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Abstract

On March 18, 2021, at 00:04 UTC, a strong earthquake (Mw 6.0) hit Bejaia city, 200 km east of Algiers. Its epicenter was
15 km northeast of Cap Carbon in Bejaia Bay, making it the largest earthquake recorded offshore since the devastating
earthquake (Mw 6.8) in Boumerdes on May 21, 2003. The earthquake had a maximum intensity of VII (EMS 98), triggering
hundreds of aftershocks and damaging 2000 houses and social infrastructures, as well as causing several rock falls along the
rocky coastline, but no human casualties were reported. The waveform inversion and spectral analysis of the mainshock and
its largest aftershocks indicate an alignment along an E-W thrust fault plane offshore, dipping southward, the mainshock
seismic moment of M;,=9.7e+ 17 N.m. corresponding to a magnitude Mw =6.0. The aftershocks illuminated a surface 22 km
long (N-S) and 12 km wide; their statistical parameters were assessed by Guttenberg—Richter relationship, Omori decay,
and temporal clustering. The b-value is estimated at 0.83, the p value at 0.95, and the n-value at 0.75 (i.e., 75% triggered
events), which follows classical patterns of aftershock sequences and suggests the sequence tectonic genesis. Furthermore,
previous studies showed that the epicentral area was positively charged by coseismic static stresses transferred from recent
events in the Bejaia—Jijel margin. Exactly one year later, on March 19, 2022, a moderate earthquake struck the same epicen-
tral zone, 3 km NW of the first shock, generating a moment M;=38.5¢+ 16 N.m. corresponding to a magnitude Mw =5.3;
its focal mechanism also revealed an E-W striking reverse fault with a small strike-slip component. The present-day local
stress field is characterized by a contractional tectonic regime (R'=2.99 +0.24) and o1 orientation (N345°E) consistent with
the maximum regional compressive stress direction (NNW-SSE). The 2021-2022 Bejaia Bay seismic sequence underlined
the active tectonics linking the major E-W offshore thrust fault system and the NW—-SE strike-slip Babors Transverse Fault
system. This sequence, along with a number of other earthquakes that occurred around the Lesser Kabylia Block (LKB) over
the last decade, likely highlights the ongoing incipient subduction process between Africa and Eurasia along the northern
Algerian margin.

Keywords Bejaia Bay earthquake - Algerian margin - Waveform modeling - Source parameters - Thrust fault - Incipient
subduction

Introduction

In the last decade, there has been intense seismic activity in
Edited by Prof. Ramon Zuiliga (CO-EDITOR-IN-CHIEF). eastern Algeria around the Lesser Kabylian Block (LKB)
(Yelles-Chaouche et al. 2022), one of the two main blocks
representing the internal domain of the Maghrebides Chain
(Fig. 1a). The active structures fringing the LKB are: The
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(1): The 2006 Lalaam Eq (Mw 5.2)

(2), (3) and (4): The 2012-2013 Bejaia-Babors Eq sequence (Mw 5.1, 5.2 and 5.0)|
(5): The 2019 Jijel Eq (Mw 5.0)

(6): The 2020 El-Aouana Eq (Mw 5.0)

(7): The 2021 Bejaia Eq (M, 5.9)

(8): The 2022 Bejaia Eq (M, 5.5)
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south, and the NE-SW Jebel Safia Fault (JSF) in the east
(Abacha et al. 2023) (Fig. 1b). The strain resulting from
Africa—Eurasia convergence is distributed among the
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tectonic structures bordering the LKB, giving rise to main-
shocks that predominantly occur with magnitudes either
greater or lesser than 5.
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«Fig. 1 a Geological map of the Western Mediterranean highlighting
the main geological units. The red areas correspond to the AlKaPeCa
fragments, including the Alboran Basin (AL), Kabylides (Ka) repre-
sented by the Greater and Lesser Kabylia Blocks (GKB and LKB),
Peloritani Mountains (Pe), and Calabria Terrane (C). The Maghre-
bides Chain encompasses the Tellian Atlas and Rif. b Seismotectonic
map of northern Algeria displaying the major active faults observed
in the Tellian Atlas, based on Abacha (2015) and related references.
Additionally, large earthquakes (M >35.5) and their focal mechanisms
are depicted. The Neogene seismogenic basins, namely Cheliff basin
(CB), Mitidja basin (MC), Mila-Constantine basin (M-CB), Soum-
mam basin (SB), Hodna basin (HB), and Bejaia Bay (BB), are indi-
cated within yellow rectangles. ¢ Distribution of epicenters for the
March 18, 2021, and March 19, 2022, Bejaia Bay mainshocks (in
blue), along with other significant recent events (in red) and principal
active faults (OFSJ = Offshore Fault System of Jijel, OFSK = Offshore
Fault System of Kabylia, BTF=Babors Transverse Fault, TDF = Tizi
N’Berber-Darguinah Fault, LF=Lalaam Fault, MF =Maradja Fault,
and EAF=EI Aouana Fault). d Geological map illustrating the main
stratigraphic units in the Babors chain, sourced from Boulahia et al.
(2021)

Off LKB, the July 13, 2019, Jijel earthquake Mw 5.0
(Yelles-Chaouche et al. 2021) was the strongest event
located near Jijel’s city after the tsunamigenic and destruc-
tive earthquake (/,:10) on August 21-22, 1856. Therefore,
precious indicators were provided to better understand the
rupture process of a previously identified set of three ~E-W
en echelon faults along the Jijel margin (Yelles-Chaouche
et al. 2009). In western LKB, the 2012-2013 Bejaia earth-
quake sequence, with three mainshocks of magnitude
5.0<Mw <5.2, identified the NW-SE strike-slip Babors
Transverse Fault system (Boulahia et al. 2021). In addition,
the January 24, 2020, El Aouana earthquake of Mw 5.0,
near Jijel city, the recent seismic activity (2012-2021) in
and around the El Aouana area together with pre-existing
geological observations, led to the suggestion of a new NW—
SE right-lateral shear zone between LKB and GKB (Abacha
et al. 2023). In southern LKB, the July 17 and August 8,
2020, Mila earthquakes of Mw 4.8 and 5.0, respectively,
the November 22, 2020, El Kantour earthquake of Mw
5.3, and the April 1, 2021, Guelma earthquake of Mw 5.0,
gave insights into fault segment geometry and their rupture
process along the major E-W strike-slip MAD fault (Bend-
jama 2022). Alternatively, several marine projects, includ-
ing MARADIJAT in 2003, MARADJA?2 in 2005 (Yelles-
Chaouche and the Maradja Team 2006), and SPIRAL in
2009 (Yelles-Chaouche and the Spiral Team 2010), studied
the structure of the margin, characterized the deformation
pattern, and imaged the deep structure from the Algerian
basin to the continent, providing fruitful information on the
continuous inversion process that has affected the Algerian
margin since the Pliocene.

The convergence of the Africa—Eurasia plates has led to
ongoing deformation and seismic activity, which has raised
questions about the existence of an incipient subduction

process occurring along this margin. Several recent stud-
ies have suggested that the Algerian margin may indeed be
undergoing an incipient subduction process (Hamai et al.
2015; 2018; Leffondré et al. 2021). Understanding the poten-
tial incipient subduction process along the Algerian margin
is critical for improving our understanding of plate tectonics
and the evolution of the Earth’s crust, as well as for devel-
oping strategies to mitigate the potential hazards associated
with the seismic activity in the region. Seismic sequence
analysis is a powerful tool for gaining insights into the early
stages of subduction (Wada and Wang 2009). This can pro-
vide detailed information about the temporal and spatial pat-
terns of seismicity in these regions (Duarte et al. 2013). The
new earthquake sequences in Bejaia Bay on March 18, 2021,
with a magnitude M, of 5.9 (CRAAG, Centre de Recherche
en Astronomie, Astrophysique, et Géophysique), the largest
earthquake recorded offshore since the devastating earth-
quake, Mw 6.8, in Boumerdes on May 21, 2003 (Yelles et al.
2004), and a year later, (M, 5.5, CRAAG), on March 19,
2022, constitute an opportunity to provide new elements to
the ongoing debate.

