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Subduction initiation is an important but still poorly documented process on Earth.
Here, we document one of a few cases of ongoing transition between passive and
active continental margins by identifying the geometrical and structural signatures that
witness the tectonic inversion of the Algerian continental margin and the deep oceanic
domain, located at the northern edge of the slow-rate, diffuse plate boundary between
Africa and Eurasia. We have analyzed and tied 7900 km of deep seismic reflection
post-stacked data over an area of ∼1200 km long and ∼120 km wide. The two-way
traveltime lines were converted into depth sections in order to reconstruct and map
realistic geometries of seismic horizons and faults from the seafloor down to the acoustic
basement. Along the whole length of this young transitional domain, we identify a clear
margin segmentation and significant changes in the tectonic signature at the margin
toe and in the deep basement. While the central margin depicts a typical thick- and
thin-skinned tectonic style with frontal propagation of crustal thrust ramps, the central-
eastern margin (Jijel segment) reveals a higher strain focusing at the margin toe together
with the largest flexural response of the oceanic lithosphere. Conversely, strain at the
margin toe is limited in the western margin but displays a clear buckling of the oceanic
crust up to the Spanish margin. We interpret these contrasting, segmented behavior as
resulting from inherited heterogeneities in (1) the geometry of the Algerian continental
margin from West to East (wrench faulting in the west, stretched margin elsewhere)
and (2) the Miocene thermal state related to the diachronous opening of the Algerian
basin and to the magmatic imprint of the Tethyan slab tearing at deep crustal levels. The
narrow oceanic lithosphere of the Western Algerian basin is assumed to favor buckling
against flexure. From the dimension and continuity of the main south-dipping blind
thrusts identified at the margin toe, we reassess seismic hazards by defining potential
lengths for ruptures zones leading to potential magnitudes up to 8.0 off the central and
eastern Algerian margins.

Keywords: subduction inception, Algeria, passive margin, active faulting, seismotectonics, seismic hazard, depth
conversion
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INTRODUCTION

Inversion of passive margins, although occurring at slow rates
and in a subtle way, is commonly reported worldwide and has
received increasing attention in the last decades. Actually, passive
margins are places of large density contrasts and could therefore
be a suitable setting for spontaneous subduction initiation
(Cloetingh et al., 1989). Many of them are indeed characterized
by post-rift submarine elevated plateaux or underwent recent
uplift (Pedoja et al., 2011; Japsen et al., 2012), possibly in response
to compressional stresses arising from mantle upwellings related
to the Cenozoic collisions (Yamato et al., 2013). However,
the conditions required for a tectonic inversion to initiate
a subduction appear difficult to meet, as reported in many
theoretical or experimental studies (e.g., Cloetingh et al., 1989;
Gurnis et al., 2004; Leroy et al., 2004; Nikolaeva et al., 2010; Stern
and Gerya, 2018; Cloetingh et al., 2021, and references therein).
According to modeling results, several parameters are likely
to favor the nucleation of subduction, such as (1) pre-existing
mechanical weakness zones in the lithosphere, (2) density
contrasts between adjacent plates arising from the thermal state
of plates of different ages or from differences in chemical
composition and crustal thickness, or (3) changes in relative
plate motions. Conversely, several resisting forces are increasing
during passive margin evolution, especially plate bending, so that
it becomes more and more difficult to initiate subduction as the
oceanic lithosphere ages and plate strength increases (McKenzie,
1977; Cloetingh et al., 1989).

Whether a passive margin is prone to focus strain and how
the stressed oceanic lithosphere behaves depend on various
parameters such as the geometry of the margin, the structure
and nature of the continent-ocean transition and the mechanical
and thermal properties of the lithosphere (e.g., Nikolaeva et al.,
2010; Kim et al., 2018). It appears therefore essential to constrain
these parameters in order to try to understand the mechanics
of subduction initiation. Yet, owing to the limited number of
Cenozoic case studies of subduction initiation at passive margins
(e.g., Stern, 2004), the structural and geometrical characteristics
of the early stages of subduction are poorly documented.

In this study, we propose to investigate the Algerian margin
and its adjacent deep oceanic domain (Western Mediterranean
Sea, Figure 1) which represent a good example of present-day
tectonic inversion in an early stage. This passive margin has
suffered from large thrust earthquakes such as the Mw = 6.9,
2003 Boumerdès event (Ayadi et al., 2003) and is experiencing
slow-rate crustal shortening at the Africa-Eurasia plate boundary
(Bougrine et al., 2019). Several recent studies have shown that the
relatively high geothermal gradient of the Algero-Balearic basin
(compared to the Liguro Provençal basin) and the deep inherited
structures of the eastern and central regions (Figure 1) likely
contribute to weaken the margin and to focus compressional
deformation at the margin toe (Chazot et al., 2017; Hamai et al.,
2018; Poort et al., 2020). Several studies in the Mediterranean
realm also point to the fact that the inversion may involve
the entire oceanic basin and may reactivate pre-existing rift-
related structures, such as for instance within the Tyrrhenian
and Ligurian basins (Billi et al., 2011; Zitellini et al., 2020;

Thorwart et al., 2021). Similar observations have been made in
the bay of Cadiz (Gràcia et al., 2003).

In spite of numerous detailed studies led in the last years
offshore, no synthetic work has described the evolution of the
structural style and of the geometrical properties along the
Algerian margin and the deep basin, even if a clear margin
segmentation has been reported (Cattaneo et al., 2010; Leprêtre
et al., 2013; Khomsi et al., 2019; Strzerzynski et al., 2021).
Here we use a large dataset, including seismic lines from
different origins to map the most relevant tectonic structures
marking the inversion of the Algerian margin: faults, flexure and
potentially buckling.

The goals of this study are therefore to (1) identify the
major active fault systems by direct and indirect effects imaged
on depth-converted seismic sections (Figure 2) and (2) image,
characterize and compare the main structural features of the
submarine fold-and-thrust belt located off Algeria. We also
attempt to map the geometry of the oceanic basement and
of key seismic reflectors in order to derive the mechanical
behavior of the oceanic lithosphere affected by compressional
stress and to discuss its flexural state and the distribution of active
deformation. Finally, we aim at better identifying the seismic
potential of this submarine active fault network using simple
scaling relationships between rupture length and estimating
magnitudes and the present-day knowledge of historical and
instrumental seismicity in coastal Algeria. Indeed, this seismic
potential is yet poorly considered in many attempts of seismic
hazard mapping owing to the limited knowledge of seismogenic
zones offshore (e.g., Boughacha et al., 2004; Ousadou and
Bezzeghoud, 2019).

GEODYNAMIC AND SEISMOTECTONIC
SETTINGS

The Algerian basin is located in the western Mediterranean
Sea which was formed as a consequence of the subduction
of the west-Alpine Tethyan slab from late Oligocene to early
Miocene (van Hinsbergen et al., 2014, and references therein).
The south-westward slab retreat induced the birth of a series
of back-arc basins in the European plate, defining a segmented
fore-arc known as the AlKaPeCa domain (ALboran, KAbylia,
PEloritani, CAlabria; Bouillin et al., 1986). These fragments of the
European crust now constitute the internal zones of the Alpine
Peri-Mediterranean belts. Peloritan and Calabria blocks migrated
eastward, while the Kabylian and the Alboran blocks migrated
southward and westward, respectively. They have finally collided
with Africa and form the present-day Tyrrhenian, Algerian and
north-Morocco margins (Bouillin et al., 1986; Sulli et al., 2021).

According to previous works, the Tethyan slab breakoff and
tear started around 17 Ma (Abbassene et al., 2016) in the eastern
part of the margin, near the city of Collo (Figure 2), and
then prograded both eastward and westward (van Hinsbergen
et al., 2014). The slab tearing resulted into the post-collisional
magmatism found along the Kabylides dated from 17 Ma (Lesser
Kabylia) to 11 Ma (Greater Kabylia), affecting both the land
area and the adjacent margin (Chazot et al., 2017). Tomographic
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FIGURE 1 | Simplified tectonic sketch of the south-western Mediterranean basins and margins. Blue lines represent the limit between internal and external zones
and dark-red lines is the Tell-Rif front. Bright-red lines is a schematic representation of subsurface active faults, redrawn after Yelles-Chaouche et al. (2006), Cattaneo
et al. (2010), Giaconia et al. (2015), Rabaute and Chamot-Rooke (2015), Soumaya et al. (2018), and Gaidi et al. (2020). GPS vectors and their associated errors are
taken from Bougrine et al. (2019). Circles are M > 4.5 earthquakes taken from the U.S. Geological Survey (2021). YF marks the position of the Yusuf Fault, a notable
structure that accommodates the deformation at the transition between the Alboran and the Algerian basins. See text for details.

studies depict a northward dipping slab, detached from the
continental crust, at depths between 250 and 660 km under the
Algerian basin (Fichtner and Villaseñor, 2015).

