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The Algerian margin is located at the slow-rate convergent boundary between
African and Eurasian plates and experienced several strong earthquakes in the
last centuries. Among them, the 2003 Mw 6.8 Boumerdés event has triggered
large turbidity currents in the slightly concave canyons of the slope and
numerous cable breaks in the abyssal plain. In this study, we explore where,
how and when the tectonic inversion of the margin off Boumerdes has left
witnesses in the seafloor morphology and whether the observed deformation
correlates with the 2003 coseismic rupture zone and with the Plio-Quaternary
sedimentation. We have performed a careful analysis of the seafloor
morphology and subsurface seismic reflectors at the landscape scale and
along/between canyons by combining classical GIS-based methods and
Virtual Reality techniques. From the mid-slope to the deep basin off the
~60 km long Boumerdés-Dellys coast, we evidence large knickpoints
corresponding to the development of four main cumulative fault scarps and
two perched basins which are deeply incised by steep canyons and gullies. We
interpret these structures to result from frontal propagation of two main south-
dipping thrusts by upper crustal décollement ramping, evidencing an incipient
sub-thrustimbrication in a stage of initiation of an accretionary wedge. The flat-
ramp thrust geometry and their along-strike segmentation explain the
development and shape of the perched basins in the backlimb of fault-
related folds. The onset of growth strata is dated at 1.5 + .5 Ma on the slope
and .9 + .3 Main the deep basin. The length, position, strike and segmentation of
the older, southern thrust ramp are consistent with the coseismic
characteristics of the Mw 6.8 2003 earthquake. The cumulative vertical
scarp throw exceeds 1km, supporting Quaternary shortening rates of 1.6 +
7 mml/yr, in agreement with geodetic strain rates across the western
Mediterranean basin. Virtual Reality offers powerful and promising means to
correlate seismic imagery and seafloor morphology and is of great help to
improve the robustness of tectonostratigraphic interpretation.
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1 Introduction

Submarine geomorphology of continental margins results
from numerous competing processes arising from erosion,
The of
cumulative and single-event deformations at the seafloor (e.g.,

gravity, currents and tectonics. identification
fault scarp height variations, cumulative fault throws, slide size/
distribution and fold/fault strikes and lengths) is important to
assess the extent and potential impact of large events (tsunamis,
earthquakes, gravity slides) and thus better anticipate their effects
on structures such as industrial sites, buildings, submarine cables
or offshore platforms, especially in urbanized coastal areas.

In many convergent margins settings (subduction zones), the
record of active deformation at the seafloor is often well
preserved and provides compelling evidence of complex
interactions between these competing processes (see e.g.
Graindorge et al., 2008; Polonia et al., 2011; Gutscher et al,,
2017; Morgan et al., 2022 and references therein). By contrast, the
tectonic reactivation of passive margins leads to much more
tenuous witnesses of faulting and folding at the ocean-continent
transition, at least in early stages, owing to the highly variable
autogenic and allogenic controls on submarine landscapes
(Pratson et al., 2007; Pettinga and Jobe, 2021) in a context of
comparatively lower strain rates and widespread deformation
(e.g. Auzemery et al., 2021; Somoza et al., 2021).

Among the rare examples of reactivated passive margins,
the Algerian margin case study has received a peculiar attention
in the last 20 years. Indeed, this margin illustrates a typical case
of a weak mantle lithosphere with short length-scales of

deformation (Hamai et al.,, 2015; Auzemery et al., 2021) and

locates at a diffuse plate boundary which absorbs most of the
slow convergence between Africa and Europe (Palano et al,
2015; Bougrine et al., 2019; Serpelloni et al., 2022; Billi et al.,
2023), producing rare but strong, sometimes damaging
earthquakes (Hamdache et al, 2010; Bellalem et al., 2022).
The 1856, 1954, 1980 and 1985 earthquakes (Figure 1) are
among the main historical and instrumental earthquakes worth
to mention. More recently, the scientific community has
realized after the occurrence of the 2003 May 21 Mw
6.8 Boumerdes earthquake that a major south-dipping thrust
fault is located below the central Algerian margin, eastward
Algiers capital City (Figure 1), with an epicenter close to the
coastline (Delouis et al., 2004; Belabbes et al., 2009; Ouyed et al.,
2011). This event has caused the death of more than
2,300 people and severe damage in a large coastal zone
around Boumerdés (Ayadi et al, 2003). The successive
marine surveys launched in the following years have
evidenced the huge submarine impact of this earthquake in
terms of turbidity currents and telecommunication cable breaks
(Cattaneo et al,, 2010). It has also led to a controversy regarding
the exact position and geometry of the thrust fault system when
approaching the surface: while some authors propose that a
“ramp-on-flat” hanging wall - footwall configuration may
explain why a major slope break is shifted northward
relative to the rupture zone (Déverchere et al., 2005; 2010;
Strzerzynski et al.,, 2010; 2021; Kherroubi et al., 2017), other
ones claim that the active thrust remains essentially planar
upwards and would reach the seafloor (or subsurface) close to
the continental shelf edge or in the upper slope (Ayadi et al.,
2008; 2010; Belabbes et al., 2009).

—< Main rivers
Active faults
Outer/inner zones contact

PP
q Main deep-sea fans
*  Major earthquakes

FIGURE 1

Overall land-sea physiography and structural sketch of the Algerian margin, with the six major earthquakes (red stars) felt since 1850. Main rivers
and deep-sea fans are shown. Black lines show the approximate position of the main active faults close to the surface. Dashed line is the assumed
position of the suture zone corresponding to the closure of the Tethyan (Maghrebian) oceanic lithosphere. Red square is the study area where the
Mw 6.9 May 2003 Boumerdes earthquake occurred. Modified after Bouillin (1986), Domzig et al. (2006), Yelles-Chaouche et al. (2006) and

Cattaneo et al. (2010).
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In this paper, we seek to review the existing potential
imprints of recent and active cumulative deformation, both at
the seafloor and in structures at depth of the central Algerian
1),

combination of classic Geographical Information System (GIS)

margin (Algiers-Boumerdes region, Figure using a
and Virtual Reality (VR) methods. Indeed, several recent studies
have evidenced the potential of an immersive VR experience to
improve geological analyses of outcrops on land or at sea without
temporal or spatial limitations and in a more interactive way,
either for research or for geo-education purposes (e.g., Billant
et al.,, 2019; Bonali et al., 2022; Jaud et al., 2022). Our aims are: 1)
to clarify the debate on the Boumerdés fault outcrop at the
seafloor, 2) to reveal the potential of VR applied to the
visualization of submarine structures at the landscape scale in
order to highlight the possible role of geometrical changes of
thrust faults in the surface expression of tectonics, and 3) to
discuss the consistency of strain indicators in this peculiar case of

slow-rate inversion of a Cenozoic passive margin.

