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Abstract

2D seismic reﬂection data tied to biostratigraphical and log information from wells in the
central and southeastern Alboran Sea have allowed us to constrain the spatial and temporal
distribution of rifting and inversion. Normal faults, tilted basement blocks, and growth wedges reveal a
thinned continental crust that formed in response to NW-SE extension. To the east, a secondary SW-NE
trend of extension affects the transitional crust adjacent to the oceanic Algerian Basin. The maximum
thickness of syn-rift sediments is ~3.5 km, and the oldest recorded deposits are Serravallian. The
WNW-ESE Yusuf fault formed a buttress separating and accommodating variable extension between two
different tectonic domains: the thinned continental crust of Alboran and the oceanic spreading of the
Algerian Basin. Late Tortonian to present-day NW-SE Africa/Eurasia plate convergence drove shortening
and reactivation of some of the earlier extensional structures as reverse and strike-slip faults, forming
complex, compartmentalised subbasins. Tectonic inversion coexisted with the formation of new faults and
folds. Inversion was partial along the Habibas Basin and Al-Idrisi fault, but complete along the Alboran
Ridge, where some SW-NE trending faults were perpendicular to the recent NW-SE plate convergence and
were reactivated as thrusts. The WNW-ESE Yusuf fault is oblique to the convergence vector, and therefore,
reactivation is mainly expressed as transpressional deformation. Volcanic rocks intruded along the
Alboran Ridge and Yusuf faults during the latest stages of extension formed rheological anisotropies that
localised the later inversion.

1. Introduction
Positive tectonic inversion refers to the contractional or transpressional reactivation of normal faults inherited
from an earlier tectonic phase due to a change in the tectonic regime from crustal extension to shortening.
Fault reactivation is often highly selective and only occurs along some fault segments of a preexisting fault
network. The slip is preferentially partitioned along segments with favourable orientation with respect to
the applied compressional stresses resulting in either dip-slip or strike-slip displacements (e.g., Hayward &
Graham, 1989; Jones et al., 2004; Turner & Williams, 2004). Other factors controlling inversion are (1) the existence of rheological anisotropies in the basement, (2) the presence of low-friction material along faults, and
(3) the heterogeneous distribution of ﬂuid overpressures (e.g., Marques & Nogueira, 2008; Sibson, 1995).
Inversion structures have been widely studied due to their role as traps for hydrocarbons, and they have been
recognised in different geodynamic settings including amongst others: orogenic belts such as the Zagros, the
Alps, the Rocky Mountains, and the Andes (e.g., Butler, 1989; Carrera et al., 2006; Jackson, 1980; McClay &
Anderton, 1989); rift systems in East Africa and the North Sea (e.g., Jackson & Larsen, 2008; Le Gall, Vétel, &
Morley, 2005); and back-arc basins such as the Sea of Japan and the Black Sea (e.g., Munteanu et al., 2011;
Takano, Tateishi, & Endo, 2005).
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In the Mediterranean, several extensional basins formed during the Miocene due to the collapse of Alpine
orogens at ~25–30 Ma and were later partially inverted and deformed under a transpressional regime
within a convergent tectonic setting between the African and Eurasian plates (e.g., Cloetingh et al.,
2008; Faccenna et al., 2004; Gallais et al., 2011; Giaconia et al., 2015; Horvath & Berckhemer, 1982;
Rosenbaum, Lister, & Duboz, 2002; Strzerzynski et al., 2010). The westernmost of these basins is the
Alboran Sea, which experienced folding, reverse and strike-slip faulting, and uplift of basin margins during
the Plio-Quaternary (e.g., Alvarez-Marrón et al., 1999; Bourgois et al., 1992; Comas, García-Dueñas,

TECTONIC INVERSION IN THE ALBORAN SEA

2777

Tectonics

10.1002/2017TC004489

Figure 1. Geological map of the Alboran Sea Basin and surrounding areas showing early Miocene to Holocene structures and main sedimentary depocentres
(after Martínez-García et al., 2011 and Do Couto et al., 2016). The rectangle marks the study area. The blue arrows are directions of Miocene extension
(Azdimousa et al., 2007; Booth-Rea et al., 2012; Comas et al., 1999; Martínez-Martínez et al., 2004). The red circles are ODP leg 161 sites (976 to 979), DSDP site
121, and commercial boreholes (G1: Andalucía-G1, A1: Alboran-A1, and-A1: Andalucía-A1, EJ: El-Jebha, and H-1: Habibas-1). The inset map shows main tectonic
elements in the western Mediterranean. Abbreviations: A. Is, Alboran Island; AIF; Al-Idrisi fault; AR, Alboran Ridge; BF, Bokkoya Fault; CF, Carboneras Fault;
DH, Djibouti High; EAB, East Alboran Basin; GSB, Gharb-Saïss Basin: HB, Habibas Basin; HE, Habibas Escarpment; JF, Jebha Fault; MB, Melilla Basin; MF, Maro-Nerja
Fault; MH, Maimonides High; NF, Nekor Fault; PB, Pytheas Basin; PF, Palomares Fault; SAB, South Alboran Basin; XB, Xauen Bank; YR, Yusuf Ridge; WAB,
West Alboran Basin.

& Jurado, 1992; Chalouan et al., 1997; Comas et al., 1999; Docherty & Banda, 1995; Mauffret et al., 2007;
Woodside & Maldonado, 1992) (Figure 1).
The extensional history of the Alboran Sea Basin has been widely studied in its western and northern
sectors and also throughout its remnants within the surrounding Betics and Rif, where its continental
crustal basement crops out widely, and it is deformed by numerous normal faults and detachments
(e.g., Azdimousa et al., 2007; Benmakhlouf et al., 2012; Booth-Rea et al., 2012; Chalouan et al., 2008;

MARTÍNEZ-GARCÍA ET AL.