The Algero-Balearic basin is considered as a young oceanic
domain with a thin oceanic crust and a complex multi-phased
opening (Leprêtre et al., 2013; Mihoubi et al., 2014; Bouyahiaoui
et al., 2015). The kinematics of opening of the basin is still under
debate. Some authors argue for a one-step opening by progressive
SE-directed rollback of the Tethyan slab (Gueguen et al., 1998;
Jolivet and Faccenna, 2000; Faccenna et al., 2004) from 23 to 8 Ma,
while others argue for a diachronous opening during Miocene
times (Mauffret et al., 2004; van Hinsbergen et al., 2014, 2020).
In the central and western side of the Algerian margin – from
Greater Kabilia to the junction with the Alboran domain – recent

geodynamical models propose that the subduction first stopped
at ca. 17–15 Ma at the docking of the Kabylian blocks with Africa
and then propagated eastward and westward owing to a bilateral
slab tear (van Hinsbergen et al., 2020). Recent studies of the
westernmost Algerian margin (Badji et al., 2015), the Betics and
the Rif (Garcia-Castellanos and Villaseñor, 2011; de Lis Mancilla
et al., 2015, 2018) have shown that the structure of the southern
and northern margins of the Balearic and Alboran basins
is characterized by an abrupt transition between continental
and oceanic domains, in agreement with a STEP (Subduction-
Transform-Edge-Propagator) fault origin (Govers and Wortel,
2005). This slab tear propagation is therefore assumed to have
induced, from 16 to 8 Ma, the opening of the central and western
Algerian basin along a left-lateral sub-vertical fault, thus forming
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FIGURE 2 | Bathymetry and topography of the Algerian margin, along with the seismic sections which have been depth-converted. Numbered and overlined with
red dashes refer to seismic sections partly displayed in this study (see Figures 4–8). Circles are M > 4.5 earthquakes taken from the U.S. Geological Survey (2021).

a transform-type margin (Medaouri, 2014; Medaouri et al., 2014;
van Hinsbergen et al., 2014; Hidas et al., 2019).

The Algero-Balearic basin is supposed to be fully opened at
the beginning of the Messinian Salinity Crisis. Since the end of
the Tethyan subduction and its subsequent collision, most of
the shortening linked to the convergence between Africa and
Europe is accommodated in the Maghrebides belt, i.e., the whole
Tell-Rif system (Frizon de Lamotte et al., 2009; Bougrine et al.,
2019). At the northern plate boundary, this compression has been
evidenced by seismic imaging (e.g., Déverchère et al., 2005; Yelles
et al., 2009; Leprêtre et al., 2013; Badji et al., 2015; Bouyahiaoui
et al., 2015; Arab et al., 2016a,b; Aïdi et al., 2018). From west
to east, the Algerian margin appears to be clearly segmented
(Figure 1):

(1) By contrast with the other margin segments, the steep and
linear transform-type margin of the western zone displays
very few active faults but is instead characterized by the
presence of the Ameur Messinian salt diapir and a laterally
continuous post-Messinian trough at the ocean–continent
transition (Domzig et al., 2009; Cattaneo et al., 2010; Badji
et al., 2015).

(2) The central zone is characterized by the presence of
uplifted and tilted blocks along the oceanic transition,
like the Khayr-al-Din bank (Figure 1), a 15 km thick
crust of continental nature affected by an uplift of 0.2
to 0.7 mm/yr during the Plio-Quaternary (Leprêtre et al.,
2013; Authemayou et al., 2017). The Greater Kabylia block
displays the activation of a backthrust on land and of south-
dipping thrusts at the margin toe, suggesting the incipient

building of an accretionary wedge (Strzerzynski et al., 2021,
and references therein).

(3) The eastern margin (northern flank of the Lesser Kabylia
block) has revealed the existence of several deeply rooted
thrust ramps located at mid-slope or at the margin
toe, sometimes displaying en-échelon pattern at shallow
depths, but with little evidence for significant propagation
in the deep basin (Kherroubi et al., 2009; Yelles-Chaouche
et al., 2009; Mihoubi et al., 2014; Bouyahiaoui et al., 2015;
Arab et al., 2016a,b).

Although local strain measurements are lacking, active
offshore deformation is clearly evidenced by GPS measurements
(Bougrine et al., 2019; Figure 1). Up to 4.4 mm/year of
shortening is likely accommodated either by faults off Algeria
or in regions northwards like in the Betic margin (Giaconia
et al., 2015). In the central and eastern Algerian margin (east
of Algiers), strain rates are predicted to be less (1.5 mm/year)
offshore. However, several M > 6 historical (1716 Algiers;
1773 Tipaza; 1856 Jijel) and instrumental (1989 Chenoua;
2003 Boumerdes) earthquakes have revealed submarine
sources and have sometimes triggered a tsunami (Yelles-
Chaouche et al., 2009, 2017). This active deformation is also
expressed by moderate-magnitude, recurrent earthquake
activity along the Algerian margin: almost 200 events of
magnitude higher than 4.5 are reported since 1952 (Figure 1),
including six events with magnitudes between 6 and 7.3
(Boughacha et al., 2004; Yelles-Chaouche et al., 2017;
Ousadou and Bezzeghoud, 2019).
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FIGURE 3 | Seismic section 1 (Mostaganem) as a depth-converted line drawing. No vertical exaggeration is present. Major horizons and faults are identified. No
major asymmetric basins are identified on this section. The two insets display raw depth-converted extractions of the seismic line. Downward pointing arrow locates
the ocean-continent transition.

DATA SETS AND METHODOLOGY

Seismic Data Sets
This study is based upon a compilation of numerous
multichannel seismic reflection lines collected in this area
over the years. Most of the deep seismic lines from this
compilation and the coincident wide-angle and reflection seismic
lines were acquired in the scope of the SPIRAL (Sismique
Profonde et Investigation Régionale du Nord de l’Algérie) cruise
in 2009 aboard the R/V L’Atalante using a 4.5 km digital seismic
streamer and a 8909 in3 tuned airgun array (Graindorge et al.,
2009). The resulting seismic sections have a low resolution and
high penetration owing to the low frequencies of the airguns
tuned for combined wide-angle data (Figure 4A). We also use
some industrial lines published in the last years, designed to
image below the Messinian salt layer and the deepest layers
of the crust and offering a relatively good lateral and vertical
resolution (Figure 4B; Cope, 2003). Finally, some older seismic
lines from the 1970s are used to improve the coverage of the
margin and to tie the main reflectors from one line to another.
With the exception of some of the oldest seismic sections,
our data are mostly made up of north-south sections that do
not cross each other. Profiles with high resolution but low
penetration from the 2003 MARADJA (doi: 10.17600/5020080)
and the 2005 MARADJA2 (doi: 0.17600/5020080) and SAMRA
(doi: 10.17600/5020090) experiments are also used to improve the
spatial correlation, but were not used for the depth conversion.

Seismic Processing and Analysis
Seismic reflection imaging of active faults can be a challenging
issue (see e.g., Iacopini et al., 2016 and references therein),
especially when crustal faults are not offsetting stratal reflections
but affect a crystalline basement most often lacking coherent
reflections and dominated by scattered energy (Brewer, 1987).
Furthermore, artifacts remaining after multichannel seismic
processing (especially migration) and recording of out-of-plane

reflections are often a source of uncertainties and can
lead to misleading interpretations (e.g., Calvert, 2004, 2017;
Sibuet et al., 2019).

In our study, all seismic profiles were processed (in two-way-
travel time only) as part of previous studies (Leprêtre et al., 2013;
Mihoubi et al., 2014; Badji et al., 2015; Bouyahiaoui et al., 2015;
Aïdi et al., 2018). A total of 103 seismic profiles were included
into this analysis and 156 intersections between the main seismic
sections were used to tie the reflectors picked in adjacent profiles.
Unfortunately, the oldest seismic lines are lacking resolution,
especially below the basement, limiting the amount of horizons
that can be correlated when they were the only crossing sections

FIGURE 4 | A comparison of the seismic facies identified on SPIRAL (left)
and industrial (right) sections in the deep Algerian basin. Vertical scales are in
two-way-travel time and velocities in m/s. Velocity law modified after Leprêtre
(2012); Bouyahiaoui (2014), Mihoubi (2014); Arab (2016), and Aïdi et al. (2018).
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FIGURE 5 | Extraction of Section 5 (East Jijel, Lesser Kabylia, Figure 2) without (A) or with (B) depth conversion and how it modifies the perception of the true
geometry of the faults and of the seismic reflectors of the margin.

available. Along the margin, we also used sections from the
MARADJA seismic experiments. They are of high resolution,
but penetrate only down to the Upper (UU), Mobile (MU) or
sometimes lower (LU) Messinian units. Since their contribution
in this work is limited, we did not include them on our data
location map (Figure 2) to avoid overwriting. All sections were
visualized and analyzed using the Kingdom Suite© seismic and
geological interpretation software. The main reflectors (Figure 4)
were first interpreted along time sections, and then converted
to depth via a simple velocity model, with fixed seismic wave
velocities assigned to each layer.

Time-to-Depth Conversion of the
Seismic Sections
Our study area displays significant structural and geometrical
differences resulting from various effects such as mechanical
flexure, subsidence linked to sediment loading and inherited
structural features of the continental margin and oceanic domain.