2 Geological and seismotectonic
settings

2.1 Geological setting and turbiditic
regime

Geology of northern Algeria results from a succession of
geodynamic events that occurred within the framework of the
Africa-Eurasia plate convergence. Tethyan (Maghrebian) slab
subduction occurred from ~30Ma to ~19 Ma, forming the
Liguro-Provengal basin by southward rollback, until the
collision of the Kabylides (Kabylian blocks) with the African
continent (Bouillin, 1986). Later on (~18-8 Ma), bilateral slab
tearing and continental mantle delamination have triggered the
thermal erosion of the continental mantle (Abbassene et al., 2016;
Chazot et al., 2017) and the reworking and development of the
present-day Algero-Balearic basin (Haidar et al, 2022, and
references therein). Finally, the Africa-Eurasia convergence
has resumed the orogenesis of the Atlas and enhanced the
progressive tectonic inversion of the Algerian margin towards
the north since ca. 8 Ma (Recanati et al., 2019; Leffondré et al.,
2021). Before this last stage, a major paleo-environmental event
called the Messinian Salinity Crisis (MSC) gave birth to the
deposition of thick layers of evaporites in the deep basins and the
margin and to specific seismic markers, sedimentary units and
structures (Lofi et al., 2011; Roveri et al., 2014; Dal Cin et al,,
2016, and references therein). Basins bordered by high reliefs and
steep slopes without large continental shelves have accumulated
abundant clastic sediments at the margin toes during the
deposition of Messinian salt and upper evaporites, as reported
in the Ligurian sea (Savoye and Piper, 1991; Sage et al., 2011) and
in the Algerian margin (Déverchere et al., 2005; Capron et al.,
2011). Since Pliocene time, high-stand stacked prograding
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systems tracts resting upon a major erosional surface have
emplaced in upper margins, while lower slopes and deep
basins have hosted large deep-sea fans (Figure 1) and a
succession of turbiditic and hemipelagic layers (Giresse et al.,
2009; Babonneau et al., 2012; 2017).

At least during the highstand period, the bimodal periodicity
of turbidites is likely controlled by the occurrence of large
earthquakes whose sources are close to the coastline (Giresse
et al., 2009; Ratzov et al., 2015). The cable breaks following the
2003 Mw 6.8 Boumerdes earthquake (Ayadi et al., 2003; Cattaneo
etal., 2010) and the 1954 M 6.7 Orléansville earthquake (Heezen
and Ewing, 1955) support this interpretation and show that
earthquake-induced turbidity currents have the potential to
affect deep and remote areas around the rupture zones
(Cattaneo et al., 2010).

2.2 Coseismic and interseismic
deformation

Great attention has been paid to the seismotectonic setting of
the Boumerdes region after the 2003 May 21 Mw 6.8 earthquake.
Like most large aftershocks, this event displays pure reverse
faulting with the maximum stress axis striking ~N160’E, i.e.
sub-parallel to the mean regional stress direction (Kherroubi
et al, 2017). Although the source models constrained by
seismological and geodetic observations are numerous and
slightly differ between each other (Belabbes et al., 2009), there
is a general agreement to consider that as a whole, the
seismogenic fault strikes N60-70°E, dips ~40°-45" toward the
SE and locates offshore about 8-13 km from the coastline
(Delouis et al, 2004; Meghraoui et al, 2004; Ayadi et al,
2008; Mahsas et al., 2008; Belabbés et al., 2009; Kherroubi
2017; Beldjoudi 2022; Figure 2).
Nevertheless, most source and local tomography models point

et al, and Delouis,
to a clearly segmented fault rupture: indeed, aftershocks in the
footwall delineate a surface matching the position and dip of the
main rupture plane, with a western patch at 7-15km depth
dipping ~40°SE and an eastern patch at 8-20 km depth dipping
~20° SE (Kherroubi et al., 2017). This segmentation is also found
both in the two coseismic slip patches of the main rupture at
~10 and ~5 km depth west and east respectively (Delouis et al.,
2004; Belabbes et al., 2009; Beldjoudi and Delouis, 2022) and in
the afterslip model within the 2.5 years after the earthquake
(Mahsas et al., 2008).

Finally, continuous geodetic (GNSS) measurements in Africa
and Europe highlight the interseismic strain rate distribution
between northern Algeria and the Balearic promontory
(Serpelloni et al., 2007; 2022; Bougrine et al., 2019; Sparacino
et al., 2020; Billi et al., 2023). They show that 1) geodetic velocity
vectors relative to Eurasia strike roughly NW-SE and decrease
progressively in length from west (~3.0 mm/yr) to east (~.5 mm/
yr) along the coast of Algeria, and 2) the horizontal shortening
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FIGURE 2

Map of the Boumerdes area displaying the position of the seismic sections used in this study and the contours of the two flat surfaces PS1 and
PS2 identified under GIS (see also Figure 3). Mean position of the 2003 May 21 rupture plane (projected in map view) is also shown as a thin black
rectangle, after Delouis et al. (2004). This fault model makes the hypothesis of a single rupture plane ~60 km long and ~24 km wide extending from
the surface to a depth of ~17 km. The grey contour lines inside the rupture plane displays the coseismic slip values in centimeters. Red dotted
line locates the position of the Algiers canyon and corridor (Babonneau et al.,, 2017). MCS: Multichannel Seismic Section from the industry

(Déverchere et al,, 2005).

rate in the offshore domain is of about 1.5 mm/yr at the longitude
of Boumerdes. Therefore, the long-term horizontal slip rate on
the Boumerdés fault is necessarily less than this value since there
is evidence for some continuous deformation (likely lower than
20%) by buckling of the oceanic lithosphere (Leffondré et al,
2021) and because some NW-SE shortening is also taking place at
the toe of the Balearic margin (Camerlenghi et al., 2009; Maillard
and Maulffret, 2013; Blondel et al., 2022).

