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

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

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

X Birkhauser


https://doi.org/10.1007/s00024-023-03265-3
https://doi.org/10.1007/s00024-023-03265-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-023-03265-3&amp;domain=pdf
https://doi.org/10.1007/s00024-023-03265-3

1946 I. Abacha et al. Pure Appl. Geophys.

[(Al):Alboran; (Ka) Kabylides; (Pe) Peloritani; (Ca): Calbria]=> AlKaPeCa: (Bouillin, 1986)

L-PB: Liguro-Provencal Basin

AB: Algerian Basin
TB: Tyrrhenian Basin
06.00° 06.50° 07.00° 07.50° 08.00°

oy
Saharan Platfor,

Bejaia Eq Bejaia Eq
19/03/22 18/03/21
Mw=52 Mw=6.0

2017 Eq sequence
| along MAD Fault

LKB

¥ 1 iSDMS_I SDMS2  KMS i
07/08/20  17/07/20 04/03/17 04/03/17  05/04/17 04/03/17
Mw=50 Mw=48  Md=30 Md=32 Mw=47 Ma=30

P 0 ? -
e g MADF Y Md=4o M4
36.50°— o ; R g--o{ =" [20T73D Kq sequence] ‘,,"C.M i Kj“’;;m 3 g WF |
P Y v ¢ basin Eq ¥y .\ Guelma
2018-2020, 2012-2013 l 2020 Mila Eq seq 8 O Bs. 1 basin @
TZN-D [Bejaia-Babors ——— | Le Kantour Eq
peismic crisis Eq sequences‘ 0 30 km‘ e ln%.-“? ﬁﬂﬁ Ei]),selsn;lic crisisl” m
I |

MADF: M’cid-Aicha Debbagh Fault (Raoult, 1974)

KF: Kharreta Fault (Meghraoui, 1988)

JSF: Jebel Safia Fault (Vila, 1980)

KanF: El Kantour Fault (Vila, 1980)

OFSK: Offshore Faults system of Kabylia (Domzig, 2006)

OFSJ: Offshore Faults system of Jijel (Yelles-Chaouche et al., 2009)
OFSA: Offshore Faults system of Annaba (Kherroubi et al., 2009)

AF: Aftis Fault (Arab et al., 2016)
TF1: Transtensional Fault 1 (Arab et al., 2016)
TF2: Transtensional Fault 2 (Arab et al., 2016)
MF: MARADIJA Fault (Domzig, 2006)

C-M basin: Constantine-Mila basin

LKB: Lesser Kabylia Block

GKB: Greater Kabylia Block

SD: Sidi Dris

HD: Hammam Debbagh

TZN-D: Tizi N’Berber-Darguinah
BBMS: Bejaia-Babors MainShock
MMS: Mila MainShock

JMS: Jijel MainShock

EAM: El Aouana MainShock

Figure 1

a Generalized map of the occidental Mediterranean, outlining the AlKaPeCa units (red color) along the current African-European plate

boundary. The blue line denotes the Eurasia—Africa Plate boundary (simplified from Bird, 2003). b Seismicity in the LKB region is plotted

with filled circles retrieved from CRAAG seismic catalogs for the 20072020 period. All main recent events of M > 5 until 2022 are also

shown. ¢ Map of the potential main active seismic structures (Domzig, 2006; Kheroubi et al., 2009; Meghraoui, 1988; Vila, 1980). The main

recent seismic sequences (2012-2021) and specific mainshock focal mechanisms are also shown. The BTF, TDF, and LF (red lines) are the
three fault segments determined by the aftershock distribution (Abbas et al., 2019; Boulahia et al., 2021)
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Analysis of this sequence and review of largely recent
studies present an opportunity to construct a thorough
fault geometry model. Uncovering the fault zone
geometry is essential to understanding how faults
evolve and the mechanics of earthquake rupture.
Transcurrent faults never occur as simple planar
faults through the crust. Instead, they define com-
posite fault zones or brittle-ductile shear zones
characterized by braided, parallel, or en echelon
faults that are not perfectly straight (Sylvester, 1988).
Since tectonic activity along shear zones frequently
occurs over extended periods of time, these zones
grow in width and length mainly following a process
of segment linkage that typically generates hetero-
geneous and composite zones characterized by
anastomosing patterns (Fossen & Cavalcante, 2017).
The fault damage zone is the volume of deformed
wall rocks around a fault core or slip surface resulting
from incipient strain localization prior to fault for-
mation or fault propagation, occurring during slip
accumulation on nonplanar faults, and as a result of
various types of fault interactions, which provides
valuable information regarding fault initiation, prop-
agation, and growth, as well as earthquake initiation
and termination (Jin & Kim, 2020 and references
therein). Therefore, a variety of accommodation
structures can develop (Poli & Renner, 2004). Fig-
ures 1c and 2 show the various structures belonging
to the NW-SE dextral strike-slip faults in the study
area. The mapped traces of strike-slip faults are
commonly characterized by discontinuities that
appear as steps in map view (Wesnousky, 1988).
Linking damage zones evolve between the interacting
tips of adjacent faults (Kim et al., 2001). Bends and
stepovers occur along all strike-slip systems (e.g.,
Christie-Blick & Biddle, 1985; Crowell,
1974a, 1974b), thereby creating zones of compres-
sion (restraining bends) and tension (releasing bends).
As the fault displacement is increased through repe-
ated earthquakes, they are also likely to grow in
length (Jackson 1996). Therefore, in this study, we
proposed a theoretical model of fault growth that
attempts to explain several empirical observations.
In this paper, the spatial and temporal evolution
characteristics of precisely relocated aftershocks are
documented, the fault architecture is defined, the
transverse fault segments within a dextral Riedel
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shear zone are examined, and the segmented fault
evolution is finally modeled, thereby reconciling the
results of this study and previous works.

2. Geological and Seismotectonic Settings

2.1. Geological and Tectonic Framework

The El Aouana region is located at the western
end of the LKB, and this block resulted from the
breakup of the Alboran microplate (Andrieux et al.,
1971), formerly situated at south European margins.
It is also known as AlKaPeCa (Bouillin et al., 1986),
which encompasses the following peri-Mediterranean
blocks, from west to east: (1) the Alboran system
formed by the Betics and Rif in Spain and Morocco,
respectively; (2) the Kabylides block formed by the
Greater and Lesser Kabylia Blocks (GKB and LKB,
respectively) in Algeria; (3) the Peloritani block in
Sicily; and (4) the Calabria block in southern Italy
(Fig. 1a). The Kabylides zone involves rigid Paleo-
zoic metamorphic units belonging to the internal
domain of the Maghrebides chain. Following Alpine
and metamorphism, these blocks
migrated to their current locations during the opening
of the Algerian, Liguro-Provencal and Tyrrhenian
basins (A, L-P, and T, respectively, in Fig. 1a) by
closely following an E-W extension direction
(Alvarez et al., 1974; Bouillin, 1986; Cohen, 1980;
Dewey et al., 1989). The Kabylides blocks collided
and overthrusted the external domain of the African
margin during the Oligocene—early Miocene (Dur-
and-Delga, 1969). In eastern Algeria, the LKB
overthrusted the para-autochthonous Tellian sedi-
mentary units of the Babors chain (Kiréche, 1993).
The LKB behaves as a rigid block; (1) this finding is
supported by geologic observations (Durand-Delga,
1969), and (2) significant seismicity is lacking within
the block (Fig. 1b), whereas historical and instru-
mental seismicity (2012-2021) are concentrated
around the block (Fig. 1c) (Abacha et Yelles-
Chaouche et al., 2019; Boulahia et al., 2021; Bend-
jama et al., 2021); moreover, (3) active deformation
is manifested at the LKB borders (Bendjama et al.,
2021; Bougrine et al., 2019; Yelles-Chaouche et al.,
2021).