In this context and as shown in Figure 5 and Table 1, a
time-to-depth conversion is required to improve the structural
interpretation and the characterization of the tectonic style
(Totake et al., 2017).

For this study, detailed velocity information was available only
for a few seismic sections. Most of them originate from the five
wide-angle seismic profiles of the SPIRAL project (Figure 2). As
the five SPIRAL profiles did not allow us to propose a velocity
model spanning the complete margin, we have used a simple
depth-conversion approach, with a mean velocity being applied
to each major unit, allowing us to benefit from a large amount of
depth-converted profiles to perform a structural validation.

In detail, we base our time-to-depth conversion over velocity
models published in previous studies in the area region and
resulting from the processing of the wide-angle SPIRAL lines
(see Leprêtre, 2012; Bouyahiaoui, 2014; Mihoubi, 2014; Arab,
2016; Aïdi et al., 2018 for a detailed description of the data
processing and modeling). The review of available data shows
quite consistent velocities for equivalent sedimentary layers
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TABLE 1 | Velocity model used for the depth conversion.

Unit Velocity in m.s-1

Water 1500

Post-Messinian deposits 2100

Messinian Upper (UU) and Complex (CU) Units 3600

Messinian Mobile Unit (MU) 3900

Messinian Lower Unit (LU) and pre-Messinian deposits 3900

xCrust 5950

Mantle 8000

across the Algerian margin. The depth of the main horizons was
then compared to depth-converted sections calibrated by well-
constrained depth conversion methods applied along the wide-
angle seismic profiles. We use seven velocity layers corresponding
to major unconformities and discontinuities observed across the
MCS sections (Figure 4 and Table 1). After the conversion,
we did an additional check of the interpretation made in our
seismic sections, concentrating on the artifacts detected on the
depth-converted profiles, and re-ran the depth conversion after
slight modifications of our two-way-traveltime pickings. This
was important for understanding fault geometry and correcting
artifacts caused by more complex geometries like salt-diapirs
and arising from the use of constant velocities for each of the
seven layers. Indeed, as changes in the picking of the horizons
modify the result of the depth conversion, back and forth between
picking in two-way-time and depth conversion allowed us to
reduce the presence of artifacts.

Although local velocity variations can create deviations of
up to 200 m at a given point when compared with the

depth-migrated sections found in literature, we have checked that
they preserve the overall geometry of reflectors. Our model is
calculated from the shallowest to the deepest horizon. The deeper
the layer, the more its mapping is sensitive to the differences
between the true seismic velocity and our average seismic
velocity. These uncertainties remain mostly local, and often
associated with Messinian salt diapirs. In the absence of such
structures, the depth-converted horizons conform to previous
depth-converted data from the wide-angle seismic profiles
of the SPIRAL project. To avoid misleading interpretations
of the basement/sediment deformations potentially caused by
diapirism, we were also careful to discard the short wavelengths
(few kilometers) associated with diapirs in our interpretations
and only report on longer wavelengths (Table 2).

Finally, this time-to-depth conversion approach, in spite of
obvious intrinsic limitations, allowed us to obtain for the first
time a set of depth maps of major layers based on 59 depth
converted seismic sections spread over the Algerian margin and
adjacent basin (Figure 5).

Faulting Identification
In order to use with caution our data set and avoid misleading
interpretations of the fault system along each seismic section, we
have used the following five criteria to identify faults:

(a) The first one is a direct identification of the fault trace
in the seismic section after processing. The resolution of
our data is not always high enough and wrong/erroneous
detection are still possible (see section “Seismic Processing
and Analysis”). However, by the depth conversion of major
seismic units in the reconstruction of a more realistic

TABLE 2 | Synthesis of the information regarding the deformation of the Algerian margin and basin in relation with the tectonic inversion.

West Central-West Central Central-East East

DCF at the Basement top

Minimal half-length 53 km N.O. 43 km or 90 km 150–170 km 60 km

Minimum amplitude 1,5 km (unconfirmed
nature)

N.O. 1,2 km or 1,6 km 2 km 1,5 km

DCF at the Upper Unit top

Minimal half-length 46 km 67 km 77 km 150–170 km 60 km

Minimum amplitude 0.8 km (unconfirmed
nature)

0.9 km 0.5 km 0.6 km 0.5 km

Buckling or short-range undulations

Average length 35 km 30–40 km N.O. N.O. 25 km

Amplitude 0.8 km–1 km 0.9 km N.O. N.O. 0.9 km

Faults

Faults in the continental slope 1 3–4 3 3–4

Highest minimum length 68 km 83 km 175 120 66 km

Faults in the basin 1 reactivation Disparate observations N.O. 3

Highest minimum length 13 km 50 km 40 km N.O. 40 km

Other

Magnetic anomalies Non-compliant Non-compliant Partially compliant in
regard to Hannibal High

Non-compliant Conform with faults and
buckling

Volcanism Abrupt transform
margin

Hannibal high potential sealed volcano west
of the flexural basin

Previously identified volcanism,
related to the Collo massif

DCF = downward concave flexure.
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spatial relationship of the reflectors, we were able to add
a further check on the identification of the faults.

(b) The second criterion is a clear offset of seismic horizons
or sharp depth variations. This is a direct indication of the
tectonic activity, reflecting the displacement along the fault.

(c) The third criterion is the presence of asymmetric basins
(wedge-shaped basins) and/or folding and growth of strata
during the development of thrust-related anticlines. These
indirect markers of fault activity are widely used in frontal
regions of thrust wedges with slow deformation rate (e.g.,
Tavani et al., 2015 and references therein) and are indeed
illustrated in our case study, where sedimentation rates are
high enough to record the deformation.

(d) The fourth criterion is the existence of a perturbation at
the seafloor. Previous studies have shown that although
many thrusts are blind, witnesses of active deformation at
the seafloor are locally found in the Algerian offshore (e.g.,
Déverchère et al., 2005; Domzig et al., 2009; Kherroubi
et al., 2009; Cattaneo et al., 2010; Babonneau et al.,
2017), therefore we have tried to systematically correlate
this shallow deformation with strain markers identified
on seismic lines.

(e) The last and more disputable criterion used is salt tectonics
as indirect indicator when present. Salt tongues, squeezed
diapirs or ramps of the upper units embedded with salt
can still be used in some cases to help to evidence the fault
activity (e.g., Camerlenghi et al., 2009; Matias et al., 2011;
Soto et al., 2018) even if the uplift of the margin by tectonic
inversion is also a potential source for salt gliding, as
observed in many passive margins (Brun and Fort, 2011).

We assign the highest level of confidence to faults identified
based on at least four among the five criteria above. Faults
validated by at least three of them, but without an obvious fault
trace, are displayed as dashed lines. These faults are supported by
strong evidence, but their exact location, lateral continuity and
dip value are uncertain. Faults based on fewer criteria are shown
as dashed lines with more widely spaced dashes and represent
our third and least certain category, while still being supported
by evidence along seismic sections.

Concave Flexure and Buckling of the
Oceanic Crust and Lithosphere
The detection and the definition of the flexural behavior of
the oceanic lithosphere in the region offshore Algeria were
not addressed until now and are among the main targets
of our study. Hamai et al. (2015) have shown that isostatic
anomalies of the area can be interpreted by opposite flexures
of two plates separated by a plate boundary located close
to the margin toe, resulting from the stress induced by the
Europe-Africa convergence. Interestingly, their 2D mechanical
modeling predicts a downward bending of the oceanic plate
against the continental plate of several kilometers amplitude,
with the highest value at the southern tip of the ocean-continent
transition and in the central margin. We therefore expect to
find evidence for a downward concave flexure (hereafter called
DCF) by mapping the various seismic horizons identified over

the deep domain. As the distance imaged by our seismic sections,
located roughly perpendicular to the coastline, is relatively short
(∼200 km, Figure 2), the characteristic wavelength of the flexural
response and the amplitude of the bulge could be underestimated
(Hamai et al., 2015), therefore we only propose a minimal half-
wavelength of the DCF associated with minimal amplitudes and
lateral extents.

Buckling (or folding) of the oceanic lithosphere is another
expected effect of compressional reactivation that is indeed
observed coincidently with underthrusting, faulting and prior to
subduction initiation (e.g., Stein et al., 1989; Kim et al., 2018).
Buckling may occur at crustal or lithospheric levels, depending
on the coupling between the upper crust and the lithospheric
mantle (Cloetingh et al., 1999; Burov, 2011). It is expressed by
undulations of oceanic basement and overlying sediments with
a wavelength depending directly on the thickness of competent
layers within the oceanic plate (Burov and Diament, 1995; Burov,
2011). In our case study, we rely on the geometry of the basement
top and of the salt base to identify this process by the half-
wavelength and the amplitude of each undulation. Since inherited
irregularities of the basement top may sometimes mimic crustal
buckling, we have systematically compared the shape of both
reflectors to avoid misleading interpretations. Note that in spite of
the limited lengths of some of our profiles (Figure 2), lithospheric
folding can be characterized here and may be superimposed to the
downward flexure of the oceanic lithosphere.