3 Data and methods

Sediment transport on continental slopes is controlled by
turbidity currents, submarine landslides, debris flows and
contourites (e.g., Ercilla et al, 2022): they form various
markers (canyons, channel-levees, slide scars, slope breaks,
knickpoints) on which tectonic activity may superimposed,
such as cumulative scarps, perched surfaces or basins, folds,
often well expressed in thrust belts (Suppe, 1983). They can
thus be identified by a geomorphic analysis and the use of
seismic is less

sections in the areas where erosion

pronounced.
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3.1 Datasets used

For the purpose of this study, we benefited from a set of
bathymetric and seismic data acquired on board Research vessel
Le Suroit in the period 2003-2005 during the MARADJA
(https://doi.org/10.17600/3020100) and MARADJA2/SAMRA
cruises (https://doi.org/10.17600/5020080 and https://doi.org/
10.17600/5020090). For bathymetry, we have used Kongsberg
EM300 (for the slope and deep basin) and EM1000 (for the
Data
processing was made with the Caraibes” software, allowing us
to produce a Digital Elevation Model (DEM) with the resolution
of 25-35 m (depending on depth) for our study zone (Figure 2).

continental shelf) Simrad multibeam echosounders.

We have also gathered coastal bathymetric data digitized from
Leclaire (1970)’s bathymetric maps. During the 2003 and
2005 cruises, seismic reflection data were obtained by either
six- or 24-channel streamers using a combination of two and six
double chamber gas-injection air-guns. We have used the SU
(Seismic Unix) CWP/SU software (Center of Wave Phenomena,
Colorado School of Mines) for the stack and migration of the
seismic data, complemented by some previously published
seismic lines of the Algerian Oil Company (Déverchere et al.,

frontiersin.org
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2005). All the data used in this study have been previously the
object of analyses and interpretation. We have merely re-used the
same data in a new visualization environment and in an enriched
framework of analysis (especially regarding the longitudinal
profiles in canyons). Until now, the data sets available off
Boumerdes were not explored this way.

3.2 Methods of geoscientific visualization
and data analysis

On land, remote sensing techniques provide since long the
possibility to capture the small scale topographic roughness
thanks to DEMs of high spatial resolution, thus encouraging
the use of new tools such as VR for virtual geological exploration
of the morphology and a quality control on structural
measurements (e.g., Nesbit et al, 2020; Jaud et al, 2022).
Until now, such virtual explorations are rarely performed
under the sea because data resolution is often too low and
because free tools available to explore the richness of datasets
by VR techniques (beyond the seafloor morphology alone) are
yet limited (e.g., Métois et al, 2021; Billant et al,, 2019, and
references therein). However, submarine environments appear to
benefit from several advantages to preserve the record of
geological events, such as low erosional rates, continuous
sedimentation in time and space and limited impacts by
human activities (Perea et al., 2021). Furthermore, the recent
development of instruments for multiscale seafloor mapping and
sub-seafloor seismic imaging allows us to improve year after year
the spatial coverage, the resolution and the accuracy of the data,
at least in some specific zones.

In our study area (Figures 1, 2), a first analysis has been
performed using classic GIS tools (QGIS and ArcGIS), in
particular to digitize canyon thalwegs and extract bathymetric
profiles along these thalwegs. To complement this GIS approach,
a Virtual Reality (VR) environment was built using the platform
Unity (https://unity.com/) for real-time content creation. For the
DEM exploration, we use the free Unity package (including
ArcGIS Maps SDK plugin) and an Oculus Quest headset, with
touch controllers, including GIS-like interaction capabilities, as
also done by Billant et al. (2019), allowing the user to move freely
within a 3D immersive environment. We have also developed
specific tools for the purpose of this study, such as
superimposition in real time of various layers as
backscattering imagery and DEMs. An originality of our VR
approach consisted in adding 2D data in a vertical plane, which
cannot be represented in a classical GIS, such as seismic reflection
profiles. These seismic sections can be loaded above or below the
seafloor, with the possibility of adjusting the vertical exaggeration
of seismic sections during the “virtual dives”. We have performed
successive periods of VR sessions called “immersions” limited to
2 h. They allow for a three-dimensional, 360° and multi-scale
exploration of the whole data set at the same time and the easy
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superimposition in three dimensions of the surface and sub-
surface markers, and thus offer the user a much better
accessibility to the erosional, depositional and tectonic
processes acting on the central Algerian slope and deep basin.
The user is also equipped with a laser pointer (located on the
joysticks) that allows him to locate points of interest and interact
with other users, facilitating discussions. This pointer also allows
the user to draw or annotate information directly in the virtual
environment, which was especially useful to interpret seismic
profiles. We present as Supplementary Material S1 (SM) two
movies illustrating the interactive navigation in the VR
environment using surface (SM1) and sub-surface (SM2)
future,
implementation of new tools in VR (position and depth

environments. In the near we hope that the
information; distance/surface/dip measurements; digitalization
in the form of shapefile and export) will enrich VR immersions

and limit back and forth with GIS.

4 Results

4.1 Longitudinal profiles inside canyons
and gullies

The submarine canyon-and-channel systems are known
since long to result from repeated transport of sediments
downslope by gravity flows and other mass movements
(Menard, 1955; Shepard, 1981; Mitchell, 2005). The relative
convexity or concavity of longitudinal profiles have been
examined at the world scale by Covault et al. (2011). In our
study, we have analyzed the shape of the main canyons and
gullies found off Boumerdeés and Algiers (Figure 3). We have then
compared their shapes and sizes to the groups determined from
visual inspection by Covault et al. (2011). We have first examined
the profiles west of the Boumerdes rupture zone (from west to
east, C1 to C13, Figure 3; Figure 4A). In this area, the slope is
characterized by steep gradients (about 8°-10°) incised by
numerous gullies. The profiles display almost rectilinear
(falling in the “slightly concave” group by Covault et al,
2011) shapes as a whole, without any knickpoints. The three
profiles at the western edge (Cl1 to C3) are the steepest ones: they
are linear on the slope and reach -2,700 m depth before becoming
flat. Profiles C4 to C12 are also quasi linear on the slope but are
slightly less steep and depict a large, asymmetrical bulge ~400 m
high and ~20 km wide in the abyssal plain, between -2,300 m and
-2,700 m (Figure 4A). Babonneau et al. (2017) have shown that
this bulge results from the growth of the Algiers sedimentary
deep-sea fan at the outlet of the Algiers canyon. Two south-
dipping blind thrusts below the fan form asymmetric anticlines
(ridges) bordered by a large perched surface at the margin toe,
named the “Algiers corridor” (Figure 2), corresponding to the
backlimb of a fold-bend fault (Suppe, 1983). Profiles Cl to
C12 crosscut the axis of this corridor, which depicts a gentle
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FIGURE 3

Map of classified bathymetry and of longitudinal profiles (thalwegs) of canyons and gullies in the area off Boumerdes. Yellow and purple circles
refer to main knickpoints identified in the canyons and the interfluves respectively. C1 to C24 are the 24 longitudinal profiles identified within canyons

and gullies (Figure 4).

slope towards the west. Only Profile C13 (Algiers canyon and
ridge) departs from the general pattern, with a rather regular
slope of about 5° down to -2,400 m, except two bulges at km
20 and km 30 (Figure 4B), within the Algiers corridor. Indeed, the
Algiers canyon represents the only well-incised canyon of the
area, with two main tributaries in its upper part, a strong
westward deviation at the foot of the slope and a well-
developed channel-levee system in the abyssal plain (Figure 3;
Babonneau et al., 2017).