deformation
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<«Figure 2
Geologic setting of the western part of the LKB and Babors zone.
Stratigraphic contours are obtained from Vila (1980) and Kireche
(1993), black tectonic features are obtained from Vila (1980) for
the LKB, from Kiréche (1993) for Babors, and from Domzig
(2006) for the offshore area. Red active faults (BTF and TD) are
retrieved from Boulahia et al. (2021); LF is retrieved from Abbes
et al. (2019); and AF, TF1 and TF2 are retrieved from Arab et al.
(2016); while fold axial traces are shown as white dashed lines
(Kireche, 1993)

The structural framework of the epicentral area is
related to successive tectonic phases since the
Oligocene, leading to the juxtaposition of the LKB
with the Babors external domain. The main contact
between the LKB and Babors chain is buried under a
thick stack of gravitational thrust sheets and olis-
tostromes (Fig. 2). Following the main thrusting
event, the area experienced an extension phase
expressed in the El Aouana zone as the emplacement
of a prominent massif of intrusive and extrusive
igneous rocks along the main fault (Villemaire,
1988). The extension phase was followed by a
significant contraction period, as expressed by the
reactivation of multiple basement strike-slip and
thrust faults (Guiraud, 1977; Vila, 1980). Many of
these faults are currently known as active structures,
such as the newly identified (Boulahia et al., 2021)
NW-SE Babors transfer fault system and the N70E
Kherrata fold-related fault (KF) (Meghraoui, 1988;
Rothé, 1950). The contact between the LKB and
Babors chain is underlined by several NW-SE strike-
slip faults affecting the postthrust sheet framework
(Arrab et al., 2016; Robin, 1970; Vila, 1980), as
documented in the El Aouana igneous massif (Ville-
maire, 1988). Kireche (1993) also mapped multiple
NW-SE faults in the Selma Ben Ziada area. The
offshore part of this system (the Bejaia Gulf, a part of
the Algerian basin) constitutes a back-arc basin,
where a Mio-Pliocene sedimentary series was
deposited atop a substratum of a laterally variable
origin and nature. This basin evolved within the
framework of dextral transtension, which was gov-
erned by a network of strike-slip faults with a normal
extension component that generally ran NW-SE
(Arab et al., 2016).
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2.2. Seismotectonics of the LKB

The LKB is surrounded by several active faults.
The seismicity associated with the northern end of the
LKB has been poorly constrained for decades due to
the lack of marine investigations and a satisfactory
seismic network coverage. This area is characterized
by an approximately E-W offshore thrusting fault
system (OFS) stretching from Bejaia to Annaba
(Domzig, 2006; Kherroubi et al., 2009; Yelles-
Chaouche et al., 2009) and accommodates 1.5 mm/
y of the entire Africa—Eurasia plate convergence
(Bougrine et al., 2019). Prior to two recent earth-
quakes, no seismic activity has been reported along
these faults since the 1856 Djidjelli earthquake of
Ip = X, which triggered a moderate tsunami in the
western Mediterranean region. These two Mw > 4.1
events comprise the first instrumental signature of
seismic activity in the Jijel margin. The first event,
with a magnitude of Mw 4.1, occurred 20 km
northwest offshore Jijel on March 25, 2014, while
the second event, with a magnitude of Mw 5.0,
occurred 40 km north of Jijel on July 13, 2019
(Fig. 1b and c). These events were generated by two
approximately E-W thrust fault segments belonging
to the offshore fault system (OFS) of the Jijel margin
(Yelles-Chaouche et al., 2009, 2021) (OFSJ, Fig. 1b).
West of the OFSJ, two important events were
recorded in the Bejaia Gulf on March 18, 2021, and
March 19, 2022, with magnitudes of Mw 6.0 and 5.2,
respectively. Their focal mechanisms revealed ~ E-
W thrust faults, likely the western continuity of the
OFSIJ (Fig. 1b). Furthermore, Domzig (2006) mapped
a NNW-SSE-striking fault off the Bejaia Gulf as part
of the MARADIJA project, which we refer to here as
the MARADIJA Fault (MF).

The southern LKB border corresponds to the ~
E-W-trending Mcid Aicha Debbagh Fault (MADF),
extending > 80 km from the Mcid Aicha Massif
north of Mila to the Debbagh Massif north of Guelma
(Raoult, 1974). A recent study prolonged the fault to
Gharimadou in Tunisia by more than 400 km and
named it the Gharimadou-North-Constantine Fault
(GNCF) (Bougrine et al., 2019). This major structure
is characterized by transpression (Meghraoui &
Pondrelli, 2012) and accommodates 44% of the total
shearing, which results in a slip deficit rate of
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2.4 mm/y (Bougrine et al., 2019). The fault zone is
characterized by multiple small events and high b
values (Abacha, 2015). It appears that the MADF
comprises several small segments that reduce the
effective normal stress and yield high b values, which
provides favorable conditions for triggering small to
moderate earthquakes. Several seismic sequences
occurred along the MADF during the 2017-2021
period. The seismic sequence in 2017 occurred in
three distinct areas (El Kantour, Sidi Dris, and
Hammam Debbagh, Fig. 1b), culminating in an Mw
4.7 event in El Kantour (Bendjama et al., 2021). The
2020 Mila earthquake sequence was located at the
western end of the MADF near the Beni—Haroun
Dam and was characterized by the occurrence of two
main Mw 4.8 and 5.0 shocks on July 17 and August
07, 2020, respectively. The third event, with a
magnitude of Mw 5.3, struck the El Kantour region
near the 2017 event on November 22, 2020 (Fig. 1b).
Finally, in the Guelma pull-apart basin (the south-
eastern end of the LKB), a Mw 4.7 earthquake
occurred on April 1, 2021 (CRAAG).

At the western limit of the LKB, a newly
identified NW-SE right-lateral transfer fault (Boula-
hia et al., 2021) crosses the whole Babors Mountains
and Bejaia Gulf. This fault zone consists of (1) the
Babors Transverse Fault (BTF), which caused the
2012-2013 Bejaia-Babors earthquake sequences, (2)
the Tizi N’Berber-Darguinah Fault (TDF), which
produced the 2017-2020 seismic crisis, (3) the
Lalaam Fault (LF), which generated the 2006 Lalaam
earthquake (Beldjoudi et al., 2009), and the NNW-
SSE offshore active fault (Domzig, 2006). These fault
segments jointly constitute a transfer zone relying on
the OFS in the north and the MADF system in the
south (Boulahia et al., 2021). Geological field inves-
tigations near the El Aouana region have revealed a
NW-SE right-lateral strike-slip fault (denoted as the
Aftis Fault or AF) (Arab et al., 2016), which is more
likely to have hosted the 2020 El Aouana seismic
sequence, the subject of this study (Figs. 1c and 2).
The seismic interpretation procedure was applied to a
2D seismic dataset (Arab et al., 2016), which shows a
potential offshore extension of the AF through two
NW-SE dextral strike-faults (TF1 and TF2) exhibit-
ing an extensional component, i.e., transtensional
kinematics.

Pure Appl. Geophys.

The eastern LKB boundary corresponds to the
NW-SE Jebel Safia Fault (JSF) of Quaternary age,
associated with active hydrothermal sources (Abacha
et al.,, 2022; Harbi et al., 2003; Vila, 1980), and
characterized by swarm-like seismic activity (i.e.,
without a clear mainshock). The eastern limit also
coincides with a major 35 km long NW-SE-trending
tectonic feature, the El Kantour Fault (KanF in
Fig. 1c), exhibiting left-lateral strike-slip motion
(Marre, 1992; Raoult, 1974).

