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S U M M A R Y
We determine the deep structure of the eastern Algerian basin and its southern margin in the
Annaba region (easternmost Algeria), to better constrain the plate kinematic reconstruction
in this region. This study is based on new geophysical data collected during the SPIRAL
cruise in 2009, which included a wide-angle, 240-km-long, onshore–offshore seismic profile,
multichannel seismic reflection lines and gravity and magnetic data, complemented by the
available geophysical data for the study area. The analysis and modelling of the wide-angle
seismic data including refracted and reflected arrival travel times, and integrated with the
multichannel seismic reflection lines, reveal the detailed structure of an ocean-to-continent
transition. In the deep basin, there is an ∼5.5-km-thick oceanic crust that is composed of two
layers. The upper layer of the crust is defined by a high velocity gradient and P-wave velocities
between 4.8 and 6.0 km s−1, from the top to the bottom. The lower crust is defined by a lower
velocity gradient and P-wave velocity between 6.0 and 7.1 km s−1. The Poisson ratio in the
lower crust deduced from S-wave modelling is 0.28, which indicates that the lower crust is
composed mainly of gabbros. Below the continental edge, a typical continental crust with
P-wave velocities between 5.2 and 7.0 km s−1, from the top to the bottom, shows a gradual
seaward thinning of ∼15 km over an ∼35-km distance. This thinning is regularly distributed
between the upper and lower crusts, and it characterizes a rifted margin, which has resulted from
backarc extension at the rear of the Kabylian block, here represented by the Edough Massif at
the shoreline. Above the continental basement, an ∼2-km-thick, pre-Messinian sediment layer
with a complex internal structure is interpreted as allochthonous nappes of flysch backthrusted
on the margin during the collision of Kabylia with the African margin. The crustal structure,
moreover, provides evidence for Miocene emplacement of magmatic intrusions in both the
deep basin and the continental margin. Based on the crustal structure, we propose that the
eastern Algerian basin opened during the southeastward migration of the European forearc
before the collision, along a NW–SE elongated spreading centre that ran perpendicular to the
subduction trend. Such an atypical geometry is explained by the diverging directions of the
subduction rollback during the backarc opening: eastward for the Corsica–Sardinia block, and
southward for the Kabylian blocks. This geometry of the forearc can be interpreted as the
surface expression of a slab tear at depth, which is responsible for atypical magmatism in the
overlying backarc oceanic basin.

Key words: Tomography; Composition of the oceanic crust; Continental margins; divergent;
Africa.
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1 I N T RO D U C T I O N

The Mediterranean Sea at present forms a single, 2.5 × 106 km2

basin that is surrounded by continents. However, in further detail, it
is composed of a complex mosaic of sub-basins that show different
ages and different evolutionary stages, which mark out the Africa–
European convergent boundary. While some of these sub-basins are
ancient oceans that closed along active subduction zones, such as
the eastern Mediterranean basin (e.g. Dercourt et al. 1986; Wortel
& Spakman 2000; Jolivet et al. 2003), some others are still opening,
such as the Tyrrhenian basin (e.g. Gueguen et al. 1998; Sartori et al.

2001; Rosenbaum & Lister 2004a), or opened during the Oligo-
Miocene, such as the Liguro-Provençal basin or the Algerian basin
(e.g. Bouillin 1986; Faccenna et al. 2001; Rosenbaum et al. 2002;
Gattacceca et al. 2007; Billi et al. 2011; Sage et al. 2011; Fig. 1a).
The Mediterranean basin is, moreover, surrounded by orogenic belts
that attest to the Cenozoic closure of the oceans that were previously
part of the Mediterranean domain. Rapid transition in time and in
space from basin opening at the back of the subduction zones to
collision zones has characterized the African–Eurasian border for
at least 50 Ma (e.g. Jolivet et al. 2003), which led to the present-
day Mediterranean configuration. Understanding the spatiotemporal

Figure 1. (a) Magnetic anomalies from Galdeano & Rossignol (1977) superimposed on the map of the Western Mediterranean area. White lines: location of
the five wide-angle seismic profiles acquired during SPIRAL cruise. WA-An, Annaba profile (this study); WA-Ji, Jijel profile; WA-Ka, Great Kabylia profile;
WA-Ti, Tipaza profile and WA-Mo, Mostaganem profile. Red line: location of the wide-angle seismic profile from the European Geotraverse project (Peirce &
Barton 1992). White frame: location of the inset that displays regularly organized NW–SE magnetic anomalies in the central part of the eastern Algerian basin
(from Schettino & Turco 2006). Black frame: location of the central eastern Algerian basin as displayed in Fig. 2. (b) Western Mediterranean setting at 35 Ma,
modified from Gelabert et al. (2002), indicating the location of the European forearc (in yellow), before the Algerian basin opening. During the Algerian and
Tyrrhenian basin formation, the European forearc was fragmented and migrated to the south and to the east to reach its present day position (shown in (a)),
due to subduction rollback (see text for details and references). The names of the forearc fragments were given according to their present-day location, and are
from west to east: R, Rif; B, Betics; GK, Great Kabylia; LK, Lesser Kabylia; Pe, Peloritani; Ca, Calabria. They form the AlKaPeCa block defined by Bouillin
(1986), with Al, Alboran = R+B; Ka, Kabylia = GK+PK; Pe, Peloritani and Ca, Calabria.
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1914 B. Bouyahiaoui et al.

evolution of the Mediterranean basins is important, to be able to
better unravel the process of backarc opening and the evolution of
complex convergent plate boundaries.

Numerous kinematic models have been proposed to explain the
current structure of the western Mediterranean basin that have
mostly been based on magnetic data (Schettino & Turco 2006;
Gattacceca et al. 2007), crustal structures of the basin and ad-
jacent margins (Mauffret et al. 2004), geological observations of
the Mediterranean collision zone (Lustrino et al. 2011; Carminati
et al. 2012), kinematic constraints (Gueguen et al. 1998; Jolivet &
Faccenna 2000) and the integration of different types of data (e.g.
tectonic, seismological, geodetic, tomographic, seismic reflection
data; Billi et al. 2011). All of the kinematic reconstruction models
agree that in an initial stage before the opening of the Algerian
basin, the Alboran, Kabylia, Peloritani and Calabria blocks, which
were defined as the AlKaPeCa block (Bouillin 1986), were part of
the European southern margin until ∼23 Ma (Alvarez et al. 1974;
Cohen 1980; Bouillin 1986; Lonergan & White 1997; Vergés &
Sabàt 1999; Frizon de Lamotte et al. 2000; Rosenbaum et al. 2002;
Mauffret et al. 2004; Billi et al. 2011). The kinematic reconstruc-
tion models also agree that in a final stage, the AlKaPeCA blocks
accreted by collision along the northern African border, ∼16–18
Ma (Fig. 1a, R, GK, LK) (Monié et al. 1984; Saadallah & Caby
1996; Lonergan & White 1997; Faccenna et al. 2001; Roure et al.
2012), the collision zone being underlain by a detached, northward
dipping slab (e.g. van Hinsbergen et al. 2014).

Most authors propose that between these two stages, the Alge-
rian basin evolved in relation to a rollback process of the Tethyan
slab (Alvarez et al. 1974; Cohen 1980; Lonergan & White 1997;
Doglioni et al. 1999; Frizon de Lamotte et al. 2000; Jolivet & Fac-
cenna 2000; Faccenna et al. 2001; Gelabert et al. 2002; Rosenbaum
et al. 2002; Mauffret et al. 2004; Schettino & Turco 2006; van Hins-
bergen et al. 2014) enhanced by slab tears to the west and to the
east, in good agreement with tomographic studies (Fig. 1a; Spak-
man et al. 1993; Carminati et al. 1998; Piromallo & Morelli 2003;
Spakman & Wortel 2004; Bezada et al. 2013; Palomeras et al. 2014;
Thurner et al. 2014), however the timing and the geometry of the
southward European forearc migration are still a matter of debate.
To the west, the westward rapid slab rollback under the Alboran
Sea would be responsible for the Miocene opening of the western
Algerian basin (Réhault et al. 1984; Gueguen et al. 1998; Jolivet &
Faccenna 2000; Vergés & Fernàndez 2012; Medaouri et al. 2014;
van Hinsbergen et al. 2014). Here, the westward verging slab would
still be attached to the surface lithosphere beneath the Betic and Rif
belts, but would be detached under the Alboran (Palomeras et al.
2014; Thurner et al. 2014), where the lithospheric mantle might be
driven into the asthenospheric mantle (Bezada et al. 2013; Palom-
eras et al. 2014; Thurner et al. 2014). Recent studies devoted to the
crustal structure of the western Algerian margin and the adjacent
basin have proposed that the surface expression of the slab tear in
this area is a ‘STEP’ fault (subduction-transform edge propagator;
Govers & Wortel 2005) that is edging the western Algerian basin to
the south (Vergés & Fernàndez 2012; Medaouri et al. 2014; Badji
et al. 2015) and follows the slab retreat parallel to the continent–
ocean boundary (Medaouri et al. 2014; Badji et al. 2015).

To the east, the subduction is still active under the opening Tyrrhe-
nian basin (e.g. Jolivet & Faccenna 2000; Rosenbaum & Lister
2004a; Rosenbaum et al. 2008; Gallais et al. 2013). The way the
slab migrated from the Kabylian area to its present-day position
is not clear, mainly because the evolution of the eastern Algerian
basin remains poorly understood. In particular, little is known about
its crustal structure, and that of its southern margin. While some

studies have proposed that the deep basin has resulted from delami-
nation of a continental lithosphere (Roure et al. 2012), most studies
have considered the eastern basin as an oceanic domain that was
formed by backarc accretion, bounded to the south by its continental
margin (Alvarez et al. 1974; Cohen 1980; Lonergan & White 1997;
Doglioni et al. 1999; Frizon de Lamotte et al. 2000; Jolivet & Fac-
cenna 2000; Faccenna et al. 2001; Gelabert et al. 2002; Rosenbaum
et al. 2002; Mauffret et al. 2004; Schettino & Turco 2006). Accord-
ing to these models, the eastern Algerian margin might instead be
considered a rifted stretched (e.g. Gueguen et al. 1998; Jolivet &
Faccenna 2000), or transcurrent (e.g. Mauffret et al. 2004; Schettino
& Turco 2006), continental margin segment, with implications on
the way the slab escaped to the east.

The aim of this study was to determine the crustal structure of
the eastern Algerian basin and its southern margin in the Annaba
region (Fig. 2a), to better constrain the kinematic models of the
eastern Algerian basin and the eastward migration of the slab. This
study is based on: (1) new data acquired in 2009 during the Sis-
mique Profonde et Investigation Régionale au Nord de l’Algérie
(SPIRAL) cruise, which included a 240-km-long onshore-offshore
wide-angle seismic profile, deep-penetrating multichannel seismic
(MCS) lines and gravimetric and magnetic data (Fig. 2a); and (2)
additional available data that included multibeam bathymetry and
high-resolution seismic data, industrial deep-penetrating MCS data,
and complementary gravimetric and magnetic data (Fig. 2a).

2 G E O L O G I C A L S E T T I N G

2.1 Kinematic reconstruction of the eastern Algerian basin

The eastern Algerian basin forms a 150 00 km2 basin that is bounded
by the eastern Algerian margin to the south, the Sardinia Channel
to the east, the Liguro-Provencal basin to the north, and the western
Algerian basin to the west (Fig. 1a). Its oceanic nature is suggested
by an ∼400-km-wide and ∼200-km-long set of magnetic anoma-
lies that trend N–S to NW–SW as they diverge southward within
the eastern Algerian basin (Fig. 1a, insert; Galdeano & Rossignol
1977; Schettino & Turco 2006). Indeed, these are the only clear,
regularly organized, magnetic anomalies that have been identified
in the western Mediterranean domain. In other parts of the basin,
disorganized magnetic anomalies have been interpreted as the re-
sult of irregular and sporadic accretion processes at the back of the
subduction zones, based on the atypical structure of the oceanic
crust (Contrucci et al. 2001; Rollet et al. 2002). In contrast, the
set of regular anomalies observed within the eastern Algerian basin
suggests that a steady oceanic accretion occurred in this part of
the basin. The timing and geometries proposed for the formation
of this part of the basin, however, vary from one model to another,
mainly because the age of these anomalies is still not known. In
the simplest model, the Algerian basin opened at the back of the
AlKaPeCa blocks, as it migrated to the south with an arcuate shape
(Gueguen et al. 1998; Jolivet & Faccenna 2000; Gelabert et al. 2002;
Rosenbaum et al. 2002; Rosenbaum & Lister 2004b; Michard et al.
2006; Schettino & Turco 2006). The set of regular anomalies was
explained by an oceanic accretion stage that resulted from the coeval
divergent southward displacement of the Kabylies, and the Corso–
Sardinian block toward the east (Gelabert et al. 2002), possibly
along a complex spreading system that involved transform faults
and triple junctions (Schettino & Turco 2006).