We focus on the mainshocks and aftershock sequence fol-
lowing the March 18, 2021, earthquake, M; 5.9, in Bejaia
Bay. By studying this sequence in detail, we aim to identify
the fault geometry, driving process, and ongoing geody-
namical implications. We will isolate the mainshock source
parameters using waveform modeling and spectral analysis.
Through accurate relocation and the spatiotemporal behav-
ior of aftershocks, we will outline the driving process. In
light of our knowledge of the active deformation along the
Bejaia—Jijel margin and employing the present findings, we
will discuss the ongoing deformation process.

Seismotectonic setting

The Babors mountain range, one of the main massifs of the
Tellian chain, forms the southern limit of Bejaia Bay, which
is the offshore part of Bejaia city. This bay is located in a
complex area between two major units, the great and lesser
Kabylian blocks, which constitute the internal zone of the
Maghrebides chain (Fig. 1a). These metamorphic blocks are
issued from the Cenozoic geodynamical evolution of the
western Mediterranean region, marked by the detachment
of the Alboran, Kabylie, Peloritan, and Calabria (AlKa-
PeCa) domains from the European margin (Bouillin 1986)
(Fig. 1a), the opening of the Algerian back-arc basin (Van
Hinsbergen et al. 2014), the rolling-back of the Tethysian
slab (Spakman and Wortel 2004), and the suturing between
the AlKaPeKa blocks and the African platform around
16.5 Myr (Schettino and Turco 2006). Nowadays, the Alge-
rian margin deformation results generally from the oblique
convergence of the African and European major plates since
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the Cenozoic and particularly from an inversion process
since the Pliocene (Strezynski et al. 2010). This margin is
subjected to ongoing compression and is characterized by
prominent seismic activity; furthermore, in its eastern part,
an incipient subduction zone is suggested by several stud-
ies (Hamai 2015; 2018; Leffondré et al. 2021). Therefore,
the crust displays numerous faults inherited from the Alpine
orogenies and from the ongoing deformation in the Pliocene.

The active deformation in Algeria is expressed through
its level of seismicity, which is distributed as follows from
north to south (Yelles-Chaouche et al. 2021; 2022; Bou-
lahia et al. 2021): (1) Along the Algerian margin, where
exhaustive bathymetric mapping and seismic reflection
acquisition revealed a series of crustal-scale reverse faults
that emerge at the toe of the Algerian continental margin
(Domzig 2006), these faults have been responsible for the
high level of seismicity, including the Boumerdes earth-
quake of May 21, 2003, which had a magnitude of Mw 6.8
and caused significant damage and loss of life; (2) Along the
Tell Atlas, which is a fold-and-thrust belt that runs E-W. The
neotectonic features correspond to en echelon thrust folds
and conjugate strike-slip faults, dominated by NW-SE to
E-W right-lateral strike-slip faults and NE-SW left-lateral
range-front thrust faults that cut the Tell (Fig. 1b). Neo-
gene post-nappes basins, which correspond to E-W-elon-
gated intermountain structures such as the Cheliff, Mitidja,
Soummam, Hodna, and Mila-Constantine intermountain
sedimentary basins, represent the main structural features
in the Tell Atlas concentrating a high level of seismicity,
the NE-SW-trending and right-stepped en echelon active
folding of the Cheliff Basin, and the associated El Asnam
active fault were responsible for the October 10, 1980, large
earthquake (Mw 7.3) (Meghraoui et al. 1986); (3) Between
the Tell and South-Atlas fronts, along the High plateaus and
Saharan Atlas (Fig. 1a). Algeria’s Atlas system (Saharan
Atlas + Aures Mountains + High Plateaus) has been inverted
and uplifted as a result of two major tectonic episodes. The
first occurred between the Middle Eocene and the Aquita-
nian, causing significant deformation and the formation of
large NE-SW trending folds. The second event generated
E-W-trending folds and thrusts during the Pleistocene.
Between these two compressive pulses, the Miocene was a
period of relative quiescence, during which normal faulting
developed in some places (Benaouali-Mebarek et al. 2006
and references therein). The seismic activity in this region
is generally lower than the previous ones, but it is still con-
sidered to be seismically active. For example, the Gafsa
region that covers the Aures Mountains and the south Atlas
limit with the Sahara platform in Algeria and Tunisia shows
active folding and faulting and NNW-SSE-trending active
graben structures. Moderate earthquakes have affected this
area (Megrahoui and Pondreli 2012). Recently, in 2016, in
Biskra, along the south Atlas, an Mw 5.2 earthquake with
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normal faulting occurred (Yelles-Chaouche et al. 2022). We
should also note that there is a difference in seismicity dis-
tribution from west to east: In western Algeria, seismicity is
confined to a narrow stripe within ~ 100 km of the coastline
that coincides with the Tell Atlas. While in eastern Algeria,
seismicity is more broadly distributed, stretching from the
coastline to the southern confines of the Saharan Atlas (Aba-
cha 2015; Bougrine et al. 2019).

A closer look into the Bejaia—Babors area reveals that
active faulting indicates mainly four fault systems in and
around the epicentral area of the studied earthquake: (1)
Off LKB (The abbreviation for the Offshore Fault System
of Jijel is OFSJ, as shown in Fig. Ic), based on the data
collected during the Maradja 2 survey conducted in 2005
over the Algerian margin (Domzig 2006), the deforma-
tion style shows relatively discrete folds in the topogra-
phy, controlled by active en echelon faults at the foot of
the slop, with a WSW-SNE orientation. Yelles-Chaouche
et al. (2009) modeled the historical Djidjelli earthquake on
August 21-22, 1856 (1,:X) and its associated tsunami by
simulating a simultaneous rupture on a set of three en ech-
elon faults. (2) Off GKB (The abbreviation for the Offshore
Fault System of Kabylia is OFSK, as shown in Fig. Ic.),
the Maradja 2 survey as well imaged the seafloor structures
from Bejaia to Dellys (Domzig 2006); this margin part rep-
resents the transition between the very deep western part
of the Algerian basin and the more progressively thinned
eastern continental part (Aidi et al. 2018 and references
therein). The Plio-Quaternary inversion of the margin is
expressed as south-dipping blind thrusts under the margin
emerging at the slop toe (Domzig 2006; Yelles-Chaouche
et al. 2009). It roughly follows the boundary of the Greater
Kabylia massif, passing from east to west in an NW-SE,
E-W, and NE-SW direction. (3) the area separating LKB
and GKB, based on the analysis of several moderate earth-
quakes between 2012 and 2020 along with previous studies,
Boulahia et al. (2021) identified a new NW-SE transverse
fault system that extends from Bejaia to Babors and includes
several en echelon NW-SE-trending right-stepping strike-
slip fault segments: the BTF, TDF (Tizi N’Berber-Darguinah
Fault), LF (Lalaam Fault), and MF (Maradja Fault) (Fig. 1c).
Additional data were allowed to delineate a 30-35 km wide
NW-trending shear zone, bounded to the east by LKB and to
the west by GKB (Abacha et al. 2023). This strike-slip cor-
ridor links the offshore thrust faults to the E-W right-lateral
strike-slip Mcid Aicha-Debbagh Fault (MADF,; Fig. 1c). (4)
The thrust system delineating the GKB southern boundary
(Southern Greater Kabylia Faults = SGKF in Fig. 1c) where
the Kabylian units thrust the Neogene sedimentary cover of
the Bouira-Soummam valley (Boudiaf 1996).