TECTONIC INVERSION IN THE ALBORAN SEA

2778

Tectonics

10.1002/2017TC004489

Comas et al., 1999; García-Dueñas, Balanyá, & Martínez-Martínez, 1992; Maldonado et al., 1992; Platt et al.,
1998; Platt & Vissers, 1989; Watts, Platt, & Buhl, 1993). However, little is known about the rifting geometry
in the central and southeastern parts of the basin where a signiﬁcant number of Plio-Quaternary structures are found (e.g., Mauffret et al., 2007; Medaouri et al., 2014). Additionally, the role of preexisting
Miocene faults during the shortening phase is still unclear. Whether these structures were reactivated
and localised compressive deformation remains to be determined.
The aims of this study are to (1) reconstruct the deep structure of the basin to better constrain the Miocene
extensional evolution and understand how the inherited structural pattern inﬂuenced the distribution of
deformation during the postrift shortening stages and (2) determine the timing and factors controlling
the inversion.

2. Geological Setting
The Alboran Sea Basin, in the western Mediterranean, is a major extensional basin surrounded by an
Alpine orogenic belt, which comprises the Betic and Rif mountain chains and an accretionary wedge in
the Gulf of Cadiz. The whole system is known as the Gibraltar Arc System and was formed during the
Neogene by simultaneous outward thrusting in the frontal parts of the surrounding mountain belts
and extensional collapse in the inner part of the arc within a general setting of plate convergence
between the African and Eurasian plates (e.g., Comas et al., 1992, 1999; Dewey, 1988; García-Dueñas
et al., 1992; Jolivet & Faccenna, 2000; Lonergan & White, 1997; Platt & Vissers, 1989; Rosenbaum et al.,
2002; Watts et al., 1993). Several pre-Neogene crustal domains were involved in the formation of this
orogen (Figure 1).
The Alboran Domain constitutes the thinned continental basement beneath the Alboran Sea Basin and
outcrops largely onshore forming the internal Betics and Rif. During the early to middle Miocene, this continental domain, which was originally located at the south of the Balearic Islands, extended and collided
with the Iberian and African passive continental margins. The Subbetic, Prebetic, and Maghrebian paleomargins and the deep marine ﬂysch clastic deposits were deformed by thin-skinned thrusting and folding
as consequence of the emplacement of the Alboran Domain (e.g., Andrieux, Fontbote, & Mattauer, 1971;
Balanyá & García-Dueñas, 1987; Frizon de Lamotte, Andrieux, & Guézou, 1991; García-Dueñas et al., 1992;
Lonergan, Platt, & Gallagher, 1994). This event produced shortening of the peripheral belt accompanied
by the development of the external ﬂexural foreland basins of Guadalquivir and Gharb-Saïss (Figure 1).
At the same time, crustal extension occurred in the Alboran Domain by means of normal faulting resulting
in the formation of the Alboran Basin (e.g., Galindo-Zaldívar, González Lodeiro, & Jabaloy, 1989;
García-Dueñas et al., 1992; Platt & Vissers, 1989). Extensional deformation ceased by the late Tortonian
(i.e., ~9–8 Ma, late Miocene) (e.g., Chalouan et al., 1997). Magmatism and volcanism occurred during this
rifting event (e.g., Duggen et al., 2004; Hoernle et al., 1999; Turner et al., 1999). Volcanic and subvolcanic
rocks are particularly abundant in the central and eastern parts of the Alboran Sea (Figure 1) (Galdeano
et al., 1974; Willet, 1997). Early Miocene extension was followed by thermal cooling of the hot asthenosphere producing subsidence (e.g., Docherty & Banda, 1995; Hanne, White, & Lonergan, 2003). Thus,
thermal subsidence superimposed on tectonic subsidence resulted in creation of a thermal sag basin in
the western Alboran Sea, forming a major curved depocentre (e.g., Do Couto et al., 2016; Morley, 1993).
The origin of crustal extension and thinning are still under debate, and several tectonic models have been
proposed, which can be grouped into three main hypotheses: (1) postorogenic collapse caused by convective removal of the lithospheric root (e.g., Molnar & Houseman, 2004; Platt & Vissers, 1989); (2) delamination of lithosphere (e.g., Calvert et al., 2000; García-Dueñas et al., 1992; Seber et al., 1996); and (3)
subduction zone rollback beneath the Alboran Domain (e.g., Faccenna et al., 2004; Gutscher et al., 2002;
Lonergan & White, 1997; Royden, 1993).
Signiﬁcant thickness variations of the sedimentary cover indicate that both Miocene extension and later
shortening were syn-sedimentary processes that compartmentalized the basin into three main subbasins:
the West Alboran Basin (WAB), East Alboran Basin (EAB), and South Alboran Basin (SAB). The WAB contains
the major depocentre, which is thicker than 8.5 km (Soto, Comas, & de la Linde, 1996; Weinzapfel et al.,
2003) (Figures 1 and 2). Towards the east, the sedimentary cover thins to 2–2.5 km in the EAB and 3 km in
the SAB (Alonso & Maldonado, 1992; Mauffret et al., 2007).
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Figure 2. Multichannel seismic line showing the seismostratigraphy of the WAB (see location in Figure 1) and correlation with interval sonic velocities (Vp), lithology,
and ages obtained from ODP sites and commercial wells (Comas et al., 1999; Medaouri et al., 2014). Main seismic units and major reﬂectors as deﬁned by Jurado
and Comas (1992). Plio-Quaternary seismic units, reﬂectors, and interval Vp calculated from ODP sites 976 to 979 are taken from Martínez-García et al. (2013).
Interval Vp for the Miocene sequences are taken from Talukder (2003) and came from the commercial well Andalucía-G1. The thick grey bars in the Vp panel highlight
the values used for depth conversions. The purple band marks overpressured shales (units Vb and VI).

