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Abstract Since the Miocene, the thinned continental crust below the Alboran Sea and its overlying
sedimentary cover have been undergoing deformation caused by both convergence of Eurasia and Africa
and by deep processes related to the Tethyan slab retreat. Part of this deformation is recorded at the Xauen
and Tofifio banks in the southern Alboran Sea. Using swath bathymetry and multichannel seismic
reflection data, we identified different stages and styles of deformation. The South Alboran Basin is made up
of Early Miocene to Pliocene sedimentary layers that correlate with the West Alboran Basin depocenter
and are dominated by E-W trending folds and thrusts. The Xauen and Tofifio Banks first recorded the phase
of extension and strike-slip movement during the slab retreat, followed by the phase of compressional
inversion since the Tortonian and are now structured by tight folds, thrusts, and mud bodies. This study
proposes that the Banks were located on the southern-inherited Subduction Tear Edge Propagator (STEP)
fault related to the westward migration of the Alboran domain during the Miocene. The STEP fault zone,
acting as a boundary between the African block and the Alboran block, was located along the onshore
Jebha-Nekor fault and the offshore Alboran Ridge and the Yusuf fault zone. Thick-skinned and thin-skinned
shortening occurred when slab retreat stopped, and inversion began. The present-day style of the
deformation seems to be linked to a decollement level made of undercompacted shale on top of the
Ghomaride complex.

1. Introduction

In a convergence context, fore-arc and back-arc basins undergo extensional, compressional, and strike-slip
processes during their evolution, whose impacts on the resulting structures are often difficult to decipher.
While extensional and compressional inversion has been extensively studied from a rheological point of
view (e.g., Burg & Ford, 1997; Ziegler et al., 1998), the reactivation of oblique tectonic structures across
fore- and back-arc basins has not been widely investigated. This is due to the uncertainty of the geometry
and the nature of preexisting lithospheric structures (Munteanu et al., 2011; Martinez-Garcia et al., 2017).
On converging plate boundaries, upper-plate extension takes place in a limited amount of space depending
on the plate kinematics and on the behavior of the lower plate. Upper-plate extension is considered to be the
result of slab roll-back and can be associated with segmentation of the downgoing slab with the development
of subvertical lithospheric-scale tear faults at its edges (Govers & Wortel, 2005; Rosenbaum et al., 2008). In
the upper plate, the development of the slab tear triggers the formation of Subduction Tear Edge Propagator
(STEP) faults (Govers & Wortel, 2005). These STEP faults, which migrate in front of the fore- and back-arc
basins (e.g., Mancilla et al., 2015; Gallais et al., 2013; Argnani, 2014), accommodate the progressive tear of
the slab and its lateral motion. Consistent with their lateral position within the subsidence areas,
strike-slip plate boundaries are generally oblique to the direction of convergence, leading to deformation
partitioning characterized by lateral and vertical motions (uplift or subsidence). When the conditions of
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back-arc extension are no longer fulfilled (i.e., when the slab-roll back stops or slows down or when there is a
change in plate kinematics), the upper-plate extension and the STEP fault movements eventually end. The
back-arc basin and its margins can then be reactivated according to the new tectonic regime, and inversion
processes can occur (e.g., Billi et al., 2011; Giaconia et al., 2015).

Tectonic reactivation adds complexity to the previous basin structure and infill. The mode and style of defor-
mation during the tectonic reorganization are mainly controlled by kinematics but also by the geometry of
the preexisting basin, the nature of the sedimentary infilling, and structural inheritance that make the char-
acterization and quantification of the basin inversion even more complex. Variation in the upper-plate
structure and in the strength of the sedimentary cover are associated with changes in the (i) lateral thermal
flow, (ii) Moho depth, and (iii) the presence of intermediate weak levels (Cloetingh et al., 2013).

Inversion zones involve the formation of new structures or the reactivation of inherited structures. The obli-
quity between the preexisting tectonic fabric and the direction of reactivation, which is the consequence of a
transpressive behavior (Tikoff & Teyssier, 1994; Teyssier et al., 1995; Dewey, 2002), leads to a highly distrib-
uted deformation in the crust and in the sedimentary cover over time (Fossen & Tikoff, 1998), associated
with block rotations (Wilcox et al., 1973). The Alboran domain (Figure 1) is considered as a thinned conti-
nental microplate within the compressive context of the Africa-Europe convergence (Comas et al., 1999;
Gutscher et al., 2002; Jolivet et al., 2009; Mauffret et al., 2007; Mauffret et al., 1992). Since the Late
Oligocene, the Alboran domain has been shaped by the progressively westward retreat of the Tethyan slab
linked to an upper-plate extension (Calvert et al., 2000; Platt et al., 2003; Spakman & Wortel, 2004; Jolivet
et al., 2008). The velocity of the slab roll-back has been decreasing since 20 Ma. At 8 Ma, the Alboran domain
was subjected to tectonic inversion in the context of the Eurasia and Africa convergence (Comas et al., 1999;
Do Couto et al., 2014; Jolivet et al., 2008; Martinez-Garcia et al., 2017). The Alboran domain presents two
characteristics that can be related to the evolution of the fore-arc basin, (i) the initial extensional stage is
represented by the thick (>8 km) Miocene sedimentary cover in the West Alboran Basin (WAB) (Do
Couto et al., 2016) including Miocene undercompacted shales that have been the source of mud volcanoes
(Comas et al., 1992; Somoza et al., 2012; Do Couto et al., 2016), and (ii) the offshore Alboran Ridge
(Leblanc & Olivier, 1984), the onshore Miocene-Pliocene lateral transfer faults, such as the Crevillente,
Alpujarras, and Torcal faults in the northern Betic branch, the Jheba and Nekor faults in the southern
Moroccan branch (Martinez-Martinez et al., 2006; Benmakhlouf et al., 2012; Pérez-Valera et al., 2013;
Mancilla et al., 2015; Barcos et al., 2015), and the Miocene extensional and transpressive metamorphic
domes onshore (Booth-Rea et al., 2012; Jabaloy-Sanchez et al., 2015; Azdimousa et al., 2019), could be the
signature of the STEP fault processes.

E-W to NE-SW thrust and folds characterize the South Alboran Sea and form the Xauen-Tofifio Banks, the
Frances Pages Bank, and the Alboran Ridge (Figure 2) (Chalouan et al., 1997). Major questions concerning
the emplacement of these structures and the present-day deformation remain open: (i) What was the
original geometry of the southern margin of the West Alboran Basin, (ii) how and where is the shortening
related to the Africa-Eurasia convergence accommodated, and (iii) what is the influence of the weak
Miocene undercompacted shales and muds on the structural style of the Banks. Using seismic reflection
and bathymetric data, we characterize the structural and seismic stratigraphic framework of the southern
part of the inverted Alboran basin and estimate the shortening rates since the Tortonian. As a result, a
scenario for the structural evolution of this region since the Miocene is proposed. We focus on the critical
role of the major transfer faults, weak layers, and preexisting crustal structures in the structural evolution
of the southern basin.