3. Methodology

3.1. Data Acquisition

To acquire data in our study, we retrieved the
2020 El Aouana mainshock and early aftershocks
from the Algerian Digital Seismic Network (ADSN)
database. Prior to installing portable stations, the first
locations were affected by significant errors, since the
nearest station (CDFR) situated 30 km away from the
epicentral zone and the gap reached ~ 180°
(Fig. 3a). To reduce the gap and the distances to
the aftershocks, we deployed, as a first step, four
mobile stations along the coast (SPO1, SP02, SP03,
and SP04), installing SPO1 in El Aouana city 28 h
after the mainshock. As a second step, we added three
more stations (SP05, SP06, and SP07) to surround the
region affected by seismic activity.

The seven stations of the temporary network were
equipped with Omnirecs CUBE3 24-bit digitizers and
Mark Products 122 three-component sensors (fc =

2.0 Hz), augmented with solar panels, and operated
in continuous acquisition mode at a sampling rate of
100 Hz. A summary of the recording periods at each
portable station is shown in Fig. 3b, which shows that
the maximum number of phase readings was obtained
at the SP0O4 station installed in Salma Ben Ziada
village.

3.2. Data Processing

To determine the absolute locations of the 360
events collected over 3 months since January 24,
2020, we employed the widely used program
HYPOINVERSE2000 (Klein, 2002) using manually
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picked phases P and S. The program also requires a
1D velocity model and Vp/Vs ratio. We investigated
the determination of P-to-S velocity ratios using the
modified Wadati method (Chatelin, 1978), with
which the slope of S-waves of differential travel
times (TS;-TS;) can be computed versus the corre-
sponding P-waves (TP;-TP;) for all station pair
combinations (i, j). A minimum 1D velocity model
can be obtained by simultaneous inversion of arrival
time data for hypocenter locations, seismic velocities,
and station corrections (Kissling et al.,, 1994).
Primarily, we used the lJijel wide-angle seismic
profile as an a priori model (Mihoubi et al., 2014),
located ~ 12 km east of the epicentral zone
(Fig. 3b). Second, we provided a good-quality subset
of available events, meeting the criteria of a maxi-
mum root-mean-square (RMS) value of 0.2 s and
maximum horizontal (ERH) and vertical (ERZ) error
values of 2 km, resulting in 306 events. The obtained
velocity model consists of three layers whose P-wave
velocities range from 5.5 to 7.1 km/s over the
0-20 km depth range (Fig. 4a). The computed Vp/
Vs ratio is 1.76 (Fig. 4b). To refine the cluster of
absolute locations, we applied a double-difference
relocation procedure using the HypoDD algorithm
(Waldhauser & Ellsworth, 2000), which employs
both a catalog of P&S arrivals and cross-correlation
time delays. The uncertainties associated with the
relocation process were estimated using a bootstrap
resampling method (Efron, 1982).

To compute focal mechanisms, we implemented
the SPHERA routine (Rivera & Cisternas, 1990).
With the use of the highest initial motion of P-wave
polarities, we calculated 45 aftershock focal mecha-
nisms and that of the mainshock. These 46 focal
mechanisms were further used to analyze stress
orientations and magnitudes using the Win-Tensor
program (Delvaux, 2012).

The source parameters of the two largest events
were estimated using the waveform modeling method
(Yagi and Nichimura 2011), which provided the
moment tensor, seismic scalar moment M, moment
magnitude Mw, and nodal planes. Hence, ten three-
component broadband stations and eight vertical-
component short-period stations were operated
(Figs. 3a and Appendix Fig. Al). The observed raw
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data, 38 components in total, were corrected for
instrumental responses and converted into ground
velocity motion. Of the waveform data, the data from
100 to 180 s were split for each studied shock. The
data were filtered at relatively low frequencies
(0.02-0.07 Hz) to mitigate the local velocity structure
heterogeneity effect and produce the optimal fit
between the observed and synthetic waveforms
(Appendix Fig. Al). The data were also downsam-
pled to a 1 Hz rate. Green’s functions of the synthetic
seismograms were calculated using the discrete
wavenumber method developed by Kohketsu
(1985). The goodness of fit between the synthetic
and observed data was measured by minimizing the
variance factor.

The source parameters of the two largest events
were additionally estimated using spectral analysis,
as described in Abacha et al. (2019), and this method
is based on a circular seismic source model (Brune,
1970, 1971). The MATLAB code selects, the low-
frequency displacement spectral level Q and the
corner frequency fc that minimize the variation
between the theoretical and observed displacement
spectra were selected. The average seismic moment,
source radius, and stress drop values were then
estimated using the formulae of Archuleta et al.
(1982)

To model the occurrence rate of aftershocks in
this sequence, we applied the restricted epidemic-
type aftershock sequence (RETAS) stochastic model
(Ogata, 1998), which is based on a specific branching
process in which each event belonging to any given
generation may produce offspring independent of the
other shocks. This stochastic point process model
considers the seismic activity in a given area
to consist of two components: the independent back-
ground seismicity rate modeled by a stationary
Poisson process with a constant occurrence rate i
and the aftershock occurrence rate. The conditional
intensity function, A(t), of the RETAS model is the
sum of these two components, which can be
expressed as:

M)=p+ > deO=p+ >

P
(i<t} (igog(c+t-t)
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<«Figure 3
a The permanent ADSN seismic stations include Geodevice
BBVS-60 (white triangle) and Streckeisen STS-2 (red triangle)
broadband sensors coupled to Geodevice EDAS-24IP and Quan-
terra (Kinemetrics) Q330 digitizers, respectively, as well as 1 Hz
Kinemetrics SS-1 Ranger seismometers coupled to Quanterra Q330
digitizers (black triangle). Red broadband stations used for moment
tensor inversion and spectral analysis. The black box outlines the
study area. b Macroseismic map of the 2020 El Aouana mainshock
with the locations of the seven portable stations. The station
operation time schedule and the number of P phase pickings for
each station are shown at the bottom left and right, respectively.
The black dotted line indicates the location of the SPIRAL Jijel
profile (Mihoubi et al., 2014)

where K, ¢, p, and o are constants, M; is the magni-
tude of each event that occurred at time t; and M. is
the completeness magnitude. In this study, the five
parameters L, K, ¢, p, and o were estimated.

The key feature between the RETAS and the
ETAS models is that the first one provides a better fit
to the temporal distribution. The ETAS model
assumes that events in the sequence with magnitude
M > Mc (maximum curvature) are capable of pro-
ducing a secondary aftershock. In contrast, the
RETAS model is well known for the constraint that
only aftershocks of magnitude greater than or equal

.0 El Aouana Earthquake, Northeastern Algeria

1953

to some threshold Mtr can cause secondary events.
By changing the triggering threshold, we analyzed
the RETAS model modifications, including limit-case
models like the Modified Omori Formula (MOF) and
the ETAS model. With so many models available, we
may choose the one that most accurately depicts an
aftershock sequence (Gospodinov and Rotondi 2006).

4. Results

4.1. Mainshock: Macroseismic Assessment, Moment
Tensor and Source Parameters

A moderate earthquake of magnitude Mp 4.8
occurred on January 24, 2020, at 07:24 (UTC) and
impacted a region where Algerian catalogs reported
several historical and recent events, particularly in the
Babors region. The mainshock caused minor damage
to the villages of El Aouana and Selma Benziada and
their surroundings, provoking mainly superficial
cracks in buildings of low-quality materials and a
few mountain rockfalls far from populated areas.
Based on the reported effects,
maximum intensity of VI (European Macroseismic
Scale 1998). The generated isoseismal map, based on
field investigation and eyewitness reports, shows a

we estimated a
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a Velocity model calculated by VELEST (Kisslig, 1994) using 306 well-located events, where Jijel’s seismic profile (Mihoubi et al., 2014)
was selected as an a priori model. b Vp/Vs ratio in the Beni-Ilmane area via the modified Wadati method (Chatelain, 1978). ¢ Horizontal
distribution of the 306 accurately located events. The main fault (denoted as the Aftis Fault or AF in this study) is reproduced from Arab et al.