At the scale of the LKB and GKB, the spatial partition-
ing of oblique convergence (~5 mm/yr) is evident through
various measurements. Continuous GPS measurements
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(Bougrine et al. 2019) and slip vectors derived from focal
mechanisms (Abacha et al. 2023) indicate the partitioning.
Around the LKB, the convergence is divided into orthogonal
slip, with thrusting motion of 1.5 mm/yr, and dextral strike-
slip, with shearing motion of 2.4 mm/yr. In contrast, within
the GKB, thrust slip vectors align parallel to the overall
NW-SE Eurasia-Africa motion, implying no partitioning.
In this case, all convergence is accommodated by shortening
along parallel faults and thrust folds, such as the offshore
GKB and those bounding the Soummam valley. The transi-
tion from partitioning (LKB) to no partitioning (GKB) along
this zone of strike-slip motion necessitates the presence of a
NW-SE transverse fault system that connects the offshore
fault system in the north to the MADF master fault in the
south. The abrupt transition between the two blocks is mani-
fested by a clockwise rotation of the compressive stress from
NNW-SSE to N-S to accommodate the convergence. There-
fore, the NW-SE transverse fault system accommodates the
deformation and transmits it to the MAD fault.

Data acquisition and analysis methods

We employ an extensive network, comprising all stations
of the Algerian Digital Seismological Network (hereafter
ADSN) deployed across the Algerian territory, along with
regular contributions from two additional stations located
in Spain (Fig. 2a), to gather seismic data for the analysis of
two significant events: The March 18, 2021, M, 5.9 main-
shock (referred to as MS-2021) and a second mainshock,
M, 5.5, that occurred one year later on March 19, 2022
(referred to as MS-2022). Apart from one station, CDFR,
located ~70 km SE from the epicenter, most stations are
located a few tens of kilometers away from the aftershock
area. In order to improve (1) the detection capability and (2)
the accuracy of the analysis, eight three-component short-
period stations, with continuous recordings, were deployed
a few hours after the MS-2021. These eight stations—seven
SARA SS-1 and one L22 Cube sensor—were coupled to
SARA SL-06 24-bit and one Omnirecs CUBE3 24-bit
digitizers and installed along the shoreline of Bejaia Bay
(Fig. 2b). This network was running for 45 days, since March
18 until May 01, 2021.

We manually picked the first P-wave and S-wave arrivals
to locate the events and the end-time of coda signals to com-
pute the duration magnitude My, using the SEISAN set of
programs (Havskov and Ottemoller 1999). The calculation
of My, is particularly relevant as it enables the generation of
a homogeneous catalog suitable for statistical analysis, con-
sidering that Mw is computed only for significant events. To
determine the absolute locations of the seismic events, we

used Hypoinverse 2000 (Klein 2002). However, it is worth
noting that one of the primary sources of locating residuals
is the velocity model. In order to mitigate this, we estab-
lished a "minimum 1D" velocity model specifically for the
Bejaia-Jijel area. This was achieved through the application
of the VELEST procedure (Kissling et al. 1994). We care-
fully select for the operation a subset of high-quality events
from the hypoinverse output; root mean square (RMS) resid-
uals <0.3, epicentral horizontal residuals (ERH) <3 km,
epicentral vertical residuals (ERZ) <3 km, and a minimum
of six (06) P-wave observations for each event. Since this
approach required to improve iteratively the existing veloc-
ity model, we used the SPIRAL project profile that passes
50 km east of Bejaia as an a priori model (Mihoubi et al.
2014). To increase the robustness of the inversion results, a
total of 200 different starting models (Fig. 2c) were gener-
ated for the inversion process. This was achieved by perturb-
ing the selected a priori model with Gaussian noise. Sub-
sequently, the VELEST algorithm was executed 200 times,
each time using a different starting model. The final selection
of the 1-D P-wave velocity model was based on its ability
to minimize locating errors compared to the two trial local
velocity models, namely the Bejaia—Babors area (Boulahia
et al. 2021) and the El Aouana area (Abacha et al. 2023).
Among the various tested models, this particular velocity
model consisted of four distinct layers with P-wave veloci-
ties ranging from 5.5 to 7.1 km/s, covering depths from 0
to 20 km (Fig. 2d). The Vp/Vs ratio was calculated using
the Wadati method (Chatelain 1978), resulting in a value of
1.76 (Fig. 2e). The seismic sequence was re-located using
the newly developed velocity model and Vp/Vs ratio. To
ensure the reliability and robustness of the dataset, a careful
sorting process was applied. Events with RMS values less
than 0.3 s and residual values (ERH & ERZ) less than 3 km
were retained, forming a robust subset for further analysis.
Finally, the relative locations of the resulting cluster were
refined using the HypoDD double-difference algorithm
(Waldhauser and Ellsworth 2000), which utilizes a cata-
log of P&S arrivals. The uncertainties associated with the
relocation process were estimated using a bootstrap resam-
pling method (Efron 1982). It is worth noting that the errors
derived from the LSQR method employed in the HypoDD
relocation are not reliable and have no physical meaning
(e.g., Waldhauser 2001; Mesimeri 2018).

The focal mechanisms were calculated for significant
events using the SPHERA program (Rivera and Cisternas
1990), incorporating at least 10 distinct P-wave polarities,
which were identified during the arrival picking process.
We also employed the waveform modeling technique devel-
oped by Yagi and Nichimura (2011) to independently calcu-
late the seismic scalar moments (MO), moment magnitudes
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Fig.2 a Distribution of permanent seismological stations oper-
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station marked by a yellow triangle is equipped with an L22 sen-
sor, while the remaining stations are equipped with Sara SS-1 sen-
sors. The red dotted line represents the location of the SPIRAL Jijel

(Mw), and focal mechanisms of the MS-2021, MS-2022,
and one largest aftershock (hereafter LA) in 2021. To do
that, we retrieve from the observed raw data the instrumen-
tal responses, convert them to ground velocity motions,
cut a window of 100 to 200 s from continuous wave-
forms for each studied mainshock, apply a low-pass filter
(0.02-0.07 Hz) to mitigate the effect of shallow velocity
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P-wave velicity (km)

Differential P-wave traval-time (S)

profile (Mihoubi et al. 2014). ¢ Represents the 200 starting models,
with the red and black dashed lines representing the a priori velocity
model and the best perturbed model that yielded the lowest residuals,
respectively. d Illustrates the 200 inverted models generated from the
starting model shown in (c), with the black dashed line representing
the minimum 1D model. e Vp/Vs ratio in the Bejaia area determined
using the modified Wadati method (Chatelain 1978)

structure heterogeneities, and produce the best fit between
the observed and synthetic waveforms.

To extract the source parameters of the MS-2021,
MS-2022, and LA, we conducted a P-wave spectral analy-
sis using the procedure outlined in Abacha et al. (2019).
The three-component records of each station (10 broadband
stations) were corrected to a zero baseline and a common
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instrument response. A time window was then selected for
the desired phase (P-wave in this case) that started 0.1 s
before the arrival time. Signal windows of varying lengths
[2-8 s] were tested to determine a length that avoided con-
tamination from other phases and maintained the resolution
and stability of the spectra. We used a frequency range with
signal-to-noise spectral ratios of > 5 for the source param-
eter estimation. After correcting for geometrical spreading
and anelastic attenuation, the displacement amplitude spec-
trum was fitted by a theoretical spectrum assuming Brune’s
model with a circular dislocation (Brune 1970). The two
unknown parameters to be determined in this method are €,
the low-frequency spectral level, and f., the corner frequency
(Hanks and Wyss 1972). These parameters are automatically
selected to minimize the difference between theoretical and
observed displacement spectra and to mitigate issues associ-
ated with visual determination. The average values for the
seismic moment, source radius, and stress drop were then
computed. The uncertainties were assessed using Archuleta
et al. (1982).