Profiles on the slope corresponding to the 2003 fault rupture
(from west to east, C14 to C24, Figure 3; Figure 4B) appear to be
strikingly different: the mean slope decreases to 5-7 and the
profiles are also slightly concave but with a major anomaly
depending on the longitude: 1) to the west (profiles C14-C15,
green area in Figure 4B), a major break occurs ad mid-slope
(between -1400 and -1600 m), forming a surface of 2-6 km wide
(perched surface PS1) slightly tilted toward the south and
identified as a large rounded surface in the classified
bathymetry (Figure 3); 2) to the east (profiles C16-C24, purple
area in Figure 4B), the canyons and gullies depict slightly concave
shapes but with many irregularities and knickpoints on the slope
down to -1400 m, followed by a relative flat plateau of 18-20 km
wide (perched surface PS2). In the deepest part of the basin, the
morphology of the seafloor is even more complex, with
Messinian salt piercing diapirs and elongated highs and mass
transport deposits (Babonneau et al., 2017).
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4.2 Longitudinal profiles in interfluves and
along strike

Interfluvial profiles may help to visualize the major slope
breaks in areas preserved from intense erosion. They allow us to
check that the topographic anomalies (slope breaks, knickpoints,
flat surfaces) described above within the thalwegs (§4.1) are also
identified and to compare their size and distribution.

The twelve westernmost profiles (I1' to 112', Figure 5;
Figure 6A) display a pattern similar to the one observed with
canyons C1 to C12 (Figure 3; Figure 4A): a steep and rectilinear
slope but with a higher variability, followed by a wide,
asymmetrical bulge ~400 m high and ~24km wide in the
abyssal plain. To the east, in front of the Boumerdeés rupture
plane (Figure 5; Figure 6A), profiles 113’ to 115’ and 122/ to 124
underline a major step 6-8 km wide on the slope, between
-1500 + 100 m and -1700 + 100 m respectively, corresponding
to the surface mapped as PS1 (Figures 2, 3). The surface to the
west is clearly tilted counter slope, as already seen for
longitudinal profiles C14 and C15 (Figure 4B). Intermediate
interfluvial profiles (I17’ to 121") also display a step at similar
depths but are either hardly detected (117’ to I19') or very narrow
(120" and 121'). In the abyssal plain, the profiles also evidence
large, flat areas (PS2) ~16 km wide and ~300 m high for profiles
117" to 121" and of 10-14 km wide and ~200 m high for other
profiles.
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Plots of the longitudinal profiles in canyons, gullies and channels located on Figure 3. Upper plot (A): profiles C1 to C13 of the westernmost
segment of the slope striking W-E and located outside the rupture area of the 2003 Boumerdés earthquake (Figure 2). Lower plot (B): profiles C14 to
C24 of the segment of the slope striking N60°E and located in front of the rupture area of the 2003 Boumerdés earthquake (Figure 2). Vertical

Finally, we use the alignments of knickpoints along strike
(colored circles in Figure 3; Figure 5) to evidence the lateral
changes in depths of the two main concave slope breaks that
limit surfaces PS1 and PS2 oceanwards (Figure 7). Although
short wavelength irregularities disturb the profiles, in relation
both to differential erosion at the outlets of canyons and to the
numerous landslides identified (Dan et al., 2009; 2010; Cattaneo
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et al,, 2010), the two profiles depict the same general pattern, ie. a
clear deepening from west to east, reaching amplitudes of ~700 m
and ~400 m for PS1 and PS2 limits, respectively. While the depth
change is rather progressive for PS2, it appears to be abrupt for PS1,
delineating a western plateau ~27 km long at -1600 m depth and an
eastern surface ~25 km long at -2,300 m depth. Note that the length,
strike, longitudinal position and segmentation (2 parts of similar

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1010226

Déverchere et al.

—— Rivers
— Coastline

= Algerian cities

@ Concave topographic anomaly (canyons)

® Concave topographic anomaly (interfluves)
— Profile (11"to 124’ in interfluves)

Perched Surface 1
D Perched Surface 2
B %06 Bathymetry (m)

:33 Slope (degree®)

10.3389/feart.2022.1010226

— =

00.LE

foou.

0 10000 20000m

FIGURE 5

£

-3
L E— 3
; 4°00 5

Map of classified bathymetry and of longitudinal profiles outside canyons and gullies (interfluvial positions) in the area off Boumerdés (colored
lines). Yellow and purple circles refer to main knickpoints identified in the canyons and the interfluves respectively. 11’ to 124" are the 24 longitudinal
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length but shifted of about 700 m) of the red curve (PS1) match quite
well the ones of the 2003 Mw 6.8 rupture fault model of the
Boumerdés earthquake, which also displays two main slip
patches in a similar position along strike (Figure 2; Delouis et al,
2004; Belabbes et al., 2009; Beldjoudi and Delouis, 2022). Thanks to
the Virtual Reality tools developed in this project, we have explored
at different scales and in 3D navigation the morphological
expression of these slope breaks (Figure 7; SM1): they appear to
represent the two main morphological anomalies at the seafloor,
dominating the other seafloor signatures that appear to be spatially
much more limited or spread in space (e.g., sediment waves, levees,
slide scars, salt diapirs or salt walls, see Dan et al., 2009; 2010;
Cattaneo et al., 2010; Babonneau et al., 2017). Furthermore, we have
checked that the perched surfaces PS1 and PS2 are also gently
dipping eastwarwards. Using a combined visualization of
backscattering and DEM images in VR (SM1), we were also able
to evidence the present-day activity of the canyons and the “fresh”
and irregular pattern of scarps F1 and F2 in the interfluves, testifying
that these scarps represent surface expressions of a significant
tectonic deformation.