2. Geodynamic and Geological Setting

The Alboran Basin is located at the western entrance of the Mediterranean Sea and is bordered to the north
and south by the thickened crust of the Alpine Betic-Rif arcuate belt (e.g., Dewey, 1988; Jolivet &
Faccenna, 2000; Rosenbaum et al., 2002; Mancilla et al., 2015). The Betic-Rif orogenic system (Figure 1) is
defined by (i) an internal zone affected by crustal-scale extensional shear zones, which belongs to the
Alboran Domain, also recognized as a continental fragment of the AlKaPeCa block (Bouillin et al., 1986;
Vergés & Fernandez, 2012), and (ii) an external foreland thrust belt composed of Flysch units and Iberian
and Maghrebian nappes (e.g., Michard et al., 2002; Chalouan et al., 2008).
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Figure 1. Structural and geological map of the Rif and Betic onshore and of the Alboran basin offshore modified after Chalouan et al. (2008), Martinez-Garcia et al.
(2011), Martinez-Garcia et al. (2013), Ballesteros et al. (2008), and Lafosse et al. (2016). The structural scheme in the South Alboran Ridge zone is part of the
present study. The West Alboran mud province is shown in dark green and the continuity of this province proposed in this study in light green. Red dots show the
location of Leg 161, ODP Sites 121, and industrial Jebha well. AFZ = Adra fault zone; A.C. = Alboran Chanel; AIF = Al Idrissi Fault; AR = Alboran Ridge;

CF = Carboneras Fault; JB = Jebha Fault; NF = Nekor Fault; SAB = South Alboran Basin; SAR = South Alboran Ridge; SAT = South Alboran Trough;

T.B. = Tofifio Bank; WAB = West Alboran Basin; XB = Xauen bank; YF = Yusuf Fault. (inset) The Trans-Alboran Shear Zone (TASZ).

The basement of the Alboran Basin is composed of metamorphic rocks similar to those observed onshore in
the internal zone of the Betic Cordillera (Sanchez-Gomez et al., 1999; Soto et al., 1999). This continental
block was formed by the extension of the upper plate due to retreat of the westward slab in the context of
the Africa-Europe convergence since the end of the Oligocene (Gutscher et al., 2002; Maulffret et al., 2007;
Jolivet et al., 2009). The continental collision of the Alboran domain with the former Iberian and African
passive margin during the Oligocene-Miocene led to the stacking of three metamorphic complexes in the
internal zone: the Nevado-Filabride, the Alpujarride/Sebtide, and the Malaguide/Ghomaride complexes
from bottom to top (e.g., Crespo-Blanc & Frizon de Lamotte, 2006). Recent works suggest separating the
deepest most metamorphic complex, the Nevado-Filabride complex, from the Alboran domain, based on
its provenance at the South Iberian Margin in contrast with the complex overlying Alpujarride and
Malaguide rocks of older metamorphism and are derived from the AlKaPeCa block (e.g., Booth-Rea
et al., 2015; Rodriguez-Canero et al., 2018; Jabaloy-Sanchez et al., 2018).

The Beni Boussera and Beni-Malek peridotite bodies were intercalated in the Alpujarride/Sebtide complex
and in the Rifean external units, respectively, during the pre-Miocene extensive stages of the Maghrebian
margin (Afiri et al., 2011; Vazquez et al., 2013). Last, the Dorsale Calcaire, which outcrops mainly in the wes-
tern part of the Betics and in the Rif (Figure 1), is structurally included between the Malaguide/Ghomaride
complex and Flysch units (e.g., Michard et al., 2002; Chalouan et al., 2008). The external zones of the belt are
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Figure 2. Bathymetric and topographic map of the South Alboran Sea offshore Al Hoceima showing the location of the industrial and academic seismic reflection
lines used in this study. High-resolution seismic reflection lines are indicated by solid lines and deep resolution seismic reflection lines by dashed lines. The

red transects are presented in this paper. Marlboro-2 seismic reflection lines are indicated by thick black lines. The location of the industrial El Jebha well is shown.
(onshore) The topography is extracted from the ASTER GDEM (http://gdem.ersdac.jspacesystems.or.jp/). The offshore area covered by the swath-bathymetry

of the SARAS and Marlboro-2 surveys is indicated by a different color scale. (top left inset) Detailed SARAS swath-bathymetric map of the anticline feature between
the Xauen and the Tofifio Banks (periclinal termination). SAT = South Alboran Trough; WAB = West Alboran Basin.

composed of Flysch units, and Mesozoic to Miocene Iberian and Maghrebian nappes accreted at the front of
the subduction. They are covered by foreland detritic sediments of upper-Tortonian and Pliocene origin
(Capella et al., 2017).

Geological and geophysical data support a lithospheric tearing that propagates under the external domains
and an E-W direction of extension, in agreement with the westward migration of the slab roll-back (e.g.,
Garcia-Duefias et al., 1992; Leprétre et al., 2013; Spakman & Wortel, 2004; Bezada et al., 2013; Chertova
etal., 2014; Badji et al., 2015; Mancilla et al., 2015; Do Couto et al., 2016; Azdimousa et al., 2019). At the edges
of the Alboran domain, metamorphic domes were exhumed as the result of crustal-scale extensional shear
from the mid-Miocene to late Miocene (e.g., Lonergan & Johnson, 1998; Augier et al., 2005; Serrano
et al., 2006; Giaconia et al., 2014).

During the Miocene, the deformation of the Alboran Basin was partitioned into normal and strike-slip com-
ponents to accommodate the slab retreat and the back-arc extension. West Alboran Basin (WAB; Figure 1) is
described as a sag basin formed by thermal cooling of the hot asthenosphere (e.g., Do Couto et al., 2016;
Hanne et al., 2003; Morley, 1993). Recent studies interpret the WAB as a fore-arc basin located between
the orogenic Betic-Rif deformation front and the Alboran volcanic arc that occupies the Central and East
Alboran basin (Figure 1; Gémez de la Pefia et al., 2018; Booth-Rea et al., 2018). The subsidence in the
WAB led to the preservation of the thickest Miocene depocenter (Soto et al., 2008; Do Couto et al., 2014).
At the base of the WAB, Lower Miocene undercompacted shales actively feed mud volcanoes (Figure 1)
(Pérez-Belzuz et al., 1997; Comas et al., 1992; Talukder et al., 2003; Somoza et al., 2012; Do Couto et al., 2016).
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A broad NE-SW sinistral shear zone called the Trans-Alboran Shear Zone cross cuts the Alboran domain
(Figure 1, inset) (Leblanc & Olivier, 1984). It connects to the Jebha and Nekor fault systems at the
Moroccan margin (Chalouan & Michard, 2004; Benmakhlouf et al., 2012; Capella et al., 2017). Offshore,
the Alboran Ridge, which is part of the Trans-Alboran Shear Zone, is a 60 km long transpressive NE-SW
elongated tectonic discontinuous structure (Mufioz et al., 2008; Ballesteros et al., 2008), made of Miocene
and Pliocene sedimentary and volcanic rocks. It is locally intruded by a volcanic body in its eastern part
(Ammar et al., 2007; Mauffret et al., 2007; Chalouan et al., 2008; Maad et al., 2010), while its southern termi-
nation, called the South Alboran Ridge (SAR), corresponds to a series of Mio-Pliocene sigmoid antiforms and
synforms accommodating left lateral motion and uplift (Bourgois et al., 1992; Comas et al., 1992; Chalouan
et al., 1997; Mauffret et al., 2007; Galindo-Zaldivar et al., 2018).

NNE-SSW sinistral faults (Al Idrissi fault zone) cross the central Alboran Sea and continue onshore through
the Adra and Al Hoceima regions (Figure 1) (e.g. d'Acremont et al., 2014; Lafosse et al., 2016, 2018; Gracia
et al., 2019). At present, the Al Idrissi fault zone and the WNW-ESE dextral Yusuf fault system (Figure 1)
(Koulali et al., 2011) are consistent with a tectonic indentation of the African rigid plate toward the NW
(Estrada et al., 2018).