(2016)
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general NW-SE trend (Fig. 3b). The mainshock
location (5.65°E; 36.63°N), 20 km southwest of Jijel
city, as computed by the ADSN, indicates slight
discrepancies relative to foreign seismological agen-
cies (e.g., GFZ, INGV, and GCMT) (Table 1).

The focal mechanism (FM), which we computed
from the P-wave first motion polarities of 36
permanent station vertical components, showed a
left-lateral strike-slip movement for the nodal plane
oriented NO34°E and a right-lateral strike-slip move-
ment for the nodal plane oriented NI128°E,
remarkably matching the moment tensor solution
well (Appendix Fig. Al), as well as the solutions of
different agencies: GFZ, INGV, and GCMT (Table 1).
We obtained the greatest variance reduction (89%)
between the observed and synthetic seismogram
waveforms at a 7 km source depth, yielding a seismic
moment of My = 3.6 x 10'® Nm, corresponding to
Mw 5.0. We obtained equivalent results for the
seismic moment after examination of 33 spectra
retrieved from eleven three-component broadband
stations (Appendix Fig. A2). Spectral analysis
allowed us to calculate an average f. value, seismic
moment M, source radius r, stress drop Ac, multi-
plicative error factors (EMy and Ef.), mean moment
magnitude M,,, and average displacement U, all of
which are listed in Table 2. The source parameters of
the sequence largest aftershock (M, 4.4) were also
estimated using both waveform meddling (Appendix
Fig. Al) and the spectral analysis method (Table 2).

4.2. Aftershock Distribution and Spatiotemporal
Evolution

The aftershock distribution of the 306 selected
events (Fig. 4b) indicated a main cluster 6 km long
and 3 km wide and oriented NW-SE. This agrees
with (1) the NI128°E fault plane solution of the
mainshock and (2) the apparent orientation of

The 24 January 2020 Mw 5.0 El Aouana Earthquake, Northeastern Algeria 1955

isoseismal curves, and (3) the fault plane orientation
matches that of the Aftis Fault (AF) in Arab et al.
(2016), which is a NW-SE right-lateral strike-slip
fault.

The histograms of the number of events (Fig. 5a)
show 513 events (gray bars) detected by at least one
station (SP04) and 360 events locatable by at least 3
stations (red bars). The ratio of 70% remains
acceptable, which indicates that the epicentral zone
is well covered by a tight temporary network.

The seismic activity lasted approximately 70 days
from the date of the mainshock event on January 24,
2020 (MS event in Fig. 5a), during which the largest
aftershock (LA in Fig. 5a) was recorded on February
22, 2020 (28 days). Following the occurrence of the
mainshock, we observed an increase in aftershocks
during the first 4 days (~ 220 cumulative events),
followed by a decrease over the next 7 days, which
may correspond to the first subsequence. On February
05, 2020 (13 days), we noted a second burst of events
with a peak of 29 recorded events on February 02,
2020 (10 days), followed by a decrease over the next
7 days, which probably corresponds to a second
subsequence. Finally, the small peak of fifteen events
observed on February 19, 2020 (27 days), could mark
the beginning of a third subsequence, of which the
main peak was recorded two days later with 60
events, including the largest aftershock (LA), occur-
ring the day after a rapid decay was clearly observed.

The number of events consecutively increasing
and decreasing suggests that secondary aftershocks
triggered their own aftershocks; therefore, we
employ the RETAS model to examine the temporal
distribution of aftershocks. This model states that
earthquakes with magnitudes M > Mitr (the threshold
magnitude) can trigger secondary aftershocks. To fit
the model, a threshold magnitude (Mtr) equal to 2.0
was selected according to the best AIC. Figure 5b
displays the RETAS-fit for the cumulative number of

Table 2

Average corner frequency (fc), seismic moment (My), source radius (r), stress drop (Aa), multiplicative error factors (EMy and Ef,.), and mean
values of the moment magnitude (Mw) and displacement (U) for the 2020 El Aouana mainshock event (MS) and its largest aftershock (LA)

Event Date f. (Hz) Ef. My (N.m) EM, Ac (MPa) r (m) U (m) Mw
MS 2020-01-24 1.26 1.07 3.9 10' 1.18 3.96 1624 0.16 5.0
LA 2020-02-21 1.89 1.10 5.0 10" 1.24 1.74 1082 0.05 44
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a Number and cumulative number of detected and located events per day. b Best-fit ETAS model for the cumulative number of events above
magnitude M 2.0 for the 2020 El Aouana earthquake. p, k, o, i and c are the RETAS constants

earthquakes and the optimal values of the model
parameters (P, K, c, i, and o).

4.3. Event Relocation, Focal Mechanisms and Stress
Tensor

The 306 located events were used to extract travel
time differences between the manually picked data,
applying the following criteria: a maximum number
of 10 neighbors, a maximum separation distance of
5 km, and for a given pair, a minimum number of

eight (08) links. We ran the relocation procedure
using only catalog data and then computed cross-
correlations involving the relocated event seismo-
grams. We were successful in relocating 291 out of
306 events, which were then cross-correlated across
all available stations. The waveform similarity
between events was calculated using a normalized
time domain cross-correlation, with a minimum
cross-correlation threshold of CC = 0.7. As shown
in the Appendix (Fig. A3), an example of high
waveform similarity (CC > 0.8) was obtained for
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a Location uncertainty estimation, the contour indicates the 95% confidence ellipsoid x (E-W), y (N-S), and z (up-down), with normally
distributed noise for the P phase. b Overlaid of 204 relocated events (red dots) and their located pairs (black dots). ¢ Spatiotemporal evolution
of the relocated events

two groups of events recorded at stations SPO1 and
CDFR. Cross-correlation P-wave travel time delays
were then associated with P- and S-wave delays
computed from the manually picked arrival times to
relocate 204 out of 291 events.

To estimate the uncertainty associated with the
relocation process, we used the bootstrap resampling
method by generating normally distributed noise of a
zero mean and a standard deviation appropriate to the
dataset. We perturbed the pair’s differential times and
then relocated them. This process was repeated 200

times, accumulating 204 x 200 epicenters, which are
shown in Fig. 6a. The relative errors along the three
directions x (E-W), y (N-S), and z (up-down)
are ~ 40 m, ~ 50 m, and ~ 60 m, respectively.
The improvement in the horizontal distribution is
shown in Fig. 6b by overlying the 204 relocated
events and their located pairs. The spatial distribution
of relocated aftershocks allowed us to differentiate
one NW-SE-oriented cluster. The aftershock spa-
tiotemporal evolution shows (Fig. 6¢c) that the
aftershock zone expanded toward the SE along the
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Horizontal and vertical distributions of the 204 relocated events of the 2020 El Aouana earthquake, showing 44 focal mechanisms of events

with M > 2 and 2 focal mechanisms of events with M < 2. The focal mechanisms are numbered as in Table 3, and their polarities are shown

in Appendix Fig. A4. b Stress inversion result showing selected focal planes projected (black lines) onto the lower hemisphere (Schmidt

stereographic projections) with the three principal stress axes (o1: circle, 62: triangle, and o3: square) and horizontal stress axes (Sgmax: blue