3. Data and Methodology
A dense grid of 135 seismic reﬂection proﬁles totalling 7,790 km, acquired by both academic institutions and the
hydrocarbon industry, is used for this study. Single-channel and multichannel seismic (MCS) data cover an area
of 28,000 km2 in the central and southeastern parts of the Alboran Sea Basin (Figures 1 and 3). Some 4,200 km
of proﬁles were vintage analogue records, and they have been scanned and transformed to the standard segy
format using Lynx® software. Unpublished academic MCS proﬁles, acquired during the Tecalb and Marsibal I-06
cruises (BIO Hesperides, 2000 and 2006), are used in the ﬁgures of this paper and provide new insights supporting our main interpretations. Other academic seismic proﬁles come from the Conrad cruise C2911 (R/V Robert D.
Conrad, 1988) and the Darwin cruise CD 64 (RSS Charles Darwin 1991–1992). The industry data were mainly
acquired by Sonatrach (1974), Compagnie Generale de Geophysique (1975), and Eniepsa (1979).
For the seismic mapping, events were correlated with well records from DSDP Site 121; ODP Sites 976, 977,
978, and 979; and the commercial Habibas-1 well (Figure 3) (de Kaenel, Siesser, & Murat, 1999; Kheidri,
Benabdelmounen, & Zazoun, 2000; Mauffret, 2007; Medaouri et al., 2014; Siesser & de Kaenel, 1999).
Detailed chronostratigraphic and log information available for the last ~5 Ma and good resolution of seismic
data in the shallower parts of the proﬁles allowed us to clearly recognize several Plio-Quaternary seismic units
and bounding discontinuities. However, seismic resolution decreases in depth and biostratigraphical information is less precise for deposits below a prominent event of Messinian age known as the M reﬂector
(Figure 2). Therefore, the Miocene sedimentary units and unconformities were only locally mapped, and their
age attributions should be considered tentative. Time-contour maps (in two-way travel time, twtt) were
obtained for the different mapped unconformities by gridding. Time-thickness maps were then calculated
for the Plio-Quaternary and Miocene sequences and converted to depth (isopach maps) using average sonic
velocities (Vp) from Martínez-García et al. (2013) and Talukder (2003) (Figure 2). In addition, we converted
some interpreted sections to depth to estimate the magnitudes of extension and shortening using linelength restoration analyses.
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Figure 3. Location map showing bathymetry and position of seismic proﬁles. The thick black lines indicate multichannel seismic proﬁles presented in other ﬁgures.
The thick brown segments show location of depth-converted seismic interpretations in Figure 15. Locations of ODP leg 161 sites 977, 978, 979, and Habibas-1 well are
also included. Bathymetry is taken from Martínez-García et al. (2011) and combined with digital topography extracted from the SRTM (USGS-NASA) global
database. Contour interval is 200 m. UTM projection and units in kilometres. Abbreviations: A. Is, Alboran Island; AB, Alidade Bank; AC, Alboran Channel; AS,
Al-Mansour Seamount; CB, Câbliers Bank; EAB, East Alboran Basin; IB, Ibn-Batouta Bank; PB, Pytheas Basin; Pr B, Provençaux Bank; SAB, South Alboran Basin; TB, Toﬁño
Bank; YB, Yusuf Basin; YR, Yusuf Ridge; WAB, West Alboran Basin.

4. Seismic Interpretation and Mapping
4.1. Seismic Stratigraphy
The seismic horizons we have mapped through the studied region in the Alboran Sea are consistent with the
previously published seismostratigraphy (Chalouan et al., 1997; Do Couto et al., 2016; Jurado & Comas, 1992)
(Figure 2). Six major units (I to VI) are commonly differentiated, and major seismic discontinuities are labelled
following Comas et al. (1999) (R5 to R2 and M). In addition, we also use the Plio-Quaternary seismic subunits
and bounding key reﬂectors deﬁned within Unit I by Martínez-García et al. (2013) (q1 to p3), which are in
agreement with the post-Messinian stratigraphy established by Juan et al. (2016) on a regional basin scale.
Age attributions and nomenclature have been updated according to the current chronostratigraphic time
scale of the International Commission on Stratigraphy (Cohen et al., 2013). The Plio-Quaternary deposits
(Unit I) were drilled by ODP Leg 161 and consist of pelagic marls, muddy turbidites, and rare silty-sandy turbidites (Alonso et al., 1999). The base of this unit is a strong erosional unconformity recognized throughout
the Mediterranean and known as the M reﬂector (Hsü, Ryan, & Cita, 1973; Ryan et al., 1973). The event
truncates late Miocene deposits and basement on the basin margins and highs but changes laterally into a
conformable event into the main depocentres (e.g., Figures 4 and 5). In the deeper parts of the basin, the
M reﬂector marks the Miocene-Pliocene boundary coinciding with the Messinian salinity crisis event at
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Figure 4. (a) Uninterpreted and (b) interpreted multichannel seismic section across the West Alboran Basin (WAB) and the Djibouti High. The R5 to q1 reﬂectors, age of unconformities, and seismic
units are correlated with those deﬁned by Jurado and Comas (1992) for the Miocene sequences (below the M-reﬂector) and by Martínez-García et al. (2013) for the Plio-Quaternary sequences. Note
that Plio-Quaternary deposits seal Miocene extensional structures in the WAB. The dashed lines indicate tentative position of top of basement. The location of seismic line is shown in Figures 3 and 6.
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Figure 5. (a) Uninterpreted and (b) interpreted multichannel seismic section across the WAB, Al-Idrisi fault zone, Toﬁño
Bank, and Alboran Ridge. Key reﬂectors, age of unconformities, and seismic units as in Figure 4. The dashed lines indicate
tentative position of top of basement. The location of seismic line is shown in Figures 3 and 6.