Other models have proposed a two-stage oceanic opening. In
these two-stage models, the south and southeast migration of the
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Deep structure of the eastern Algerian margin 1915

Figure 2. (a) Location of the data set used in this study, superimposed on the bathymetric map provided by Maradja2/Samra cruise (2005) (Kherroubi et al.
2009) and by ETOPO1 1-min global relief (www.ngdc.noaa.gov) in the offshore domain, and on the eastern Algerian geological map in the onshore domain
(Vila 1978). The geological map shows the different structural units of the study area including the Internal zones (Lesser Kabylia, Fig. 1, LK) and External
zones (Tell). Ed, Edough massif; CDF, Cap de Fer; An, Annaba basin; Mm, Mellègue Mountains and Di, Diapir area. Red dots, OBS position (numbered GHxx);
Triangles, land station position (numbered SPxx); Red triangles, stations which recorded usable data. Black triangles: stations recorded only noise. White lines:
location of the multichannel seismic lines, magnetic and gravity data acquired during SPIRAL cruise. Black lines: location of the seismic reflection, gravity and
magnetic data provided by Sonatrach. Yellow lines: high-resolution seismic profiles acquired during Maradja2/Samra cruise (2005). Red frame: location of the
area displayed in (b). White dotted line (OCT): ocean-continent transitional zone after this study. (b) Bathymetric map of the study area from Maradja2/Samra
cruise (2005) (Kherroubi et al. 2009) and from ETOPO1 1-min global relief (www.ngdc.noaa.gov). CDF, cap de Fer, Ed, Edough massif.

AlKaPeCa and Corso-Sardinia blocks was followed by oceanic ac-
cretion along a NW–SE spreading centre, which led to the observed
regular anomaly pattern (Cohen 1980; Mauffret et al. 2004). As
the Corso-Sardinia block is assumed to be fixed in its present-
day position from 15 to 18 Ma, this implies that an ∼400-km-
wide oceanic domain opened toward the west. This might have
been accommodated either by a N–S intra-oceanic subduction lo-
cated at ∼5◦30′E (Cohen 1980), or by the western migration of
the neo-formed oceanic floor along a transform zone located north
of the Algerian margin (Mauffret et al. 2004). In the first case,
the oceanic accretion allowed the southwestward migration of the
Lesser Kabylia toward the African margin after the Greater Kabylia
collage (Cohen 1980). In the second case, the accretion occurred
after the coeval Greater and the Lesser Kabylia collages (Mauffret
et al. 2004). These two-stage models where accretion occurred after
the main collision phase are compatible with a STEP-fault evolution

of the margin following the slab tear and the eastward migration of
the slab along the eastern Algerian margin, symmetrical to the evo-
lution proposed for the western Algerian margin by Medaouri et al.
(2014) and Badji et al. (2015).

2.2 Geology of the onshore domain

The north Algerian geology derives from the Tethys Ocean clo-
sure during the Algerian basin opening, and the subsequent col-
lage of the AlKaPeCa blocks along the North African margin.
This is marked by the southward thrusting of the internal zones,
formed by the Palaeozoic European crystallophyllian basement of
the AlKaPeCa blocks and its Mesozoic carbonated sedimentary
cover, which is represented by the limestone of the ‘Dorsale Kabyle’
(Rivière et al. 1977; Bouillin 1979; Géry et al. 1981; Djellit 1987;
Bracene 2001), over the external zones formed by the North African
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margin (Fig. 2a). The North African margin is composed of pa-
rautochthonous Tellian units that include sediments from Trias to
Eocene times (Fig. 2a), which lie above the African basement that
outcrops more than 180 km south of the shoreline. Between the in-
ternal and external zones, the suture zone is marked by flysch units
of various ages. These correspond to allochthonous clastic sedi-
ment deposited in the closed Tethyan oceanic domain, and include
the Massilian and Mauritanian flysch, which have been interpreted
as Cretaceous deposits (Djellit 1987), and the Numidian flysch,
which has been interpreted as Oligo-Miocene deposits (Bouillin
et al. 1970). These allochthonous flysch formations are found on
the foreland, although they are also backthrusted on the internal
zones (Fig. 2a; Durand-Delga 1969).

The onshore part of the study area includes the different units of
this Alpine collision zone: along the shoreline, the Edough Mas-
sif (Fig. 2a, Ed) corresponds to a crystallophyllian basement that
is composed of a variety of Neoproterozoic and Palaeozoic meta-
morphic rock (Laouar et al. 2002), which is locally overlain by al-
lochthonous flysch, and has intrusions of eruptive rock (Hilly 1962).
The origin of this massif has been debated for a long time. Although
at first it was considered as part of the African margin (Vila 1980;
Bouillin 1986; Frizon de Lamotte et al. 2000; Caby et al. 2001),
recent studies indicate that it is part of the European basement that
forms the eastward extension of the Lesser Kabylia, and thus is part
of the internal zones (Laouar et al. 2002; Bruguier et al. 2009).
South of the Edough Massif, there is a large sedimentary basin that
is formed by the African Mesozoic to Cenozoic sedimentary cover,
between the Mellegue Massif and the Saharan flexure, with this
area characterized by intense Triassic salt diapirism [Fig. 2a, ‘di-
apir area’ (Di); Dubourdieu 1956; Rouvier 1977; Chikhi Aouimeur
1980; Pertthuisot & Rouvier 1992]. Between the diapir area and
the Edough Massif, the E–W elongated, Quaternary Annaba basin
extends over an area of ∼1200 km2 (Fig. 2a, An). The Cretaceous to
Oligo-Miocene flysch consists of several sheets that deformed and
stacked along thrusts, to form an ∼1.5-km-thick sediment pile with
a complex internal structure (Hilly 1962). The Numidian flysch is
particularly well represented SE of Annaba, where its outcrops over
3500 km2 (Fig. 2a). The accurate location of the Alpine suture is
not known in the study area. It is probably located underneath the
flysch cover, south of the Edough Massif, and it probably extends
to the east in the offshore domain (Fig. 2a).

2.3 Geology of the offshore domain

Little is known about the deep crustal structure offshore of the
Annaba region. Indeed, previous studies have essentially been based
on high-resolution seismic reflection data, which resulted in detailed
imaging of the recent sedimentary cover. These data show that the
margin and the deep basin edge were reactivated by contraction
during the Plio-Quaternary (Kherroubi et al. 2009), with the recent
margin inversion indicated by older deep penetrating seismic pro-
files (Mauffret 2007). The average Moho depth, as given by gravity
modelling of the European Plate, is of the order of 25 km below
the margin and 15 km below the deep basin (Grad et al. 2009).
East of the Annaba area, the Sardinian Channel is underlain by a
10-km-thick to 25-km-thick continental basement that is overlain
by a 4-km-thick sedimentary cover, as shown by the wide-angle
seismic data from the European Geotraverse project (Peirce & Bar-
ton 1992). The basement crops out on Galite Island (Fig. 1a), and
this is interpreted as part of the internal zones (Tricart et al. 1994;
Bouillin et al. 1998; Mascle et al. 2004; Belayouni et al. 2010).

3 A C Q U I S I T I O N, DATA Q UA L I T Y
A N D P RO C E S S I N G

In the present study, new geophysical data was acquired during the
SPIRAL cruise, which was conducted on the R/V Atalante (Ifre-
mer) in September–November 2009, along the Algerian margin.
During this cruise, one onshore–offshore, wide-angle seismic pro-
file (Fig. 2a, WA-An), four MCS lines, and magnetic and gravity
data were recorded along the easternmost part of the Algerian mar-
gin and the adjacent deep basin (Fig. 2a, Spi18 to Spi21). MCS Line
Spi18 is coincident with the wide-angle seismic profile WA-An.

The additional available data used included: (1) bathymetry
and high-resolution seismic data acquired in 2005 during the
Maradja2/Samra cruises (Fig. 2a, yellow lines; Déverchère et al.
2005; Domzig et al. 2006; Kherroubi et al. 2009; Yelles et al. 2009);
(2) time-migrated industry seismic lines provided by Sonatrach
(Fig. 2a, lines L1 to L4) and (3) gravity and magnetic data (pro-
vided by CRAAG and Sonatrach; Fig. 2a, lines L1–L4).

3.1 Wide-angle seismic data

The complete onshore–offshore profile is 240 km in length, along
which 42 ocean-bottom seismometers (OBS; Fig. 2a, red circles)
and 25 land stations (Fig. 2a, red and black triangles) were deployed.
The average spacing between the OBS and between the land sta-
tions was 3 and 5 km, respectively. The OBS used were MicroOBS,
MicroOBS+ and OldOBS from Ifremer (Auffret et al. 2004).
The land stations used were of the Geostar-2000, Geodevice and
Kinemetrics types.

The seismic source used for the wide-angle profile was a 146-l
airgun array tuned to the first peak, which was composed of eight
16-l airguns and two 9-l airguns. The airgun array generated 807
shots along the profile, every 60 s, leading to 150-m shot spacing.

The marine instrument positions were corrected for drift dur-
ing their descent to the seafloor using the first-arrival direct wave.
Clock drift of the internal clock of the seafloor instruments was
corrected linearly. On far offsets, the signal-to-noise ratio was im-
proved by processing the OBS and land station data, to facilitate
arrival identification and interpretation. The processing sequence
included: spectral deconvolution (whitening), 4–18 Hz bandpass fil-
tering (Butterworth), and automatic gain control.

Offshore, all OBS except one (which was lost; GH14) recorded
good quality data (e.g. see Figs 3 and 4). For the P-wave arrivals, the
data showed higher signal-to-noise ratio on the vertical geophone
component than on the hydrophone and horizontal geophone com-
ponents, with clear arrivals identifiable up to a 65-km offset in the
deep basin, and a 50-km offset at shallow water depth (Figs 3a,b,
and Appendix 1). S-wave arrivals were also observed on the hori-
zontal geophone of 18 OBS located within the deep basin (Fig. 5b,
blue dots) for offsets that ranged between ∼15 km and ∼40 km
(Fig. 4). The other OBS did not show any S-wave, either because the
seafloor instruments were equipped with hydrophone only (Fig. 5b,
black dots), or because S-waves did not get generated or were not
detectable on the dataset due to poor signal-to-noise ratio (Fig. 5b,
red dots).

For the onshore part of the profile, only the 13 stations located
within an 80-km range from the shoreline recorded usable data
(Fig. 2a, red triangles). The absence of useful signals from the
other stations was probably related to the lack of energy at large
offset and/or to complex geologic structures that affected the wave
propagation, rather than to dysfunction of the instruments. The
data acquired showed good signal-to-noise ratio, with identifiable
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Deep structure of the eastern Algerian margin 1917

Figure 3. Examples of representative wide-angle sections recorded along WA-An profile and showing P-wave arrivals. (a) and (b) OBS sections (GH39
and GH26, respectively) located within the deep basin, (c) land-station section (SP01) located onshore 2 km south of the shoreline. These seismic sections
correspond to the vertical component records. They were displayed after data processing including: deconvolution whitening, Butterworth filter (4–18 Hz),
Automatic Gain Control (AGC), with a 7 km s−1 velocity reduction. Red lines: picks of the first arrivals used for first arrival tomography.

arrivals for some stations, to ∼70 km distance (Fig. 3c, Appendix 1).
No S-waves were observed for these sections.

3.2 Multichannel seismic data

The SPIRAL MCS data (Fig. 2a, Spi18 to Spi21) were acquired
using a 4.5-km-long streamer (Ifremer) composed of 360 channels
with a 12.5-m interval. The seismic source was an airgun array
composed of 13 airguns of various volumes tuned to the first bubble
pulse, to generate low-frequency signals for deep penetration (dom-
inant frequency, ∼25 Hz) (Avedik et al. 1993). The seismic source
used a total volume of 3040 cubic inches (49.8 l), with an inter-shot
of 20 s, which provided 50-m shot spacing. The MCS data were
recorded with a 4-ms sample rate.