RESULTS

We summarize here the main results of the correlation between
seismic sections within different zones of the Algerian margin
from west to east (Figure 2). We rely on representative seismic
sections (Figures 3, 6–8) and interpolated maps (Figures 9, 10)
as well as on previous results. We use as markers the reflectors
identified on Figure 4 and their lateral continuity maps for
the Basement, the MU base and the UU top. Note that on
the continental margin, UU and MU generally undergo a
lateral transition toward another unit, much thicker (from x2
to x5 thickness, depending on the place considered) and with
typically more or less chaotic facies (Figure 6) (Déverchère
et al., 2005; Strzerzynski et al., 2010, 2021; Lofi et al., 2011a,b;
Arab et al., 2016a,b), hereafter labeled “CU” for Complex Unit.
We also compare these maps with magnetic data, as they
image the structure of the crust (Figure 10), and gravimetric
data, as gravimetric anomalies may be another indication of
crustal flexures.

Western Zone (Mostaganem Region)
Location and Overall Structure
The western zone of the study area corresponds to the
Mostaganem region and its transform-type margin which
displays an abrupt ocean-continent transition developed during
the STEP fault formation (Badji et al., 2015). Here, the Moho
depth varies from 22.5 km to 12.0 km depth over a distance of
only 27 km (Figure 3).
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FIGURE 6 | (Right) Seismic Section 2 (Tipaza) as a depth-converted line drawing. No vertical exaggeration is present and faults are identified, as well as major
asymmetric basins. The inset displays a raw depth-converted extraction of the seismic line. (Left) Seismic Section 3 (Greater Kabylia) as a line drawing. No vertical
exaggeration. Major horizons and faults are identified, as well as major asymmetric basins. Inset displays a raw depth-converted extraction of the seismic line. The
inset on the second line is an extraction of the two-way-time section provided to better evidence faults-related shifts and the deformation of the sediments. Light
green unit in the margin corresponds to the Messinian Complex unit (CU) coeval to UU and deposited in response to the major sea level drop of the Messinian Salinity
Crisis. Stretched black triangles underline post-Messinian depocenters of sub-basins and their potential asymmetry (wedge-shaped sedimentary units or growth
strata) which is assumed to evidence a tectonic control by underlying blind flat-ramp thrusts. Downward pointing arrows locate the ocean-continent transition.

The pre-Messinian units are forming a narrow basin at
the margin toe (km 46). The depth-converted seismic sections
(Figure 3) and depth maps (Figure 9) suggest up to 1500 m of
pre-Messinian and lower-Messinian sediments and a progressive
thinning of these units toward the North, until km-85 where
the presence of the pre- and lower Messinian sediments are not
anymore detectable. This could be related to a late opening of
this basin, i.e., between 11-8 Ma (Mauffret et al., 2004; Booth-Rea
et al., 2007, 2018; Medaouri et al., 2014). Section 1 (Figure 3) also
shows a progressive increase in the depth of both the basement
and the base of the salt from the basin toward the coastline from
km-87 to km-65 (Section 1, Figure 3).

Seismic Section 1
If we discard local, short wavelength changes of the salt base
associated with diapirism that we suspect to be artifacts, we
observe an undulation of the oceanic basement (between km-
45 and km-65, Figure 3), suggesting a half-wavelength folding
of the crust of ca. 10 km. The southward dipping reflector
around km-47 may define the only active fault identified near

the margin toe on the three westernmost seismic sections. The
abrupt basement transition from 4.7 km to 6.7 km depth between
km-42 and km-47 supports the opening of the basin along a
strike-slip fault system, indicating the presence of a STEP-margin
(Badji et al., 2015).

The westernmost area displays a local thickening of the
sedimentary layers of 1.5 km along 53 km distance, from the
margin toe to the end of the seismic section. The basement top
reaches its deepest point at 6.7 km depth at the margin toe, while
its average depth stays at 5.4 km further north in the basin. This
corresponds to a thinning of the lower sedimentary unit. The
salt base displays a wavy pattern over ca. 35 km, from km-60 to
km-95. Even if this wavy aspect may result from small deviations
related to internal velocity variations from the salt and overlying
sediments, we suggest that they can still be of tectonic origin. In
fact, this undulation is bordered by an ancient fault on the north-
western part of the area. This fault, previously proposed by Soto
et al. (2018), is supposed to be an older structure, evidenced in
the basement and re-activated by the compression. It is related to
a ramp in the MU and UU. It does not affect the post-Messinian
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FIGURE 7 | Seismic Section 4 (southern half of the seismic section only) and 5 (continental margin only) off Jijel, as depth-converted line drawings. No vertical
exaggeration is present. Major horizons and faults are identified, as well as major asymmetric basins. Section 4 evidences the flexure of the basin; its reduced length
is due to both the great length of the profile and the absence of any significant geological feature on the second half of the profile with the exception of the global
deepening of the horizons toward the margin. Section 5 resolution is higher than the one of Section 4 and goes further onto the continental margin, but it is also
shorter and has thus been integrated only to display the faulting system. Light green unit in the margin corresponds to the Complex unit (CU) coeval to UU and
deposited in response to the major sea level drop of the Messinian Salinity Crisis. Stretched triangle: same as Figure 6. Downward pointing arrow locates the.

sediment directly as the MU constitutes an efficient decoupling
layer, but diapirism related to the ramp is visible (Figure 3).
However, the bathymetry remains undisturbed at the scale of our
section. This suggests a folding with a half-wavelength of 15–
20 km along the whole margin, with an amplitude of ca. 500 m.
We observe no sign of a DCF.

The MU and UU reach a thickness of 1.9 km in the basin,
which decreases to 1.1 km at the margin toe. On the upper part
of the sedimentary cover, post-Messinian sediments are affected
by salt diapirism, creating a basin between two diapirs that
stands above the deepest part of the pre-Messinian basin and a
secondary and thinner basin northward, again delimited by two
diapirs (from km-54 to km-62) (Badji et al., 2015). It is likely
that diapirism is responsible for this recent basin, as three salt
walls (respectively at 54, 62, and 74 km), including the Ameur
diapir (km-54), are observed in this area, with a notable salt
weld southward bringing together the UU and LU (Figure 3,
km-50). Although sediments at the bottom of the pre-Messinian
unit are slightly deformed, this tectonic activity remains limited
and localized at or near the ocean-continent transition, where we
suspect the existence of a steep south-dipping thrust (Figure 3).

This fault (F4 on Figures 3, 11) is the only fault directly
related to the tectonic reactivation evidenced along this part of
the margin. It is more visible on the easternmost seismic sections
of the area. The upward movement of the margin relative to the
basin would destabilize the MU, favoring its lateral migration by
gravity-driven processes and the formation of both the diapirs
and the post-Messinian sedimentary basins.

Other inversion-related structures have been described further
west, most notably the Yusuf fault which probably affect
both the basin and the margin (Martínez-García et al., 2011;
Medaouri et al., 2012; Perea et al., 2018; d’Acremont et al., 2020;
de la Peña et al., 2020).

Interpolated Maps
A narrow and elongated sedimentary basin is identified at
the margin toe above both the basement, the base of MU
and the top of UU, and extends at least 70 km along strike
(Figures 9, 10). It corresponds to a clear limit of elongated
anomalies, both magnetic (Figure 10B after Medaouri, 2014) and
gravimetric (Badji, 2014) that is proposed to underline the ocean-
continent transition (Badji et al., 2015). As previously reported
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FIGURE 8 | Seismic Section 6 (Annaba) as a depth-converted line drawing. No vertical exaggeration. Major horizons and faults are identified, as well as major
asymmetric basins. The insets display the raw depth-converted sections of the corresponding boxes. The inset on the second line is an extraction of the
two-way-time section provided to better evidence faults-related shifts and the deformation of the sediments. Light green unit in the margin corresponds to the
Messinian Complex unit (CU) coeval to UU and deposited in response to the major sea level drop of the Messinian Salinity Crisis. Stretched triangles: same as
Figure 6. Downward pointing arrow locates the ocean-continent transition.

(Domzig et al., 2009; Medaouri et al., 2014; Badji et al., 2015; Soto
et al., 2018), the tectonic inversion in the western zone appears
to be limited in terms of faulting and flexure, but is expressed
mostly by short wavelength undulations of the basement and
strong Messinian salt halokinesis.

Central Zone (Tipaza to Bejaia Regions)
Location and Overall Structure
The central zone, located between Ténès and Bejaia
(Figure 2), is the largest one but with an heterogeneous
seismic coverage: indeed, the eastern half benefits from
a relatively tight array of seismic lines when the western
half area of Tenes is mostly uncovered. Although east-west
changes in geometry actually exist, the lack of resolution
does not allow us to precisely characterize along-strike
evolutions from the central-western to the central margins.
Moreover, faults and faults relay seems rather continuous
between the two areas, so that we have merged them into one
single zone.

Here, the margin features an alternation of basins and uplifted
blocks with active thrusts dipping toward the south in the
lower margin (submarine part, Figure 6) and one backthrust of
opposite dip in the upper margin on land (Strzerzynski et al.,
2021). Several sub-basins are found at the margin toe with lengths
ranging from 60 to 90 km and a variable width (Figures 9, 10).
Some basement highs are visible on the eastern side of the region,
in relation with the Hannibal High (Figure 11; Mauffret et al.,
2004; Aïdi et al., 2018).