4.3 Onset and timing of tilted perched
basins

Non-planar faults are commonly observed worldwide in fold-
thrust belts and are called fault-bend faults (Suppe, 1983). As a
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result of changes in fault geometry, a distortion occurs in the
hanging wall of the fault above the place where the fault steps up in
the direction of slip to a higher décollement or to the surface. It
results in the birth of a perched basin in the backlimb of the fold and
may also produce imbricate fold-bend folds and fault-propagation
folds outward. Depending on the geometry of the master fault and
the amount of displacement, these basins are called wedge-top
basins (Leprétre et al., 2018), rollovers (Xiao and Suppe, 1992) or
piggy-back basins (Ori and Friend, 1994), and are associated with a
listric normal fault flattening at depth. Off Boumerdes, growth
strata and tilted sediments have been reported for long and were
initially interpreted as extensional tilted blocks of a stretched
continental margin, and later on as resulting from thrust ramps
of the passive margin inversion (Déverchere et al,, 2005; Domzig
et al., 2006; Strzerzynski et al., 2010; Capron et al., 2011). In order to
explain the position and geometry of the two basins identified on
the slope (Figures 8, 9), these authors have proposed a ramp-flat-
ramp geometry of the active fault near the surface, with a basal flat
below the upper basin and a shallower flat below the lower basin,
followed by a frontal ramp. Thanks to the potentiality of the VR
environment (SM1 and SM2), we show here the clear link between
morphological anomalies reported (perched surfaces mapped on
Figures 2, 3; Figure 5 and longitudinal profiles of Figure 4; Figure 6)
and tilted sedimentary units. For simplicity, we name here the
basins “perched basins” (PB), since they appear to be settled above
the abyssal plain (maximum values of +1300 m and +300 m for
PS1 and PS2 respectively, Figure 4; Figure 6).
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Plots of the longitudinal profiles outside canyons (interfluves) located on Figure 5. Upper plot (A): profiles 11’ to 112’ of the westernmost segment
of the slope striking W-E and located outside the rupture area of the 2003 Boumerdeés earthquake (Figure 2). Lower plot (B): profiles 113’ to 124’ of the
segment of the slope striking N60°E and located in front of the rupture area of the 2003 Boumerdés earthquake (Figure 2). Vertical exaggeration (Ve)

of 7.

The first perched basin downslope (PB1) is expressed at the
seafloor by a patchwork of small surfaces (Figure 2), suggesting
that they result from the incision by numerous active canyons
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(C13 to C24, Figure 3). We repeat the same analysis for the
second perched basin downslope (PB2), expressed by large
surfaces (“plateaus”) extending about 300-400 m above the
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Along-strike topographic profiles following the two main concave slope breaks (continuous morphological scarps) identified by alignments of
knickpoints (yellow and purple circles for knickpoints identified in the canyons and the interfluves, respectively). Upper curve (red) is taken at the foot
of the scarp interpreted by Déverchere et al. (2005; 2010) as the blind thrust ramp (F1) in the prolongation of the 2003 rupture plane. Lower curve
(black) is where several studies have reported the existence at depth of a south-dipping thrust ramp (F2; Déverchere et al,, 2005; Domzig et al.,
2006; Strzerzynski et al.,, 2010). Vertical exaggeration (Ve) of 8. See text for details.
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FIGURE 8

Two-way travel time seismic sections (zooms) 24, 97, 98 from west to east off Boumerdes, displaying growth strata below the perched surfaces

PS1. Zooms are located on Figure 2. Double black arrows: sedimentary unit interpreted as growth strata (wedges), assumed to be synchronous to
tectonic inversion by thrust ramps. Double blue arrows: sedimentary unit assumed to be deposited prior to the onset of tectonic inversion. Arrows
are placed in order to represent the mean thickness of the depocentres. Red line marks the limit between the two sedimentary units, i.e. time

when tectonic deformation began. Faults responsible for growth strata development in the hanging wall are south-dipping blind thrusts and are not
imaged here owing to moderate penetration. Spacing between horizontal lines is 500 m two-way travel times. M = first multiple of the seafloor.
MES = Margin Erosion Surface (Lofi etal., 2011), a polygenic erosional surface interpreted to represent the entire time interval of the drawdown phase

of the Messinian Salinity Crisis. See text for details.

deep basin floor (Figure 2; Figure 5; Figure 6). Six section
extractions (24, 97, 98 for PB1; 23b, 96, 97 for PB2, from west
to east) of moderate to high resolution allow us to image the
depositional pattern of these two basins along strike off
Boumerdes (Figures 8, 9). All profiles depict clear growth
strata in the upper sedimentary pile tilted towards the upper
margin and limited abruptly upslope by a reflector dipping
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basinward. Basin width coincides with the width of the
perched surface 1 (PS1) described above (Figure 2; Figure 5;
Figure 6). We use the Messinian markor at the base of the Plio-
Quaternary pile (blue line, Figures 8, 9) to identify the base of the
oldest deposits. In the deepest basin (PB2), this markor displays
undulations interpreted as Messinian salt domes or diapirs
resulting from gravity gliding (Déverchere et al, 2005;
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FIGURE 9

Two-way travel time seismic sections (zooms) 23b, 96, 97 from west to east off Boumerdes, displaying growth strata below the perched
surfaces PS2. Zooms are located on Figure 2. Same caption as in Figure 8. Because of salt tectonics (MU = Mobile Unit), we choose to place the
double arrows at locations above Messinian chaotic units (CU) or where the doming is minimal. For Profile 97, we use the half-mean height of the salt

dome as reference in order to estimate the PGS thickness.

Strzerzynski et al., 2010; Capron et al.,, 2011; Babonneau et al.,
2017).

By contrast with the Alboran sea (Martinez-Garcia et al.,
2013), no chronostratigraphy of the Plio-Quaternary is available
owing to the scarcity of log information from wells (Cope, 2003).
Although the sediment accumulation rates vary in both time and
space between .2 and .6 mm/yr near the margin toe (Giresse et al.,
2009; Martinez-Garcia et al., 2013), there is a trend for Pliocene
and Quaternary rates to remain relatively homogeneous. From
the analyses led by these authors, we may hypothesize average
accumulation rates near the foot of the slopes of 400 + 100 and
200 + 100 m/Ma for the Quaternary and Pliocene time spans,
respectively. Note that these rates have not been decompacted
and hence are minimum values. Far inside the deep Algerian
basin, the Plio-Quaternary accumulation rate is of 110 m/Ma
according to the DSDP drills (Hsii et al., 1973).