Around the Alboran Ridge, an extension phase followed by an inversion phase is evidenced by (i) the
presence of syntectonic wedges at the hanging wall of normal faults, interpreted as related to the
early-Miocene extension episode (Martinez-Garcia et al., 2013, 2017), and by (ii) the presence of folds and
thrusts interpreted as due to the inversion of the WAB (Bourgois et al, 1992;
Martinez-Garcia et al., 2013, 2017).

3. Data and Methods
3.1. Data

The data set comprises academic and industrial 2-D seismic reflection lines and swath-bathymetric data cov-
ering an area of around 7,000 km” in the southernmost West Alboran Basin and the Moroccan margin
(Figure 2). Two academic surveys were exploited: the Marlboro-1 survey onboard the R/V Cotes de la
Manche (CNRS/INSU) in July 2011 and the SARAS survey onboard the R/V Ramon Margalef (Instituto
Esparfiol de Oceanografia) in August 2012. During the SARAS survey, swath bathymetry (Kongsberg multi-
beam echosounder EM710) was acquired (Figure 2). The EM710 operates at sonar frequencies in the 70 to
100 kHz range. The cell size of the processed grid is 15 m. During the Marlboro-1 survey, a 25 m spaced,
12-channel streamer recorded 1,100 km of high-resolution seismic reflection data. The seismic source was
a mini-GI SODERA Air gun (24 ci/24 ci) shooting every 6 s (shot spacing 12.5 m) at a pressure of 120-140
bars. The geometry of the acquisition allows 12-fold coverage. The dominant frequency of the source was
80 to 100 Hz, yielding a vertical resolution of around 10 + 5 m, depending on depth. Data were processed
using Seismic Unix and Geocluster seismic© software in a standard sequence. The data were stacked,
filtered, and migrated with a constant velocity (1,500 m/s). The processed seismic data and bathymetric
coverage were imported into a Kingdom Suite© project for interpretation.

The Marlboro-1 seismic lines provide an image of the basin down to 2-3.5 km below the seafloor. In addition
to these high-resolution seismic reflection data, we used deep-penetration multichannel seismic lines from
an industrial source (CAB lines, courtesy of ONHYM). These lines provide a depth record 6 km below the
seafloor, down to the basement top, and make it possible to see deep reflectors below the top basement.
These data combined with the complete available seismic reflection lines (see d'Acremont et al., 2014;
Juan et al., 2016; Lafosse et al., 2016) form a dense network throughout the West Alboran basin and the
north Moroccan margin (Figure 2).

In section 4, approximate dips and thicknesses are computed from previously estimated P wave velocity
values (Figure 3; Talukder et al., 2003; Martinez-Garcia et al., 2013, 2017). One seismic line (CAB121) was
converted to depth using average acoustic velocities shown in Figure 3 to estimate the magnitude
of shortening.

3.2. Seismic Stratigraphy

The stratigraphic information from academic offshore wells (ODP Sites 976 to 979 and DSDP Site 121) and
industrial wells (Andalucia-G1, Albordn-A1, Andalucia-A1, El Jebha, and Nador 1) was used to calibrate the
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Figure 3. The seismo-stratigraphic units defined in this study and correlations with previous studies (Do Couto et al., 2016; Juan et al., 2016; Martinez-Garcia et al.,
2017), the average Vp interval comes from Martinez-Garcia et al. (2017). The seismic stratigraphic boundaries were calibrated based on data from scientific
wells DSDP 121 and ODP 976-979 (Armentrout et al., 1991; Comas et al., 1996), from Andalucia G1, Habibas 1, and El Jebha industrial wells (e.g., Do Couto

et al., 2016; Martinez-Garcia et al.

, 2017) and from local-regional and global-scale studies (see in Juan et al., 2016).

seismic profiles and estimate the velocity values (Figures 3 and 4). Based on Juan et al. (2016) and Do Couto
et al. (2016), 14 horizons from the early Miocene to the Holocene were identified in the available seismic
reflection lines that cross the Xauen and Tofifio Banks (Figures 2 to 4). All the intervals recognized by
these authors were used. However, for the Miocene intervals, we merged the Aquitanian, Burdigalian,
and Langhian units into a single SU2 unit compared to the study of Do Couto et al. (2016) (Figure 3). The
different seismic units and bounding discontinuities are well defined in the post-Miocene sequence
thanks to the available high-resolution lines and log information (e.g., Juan et al., 2016; Martinez-Garcia
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Figure 4. Composite seismic reflection lines CAB101, CAB150, and CAB121 crossing the location of the El Jebha well that make it possible to follow the distinct
horizons across the West Alboran Basin, the Xauen Bank, and the Tofifio Bank. A correlation is made with the El Jebha well and with the study of Do Couto

et al. (2016). Arrows with seismic line names indicate line intersections. SAT = South Alboran Trough; WAB = West Alboran Basin. Location of the profile in
Figure 2. See Figure 3 for information on the seismic stratigraphic boundaries.

et al., 2017). For the pre-MSC sequence, the horizons were tentatively calibrated despite the decrease in
seismic resolution with depth (Do Couto et al., 2016). We used the micropaleontological ages of the
sedimentary sequences from Do Couto et al. (2016) and the average interval velocity computed by
Martinez-Garcia et al. (2017). In the WAB, at the top of the metamorphic basement (SUO; Figure 3), Do
Couto et al. (2016) interpreted a prerift unit (SU1) as the topmost Malaguide/Ghomaride nappe
composing the first unit of the Alboran Domain. This SU1 unit can be tracked from the WAB to the
bottom of the Xauen and Tofifio Banks (Figure 4). SU1 is characterized by high-amplitude, low-frequency
discontinuous reflectors (Figure 4).

Above this prerift formation, five Miocene units were defined, from the Aquitanian to the Messinian
(Figure 3). The Miocene subsidence phases were based on the unconformities and thickening of the sedi-
mentary sequences from the R2 to the M horizons (Figure 3) (Do Couto et al., 2016). The SU2 unit is limited
at its bottom by the SU1 unit and is marked by extensively deformed reflection packages and local variations
of thickness. This seismic unit was reached by drilling in the Alboran-A1l borehole (Comas et al., 1999;
Iribarren et al., 2009). It is composed of greenish to reddish shales above a basal marine conglomerate (Do
Couto et al., 2016). Undercompacted shales dated as Langhian can be seen in this unit. Mud volcanism
observed in the WAB is rooted in the deep unit SU2, the top of which is the R3 horizon (shale diapir;
Figure 4). The Xauen Bank has been drilled by the El Jebha well (Morley, 1993; Chalouan et al., 1997;
Ammar et al., 2007). The El Jebha well was used to calibrate the location of three horizons in the study area:
the top Serravallian seismic horizon (R5), an intra-Tortonian seismic horizon (R7), and a
Top-Tortonian-Messinian seismic horizon (M; Figures 3 and 4). The “M” reflector is a key stratigraphic
marker, as the uppermost Miocene sediments in the Alboran Basin were affected by the Messinian
Salinity Crisis (e.g., Estrada et al., 2011). This reflector makes it possible to follow this event at the basin
scale. It is characterized by a high-amplitude, low-frequency signal and by an erosional surface on the shelf,
highs, and central basins. Isochore maps of the Miocene unit show a continuous depocenter in the WAB
whose direction changes southward from an NNW-SSE trend to W-E trend and whose thickness ranges
between 5 and 8 km (Figure 5a). This depocenter ends to the east in the area of the Al Idrissi fracture zone.

