

during 6 months shows a total subsurface rupture

length of about 30 km. Therefore, a larger earthquake

might be possible in this region if simultaneous

rupture occurs across the four fault segments. The

scaling relations of Wells and Coppersmith (1994)

forecast for a strike-slip fault which has a subsurface

length of 30 km, width of 12 km, and a magnitude of

about Mw = 6.5. Since the fault is near the city of

Bejaia, added to landslides which constitute a per-

petual threat to people’s life and goods in the Babors

chain area, especially during the occurrence of an

earthquake, even of moderate magnitude (Guemache

et al. 2010), the seismic hazard in the region must be

reassessed using a multidisciplinary approach.

8. Conclusion

This study focused on the most representative

seismic sequences in the region of Bejaia for the last

decade (2010–2020); this work investigates the

2012–2013 Bejaia seismic sequences that hit the

Babors region, on the north coast of Algeria, over

6 months. The analysis of seismic sequences in the

Babors has identified, for the first time, NW–SE-

striking strike-slip faults that we name the Babors

Transverse Fault (BTF) and the Tizi N’Berber–Dar-

guinah Fault (TZNB-DF).

The high-precision relocation of 252 events, in

conjunction with focal mechanism solutions, shows a

35-km-long, NW–SE-striking, near-vertical right-

lateral strike-slip fault. The BTF extends from the

Babors chain to the Gulf of Bejaia. The seismic

events were grouped into four clusters (C1–C4)

generated by the failure of four fault segments (S1–

S4). As the total energy release was distributed over

four BTF segments, a potentially higher-magnitude

and more dangerous earthquake might have been

avoided.

The transfer fault zone is shaped as on echelon

segments faults; the BTF, TZNB-DF, the NNW–SSE

offshore active fault, and the Lâalam fault connecting

the offshore thrust faults system in the north and the

right-lateral strike-slip GNC Fault in the south. The

seismic events between 2017 and 2020 suggest that

the BTF is still releasing accumulated energy, as also

indicated by Coulomb stress change analysis, and the

observed migration of the seismicity also is compat-

ible with earthquake triggering by fluid diffusion

processes.

The present study highlights the BTF as a likely

source for both recent and historic seismic activity in

the region. Analysis of high-resolution photography

indicates dextral movement along old polyphase

structures, suggesting the reactivation of preexisting

faults in response to the current stress regime. Finally,

the study suggests that a reassessment of the seismic

hazard risk for Bejaia city is necessary, as the pos-

sibility of a large-slip event on the BTF is not

excluded. Further investigations are required to

establish a tsunamigenic risk assessment along the

Bejaia coastline for better land planning in the region.
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Géology France, II(4), 547–558.

Bounif, A., Dorbath, C., Ayadi, A., Meghraoui, M., Beldjoudi, H.,

Laouami, N., Frogneux, M., Slimani, A., Alasset, P. J., Khar-

roubi, A., Ousadou, O., Chikh, M., Harbi, A., Larbes, S., &

Maouche, S. (2004). The 21 May 2003 Zemmouri (Algeria)

earthquake Mw 6.8: Relocation and aftershock sequence analy-

sis. Geophysics Research Letters, 31, L19605.

Bourouis, S., & Cornet, F. H. (2009). Microseismic activity and

fluid fault interactions: Some results from the Corinth Rift

Laboratory (CRL), Greece. Geophysical Journal International,

178, 561–580.

Buforn, E., Bezzeghoud, M., Udias, A., & Pro, C. (2004). Seismic

sources on the Iberia African plate boundary and their tectonic

implications. Pure Applied Geophysics, 161, 623–646.
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confins algéro-tunisiens. PhD thesis, Univ. Pierre Marie Curie

Paris-VI, France.

Waldhauser, F., & Ellsworth, W. L. (2000). A double-difference

earthquake location algorithm: Method and application to the

northern Hayward fault, California. Bulletin of the Seismological

Society of America, 90, 1353–1368.

Waldhauser, F., & Schaff, D. P. (2008). Large-scale relocation of

two decades of northern California seismicity using cross-cor-

relation and double-difference methods. Journal of Geophysical

Research, 113, B08311.

Wells, D., & Coppersmith, K. (1994). New empirical relationships

among magnitude, rupture length, rupture width, rupture area,

and surface displacement. Bulletin of the Seismological Society

of America., 84, 974–1002.

Wiemer, S., & Katsumata, K. (1999). Spatial variability of seis-

micity parameters in aftershock zones. Journal of Geophysical

Research, 104, 13135–13151.

Yagi, Y., & Nishimura, N. (2011). Moment tensor inversion of

near-source seismograms. Bulletin International Institute Seis-

mology Earthquake Engineering, 45, 133–138.

Yelles-Chaouche, A. K. (2010). Le Projet SPIRAL: Etude de la

structure profonde de la Marge Algérienne: GEOMAG: First
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