The processing sequence applied to the data used the Geocluster
software (CGG Veritas package), and included: (1) quality con-
trol of the dataset; (2) zero-phase conversion of the single bubble
wavelet; (3) common mid-point (CMP) gathering (CMP distance,
6.25 m; coverage, 45-fold); (4) reverse Q-filtering to remove the
nonstationary phase components of the data, and external mute
for the removal of the stretched part of the signal of the refracted
waves; (5) normal moveout (NMO) velocity analyses performed ev-
ery 200 CMP (1250 m), in three successive iterations; (6) spherical
divergence correction based on the compensation laws (Newman

1973) and the smoothed NMO-velocity model; (7) multiple atten-
uation using the two complementary methods of surface-related
multiple elimination based on the subtraction of a model of the
multiple to the dataset (Berkhout & Verschuur 1997), and a
parabolic stack radon transform based on the velocity difference
between the multiples and the primaries (Bradshaw & Ng 1987);
and (8) Kirchhoff pre-stack time migration. The final pre-stack time
migration velocity model was obtained after five iterations of ve-
locity picking performed on migrated CMPs every 1250 m. The
processed section was plotted after application of a two-window,
time-variant, Butterworth frequency filter of [3–8–20–30 Hz] and
[3–8–20–30 Hz], applied from the seabed to the top of the acous-
tic basement, and deeper than the top of the acoustic basement,
respectively (Fig. 5).

The additional multichannel seismic lines L1 to L4 of Fig. 2a were
acquired and processed in 2000 by Western-Geco (Cope 2003) for
Sonatrach. The seismic source consisted of a tuned first peak from a
sleeve airgun array of 3000 ci (45 l) shot at a pressure of ∼2000 psi
and towed at 6 m in depth (Arab et al. 2014; Medaouri et al. 2014).
The shot point interval was 25 m. The receiver was a 480-channel
(12.5 m each), 6000-m-long streamer towed at 8 m in depth. The
processing sample interval was 4 ms for a processing record length
of 10 000 ms (Arab et al. 2014). The processing sequence is detailed
in Medaouri et al. (2014).
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1918 B. Bouyahiaoui et al.

Figure 4. Examples of representative sections recorded within the deep basin along WA-An profile for (a) OBS GH16, (b) OBS GH26 and (c) OBS GH33. The
black frames indicate the location of the zooms presented at the top of each seismic section. The blue dots point out the S-wave traveltimes used for modelling.
The S waves come from P-wave conversion along subsurface interfaces. The three seismic sections correspond to the horizontal component records of the
OBSs. They were displayed after data processing including: deconvolution whitening, Butterworth filter (4–18 Hz), Automatic Gain Control (AGC), with a
4.5 km s−1 velocity reduction.

3.3 Gravity and magnetic data

Four gravity and magnetic profiles were acquired offshore of the
Annaba area during the SPIRAL cruise along the MCS lines (Fig. 2a,
white lines). The gravity data were recorded with a 25-m inter-
station spacing, using a Lockheed Martin BGM-5 gravimeter. These
data were tied to absolute gravity via a reference point located in
Oran Harbor (Fig. 1a) and using a terrestrial Scintrex CG3 gravime-
ter. One gravity measure was recorded every 10 s, after filtering. The
instrument drift was linearly corrected between ties, before and after
the cruise. The Free Air and the Bouguer anomalies were calculated
after Eötvös correction, with 1-mGal precision. The magnetic data
were recorded at 150-m (60-s) intervals, using a SeaSPY magne-
tometer, which measured the total intensity of the geomagnetic field
with an ∼0.2-nT precision.

The distances between the SPIRAL profiles, which were of the or-
der of 12 km, did not provide adequate coverage for gravity and mag-
netic anomaly mapping, so that existing data provided by Sonatrach
were also used (Fig. 2a, black lines). These existing profiles had an
average length of 80 km.

4 R E S U LT S

4.1 Morphology

The easternmost Algerian margin is characterized by two distinct
morphological domains, with the location of the wide-angle pro-
file marking the limit between these two. West of the wide-angle
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Deep structure of the eastern Algerian margin 1919

Figure 5. Time-migrated MCS profile Spi18 (coincident with the wide-angle Line WA-An; see Fig. 2a for location) with superimposition of the seismic
interpretation of the line (a), and the P-wave velocity–depth model deduced from forward modelling of the wide-angle data converted into a two-way traveltime
section (b). The dots at the top of the seismic section mark the location of the OBS (Blue dots: S waves observed on the horizontal geophone; Red dots: no S
wave detected on the horizontal geophone; Black dots: No S wave recorded because the receivers were hydrophones only).

line (Fig. 2b, the western margin segment), the continental shelf
reaches a maximum width of 15 km within the Skikda Bay, and
reaches half this width west and east of the bay, offshore of Cap de
Fer (Fig. 2b, CDF). The continental slope extends over 18 km and
shows a regular, abrupt, 8◦ average slope. This sector is marked by
abundant erosive gullies that generally run parallel to the slope line.
Offshore of Cap de Fer, the slope has a 12-km-wide, dome-like,
rounded shape (Fig. 2b, D). East of the wide-angle line (Fig. 2b,
eastern margin segment), the continental shelf from Annaba Bay to
the Tunisian border is wider (∼25 km) (Figs 2a and b). Here, the
slope is greater, and of the order of 35 km, and it is marked by a
slope break located mid-slope. The slope is gentle (4◦) in its upper
part, which extends over 25 km, and sharply increases at the deep
slope to reach 9◦ on average.

The deep basin shows a smooth morphology and a uniform depth
throughout the study area, with a maximum depth of ∼2800 m.
The seafloor depth gradually decreases east of Line Spi21, while
approaching the Sardinia Channel (Fig. 2a). Along the continental
slope and between 7◦35′E and 8◦00′E, a ∼2500-m-deep, ∼27-km-
long step overhangs the rest of the abyssal plain (Fig. 2b, ST).
This step was interpreted as the result of recent margin reactivation
(Kherroubi et al. 2009).

4.2 Multichannel seismic data interpretation

4.2.1 Architecture of the acoustic units

The seismic interpretation proposed below is based on the seismic
units defined in previous studies conducted on the Algerian mar-
gin and within the adjacent deep basin. All of these studies use
the Messinian units (as mobile unit [MU] and upper unit [UU])
and surfaces (as Messinian erosion surface [MES]) for chrono-
stratigraphic markers, as they can be recognized easily in the
seismic lines (Auzende 1978; Déverchère et al. 2005; Domzig
2006; Domzig et al. 2006; Mauffret 2007; Kherroubi et al. 2009;
Yelles et al. 2009) and they have been well dated (5.96–5.32 Ma;
Gautier et al. 1994; Krijgsman et al. 1999). We thus defined three
sedimentary seismic units, as Messinian (UU-MU), pre-Messinian
(Pre-MSC) and post-Messinian (Plio-Quaternary, PQ) units, using
the nomenclature proposed by Lofi et al. (2011a,b) on the basis of
a recent compilation of Mediterranean studies. It should be noted
that a Messinian lower unit (LU) is observed locally within the
Mediterranean Sea below a MU (Lofi et al. 2011a,b; Arab et al.
2014). However, because the Messinian LU could not be clearly
identified in the low-resolution dataset of the study, it was included
in the Pre-MSC unit in our interpretation of the seismic data.
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Figure 6. Time-migrated MCS Line Spi21 (see Fig. 2a for location) and seismic interpretation. PQ, Plio-Quaternary unit; UU, upper Messinian unit; MU,
mobile Messinian unit; Pre-MSC, pre-Messinian unit. In the northern part of the seismic line, the reflector marking the top of the basement is weak, and lies at a
constant depth of ∼5.8 stwtt, whereas it is more continuous and shallower in its southern part. This change in the top of the basement morphology corresponds
to a change in the Messinian unit facies, from rough to smooth.

4.2.2 Acoustic units in the deep basin

Along the main MCS profile (Spi18), which is coincident with the
wide-angle profile, the Messinian units form a clear set of reflectors
within the sedimentary cover observed between 4-s and 5-s two-way
travel times (stwtt) in the deep basin (Fig. 5, Spi18). These units
consist of the UU and the underlying MU. The UU is ∼0.35-stwtt
thick, and has a typical layered facies that shows high amplitude,
and high continuity reflectors (Lofi et al. 2011a). Below UU, the
MU forms folds and diapirs. The top of the MU is observed at ∼4.4
stwtt, which is mostly the same depth as elsewhere in the western
Mediterranean (Domzig 2006; Kherroubi et al. 2009; Lofi et al.
2011a). We note a slight change in the Messinian unit facies and
deformation along the seismic line. Close to the margin, the UU
reflectors appear to be continuous and the salt tectonics are char-
acterized by well-designed folds and diapirs, whereas far from the
margin, numerous diapirs of smaller size interrupt the UU reflectors
(Fig. 5). Here, the result is a complex structure of the Messinian
unit, so that it is difficult to define the exact shape of the MU diapirs
among a discontinuous UU unit. These Messinian units (UU, MU)
pinch out along the margin toe at 2.6 stwtt and 4.0 stwtt, respectively
(Fig. 5).

Above the Messinian units, the PQ unit is characterized by high
continuity, low amplitude reflectors. The PQ unit thickens from the
central part of the deep basin to the margin toe, from ∼0.3 stwtt to
∼1 stwtt.

Below the UU and MU units, the Pre-MSC unit is characterized
by sub-horizontal stratification, especially at the southern edge of
the basin below the bathymetric step (Fig. 5, ST). The Pre-MSC
unit shows a relatively constant thickness in the central part of the
deep basin (∼1–1.2 stwtt), to the northern edge of the bathymetric
step. Here, the thickness of the Pre-MSC unit sharply increases, to
reach ∼1.7 stwtt below the bathymetric step.

Far from the margin, the top of the acoustic basement is marked
by an irregular, discontinuous reflector at ∼5.8 stwtt depth. As
this approaches the margin, it shows enhanced continuity and it
deepens to 6.5 stwtt (Fig. 5). At the basin edge, the Pre-MSC and
MSC units are folded and uplifted below the bathymetric step. The
vertical throw of the seismic markers along the northern step edge,

which was of the order of ∼0.6 stwtt, has been explained by Plio-
Quaternary contractive deformation of the margin (Kherroubi et al.
2009).

Similar facies and distribution of the shallowest acoustic units are
observed throughout the deep basin of the study area. In particular,
the discontinuous basement top shows a uniform depth of ∼5.8 stwtt
through the deep basin, ∼15 km from the slope toe and beyond.
In the ∼15-km-wide area that bounds the margin, the top of the
basement has enhanced continuity and smoother morphology as it
deepens, to reach 6.5 stwtt to 6.9 stwtt, as the Pre-MSC unit is thicker
in this area. An exception is the easternmost part of the area, where
the basement top lies at ∼5.5 stwtt over a 35-km distance from the
slope toe (Fig. 6). Here, it is thus shallower than elsewhere in the
vicinity of the margin. All along the eastern part of the Algerian
margin, the changes in the basement top geometry and facies toward
the margin coincide with the lateral change in the Messinian unit
acoustic facies described above for Line Spi18.

At CMP number ∼8000 along Line Spi18, an ∼15-km-wide
relief is formed by the top of the pre-Messinian unit (Fig. 5).
The Messinian and post-Messinian units bevel on the relief sides,
whereas the pre-Messinian reflectors dip gently toward the relief
edges. This relief is also observed along Line Spi19 (see Fig. 2a for
location), at its junction within Line Spi18.

4.2.3 Acoustic units on the continental margin

Along Line Spi18, below the continental slope and the continental
shelf, the Messinian event is characterized by a MES that truncates
the underlying reflectors (Fig. 5). Above the MES, the PQ unit has
a thickness of between 0.1 stwtt and 0.5 stwtt. Under the MES, the
upper part of the Pre-MSC unit is characterized by sets of dipping
reflectors with opposite dip (Fig. 5). To go further into the seismic
interpretation of the seismic units along the margin, we used the
high-resolution seismic lines available in the study area, which show
different images between the eastern and western segments of the
study area.