5.6–5.33 Ma (Clauzon et al., 1996; Krijgsman et al., 1999). However, it involves a much longer hiatus in other
areas where it is strongly erosive.
The Miocene sequence in the study area was drilled at Habibas-1 well. ODP Sites 977 and 978 penetrated the
Plio-Quaternary sequences and uppermost Messinian deposits, but not deeper. The Messinian sediments of
Alboran (Unit II) are composed of marine and lacustrine sandy turbidites, ﬁne-laminated sediments, and
MARTÍNEZ-GARCÍA ET AL.
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shallow carbonates with occasional gypsum, anhydrite, and levels of volcanic ashes (Iaccarino & Bossio, 1999).
The base of the unit is a late Tortonian R2 regional unconformity. Tortonian sediments mainly consist of sandstone intervals with claystone and silty-clay beds with turbiditic facies (Unit III). An angular unconformity at
the base this unit (R3) truncates the underlying sequences (e.g., Figures 4 and 5). The Serravallian to early
Tortonian sediments (Unit IV) are graded sand-silt-clay turbidites and turbiditic muds, and their base is a
strong reﬂector (R4). This surface forms an erosional truncation over large areas in the basin and changes
laterally to a concordant surface in some deep parts of the basin (Figures 2, 4, and 5). At the Habibas-1 well
the R4 reﬂector is a concordant surface within a sedimentary sequence of carbonate clays interbedded with
sandy intervals of Serravallian age. In general, the Langhian to Serravallian deposits of Unit V include turbiditic sands and muds and undercompacted shales with sandy and pebbly intervals towards their base. The
angular unconformity underlying these sediments (R5) has been interpreted as being formed during a major
phase of extensional faulting (Comas et al., 1999). The lowermost deposits in the WAB are late Aquitanian (?)
to Burdigalian and consist of mega-breccias and marine olistoliths embedded into overpressured ﬁnegrained sediments forming Unit VI (Figure 2). The undercompacted shales of unit VI and from the base of
unit V (subunit Vb) are the source layer for shale diapirs in the western Alboran Basin (e.g., Pérez-Belzuz,
Alonso, & Ercilla, 1997; Soto et al., 2010).
4.2. Basement
The top of acoustic basement corresponds to several discontinuous reﬂections of high amplitude and normal
polarity forming a major unconformity at the base of the sedimentary cover (e.g., Figure 4). The underlying seismic unit with chaotic and semitransparent facies with low coherence is considered the true basement. In areas
with a thin sedimentary inﬁll the top of basement is clearly visible as a strong reﬂector with good lateral continuity. However, this reﬂector is more difﬁcult to recognise when it lies under sediments thicker than 1 s twtt,
due to the decreasing resolution of seismic proﬁles at greater depths. In such cases, the top of basement has
been inferred. Locally, the top of basement can coincide with erosional palaeo-relief or fault surfaces bounding
basement highs and tilted blocks and in places it consists of Miocene volcanic rocks (e.g., Figure 4).
Wells in the central Alboran Sea did not penetrate basement. However, the Habibas-1 well reached schist
underlying the sedimentary cover at a depth of 4,496.5 m (Kheidri et al., 2000; Medaouri et al., 2014).
Similar lithologies were drilled at DSDP Site 121 and ODP Site 976 on fault block highs in the WAB and along
the northern margin of the basin in Alboran A-1 and Andalucía A-1 wells (Figure 1) (e.g., Jurado & Comas,
1992; Ryan et al., 1973; Soto & Platt, 1999). From these data it can be inferred that the Alboran Sea is underlain
by continental crust. This is in agreement with basin-scale gravity and magnetic data (e.g., Galdeano et al.,
1974; Watts et al., 1993).

5. Isopach Maps
Figure 6 shows the thicknesses of the Miocene and Plio-Quaternary sequences. For each map, faults thought
to be active at each time interval are also shown. As discussed previously due to both imaging issue in the
deep parts of the basin and the lack of stratigraphic data, the Miocene thickness map (Figure 6a) should
be interpreted as a minimum illustrating the regional trend. Further uncertainties in this map result from
the fact that in some places, the acoustic basement probably includes old sediments that were intruded or
overlain by late Miocene igneous rocks (~12 to 6 Ma) (Duggen et al., 2004; Hoernle et al., 1999, and references
therein); and some sediments originally deposited during the Miocene were later removed by erosional
events such as that at M reﬂector times.
The Miocene thickness map illustrates a number of major sedimentary depocentres bounded by faults or volcanic highs (Figure 6a). The main SW-NE trend is clearly visible along the SAB, where sediments reach a maximum thickness of 2 km. In the westernmost part of the EAB, next to the Djibouti High, the SW-NE trending
depocentre is up to 1.5 km thick. The two main troughs drilled at ODP Sites 977 and 978 in the centre of the
EAB also correspond to two SW-NE trending Miocene depocentres up to 2.5 km thick. On the southern margin, a small SW-NE trending depocentre is located west of Melilla with a maximum thickness of ~1.5 km. The
Habibas Basin has a maximum thickness of 2.4 km of Miocene sediments and forms an extensive depocentre.
The depocentres along the axis of the WAB and the Yusuf basin have a secondary NW-SE orientation in contrast to the main SW-NE trend.
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Figure 6. Isopach maps of (a) Miocene and (b) Plio-Quaternary sediments. Main structures active at each time interval are also represented. Contour interval is 500 m.
UTM projection, units in kilometres. The black lines indicate multichannel seismic proﬁles presented in other ﬁgures. The circles are ODP sites 977, 978, 979, and
the Habibas-1 well. Abbreviations: A. Is, Alboran Island; AB, Alidade Bank; AC, Alboran Channel; Af, Al-Idrisi fault; AR, Alboran Ridge; AS, Al-Mansour Seamount;
CB, Câbliers Bank; Cf, Carboneras Fault; CR, Cabo Tres Forcas Ridge; DH, Djibouti High; EAB, East Alboran Basin; HB, Habibas Basin; IB, Ibn-Batouta Bank; PB, Pytheas
Basin; Pr B, Provençaux Bank; SAB, South Alboran Basin; TB, Toﬁño Bank; YB, Yusuf Basin; YE, Yusuf Escarpment; YR, Yusuf Ridge; WAB, West Alboran Basin.
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The Plio-Quaternary thickness map shows that some of the Plio-Quaternary depocentres are co-located with
the main earlier Miocene depocentres along the SAB, EAB, Pytheas, and Habibas basins (Figure 6b). The PlioQuaternary depocentre of the Alboran Channel trends SW-NE and merges with another NW-SE perpendicular
subbasin in the WAB, thus following the older Miocene trends. The Plio-Quaternary ﬁlling of the EAB also has
a complex geometry with several SW-NE to WSW-ENE elongated basin axes penetrated at ODP Sites 977 and
978 and contain up to 1 km of post-Messinian sediments. The two westernmost of these Plio-Quaternary
depocentres thicken and deepen towards the SW, where they merge with a curved depocentre in front of
the Alboran Ridge and Yusuf Escarpment. This arcuate depocentre, whose trend changes from SW-NE to
NW-SE, is asymmetric and contains maximum Plio-Quaternary thickness up to 3 km. Other local maxima of
Plio-Quaternary sediments are found in the Habibas Basin and SW of the SAB, respectively.
Comparing both maps, there are some important changes in basin depocentres through time. Both the SAB
and Habibas Basins evolve to an asymmetric sediment distribution in the Plio-Quaternary, suggesting a postMessinian tilting of these basins. Additionally, the locus of maximum sediment accumulation in the EAB
moved from the east during the Miocene to a curved depocentre in front of the Alboran Ridge and Yusuf
Escarpment, during the Plio-Quaternary. Some Miocene depocentres were no longer important sites of sediment accumulation during the Plio-Quaternary (Figure 6b).