The western part of this area (Section 2, Figure 6) depicts
horizon depths similar in range to the western zone, but with

a contrasted morphology (e.g., a major uplifted block in the
upper margin, interpreted as a former tilted block of the stretched
margin; Yelles et al., 2009; Leprêtre et al., 2013). Previous studies
have also evidenced deformation in the bathymetry and the
shallowest sedimentary layers in the deep domain, especially
off the 2003 Boumerdès rupture zone (Figure 2; Déverchère
et al., 2005; Strzerzynski et al., 2010; Babonneau et al., 2017).
They have evidenced the growth of piggy-back basins, suggesting
the presence of three to five south-dipping thrust faults in the
continental slope and the deep basin.

Seismic Sections 2 and 3
Section 2 (Figure 6) is representative of uplifted blocks areas
around Algiers and the Khayr-al-Din bank (Figure 1). At
the margin toe, the sedimentary basin is 3.2 km deep. The
basin itself has an average depth of 5.2 km, with variations
of approximately 500 m from km-65 to the northern tip of
the section with a wavelength of more than 15 km. We also
observe it on the other seismic sections of the Khayr-al-Din
bank but not on seismic sections available further to the east.
The basement also displays a relative low of 1 km amplitude at
km-65, but it appears to correspond chiefly to a thickening of
LU. A basement high separates this basin from a second basin
located at the margin toe and the ocean/continent transition.
MU is thicker from km-95 to the end of the seismic section
than closer to the margin. This change mostly explains the
deepening of the UU top by 1 km toward the margin. Therefore,
we conclude that no significant DCF can be observed off the
Khayr-al-Din, but that periodic undulations are present in the
basement and the LU.
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FIGURE 9 | Interpolated depth map of (A) upper unit top and (B) Mobile Unit base in the offshore domain. Main geological limits and active or inherited faults are
plotted. Active thrust faults mapped here result from interpolation between the black dots which locate the direct or indirect imaging of faulting activity (close to the
top of the basement) on seismic sections. In (A,B), fault segments with the highest density of black dots are considered as the most reliable and are shown as
continuous lines, while other segments are interpolated on longer distances and are shown as dotted curves (see text for details). HH marks the position of the
Hannibal High.
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FIGURE 10 | Interpolated depth map of acoustic basement in the offshore domain (A). Main geological limits and active or inherited faults are plotted. Active thrust
faults mapped here result from interpolation between the black dots which locate the direct or indirect imaging of faulting activity (close to the top of the basement)
on seismic sections. For comparison, (B) displays offshore reduced-to-the-pole magnetic anomalies (Medaouri, 2014) superimposed with the same structural sketch
as above. HH marks the position of the Hannibal High. In (A,B), fault segments with the highest density of black dots are considered as the most reliable and are
shown as continuous lines, while other segments are interpolated on longer distances and are shown as dotted curves (see text for details).
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FIGURE 11 | Synthetic structural sketch of the Algerian margin displaying adjustments to already published fault systems based on the present work. Fault F4 is only
partly shown on this map.

Regarding faults, the central-western area features a
segmented basement structure, with 4 faults related to the
inversion visible at basement top (Figure 6):

(1) The first fault (F3a upper branch) is observed near the top
of the continental slope, around km-12.5, corresponding
to a change in seafloor slope, a deformation of the
sedimentary cover and a slope change of the basement top.

(2) The second fault (F3a lower branch), around km-34, is
associated with a major uplift of the basement top. The
sedimentary cover is also deeply disturbed, even if the
imprint of the fault itself is not clearly identified. It
seems also to correspond to a gentle decrease of the slope
by 1 km over 5 km.

(3) The third fault at km-45 is the least well imaged on
this section, associated with perturbations in the deepest
sediments and in basement reflectors. They evidence
an alignment that root at the same depth as similar
faults in the area.

(4) The fourth fault at km-60 (F3c) is poorly imaged but clearly
related to growth strata and folds in the sedimentary units
without reaching the seafloor.

As a whole, the dip of these faults decreases toward the basin,
from 25◦ to only 6◦ and they appear to control at least partly the
morphology of the margin. Indeed, they locate in the steepest part
of the margin but also create an asymmetric basin between km-
23 and km-34 (Section 2. Figure 6), at a depth of around 3.2 km.
Pre-Messinian to post-Messinian sedimentary units above are
also folded. The basin itself might predate the inversion, being
related to the opening of the Algerian basin. Discordances in the

Messinian units reflect the uplift of the northern edge of the basin
where more recent sediments are also uplifted up to the seafloor.

On Section 3 (Figure 6), in the basin, the basement gently
declines by 1.6 km toward the margin from the end of the section
to km-63. The basement is also characterized by a 40 km wide flat
surface located between km-35 and km-55. Since pre-Messinian
sediments are onlapping the basement, we consider this flat to
be an inherited structure and not the signature of a DCF. The
top of UU displays a progressive downward bending of 500 m
amplitude toward the margin, while the basement displays a
sharp deepening between km-35 and km-12.

Three main faults are identified along the continental slope:

(1) At km-5, the first fault (F3a) is imaged in the pre-Messinian
sediments and is located right at the tip of a flat surface in
the continental slope.

(2) The second fault (around km-12) identified in the
basement also belongs to the F3a fault system and has a dip
of 29◦. The fault is associated with an important thickening
of the sedimentary layer (up to 5 km) starting from km-
23 and creating a perched basin in the lower part of the
continental slope. These sediments are deformed both by
secondary faults and by folding. The Lower Messinian and
the basement also show a thickening caused at least partly
by the fault activity and the associated folding. The seafloor
in the projected continuity of the fault shows a gentle slope
change separating the basin to the south from a flat in the
continental slope at km-23.

(3) The last fault (F3c) splits into multiple branches upward.
This fault shows a dip of 19◦ over its shallowest part but is
unconstrained deeper in the basement. It correlates with
tenuous shifts in the basement, in the sediments, and at
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the foot of the continental slope, which could either be a
coincidence, or the sign that the position of this continental
slope is controlled by the recent tectonic activity of the
Algerian margin.

Another fault (named F3b on Figure 11) is identified laterally
between F3a and F3c but is not observed on the two sections
displayed here. This fault reaches the basement and has a position
similar to the northern branch of F3a on Section 3.

While Section 2 and 3 display rather different whole
structures, major faulting at the basement top remains fairly
similar, with a first fault situated high on the margin, a second
major fault creating a flat in the continental slope, with or without
uplifted block, and a third fault at the toe of the continental slope
with basement deformation. Although we would need a tight
seismic line coverage to better define the organization of uplifted
blocks, these similarities in the faults structure between the two
sections are considered to define the style of the central margin.

Interpolated Maps
The central margin features an east-west succession of 5
separated basins with lengths ranging between 40 and 55 km
(Figures 9, 10). Interpolated maps evidence the presence of the
Hannibal High (Figure 11; Mauffret et al., 2004; Aïdi et al., 2018)
in the eastern part of the area. The exact structure of the basin
remains unclear because of a lack of sections imaging far enough
into the basin, but we still evidence the flexure of the margin
in the central part (Figure 6, section 3) with the depth of the
basement varying from 6–7 km to 8–9 km. Strikes of the magnetic
anomalies coincide quite well with the fault strikes (Figure 10A).

Central-Eastern Zone (Jijel)
Location and Overall Structure
The central-east zone is located offshore Jijel (Figure 2) and is
characterized by a roughly similar structure across all seismic
sections, suggesting the continuity of a sedimentary basin at the
margin toe, with a length of at least 170 km and a width of 40 km
(Figure 9), extending from the foot of the continental slope to the
previously identified ocean-continent transition zone (Mihoubi
et al., 2014). Here the half-wavelength of the DCF is between 150
and 170 km for an amplitude of 2 km at the top of the basement.

Seismic Sections 4 and 5
The structure of the basin along the Central-eastern margin
displays a clear DCF of both the basement and the top of
UU. Along Seismic Section 4 (Figure 7), the basement depths
increase by 2 km over 160 km (only the first half of the section
is shown in Figure 7, Seismic Section 4). Deepest reflectors in
the basin corresponding to late Oligocene to Langhian deposits
(Arab, 2016) are onlapping the basement and are related to the
early filling after the formation of the margin. These onlapping
sediments are about 1 km thick, not filling the whole DCF.
Measurement at the salt base suggests a flexure less than one
kilometer over the 160 km long Seismic Section 4 (Figure 7)
where the UU thickness reaches 500 m. LU sediments are not
onlapping the basement, therefore the DCF in this part of the
margin necessarily post-dates the beginning of the Messinian
salinity crisis.

This DCF is not accompanied by folding. Section 4 (Figure 7)
is long enough to characterize the flexure, but is not extending
far enough toward the margin and is too low in resolution to
precisely image the margin faults. In order to better describe
the margin and related faults, we rely on the depth-converted
industrial Seismic Section 5 (Figure 7). We identify three main
faults:

(1) Fault 1 (F2a on Figure 11), located on the highest part of
the margin (km-14), is associated with both a smooth shift
of the bathymetry and a deformation in the sedimentary
cover. No basement shift is imaged on Section 5, but the
strong deformation and the geometry of the fault suggest
that it might be closely possible.