In order to check that these average values are realistic, we
compute a predicted age of the reflector at the base of the Plio-
Quaternary unit when identified on the profiles (Figures 8, 9; Table 1)
following the approach proposed by Kherroubi et al. (2009) in the
eastern Algerian margin. Although uncertainties are rather large, the
mean age found (5.35 Myr) is very close to the age of the reflector
marking the lowermost Pliocene (blue line, Figures 8, 9). Therefore,
we apply this extrapolation to compute a mean age of the onset of
thrust faulting (Table 1) by considering all the seismic lines outside
the incised zones and with similar resolution. For PB1 (Figure 2;
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Figure 8), we have made independent estimates for three sections
(MDJS24, 97, 98): assuming a constant sedimentation rate and
neglecting differential compaction, we hypothesize an approximate
age for the onset of growth strata at 1.5 + .5Ma (Table 1), ie.
Pleistocene. Following the same procedure for PB2 (Figure 2;
Figure 9), three sections (MDJS23b, 96 and 97) crossing the
deeper basin provide an age of .9 + 3 Ma (Table 1). Although
uncertainties on these values are rather large owing to the
assumptions made and to the disturbances caused by the poor
penetration of some lines (MD]S23B and 24) or by salt diapirism
which started clearly prior to crustal tectonics (Strzerzynski et al,
2010; Figures 8, 9), the lateral consistency of the results obtained for
each perched basin provides some confidence on these values.
Furthermore, the average ages predicted for the Plio-Quaternary
sequence (5.35 and 5.69 Ma for PS1 and PS2, respectively) are very
close to the assumed age of the onset of the modern marine
circulation in the Mediterranean estimated between 5.33 and
5.46 Ma (Lofi et al., 2011; Do Couto et al., 2014; Roveri et al., 2014).

4.4 Thrust fault heaves

The interfluvial and canyon-gullies longitudinal profiles have
evidenced clear morphological anomalies (§4.2, Figures 3-6). We
consider these anomalies to be hidden-fault generated because 1)
many published seismic sections indeed support that they locate at

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1010226

Déverchere et al. 10.3389/feart.2022.1010226

TABLE 1 Thickness of growth strata (GS) and age estimates for the GS onset in perched basins identified off Boumerdés (Figures 8, 9) assuming an interval
seismic velocity of 1.6 + 0.2 km/s and a constant sedimentation rate of 0.4 + 0.1 mm/yr during Quaternary times. A predicted age of the Plio-Quaternary (PQ)
unit is also computed using a constant sedimentation rate of 0.2 + 0.1 mm/yr during Pliocene times (Martinez-Garcia et al., 2013). Pre-growth strata (PGS)
thickness is computed assuming an average seismic velocity of 2.2 km/s. Values of average thicknesses of GS and PGS units are taken from Figure 8; Figure 9
(double black and blue arrows, respectively).

Profile Perched  GS average GS average GS onset PGS average PGS PGS e}
basin thickness thickness predicted thickness average predicted predicted
(ms) m) age (Ma) (ms) thickness duration age (Ma)
m) (Ma)
MDJS24 PS1 560 450 + 60 1.24 + 46 400 440 294 + 147 418 £ 1.93
MDJS97 700 560 % 70 1.52 + .54 500 550 3.67 £ 1.83 5.19 +2.37
MDJS98 760 610 + 80 1.68 + .62 680 750 5.00 + 2.50 6.68 + 3.12
MEAN ~670 540 + 70 1.5+ 0.5 527 580 39+19 5.35 + 2.47
MDJS$23b PS2 410 330 + 40 091 + 0.33 670 740 4.93 +2.46 5.84 + 279
MDJS96 400 320 + 40 0.88 * 0.32 700 770 5.13 £ 2.56 6.01 * 2.88
MDJS97 430 345 + 45 0.95 + 0.35 580 640 426 +2.13 521 + 2.48
MEAN ~415 330 + 40 0.9 £0.3 650 720 48+ 24 5.69 + 2.72

Bold lines display the mean values found for each perched basin.
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FIGURE 10

Perspective view towards the south of the boumerdés slope and basin in a “MatCap” geometry plot (https://sketchfab.com/3d-models/marge-
boumerdes-e160112567d745bdb5e80d9f7dd1a64c) displaying the main cumulative scarps identified off Boumerdes. Bottom figure provides our
interpretation of fault heaves Ha-HA and Hb-HB for Fault F1 (Fel and Fol, respectively), and Hc-HC and Hd-HD for Fault F2 (Fe2 and Fo2,
respectively). PS1 and PS2 refer to the perched surfaces mapped on Figure 2. Assumed faults F1 and F2 are shown on Figure 7; Figure 11.
Measured values are reported in Table 2.

the top of fault ramps identified at mid-slope and in the lower slope followed along strike in order to estimate average fault heaves. The
(see e.g. Dévercheére et al., 2005; Domzig et al., 2006; Strzerzynski “dives” made thanks to VR (SM1) allow us to propose four main
etal, 2010; Capron et al,, 2011), and 2) their length and geometrical scarps that are consistently followed in the morphology, either as
position mimic the length, strike and upward prolongation of the linear scarps or curved ones (Figure 10; Table 2):

main rupture of the 2003 Boumerdes earthquake, provided that a

northward shift is caused by two flats in the fault geometry (see - Scarp a) is the longest one and extends over ~40 km from
§4.3). Here, we try to show how much these anomalies can be the Isser canyon to Dellys canyon (Figure 3; Cattaneo et al.,
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TABLE 2 Characteristics of the main cumulative scarps identified off Boumerdeés. Scarps, perched surfaces and heaves are identified on Figure 10. Heave values

represent only the vertical components.

Scarp Length Place on Depth Height m)
(km) scarp bsl m)

West East West East

a 41 Top 1650 1542 | 744 793
Base 2,394 2,335

b 27 Top 735 765 | 284 339
Base 1019 1104

c 30 Top 2317 2,401 307 315
Base 2624 2716

d 18 Top 1499 l644 | 776 866
Base 2275 2,510

2010). It is about 770 m high and has approximately the
same length, strike and longitudinal position as the eastern
patch of the 2003 Boumerdés slip model (Figure 2). Its base
coincides with the thrust fault segment Fel (Figure 7;
Dévercheére et al., 2005; Strzerzynski et al., 2021).