6. Structures and Deformation
6.1. Miocene Structures
Most of the Miocene subbasins are bounded by SW-NE striking normal faults, except for those related to the
NW-SE trending WAB and Yusuf Basin (Figure 6a). Seismic proﬁles show that many of these faults underwent
an overprint of inversion, but in this section, we ﬁrst focus on the extensional deformation. All the Miocene
faults bound tilted blocks of basement, and most of the syn-rift deposits are sealed by the M reﬂector and
covered by a thick sequence of Plio-Quaternary sediments (Figures 7–9). On many seismic proﬁles, strata
can be seen expanding towards the footwall of the faults forming classic syn-rift growth wedges, indicating
that the basins formed due to Miocene-aged rifting (Figures 4, 7, 10, and 11).
In the EAB, a system of Miocene normal fault-oriented SW-NE shows evidence of growth faulting until the
Serravallian-Tortonian (Figures 6a, 9 (short point, SP 2,000–3,500), 10, and 11). Tilted strata of middle
Miocene age occur in the hanging walls of the faults and are truncated by the R4 reﬂector. The R3 reﬂector
seals most of these extensional structures in the EAB. Similar geometries have been observed along the
Yusuf, Pytheas, and Habibas Basins (Figures 6a, 10–12, and 13). For example, in the Yusuf Basin, WNW-ESE
trending, high-angle, normal faults bound a thick Miocene depocentre up to 1.3 s (twtt) (Figure 11). The fault
at ~SP 1250 shows a signiﬁcant normal slip component, and the entire Miocene sequence thickens towards
the NE indicating growth faulting.
6.2. Plio-Quaternary Structures
All the structures active in Plio-Quaternary times show evidence for reverse or strike-slip movement
(Figures 7–11). These include asymmetric folds, reverse faulting producing signiﬁcant vertical displacements
of all the key reﬂectors, and important thickness differences between fault blocks as seen along the northern
margin of the Alboran Ridge. Strike-slip structures are imaged as subvertical overlapping fault segments with
both reverse and normal displacements that cut the entire sedimentary cover and deform the seaﬂoor indicating recent activity (Figures 4, 7, 8, 10, and 11). The main fault and fold systems active in Plio-Quaternary
times coincide in location with earlier zones of Miocene deformation and display the same two structural
trends: SW-NE and NW-SE. However, the SSW-NNE Al-Idrisi fault marks a new fault trend that cuts obliquely
the westernmost sector of the Alboran Ridge (Figure 6b).
The northern ﬂank of the Alboran Ridge is a south-dipping reverse fault with an arcuate trace in plan view and
listric geometry in section (Figure 9). This fault zone curves to WNW-ESE orientation and links with the structures in the Yusuf fault zone to the east (Figure 6b). Uplift along the Alboran Ridge is documented by thinning
of post M-reﬂector seismic units towards the anticline culmination and several angular unconformities
(Figures 7, 8, and 9). The pl reﬂector marks a change of seismic facies from predominantly transparent
Pliocene layers to mostly high-amplitude Quaternary units, and it reﬂects a change to more coarse-grained
lithologies as a consequence of uplift and relief generation since ~2.45 Ma (e.g., Figures 7 and 12).
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Figure 7. (a) Uninterpreted and (b) interpreted multichannel seismic section from the Alboran Channel to the North African Margin. Key reﬂectors, age of unconformities, and seismic units as in
Figure 4. The dashed lines indicate tentative position of top of basement. The double arrows indicate Miocene normal faults inverted as reverse during the Plio-Quaternary. Location of seismic
line is shown in Figures 3 and 6.
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Figure 8. (a) Uninterpreted and (b) interpreted multichannel seismic section across the Alboran Channel, central Alboran Ridge, and SAB. Key reﬂectors, age of unconformities, and seismic units as in
Figure 4. The dashed lines indicate tentative position of top of basement. The double arrow indicates a Miocene normal fault inverted as reverse during the Plio-Quaternary. Note the two growth
wedges in Miocene sediments on the southern side of the Alboran Ridge and the SAB that thicken in opposite senses (SP 6,050–6,300): Unit IV (i.e., below R3 reﬂector) thickens towards the SE, while
unit III (i.e., between R3 and R2 reﬂectors) thickens towards the NW. Location of seismic line is shown in Figures 3 and 6.
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Figure 9. (a) Uninterpreted and (b) interpreted multichannel seismic section across the EAB, eastern Alboran Ridge, and SAB. Key reﬂectors, age of unconformities, and seismic units as in Figure 4.
Note that the north-directed thrusting along the northern Alboran Ridge produced uplift of the Miocene depocentres on its hanging wall block causing basin inversion along the ridge itself and the
SAB during the Plio-Quaternary. The dashed lines indicate tentative position of top of basement. The location of seismic line is in Figures 3 and 6.
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Figure 10. (a) Uninterpreted and (b) interpreted multichannel seismic section across the EAB and Yusuf Escarpment. Key reﬂectors, age of unconformities, and seismic units as in Figure 4. Note pre-M
extensional structures and tilted blocks sealed by Plio-Quaternary sediments. The dashed lines indicate tentative position of top of basement. The location of seismic line is shown in Figures 3 and 6.
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Figure 11. (a) Uninterpreted and (b) interpreted multichannel composite seismic section across the EAB and Yusuf Basin and ridge. Key reﬂectors, age of unconformities, and seismic units as in
Figure 4. Note two small subbasins separated by a basement high in the EAB and perched sedimentary sequences on the margins of the Yusuf Basin. The dashed lines indicate tentative position
of top of basement. The location of seismic line is shown in Figures 3 and 6.
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Figure 12. (a) Uninterpreted and (b) interpreted multichannel seismic section across the Pytheas Basin and Provençaux Bank. Key reﬂectors, age of unconformities,
and seismic units as in Figure 4. The dashed lines indicate tentative position of top of basement. Note that Plio-Quaternary deposits seal most of pre-M extensional
structures. The location of seismic line is shown in Figures 3 and 6.
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Figure 13. (a) Uninterpreted and (b) interpreted multichannel seismic section across the Habibas Basin. Key reﬂectors, age of unconformities, and seismic units as in
Figure 4. Note growth wedge geometry for the lowermost deposits. The double arrows indicate inverted faults. The dashed lines indicate tentative position of top of
basement. The location of seismic line is shown in Figures 3 and 6.
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In the Yusuf Escarpment, post-Messinian deformation is concentrated along a narrow fault zone, ~4 km wide,
with many subvertical faults and small normal slip components (Figure 10). Towards the east, the Yusuf fault
zone becomes wider and comprises several faults with larger normal slip components, which bound the
elongated and folded Plio-Quaternary depocentre of the Yusuf Basin (Figure 11). It should be noted that in
the eastern sector of the Yusuf fault zone, the Miocene faults are reactivated, in contrast to the western sector
where new faults were generated during the Plio-Quaternary (cf. Figures 10 and 11).
In many cases, the hanging wall blocks of Plio-Quaternary reverse faults contain folded and uplifted Miocene
growth wedges indicating abundant post-Miocene reactivation and inversion (Figures 5, 7–9, and 13). The
southern part of the Al-Idrisi fault zone is an example of an inverted structure that still remains in net extension (Figure 5). The strata between R5 and R3 reﬂectors can be seen expanding towards the SE in the hanging
wall block of a Miocene normal fault (SP 2,750–3,750). Nevertheless, the whole sedimentary sequence is folded
and uplifted in the Toﬁño Bank and all the post-R2 seismic units thin towards the Alboran Ridge. These
observations indicate that progressive, syn-sedimentary uplift occurred in this area at least since the Messinian.
Some other examples can be found along the Alboran Ridge, where we have mapped several asymmetric
wedges of Miocene sediments that indicate the location of early syn-Miocene extensional activity on these
faults. For example, Figure 7 shows that the core of the western Alboran Ridge comprises a fold involving
Miocene sediments (shot points (SP) 2,100 to 2,500). At present day, these deposits form the hanging wall
of a Plio-Quaternary reverse fault, but they thicken towards the NW. These observations suggest that the
SE-dipping fault was originally an extensional fault in the Miocene forming a half-graben ﬁlled by sediments
that were later inverted. Similarly, there are other growth wedges in the southern slope of the Alboran Ridge
(Figure 8, SP 6,025 to 6,300). In this case the R3 and M reﬂectors bound a sedimentary sequence thickening
towards the NW that suggests the existence of an SE-dipping extensional fault active in late Miocene times.
Inversion and uplift are demonstrated by the fact that the syn-growth wedge is folded and covered by a thick
Plio-Quaternary sequence of about 1,200 ms (twtt) in the SAB that progressively thins to ~200–400 ms (twtt)
in the slope of the Alboran Ridge, where the sequence is uplifted about 1,700 ms (twtt) compared to the
wedge apex in the centre of the SAB.
The SE margin of the Habibas Basin is formed by a Miocene half-graben with a northwest-facing border fault
(Figures 6a and 13). The basin is ﬁlled with a syn-rift Miocene sequence, penetrated at Habibas-1 well, which
expands towards the footwall scarp and reaches a maximum thickness up to 1.7 s (twtt). The growth wedge is
uplifted close to the normal fault, and all the sediments below the p2 reﬂector are folded.