(2) Fault 2 (F2b on Figure 11) cuts through the basement
around 5 km distance and reaches the UU in two branches
between km-17 and km-20. As shown by the two-way
traveltime inset (Figure 8), the basement depth varies over
a short distance, which could indicate a shift by the fault.
We also evidence small scarps (less than to 200 m high) in
the bathymetry above these fault branches.

(3) Fault 3 (F2c on Figure 11) is located at the margin
toe, reaching the basement around km-13.5 and cutting
through the mobile unit at km-30. Here, we evidence a
clear offset in the basement, characterized by the tiny
overlap of the basement over the sedimentary cover. This
overlap is at least 1.4 km long and implies a vertical
displacement of ca. 1 km. The dip of this fault is estimated
to be around 20◦ northward (ramp) and flattens toward
the south in the mid pre-Messinian sedimentary cover,
inducing some deformation in the horizons of the basin
beyond the margin toe and between the salt.

It is worth noting that two more faults (identified as
disconnected faults on Seismic Section 5, Figure 7) are located
northward in relation with the second and third diapirs. They
seem to die out at a depth close to the level where the third fault
is flattening. This suggests that the deformation induced by Fault
F2c propagates further into the basin, from 20 to 40 km at least,
supporting thin-skin tectonics crossing through LU and MU.

Interpolated Maps
Magnetic anomalies of the eastern Algerian basin are oriented
NW-SE to N-S and are related to the opening of this oceanic
basin (Bayer et al., 1973; Cohen, 1980). In the deep basin and
at the margin toe, several buried structures of the basement are
related to magmatic events that affected the domain at ca. 17
Ma (Arab et al., 2016a,b; Abbassene et al., 2016; Chazot et al.,
2017). A large, deep and asymmetric basin is superimposed to
these structures but does not correlate with them. From its shape
and position just north of the thrusts at the margin toe and at the
continent-ocean transition, we infer that it is a large flexural basin
that indicates a significant DCF that extends up to the Hannibal
High westward. The southern limit of the basin also matches free
air gravity anomalies of –70 to –80 mgal at the bottom of the
continental slope (Mihoubi, 2014).
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Eastern Zone (Annaba)
Location and Overall Structure
The eastern zone corresponds to the sector of Annaba (Figure 2)
that presents a complex pattern, including several sub-basins
apparently correlated to magnetic anomalies (Figures 9, 10). The
whole basin has a length of 90 km and a width of 25 km to 30 km,
located between the ocean-continent transition to the north-west
and the continental slope to the south (Figure 8, Section 6).

Seismic Section 6
The foot of the margin is marked by a basement high between
km-20 and km-28, separating the margin from the basin, that
might be related either to fault activity or to an inherited
structure. The opposite end of Section 6 (Figure 8) to the north
reveals a deepening of the salt base, a thickening of MU and
intense salt tectonics that may support the presence of a fault
around km-95. Without any other seismic section from our
dataset extending far enough in the basin to image this area, we
cannot further strengthen these hypotheses.

In the basin, the basement depth increases by 1.5 km over a
distance of 60 km, from the north to the base of the continental
slope, which gives a minimal amplitude and half-wavelength of
the DCF in the eastern zone. The top of the basement is marked
by at least three undulations, from km-0 to km-22.5 (including
the basement high), from km-22.5 to km-48 and from km-48 to at
least the end of the seismic section, which might reflect a crustal
folding. Such folding is also evidenced on neighboring seismic
sections. It appears consistent with the magnetic anomalies that
show an east-west pattern. Actually, highs and lows in the
basement of the basin correspond respectively to higher (–190
to –150 nT) and lower (–230 to –190 nT) values of the magnetic
anomalies. Highs are proposed to be related to magmatism
(Bouyahiaoui et al., 2015; Arab et al., 2016b) that could result
from the Tethyan slab break-off, similarly to the Collo massif
on land (Abbassene et al., 2016; Chazot et al., 2017). Basement
faults in the basin also seem to be correlated with transitions from
positive to negative magnetic anomalies.

Sedimentary deposits do not follow these variations. The very
disrupted salt top (halokinesis) globally deepens by only 500 m
(Figure 8) even if the volcanic edifice previously identified in the
basin (Bouyahiaoui, 2014) (km-60 in Figure 8) locally interrupts
this layer. This edifice is not covered by the MU but only by
500 m of UU sediments that are located above the UU layers
in the surrounding area. The seafloor is also perturbed. These
observations lead us to suggest that this ancient volcanic edifice
is presently affected by an uplift, perhaps in relation with a fault
proposed to be identified at km-65 on Section 6 (Figure 8) and
also described on numerous adjacent sections.

The pre-Messinian and LU units are thickening toward the
margin, inducing an uplift of the base of MU of 200–400 m
on average. The presence of an asymmetric Plio-Quaternary
basin and of a ramp of UU embedded in MU, correlated with
deformations in earlier deposits, suggests the existence of a
(not imaged) additional fault in the basin, probably around
km-42. Southward, this part of the seismic section corresponds
to a basement slope break at km-35, which is also located
just underneath the base of the continental slope. It is worth

noting that these two hypothesized faults are proposed to be
localized at the inflection points of the basement undulations
previously evidenced.

South of this high and below the slope, the basin displays
a massive thickening, with up to 3 km of sediments assumed
to represent (at least partly) Messinian Complex units (CU).
This unit is affected by three faults (Figure 8) that merge into
two when approaching the basement top. One of them (F1b on
Figure 11) reaches the basement at km-13 and the two other ones
(F1a) might reach it at km-7. While Fault 1 does not disturb post-
Messinian sediments, suggesting that it does not participate in the
accommodation of the convergence today, Fault 2 remains active
up to the most recent sedimentary layers.

A third fault (F1c) is identified at km-33. Although it is
not clearly imaged, it is inferred thanks to: (1) a step in the
basement, (2) perturbations and folding in the lower sedimentary
unit, (3) diapirism in MU and (4) deformation of the shallowest
sediments (Quaternary) and the seafloor. This fault could explain,
at least partly, the basement high previously described between
km-20 and km-28 on Section 6. Such a blind thrust fault
system has also been described on higher resolution MARADJA
seismic lines from this same area of the Algerian margin
(Kherroubi et al., 2009). A last thrust (F1d) is assumed further
north (Figure 8).

Faults along the eastern margin are not well constrained in
the basement, but we can propose estimated dip values from our
sections. They are around 27◦ for the first two upper faults of
the continental slope (F1a and F1b), responsible for most of the
deformation in the sedimentary layers, and respectively 14◦ and
6◦ for the two other ones in the basin (F1c and F1d).

Interpolated Maps
On the interpolated maps, we evidence a DCF in the monitored
horizons, especially the basement (Figure 10) where it is not
perturbed by the presence of the volcanic edifice, concentrated
on the northern part of the eastern zone. The shape of
the sedimentary layers support a tectonic thickening of the
sedimentary cover by wedging (visible south of km-22 on
Section 6). The flexural basin is imaged north of this thickened
region, hence covering only the northern half of the section. The
basin at the toe of the continental slope is correlated to magnetic
anomalies, but also to gravimetric anomalies (Bouyahiaoui, 2014)
which present a negative value from –51.3 to –40 up north of the
continental slope.

DISCUSSION

We have attempted to gather markers of ongoing deformation
of the deep Algerian basin undergoing tectonic shortening. We
have identified three modes of basin deformation expected to
be a “standard” response of the lithosphere to compression
but are sometimes overlooked (Cloetingh et al., 1999; Burov,
2011; Cloetingh and Burov, 2011): (1) a downward bending
of the oceanic-type lithosphere at the margin toe, hereafter
called downward concave flexure (DCF); (2) a buckling (folding)
of the oceanic lithosphere expressed by crustal undulations
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perpendicular to the direction of compression, and (3) a localized
deformation at the margin toe revealing underthrusting of the
oceanic lithosphere. We summarize hereafter the characteristics
and relationships of these modes of active deformation.
Regarding the age of the faulting, we have no way to discuss it
with our data set owing to the poor resolution of the seismic data.
Nevertheless, from our observations on all the seismic lines (fault
shifts and wedge-shaped basins, Figures 3, 5–8), it appears that
fault activity mostly post-dates Messinian deposits, as generally
inferred in the offshore domain of Algeria (see a full discussion in
this respect in Strzerzynski et al., 2021).

Downward Concave Flexure of the
Oceanic Lithosphere
The strong asymmetry of the Plio-Quaternary basins off
Algeria, coincident to a significant negative gravity anomaly,
was used by Auzende et al. (1975) to suggest an early stage
of active margin evolution. The mapping of three major
seismic horizons (upper unit top, Mobile Unit base and
acoustic basement, Figures 9A,B, 10A, respectively) indeed
reveals a significant permanent deformation. This deformation
is proposed to result from a downward concave flexure
(DCF) of the oceanic lithosphere. Its general orientation
(i.e., roughly perpendicular to the maximum stress direction
of relative convergence between the African and Eurasian
plates) and the amplitude and wavelength of the DCF are
quite consistent with models derived from gravity anomalies
(Hamai et al., 2015). What is striking is the discontinuous
pattern of these DCF anomalies recorded simultaneously on
the 3 seismic horizons, which also coincides with the pattern
of the thrust faults (Figures 9, 10). The first order match
between the models derived from the gravimetry and the
DCF maps and the overall concave shape and asymmetry
of these horizons are strong arguments to consider this
interpretation as robust enough, in spite of the uncertainties
regarding the time-to-depth conversion and gaps in the
seismic network used.