We used the Win-Tensor program to analyze stress orien-
tations and magnitudes (Delvaux 2012) from the previously
computed focal mechanisms. This program assumes that the
stress field is invariant and homogeneous in space and time
in the study area, and that slip on a fault plane occurs in the
direction of maximum resolved shear stress. Input data are
preprocessed using the improved “Right Dihedron method”
initially developed by Angelier and Mechler (1977), which
provides the initial and approximate stress tensors that
are used as a starting point in the rotational optimization
method.

To assess the aftershock behavior, we applied three sta-
tistical laws: The Gutenberg—Richter law (Gutenberg and
Richter 1944), the Omori—Utsu law (Utsu et al. 1995), and
a temporal clustering (i.e., time concentration) (Hainzl et al.
2006). Their expressions are written as follows, respectively:

1021 (Nppspr) = @ — b*M, ¢))

where N is the number of earthquakes with magnitude > M,
a and b are constants. The parameter “a” is an indicator of
the seismicity rate of the region, and “b” expresses the ratio
between large and small earthquakes. The variations of b can
be attributed to several factors, such as the heterogeneity of
the environment or the depth of the source (Schorlemmer
et al. 2005), and more importantly, the b-value is inversely

proportional to the applied stress.

_dn_ K
N®= dt ~ (t+c)®’ @

where N(7) represents the number of aftershocks versus time.
p depends on the tectonic conditions of the region and gen-
erally varies between 0.8 and 2.5. #, k, and ¢ are constants.

d(61) = Ce™"51™, 3)

where C is a normalization factor, u the frequency of inde-
pendent seismicity (background rate), n the rate of seismic-
ity linked to the mainshock (branching ratio), and 67 the time
intervals.

Results

Mainshocks: macroseismic effects, moment tensor,
and physical parameters

The strong MS-2021 (M, 5.9; CRAAG) occurred at mid-
night (00:04 UTC) and was preceded by a M, 4.2 fore-
shock a few hours before, which nucleated in the MS-2021
proximity. The earthquake ground shaking caused a great
panic among the population of Bejaia city of more than
100 000 inhabitants, and of several neighboring villages.
Fortunately, no human casualties were reported in this
densely populated city, located in the Babors Mountains’
foothills. The isoseismal map drawn in Fig. 3, based on
questionnaire responses collected by CRAAG, indicates
that the earthquake was felt up to 150 km from the epi-
center. However, multiple sources, including media news
and social media platforms, have reported felt distances
beyond 150 km, extending to cities such as Tizi Ouzou,
Bouira, Skikda, and Algiers. Although the exact locations
of these cities are not shown on the map, their inclusion
is based on information gathered from external reports.
The ancient city “the Casbah” was highly impacted by
ground shaking, registering various damages in 2000
houses and social infrastructures, such as cracks, tiles
falling off, and chimney collapses. A marine investigation
along the Bejaia coast, made just after the MS-2021, does
not show any evidence of coastal uplift as observed after
the stronger 2003 Boumerdes earthquake Mw 6.8 (Fig. 3).
Based on eyewitness reports, collected testimonies, and
our field investigations, a maximum EMS-98 intensity of
VII was assigned to the Bejaia city, i.e., pleistoseist. The
isoseismal map (Fig. 3) provides a circular shape indicat-
ing, at first order, a radial energy dispersion, in agreement
with the suspected E-W-trending main fault. In contrast,
the MS-2022 (M; 5.5, CRAAG), located in the same epi-
central area, caused no damage. The MS-2021 has trig-
gered a small tsunami, which was recorded by the Spanish
tide gages, indicating a few centimeters of wave height.
The epicenter of the MS-2021 earthquake, situated off-
shore within Bejaia Bay, was determined to be at the geo-
graphical coordinates of 36.85°N and 5.22°E (this study).
The locations reported by various seismological agencies,
namely IGN, GEOPHONE, INGYV, and GFZ, were found
to be in close proximity to the coordinates provided by
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«Fig. 3 Isoseismal map of the 2021 Bejaia bay mainshock (MS-2021)
according to the EMS-98 scale. The map illustrates the distribution
of intensity levels, with Bejaia city experiencing a maximum inten-
sity of I,=VII. The numbers on the map indicate the corresponding
questionnaires sent to local residents for intensity assessments. In
the lower part of the figure, photographs (a, b, ¢, d, e, and f) depict
observed damages, including structural damage to houses, block falls
on the coastal road, and coastal changes along the Bejaia bay coast-
line (specifically at Cap Carbon). It is noteworthy that no topographic
effects were observed

this study, as shown in Table 1. The famous Cap Car-
bon lighthouse is 15 km northeast of the epicenter. The
focal mechanism was computed using P-wave first motion
polarities on 50 vertical components. The optimal fit cor-
responds to (1) a thrust slip fault plane, striking ~N70°,
dipping 34° SSE, with a rake of 89°, and (2) a reverse
slip fault plane, striking N251°, dipping 56° NNW, with
a rake of 9°; this second plane is similar to the one deter-
mined by other agencies (Table 1). The MS-2021 wave-
form modeling reached the lowest variance reduction, 0.16
(84%), between observed and synthetic seismograms for a
9.1 km source depth. The estimated M,=9.7x 10" N.m.
corresponds to a moment magnitude Mw =5.96 (~6.0).
The moment tensor solution shows: One plane, which is a
thrust fault, striking N71°, dipping 46° SSE, with a rake
of 76°, and a second plane, striking N270°, dipping 45° N;
yet consistent with an ~EW thrust fault dipping NNW.
This solution is compatible with the fault planes inferred
from the P-wave first motion, with the various interna-
tional agencies’ independent results (Table 1), and with the
LA solutions; both waveform modeling and P-wave first
motion (Fig. 4). Furthermore, the resulting thrust fault-
ing is also consistent with former earthquakes along the
Algerian margin, such as the Boumerdes on May 21, 2003,
the Algiers on August 1, 2014, and most recently the Jijel
(east of Bejaia) on July 13, 2019, earthquakes. This focal
mechanism is represented by a pure thrust, highlighting
that the Algerian margin is continuously deformed by the
forces resulting from the convergence between the oce-
anic crust of the Algero-Provencal basin and the conti-
nental crust of the Maghrebides. Figure 4 also displays the
resolved moment tensor of the MS-2022, which exhibits a
quite similar solution to that of the MS-2021 with a slight
strike-slip component, whereas the solution inferred from
the first P-wave onsets strikes slightly differently.

The physical source parameters extracted for the
MS-2021, its LA, and the MS-2022 of the Bejaia Bay
earthquake sequence are listed in Table 2, which shows
an average corner frequency (f,), seismic moment (M),
source radius (r), stress drop (Ao) values, multiplica-
tive error factors EMO and Efc, the calculated moment

magnitude Mw, and displacement U values. Figure 5
presents an example of the P-wave displacement spec-
tra at the ABSD station. The seismic moments and mag-
nitudes following: M, (MS-2021)=9.1x 107 N.m.;
Mw (MS-2021)=5.94; M, (LA)=5.3x10'° N.m.; Mw
(LA)=5.1; and M, (MS-2022)=1.12x 10" N.m.; Mw
(MS-2022) =5.34, are remarkably similar to those issued
from the moment tensor inversion.

Aftershocks distribution and spatiotemporal
evolution

We previously stated that a foreshock of magnitude My,
4.2 preceded the MS-2021. The subsequent aftershocks
activity lasted for nearly a month, from March 18 until
April 15. A total of 500 events have been detected, yet
only 475 events (95%) have been located (Fig. 6a). Dur-
ing this period, the LA, Mw 5.1, occurred 13 min later at
00:17 UTC. Its epicenter was located in the epicentral area
close to the MS-2021 at a depth of 8.2 km. Ultimately,
we selected the most accurate subset of events, keeping
those having the criteria of: a root mean square residual
(RMS) <0.3s; both horizontal error (ERH) and vertical
error (ERZ) <3 km. These criteria yielded a dataset of
420 well-located events for further use. Consequently,
the aftershocks horizontal distribution shows a surface of
15-km-wide X 35-km-long aftershock cluster.