Along the eastern segment of the study area, which is marked by a
smooth morphology (Fig. 2b), the high-resolution seismic reflection
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Figure 7. Seismic reflection lines and seismic interpretation illustrating the margin structure east of the wide-angle Line WA-An /Spi18 (a, b), and west of
these (c). (a) Time-migrated MCS profile L4 (see Fig. 2a for location) provided by Sonatrach and its zoom of this line on the margin seismic image (b). The
pre-Messinian units Fb (bedded) and Fc (chaotic) form subunits below the Messinian Erosion Surface (MES). Each subunit shows its own reflectivity and
deformation patterns. The subunits limits are usually sharp and marked by clear unconformities. Fb-Fc subunits lie in unconformity over a deeper subunit Mio,
characterized by low-frequency reflectors that appear less deformed than Fb-Fc reflectors. (c) Time-migrated MCS profile L1 (see Fig. 2a for location) provided
by Sonatrach. West of Line WA-An/Spi18, the PQ unit is thin, and only a few reflectors are locally observed just below the PQ unit. These rare reflectors show
poor lateral continuity and chaotic organization, except at the deep margin, where Pre-MSC reflectors are clearly identified over a thickness of few hundreds
of milliseconds of two-way traveltime, with an unusually high dip compared to the area located east of the wide-angle Line WA-An.

lines show that the Pre-MSC unit can be split into three units: Fb,
Fc, and Mio (Figs 7a and b). The Mio forms the deepest unit at
the top of the acoustic basement and is overlain in unconformity by
Fb and Fc, which differ from each other according to their acoustic
facies. The seismic unit Fb is characterized by clear sub-parallel
reflectors, whereas Fc is devoid of reflectors, or shows a chaotic
pattern (Fig. 7b). The Fb and Fc units can be divided into sub-units
that show lateral extensions of ∼5 km to ∼12 km. Each Fb and
Fc sub-unit is characterized by its own deformation and reflectivity
patterns, and the contact between the sub-units is sharp and is usually
marked by clear unconformities (Fig. 7b). Locally, lateral changes in
reflectivity inside some of the sub-units accompany increases in the
reflector dip, which suggests that a complex internal organization

prevents seismic imaging of the sub-unit reflectors (see for example
Fig. 7b, for CMP numbers ∼1500 to 2000, or 2200 to 2600). The
density of the available seismic lines is not sufficient to define the
three-dimensional (3D) accurate spatial organization of the Fb and
Fc sub-units. It is however clear that they are folded in the lines shot
both parallel and perpendicular to the margin, and that the sharp
contact between the folded sub-units is tectonic rather than erosive
(Figs 7a and b). As the numerous folds imply a contractive tectonic
environment, these contacts are interpreted as thrusts, which lead to
the stacking of the subunits over thicknesses that locally reach ∼1.4
stwtt (Fig. 7a; i.e. ∼2800 m, according to the velocity–depth model).
The seismic lines show that the Fb and Fc subunits are observed
below the slope and up to the shelf break, which is located ∼20 km
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Figure 8. P-wave velocity–depth model deduced from seismic tomography inversion of the traveltime of the first arrivals. Isovelocity contours are displayed
every 0.5 km s−1. Black lines: layer boundaries taken from the forward model; Red dots: OBS locations; Red inverted triangles: land station locations.

from the shoreline (Fig. 7a). This suggests that they probably extend
below the continental shelf, although at such a shallow depth, the
strong multiple prevents their imaging.

Below Fb-Fc, Mio is characterized by low-frequency, low-
dipping reflectors. These reflectors are characterized by a deforma-
tion pattern that differs from that observed in Fb-Fc. The Fb-Fc/Mio
boundary is marked by a high-amplitude, irregularly shaped and dis-
continuous reflector that gently dips toward the deep basin (Figs 7a
and b). Across this boundary, the clear unconformity and the change
in the deformation style between Fb-Fc and Mio strongly suggest
that it corresponds to a major tectonic contact that allows the em-
placement of Fb-Fc sub-units above Mio.

Along the western segment of the study area marked by rough
morphology (Fig. 2b), the seismic image is very different from that
of the eastern segment. The MES shows an irregular topography
(Fig. 7c). The PQ unit is thinner than in the eastern segment, with a
thickness between 0 stwtt and 0.3 stwtt that shows local thickening
up to ∼0.4 stwtt. In this area, the maximum penetration below
the Messinian surface is of the order of ∼1.7 stwtt, and is thus
much lower than in the eastern zone. Only a few, low-frequency
reflectors are observed locally just below the PQ unit. These rare
reflectors show poor lateral continuity, except at the deep margin,
where Pre-MSC reflectors are clearly identified over a thickness of
a few hundreds of milliseconds of two-way times (Fig. 7c). Here,
the Pre-MSC reflectors show abnormally high dip, compared to
elsewhere in the study area.

4.3 Wide-angle seismic data modelling

4.3.1 First arrival seismic tomography

The travel-times of all first arrivals were picked (Fig. 3) and mod-
elled using the Tomo2D tomographic inversion code, to calculate
the velocity field along the onshore-offshore wide-angle seismic
profile (Korenaga et al. 2000). A weight was assigned to the picks
according to the quality of the seismic data. This quality depends on
the signal-to-noise ratio, and the signal impulsiveness and lateral
continuity on several consecutive shots. Four quality levels were
defined for the first arrival picks, based on the picking uncertainty.
This picking uncertainty was estimated as the time difference be-
tween a given pick and the averaged line crossing the 10 neighboring
picks. This varied from 0.016 s (twice the sampling interval) for the
clearest arrivals observed at the small offset and/or with high ampli-

tude, to 0.1 s for noisy and less-impulsive arrivals that showed low
lateral coherence at large offsets. On some OBS, multiple arrivals
were clearer than primary arrivals for offsets greater than 70 km. In
this case, the multiple travel-times were picked and the time differ-
ences between the multiples and the primaries were subtracted for
the modelling. For these picks, the uncertainty was estimated to be
0.13 s. Altogether, more than 14 000 picks were used for the mod-
elling, including ∼38 per cent of excellent quality (uncertainty, from
0.016 to 0.035 s), ∼49 per cent of medium uncertainty (from 0.07
to 0.1 s), and 13 per cent with an uncertainty of 0.13 s.

We performed the inversion for the testing of more than 20 differ-
ent initial models, with different combinations of input parameters
(e.g. smoothing, damping, correlation length). The final model was
selected based on the lowest root mean square (RMS) error that led
to a geologically plausible structure while avoiding small artefacts
that might have resulted in lower RMS, without being supported by
the data. The final velocity–depth model (Fig. 8) has a RMS of 0.12.

In the deep basin, the iso-velocity lines of the velocity model are
broadly horizontal (Fig. 8), with a velocity gradient greater than
0.5 km s−2, and velocities between 1.6 km s−1 and 5.0 km s−1 from
the seafloor down to ∼7.0 km in depth. Deeper, between 7.0 km and
12.5 km in depth, the crustal basement velocities range between
5.0 km s−1 and 7.0 km s−1, as the velocity gradient decreases to
0.2 km s−2 to 0.4 km s−2. A ∼20-km-long anomaly can be observed
at ∼50 km along the velocity model, where the isovelocity contours
representative for sedimentary layers (1.6 km s−1 to 3.0 km s−1)
dome up, and those for basement velocities between 6 km s−1 and
7.5 km s−1 deepen, thereby indicating a local thickening of the crust
(Fig. 8). Below the continental slope, the shallow part of the model
characterized by sedimentary velocities gradually thins toward the
continent, whereas the 7 km s−1 isovelocity contour deepens from
12 km to 25 km, which indicates a southward gradual thickening
of the crust. In the basement, the velocity gradient of 0.1 km s−2

to 0.2 km s−2 is lower than that observed for the crust of the deep
basin.

This tomographic model shows the main structures of the
velocity-depth distribution, but fails to image details such as veloc-
ity contrasts along interfaces, velocity inversions, or highly detailed
velocity gradients in the subsurface layers, as only first arrivals are
used and the grid size was 0.5 km × 0.5 km. To better constrain
these parameters, forward-type modelling was performed using a
combination of information taken from the wide-angle data and
from the coincident reflection MCS profile Spi18.
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Deep structure of the eastern Algerian margin 1923

Figure 9. Forward modelling of the refracted and reflected arrivals performed for OBS GH39 (left-hand panel), OBS GH26 (centre panel) and the land station
SP01 (right-hand panel). (a) Picks of the first and second arrivals superimposed on the data, (b) observed travel times plotted with the picking uncertainty and
calculated travel times produced by ray tracing and (c) ray tracing through the P-wave velocity–depth model.

4.3.2 Forward modelling of P-wave travel-times

The forward modelling consisted of 2D ray tracing within a 2D
velocity-depth model to fit the observed travel-times of both the re-
fracted and reflected arrivals observed in the dataset (Zelt & Smith
1992) (Fig. 9). The modelling was performed on the set of first ar-
rival picks that were previously used for the tomographic inversion,
complemented by a set of secondary arrivals picked from refracted
and reflected P-waves (Fig. 9a and Appendix 1), considering an
uncertainty between 0.03 and 0.13 s. The geometry of the sedi-
mentary layer boundaries was given by the interfaces picked along
the coincident MCS Line Spi18 (Fig. 5a). The depth of the layers
was then adjusted using velocity information determined from the
wide-angle seismic data, from top to bottom of the model, to reduce
the misfit between the observed and calculated travel-times (Figs 9b
and c).

The quality of the velocity-depth model is evaluated by consider-
ing the fit between the predicted and observed travel-times, which
was evaluated by the RMS error and the chi-square (χ2) parameter.
The χ 2 is defined as the RMS travel-time misfit between the cal-
culated and observed arrivals normalized to the picking error. The
RMS travel-time misfit obtained was 0.114, with a χ2 of 1.799, for
a total number of 22 289 picks correctly reproduced by modelling
(Table 1). These modelled picks correspond to more than 87 per
cent of the 25541 arrivals picked along the seismic sections, includ-
ing the refracted and reflected waves. Given the large number of

Table 1. Residual traveltimes and χ2 errors for all of the phases picked
along the Annaba wide-angle profile.

Phase Number of modelled picks Rms error (s) χ2 error

Water 1865 0.035 0.245
Ps2 1207 0.077 1.202
Ps3 1905 0.123 3.065
PsP1 958 0.060 0.739
PsP2 1406 0.067 0.919
PgP1 1416 0.072 1.504
Pg1 2391 0.107 1.550
Pg2 5969 0.153 2.877
Pn 2815 0.118 1.698
PmP 2357 0.111 1.490
All phases 22289 0.114 1.799

modelled picks for the Pg (8360), Pn (2815) and PmP (2357) taken
into account for modelling (Table 1), even the deep structure was
constrained with confidence.

Two-point ray tracing between source and receivers shows well-
resolved and unconstrained parts of the velocity model (Fig. 10).
The ray coverage was generally very good, due to the good quality
of the data and to the close shot and receiver spacing. In the marine
part of the model, the superficial, intermediary and deep layers
were well sampled by reflected and turning rays. For the continental
part, the superficial and intermediary layers were less well sampled

 at IFR
E

M
E

R
 on M

ay 27, 2015
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


1924 B. Bouyahiaoui et al.

Figure 10. Resolution parameter for all velocity nodes (blacks dots) of the velocity–depth model. The white and yellow areas can be considered well resolved.
A value above 0.5 is considered acceptable (Zelt 1999). The blue colour corresponds to the sea water layer.

southward towards the end of the line. This was because the shots
were fired only in the marine part, which meant that the model was
not reversed from 115-km to the end of the profile. In this region,
the velocity–depth model was thus less constrained.

The resolution parameter was defined by the number of rays that
passed along a given velocity node, and therefore it depended on
the node spacing (Zelt & Smith 1992). Layers defined by a large
number of velocity nodes need numerous rays that pass through each
node, to be well constrained, while layers with smaller numbers of
nodes can be well constrained by just a few rays that pass through
the layer. Nodes with values greater than 0.5 are considered to be
well resolved (Fig. 10, white and yellow areas). Most parts of the
model have good resolution (values >0.7), which indicates that each
velocity node is well constrained (Fig. 10). The resolution decreases
to 0.5 for depths greater than 15 km offshore, because the Pn was
observed only on a few OBS sections. The onshore part of the model
shows a resolution of ∼0.5, due to the absence of reverse shots in
this region. Care was taken to include the fewest possible velocity
nodes in this region.