The six Plio-Quaternary seismic stratigraphic boundaries were based on the work of Juan et al. (2016)
(Figure 3). The isochore map of the Plio-Quaternary unit emphasizes a thin area (<200 m) in an
ENE-WSW direction, evidence for the uplift of the Xauen-Tofifio banks (Figure 5b). Three depocenters
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Figure 5. Isochore maps of (a) Miocene (mean velocity 2,750 m/s) and (b) Plio-Quaternary (mean velocity 1,720 m/s) offshore Al Hoceima, interpolated from the
2D seismic dataset (Fig. 2; in seconds two-way travel time). (onshore) Tectonic structures are from Van der Woerd et al. (2014) and Poujol et al. (2014).
(offshore) Tectonic structures are from the present study and from Lafosse et al. (2016). (onshore) The topography is extracted from the ASTER GDEM
(http://gdem.ersdac.jspacesystems.or.jp/). AIFZ = Al Idrissi Fault Zone; SAT = South Alboran Trough; WAB = West Alboran Basin. Legend in Figure 1.
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Figure 6. Interpreted and uninterpreted CAB 121 seismic profile offshore Morocco showing the architecture of the Tofifio Bank and Ramon Margalef High.
SAT = South Alboran Trough; WAB = West Alboran Basin. Arrows with seismic line names indicate line intersections. Red dashed lines indicate thrusts. Location
of Figure 11a. Location of the profile in Figure 2.

are highlighted: in the west, the NW-SE WAB; in the south, the South Alboran Trough (SAT; also known as
Al Hoceima Valley; Juan et al., 2016 and Ercilla et al., 2019); and in the north, the continuity of the WAB
confined between the SAR and the Ibn Batuta high (Figures 1 and 5b). These depocenters can reach a
thickness of 1,500 m (Figure 5b). During the Plio-Quaternary period, the circulation of Mediterranean
water masses, after the opening of the Strait of Gibraltar erosion, led to the remobilization of sedimentary
units followed by redeposition. These processes are partly responsible for the contourite drifts and erosive
features observed in the entire Alboran Sea (Ercilla et al., 2016; Juan et al., 2016; Ercilla et al., 2019). In
the study area, erosional features are visible at the foot of the structural highs (moat at the northern edge
and contourite channel at the southern edge of the SAR; Figures 6 to 8).

4. Results

The SAR corresponds to a long ENE-WSW Mio-Pliocene folded structure (Figures 1 and 2). It exhibits sev-
eral highs from west to east, the largest of them being the Xauen Bank, the Tofifio Bank, the Ramon Margalef
High, and the Francesc Pages Seamount (Figure 2). Today, it is limited to the east by the Al Idrissi fault zone
and to the west by the WAB (Figure 1). Six seismic reflection profiles are presented to depict the
Mio-Pliocene local tectonic evolution of the SAR (Figure 2).

4.1. The Southern Boundary of the SAR

The SAR is limited to the south by the SAT. The SAT is characterized by a southern asymmetric syncline that
can be traced 50 km from east to west (Figures 6 to 11). Its northern limb is steeper than its southern limit. At
the Moroccan margin, the top basement (R1) and the top of the Ghomaride (R2) are characterized by promi-
nent northward, seaward, dipping seismic reflectors (Figures 6 and 8). At the southern limb of the SAT, the
R3 to M reflectors progressively onlap onto the R2 reflector, and the corresponding seismic units terminate
updip by onlapping onto the top of SU1 unit (R2; Figure 8). On the northern limb of the syncline, the SU2
and SU3 units (from R2 to R5 unconformities) exhibit inclined growth strata with a cumulative wedge
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toward the Tofiflo and Xauen Banks (Figures 6 and 8). There is no evidence of variation in thickness in the
seismic units between R5 and M reflectors (SU4 to SU6), except related to the Messinian Erosional Surface
(Figure 8). Similarly, the Plio-Quaternary sedimentary succession in the SAR presents some variations in
thickness (Figures 6 to 8) and is pinched toward the margin and the SAR. The toplaps and/or offlaps of
the PO to Q2 reflectors observed at the southern limb of the SAT may be due to erosional processes linked
to contourite processes. However, the visible dip of the Plio-Quaternary reflectors is steep, and the dip of
the M to BQD horizons is steeper than that of horizons Q0 to Q2 (Figure 7). These geometries suggest

Bousekks
Aghbal fauit one MARos (o  CABISO ~ Offset (km)

— Q2(0.92 Ma) ——— R7 Intra-Tortonian
—— Q1(1.35 Ma) — R6 Intra-Tortonian
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Figure 8. Interpreted IZD30 seismic profile offshore Morocco showing the sedimentary architecture of the Xauen Bank. SAT = South Alboran Trough. Arrows with
seismic line names indicate line intersections. Location of the profile in Figure 3.
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Figure 10. Structural map of the study area. The West Alboran mud province is shown in yellow. Pink dots indicate the epicenters of seismicity between 1964
and 2017 (Instituto Geografico Nacional IGN database). (onshore) Tectonic structures are from Van der Woerd et al. (2014) and Poujol et al. (2014). (offshore)
Tectonic structures are from the present study and from Lafosse et al. (2016). (offshore) Bathymetry from SARAS and MARLOBO-2 surveys over the GEBCO
bathymetry (https://www.gebco.net/). (onshore) The topography is extracted from the ASTER GDEM (http://gdem.ersdac.jspacesystems.or.jp/).
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Table 1

Estimation of the Shortening in the Study Areas During Different Geological Periods Based on This and Other Studies

Author Period Area Shortening (km) Shortening rate (mm/yr)
This study BQD-present day SAR ~0.5 ~0.2
This study M-BQD SAR ~1.7 ~0.6
This study R5-M SAR ~6.3 ~1

This study R5-present day SAR ~8.5 ~0.7
Ammar et al. (2007) M-present day SAR ~3.5 ~0.6
Martinez-Garcia et al. (2017) Since 3.3 Ma Central Alboran Ridge ~2 ~0.6
Martinez-Garcia et al. (2017) Since 3.3 Ma NE and SE Alboran Ridge ~1-1.5 ~0.3-0.4
Chalouan et al. (2008) Since Tortonian to present day Rif ~50

Giaconia et al. (2015) Since latemost Tortonian to Messinian Abubacer fault system ~3

Flecker et al. (2015) Late Miocene Moroccan marine gateways ~10-15

Meghraoui et al. (1996) Since Pleistocene Rif ~1-2.3

Note. See Figure 3 for ages used in this study.

active uplift of the Moroccan margin and growing of the Xauen-Tofifio Banks with stages of acceleration and
of deceleration during the Plio-Quaternary period.

4.2. The SAR

Shortening is distributed from east to west over the 10 to 25 km wide SAR structure, composed of a series of
two to four, 5 + 1 km wavelength anticlines (Figures 6 to 10). These series of anticlines and synclines asso-
ciated with blind thrusts structure the Xauen-Tofiflo Banks and Ramon Margalef High (Figures 6 to 10). The
asymmetry of the folds is compatible with the presence of a vergence thrust mainly northward verging
thrust. Anticlines overlie mainly blind southward dipping thrust faults and some northward dipping thrust
fault (Figures 6 to 10).

From the West Alboran Basin and the SAT, we were able to track the stratigraphic sequences (Figure 4). In
the SAR region, the available deep seismic profiles (Figure 4) suggest the presence of the Ghomarides unit
(SU1) and the complete Miocene stratigraphic sequences (SU2 to SUS5; Figure 4). From the basement (R1)
to the Messinian reflectors (M), although it is difficult to identify and track the SU1 and SU2 in all lines with-
out deep calibration, the El Jebha makes it possible to calibrate the top Serravallian reflector (R5; Figure 4).
Two major variations in thickness in the Miocene seismic units can be observed (Figure 10a; offset 13 to
17 km): (i) a sedimentary thickening toward the north in the Serravallian units (below R5) and (ii) a sedi-
mentary thinning toward the north in the Tortonian units (above R5) and until P1. These variations in thick-
ness may indicate an inversion of the fault, first normal and then inverse.