From Fig. 6b, a dominant events number decline is
clearly noticeable following the first day, when we reg-
istered around 200 events (40%), including the MS-2021
and its LA. The days after detected only a few aftershocks
before returning to pre-MS-2021 levels. This could be
explained by the energy mainly liberated on the first day,
especially through the MS-2021 and its LA. Figure 6¢
shows that the aftershock magnitudes range between 2
and 3, and few events have a magnitude greater than or
equal to 4.

Here, we examine the statistical behaviors for the 2021
Bejaia Bay seismic sequence. The cut-off magnitude in the
Gutenberg—Richter relationships is Mc =2.5. The magni-
tude distribution of events fitted by a Gutenberg—Rich-
ter law gives a b-value lower than 1 (b=0.83+0.07).
This result is consistent with the existence of an inverse
relation between b-value and local stress level, as indi-
cated by many laboratory measurements and field obser-
vations (Schorlemmer et al. 2005). Accordingly, large
earthquakes are expected as signature for high-stress
conditions. The a-value =4.04 expresses a significant
seismicity rate (Fig. 7a). The time distributions fitted by
an Omori—Utsu’s law show a decay with an exponent of
p=0.95, that is, ~ 1 (Fig. 7b). Typical signature decay of
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Table 1 Mainshock locations and focal mechanism solutions obtained by this study and different seismological observatories

Source Magnitude Location Depth Nodal planel Nodal plane 2 M, Focal solutions
This study Mw=6.0 36.85 522 9.1 71 46 76 270 45 104 M,=0.97*%10" P
\‘,, S
USGS My =6.0 36.92 5.20 8 81 22 69 283 69 98 My=1.37*10'8 /\
GCMT My, =6.0 36.83 5.29 12 85 28 75 282 63 98 My=1.27*10"8 N\
o
OCA My =59 36.90 5.20 11 275 55 90 95 35 90 My=/ /\
\. w
GFZ My, =6.0 36.89 5.16 16 98 22 88 279 67 90 My=1.12%10"8 7N
CPPT My =6.2 36.80 5.30 16 102 101 271 78 88 My=2.27*10"8 @
INGV My, =6.2 37.02 5.18 13 108 26 104 268 65 83 My=2.22*10"8 @
IPGP My, =6.1 36.92 5.21 8 117 28 117 267 65 76 My=1.60*10"8 @

aftershock-like sequences (i.e., p=1). The last statisti-
cal law (Fig. 7c) gives a value of u=2.80 events per day,
and a rate n=0.75, this value indicates that 75% of the
observed seismicity is linked to the mainshock, thus 25%
is independent, i.e., background events. All the presented
statistical elements point out a classical response of an
aftershock-like sequence.

Finally, it is worth noticing that, we recorded thirty after-
shocks of the MS-2022, mostly on one or two stations only,
which impeded their location. Therefore, we characterized
solely the MS-2022.

Aftershocks relocation, focal mechanisms,
and stress tensor

Between March 18 and April 15 (days 2 to 30 after the
MS-2021), 334 events out of 420 have been relocated
(see Fig. 8). We also display the focal mechanisms of
40 key events, including the MS-2021 and LA (Table 3).
The depths sources lie between 5 and 20 km. The cluster
of aftershocks describes a 22 km long and 12 km wide
structure. The events were located on the margin slop in
the middle of Bejaia Bay. The NNW-SSE cross section,
realized perpendicular to the fault plane resulting from

@ Springer

the focal mechanism, shows a plane dipping ~36°SE. This
plane orientation is compatible with the dipping 34°SSE
fault plane inferred from focal mechanism of the MS-2021
as well as with the dipping 46°SSE fault plane deduced
from moment tensor inversion, with the MS-2021 hypo-
center located in the central part. Therefore, the MS-2021
ruptured an ENE-WSE thrust fault, dipping SSE, situ-
ated at the western limit of the offshore WS thrust seg-
ment (Fig. 8a). Most of the aftershocks occurred above
the mainshock plane, in the hanging wall, within a radius
of approximately 10 km from the MS-2021 hypocenter.
Figure 8 shows a small, distinct aftershock cluster dipping
toward the north, in addition to the SSE dipping aftershock
cluster. This cluster, represented by the circular shape in
the cross section A1-B1 of Fig. 8, suggests the presence
of a potential back thrust fault.

To rigorously assess the uncertainties associated with
the relocated events obtained using the HypoDD method,
we employed a bootstrapping technique, a powerful statisti-
cal method widely used in various scientific disciplines to
estimate uncertainties. This technique involves resampling
the data with replacement and calculating the statistic of
interest for each resample. In our study, bootstrapping was
applied to analyze the variability and reliability of the event
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Bejaia MS1 Mrr, Mtt, Mff, Mrt, Mrf, Mtf Bejaia LA Mrr, Mtt, Mff, Mrt, Mrf, Mtf Bejaia MS2 Mrr, Mtt, Mff, Mrt, Mrf, Mtf
18 MAR 2021 | 7.41,-9.09, 1.67, -0.03, 0.98, -1.89, x10**17 N 18 MRS 2021 31,-5.85,0.54,-0.79, 0.61, -1.24, x10**16 N 19 MAR 2022 | 6.49,-8.19, 1.70, -3.33, 2.02, -1.48, x10**16 2
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Fig.4 (Top) Moment tensor solutions and best-fitted waveforms
for the MS-2021 mainshock, its largest aftershock (LA), and the
MS-2022 event. The observed data are represented by black lines,
while the synthetic data are shown in red. The legend at the top pro-
vides information on the moment tensor parameters, resolved fault
planes, scalar moment (M), moment magnitude (Mw), variance, and

Table 2 Average corner frequency (f,), seismic moment (M), source
radius (r), stress drop (Ac), multiplicative error factors (EM, and
Ef.), and mean values of moment magnitude (Mw) and displacement

focal depth. The text labels on each waveform indicate the velocity
in centimeters per second. (Bottom) Focal sphere solution derived
from the first arrival P-wave polarities, along with the corresponding
parameters for the MS-2021, LA, and MS-2022 events. The "score"
and "quality" parameters assess the similarity between the observed
polarities and those predicted by the model

(U) for the 2021 Bejaia mainshock (MS-2021), LA, and 2022 Bejaia
mainshock (MS-2022)

Event Time f.(HZ) Ef. M, (Nm) EM, Ao (Mpa) R (m) U (m) Mw
MS-2021 18/03/2021 00:04 0.24 1.18 9.07 10" 1.38 0.61 8663 0.13 5.94
LA 18/03/2021 00:17 1.14 1.27 5.27 10'° 1.18 4.00 1793 0.17 5.12
MS-2022 19/03/2022 09:59 1.01 1.12 1.12 107 1.26 591 2024 0.29 5.34

locations. Specifically, we generated 10 000 new datasets by
randomly selecting observations from the original dataset
(Fig. 8), allowing for the possibility of repeated selection.
By recalculating the relative location error for each of these
resampled datasets, we obtained a comprehensive distribu-
tion of location uncertainties. We used the median absolute
deviation (MAD) of the bootstrap distribution of hypocentral
coordinates to estimate the uncertainty. Unlike traditional

measures of dispersion such as standard deviation, MAD
is robust and less influenced by outliers or extreme values
(Trugman et al. 2017 references therein). The resulting
uncertainties in longitude, latitude, and depth were deter-
mined to be 397 m, 433 m, and 567 m, respectively (Fig. 8).
These values indicate the variability and spread of the event
locations, providing valuable insights into the reliability and
confidence of our relocation results.
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Fig. 5 Example displacement spectra at station ABSD. The left panel
displays three-component instrumentally corrected velocity seismo-
grams of the Mw 6.0 Bejaia mainshock (MS-2021) that occurred on
March 18, 2021. The blue-shaded areas indicate the time windows
corresponding to the P-wave trains, which are further magnified in
the central panel. On the right panels, the displacement spectra of

In order to visualize the aftershocks sequence in its geo-
logic environment within the Bejaia Bay, we acquired an
interpreted NNW-SSE seismic reflection profile (Arab et al.
2016; Fig. 9a and b), which is near-parallel to our NNW-
SSE cross section showing the fault dip. At first glance, the
MS-2021 depth and focal mechanism matched perfectly the
thrust fault labeled TF1 (Fig. 9b). The aftershocks depths
occurred in the crystalline basement of the continental crust,
without any events in the sedimentary layers at shallower
depths (more details in the discussion).