Table 2 shows that the DCF has a greater half-wavelength (ca.
160 km) and amplitude (ca. 2 km) in the central-eastern segment
(Jijel) than in the other areas. This area would then be prone to
load a significant amount of elastic strain that could result in a
strong magnitude earthquake. This area indeed bore the 1856 Jijel
earthquake, which is among the strongest events ever felt along
the Algerian coast and was followed by a tsunami (Boughacha
et al., 2004; Yelles-Chaouche et al., 2009). The easternmost basin
(Annaba) also displays a similar DCF pattern (Figures 9, 10)
with an amplitude of 1.5 km but over a much shorter distance of
60 km. The third area submitted to a relatively significant flexural
loading (i.e., 77 km half-wavelength and 0.5 km amplitude,
Table 2) is the central/central-western zone (Figures 9, 10),
off the cities of Tipaza, Algiers and Boumerdès, where several
historical and instrumental seismic events occurred (Ayadi et al.,
2003; Boughacha et al., 2004). Finally the westernmost area
(Oran-Mostaganem) as well as the central-western (Algiers) does
not evidence any significant flexural loading, suggesting that
these two areas are not prone to significant seismic loading.

Buckling of the Oceanic Lithosphere
Short wavelength undulations of the seismic horizons sub-
parallel to the Algerian margin are evidenced in the oceanic
domain of the western zone (section 1), the western part of
the central zone (section 2) and the eastern zone (section 6)
(Figures 9–11 and Table 2), with a mean wavelength of 30–
35 km and an amplitude of about 800–1000 m. This oscillant
pattern is particularly well expressed just north-west of the
linear and narrow margin of Mostaganem (Domzig et al., 2009;
Badji et al., 2015) and a bit less north of the Khayr-Al-Din
bank (Figure 1), whereas it appears more questionable in the
easternmost margin where the top of the basement is affected
by Miocene volcanics (Bouyahiaoui et al., 2015). As predicted
by folding theory and simulations, the anticlines display lower
amplitudes than synclines as a result of the contribution of gravity
(Cloetingh et al., 1999; Cloetingh and Burov, 2011).

For the western and central-western zones, we hypothesize
that this pattern reveals a buckling of the oceanic lithosphere
with fold axes perpendicular to the relative plate convergence,
with a dominant control of the brittle crust (Burov, 2011). We
suggest that this buckling is mostly due to a combination of
two parameters: (1) the narrowness of the oceanic basin west of
Algiers, which may explain why the brittle layer cannot bend over
a long distance, and (2) the presence of a STEP-fault margin that
acts as a buttress, preventing strain focusing at the margin toe
and thus transferring compression further north toward the Betic
margin (Giaconia et al., 2015) or further south on the Algerian
coast (Yelles-Chaouche et al., 2006). A similar buckling of the
East Japan basin floor (combined with limited underthrusting)
is reported along the eastern Korean wrench margin (Kim et al.,
2018), but with a longer wavelength (60–70 km) and smaller
amplitude (200 m).

It is also worth noting that if we assume a wavelength of
folding of approximately seven times the brittle layer thickness
(Bull et al., 1992), the latter would be of about 4–5 km in
the western Algerian basin, a value which is close to the mean
thickness of the oceanic crust identified in the wide-angle
experiments off Mostaganem and Tipaza, i.e., 3–4 km in Badji
et al. (2015) and 5–6 km in Leprêtre et al. (2013), respectively.
This ratio is also true in the case of the East Japan sea, where the
crustal thickness is∼11 km (Kim et al., 2018).

For the eastern zone, the structures of the crust evidenced
by the magnetic anomalies could act as focal points for
the deformation, forcing the eventual buckling to overprint
itself over them.

Active Fault Network and Tectonic Style
of the Algerian Margin
Our analysis provides for the first time a comprehensive and
coherent overview of the main deep active faults of the Algerian
margin. The fault mapping offshore was until now the object
of quite conflicting representations. We report for instance the
large differences between interpretations by Mauffret (2007);
Meghraoui and Pondrelli (2012), and Rabaute and Chamot-
Rooke (2015). The interpretation we propose here results from
a full revision of all data available and gather the deepest
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information in order to avoid the mapping of subsurface faults
that may appear as secondary faults systems driven by the
formation of rollovers or by Messinian salt halokinesis and
gravity gliding or spreading (e.g., Déverchère et al., 2005;
Gaullier et al., 2006; Domzig et al., 2009; Kherroubi et al., 2009;
Cattaneo et al., 2010; Strzerzynski et al., 2010; Arab et al., 2016b).
Among striking differences, our structural sketch (Figure 11)
clearly differs from the one by Mauffret (2007) who hypothesized
a single, continuous fault running from the easternmost margin
to Greater Kabylia and a left-lateral wrench fault in the western
margin (Arzew escarpment). Our result also invalidates the
model of restraining bend by Meghraoui and Pondrelli (2012)
featuring a∼350 km long right-lateral fault striking West-East at
the margin toe between the bay of Bejaia and the Khayr-Al-Din
bank. It also shows that the active faults in the basement at depth
are likely more continuous than fault segments mapped from
subsurface data (Kherroubi et al., 2009; Rabaute and Chamot-
Rooke, 2015; Kherroubi et al., 2017).

Several studies have also proposed through seismic reflection
data acquisition or experimental modeling that the Algerian
margin is deforming by crustal flat-ramp systems (Déverchère
et al., 2005; Roure et al., 2012; Aïdi et al., 2018; Strzerzynski
et al., 2021), implying a crustal decoupling layer in the lower
crust of the stretched continental margin (Kherroubi et al., 2017).
However, whether this mixed thin-skinned and thick-skinned
tectonic style is the rule over the whole margin segments is
unclear. Our study suggests that outward propagation of the
faulted systems driven by thick-skinned thrusts is actually taking
place only in the central zone (Figure 11), i.e., the Greater
Kabylian block, sometimes called the “Maghrebian indenter”
(Piqué et al., 1998), as this is the only area where we observe
faults in the oceanic basement unrelated to buckling, whereas
very limited propagation by decollements is occurring in the
central-eastern and eastern zones, and no propagation in the
western zone (Figure 11). This result suggests that the position
of the indenter of the central zone may play a significant role in
its relative maturity compared to the other segments and likely
reflects an important inherited effect of the phase of opening
of the Algerian domain (van Hinsbergen et al., 2014, 2020 and
references therein).

Possible Implications for Seismic
Hazards Off Algeria
Our study offers the opportunity to assess more realistic estimates
of maximum magnitude of earthquakes off Algeria owing to a
systematic examination of active faults rooted in the basement,
where large earthquakes are assumed to nucleate. Here, we
propose to rely on our interpretations and lateral correlation
hypothesized from our seismic sections across the Algerian
margin to compute a range of maximum magnitudes (Table 3)
and to discuss briefly their consistency with historical and
instrumental seismicity.

Relationships between the length of a rupture and the
magnitude of an earthquake have been discussed since long (e.g.,
Wells and Coppersmith, 1994; Stirling et al., 2013, and references
therein). Here, we use the regression equations summarized by

Stirling et al. (2013) for reverse faults and for magnitude ranging
from 6.1 to 9.5 to propose possible magnitude ranges (Table 3).

The western area (Figure 11) features a unique fault (F4) of
ca. 180 km (Domzig et al., 2009; Badji et al., 2015), equivalent to
a magnitude 7.6. However, this fault does not affect significantly
the most recent layers at the margin toe (Domzig et al., 2009).
Considering: (1) the STEP-fault related sub-vertical geometry of
the margin (Govers and Wortel, 2005; Badji et al., 2015), (2) its
strike orthogonal to the direction of convergence, (3) the very
limited underthrusting at depth (Medaouri et al., 2014) and (4)
the lack of significant flexural loading (see section “Downward
Concave Flexure of the Oceanic Lithosphere”), we suggest
that this segment is barely active and does not produce large
earthquakes, although exceptional ruptures cannot be discarded.
This interpretation agrees with the absence of major seismic
events in the area, except the 1790 event which source is assumed
to be related to faults located westward (Buforn et al., 2019).