7. Timing and Distribution of Tectonic Inversion
The spatial and temporal distribution of deformations is summarized in Figure 14. The main areas of
Plio-Quaternary uplift (stippled pattern) are superimposed on the distribution of Miocene depocentres and
structural interpretations in Figure 14a. Areas undergoing uplift are deﬁned as those where any of the p2 to
q1 surfaces form strong erosional angular unconformities documenting the main Plio-Quaternary tectonic
events (Martínez-García et al., 2013). Thus, the portions of Miocene depocentres matching the shaded stippled
pattern represent those parts of the extension-related basins that were uplifting in late Pliocene to Quaternary
times. Inversion is mainly focused along two SW-NE trending domains: (1) the western Alboran Ridge and locally
affecting some nearby sectors of the SAB and WAB and (2) the southeastern part of the Habibas Basin. Other
small portions of uplifted Miocene depocentres occur along the Yusuf fault zone and small folds in the EAB.
Spatial and temporal constraints based on the geometry of sedimentary units and the position of key reﬂectors along the different fault blocks of inverted faults indicate that the studied structures have different magnitudes of tectonic inversion. Tectonic inversion was partial along the central Alboran Ridge and Habibas
Basin (Figures 8, SP 6,025–6,300 and 13, SP 1,900–2,550). In both cases, the uplifted hanging walls, which contain deformed syn-rift sequences, still remain in net extension with respect to the footwalls, and none of the
syn-rift markers have reached their null points revealing that shortening did not compensate the bigger
amount of previous Miocene extension. Thinning of postrift units mainly occurs next to the reactivated fault
planes. Conversely, in the western Alboran Ridge, tectonic inversion was complete (Figure 7). The syn-rift
sequence, originally deposited along a Miocene half-graben, has been totally inverted and folded, becoming
an uplifting high with little to no Plio-Quaternary sediments on top.
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Figure 14. (a) Map comparing the distribution of Miocene depocentres (Figure 6a) with the main Plio-Quaternary uplifting realms, where the p2 to q1 surfaces are
signiﬁcant erosional angular unconformities (Martínez-García et al., 2013). Note uplifted Miocene depocentres related to inverted faults along the Toﬁño Bank,
Alboran Ridge, SAB, and Habibas Basin. (b) Magnetic anomalies and tectonic map. (e) The blue and grey arrows indicate minimum magnitudes of Miocene extension
(E) and late Pliocene to Holocene shortening (S), which were estimated for the top of basement and p2 reﬂectors (~3.28 Ma), respectively, using line-length
restoration analysis from depth-converted interpretations of seismic proﬁles. Estimations in North Morocco come from Azdimousa et al. (2007). The map of magnetic
anomalies is taken from Willet (1997). Abbreviations: A. Is, Alboran Island; AC, Alboran Channel; Af, Al-Idrisi fault; AR, Alboran Ridge; AS, Al-Mansour Seamount;
BB, Boudinar Basin; Cf, Carboneras Fault; CR, Cabo Tres Forcas Ridge; DH, Djibouti High; EAB, East Alboran Basin; HB, Habibas Basin; MB, Melilla Basin; PB, Pytheas
Basin; SAB, South Alboran Basin; TB, Toﬁño Bank; YB, Yusuf Basin; YE, Yusuf Escarpment; YR, Yusuf Ridge; WAB, West Alboran Basin.
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Figure 15. Depth-converted interpretations of selected segments of seismic proﬁles presented in other ﬁgures, which were obtained using the interval sonic velocities (Vp) shown in Figure 2. Depths in metres below sea level. The major, inverted, syn-rift growth wedges are shown in grey. The location of proﬁles is shown in
Figure 3.