Figure 10 shows the focal mechanisms inversions in
the epicentral area (Fig. 9). Stress inversion indicates a
sub-vertical o5 orientation (plunge N85E/azimuth 184°),
and sub-horizontal ¢, (plunge NO1E/azimuth 075°) and o,
(plungeNO4E/azimuth 345°). This analysis indicates that the
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the P-wave seismograms are presented. The fitted spectra are shown
in blue, while the observed spectra are represented by black lines.
The gray lines represent the smoothed spectra. Additionally, the red
crosses indicate the values of €, (lower frequency) and f, (higher fre-
quency)

current stress field is characterized by a contractional regime
(R'=2.99+0.24; Fig. 10), in agreement with the NNW-SSE
Africa—Eurasia convergence orientation (Bougrine et al.
2019) and with previous studies around LKB (Bendjama
et al. 2021, Yelles-Chaouche 2021; Boulahia et al. 2021).

Discussion

After the Boumerdes earthquake on May 21, 2003, with a
magnitude Mw 6.8, the current Bejaia Bay earthquake on
March 18, 2021, with a magnitude Mw 6.0, is the largest
offshore earthquake in the past 20 years. The occurrence of
such a strong earthquake in northern Algeria is rare, with
an average of three to five per century. Nevertheless, this
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Fig.6 a Horizontal distribution of the 475 located events recorded
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The plain dots are color-coded based on the magnitude range of the
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earthquake is an expression of the ongoing processes of
deformation at the Algerian margin as a result of the oblique
convergence of Africa and Eurasia. The offshore location
of the MS-2021 epicenter, where a series of quakes with

magnitudes around Mw 5 have regularly occurred since
2012, raises concerns about the underlying mechanics of
faulting and the factors that control seismic activity. For
example, in the Bejaia—Jijel area, a large amount of strain
build-up and simultaneous rupture on several segments are
highly plausible; the historical earthquake that struck Djid-
jelli on August 21-22, 1856 (I,: X) complies with this sce-
nario (Yelles-Chaouche et al. 2009).

Starting from the Oligocene times, the eastern Algerian
margin has been subjected to multiple tectonic phases, evi-
denced by significant vertical motions in both directions and
successions of crustal extension and compression (Jolivet
and Faccenna 2000), leading to the development of struc-
tures with variable orientations and kinematic histories and,
therefore, variable potential for reactivation under the pre-
sent stress conditions. In order to provide a seismotectonic
interpretation of the Bejaia Bay seismic sequence and an
earthquake-fault association, we compared the MS-2021
focal solutions and aftershock locations to the geometry of
the margin fold-and-thrust faults. The structure of the east-
ern Algerian basin was defined by Arab et al. (2016) using
a combination of new set of offshore deep penetrating seis-
mic, conventional MCS sections, and wide-angle seismic
data. In the deep part of the lower margin the south-dipping
ramps were well evidenced, supporting previous interpreta-
tions (Yelles-Chaouche et al. 2009). They form en echelon
segments parallel to the margin and express the antithetic
inversion of the margin comparatively to the Alpine north-
dipping thrusting (Mock and Herwegh 2017). The en ech-
elon pattern of the thrusts results from the reactivation of the
NW-SE wrench faults during inversion (Arab et al 2016).
The MS-2021 focal mechanism shows roughly E-W striking
planes, one plane gently dips toward the south (thrust fault),
and the second steeply dips toward the north (a reverse
fault). The epicenter of the earthquake indicated that the
seismogenic source is located on the OCT (Ocean-Continent
Transition), which is less than 40 km from the shoreline
(Mihoubi et al. 2014). The overthrusting of the Kabylian
basement is accommodated at the OCT (Klingelhoefer et al.
2022). Aftershocks concentrate within the Lesser Kabylian
basement, their hypocentral distributions depict an align-
ment S-dipping with 36°. The folding of Pre-Messinian units
is the most compelling evidence for crustal shortening at the
foot of the Algerian margin off Jijel and the presence of a
thrust-fault emerging from the hinge of the Lesser Kabylian
basin and basement rise (Mihoubi et al. 2014). Therefore,
the tectonic structure that best fits these requisites seems to
be the upper-thrust blind fault south-dipping labeled as TF1
(Fig. 9). Furthermore, five main south-dipping ramps that
exert a strong control on the seafloor morphology and depo-
sitional patterns were identified offshore Boumerdes (central
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Algerian margin), where two of them generated the Boume-
rdes earthquake on May 21, 2003, Mw 6.8 (Déverchere et al.
2005). The historical Djidjelli earthquake rupture on August
21-22, 1856 (I,: X) was simulated on three south-dipping
segments (ES, CS, and WS; Fig. 11) (Yelles-Chaouche et al.
2009). The active faults evidence the underthrusting of the
Neogene oceanic domain below the Algerian margin, which
might represent an incipient stage of subduction (Auzende
et al. 1975).

Earthquakes commonly occur either as mainshock—after-
shock or as seismic swarms. Each one highlights differ-
ent triggering process. The Bejaia—Bay aftershock activ-
ity exhibits classical patterns of aftershock sequences by
showing (1) Aftershock distributions fit the Omori-law
decay in the rate of events with time (p value =0.95);
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distributions. b Cumulative number fitted by the Omori—Utsu law.
¢ Probability density of time intervals between seismic events

(2) Their magnitude follows a Gutenberg—Richter law
(b-value=0.83); (3) The temporal clustering (n-value=0.75,
which means 75% are triggered events); (4) No migration
pattern underlined, the MS-2021 likely reactivates the
entire area quasi-instantaneously; and (5) The aftershocks
hypocenters are located in a radius less than 10 km from
the MS-2021 hypocenter, which ruptured a segment fault
of ~18 km (Table 2). From the provided elements, the
sequence shows aftershock-like behavior, which is caused
primarily by stress changes due to slip dislocation during
the mainshock or its afterslip (Yukutake and Iio 2017).
Therefore, the aftershocks are likely to be triggered by static
stress transferred from the mainshock (Stein 1999); most of
the aftershocks represent the rupture of fractures surround-
ing the mainshock fault, rather than the re-rupture of the
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Fig.8 Horizontal and vertical distribution of relocated events and
focal mechanisms. The figure displays the horizontal distribution
of the relocated events and provides two cross sections, A1-B1 and
A2-B2, showcasing the vertical distribution. The color scheme indi-
cates the depth of the events. The focal mechanisms of 40 key events,

mainshock fault, participating to equilibrate the stress after
earthquake perturbation. The process behind the aftershocks
located close to the mainshock is the coseismic Coulomb
stress transfer. Furthermore, two previous studies (Boulahia
et al. 2021 and Yelles-Chaouche et al. 2021) highlighted
positive charge loaded from coseismic Coulomb stress trans-
ferred from approximate earthquakes (Fig. 12). Moreover,
the oblique stress compression (N345°E) inferred from focal
mechanisms matches the NNW-SSE Africa—Eurasia con-
vergence direction (Bougrine et al. 2019), which suggests
that the stress tensor is controlled by the overall regional
stress field.