The 2D velocity depth model resulting from forward travel-times
and amplitude modelling consists of 8 layers (Fig. 11). The water
layer was modelled with a velocity of 1.54 km s−1. This relatively
high velocity is consistent with values reported in the literature
for the Mediterranean Sea (Klingelhoefer et al. 2008; Gailler et al.
2009; Leprêtre et al. 2013; Mihoubi et al. 2014). It can be explained
by the high salinity of the Mediterranean basin seawater.

The structure of the eastern Algerian margin and the adjacent
deep basin offshore of Annaba was modelled according to the six
units (Fig. 11) that correspond to the seismic units defined on the
MCS Line Spi18 (Fig. 5), and also to the acoustic basement and the
Mohorovicic discontinuity (Moho). From top to bottom, these units
are:

– The PQ layer, which is modelled using velocities from
1.9 km s−1 to 2.2 km s−1, and thicknesses from ∼400 m to
∼1000 m.

– The Messinian layer UU-MU that has velocities from
3.4 km s−1 to 3.8 to 4.0 km s−1, and a total thickness of from 500
m to 1500 m. The two Messinian units UU and MU are modelled
by a single layer, as a subdivision into two layers is not required to

successfully model the wide-angle seismic data, and the modelling
was undertaken using the minimum structure approach. The com-
plex shape of the top the Messinian units observed on the MCS line
is slightly smoothed in the velocity model, to avoid instabilities of
the modelling code.

– The pre-Messinian sedimentary units, Pre-MSC, modelled by
two velocity layers: in the deep basin, the shallowest Pre-MSC1
unit has velocities from 3.0 km s−1 to 4.0 km s−1, and the deepest
Pre-MSC2 unit has velocities from 4.0 km s−1 to 4.8 km s−1. The
Pre-MSC1 unit is characterized by velocities lower than the veloci-
ties defined for the Messinian layer, and it allows the modelling of
the shadow zone observed between arrivals Ps2 and Ps3 observed on
some OBS records within the deep basin (Fig. 9 and Appendix 1).
The Pre-MSC2 unit allows modelling of a refracted arrival Ps3 that
is clearly observed in the data (Fig. 9), and that shows velocities
greater than those defined for the Messinian layer. The absence of
discontinuity within the Pre-MSC unit in the MCS lines (Fig. 5),
and the absence of a velocity step between the Pre-MSC1 and Pre-
MSC2 units within the velocity model, both suggest that this limit
does not correspond to a vertical change within the sedimentary
cover. Indeed, the limit between these two units marks the value
of the velocity that becomes greater than the velocity within the
Messinian layer, which allows the re-emergence of refracted waves.

At the continental margin, the shallowest pre-Messinian layer,
the Pre-MSC1 unit, has velocities from 3.0 km s−1 to 4.0 km s−1

(Fig. 11). It is 3 km thick at the deep margin, and thins rapidly
upslope. The Pre-MSC2 gradually thins below the margin, while
the velocities increase from sedimentary to crustal velocities (4.0–
4.8 km s−1 to 5.1–5.2 km s−1) between 100-km and 117-km along
the velocity–depth model. As the velocity–depth model is poorly
constrained by the P-wave travel-times in the shallow southern on-
land part (Figs 10 and 11), indirect constraints provided by gravi-
metric studies (Boubaya 2006) and by geological observations were
used to build this part of the initial velocity–depth model. On land,
the wide-angle line crosses the diapir area, which corresponds to
the thick sedimentary cover of the African basement (Fig. 2a). Its
thickness is not known accurately, although gravity modelling in-
dicates a thickness of ∼4 km for the sedimentary layer in this area
(Boubaya 2006), while a gravimetric study conducted in western
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Figure 11. Results of forward P-wave velocity modelling along the Annaba profile WA-An. Upper panel: magnetic anomaly acquired during SPIRAL cruise
reduced to pole. Lower panel: P-wave velocity–depth model deduced from forward modelling. Red circles: OBS location; Red inverted triangles: location of
the land stations used in the modelling. Isovelocity contours are displayed every 0.5 km s−1. Parts of the model that are unconstrained by ray-tracing are shaded.
PQ, plio-quaternary; UU-MU, upper unit and mobile Messinian unit; Pre-MSC1, pre-Messinian layer 1; Pre-MSC2; pre-Messinian layer 2; UC, upper crust;
LC, lower crust; UM, upper mantle.

Tunisia indicated that the depth of the Paleozoic sediments might
exceed 5 km (Jallouli et al. 2005). However, it appears from for-
ward modelling that thicknesses of the order of 4 km to 5 km did
not allow correct modelling of the observed travel-times, and the
best results were obtained for a 2-km-thick to 3-km-thick layer with
an average velocity of 3.5 km s−1 (Fig. 11). It should be noted that
the terrestrial part of the model is not covered by the reverse shots,
and thus precise modelling of the reflectors at this place was not
possible.

Below the sedimentary units, two layers with crustal velocities
that correspond to the acoustic basement were identified in the
MCS data. The shallowest layer that corresponds to the upper crust
(UC) was characterized by velocities from 4.8 km s−1 to 6.0 km s−1.
The deeper layer that corresponds to the lower crust (LC) was
defined by velocities from 6.0 km s−1 to 7.1 km s−1. The whole
crust was ∼5.5 km thick within the deep basin. However, between
40 km and 65 km along the forward velocity–depth model, a 2 km
over-thickening of the basement layers can be observed (Fig. 11),
which was also imaged in the tomographic model (Fig. 8). This
crustal over-thickening was located below the bump formed by the
Pre-MSC unit described in the MCS Line Spi18 (Fig. 5). Below
the continental slope, the crustal layers showed a sharp increase in
thickness from ∼7 km at the basin edge to more than 20 km at the
shoreline. Here, the uppermost crustal layer reaches the surface. A
similar velocity increase at shallow depth was also observed in the
tomographic model (Fig. 8), which confirms its existence.

The deepest layer of the model (the upper mantle; UM) was
characterized by velocities of the order of 8 km s−1. The depth of
the Moho was ∼12 km beneath the deep basin, and this gradually
deepened below the margin, to reach ∼25 km at the shoreline.

4.3.3 S-wave travel-time modelling

A total of 1574 S-waves arrivals were picked in the deep basin (Fig. 4
and Appendix 2). These S-waves, which cannot be produced by the
seismic source triggered in the water layer, result from a conversion
of P- to S-waves at subsurface interfaces.

The modelling of the S-wave travel-times was performed by ray
tracing, to determine the interface along which the conversion from
P-waves to S-waves occurs, the layers in which the S-waves propa-
gate, and the S-wave velocity and the related value of the Poisson’s
ratio (σ ) in these layers, computed according to the relation:

σ = V 2
P − 2V 2

s

2(V 2
P − V 2

s )

In a first step, the S-wave velocities and the Poisson’s ratio values
were assumed for the different layers of the final P-wave velocity–
depth model presented in Fig. 11, based on a compilation of values
given in the literature for the oceanic crust and the underlying
upper mantle (Christensen 1978; Spudish & Orcutt 1980; Purdy
1983; Karson et al. 1984; Price & Morgan 2000). Ray tracing
in this velocity–depth model was then performed (Fig. 12), and
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1926 B. Bouyahiaoui et al.

Figure 12. Examples of S-wave traveltime modelling by ray tracing shown for OBS GH34 (left-hand panel) and GH16 (right-hand panel) (see location of the
OBSs in Fig. 5b). (a) Top panel: picks of phase PSg2 superimposed on a zoom of the seismic section. Bottom panel: example of ray tracing in the lower crust,
using a Poisson’s ratio of 0.28 and a P- to S-wave conversion at the top of the salt layer. (b) Ray tracing performed to test the conversion interface along which
P waves convert to the S waves picked in the data, considering a Poisson’s ratio of 0.28 in the LC. From top to bottom, the three panels show the observed
travel-times (blue picks) and the calculated traveltimes (black line) for P- to S-wave conversion occurring at the seafloor, at the top of the salt layer, and at the
top of the basement. (c) Ray tracing performed to test the Poisson’s ratio in layer LC. From top to bottom, the three panels show the observed traveltimes (blue
picks) and the calculated traveltimes (black line) for a Poisson’s ratio in the LC of 0.26, 0.28 and 0.30, and P- to S-wave conversion occurring at the top of the
salt layer.
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Figure 13. (a) Gravity map (free air anomaly) and (b) magnetic anomaly map reduced to pole in the study area. White lines: gravity and magnetic data acquired
during SPIRAL cruise. Black lines: additional available data. Purple line: slope toe location (see also Fig. 2b). Red line: location of the local overthickening of
the basement units observed along the P-wave velocity–depth model. White dotted line (OCT): ocean-continent transition zone after this study. CDF: Cap de
Fer.

comparisons of the picked/computed travel-times were made, to
determine the interface of the model along which the P-wave to
S-wave conversions occurred. For each tested interface, the Pois-
son’s ratio and related S-wave velocity were changed, until a sat-
isfactory fit between the computed and observed travel-times was
obtained.

The P-wave to S-wave conversion interface is known to be as-
sociated with high impedance contrast (White & Stephen 1980),
which is usually provided by the seabed, the top of the salt layer,
or the top of the oceanic crust, so each of these three interfaces
was tested. Whatever the conversion interface was, the ray tracing
indicated that the observed S-waves traveled down to the deepest
layers of the LC and UM models (Fig. 12b). Based on the P-wave
velocity within the upper mantle UM (≥8.0 km s−1), we considered
a constant Poisson’s ratio of 0.25, as usually given for mantle rock
at a similar depth (Christensen 1978; Spudish & Orcutt 1980; Purdy
1983; Karson et al. 1984; Price & Morgan 2000). For each tested
conversion interface, Poisson’s ratio values in the crustal layers were
tested to adjust the computed to the observed travel-times, and the
corresponding S-wave velocity was determined.

These tests demonstrate clearly that conversion at the seabed
leads to unrealistic values of the Poisson’s ratio in the LC of ∼0.24,
which falls without the bounds defined for crustal rock (Christensen
1978; Spudish & Orcutt 1980; Purdy 1983; Karson et al. 1984;
Price & Morgan 2000). No value of the Poisson’s ratio was found
to successfully model the S-wave travel-times. Indeed, the best fit
was finally obtained for a conversion that occurred at the top of
the Messinian salt layer (Fig. 12b). This result is consistent with
our observation of the S-wave only where the Messinian salt layer
is thick in the deep basin (Fig. 5), and with previous studies that
indicated that the top of the salt layer is a good candidate for this kind
of conversion in the Mediterranean basin (Lelgemann & Klaeschen
1999) and elsewhere (Ogilvie & Purnell 1996). This is probably
because this interface is associated with a high impedance contrast,
as required for this type of conversion (White & Stephen 1980).

With a P-wave to S-wave conversion occurring at the top of the
salt layer, the travel-times and the offsets of the S-waves were best
reproduced for a Poisson’s ratio of 0.28 (Fig. 12c) and an average
Vs of 3.6 km s−1 in the LC layer. For these values, the RMS travel-
time misfit was 0.162, and χ 2 was 6.347. For a perturbation of 0.02
(7.2 per cent) of the Poisson’s ratio in the LC, the percentage of the
modelled picks decreased significantly (Fig. 12c). We thus estimate
the final value of the Poisson’s coefficient in the LC to be 0.28 ± 0.1.

4.4 Gravity and magnetic maps

The free-air-anomaly gravity map shows values from −57 mGal to
+87 mGal (Fig. 13a). The map in Fig. 13a shows two E-W elongated
positive anomalies: the first marks the continental shelf and the
adjacent continental slope, with greater than +80 mGal offshore of
the Edough Massif (Fig. 13a); the second one is within the deep
basin north of 37◦36′N. Between these two positive anomalies, a set
of negative anomalies with values lower than −50 mGal mark the
edge of the deep basin, just north of the slope toe. This set consists
of three E-W to NE-SW trending anomalies and it appears to extend
further to the NE.