Scarp b) is in the western prolongation of Scarp a) but is

shifted upward on the slope and can be followed on both
sides of the Algiers canyon along ~27 km with a mean
height of 312 m. It corresponds quite well in length, strike
and longitudinal position to the western patch of the
2003 Boumerdes slip model (Figure 2). Its base coincides
with the thrust fault segment Fol (Figure 7; Déverchere
et al,, 2005; Strzerzynski et al., 2021).

Scarp c) marks the outward limit of the large PS2 surface. It

is relatively similar to Scarp b) in length (~30km) and
height (about 310 m) but is far inside the basin and slightly
oblique to the margin. It largely overlaps Scarp a).

Finally, Scarp d) makes a curved step ~18 km long around
the circular PS1 surface. It is the highest scarp (~820 m) we
have identified. It partly overlaps Scarp b) on its eastern

side and is limited to the west by the Algiers canyon.

Note that the cumulative heaves across strike are rather
similar from east (a and c: ~1080 m) to west (b and d: ~1130 m).

5 Discussion

5.1 Relationships between the
2003 coseismic rupture zone and
geomorphic signatures

The morphometric analysis of the submarine canyons and

interfluves of the central Algerian margin off Boumerdes has
revealed deeply incised and very active canyons, as found also in
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Assumed
fault

Scarp
heave m)

Upper
surface

769 + 25 PS1 PS2 Fel
312 +28 Upper slope PS1 Fol
311 +4 PS2 Deeper basin Fe2
821 + 45 PS1 PS2 Fo2

the western margin of Algeria (Amir and Theilen-Willige, 2022;
Fernane et al., 2022), thus evidencing the importance of turbidity
currents and gravity slides in shaping the sea floor (Dan et al,
2009; 2010; Cattaneo et al., 2010). However, canyons off the
Boumerdés coast appear to be generally less ramified and with a
general tendency to a moderate concavity, supporting a relatively
higher maturity than canyons off western Algeria. Above all, the
longitudinal profiles inside and outside thalwegs of canyons and
gullies have recorded morphometric anomalies (“knickpoint
zones”) of several kilometers width and several hundred
meters amplitude (Figure 4; Figure 6). These large knickpoints
are systematically observed between Boumerdes and Dellys cities,
where the 2003 May 21 rupture zone is located, but disappear on
the westernmost segment of the slope striking almost W-E and
located outside the main rupture area of the 2003 Boumerdes
earthquake, off the bay of Algiers (Figures 3-6), at a place where a
coseismic segment striking N100° and displaying much smaller
slip values is identified (Ouyed et al, 2011; Beldjoudi and
Delouis, 2022). These slope breaks are located either at mid-
slope (west) or at the margin toe (west and east), supporting that
they result from repeated slips on active thrust faults (F1 on the
slope, F2 in the deep basin; Figure 7). While canyon profiles have
hardly preserved the tectonic imprints of Fault F1 (Figure 4;
Figure 10), scarps appear quite well preserved in interfluves
(Figure 6; Figure 10). This result strongly suggests that the
rate of erosion within the active canyons of the slope is of the
same order of magnitude as the slip rates, at least on F1 Fault.

The fact that the perched surfaces PS1 and basins (PB1)
provide similar geometries and ages along the whole sector of the
margin support the hypothesis that the fault ramps responsible
for their formation belong to the same fault system initiated
about 1.5 Myr ago (Table 1). Furthermore, the quite good
agreement in length, strike and longitudinal position between
scarps a (fault Fel) and b (fault Fol) and the two main rupture
patches of the 2003 Boumerdes slip model (Delouis et al., 2004;
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Perspective views of the tectonic fault system off Boumerdeés using the Digital Elevation Model and summarizing our interpretation. Left and
right: block diagrams looking toward the SE and SW, respectively, seen from the two edges of the 2003 Mw 6.8 main rupture. Thick dark blue line
displays the top of the 2003 main rupture plane (Delouis et al., 2004; Kherroubi et al., 2017). F1 and F2 (white lines) represent the seafloor expression
of thrust fault ramps (UR for Upper Ramps and FR for Frontal Ramps, respectively). UF and BF are for Upper Flats and Basal Flats respectively.
Note that F1 and F2 faults are segmented (continuous and dashed lines for eastern and western segments respectively, labelled a, b, c, d, see
Figure 10). Orange dashed line is an hypothetic surface expression of a transverse structure between F1 and F2 faults.

Belabbes et al., 2009; Beldjoudi and Delouis, 2022) supports that
they correspond to the cumulative surface expression of the
Boumerdes fault at depth. Therefore, we suggest that scarps a
and b (Figure 10) represent two segments of different dips of the
same fault system that ruptured along its whole length on
21 May 2003.

5.2 Implications on fault geometry and
strain rates

The careful examination of the geomorphology of the
continental margin in the area between Algiers and Dellys has
allowed us to isolate four main morphological scarps of several
hundred meters high correlated along strike over several tens of
kilometers distance (Figure 10; Table 2). We have interpreted
them as Quaternary cumulative fault scarps linked to the activity
of two thrust ramps sub-parallel to the margin and dipping
southward. No significant cumulative deformation expressed as
scarps or depocenters is found in the uppermost slope or in the
narrow continental shelf, ruling out the hypothesis that the active
thrust responsible for the 2003 Mw 6.8 earthquake remains with
a constant dip up to the seafloor (Ayadi et al., 2008; 2010;
Belabbes et al., 2009). Instead, our analysis supports that a
ramp-on-flat geometry of the main thrust enhances the birth
of slope breaks shifted northward relative to the rupture zone
(Déverchere et al., 2005; 2010; Strzerzynski et al., 2010; 2021;
Kherroubi et al., 2017). The spatial distribution of fault scarps
(Figures 10,11) evidences a major lateral change in the fault
geometry towards the surface: to the west, from the western tip of
the 2003 main rupture zone to the epicenter (Figure 2), the
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morphological scarps are located on the slope b) and at the
margin toe d), while to the east, from the epicenter to Dellys city
(Figure 2), they are located at the margin toe a) and ~20 km in the
deep domain c). Such along-strike complexities of thrust systems
are commonly reported in fold-and-thrust belts. They may result
from a geometric barrier associated with the progressive transfer
of rupture between fault segments with different planes, as
suggested by King and Yielding (1984) for the El Asnam
thrust fault system which ruptured in 1980 with a magnitude
7.3 earthquake in western Algeria. We suggest that the along-
strike segmentation we observe off Boumerdés may result from a
similar process of thrust fault evolution through time: a
geometrical barrier may explain the existence of two patches
in the coseismic slip distribution, but also a partitioning of strain
across strike on two fault ramps with various dip angles (Delouis
etal,, 2004; Kherroubi et al., 2017). Figure 11 summarizes in a 3D
perspective view our interpretation of the link between the main
2003 rupture segments at depth and the assumed basal and
shallow flats and ramps towards the surface. This pattern of
lateral variation of the inverted structures and of outward thrust
propagation is well modeled in analog and numerical
experiments where successive thick-skinned thrusts drive thin-
skinned detachments (Pfiffner, 2017; Granado and Ruh, 2019;
Strzerzynski et al., 2021). The significantly younger age of
PB2 relative to PB1 (Table 1) supports this hypothesis of
frontal fault propagation, although both fault ramps are
apparently still active today (Figures 8, 9). We have also
found that the sum of vertical fault heaves across strike
(Figure 10; Table 2) do not differ significantly from west to
east and is of the order of 1100 m, suggesting that long-term slip
rates are similar along strike. If we consider the mean heave
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TABLE 3 Hypothetical horizontal strain rates across the two segments of the Boumerdés margin using assumed heaves on the four main scarps and ages of
growth strata in perched basins PS1 and PS2. Age of onset for Scarp b is unknown and has been assumed as equivalent to the one of Scarp d. See text for
details.