The Bejaia—Babors Transverse Zone (Boulahia et al.
2021), located between LKB and GKB, is one of the
NW-SE fault zones that dissect the lateral continuity of the
margin thrust front. The transverse zone includes two major
vertical shear zones, BTF (Babors Transverse Fault) and
Aftis Fault with its prolongation offshore (Arab et al. 2016
and Abacha et al. 2023). Both constitute, respectively, the
westernmost and easternmost limits of the ruptured thrust

corresponding to the numbers in Table 3, are also depicted. Relative
location uncertainties obtained via 10,000 bootstrap resampling of the
hypocentral coordinates are shown, with the contour representing the
95% confidence ellipsoid in the x (E-W), y (N-S), and z (up-down)
directions

segment (Fig. 11). Thomas (1990) gives a thorough explana-
tion of the factors that could affect where transverse zones
are located in thrust systems, including the existence of
deep pre-existing lineaments, the pre-thrusting deformation
of cover layers above deep faults, and changes in mechani-
cal stratigraphy. The best candidate for controlling the ori-
gin of the Bejaia—Babors Transverse Zone can be identi-
fied in the presence of pre-existing lineaments. Arab et al.
(2016) identified on the field and offshore a set of NW-SE
dextral strike-slip faults in the northeast Algerian margin,
with vertical components acting primarily during the syn-
rift phase, and they predicted their reactivation during the
inversion. Transverse zones structures are the site for the
development of tear faults and lateral ramps that interact
with frontal ramps and thrust-related folds, causing abrupt
along-strike changes in the lateral continuity of thrust-stacks
(Zanchi et al. 2012), and as previously stated the en echelon
pattern of the northeastern Algeria offshore thrust ramps
was shaped by the reactivation of the NW—-SE wrench faults
during inversion. The Bejaia—Babors transverse faults are
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Table 3 Fault plane solutions for the 2021 Bejaia mainshock (MS-2021), LA, and 38 key aftershocks of the Bejaia earthquake sequence

No. Date Origin time Md Location Depth Nodal Plane 1 Nodal Plane 2 Score  Quality

Lat(N) Lon(E) Km  Strike (°) Dip(°) Rake (°) Strike(®) Dip(°) Rake(®)

1 18/03/2021 00:04 59 36.8543 52175 11.79  69.7
2 18/03/2021 00:13 4.1 36.8418 5.2866 10.17 80.8
3 18/03/2021 00:17 52 36.8464 52941 1122 799
4 18/03/2021 00:36 32 36.8218 52666 08.95 623
5 18/03/2021 01:04 32 36.8399 52425 11.11  67.1
6 18/03/2021 01:28 3.0 36.89067 52928 08.66 51.4
7 18/03/2021 01:30 277 36.8587 5.2776 09.97 284.5
8 18/03/2021 01:35 33 36.8397 52707 08.14  50.8
9 18/03/2021 01:38 3.7 369011 52942 08.87 653
10 18/03/2021 02:14 29 36.9024 5.3083 0849 60.5
11 18/03/2021 03:29 25 36.7721 52713 1811 77.6
12 18/03/2021 04:27 2.1 36.8386 5.2654 09.90 64.4
13 18/03/2021 06:46 3.0 36.8120 5.2670 12.12 51.6
14 18/03/2021 16:21 44 36.5713 5.1743 1288 112.8
15 18/03/2021 17:22 3.3 36.8171 5.3462 17.55 129.0
16 18/03/2021 19:05 3.7 36.8995 53266 19.75 153.3
17 18/03/2021 19:16 3.6 36.8861 52411 19.82 815
18 19/03/2021 01:32 2.8 36.8847 5.2338 17.55 255.7
19 19/03/2021 02:23 3.1 369385 5.2988 18.35 263.2
10 19/03/2021 08:33 35 36.8618 52497 1793 724
21 19/03/2021 20:44 2.9 36.8559 5.2138 11.07 2574
22 19/03/2021 22:11 29 36.7886 53111 13.10  60.0
23 19/03/2021 22:25 29 36.8664 5.3007 11.88 974
24 20/03/2021 01:42 2.6 36.8665 5.3005 11.62 75.0
25 20/03/2021 01:51 3.6 36.8682 53024 1191 85.7
26 20/03/2021 02:06 2.8 36.8663 5.3017 12.03 67.8
27 20/03/2021 02:32 2.8 36.8643 53011 11.79 120.3
28 20/03/2021 03:37 29 36.8652 52995 1197 268.2
29 20/03/2021 04:17 2.8 36.8669 5.3037 11.72 114.0
30 20/03/2021 06:17 33 36.8647 53024 11.87 128.8
31 20/03/2021 11:32 277 36.8158 52702 1225 39.2
32 20/03/2021 22:37 2.7 36.8652 52687 13.59 845
33 22/03/2021 00:56 2.5 36.8438 52098 10.12  80.5
34 23/03/2021 09:12 3.1 36.8233 52691 10.21 128.2
35 23/03/2021 17:49 2.6 36.8193 52635 1226 725
36 24/03/2021 04:57 2.6 36.8621 5.2979 1195 122.0
37 24/03/2021 22:08 2.1 36.8086 5.2451 12.50 73.0
38 24/03/2021 23:01 22 36.8341 5.2290 08.75 281.4
39 24/03/2021 23:23 4.3 36.8649 5.2992 12.08 86.0
40  01/04/2021 16:22 3.0 36.8091 5.2688 12.12  63.1

342 89.0 250.9 55.8 90.7 951 584
25.8 89.6 260.5 64.2 90.2 81 66.4
40.4 90.1 259.8 49.6 89.9 947 604
38.1 89.7 242.6 51.9 902 875 672
33.5 89.0 248.4 56.5 902 949 741
45.0 90.0 230.4 45.0 892 815 61
81.5 89.9 105.2 8.5 90.7 100 69.4
343 89.9 105.2 55.7 90.7 944 704
353 88.8 246.8 54.7 90.8 100 69.2
372 89.3 241.3 52.8 90.5 65 56
18.3 91.1 256.4 71.7 89.6 52 544
36.8 89.1 245.5 53.2 90.7 78.6 644
34.7 89.3 232.5 55.3 90.5 826 63.6
16.2 86.8 296.1 73.8 909 96.6 787
20.6 87.8 311.4 69.4 90.3 80 61.1
16.2 113.3 309.1 75.2 834 875 605
259 90.7 260.8 64.1 89.7 684 53.6
68.7 92.2 69.8 21.4 845 582 59
66.8 89.9 83.6 232 90.3 833 585
23.4 87.2 225.5 66.6 912 80 56.4
70.0 90.2 76.9 20.0 89.5 86.2 70.4
90.0 240.0 52.0 90.0 171.8 100 72
36.8 89.1 260.5 532 90.7 786 66.2
22.6 88.9 256.2 67.4 90.5 842 693
44.0 914 263.7 46.0 88.6 944 671
23.1 914 246.3 66.9 89.4 944 631
25.1 84.0 306.9 65.0 928 744 65.6
44.7 89.4 89.0 453 90.6 100 66.5
43.4 88.9 295.5 46.6 91.0 944 659
38.5 922 306.1 51.5 88.3 842 622
442 91.3 217.5 45.8 88.8 80.4 70.4
40.6 91.9 262.0 49.5 884 933 655
355 89.0 253.8 63.9 89.2 61.1 899
55 89.6 308.6 84.5 90.0 848 689
34.5 90.0 252.5 55.5 90.0 91.7 90
63.9 179.8 247.0 66.4 904  66.7 583
15.3 90.1 252.9 74.7 909 922 70.6
48.7 88.7 103.3 41.3 91.4  991.7 70.6
26.5 89.7 266.4 63.5 90.2 841 693
11.8 90.6 242.5 78.2 899 92 68.6