The crest of the northern Ramon Margalef anticline has been strongly eroded. The associated thrust appears
to reach the seabed, allowing the outcropping of the Miocene unit (Figures 6 and 7). We define this zone as
the main fold located at the same latitude as the Ramon Margalef High (Figures 6, 7, and 9). The Miocene
anticlines and synclines located at the backlimb of this main fold (offset 18-27 km; Figure 6) are tilted south-
ward due to the conjugated back thrust of the major northward verging thrust (Figures 6 and 7). Above the M
reflector, the Plio-Quaternary units show variations in thickness, with missing units indicating nondeposi-
tion or erosive hiatuses at the top of the highs into perched synclines and eroded anticlines (Figures 7 and
11a). The Messinian erosional surface is clearly visible on the SAR, where the top Miocene anticlines are
eroded (Figures 6, 7, 9, and 11a). The folding is more pronounced in the Miocene units than in the
Plio-Quaternary units. However, the lateral variation in thickness in the Plio-Quaternary units is represen-
tative of growth strata. Similarly, the presence of unconformities and tilted reflectors outside the areas with
contourite deposits is evidence that the deformation is also recorded in those units (Figure 11a). Moreover,
the axial planes of the Miocene folds are different from those of the Plio-Quaternary folds (Figure 11a). At
the top of the Xauen Bank, from the M to the BQD reflectors, the seismic units are folded to form a tilted
syncline which shows variations in thickness, indicating syncompressive deposits (Figure 11a). Two major
unconformities were identified: the Messinian (M; 5.33 Ma) and the base of the Quaternary Deposits
(BQD; 2.6 Ma) (Figures 7 and 11a). The syncline basin can be interpreted as a piggyback basin related to
the activity of the south-verging major thrusts.
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frontal deformation (location in Figure 2). See legend in previous figures. VE = Vertical exaggeration.

Northeast of Tofifio Bank, the core of the anticline composed of Miocene units is characterized by chaotic
seismic facies (Figure 9). The limbs of this anticline are slightly asymmetric with steeper bedding dips in
the forelimb. At the seafloor, a mound is located immediately above the anticline at the hinge, where the
seafloor has shifted. This shift could be due to erosion in relation to the contouritic system and/or to the pre-
sence of a thrust (Figure 9). The mound is interpreted as a carbonate mound associated with the circulation
of water masses and fluid seepage percolating through the fault.

4.3. The Northern Frontal Deformation of the SAR

A northward-verging anticline, associated with a blind thrust, characterizes the northern front of
deformation of the SAR (Figures 6, 7, and 11b). It presents asymmetric dipping of the forelimb and backlimb.
The tip of the blind thrust ends in the Miocene (Figures 6 and 7). Along the deformation front of the SAR,
several unconformities are identified in the Plio-Quaternary units (Figures 6, 7, and 11b). From the M to
the PO horizons, no clear variation in thickness is visible, evidence that this deformation front was initiated
after PO. Growth strata are observed from the PO to the P1 horizons on both sides of the deformation front
anticline (Figure 11b), pointing to growth of this anticline at this period. On the northern limb of the
deformation front, from P1 to QO horizons, there is no obvious variation in thickness (Figure 11b). The
QO reflector represents a major unconformity on which the Q1 and Q2 reflectors progressively onlap,
evidence that the deformation front was created during this period (Figure 11b, offset 38-40 km).

On the southern limb of the deformation front anticline, growth strata appear between the M reflector and
the seafloor, which are interpreted as the result of the uplift of the southernmost structure called the main
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Figure 12. Depth converted horizons of the seismic line CAB121 (1/1 scale) using the interval velocity Vp given in Figure 3. The SAR deformation is shown with no
vertical exaggeration. SAT = South Alboran Trough; SAR = South Alboran Ridge; WAB = West Alboran Basin.

fold (Figures 6 and 10). The seafloor expression of this front indicates recent deformation (slide scars and
sediment instabilities). In addition, in the Plio-Quaternary units and at the seafloor, a series of normal
faults and slide scars are exposed above the blind thrust in the hinge of the anticline, related to gravity
sliding and extrados deformation.

We conclude that from QO to the present day, the deformation front has uplifted with the growth of the
anticline related to blind thrusts. Before QO, the main fold was active and formed the perched piggyback
basins (Figures 6 and 7). The local unconformities and variations in thicknesses reveal different phases of
acceleration, deceleration, and stopping of compressional phases through the SAR with local folding.

4.4. The SAR Region

Line-length restoration analysis of two stages (R5 and BQD) was performed on the CAB121 profile to
approximately quantify the horizontal shortening (Figure 12 and Table 1). The seismic section was first con-
verted to depth (Figure 12), and the total reflector length between two reference points was measured at both
ends of the profile. The uppermost depositional surface of R5 and BQD was restored to its original prefolding
geometry by removing younger strata and restoring the erosional material and deformed strata. The inter-
preted horizontal shortening amounts to approximately 8.5 km from the top Serravallian reflector (R5;
~11.6 Ma), approximately 2.2 km from the top Messinian (M; ~5.33 Ma) and approximately 500 m from
the base of the Quaternary (BQD; ~2.6 Ma). Shortening estimates in the cover strata of the SAR
fold-and-thrust belt of about 6.3 km over 6.29 Ma (R5-M reflectors) suggest a shortening rate of about
~1 mm/yr during the upper Miocene. Shortening estimates of about 1.7 km over 2.7 Ma (M-BQD reflectors)
suggest a shortening rate of about 0.6 mm/yr during the Pliocene. From the quaternary (BQD), the approx-
imate shortening rate reached 0.2 mm/yr, evidence for a decrease in compressional deformation from the
upper Miocene to the present.

These values (Table 1) represent the sum of shortening estimated for three incremental time steps: (1) top
Serravallian to the present, (2) Messinian to the present, and (3) base of the Quaternary to the present.
These estimates represent the minimum shortening because line-length restorations underestimate the
shortening strain, as they do not consider variations in thickness during deformation or oblique deformation
with strike-slip components (Martinez-Garcia et al., 2017). The last point is certainly the most important for
the measurement of inversion in the Alboran Sea, as most of the shortening is accommodated on inherited
structures (normal and strike-slip faults). The values given are therefore minimum estimates with
strong approximations.

5. Discussion
5.1. Presence of Weak Layers

Part of the observed SAR shortening could be linked to the presence of weak layers, such as the
well-described overpressure shale levels in the WAB shale province (Figure 1; e.g., Soto et al., 2010).
Unlike in the other Mediterranean basins, the Messinian evaporite unit has only occasionally been docu-
mented in the Alboran Basin (Estrada et al., 2011), and it is difficult to prove it as a major actor in the decol-
lement processes. Two potential levels of detachment can be proposed in the Alboran Domain. One located
at the Ghomaride complex (SU1) and one located in the Langhian unit composed of undercompacted shales
(SU2) (Do Couto et al., 2016). The Malaguide-Ghomaride complex, structurally located at the top of the
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Alboran domain, outcrops onshore in the western part of the Betic Cordilleras and at the north of the Rif, at
the boundary between the internal and external zones (Vissers et al., 1995). The Ghomaride unit (SU1) is
tilted and sealed by the Aquitanian to Langhian unit (SU2) (Figures 6, 8, and 9). The stratigraphic succession
of the Ghomaride complex consists of Paleozoic shales and grauwackes from base to top, followed by mainly
Mesozoic series containing conglomerates and carbonates and Triassic evaporites, and ending in a
Cretaceous sandstone series (Lonergan & Mange-Rajetzky, 1994; Chalouan et al., 2008). Given its heteroge-
neous nature and layering, the complex Malaguide-Ghomaride unit (SU1) could act as a detachment layer.