The timing of inversion is also variable. The Habibas half-graben began to shorten in late Tortonian times as
seismic units on top of the R3 reﬂector do not show any more growth-strata towards the footwall scarp.
Instead, post-R3 units thin towards the fault revealing its reverse reactivation (Figure 13). The M reﬂector seals
the fault zone, indicating that it became inactive before the Plio-Quaternary. However, the gentle anticline
deforming the sediments between the R3 and p2 reﬂectors at ~SP 2,500–2,700 might indicate a further continued reactivation and uplift caused by early Pliocene shortening along the Habibas Basin. In the EAB, SW-NE
trending anticlines linked to underlying Miocene normal faults also suggest contractional fault reactivation,
but starting at post-R4 times and ending at p2 reﬂector times (Tortonian to late Pliocene) (Figure 9, SP 2,400
and 3,300). In contrast, in the southern Al-Idrisi fault and central Alboran Ridge, the switch from thickening
pre-R2 Miocene sediments towards the fault to thinning of the most recent overlaying units into the
Alboran Ridge anticline suggests that inversion started in the latest Tortonian and continued to the present
day (Figure 5, SP 1,500–3,750; Figure 8, SP 6,025–6,300). In the western ridge, the main uplift due to inversion
and folding has occurred since the early Pliocene as revealed by the p3 to q1 unconformities and expansion
of sedimentary sequence away from the Alboran Ridge (Figure 7).