In the central area, several short fault segments are reported
close to the coastline, which are proved to produce moderate-
size events of magnitude 6.0–6.5, like for instance the 1989
earthquake (Meghraoui, 1991). If we consider only the longer
faults of our structural sketch, we identify segments of lengths
reaching typically 60-70 km (for instance Fault F3b, Section 3),
as the one which led to the dramatic M 6.9 2003 Boumerdes-
Zemmouri earthquake (Ayadi et al., 2003), with cumulative fault
scarps close to the margin toe (Déverchère et al., 2010; Kherroubi
et al., 2017). The average spacing of these thrusts is between 5 and
15 km, which is typical of thin-skinned thrust belts (Morellato
et al., 2003). This is also the typical magnitude expected from
a rupture at the toe of the Khayr-Al-Din bank (Yelles et al.,
2009). If we assume that the Boumerdes thrust fault to the East
is linked at depth with the Khayr-Al-Din fault to the west, we
obtain a total length of ca. 280 to 310 km (Fault F3a), equivalent
to a magnitude 7.9–8.0. Finally, the northernmost thrust segment
(F3c) reaches a length of ca. 240 km, but whether this thrust
rooting on a decollement layer (Déverchère et al., 2005; Roure
et al., 2012) may produce earthquakes separately from the other
faults segments located within the margin further south (like
the 2003 Boumerdes-Zemmouri event) and which are rooting
on this same decollement layer is questionable. In this zone,
recurrence intervals from paleoseismology range between 300
and 1600 years (Ratzov et al., 2015; Babonneau et al., 2017),

TABLE 3 | Lengths of faults estimated at the basement top according to the
structural sketch of Figure 11, and estimated values of magnitudes using
statistical relationships for thrust faults in Stirling et al. (2013).

Zone (Figure 1) Fault number
(Figure 11)

Estimated
length (km)

Maximum
magnitude

Western zone F4 180 7.6

Central F3c 240 7.8

F3b 70 7.0

F3a 280–310 7.9–8.0

Central-Eastern F2a, b, c 120 7.3

Eastern F1a, b, c, d 60 6.9

Central-Eastern and
Eastern (merged)

F1d + F2c 310 8.0
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therefore suggesting irregular earthquake cycling but relatively
frequent earthquake occurrences.

In the central-eastern area, a typical fault length of 120 km is
found at the margin toe (F2a, F2b, F2c) on sub-parallel segments
with a close spacing of 5–10 km. If we assume that these segments
root in the same deep segments, as proposed by Arab et al.
(2016b), this would imply earthquakes with a magnitude of 7.4,
a magnitude which has been typically assumed for the 1856 Jijel
earthquake (Boughacha et al., 2004; Yelles-Chaouche et al., 2009).

Finally, the eastern margin displays close thrust segments (F1a,
F1b, F1c, F1d) with typical lengths of ∼60 km, implying events
of magnitude less than 7 (Table 3). They are likely rooting on a
single deep fault, as suggested by their close spacing and the deep
seismic experiments (Bouyahiaoui et al., 2015). If we hypothesize
that faults F1d may be activated together with segment F2c in a
single event (which is not excluded according to our mapping in
Figure 11), this would lead to a maximum length of ∼310 km
and a magnitude 8.0 event. However, historical seismicity did
nor reveal any significant strong event in the eastern zone
(Kherroubi et al., 2009), thus it remains difficult to conclude
on the occurrence of such a large magnitude event. Recurrence
intervals from paleoseismology have not been yet documented in
this zone, but if we follow the GPS velocity model by Bougrine
et al. (2019), strain rates offshore are likely 2 or 3 times less
than in the central zone, therefore historical seismicity cannot
be considered as sufficient to discard the occurrence of such
earthquakes in the future.

CONCLUDING REMARKS

North Africa accommodates the convergence of Eurasian and
African plates since Late Cretaceous times. Since the closure of
the Tethyan oceanic lithosphere and the docking of the Kabylian
blocks with Africa ∼19 Myr ago, the transpression induced by
the relative plate convergence has been likely accommodated
by a combination of shortening along large thrust fault systems
onland and clockwise block rotations (book-shelf faulting) in
the Tell-Atlas fold-and-thrust belts (Frizon de Lamotte et al.,
2000, 2009; Roure et al., 2012; Derder et al., 2019). The relative
importance of each process has long been debated (e.g., Frizon de
Lamotte, 2005). However, the way convergence is absorbed likely
evolves through times. Both our study of strain markers in the
offshore domain and recent results of active strain distribution
on land (Bougrine et al., 2019) support that northern Algeria
is witnessing the birth of a new plate boundary since Plio-
Quaternary times, at the place where the back-arc extensional and
wrench systems of the western Mediterranean Sea are undergoing
a tectonic inversion potentially preceding a subduction. Three
main systems are identified:

(1) In the western zone (Mostaganem segment, Figure 11),
the inherited transform-type (STEP) margin acts as a long-
term locked, stiff limit where strain is transferred toward
the north by buckling of the young oceanic lithosphere
and thrusting of opposite vergence in the neighboring
continental margins of Iberia and Africa. Although a

magnitude 7 event on this offshore structure cannot be
ruled out, we speculate that strain accumulation occurs
only at very slow rates.

(2) In the central zone of Algeria (Tipaza-Greater Kabylia
segment, Figure 11), we evidence an oceanward
propagation of north-verging thrust ramps rooting
on thin-skinned detachments and on a thick-skinned
thrust systems in the continental margin, together with
a mixture of moderate downward concave flexure and
buckling of the oceanic lithosphere. This tectonic style
is typical of foreland fold-and-thrust belts (e.g., Frizon
de Lamotte et al., 2000, 2009; Garcia-Castellanos and
Cloetingh, 2012; Roure et al., 2012; Alania et al., 2017)
and agrees with a model where active deformation is
dominantly accommodated by internal deformation
of the oceanic domain and by thrust faults striking
almost perpendicular to the relative plate convergence,
without the need for significant right-lateral strike-slip
faulting (Bougrine et al., 2019). Fault continuity suggests
ruptures around magnitude 7 (as exemplified by the 2003
Boumerdès-Zemmouri earthquake) but potentially up to
magnitude 8 if rupture is inferred along the entire length
of adjacent fault segments.

(3) In the central-eastern and eastern zones of Algeria
(Lesser Kabylia segment, Figure 11), we evidence a long
wavelength and high amplitude flexure of the oceanic
lithosphere without significant buckling, together with a
set of sub-parallel, closely spaced north-verging thrust
ramps rooting in the basement of Lesser Kabylia without
northward propagation in the oceanic domain. This
tectonic style recalls splay fault systems evidenced in
mature accretionary wedges of subduction (e.g., Park
et al., 2002; Strasser et al., 2009), however the way the
faults connect at greater depth below Lesser Kabylia is
not imaged. In the eastern zone off Annaba, flexural
bending is decreasing and fault segments are shorter. As
no oblique or strike-slip faulting is evidenced offshore, our
findings agree with a kinematic model where active strain
is partitioned between right-lateral strike-slip motion on
the Ghardimaou-North-Constantine (GNC) fault on land
and reverse faulting offshore (Bougrine et al., 2019). Fault
continuity suggests ruptures around magnitude 7.3–7.5
on the offshore thrusts, as recorded during the 1856
Jijel earthquake.

It remains now necessary to examine how the offshore,
segmented active thrust faults described here connect to sub-
parallel onland thrust faults like the Blida and Cheliff faults
(Yelles-Chaouche et al., 2006). Although there is no evidence for
simultaneous rupture across adjacent segments at sea and on land
until now, the fault structural maturity (Manighetti et al., 2007)
should be carefully examined in the future in order to better assess
seismic hazards in Algeria.

Post-submission Addendum
On 18 March 2021 at 00:04 UTC, a Mw 6.0 earthquake
occurred in northeastern Algeria in the Bay of Bejaia (Figure 2).
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This event is located at the westernmost tip of the thrust
fault labeled F2b in our study (Figure 11) and occurred after
a succession of moderate magnitude thrust events near our
mapped thrusts F2 in 2014–2019 (Yelles-Chaouche et al., 2021).
We have identified Fault F2b as a blind reverse fault gently
dipping southward (Figure 7), striking locally almost W-E and
apparently merging at this place with Fault F2c (Figures 10, 11).
These faults are parts of a system of 3 sub-parallel thrusts
that are assumed to represent the upper part of the active
fault responsible for the magnitude 7.5 1856 Jijel earthquake
(Yelles-Chaouche et al., 2009, 2017).

We have underlined the similarity of this thrust fault system
with splay faults evidenced in mature accretionary wedges of
subduction. Although we ignore how these faults connect at
greater depth below Lesser Kabylia, we note that Fault F2b
matches quite well the parameters of the March 2021 focal
solution1 regarding strike (almost E-W), type of faulting (pure
reverse) and dip angle of the southern nodal plane (25◦ ± 10◦).
This event could therefore be understood as expressing a process
of static stress loading and stress transfer at the westernmost
tip of the rupture zone of the 1856 Jijel earthquake, which is
among the largest historical events identified off Algeria. This
recent seismic activity off Jijel further supports that the F2 fault
system is a major seismogenic structure representing the reverse
component of a strain partitioning fault system (Bougrine et al.,
2019; Yelles-Chaouche et al., 2021).

Finally, we believe that co-seismic rupture at the sea bottom
linked to the 2021 Bejaia event is unlikely, provided that the
expected coseismic slip for such a magnitude is very small and
that the bay of Bejaia is occupied by a giant, active deep-sea fan
(Cattaneo et al., 2010).
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