arrows; SHmin = green arrows). The stress symbols indicate the horizontal stress axes. The histogram shows the distribution of the misfit

function FS5, linearly weighted by the event magnitude. QRfmt is the quality ranking of the focal mechanism solutions for stress data records
from formal stress inversions

fault strike, beginning rapidly after the MS. During
the 28 days between the Mw 5.0 MS and the Mw 4.3
LA, the aftershocks migrated from the rupture zone
of the MS to the epicenter of the LA and continued to
expand toward the SE. Cross sections (A-A’ and
B-B’, Fig. 7a) indicated that the 5-10 km deep foci
were mostly distributed on a quasivertical plane,
striking NW-SE, dipping 75° to the SW, and
exhibiting an approximate length of 5 km and width
of 2 km. All focal mechanisms (Table 3, Fig. 7a and
Appendix Fig. A4) indicated that one of the nodal
planes, trending NW-SE, matched the relocated
event spatial distribution (horizontal and vertical).
To determine the third-order stress field in the
study area, we inverted all 46 focal solutions (92
nodal planes in Fig. 7b) of the 2020 El Aouana
earthquake. The selected nodal planes are moderately
to steeply inclined (60-90°) with NW-SE- and NE-

SW-striking planes. The two focal planes defined in
Fig. 7b are consistent with a N-S-oriented maximum
horizontal principal stress (Sgmax = N179° + 12.1°).
The average slip deviation is 5.4, the quality can be
ranked ‘QRfm = A’ excellent, and the waveform
misfit function F5 = 10.6 indicates that the solution is
well constrained. The tensor comprises a subvertical
o, = 71/190, subhorizontal o, = 19/358, and
o3 = 03/090. The stress regime index
(R =1.52 £ 0.46) indicates a pure strike-slip
regime according to the classification of Delvaux
et al. (1997). These results suitably agree with those
of previous stress studies around the LKB (Bejaia-
Babors (Boulahia et al., 2021), the Jijel region
(Yelles-Chaouche et al., 2021), and the MADF
region (Bendjama et al., 2021)).
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Table 3
Fault plane solutions for the mainshock event and the 45 key aftershocks
N°  Date Origin time Mp  Epicenter Depth  Nodal plane 1 Nodal plane 2 Score  Quality
lat lon strike dip  rake strike dip  rake
(°N) (°E)  km @) © O ©) (G
1 2020-01-24  07:24:17 50 36.670 5.632 7.53 345 784 —159 1278 745 —1679 842 645
2 2020-01-24  11:25:03 3.8 36.642 5655 938 268 724 —244 1246 668 —160.8 853 67.0
3 2020-01-27  08:06:59 3.7 36.658 5.658 7.42 1258 722 —1679 321 785 — 182 100 71.0
4 2020-01-28  16:26:49 3.1 36.660 5646 7.75 1312 751 —-1693 385 79.6 —151 100 70.0
5 2020-01-29  10:20:37 35 36.657 5.656 7.59 499 715 — 183 1459 727 —160.6 100 73.1
6 2020-01-30  13:52:35 40 36.655 5.643 9.00 470 682 — 127 1417 783 —157.7 100 71.6
7 2020-01-31  07:52:06 22  36.654 5.650 8.28 375 713 — 142 1321 765 —160.8 100 74.0
8 2020-02-02  21:52:04 2.5 36.657 5.645 7.58 344 818 — 146 1265 756 —171.5 100 75.0
9 2020-02-03  09:02:03 25 36.656 5.653 798 1129 821 —1747 222 848 - 79 100 70.3
10 2020-02-05  19:37:00 32 36.656 5.658 8.04 38.0 737 —11.0 1312 794 —163.5 100 74.0
11 2020-02-06 17:42:53 2.8 36.657 5.659 7.99 274 778 - 173 1212 731 —167.2 100 72.8
12 2020-02-06 20:01:11 35 36.655 5.659 1797 1394 76.6 —166.7 463 71.1 — 138 100 75.1
13 2020-02-06 20:36:36 2.4 36.656 5.659 8.18 30.7 823 — 142 1227 759 —172.0 100 71.6
14 2020-02-06 21:42:56 2.8 36.655 5.661 7.69 1199 785 —168.0 275 783 — 11.7 100 72.1
15 2020-02-06  22:09:25 22 36.657 5.650 8.02 529 762 —169 1470 73.6 — 1657 100 72.4
16 2020-02-07 03:30:50 2.4 36.656 5.660 8.00 295 713 — 169 1234 735 —166.7 100 732
17 2020-02-07 09:52:43 2.6 36.656 5.660 7.60 1606 733 —1679 671 784 —17.1 100 75.4
18 2020-02-07  15:09:44 22 36.657 5.658 17.55 1304 731 -—1644 357 750 —17.5 100 752
19 2020-02-07  16:49:38 29 36.655 5.661 781 350 816 —128 1269 773 —1714 100 77.6
20 2020-02-07 22:04:09 25 36.659 5.653 7.48 294 762 —159 1233 746 —1656 829 669
21 2020-02-07 22:13:48 2.0 36.654 5646 899 56.2 825 — 115 1477 786 —1723 875 677
22 2020-02-08 02:59:58 24  36.664 5.642 9.08 33.0 79.8 - 172 1262 731 —1693 100 725
23 2020-02-08 04:08:16 3.6 36.658 5.640 897 424 653 —160 1392 755 — 1544 958 712
24 2020-02-08 04:11:06 22 36.661 5.639 7.99 420 774 —152 1354 752 —1669 100 74.2
25  2020-02-08  04:29:49 2.5 36.658 5642 796 1353 743 —1658 414 763 — 162 100 73.6
26 2020-02-08 04:53:13 2.8 36.658 5.636 8.85 749 829 — 122 1664 779 —172.8 100 66.8
27 2020-02-08 05:13:51 35 36.658 5.639 832 1279 734 —1683 345 788 -169 929 713
28 2020-02-09 01:45:37 2.0 36.660 5.640 8.05 157.6 67.8 — 1526 565 64.8 — 247 100 68.5
29 2020-02-10 05:38:16 23  36.659 5.638 8.49 1426 370 —1606 369 785 —54.6 100 65.8
30 2020-02-11  02:32:27 1.6 36.654 5.652 09.14 1369 620 —167.8 41.1 792 —28.6 100 65.2
31 2020-02-11 02:56:34 2.0 36.663 5642 7.86 1602 564 —166.7 6277 789 —344 100 75.0
32 2020-02-11  19:58:31 3.0 36.651 5.645 8.44 2226 87.0 359 1305 542 176.3 100 70.2
33 2020-02-12  00:35:59 2.4 36.655 5.651 8.12 2537 79.7 40.2 155.1 50.6 166.6 100 67.4
34 2020-02-13  02:05:05 2.1 36.658 5.662 17.39 1712 785 — 1546 758 65.1 — 127 100 72.0
35  2020-02-13  04:10:03 277 36.656 5.629 931 1464 627 —1795 562 895 — 273 100 75.0
36 2020-02-13  23:51:20 25 36.670 5.632 9.07 126.0 62.6 174.0 2188 84.7 27.5 100 63.5
37 2020-02-14 16:36:22 29 36.654 5.658 951 176.3 612 — 159.1 759 718 —30.5 100 66.0
38 2020-02-15 00:58:25 24  36.659 5.638 841 159.8 779 —1665 669 76.8 — 125 100 69.7
39 2020-02-16  02:55:22 1.4 36.668 5.638 7.34 2203 88.5 29.8 1294 60.2 178.2 100 712
40  2020-02-17 17:45:48 2.5 36.657 5.648 8.16 1544 619 —1655 574 713 — 289 100 732
41 2020-02-19 07:32:49 39 36.666 5.636 8.65 1313 776 —1619 373 723 —13.0 100 72.8
42 2020-02-21  02:55:17 4.7 36.651 5.661 9.69 2182 854 213 1264 688 175.1 97.7 655
43 2020-02-21  03:05:36 22 36.658 5.663 7.65 210.0 747 30.7 111.1 60.5 162.3 100 73.1
44 2020-02-21  03:25:30 24  36.656 5.654 7.42 173.6  89.8 1755 263.6 855 0.2 100 70.8
45 2020-02-21  03:39:40 2.6 36.656 5.662 7.34 212.6  80.7 — 155 3052 747 —1703 100 74.0
46 2020-02-22  23:55:59 2.0 36.657 5.649 8.18 1212 79.0 —174.1 300 842 —11.0 100 73.6