The parameters ‘Score’ and ‘quality’ are defined in Fig. 4

currently activated as oblique right-lateral strike-slip faults,
attested by the occurrence of several moderate earthquake
sequences such as the 2012-2013 seismic sequence with
three events having 5.0 <Mw <5.2 along BFT fault and an

@ Springer

Mw 5.0 event in El-Aouana on January 24, 2020, which
ruptured a small segment of Aftis fault. The question that
arises is whether this intense seismic activity along the
transverse system contributed to the failure of MS-2021
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Fig.9 a Bathymetry and topography of the Bejaia area, encom-
passing the GKB, Babors, and Bejaia Bay. The resolution is at 50m
intervals (modified from Domzig 2006). The dotted black line corre-
sponds to the southern segment of the P1 seismic section off Bejaia,
as described by Arab et al. (2016). b Structural and stratigraphic

and MS-2022 a year later. Stress transfer between thrusts
and tear faults has been observed in many earthquakes; for
example, the 2003 Mw 6.8 Boumerdes earthquake (Lin et al.
2011). They found that slip-on tear faults linking en echelon

interpretation of section P1, adapted from Arab et al. (2016), with
the addition of a sectional view depicting the focal sphere of the
MS-2021 earthquake. The depth units have been converted from two-
way travel time (twt) to kilometers

thrust sources are strongly promoted by an adjacent thrust
earthquake. Magistrale and Day (1999) indicated that the
presence of a tear fault favors the jump of dynamic rup-
ture from the source earthquake thrust fault to its adjacent
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Fig. 10 Stress inversion results
displaying selected focal

planes projected onto the lower
hemisphere using Schmidt
stereographic projections. The
violet lines represent the focal
planes, while the three principal
stress axes (ol: circle, 02:

triangle, and ¢3: square) and the @
horizontal stress axes (SHmax: xcl: 04/345
: i A
violet arrows ar}d SHmin: green /O\G,: 01/075
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thrust fault segments, which might explain the mechanism
at play for the rupturing of the three segments during the
Djidjelli earthquake on August 21-22, 1856. According to
Akoglu et al. (2018), tear faults either act as a barrier to
impede the rupture or instead help it to jump to adjacent
thrust segments. So did the Bejaia—Babors transverse system
act as a barrier, preventing the rupture from jumping to the
thrust faults in the west—toward the Great Kabylian thrusts;
offshore and the one inland, fringing the Soummam Valley
to the north? Based on historical catalogs, it could be the
case, no strong or destructive earthquakes have ever been
recorded on the thrust faults bordering the GKB offshore
and inland. On the other hand, is the worst-case scenario
realistic? Which involves the rupture of several en echelon
thrust segments east and west of the transverse system, given

@ Springer
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the short time covered by the historical catalogs and the
absence of Paleo-earthquake evidence, it could be the case
either. What is certain is that large ruptures on either the east
Lesser Kabylian thrusts offshore or the west Great Kabylian
thrusts (both offshore and its parallel inland) would have
a significant impact on several densely populated districts.
Therefore, the interplay between these fault systems required
further seismotectonic investigations.

The installation of the Algerian Digital Seismologi-
cal Network in 2007 and beyond represented a significant
improvement in earthquake monitoring capabilities for the
country, allowing for more accurate, timely detection, and a
comprehensive understanding of earthquake activity in dif-
ferent regions, especially around the Lesser Kabylian Block,
following a series of moderate events in the last few years.
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Fig. 11 Tectonic context of the study area, highlighting the newly
identified Bejaia segment (red rectangle) determined in this study.
The 2019 and 2014 earthquakes (Yelles-Chaouche et al. 2021) are
represented by green and yellow, respectively. The ES, CS, and WS
fault segments (Yelles-Chaouche et al. 2009) are depicted by gray
rectangles. The focal mechanisms of the main events and the primary

The seismic analysis of these sequences provides valuable
insights into the underlying geology and tectonic processes
governing earthquake activity. The recently computed focal
mechanisms in the zone between lesser and greater Kab-
ylian blocks show right-lateral strike-slip faulting on oblique
faults, which led to the identification of an unknown NW-SE
transverse fault system separating the two blocks (Boulahia
et al. 2021 and Abacha et al. 2023), breaking in this area a
long-lasting consensus that attributes the seismic activity
to the NE-SW Kharrata reverse fault (Boulahia et al. 2021
and references therein). The moderate events that occurred

active faults in the study area, as reported by Boulahia et al. (2021)
and Abacha et al. (2023), are also shown. The green number repre-
sents the horizontal displacement rates along the offshore faults in
mm/yr. The violet arrow denotes the GPS velocity based on Bougrine
et al. (2019). The main parameters of the stress tensor are presented
in blue

offshore on the LKB westernmost thrusts (Yelles-Chaouche
et al. 2021) mark the instrumental era of seismic activity,
along with the current Bejaia Bay sequence, which par-
tially fills a seismic gap between the previous thrusts and
the oblique transverse system. This last connects the trans-
verse system to the major dextral Mcid Aicha-Debbagh fault
(MAD); according to Bougrine et al. (2019), its length is
about 400 km, and numerous moderate seismic sequences
took place along this major structure (Bendjama 2022),
which allow disclosing the mechanism of the strain parti-
tioning in an oblique convergence context: the strike-slip
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Fig. 12 Calculated Coulomb stress changes resulting from the 2014
Ziama and 2019 Jijel earthquakes (a), as well as the cumulative effect
of the four main events of the Bejaia 2012-2013 sequence (b), dis-

partitioned motion from along the thrust offshore system
in eastern Algeria was transferred to the MAD fault; the
transfer occurs by slip on the NW-SE right-lateral trans-
verse fault system connecting the two previous systems
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played on optimally oriented fault planes. The figure has been modi-
fied based on the work of Yelles-Chaouche et al. (2021) and Boulahia
et al. (2021) to include the area of the 2021 aftershock cluster

(Boulahia et al. 2021; Bendjama 2022; Abacha et al. 2023).
The swarm-like seismic activity associated with hydrother-
mal sources along the NE-SW Jebel Safia Fault, east LKB,
reveals the role played by fluids in triggering earthquakes
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(Abacha 2015). The critical gap remaining is in Annaba on
the offshore thrust faults, described from swath bathymetry
and high-resolution seismic data (Kherroubi et al. 2009),
which have not experienced significant earthquake activity,
low or strong, for a long period of time, therefore, are the
thrust faults locked or creeping aseismically? It is vital to
identify stress release or building on these fault systems,
similar to the gap on the thrust faults offshore GKB.

Conclusion

The mainshock and aftershocks of the 2021-2022 Bejaia
Bay seismic sequence are an episode of the seismic crisis,
which started in the Bejaia region since 2012. It shows
the activation of an E-W thrust fault ramp in the margin
toe of the Lesser Kabylia Block, which is composed of a
main distinct fault labeled TF1, gently south-dipping, and
belonging to a set of blind thrust faults. The active faults
evidence the underthrusting below the Algerian margin,
which might reflect the incipient stage of subduction. The
seismic sequence aftershocks originate from coseismic stress
transfer at a short distance from the mainshock. The tec-
tonic loading is driven by Africa—Eurasia convergence. This
new event gave the opportunity to detail the complex active
deformation pattern in the Bejaia bay where a set of four
main active faults converge. The current study shows the en
echelon thrust fault system, which is dissected by strike-slip
faults and may play a critical role in the rupture of concur-
rent segments. This study paves the way for future research,
which should address the seismic gap on the activated area’s
eastern end and the GKB offshore system.
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