The magnetic anomaly map shows values from −238 nT to
+318 nT (Fig. 13b). This map shows several long-wavelength
anomalies (extension, ≥25 km). Two negative anomalies, A1 and
A2, with values from −52 nT to +13 nT and from −52 nT to +54 nT,
respectively, correspond to the Skikda and Annaba Bays. Between
these two negative anomalies, there are two positive anomalies, A3
and A4, with values from +95 nT to +318 nT. The A3 anomaly
corresponds to the dome-like part of the continental slope that was
observed offshore of Cap de Fer (Fig. 13b). In the northern part of
the study area, the deep basin is characterized by negative anoma-
lies, from −100 nT to −238 nT. These negative values sharply
increase to positive ones along a NS trending corridor located at
∼8◦E, west of the Sardinia Channel.
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Figure 14. 1-D velocity–depth profiles in the basement and upper mantle extracted from the P-wave velocity–depth models along line WA-An, compared to
1-D velocity–depth profiles computed in other geodynamic contexts. Coloured lines: 1-D velocity–depth profiles extracted from the forward velocity–depth
model (thick lines) and from the tomographic velocity–depth model (thin lines). Location along the velocity–depth model is given in km on the left-hand side
of the diagrams. Grey areas: compilation for extended continental crust from Christensen & Mooney (1995). Blue areas: compilation for Atlantic oceanic
crust from White et al. (1992). (a) From the northern end of the profile up to ∼75 km in the velocity–depth model (Fig. 11), the velocity laws are situated
within the bounds of oceanic crust. (b) Between ∼75 and ∼95 km in the velocity–depth model (Fig. 11), the velocity laws are intermediate between continental
and oceanic velocity laws. Finally, between ∼95 km and the southern end of the velocity–depth model (Fig. 11), the velocity laws are within the bounds of
continental crust.

5 D I S C U S S I O N

The velocity–depth model computed from forward modelling can
be split into three domains that show distinct velocity–depth fea-
tures. Comparison of the 1D velocity–depth profiles extracted from
underneath the basement for each of these three domains (White
et al. 1992; Christensen & Mooney 1995) help to define the ex-
tent of each of the domains of different nature of the crust along
the wide-angle profile (Fig. 14). For the tomographic model the vz-
profiles were extracted underneath the 4.5 km s−1 isocontour, which
then represents basement. Subsequently the discussion is extended
throughout the study area, using the interpretation of the seismic
reflection lines, which are crucial to discuss the nature and origin of
the margin sediment and the lateral changes in the margin structure
and in the continent transition location. Finally, we propose a sce-
nario for the geodynamic evolution of the eastern Algerian margin
and its adjacent basin that is deduced from these new results.

6.1 Structure of the deep basin

6.1.1 Southward thickening of the sediment

In the northern part of the model, the sedimentary cover of the deep
basin shows an ∼3-km thickness that increases to ∼5 km at the
foot of the margin (Fig. 11). The seismic reflection data indicated
that in detail, the thickening was gradual for the post-MSC units,
and was sharp in the ∼15 km area bounding the slope toe for the
Pre-MSC unit. Here, the local over-thickening of the Pre-MSC unit
is underlined by a continuous negative gravity anomaly that reaches
minimum values of ∼50 mGal (Fig. 13a). The large-scale southward
increase in the sediment thickness that was already observed in

the 1970’s all along the Algerian margin had been interpreted as
the result of lithospheric bending related to the Algerian margin
contractive reactivation (Auzende et al. 1972; Auzende et al. 1975).
Near the margin, the short wavelength over-thickening can be partly
explained by thrusts related to the margin reactivation (Kherroubi
et al. 2009). However, over-thickening was still observed a few
kilometers north of the reactivated area, where the Pre-MSC unit
is not deformed. This might be due to the presence of Oligocene
sediment that contributed to the thickening of the Pre-MSC unit,
and also to higher rates of Miocene subsidence along the margin toe
(Arab et al. 2014). The easternmost part of the study area (Fig. 6,
Line Spi21) is an exception, as the Pre-MSC unit is thinner here
than elsewhere, above a shallower basement marked by an increase
in the gravity anomaly values (Fig. 13b).

6.1.2 A thin magmatic oceanic crust

From the northern end of the profile up to 75 km (Fig. 11, oceanic
domain), the crust is modelled using two layers. The shallow-
est layer, UC, is 2.2 km thick, with velocities from 4.8 km s−1 to
6.0 km s−1, while the deepest, LC, is 3.3 km thick, with velocities
from 6.0 km s−1 to 7.1 km s−1. These velocity values are situated
within the bounds of the oceanic crust, as compiled by White et al.
(1992) for the Atlantic Ocean (Fig. 14a). However, except between
40 km and 60 km, the crust is ∼5.5 km thick, thinner than the typ-
ical oceanic crust, which usually has a thickness of 7 km (White
et al. 1992). Nevertheless it is consistent with the oceanic crust
thickness in other parts of the western Mediterranean Sea (Hinz
1973; Vidal et al. 1998; Contrucci et al. 2001; Gailler et al. 2009;
Grevemeyer et al. 2011; Leprêtre et al. 2013; Mihoubi et al. 2014)
as compiled by Gailler et al. (2009, Fig. 15a). The velocity-depth
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Figure 15. 1-D velocity–depth profiles in the basement and upper mantle extracted from the forward P-wave velocity–depth model (thick coloured lines)
and from the tomographic velocity–depth model (thin coloured lines) in the oceanic domain along line WA-An, compared to 1-D velocity–depth profiles
computed in other geodynamic contexts. (a) Blue area: compilation for oceanic crust in western Mediterranean, offshore Sardinia, from Gailler et al. (2009).
(b) Compilation of velocity laws computed for seismic crusts mainly composed by more or less altered peridotites. Pink area: compilation for ocean-continent
transition zone in the southern Iberia Abyssal from Dean et al. (2000). Yellow area: compilation for rifted margin of the eastern Grand Banks of Newfound
land (Canada) from van Avendonk et al. (2006). Transparent area: compilation for the western Iberia passive continental margin from Afilhado et al. (2008).
(c) White area: compilation for Mohns Ridge oceanic crust, created along a slow but hot spreading ridge (Klingelhoefer et al. 2000).

profiles extracted from the tomographic model indicate a similar
crustal thickness, with a sharp increase of the velocity gradient
representing the Moho from 70 to 20 km model distance. Between
80 and 90 km model distance the velocities from the tomographic
model do not image the Moho discontinuity but closely follow the
same gradient as the forward modelled ones. This can be explained
by the lack of arrivals reflected at the crust-mantle boundary in the
tomographic model.

An abnormally thin oceanic crust is frequently associated with
processes of oceanic floor creation that are dominated by tectonic
extension rather than by magmatic accretion, either due to very
slow accretion rates (Jackson et al. 1982; Minshull & White 1996;
Grevemeyer et al. 1997; Jokat & Schmidt-Aursch 2007), or to an
abnormally cold accretion context, like along intra-oceanic fracture
zones or transform margins (Fox & Gallo 1984; White et al. 1984;
Sage et al. 1997) or along ocean-continent transition during the
earliest phases of ocean spreading (Whitmarsh et al. 1996; Nicholls
et al. 1981). In these cases, the seismic crust often includes altered
peridotites, and presents specific velocities and thicknesses, as illus-
trated by the examples compiled in Fig. 15b. Crustal velocities range
from 5.0 km s−1 to 5.5 km s−1, and from 7.8 km s−1 to 8 km s−1,
with the velocity controlled by the degree of serpentinization that
decreases with increasing depths (e.g. Christensen 1966; Francis
1981; Minshull et al. 1991). Velocities of the order of 7.5 km s−1 or
more are systematically found at the base of the seismic crust. The
crust is modelled by a 4.0-km thick to 5.0-km-thick layer (Dean
et al. 2000; van Avendonk et al. 2006; Afilhado et al. 2008; Prada

et al. 2014; Fig. 15b). This thickness corresponds to the maximum
depth reached by the hydrothermal circulation that is responsible
for serpentinization of the upper mantle material (Francis 1981;
Minshull et al. 1991; Chian et al. 1999; Dean et al. 2000). In the
Annaba area, the distinct velocity gradients within the two crustal
layers (0.55 km s−1 and 0.33 km s−1, for the UC and LC, respec-
tively), and the absence of velocities greater than 7.1 km s−1 at the
base of the seismic crust, suggest that although the crust is thinner
than the normal oceanic crust, it is not dominantly composed of
altered peridotites.

The Poisson ratio provides further arguments to discuss the nature
of the crust. The value of the Poisson ratio in the Annaba area is
constrained to be ∼0.28 in the LC. This value falls within the
bounds given for gabbroic rock (Carlson & Miller 1997), but out
of the bounds given for altered peridotites (Miller & Christensen
1997), even if pure gabbro and peridotites with 10 per cent to
20 per cent serpentinites can show similar Poisson’s ratios at P-
wave velocities of 6.1 km s−1 to 7.2 km s−1 (Horen et al. 1996).
These data strongly suggest that the nature of the lower oceanic
crust offshore of Annaba is dominantly magmatic, and composed
of gabbroic rock rather than of peridotites, even if small amounts of
more or less altered mantle rock cannot by excluded. The crustal 1D
velocity–depth profile in the Annaba deep basin is very similar to
that modelled for Mohns Ridge (Fig. 15c). Here, geochemical data
were combined with the results of wide-angle modelling to show that
the oceanic crust is abnormally thin, but composed of a continuous
magmatic crust, made of gabbro and basalt (Klingelhoefer & Géli
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2000; Klingelhoefer et al. 2000). In this case, slow but hot accretion
processes have led to low but steady magmatic production, which
explains the abnormal crustal thickness.

The WA-Ji profile is located 170 km westward of the Annaba
profile WA-An (Mihoubi et al. 2014), and it crosses the area of
the eastern Algerian basin that is characterized by the regular, NW-
SE-trending magnetic anomaly set that extends to the margin toe
offshore of Jijel (Fig. 1a). Here, the regular anomaly pattern sug-
gests a period of continuous and steady magmatic accretion, in
contrast with other parts of the western Mediterranean Sea. Al-
though the study area is located just south of this regular set of
magnetic anomalies (Fig. 1a), the velocity-depth model computed
offshore of Annaba is very similar to that computed offshore of Jijel,
in terms of the velocity and thickness of the oceanic crustal layers
(Mihoubi et al. 2014). Both models are consistent with a Mohns-
like crustal structure and accretion style. In detail, the velocity
gradients plotted along the tomographic model in the Annaba area
show a slight, lateral variability of the crustal velocity. Although
forward wide-angle seismic models of the Annaba and Jijel regions
are very similar to first order, the complex magnetic patterns of the
magnetic anomalies and the variable velocity gradients suggest a
slightly more heterogeneous magmatic crust and related accretion
processes in the Annaba region than in the region characterized by
the regular magnetic anomaly pattern.

Between ∼40 km and ∼65 km along the model, a crustal over-
thickening of 2 km can be observed for both the tomographic and the
forward velocity–depth models (Figs 8 and 11), which corresponds
to a relief involving the Pre-MSC reflectors along the coincident
MCS line (Fig. 5). The magnetic profile recorded along the wide-
angle line clearly shows a positive anomaly related to this over-
thickening (Fig. 11), whereas it is not related to a specific anomaly
on the magnetic and gravity maps (Figs 13a and b). This suggests
that the over-thickening is a local feature that may be interpreted as
magmatic in origin.

This crustal magmatic over-thickening might be explained by
syn-expansion of magmatic intrusion that was emplaced within the
backarc basin, as described for the Ligurian Sea (Rollet et al. 2002),
where volcanoes of similar extent have been described. It can al-
ternatively be explained by post-collisional magmatism related to
slab break-off, as proposed for the magmatic bodies described on-
shore (Maury et al. 2000; Caby et al. 2001; Laouar et al. 2005).
The two MCS lines crossing this structure show that Pre-MSC re-
flectors above the crustal thickening are inclined outward of the
structure (Fig. 5), regardless of the profile orientation. Such geom-
etry is compatible with a Miocene magmatic phase, which would
have occurred prior to the Messinian event, as shown by the overlaps
of the Messinian reflectors at the top of the Pre-MSC unit.