N° event number, Date event date, Md duration magnitude. Strike, Dip and Rake are the three parameters of the nodal plane. Score and quality
are two parameters that measure the similarity between observed and model-predicted polarities
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<«Figure 8
a Seismotectonic map of our study area, displaying the main active
faults (inspired by Raoult (1974), Domzig (2006), Kherroubi et al.
(2009), Vila (1980), Arab et al. (2016), and Boulahia et al. (2021))
as well as the focal mechanisms of recent earthquakes of M > 5.
The stress symbols indicate the Sppax orientations (B: Bejaia; A: El
Aouana; J: Jijel; S: Sidi Driss; K: El Kanteur and M: Mila regions).
GPS velocities are shown relative to the Eurasia plate (purple
arrows). General plate vector (orange arrows) shown with respect
to Eurasia (top) and Nubia (bottom) from Bougrine et al. (2019).
b Horizontal projections of the slip vectors of the main recent
events. ¢ Seismic events detected in the region from 1900 to 2020
and the largest historical earthquakes (CRAAG catalog). d Model
of the horizontal strain ellipse where the R Riedel shear (Riedel,
1929) corresponds to the right-lateral shear zone

5. Discussion

5.1. Transverse Fault System Architecture and Its
Role in Strain Partitioning

The 2020 El Aouana seismic sequence deepened
our understanding of the active tectonics of the LKB
and Babors zone and was recently brought to light
through the analysis of seismic events and sequences
between 2012 and 2020 (Boulahia et al., 2021;
Yelles-Chaouche et al., 2021). The aftershock distri-
bution of the El Aouana earthquake revealed a NW—
SE right-lateral strike-slip fault ~ 6 km in length
denoted as the El Aouana Fault (EAF). The projec-
tion of the EAF to the surface agrees with the AF
(Arab et al., 2016) (Fig. 8a). The AF fault bounds the
LKB to the west and lies within a transverse zone that
extends from Bejaia to Babors. Between the LKB and
GKB, the GKB eastern boundary includes several
NW-SE-trending right-stepping strike-slip fault seg-
ments: the BTF, TDF, LF, and the active NNW-SSE
MARADJA (MF) offshore fault (Boulahia et al.,
2021).

The abovementioned transverse fault system plays
a fundamental role in strain partitioning. Indeed, the
present strain partitioning in northeastern Algeria
results from NW-SE-directed Eurasia—Africa plate
convergence, involving two major fault structures
bounding the LKB to the north and south (Fig. 8).
The northern edge corresponds to the Jijel offshore
thrust fault system (OFSJ) associated with a slip
deficit rate of 1.5 mm/y, whereas the southern edge
coincides with the E-W MADF master fault along
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which dextral displacement accommodates a signif-
icant present-day slip deficit rate estimated at
~2.4 mm/y (Fig. 8b) (Bougrine et al., 2019). The
oblique convergence was spatially partitioned into
orthogonal slip (thrusting) and dextral strike-slip
(shearing) motion components around the LKB,
whereas in the GKB, thrust slip vectors were
subparallel to the overall NW-SE Eurasia-Africa
motion, suggesting no partitioning; thus, all conver-
gence was accommodated by shortening along faults
and thrust folds. In several regions worldwide
subjected to oblique convergence, the strain between
converging blocks is commonly partitioned into
nearly pure thrust faulting on some faults and nearly
pure strike-slip faulting on other subparallel faults
(Berberian et al., 1992; Jackson, 1992; Talebian &
Jackson, 2002). Furthermore, slip vectors calculated
from recent main focal mechanisms (Fig. 8b) support
partitioning; the slip vectors of strike-slip FMs are
subparallel to the MADF and BTF, while those of
inverse FMs are perpendicular to the OFSK and
OFSJ. The transition from partitioning (LKB) to no
or much less partitioning (GKB) along a given zone
of strike-slip motion necessitates a NW-SE trans-
verse fault system, connecting the MADF master
fault in the south and the offshore fault system in the
north. This transition can be achieved by right-lateral
strike-slip faults and overall related clockwise rota-
tions about vertical axes (the red circular arrow in
Fig. 8b).

5.2. Bejaia-Babors Shear Zone

The transverse fault system separating the GKB
and LKB likely delineates a 30-35 km wide NW-
trending shear zone, hereafter referred to as the
Bejaia-Babors Shear Zone (BBSZ). The EAF fault,
identified in this study, combined with literature
review, revealed surface evidence of a plausible
BBSZ:

(1) Geophysical and geodetic evidence
According to Reuther et al. (1993), transitional
areas, generally between regions of different
crustal thicknesses and different modes of con-
tinental crust underthrusting, are incipient zones
of strike-slip, oblique or normal motion to the
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collisional front. In this case, between the GKB
and LKB, a crustal thickness disparity was
observed in seismic profiles during the Marad-
ja2/Samra 2005 survey (Déverchere et al., 2005).
With the use of previous data, a structural map of
the eastern Algerian submarine margin was
generated (Domzig, 2006). On the map, a
network of thrust faults was shaped in overlap-
ping steps, expressed by asymmetric folds in
topographic and bathymetric reliefs (Fig. 8a).
The thrust faults were all south-dipping faults,
some of which controlled the uplift of a rollover
hanging wall offshore the GKB; in contrast, folds
and rollovers were poorly developed offshore the
LKB, perhaps due to a later onset of tectonics and
therefore less strain in this area (Domzig, 2006).
Regarding underthrusting crust inhomogeneity, a
differential deformation velocity of 0.5 mm/y
was identified between the GKB and LKB based
on measurements retrieved from the Bejaia
(GKB) and Jijel (LKB) GPS stations, respec-
tively (Bougrine et al., 2019) (Fig. 8a).
Geomorphic evidence

The concave shape on the bathymetric relief map
and on the OFSK thrust upon approaching the
MF (Fig. 8a) is consistent with dextral shearing
along the NW-trending BBSZ.

Offshore neotectonic evidence

In the Bejaia Gulf, a NNW-SSE lineament was
interpreted by Harbi et al. (1999) and Domzig
(2006) as a Pliocene—Quaternary fault, illustrated
as MF in Fig. 8. The two NW-SE oriented strike-
slip faults with normal components, represented
as TF1 and TF2 in Fig. 8, are active faults
following Arab et al. (2016).