Fault Assumed Mean vertical Horizontal Age of  Horizontal strain ~ Horizontal strain
segment fault dip offset m) displacement m) onset rate/scarp rate/segment
Western 40° Hb-HB 312 371 1.5 Ma? 0.25 mm/yr 0.9 mm/yr
Hd-HD 821 978 1.5 Ma 0.65 mm/yr
Eastern 20° Ha-HA 769 2,113 1.5 Ma 1.41 mm/yr 2.3 mm/yr
Hc-HC 311 854 0.9 Ma 0.95 mm/yr
values to be representative of the long term deformation of the (especially slope breaks) with the Plio-Quaternary sediments trapped
margin, we may use the mean ages found for the onsets of on the slope and at the margin toe. Our analysis reveals four main
PBI1 and PB2 growth strata (§4.3) to estimate horizontal slip rates slope breaks and two perched surfaces corresponding to Quaternary
on the four blind thrust ramps (Table 3). In the absence of growth strata tilted towards the continent. Although the scarps and
accurate measurements of fault dips, we use the two average dips basins appear to be deeply incised by numerous canyons and gullies,
deduced from rupture modeling and aftershock distribution they can be followed and correlated over several tens of kilometers
from the 2003 Boumerdés earthquake, ie. ~40° and ~20° for along strike. The cumulative scarps located southward are controlling
the western and eastern segments respectively (Delouis et al., the tilting of the narrow basin upslope and are interpreted as south-
2004; Kherroubi et al., 2017). Age and dip uncertainties are high, dipping thrust ramps matching the 2003 coseismic rupture zone in
therefore we consider that the average values computed here are length, strike, longitudinal position and segmentation. We do not
only indicative and provide a way to bracket values of horizontal report any inversion of previous normal faults of the passive margin,
strain rates. We find that horizontal shortening rates likely range as often found in inversion of rift basins, but basement faulting of
between .9 and 2.3 mm/yr across the central Algerian margin opposite vergence in a thick-skinned tectonic style. The total vertical

(Table 3). The mean value of 1.6 mm/yr is quite close to the throw of the overlapping scarps exceeds 1000 m high, supporting a
horizontal shortening rate of about 1.5 mm/yr proposed by significant uplift of the hanging wall of the Algerian margin during

Bougrine et al. (2019) in the offshore domain at the longitude Quaternary times. Our results support northward frontal propagation
of Boumerdes from geodetic measurements. Furthermore, the of an active thrust system by two main ramp-on-flat intra-crustal
tectonic uplift rate inferred from the scarps F1 and F2 identified detachment levels classically found during basin inversions or in fold-
in our study (Figure 7; Figure 11, i.e. ~.7 mm/yr (about 1100 m and-thrust belts. We estimate Quaternary shortening rates of about
within ~1.5 Ma), is of the same order of magnitude than the long- 1.5 mm/yr on these two fault systems, a value that is representative of
term coastal uplift rates assessed in the region of Algiers geodetic strain rates across the western Mediterranean basin. The
(~.5mm/yr, see Raymond, 1976; Authemayou et al, 2017; tectonic model we propose (Figure 11) remains a simplified sketch
Strzerzynski et al, 2021). Therefore, the cumulative strain which does not rule out the existence of other active secondary faults
rates deduced from the two thrust systems (F1 and F2) off (Ouyed et al, 2011; Beldjoudi and Delouis, 2022).

Boumerdes are in agreement with present-day predictions of The VR tools developed for the purpose of this study provide
shortening rates in the offshore domain between the Balearic and new possibilities for research and training, especially when the
Algerian coasts, suggesting that these two blind thrust ramps fault  system  displays  three-dimensional  geometrical
accommodate most of the plate convergence in the offshore complexities. However, they are not yet interactive enough in
domain at this longitude since Quaternary times. the sense that the user cannot measure or annotate in VR: this

requires new developments to allow back and forth between the
traditional GIS interface and the VR environment. We also hope

6 ConClUding remarks to integrate various dynamic simulations (fault kinematics,
turbidity currents, submarine slides) to evaluate how the

The submarine slope west of Algiers City has undergone a major morphology evolves in relation to these processes.

earthquake in 2003 that had dramatic consequences along the

coastline between Algiers and Dellys cities and triggered numerous

turbidity currents on the slope and cable breaks in the deep basin. Data avallablllty statement

Thanks to the use of new tools developed in VR combined with

classical GIS methods, we were able to closely link the main The data analyzed in this study is subject to the following

geomorphological features of the continental slope and deep basin licenses/restrictions: Bathymetric and seismic data used in this
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study were obtained during the 2003 MARADJA (doi: 10.17600/
5020080) and the 2005 MARADJA2 (doi: 0.17600/5020080) and
SAMRA (doi: 10.17600/5020090) experiments on board of the
Research Vessel “Le Suroit” and are subject to a formal
agreement between Algeria and France. The data are stored
and managed by SISMER (Ifremer) and are submitted to
restricted access. Requests to access these datasets should be
directed to Cecile.Pertuisot@ifremer.fr.
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