6.2 Margin structure

6.2.1 A stretched continental margin

From 95 km to the southern end of the profile (Fig. 11, continental
domain), the velocities can be correlated with those for the thinned
continental crust from a compilation proposed by Christensen &
Mooney (1995). Along the wide-angle seismic profile, the conti-
nental basement progressively rises from below the margin, to out-
crop near the coast (Fig. 11); this is in agreement with the outcrop
of the Edough Massif that represents the crystalline basement im-
mediately along the shoreline (Fig. 2a). The internal/external zone
thrust boundary that is crossed by the wide-angle seismic line north
of the Edough Massif (Fig. 2a) is not resolved in our velocity–

depth model. This might be explained as the suture zone probably
brings two crystalline basements into contact with little velocity
contrast, but also by poor resolution of the velocity–depth model
for its continental part due to the absence of reverse shots. Lack
of constraints results here in a slightly different velocity repartition
in the tomographic and the forward model, even though they both
allow a good fit of the modelled and observed travel times. Indeed,
similar travel times are modelled in the forward model by laterally
homogenous velocity in UC and LC, and along the tomographic
model by a local lateral lowering of the crustal velocity compen-
sated in depth by a ∼3-km continental ward shift of the Moho that
is also slightly steeper (Fig. 8). Because of this discrepancy, the
detailed distribution of the P-wave velocities within the continental
crust cannot be interpreted. However, the tomographic and forward
velocity models both show a gradual deepening of velocities higher
than 6.5 km s−1 under the continental slope, indicating a gradual
crustal thinning of ∼15 km over an ∼35-km distance between the
Edough Massif on-land and the margin toe (Fig. 11). The margin
is narrow compared to most of the continental rifted margins (e.g.
Crosby et al. 2011, and references therein). However, this is similar
to other Mediterranean rifted margins, such as the northern Liguria
margin (Contrucci et al. 2001; Rollet et al. 2002; Dessa et al. 2011),
and the western Sardinia margin (Gailler et al. 2009).

Compared to other sections of the Algerian margin, the Annaba
margin is the only one that has a typical stretched margin struc-
ture. In the Jijel area (Fig. 1a, Line WA-Ji), the crustal thinning
is gradual for the LC, while it is sharp for the UC, which shows
an ∼7-km thinning over less than 4 km in distance (Mihoubi et al.
2014). This geometry can be explained by oblique rifting that led
to heterogeneous thinning of the different crustal levels (Mihoubi
et al. 2014). In the Tipaza area, which is located ∼450 km west
of our wide-angle seismic line (Fig. 1a, Line WA-Ti), a narrow
zone of crustal thinning was proposed to have resulted from a late
transcurrent episode connected with the westward migration of the
Alboran domain, which cut through the distal part of the rifted
margin formed in an earlier stage of the evolution of the Algerian
basin (Leprêtre et al. 2013; Medaouri et al. 2014). Finally, in the
Mostaganem area (Fig. 1a, Line WA-Mo), there is sharp thinning
of the continental crust of 10 km over a 10-km distance, which is
interpreted as depicting a STEP-fault that was formed along the
westernmost part of the Algerian basin, due to the slab retreat of
the Alboran subduction (Badji et al. 2015). Thus the structure of
the northern Algerian margin appears to be segmented due to its
geodynamic evolution that differs from one place to another. In this
complex context, the Annaba segment shows the preserved struc-
ture of the stretched southern margin of the backarc basin opened
at the rear of the AlKaPeCa forearc.

6.2.2 A variable crustal thickness along the eastern margin

The AlKaPeCa blocks outcrop in the Edough Massif, where they
reaches ∼1000 m in elevation along the northern side of the su-
ture zone (Fig. 2b), and then disappear eastward below the flysch
to outcrop again in the Galite Island, offshore of Tunisia (Fig. 1a)
(Tricart et al. 1994; Bouillin et al. 1998; Mascle et al. 2004; Belay-
ouni et al. 2010). Between these basement outcrops, the basement
top is ∼4 km deep in the Annaba Bay area, and is buried below the
Pre-MSC and PQ sedimentary units. If we assume that the Moho
depth compensates for the surface topography, as suggested by the
velocity–depth model that crosses the Edough Massif, this lateral
change in the basement top topography indicates that the AlKa-
PeCa crust is much thinner in the Annaba Bay area than in the
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Edough area or in the Sardinia Channel (Peirce & Barton 1992).
In the Annaba Bay area, the suture zone is expected to be located
offshore (Fig. 2a). The internal zones should reach their maximum
thickness north of this. A thin continental crust north of the suture
zone implies that the AlKaPeCa forearc was thinned in the Annaba
Bay area before its collage to the African margin.

6.2.3 Record of the Miocene margin evolution by the Pre-MSC
sediment

Above the continental basement, the velocity–depth model images
a pre-Messinian sedimentary layer that exceeds 2 km in thickness
below the slope (Fig. 11, Pre-MSC). The reflection seismic data
show that the upper part of these sediments corresponds to the
deformed sub-units Fb-Fc, the interpretation of which is discussed
in the following paragraph.

The deformation of the Fb unit is pre-Messinian in age, as indi-
cated by the Fb-reflector truncation along the MES (Figs 5 and 7b).
Considering the evolution of the Algerian basin, two interpretations
can be proposed:

(1) The Fb, Fc and Mio units might correspond to the Oligo-
Miocene sediment deposited on the northern flanks of the AlKaPeCa
blocks, including the syn- to post-rift sediments. In this hypothesis,
they thus correspond to autochthonous sediment that includes a
lateral equivalent of the Oligo-Miocene Kabylian units that outcrop
onshore in the Kabylian area (Rivière et al. 1977; Bouillin 1979;
Géry et al. 1981; Djellit 1987; Bracene 2001), and the southern
continuity of the Pre-MSC units that are observed within the deep
basin. In this case, the deformation observed that includes folds
and thrusts might have been acquired during the collision of the
AlKaPeCa blocks with the African margin. However, in this case, the
clear unconformity interpreted as a major tectonic contact between
the Fb/Fc and Mio units becomes difficult to explain.

(2) The Fb and Fc units might alternatively correspond to the
allochthonous flysch unit that was back-thrust on the AlKaPeCa
blocks during the collision. Such back-thrust flysch is known for
Greater and Lesser Kabylia, where it corresponds to stacked and
deformed units of flysch of various ages (Durand-Delga 1969; Vila
1980; Wildi 1983; Bouillin 1986; Djellit 1987; Bracene & Frizon
de Lamotte 2002).

The extension and thicknesses of the Fb-Fc subunits, and their
structural relationships, are compatible with the flysch outcrops
described onshore (Vila 1980; Djellit 1987). These outcrops show
various lithologies of marine clastics. The grain-size of the strata is
either contrasted within stratified subunits, or it is very homogenous
(Vila 1980). Their deformation varies from one subunit to another,
from low levels of deformation that involve monoclinal, low-dipping
strata, to high levels of deformation that involve thrusts, folds and
verticalization of the strata. We thus propose that below the margin,
the Fb subunits can be explained by the relatively low deformation
rates and the contrasted lithology of the strata, whereas the Fc
subunits can be explained by higher levels of deformation and/or
homogenous lithology. Where the Fc subunits lie just above Mio,
this might also correspond to soft sediments that were deposited
along the margin before the collision, and then subsequently dragged
and reworked by the flysch emplacement during the collision.

For this interpretation, the Mio unit corresponds to syn- and
post-rift sediments that were deposited over the AlKaPeCa blocks
during the evolution of the backarc basin, and afterward possibly
deformed during the collision. It should be noted that we do not

know of any lateral equivalent of these Fb-Fc subunits elsewhere
along the Algerian margin (offshore), which means that these thick
and well-organized allochthonous nappes might be restricted to the
eastern end of the Algerian margin.

The seaward extension of the deformed Fb-Fc allochthonous
units below the slope is uncertain, mainly because recent faults
that have been attributed to margin reactivation (Kherroubi et al.
2009) have disrupted the unit organization below the deep slope
(Fig. 7a). These allochthonous nappes do not extend to the deep
basin in this part of the Algerian margin, as at the basin edge, the
sub-horizontal geometry of the pre-Messinian deposits is generally
in lateral continuity with the deep basin sediment (Figs 5 and 7a).

The dataset does not show any continuity of the Fb unit into the
western margin segment that is characterized by the rough mor-
phology (Fig. 2b). Here, the few reflectors observed just below the
Messinian surface (Fig. 7c) might correspond either to a lateral
equivalent of the pre-Messinian sediment of the deep basin, and
thus to Mio, or to the poorly organized Fc flysch. The total sedi-
ment thickness, which is much less than east of Line Wa-An, favors
the first hypothesis.

Offshore of the Cap de Fer (Fig. 2b, CDF), the particular mor-
phology of the slope is such that it is marked by a dome-like rounded
shape (Fig. 2b, D). This brings to mind the rounded shape of mag-
matic bodies known onshore along the Algerian margin, such as Cap
de Bougaroun, Beni Toufout, El Milia, Filfila, and El Aouana (Vila
1978). It might thus correspond to the magmatic northern offshore
extent of Cap de Fer, in agreement with the positive anomalies
observed on the gravity and magnetic maps for this position
(Figs 13a and b). Along the northern flank of the dome, the un-
usually high dip of the pre-Messinian reflectors suggests that the
pre-Messinian units have been tilted toward the deep basin (Fig. 7c).
These observations suggest that in this region, Miocene magmatism
deeply modified the margin structure, including the pre-Messinian
sediment.

6.3 A sharp ocean–continent transition zone

Between 75 km and 95 km along the line (Fig. 11, OCT), the model
depicts intermediate velocities that are greater than in a typical con-
tinental crust, but slower than in a typical oceanic crust (Fig. 14b).
We associate this domain with the ocean–continent transitional zone
(OCT). In the Annaba region, the width of the OCT is 20 km, which
is similar to that in the Jijel area (Mihoubi et al. 2014), but greater
than that in the Tipaza area (Leprêtre et al. 2013) and the Greater
Kabylia area (Aı̈di et al. 2013), where it is of the order of 10 km
wide. This OCT is narrow when compared to most of the other west-
ern Mediterranean margins: ∼90 km in the Gulf of Lions (Gailler
et al. 2009); 35 km to 40 km along the northern Liguria margin
(Rollet et al. 2002; Dessa et al. 2011); and 40 km along the west-
ern Sardinian margin (Gailler et al. 2009). The OCT domains that
bound the rifted margins are alternatively explained by: (1) serpen-
tinized mantle, which is mechanically exhumed in the continental
rupture area (Beslier et al. 1995; Brun & Beslier 1996; Chian et al.
1999; Dean et al. 2000); (2) oceanic crust that is accreted at slow
or very slow accretion rates and is rich in mantle rock and exhumed
gabbros (Whitmarsh et al. 1996); or (3) stretched continental crust,
that is fractured and intruded by magmatic material (Whitmarsh
& Miles 1995). However, in these three cases, P-wave velocities
greater than 7.5 km s−1 are systematically modelled at the base of
the crust (Whitmarsh & Miles 1995; Whitmarsh et al. 1996; Funck
et al. 2004; Klingelhoefer et al. 2005). The nature of these OCT thus
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differs from that offshore of Annaba, where the Moho is character-
ized by a sharp velocity increase, from 7.1 km s−1 to 8.0 km s−1.

The detailed interpretation of a dense net of reflection seismic
lines along the basin edge indicates that the thick pre-Messinian
sediment observed along the deep basin southern edge includes
syn-rift sediment (Arab et al. 2014). In this area, the 10-km-wide
bathymetric step observed along the deep basin edge (Fig. 5) would
thus belong to the continental domain, although this block is located
within the OCT in our velocity–depth model (Fig. 11). Indeed, the
OCT domain defined in the velocity model might represent the area
across which the crustal turning rays cross both the continental and
oceanic edges, as this area is modelled by averaged continental and
oceanic velocities. The OCT could thus be much narrower than
20 km, located along the northern edge of the bathymetric step.
Following Arab et al. (2014), the OCT along the eastern Algerian
margin might be located north of the over-thickened Pre-MSC unit
marked in our dataset by both a strong negative gravity anomaly
(Fig. 13a), and the lateral change in the Messinian salt deformation
style. In the easternmost part of the study area, along Line Spi21
(Fig. 6), the OCT would locate further to the north, 35 km from
the margin toe, thus implying a northward inflexion of the OCT
east of the study area (Fig. 2a). This inflection marks the transition
to the continental domain of the Sardinia Channel, where wide-
angle seismic modelling indicates a 10-km-thick to 25-km-thick
continental crust (Fig. 1a; Peirce & Barton 1992). The easternmost
part of the study area would thus be part of the continental Sardinia
Channel.