Onshore geologic evidence

In the Babors area, dextral strike-slip faults affect
Jurassic limestone belts (Fig. 2) by dragging and
dextral shearing rock layers (Boulahia et al.,
2021; Kiréche, 1993), similar to the previous
OFSK drag fault indicated in Fig. 8a. Moreover,
the BBSZ boundaries are delineated by magmatic
rocks, ophiolitic fragments, and mineralization
consistent with the presence of a complex shear
or suture zone in the area. Indeed, along the
eastern border, the recently recognized mafic and
ultramafic ophiolitic complex of Texenna is
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Figure 9
a Map of the current fault pattern supported by recent seismolog-
ical data. The main active faults (Arab et al., 2016; Abbas et al.,
2019; Boulahia et al., 2021; Domzig, 2006; Kherroubi et al., 2009;
Meghraoui, 1988 ; Raoult, 1974; Vila, 1980;). Main focal mech-
anisms, where red denotes NW-SE right-lateral strike-slip faulting,
blue denotes ~ E-W right-lateral strike-slip faulting, and yellow
denotes ~ E—W thrust faulting. b Proposed model for the stepover
areas in the El Aouana damage zone and the BTF damage zone (c).
d Summary map of the shear zone. The NE-SW red lines denote
the active faults determined by the aftershock distribution and focal
mechanisms (Abbes et al., 2019; Boulahia et al., 2021, and this
study). The ~ E-W right-lateral strike-slip segments marked in
blue, which are located in the stepover region, are interpreted as
preexisting structures. Some E-W-trending lineaments (blue lines)
are also shown, duplicated from Meghraoui’s geological map
(Meghraoui, 1988). e The NW-SE Bejaia-Babors dextral shear
zone (BTF, TDF, MF, LF, AF, and EAF) in a regional context. GPS
velocities are shown relative to the Eurasia plate (purple arrows).
The broad arrows indicate the general AF-EU plate oblique vectors

located in the southeastern continuity of the
EAF fault (Boukaoud et al., 2021), whereas the
El Aouana Miocene igneous complex (Chazot
et al., 2017) is exposed just to the northwest of
this fault (Fig. 2). Additionally, the western
boundary of the BBSZ is characterized by the
occurrence of ophiolitic fragments (gabbro and
mafic lavas) (Obert, 1981), Miocene magmatic
rocks (Bou Zazen diorite) (Kireche, 1993) and
Triassic mélange material near the passage of the
Babors transverse fault. Further south, manifes-
tations of Cu—Ag-Fe mineralization (Tadergount
and Beni Felkai mines) (Glagon, 1967) are
widespread near the passage of the Tizi N’Ber-
ber-Darguinah Fault (TDF) (Fig. 2). The BBSZ
model presented here provides a reasonable
explanation for these features, whose locations

and orientations were previously poorly
understood.
(5) Seismologic evidence

The overall seismicity cloud, for the 1900-2020
period, exhibits a major NW-SE trend (Fig. 8c)
across the Babors mountain range and Bejaia
Bay. With a width of approximately 30 km, it
overshadows the BBSZ. Several key event focal
mechanisms within the cloud also show NW-SE
right-lateral strike-slip faulting (Abbes et al.,
2019; Beldjoudi et al., 2009; Boulahia et al.,

>
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2021), consistent with BBSZ shear movement.
The seismogenic depth is concentrated in the
upper crust, between 10 and 15 km, indicating
that the BBSZ extends to at least 15 km.
According to general knowledge of shear zones
(Fossen & Cavalcante, 2017), lower crustal
ductility may suggest downward widening of
the BBSZ. However, the distribution of events
alone is insufficient to draw any conclusions.
(6) Rotation of the stress field and GPS velocities
Within the BBSZ, the N-S maximum compres-
sion axis o (Fig. 7b and Boulahia et al., 2021)
and GPS velocities (Bougrine et al., 2019) are
rotated clockwise relative to NW-SE conver-
gence of the African—Eurasian tectonic plates.
The stress field is deflected around preexisting
weak faults (Tingay et al., 2010; Yale, 2003). In
the BBSZ, a major NW-SE strike-slip structure
was inherited from the docking of the LKB and
GKB blocks to the African continent (Schettino
& Turco, 2006), and we suspect stress field
rotation slip along NW-trending
structures.

to favor

5.3. Constraining of the Strain Ellipsoid in the BBSZ

The local tectonic regime of the Bejaia-Babors
shear zone is a strike-slip regime (Fig. 7b and
Boulahia et al.,, 2021). Several faulting types are
likely to occur in a strike-slip shear zone. Considering
the orientation of the maximum horizontal stress (G,
or Symax) inferred in this study, we constructed an
incremental strain ellipse for the Bejaia-Babors shear
zone, as shown in Fig. 8d, with conjugate Riedel
shear bands denoted as R and R’. The R-shears are
synthetic to the sense of slip in the shear zone,
forming right-stepping en echelon arrays along
dextral shear zones and left-stepping arrays along
sinistral shear zones. Here, R-shears are represented
by the MF, BTF, TDF, LF, EAF, and AF faults. R’-
shears may correspond to a deep blind left-lateral
strike-slip fault of the Babors (DBBF in Fig. 8d), as
identified by Obert, (1981); however, we have not yet
registered seismological evidence supporting this
trend. We observed a favorable correspondence
between the thrust faults in the deformation ellipse
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and the offshore faults in the zone, as well as the
thrust folds onshore (Fig. 8d).

5.4. Origin and Evolution of Stepovers Within
the Shear Zone

We investigated stepovers to better understand the
interaction between overlapping fault segments
within the BBSZ and to define tectonic development.
The fault overlaps and their internal structures
showed a high degree of scale independence and
could be considered an anomalously wide and
complex part of the fault damage zone (Fossen,
2020; Fossen et al., 2005; Kim et al., 2004). This
differs from the damage zone at fault tips (McGrath
& Davison, 1995) and along faults (ordinary fault-
wall damage zones) (Caine et al., 1996).

Before starting the probe, Fig. 9a shows the main
focal mechanisms according to the corresponding
fault kinematics. We distinguished between
(1) ~ E-W thrust FMs (yellow color) on OFSJ fault
segments in the northern part, (2) NW-SE right-
lateral strike-slip FMs (red color) associated with the
BTF, TDF, LF, and EAF segments that constitute the
studied shear zone, and (3) ~ E-W right-lateral
strike-slip FMs (blue color), which are located in
the stepovers, as detailed below. The MF fault
segment kinematics lacked the fault configuration
depicted in Fig. 9a, but the fault is active according to
Domzig (2006) and Harbi et al. (1999). Knowing that
the NW faults in Algeria are generally right-lateral
strike-slip faults, in addition to all fault segments
compromising the transfer system indicating right-
lateral motion, we may presume that the MF is also a
right-lateral strike-slip fault, given its position within
the transfer zone (Fig. 9a).

The stepovers exhibited right-lateral motion on E—
W structures (Fig. 9a). Several E-W faults were
inherited from preexisting structures. Onshore, the
active fault architecture in the northern Tellian Atlas of
Algeria was formed as encompassing echelon-ar-
ranged thrust folds and associated strike-slip faults,
dominated by NW-SE to E-W right-lateral strike-slip
faults and NE-SW subordinate left-lateral faults. The
major strike-slip structures were formed at the site of
ancient large Mesozoic and Oligo-Miocene basins with
high-angle normal faults reactivated during the
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Cenozoic and Quaternary periods (Soumaya et al.,
2018 and references therein). Offshore, the Algerian
margin, situated in the western Mediterranean, is one
of the few examples of a rifted margin subjected to
compression and tectonically reactivated (Strzerzynski
et al., 2010). The steep slope of the eastern Algerian
margin is suggested to result from transcurrent motions
during back-arc opening (Mauffret et al., 2004; Schet-
tino & Turco, 2006). For example, off Jijel, the Ocean—
Continent Transition zone (COT) is very close to the
coast with a narrow width, which might be related to E—
W opening of the basin (Klingelhoefer et al., 2022 and
references therein). Thus, the stepover between the
continental AF segment and its offshore extension
segment TF1 (Fig. 9b) appears to be crosscut by an E—
W structure, as indicated by an earthquake nodal plane.
Indeed, on July 19, 2020, an earthquake of magnitude
Mw 4.3 occurred in the El Aouana area, 5 km northeast