In the El Jebha well, several overpressure levels have been recorded in the Miocene sedimentary sequence
above the Ghomaride unit (Morley, 1993; Chalouan et al., 1997; Ammar et al., 2007). The detachment level,
which we interpreted as related to the Langhian shales (SU2), dips slightly northward, and all the major
thrust faults are interpreted to root on it. Lift-off folds are visible, and the beds and the detachment level
are isoclinally folded in the core of the anticline (Mitra & Namson, 1989) (Figures 6 to 9). The Tofifio
Bank anticlines are very tightly folded, strongly eroded at the top, and involve the Miocene units
(Figures 6 and 7). The shape of the anticlines indicates that the underlying Langhian shales (SU2) act as
an efficient decollement level with ductile behavior. Tight folds have also been described in other regions
where weak layers are present (e.g., Northern Borneo; Morley et al., 2003).

Although a decoupling exists between the Ghomaride/Basement (SU1) and the upper sedimentary units, we
propose that the undercompacted Langhian shales (SU2) are the main weak layer rather than the
Ghomaride/Basement (Figure 12), as a result of its ductile behavior, this unit being overpressured and
undercompacted (Fernandez-Ibafiez & Soto, 2017) consistent with the tight geometries of the observed folds.

The pinched anticlines are associated with broad Miocene synclines (Figures 6 and 7), and their shape may
depend on the level of erosion above the detachment, as observed by Sherkati et al. (2005). The change in the
inclination of the Miocene synclinal and anticlinal axial surfaces reflects the change in depth of the decolle-
ment layer SU2 and the presence of a back-thrust fault above the metamorphic basement (Figures 6, 11a,
and 12). Such relationships between thickness and depth in the decollement and fold features were
described by Suppe et al. (2004). The presence of mobile shale acting as a detachment layer in fold and thrust
belts has been observed in other areas such as in the western Gulf of Mexico and the Niger Delta (e.g., Wu &
Bally, 2000).

5.2. Mechanical Behavior of the Weak Layer Below the SAR

As mentioned in previous studies (Mauffret et al., 2007; Bourgois et al., 1992; Martinez-Garcia et al., 2017),
the Xauen Bank is structured by the same units as those observed in the WAB. This implies that the 5 km
thick Miocene sedimentary layers of the Xauen and Tofifio Banks are related to the subsidence event that
started during the Aquitanian in the WAB (Comas et al., 1999) (Figure 10). During the Miocene, the WAB
and the SAR formed a single depocenter (West Alboran Mud Province; Figures 5a and 10). A large mud dia-
pir province is observed in the WAB where thick Neogene sediments accumulated (Figure 10) (e.g.,
Woodside et al., 2000; Comas et al., 2003; Soto et al., 2012). The shale diapirs pierce the upper Miocene
and the Plio-Quaternary units, extruding shale units and Miocene breccia to the surface and forming mud
volcanoes (e.g., Somoza et al., 2012) (Figure 10).

In contrast to the WAB, mud volcanism is not observed in the SAR region (Figure 10). The SAR shows a ser-
ies of anticlines that are intruded by chaotic and low-amplitude seismic facies interpreted as mobile shale
(Figurs 6, 7,and 9). Shale intrusions were interpreted as occurring at the fold cores and along the E-W strik-
ing thrusts (Figures 9 and 10). Thrusts can weaken and facilitate erosion of the fold crest, enabling deep units
of undercompacted shales to be brought close to the surface (Figure 6).

The difference in the shale behavior between the WAB and the Xauen-Tofifio Banks area (mud volcanoes
vs. mud related to fold and thrust) can be explained by their mechanical behavior. Shale is a plastic mate-
rial whose strength depends on the magnitude of the pore fluid overpressure (Mourgues et al., 2009). As
soon as the mechanism generating pore fluid overpressure changes (disequilibrium compaction, pore
space, volume of pore fluid, hydrocarbon generation, and permeable rocks), abnormal pressures may tend
to dissipate, and/or fluid can escape from the reservoir (Neuzil, 1986). Overpressures may be transient and
vary in space and over time. The shale in the WAB is highly overpressured and undercompacted
(Fernandez-Ibafiez & Soto, 2017), and as a result, it becomes mobile and deforms under low stresses,
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rising and producing diapirs and mud volcanoes (e.g., Deville et al., 2006; Somoza et al., 2012). In the SAR
region, several tectonic events have affected the Miocene depocenter and generated faults that can either
become barriers or preferential conduits. Due to the uplift and resulting erosion since the Tortonian
(Figure 5), we propose that the lithostatic pressure is lower in the SAR region than in the much
thicker WAB.

Therefore, the SAR is a clear example of interaction between shale and tectonic processes: Shale acts as a
decollement level thereby influencing the style of deformation, and the tectonic processes allow the ascent
of the shale along thrust faults.

5.3. The Style of Deformation of the SAR

In a context of convergence, compressional deformation observed in continental margins and basins can
be explained either by thick and thin-skinned tectonics or by deep water fold and thrust belt processes
in a high sedimentation rate margin associated to gravitational processes. Which of these mechanisms
are involved during the different stages of basin evolution in the southern part of the Alboran Sea is not
yet clear. The SAR developed over an inherited Miocene depocenter in the continuity of the WAB
(Figures 5 and 10). The SAR appears to be structured mostly by folds related to thrust faults. At depth,
we propose that the thrusts root into the Langhian shale (SU2) considered as a decollement layer above
the Ghomaride unit (SU1; Figure 12). The top basement corresponds to the northward dipping R1 reflector
from the Moroccan margin, followed by a flattening of R1 from the SAT toward the north (Figures 6, 8,
and 12).

The deformation observed throughout the SAR region can be compared to the end members of the
thin-skinned and thick-skinned tectonic model described in mountain ranges (e.g., Pfiffner, 2017). In the
case of thick-skinned tectonics, deformations through the crust and possibly the lithospheric mantle are
involved. In the case of thin-skinned tectonics, the style of folding and thrusting is controlled by the thick-
ness of a decollement layer as well as by the mechanical contrast between the decollement layer and the sedi-
mentary cover (e.g., Pfiffner, 2017).

The deformation recorded in the thin-skinned case resembles that observed in deep water fold and thrust
belts, although their tectonic setting differs significantly )Morley, 2009). Deep water fold and thrust belts
appear where rapid sedimentation and overpressured mobile shales can occur and initiate a decollement
layer that is not necessarily located at the top of the crystalline basement (e.g., Morley, 2009). The
deep-water fold and thrust belts are associated with large-scale gravitational failure of submarine slopes
(Rowan et al., 2004) and present extensional structures in proximal areas and compressive structures in dis-
tal areas (e.g., Rowan et al., 2004). In the Moroccan offshore margin, in contrast to the Spanish margin (Soto
et al., 2010), postrift extensional structures such as normal faults are not observed. The offshore Moroccan
margin and the Miocene and Plio-Quaternary units pinch out onto the tilted Ghomaride unit (SU1) without
normal Plio-Quaternary faulting (Figures 6 to 8). The lack of extensional deformation in the sedimentary
cover in the proximal domain is not consistent with large-scale gravity-driven deformation associated with
deep water fold and thrust belts as well as thin-skinned tectonics. Proximal extensional structures do not
need to be present if (i) the structures are eroded, (ii) located in the onshore zone, or (iii) if we consider a
large-scale mass sliding process with a decollement parallel to the horizon (R2).