6.4 Implication for kinematic models

In the study area, the geophysical dataset presented above brings
new constraints to the structure of the eastern Algerian basin and
its southern continental margin. The data interpretation strongly
suggests that the offshore domain in the Annaba area corresponds
to a rifted margin segment that separates the internal zones to the
south, here represented by the Edough Massif, from the deep eastern
Algerian oceanic basin to the north. Below the eastern segment of
the margin, we interpret the burying of the continental basement top
as a marker of the longitudinal thinning of the AlKaPeCa blocks
between the Edough Massif and the Sardinia Channel before the
collision. In the same area, a thick sequence of flysch units might
have been back-thrust over the margin. North of the margin, a
regular magnetic anomaly pattern that is observed in the centre of
the eastern Algerian basin characterizes a period of steady oceanic
accretion. The velocity–depth models offshore of Jijel and Annaba
were similar to first order, and they indicate that in the regular
anomaly pattern area, and south of it, the eastern Algerian basin is
characterized by a thin oceanic crust that is dominantly composed
of magmatic rock, thus recalling the crustal structure of the Mohns
Ridge formed in a slow but hot context. These results open new
insights into the kinematic models proposed to date for the evolution
of the eastern Algerian basin and the adjacent margin.

The two-step kinematic models proposing that the regular mag-
netic pattern was created after the southeastward migration of
the AlKaPeCa blocks imply accommodation of the newly created
oceanic space to the west, either by subduction (Cohen 1980), or
along a transform zone along the eastern Algerian margin (Mauffret
et al. 2004). On the one hand, a fossil subduction trench along the
western edge of the anomalies would be marked by an anomalous
depth of the oceanic basement and an anomalous sediment thick-
ness and deformation that have never been described in previous

studies (Schettino & Turco 2006; Mauffret 2007; Mihoubi et al.
2014). On the other hand, transform zones are characterized by a
sharp thinning of the oceanic crust that tends to be a-magmatic, over
a width of 30 km to 40 km (Fox & Gallo 1984; White et al. 1984;
Minshull et al. 1991). In velocity–depth models, this consists of a
2-km-thick to 4-km-thick crust with velocities from ∼5 km s−1 to
7.8–8.0 km s−1 from top to bottom (Cormier et al. 1984; White et al.
1984; Potts et al. 1986; Minshull et al. 1991), a structure that is not
imaged in the Jijel velocity–depth model (Mihoubi et al. 2014) and
the Annaba velocity–depth model.

The one-phase, Gelabert-type kinematic model (Gelabert et al.
2002) that proposed gradual oceanic opening accompanied by
southeastward arc migration appears to better account for the basin
crustal structure. This model implies that during the opening stage,
(1) an asthenospheric rise filled the void caused by arc migration,
and (2) the trend of the spreading centre axis, as given by the NW-
SE magnetic anomaly pattern, was more or less perpendicular to
the subduction trench (Fig. 16b), which is an unusual configura-
tion. Indeed, the expected and observed direction of backarc exten-
sion and/or accretion along the ocean/continent subduction zones
is more or less parallel to the trench direction, whatever the driving
force of the backarc opening is (slab pull effect: e.g. Malinverno &
Ryan 1986; Royden 1993; mantle flow in the asthenospheric wedge
overlying the slab: e.g. Rodkin & Rodnikov 1996; or extrusion pro-
cesses: e.g. Tapponnier et al. 1986; Mantovani et al. 2001). Only
a few examples related to specific kinematic contexts show rifts
or spreading centres running perpendicular to the trench. This is
the case where the convergence direction is oblique to the subduc-
tion zone, which leads to strain partitioning and lateral escape of
the continental edge, and subsequent basin opening (e.g. Andaman
Sea: Diehl et al. 2013; California Gulf: Karig & Jensky 1972).

In the case of the eastern Algerian basin, the geometry of the
backarc accretionary system is thus an exception. This can be
explained by the evolution of the trench geometry that gradually
passed from linear, or slightly arcuate, to cubit (Figs 16a and b), as
the Corso-Sardinia and the Kabylian blocks migrated eastward and
southward, respectively (Gelabert et al. 2002). Numerous kinematic
reconstructions propose that the Alpine collision along the African
margin was followed by the eastward migration of the slab and the
related opening of the Tyrrhenian basin (e.g. Carminati et al. 1998;
Spakman & Wortel 2004). This implies the tear of the slab below
the Sardinia Channel and the southern edge of the Tyrrhenian Sea,
as the slab retreated eastward. We propose that this slab tear oc-
curred earlier, during the migration of the AlKaPeCa blocks, due to
the divergent directions of the slab retreat, as eastward east of the
Corso-Sardinia block, and southward south of the Kabylian blocks
(Fig. 16b), following the model of the double saloon door geometry
proposed by Martin (2006). Slab tear faults open asthenospheric
windows and are thus associated with thermal anomalies responsi-
ble for anomalous magmatic processes in the overlying lithosphere
(Keskin 2003; Faccenna et al. 2005; De Asti et al. 2006; Rosen-
baum et al. 2008). In the context of the Miocene backarc opening of
the eastern Algerian basin, we propose that abnormally hot oceanic
accretion could have occurred just above the tear fault. In particular,
such warmer accretion might have led to the production of a thin but
magmatic crust along a 200-km-long spreading centre, thus lead-
ing to more continuous magma production, compared to the other
western Mediterranean sub-basins.

To the south, the oceanic opening was necessarily accompanied
by longitudinal, E-W extension of the AlKaPeCa blocks along the
forearc, before the collision (Fig. 16b). This extension can be ac-
commodated either by extensional or transcurrent deformation, as
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Figure 16. Kinematic reconstruction of the eastern Algerian basin between 30 and 5 Ma, in the context of the western Mediterranean evolution. (a) 30 Ma. The
AlKaPeCa block forms the European forearc at the southern Eurasian continent, along the Tethyan subduction zone that presents a linear shape (b) 20 Ma. Due
to the rollback process, the AlKaPeCa and Corso-Sardinia blocks migrate southward and south-eastward as a rifting stage occurs in backarc position at the rear
of these blocks. (c) 17 Ma. As the AlKaPeCa blocks migrate to the south and to the southeast, the forearc elongates along the subduction zone that becomes
even more arcuate. Related to this arcuate shape, a NW–SE slab tear may emplace below the eastern Algerian basin, opening an asthenospheric window that
causes a positive thermal anomaly. Above it, the thin but magmatic oceanic crust of the Eastern Algerian Basin forms along a NW–SE spreading centre. The
creation of the oceanic domain is accommodated at its southern edge by extensive and/or transcurrent deformation of the forearc along the free edge of the
subduction. Between 17 and 15 Ma, the collision between the Kabylian blocks and the African edge occurs. After the collision, two STEP-faults may develop
as slab tears propagate to the west along the western Algerian margin and below the Alboran domain, and to the east along the southern edge of the opening
Tyrrhenian domain. (d) 5 Ma. Oceanisation of Tyrrhenian basin begins. Al, Alboran; Ca, Calabrian; C, Corsica; EAB, eastern Algerian basin; G, Galite Island;
Ka, Kabylia; LPB, Liguro-Provençal basin; Pe, Peloritani; S, Sardinia; T, Tethys; Ty, Tyrrhenian Sea; WAB, western Algerian basin; red lines, location of the
SPIRAL wide-angle seismic lines. The kinematic reconstruction of the western Algerian basin is from Medaouri et al. (2014) and reference therein.

presently observed along the Aegean arc (ten Veen & Kleinspehn
2003; Marsellos et al. 2010; Kokinou et al. 2012). It may explain
the crustal thinning of the continental crust observed north of the
suture zone in the study area, between Edough Massif and Galite
Island. In this area, the basement topography that was low at the
time of the collision might have favored the emplacement of thick
sequences of flysch units on the internal zones, which are today
preserved below the upper margin, as no relief could prevent the
flysch back-thrusting to the north (Fig. 16c).

The kinematic model proposed above explains why there is no
STEP-fault along the southern edge of the eastern Algerian margin,
in contrast with the western Algerian margin (Medaouri et al. 2014;
Badji et al. 2015). Indeed, west of Algiers, the narrow western Al-
gerian basin opened more or less parallel to the margin (Fig. 16c)
after the collage of the European forearc to the African margin. This
led to the development of a STEP-fault together with the westward
slab retreat (Fig. 16c). In contrast, in the case of the eastern Alge-
rian basin, the surface expression of the slab tear may have been the
opening of the oceanic basin rather than a STEP, because the lateral
expansion of the European arc remained possible along the subduc-
tion free edge before the collision (or at the early beginning of the
collision) (Fig. 16b), in agreement with a propagation in opposite
directions of a slab tear allowing for the birth of a triangular basin
of NW oriented seafloor spreading at this place (Fig. 16b; Gelabert
et al. 2002; Martin 2006). Indeed, the eastern Algerian basin open-
ing belongs to the pre-Kabylian collision stage, whereas the western

Algerian basin and the Tyrrhenian basin opening north of a STEP-
faults belongs to the post-collision stage, with a symmetric type
evolution on both sides of the collision zone.

7 C O N C LU S I O N S

New wide-angle seismic data constrained by MCS reflection, grav-
ity and magnetic data have allowed the imaging of the deep structure
of the eastern Algerian basin and its southern margin in the Annaba
region (easternmost Algeria).

The analysis and modelling of the P-waves indicate that the crust
of the deep basin in the Annaba area is ∼5.5 km thick and oceanic
in nature. Based on S-wave modelling and the Vp/Vs ratio, the
lower crust is mainly composed of gabbros, thus supporting that the
seafloor spreading was mainly controlled by magmatic accretion.
Comparison of the basin crustal velocity structure with that ob-
served in other studies suggests some similarities with the oceanic
crust produced along slow but hot spreading centres.

Below the continental slope, the continental margin crust grad-
ually thins from 22 km at the shoreline, to 7 km at the slope toe.
This thinning, which is regularly distributed across the upper and
lower crusts, characterizes a typical rifted margin. This part of the
Algerian margin might thus correspond to a rifted segment that was
inherited from backarc opening at the rear of the Lesser Kabylia
block, which is here represented by the Edough Massif that now
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outcrops along the coast. We also note a probable thinning of the
continental crust along the margin, between the Edough Massif and
the Sardinia Channel, which implies that the AlKaPeCa forearc
thinned locally prior to the collision.

Between the continental and the oceanic domains, the OCT de-
fined in the P-wave velocity–depth model is narrow (<20 km) and
the base of the crust does not show the high velocities, which sug-
gests a narrow zone across which the seismic rays turn in the ad-
jacent continental and oceanic domains. From the interpretation
of the seismic reflection data, we propose that the ocean-continent
transition localizes within the deep basin, ∼15 km from the slope
toe.

Based on the new crustal structure and the magnetic anomaly
pattern of the deep basin, we reviewed the numerous kinematic
reconstruction models proposed in the literature for the eastern Al-
gerian basin. We did not find any evidence for a two-step kinematic
model that assumes that the eastern Algerian basin opened after
the AlKaPeCa/Africa collision. We propose that the central part
of the basin that is characterized by well-organized, 200-km-long,
NW-SE trending anomalies was formed during the southeastward
migration of the AlKaPeCa blocks above the retreating slab. Dur-
ing the oceanic accretion, the spreading centre was orthogonal to
the subduction trench. We explain this unusual pattern by divergent
directions of the rollback, eastward for the Corsica-Sardinia block,
and southward for the Kabylian blocks, probably favored by slab
tear at depth. This oceanic opening was probably accompanied by
extension along the AlKaPeCa forearc, with this thinning being pre-
served today along the margin between the Edough Massif and the
Sardinia Channel, north of the suture zone. The geometry of the slab
retreat differs from that observed along the western Algerian mar-
gin, along which the slab tear developed along the ocean-continent
transition together with a STEP-fault in the overlying lithosphere.
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Algeria, and the Institut Français de Recherche pour l’Exploitation
de la MER (IFREMER), Centre National de Recherche Scientifique
(CNRS), Institut pour la Recherche et le Développement (IRD), and
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