of the El Aouana sequence mainshock (Mw 5.0). The
focal mechanism shows right-lateral movement on the
E-W striking plane. To determine whether the static
stress changes resulting from the Mw 5.0 event
triggered the Mw 4.3 event, we calculated the Coulomb
stress changes with the Coulomb 3.3 software package
(Lin & Stein, 2004; Toda et al., 2005). The results
(Fig. 10) showed that the rupture of the Mw 4.3 event
occurred in an area of increased Coulomb stress,
suggesting that the discharged Mw 5 zone triggered the
Mw 4.3 event, which occurred in a critical failure state.
Consequently, even moderate events could contribute
to tectonic activity and therefore structural growth.
Additional events occurred along the E-W trend. On
August 19, 2018, an earthquake of magnitude Mp, 4.2
was accurately located in the Aoakas area, precisely
between two BTF fault segments, the S3 offshore and S4
continental segments (Boulahia etal., 2021, Fig. 9c). As
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previously stated, the focal mechanism shows right-
lateral motion along the E-W-oriented fault plane
(Fig. 9¢c). Most likely, it aided in splitting the BTF fault
into the S3 and S4 segments. More recently, a
compelling event occurred further southeast at the
southern termination of the BF fault (Kiréche, 1993;
Fig. 9a), which was an earthquake of magnitude Mw 3.9
that occurred in the Amoucha territory on November 28,
2021. The focal mechanism, as determined by P-wave
onsets and waveform modeling, indicates right-lateral
motion on the E-W plane. Likely, it represents the
MADF western continuation, crossing the NW-SE
shear zone structures (Fig. 9d). If the MADF continues
westward, this would coincide with the (Mw 5.3)
Bougaa earthquake in 2000 (Harvard-CMT; Figs. 9a
and d). We showed (in Fig. 9d, thick blue line) E-W-
trending structures cloned from Meghraoui’s geological
map (Meghraoui, 1988); unfortunately, their kinematics
are unknown. It should be noted that the MADF western
continuation remains unresolved to date (Bougrine
etal., 2019). Our understanding of the fault architecture
and kinematics in this region may evolve based on the
insights provided in this work.

In classic extensional stepovers, a NE-SW-ori-
ented connecting fault would be expected rather than
an E-W-oriented connecting fault. However, as
demonstrated in the preceding paragraphs supported
by focal mechanisms, the slip orientation may be
influenced by weak preexisting structures. The pres-
ence of older E-W structures could even constitute
the origin of the NNW-trending fault segmentation.
We should also remember that the E-W-striking
MADF (or GNCF) played a significant role in the
clockwise rotation of both the stress and velocity
fields from NW-SE to ~ N-S (Boulahia et al.,
2021), as well as possibly in the segmentation of
the NNW-trending faults within the shear zone.

We could conclude from all available seismologic
evidence that the BBSZ consists of several main
NW-SE right-lateral strike-slip fault segments,
including the AF and BTF faults, which are likely
to form its eastern and western borders, respectively,
and are segmented by E-W right-lateral connecting
faults (Fig. 9d). The BBSZ is shown in Fig. 9e.
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5.5. Sequence Spatiotemporal Evolution for Fluid-
Driven Force Monitoring

In several previous studies, the role of fluids in the
rupture process has been addressed (Bourouis &
Cornet, 2009; Chen et al., 2012; Duverger et al,,
2015). A recent study (Boulahia et al., 2021) unveiled
the interplay between tectonic loading and fluids in
the triggering of Bejaia-Babors aftershocks along the
BTF. Is this also the case for the 2020 El-Aouana
sequence? To answer this question, a spatiotemporal
analysis was performed using the RETAS model.

The RETAS model was fitted for the period
ranging from January 24, 2021 (mainshock day), to
Td = 68 days (Fig. 5b). One may notice that model
adjustments for this period yielded poor fits. The
computed o = 0.85 indicates swarm-like activity,
while a higher o value suggests mainshock—after-
shock sequences (Ogata, 1988, 1998). However, it
would be more reasonable if a high o value was
found in this analysis, since El Aouana aftershock
activity clearly indicated a mainshock-aftershock
sequence. Additionally, Ogata (1998) established that
conspicuous secondary aftershocks could lower the
o-value, which is consistent with the seismic
sequence studied. The fitted RETAS model yielded
a low forcing rate of p = 0.6 events per day, leading
to a total of approximately 40 earthquakes during the
whole sequence period of 68 days. This indicates that
only 14% of all earthquakes were externally trig-
gered, while the great majority was self-triggered.

6. Conclusion

In this paper, we present the relocation results,
spatiotemporal evolution characteristics, and focal
mechanisms of the 2020 El Aouana seismic sequence
that occurred in the western LKB limit. This
sequence began on January 24, 2020, with a moderate
(Mw 5.0) event and was followed by several after-
shocks, including one event (Mw 4.4) on February
21, 2020. First, we identified the fault geometry and
examined the tectonic role played within the trans-
verse fault system. Then, we presented the arguments
that support a wide NW-trending shear zone in the
region (BBSZ), where the studied fault is part of its
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eastern border. The BBSZ structures correlated well
with Riedel shears. Finally, we examined the stepover
origin and evolution within the BBSZ overlaps.

Both the national ADSN and the temporary
deployed local network provided high-quality wave-
form data that allowed the identification and successful
location of 360 events. Out of 360 events, 306 were
defined as being of high quality based on specific cri-
teria. The accuracy of El Aouana 2020 hypocenters
was enhanced by applying a relative relocation
method, yielding a total of 204 out of 306 events (66%
of the events). The obtained RETAS parameters were
significantly influenced by the conspicuous secondary
aftershocks, making the investigation of fluid
involvement in aftershock triggering inconclusive. We
determined 46 FMSs revealing a NW-SE right-lateral
strike-slip fault with a length of 6 km denoted as the El
Aouana Fault (EAF), found to line up with a fault
revealed in previous geological studies.

The EAF fault, located west of the LKB, lies
within a transverse fault system that extends from
Bejaia to Babors and includes several NW-SE
trending right-stepping strike-slip fault segments:
BTF, TDF, LF, and the active NNW-SSE MAR-
ADJA (MF) offshore fault. Combined, they form a
transfer zone between the E-W offshore thrusting
fault system (OSF) and the subparallel major strike-
slip fault (MADF) that accommodates and partitions
strain from oblique convergence stress.

A review of previous studies in light of the find-
ings in this study, especially geologic literature,
pertaining to the Bejaia-Babors onshore and offshore
parts provided evidence of a potential NW-trending
Bajaia-Babors shear zone (BBSZ). The stepovers
between the en echelon arranged NW-SE trending
segments appeared to be influenced by inherited E-W
structures, resulting in their current pattern.

All the NW-SE trending and tectonically active
segments in the strain ellipse coincided with Riedel
R-band shears. However, there is no seismologic
evidence yet for R’-bands, which may develop or be
reactivated after the R-bands. The Riedel model was
strengthened by thrust faults and folds within the
BBSZ.

Present-day activity is well documented along the
BBSZ, which shows predominantly right-lateral
kinematics. The newly defined BBSZ is proposed as a
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seismogenic source hosting fault segments charac-
terized by evidence of present-day tectonic activity.
Previous researchers considered the Kherrata reverse
fault, located south of the BBSZ, as the source of
Bejaia-Babors seismic activity. The BBSZ model
presented is important to consider in future seismic
hazard studies. Furthermore, the BBSZ itself must be
thoroughly examined, particularly in the contact area
between the lower crust and upper mantle.
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