Onshore Morocco, the Pliocene basins suffered only N-S normal faulting (Romagny et al., 2014), which can-
not be associated with the contractional fold belts. The lack of shallow extensional structures could rather be
interpreted as a result of thick-skinned tectonics with deep-rooted, basement-related tectonics to accommo-
date shortening. In a case of basin inversion, horizontal contraction leads to the reactivation of well-oriented
preexisting normal faults and/or strike-slip faults that can lead to localized uplift and the involvement of
basement tectonics. The preexisting normal extension and major shear zone related to the westward
Alboran domain migration were able to localize the deformation at a crustal scale (Figures 13a and 13b).
The exact nature and geometry of structures involving basement rocks was not detected due to the lack of
deep data. However, in the Alboran Ridge, the positive flower structure observed in seismic reflection data
testifies to an episode of intense crustal shear that can be related to the STEP fault event (Figure 13b). An
equal amount of shortening would need to be recorded in the basement and in the sedimentary cover at crus-
tal scale. Basement shortening could be accommodated by deep ductile distributed deformation or by crustal
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(c,c’) Tortonian tectonic inversion with shortening. (d,d’) Present-day Xauen-Tofifio banks deformation. h.s. = horizontal shortening from this study

(Table 1). Not to scale.

thrusting. To accommodate the recorded shortening at the basement scale, without considering a distributed
ductile deformation, we propose two hypotheses: a north or south verging thrust (Figures 13c, 13d, 13c’, and
13d’). The south verging thrust is parallel to the imbricated Intrarif inherited nappes (Figures 13c and 13d).
The north verging thrust crosscutting the nappes (Figures 13¢’ and 13d’) is consistent with the present-day
vergence of the tectonic indentation of the African block into the Alboran block (Estrada et al., 2018) and
with the present-day uplift of the Moroccan margin (Poujol et al., 2014). Because the basement faults in
the Alboran Sea are difficult to image, their existence, timing, and precise role in the deformation are very
difficult to assess.

Finally, we propose that thick-skinned and thin-skinned tectonics both occur here as observed in most of the
orogens (Pfiffner, 2017). To accommodate the shortening, the most favorable geometry of the thick-skinned
tectonics hypothesis is a north verging crustal thrust. The present-day relative contribution of thin-skinned
and/or thick-skinned tectonics versus gravity-driven folding cannot be clearly assessed. However, given that
(i) the SAR structures developed at the foot of the steep uplifted Moroccan margin (Figures 10 and 12), (ii)
the frontal deformation shows sign of recent activity with no important associated seismicity (Figure 10),
and (iii) Miocene shale intrusions seem to occur along the thrust faults, one reasonable outcome is that part
of the recent deformation was caused by large northward gravitational spreading over the undercompacted
shale units.
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5.4. Tectonic Inversion in the SAR Region

The SAR region represents the eastern continuity of the WAB Miocene depocenter that has been inverted
(Figure 5). At the Alboran Sea scale, tectonic inversion occurred from the late Tortonian on (e.g.,
Martinez-Garcia et al., 2017; Do Couto et al., 2016). This inversion varies in space and over time, but most
of the inversion is concentrated along the Alboran Ridge (Martinez-Garcia et al., 2017) and the SAR (this
study) and has been ongoing since the Tortonian.

The values of the horizontal shortening we obtained agree with those obtained by previous authors with a
decrease of the sum of shortening values from the Tortonian to the Quaternary (Table 1). Shortening was
then estimated by Flecker et al. (2015) to be around 10 to 15 km from the Moroccan marine gateways in
the late Miocene before the Messinian salinity crisis. Ammar et al. (2007) proposed an estimated shortening
of 3.5 km from the Messinian along the Xauen Bank. Martinez-Garcia et al. (2017) estimated a shortening
from ~3. Ma reaching maximum values up to 2 km in the central Alboran Ridge and decreasing to 1-
1.5 km to the northeast and the southeast. As in our study, these results correspond to a shortening rate
of about ~0.6 mm/yr since 3.3 Ma (P1). The estimates of shortening are therefore similar in the SAR and
in the Alboran Ridge for the Pliocene epoch. Because there is no undercompacted shale in the Alboran
Ridge area that can act as a shallow decollement layer, similar shortening rates indicate that the main short-
ening mechanism along the SAR is more likely a thick-skinned than a thin-skinned tectonic process.

In relation to the direction of convergence, the E-W Miocene depocenter of the SAR located in the southern
part of the West Alboran Basin is better oriented for an inversion process than the main WAB N-S depocen-
ter (Figure 14c). DeMets et al. (2015) precisely reconstructed the rotation poles between Eurasia and Africa
during the Neogene and Quaternary. These authors show a constant N135° direction of Africa-Eurasia
convergence from ~7 Ma to the present. The predicted interval slip directions are too small and/or too short
lived to conclude that a significant change in direction has occurred since 20 Ma (DeMets et al., 2015).
Moreover, this high-resolution reconstruction study predicts that Nubia-Eurasia motion has also been rela-
tively steady during the past ~13 Myr, ranging from 4 mm/yr near the Azores Triple Junction to 7 mm/yr in
the central Mediterranean. The SAR region has accommodated a significant part of this constant convergent
motion with a total shortening rate of around 1 mm/yr, which has decreased since the Tortonian. The
remaining 4 mm/yr should be accommodated (i) along the main strike-slip fault, (ii) as a vertical uplift,
and (iii) mostly onshore (e.g., Table 1). The overall shortening recorded in the Rif led to the frontal
emplacement of the Prerif nappes over the African foreland (e.g., Chalouan et al., 2008; Michard et al., 2006;
Capella et al., 2017). Recent contractional onshore deformation is observed and is still active (Bargach
et al., 2004; Koulali et al., 2011).

In the southern part of the Alboran Sea, the style of deformation and the width of the deformed area (i.e.,
increases in the number of folds) vary from the Alboran Ridge in the east to the SAR in the west
(Figure 1). This is most probably due to the presence or absence of a decollement layer of undercompacted
shale and of magmatic bodies. In the central basin and hence through the Alboran Ridge, the metamorphic
basement has been affected by Neogene magmatic arc activity (Figure 1; e.g., Duggen et al., 2004; Booth-Rea
et al., 2018; Gomez de la Pefia et al., 2018). The presence of these magmatic bodies may also have influenced
the different deformation styles observed between the SAR and the Alboran Ridge.

Moreover, the large obliquity between the direction of the E-W Miocene shale depocenter of the SAR and the
relatively steady N135° direction of convergence from 13 Ma contributes to the present-day SAR structural
pattern (DeMets et al., 2015).

5.5. Structural Evolution of the Xauen-Tofifio Banks

The structure of the SAR results from a four-step evolution involving a series of deformation steps including
extensional, shearing, and contractional processes (Figures 13 and 14).

The first step was linked to the western migration of the Alboran Domain with the Gibraltar slab retreat
(Figures 13a and 14a) (Do Couto et al., 2016). The contact between the metamorphic basement and the
Ghomaride nappes was documented onshore as an extensional shear zone (e.g., Lonergan & Platt, 1995;
Crespo-Blanc, 1995; Augier et al., 2005), which acted through a N-S to NNE-SSW stretching direction from
22 to 18 Ma (e.g., Crespo-Blanc, 1995; Platt et al., 2005). Offshore Morocco, the base of the Ghomaride unit
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(SU1) is also proposed to act as a detachment fault during the late Oligocene-early Miocene (Chalouan
et al., 1995; Do Couto et al., 2016). At this step, the WAB formed in the east and migrated westward (Do
Couto et al., 2016). We propose that the WAB extended farther southeastward than previously thought
and constitutes the synrift SU2-SU3 lower Miocene depocenter of the SAR. Langhian undercompacted
shales are present at the base of this depocenter (Figure 4).

The second step in the development of the SAR is related to the occurrence of vertical lithospheric tears
(STEP fault) deduced from geophysical and field studies (Figures 13b and 14b). Under the central Betics
to the north and under Morocco to the south, a sharp lithospheric and crustal step can be recognized in
the receiver function computations, tomographic images, and gravimetric data (e.g., Spakman &
Wortel, 2004; Bezada et al., 2013; Levander et al., 2014; Mancilla et al., 2015; Petit et al., 2015; Diaz et al., 2016;
Molina-Aguilera et al., 2019) In northern Morocco in particular, a sharp change in crustal thickness is visible
at the city of Al Hoceima, where the crust is more than 40 km thick to the west but less than 30 km thick to
the east (Diaz et al., 2016). These abrupt offsets are interpreted as the termination of the Iberian and Nubia
lithosphere caused by a vertical STEP fault (e.g., Spakman & Wortel, 2004; Levander et al., 2014; Mancilla
et al., 2018; Hidas et al., 2019). These lithospheric STEP faults along the North African margins and along
the Balearic margin accommodate the westward migration of the Gibraltar slab (e.g., Spakman &
Wortel, 2004). Subvertical lithospheric-scale tear faults are thought to have accommodated approximately
270 km of roll-back movement (Spakman et al., 2018), and most of this offset occurred between 20 and 7
Ma (Faccenna et al., 2004; Pérez-Valera et al., 2013; Spakman et al., 2018). The age of tearing has been deter-
mined in the Betic side using volcanic intrusions in the strike-slip faults (Pérez-Valera et al., 2013). These
authors determined older ages (9.3-8.2 Ma) in the eastern part of the Betics and younger ages (7.3-7.1
Ma) in the western part compatible with the westward retreat of the lithospheric slab beneath the
eastern Betics.

Surface expressions of the inherited STEP faults in the southern Alboran block can be observed onshore and
offshore. Onshore Morocco, two major NE-trending transfer faults related to the westward migration of the
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internal domain were recognized, the Jebha-Chrafate and the Nekor faults (Leblanc, 1980; Frizon de
Lamotte, 1985; Benmakhlouf et al., 2012; Vitale et al., 2014; Azdimousa et al., 2019). Their sinistral activity
began in the Oligocene (Figures 13b and 14b) (Benmakhlouf et al., 2012; Achalhi et al., 2016). An offshore
crustal structure analysis shows that the Alboran Ridge and the Yusuf fault limit the North African conti-
nental crust to the south from the Alboran continental block to the north (e.g., Gémez de la Pefia et al., 2018).
The Gibraltar slab retreat may have been accommodated by a broad shear zone represented by the onshore
Jebha and Nekor transfer faults and by the offshore Alboran Ridge, SAR, and Yusuf fault (Figure 14b).
Seismic reflection data crossing the Alboran Ridge show a positive flower structure in agreement with the
presence of a major inherited shear zone (Figure 13b’). The present expression of this shear zone is
considered as a STEP fault located in sharp contrast to the crustal thickness between the Africa and
Alboran block (e.g., Mancilla et al., 2015; Badji et al., 2015; Diaz et al., 2016).

The third step records the beginning of the tectonic inversion through the Alboran basin (Figures 13c and
14c). Once the westward retreat of the Gibraltar slab decreased and finally stopped, the roughly NW-SE con-
tinuous convergence between Africa and Iberia became the predominant process, and the Alboran basin
inversion began. This inversion, related to the final dying of the subduction zone at the Gibraltar area, is
recorded with the collision of the thrust sheet pile of the internal domain against the external domain
(Ziegler et al., 1998; Chalouan et al., 2008; Vitale et al., 2015; Capella et al., 2017;). The Jebha-Chrafate trans-
fer fault was inverted and reactivated during the Late Miocene (Benmakhlouf et al., 2012). In the SAR
region, the WAB inversion produced the structural style composed of fold and thrust systems (Figures 13c
and 14c); this inversion began at the end of the Tortonian and is characterized by different pulses.

The last step corresponds to the reorganization of the plate boundary between Nubia and Iberia. Pleistocene
initiation of the Al Idrissi fault zone (Lafosse et al., 2018) marks the onset of the present-day plate boundary.
The tectonic indentation of the African plate into the Alboran domain led to the nucleation of the Al Idrissi
strike-slip fault [Estrada et al., 2018; Figure 14d). The tearing of the slab and hence the location of the
present-day STEP fault propagated under the external domains (e.g., Mancilla et al., 2015). The North
African plate overrides the Alboran domain leading to the present-day surface expression of the STEP fault
(Alboran Ridge, Yusuf fault, and Jebha and Nekor faults) that does not coincide with the present-day deep
structure (Figure 14d). The actual boundaries of the slab tear are determined by mapping the missing
orogenic root under the Betics and Rif (e.g., Mancilla et al., 2015; Hidas et al., 2019). The convergence motion
is oblique to the E-W striking folds and major conjugate fault sets causing the reactivation and rotation of the
Miocene SAR-Alboran Ridge and Yusuf fault (Figure 14d).

6. Conclusions

Four main stages of deformation have been recognized in the SAR region. (1) The Early Miocene extension
occurred with syntectonic wedges related to normal faulting, as already observed in the North Alboran Ridge
(Martinez-Garcia et al., 2013, 2017). The SAR region is interpreted as the continuity of the very thick
Miocene West Alboran depocenter related to the West Alboran mud province. (2) The southern part of
the WAB depocenter was deformed by the activity of a STEP fault related to the Gibraltar slab retreat.
(3) When the Gibraltar slab retreat decreased and finally stopped, the basin subsequently inverted. We thus
interpret the SAR zone to have been formed by contractional overprinting of the shear zone. (4) The oblique
convergence and the tectonic indentation of the Africa into the Betico-Rifian Block lead to the nucleation of
the Al Idrissi fault zone.

The present-day SAR region is dominated by E-W trending folds and thrusts with evidence of active
compressional deformation from the Late Miocene to the present. An acceleration in the uplift and compres-
sional activity is evidenced at the end of the Miocene. The structural style of the fold and thrust suggests a
weak decollement layer corresponding to overpressured shale but could also reflect the existence of an intra-
crustal fault. The Tortonian inversion and associated gravity-driven movement, superimposed on the Africa
indentation, induced the present-day style of deformation of the SAR. The present-day structure of back-arc
basins reflects the structural impact of different major events that the basin has undergone since its initial
stage of thinning. Our study enabled us to understand the tectonic and sedimentary processes responsible
for the structure we now observe in reactivated back-arc basins. We show that weak layers and inherited
crustal structures play a major role in the style and mode of deformation of the fore-arc basins. In
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particular, the major tectonic imprint of the STEP faults that accommodate the slab-roll back is highlighted
as is the sedimentary imprint of the undercompacted shale that may act as a decollement layer.
Understanding the deformation processes around the tip of back-arc basins will provide key information
on the forces and dynamics controlling the inversion of step faults on the edge of subduction areas.
Wide-angle seismic studies are necessary to elucidate the presence and geometry of the deep crustal struc-
ture like the STEP fault and intracrustal thrusts.
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