8. Extension and Shortening Strain Estimations
We used depth-converted interpretations to estimate the amount of extension and shortening (Figure 15).
The depth-converted data show that in general, Miocene normal faults have variable dips and they are often
listric in geometry. High-angle normal faults (~45°–65°) are mainly located along the margins of the main SW-
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NE trending basin (e.g., SP 2,100 in Figure 15c; SP 1,525 in Figure 15d; SP 2,560 in Figure 15e). Within synthetic
systems of normal faults, the dips progressively decrease towards the basin centres, and faults in the inner
parts of the basin are typically lower angle. (e.g., Figure 15c, SP 2,000–3,525). The inverted Miocene structures
along the Alboran Ridge and Habibas Basin are listric faults. Their dips range from ~60° on the shallower parts
to 20°–30° in depth (Figure 15b, SP 2,500–2,400; Figure 15e, SP 2,450–2,560).
The amount of Miocene extension (E) was determined for the top of basement and compared to the later
shortening (S) (Figure 14b). The distribution of magnetic anomalies revealing the location of main volcanic
intrusions is also shown. The uncertainties in the position of the top of basement for the deepest basins
were taken into account considering the maximum and minimum possible basement depths in each section. Magnetic data also helped to better constrain the geometry of the top of the basement. The potential
errors derived from this method limitation are always less than 5% of the obtained values of E. We estimated
shortening (S) values for the p2 reﬂector (~3.28 Ma; Figure 2) because the older post-Messinian unconformity, the p3 reﬂector, has a limited presence in the area (Martínez-García et al., 2013). Thus, the S values presented here are minimum and only represent late Pliocene to present-day shortening. It should be also
noted that line-length restorations underestimate E and S, as they do not include (1) thickness variations
during deformation; (2) subseismic-scale structures; (3) displacements due to oblique deformation and
strike-slip components; and (4) the amounts of E that cannot be measured because of later inversion. The
last factor is probably the most important for the measurement of inversion-related strain for the Alboran
Sea, as most of shortening is accommodated by reverse fault displacement of former extensional faults that
needed to have all their normal-sense displacement “restored” before they begin to accumulate net reverse
offset. The values in Figure 14b are therefore only ﬁrst order, minimum estimations.
Maximum amounts of extension are up to 17 km in the easternmost part of the WAB and trend SW-NE
(Figure 14b). The axis of the extensional strain has a similar orientation in the Yusuf Basin and further to
the east towards the Algerian Basin, but the magnitudes are considerably smaller (5–6 km). In both the
southwestern SAB and the EAB, the amount of extension is up to 10 km and the inferred extension direction is NW-SE. The extension in the Pytheas and Habibas basins was WNW-ESE directed, but the calculated
magnitudes are smaller (4–6 km). In comparison, the shortening directions are largely consistent across the area
and mainly trend NW-SE, perpendicular to the strike of the Alboran Ridge and oblique to the Al-Idrisi fault zone.
Maximum values, up to 2 km, are found at the central Alboran Ridge and decrease to 1–1.5 km towards its
northeastern and southwestern ends. The estimated shortening for the Habibas Basin is less than 1 km.

9. Discussion
9.1. Miocene Rifting in the Alboran Sea Basin
Crustal stretching and rifting of the Alboran Domain started at about 27 Ma (late Oligocene) according to
exhumation histories of metamorphic rocks from the basin basement (e.g., Platt et al., 1998). Rapid subsidence took place from the early Miocene to Langhian-Messinian and was followed by a slower thermal subsidence until the present day (e.g., Docherty & Banda, 1995 ; Hanne et al., 2003 ; Watts et al., 1993). Extension
started while the region was elevated above sea level and denuded the thickened continental curst in the
inner part of the Alpine collisional orogen. At ~23–18 Ma (Aquitanian?-Burdigalian), tectonic subsidence gave
way to a marine transgression, as indicated by the presence of marine deposits encountered in the WAB
where the Alboran Sea began to form (e.g., Chalouan et al., 1997; Iribarren, Vergés, & Fernàndez, 2009;
Jurado & Comas, 1992; Pérez-Belzuz et al., 1997). Miocene tectonic subsidence was controlled by extensional
systems of low-angle, normal faults, and ceased by late Tortonian (~9 Ma) (Bourgois et al., 1992; GarcíaDueñas et al., 1992; Martínez-Martínez & Azañón, 1997). Onshore, in the central Betics, a Burdigalian to
Langhian system produced NNW-SSE extension, and Serravallian to lower Tortonian faults controlled a later
episode of NE-SW extension (Martínez-Martínez, Soto, & Balanyá, 2004, and references therein). In the Rif,
Tortonian deposits seal normal fault systems that show extension with SSW-directed or NE-directed transport
directions (e.g., Booth-Rea et al., 2012; Chalouan et al., 2008) (Figure 1). The Jebha and Nekor faults acted as
left-lateral transfer faults accommodating variable rates of extension between the major normal-fault systems during the Oligocene to middle Miocene (e.g., Achalhi et al., 2016; Benmakhlouf et al., 2012; GalindoZaldívar et al., 2015). A later Miocene N-S extension controlled the formation of the southern Melilla Basin
(e.g., Azdimousa et al., 2007). Offshore, extension had a top to the S to SE sense of movement along the
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Figure 16. 3D sketches summarizing the tectonic inversion of the central and southeastern Alboran Sea. The evolution is analysed comparing two stages during the
late Miocene and late Pliocene. Miocene deformation took place in context of west directed movement of the entire basin. Abbreviations: AC, Alboran Channel;
AR, Alboran Ridge; CB, Câbliers Bank; CR, Cabo Tres Forcas Ridge; DH, Djibouti High; EAB, East Alboran Basin; HB, Habibas Basin; PB, Pytheas Basin; SAB, South Alboran
Basin; YB, Yusuf Basin; YR, Yusuf Ridge.

northern Alboran margin changing to a dominantly NE transport direction in the WAB, but little is known about the
extension trends in other sectors of the Alboran Sea (Ammar et al., 2007; Chalouan et al., 1997; Comas et al., 1999).
Figure 14 suggests a crustal extension of ~20%, which is insufﬁcient to explain the generation of the accommodation space of the observed Miocene depocentres that reach up to 2.5 km (Figure 6a). Previous independent estimates of extension obtained from backstripping analyses of well data at the northern
margin of the basin reveal much greater amounts of extension, with β-factors of 1.4 to 2, indicating that
rapid lithospheric stretching thinned the crust below the Alboran Sea to 15–20 km (Docherty & Banda,
1995; Hanne et al., 2003; Watts et al., 1993). Flexural modelling suggests that the shallow emplacement
of asthenosphere created a large thermal sag in the WAB overprinting the effects of rifting (Do Couto
et al., 2016; Morley, 1993). This is in agreement with the onlapping distribution of Miocene sediments in
the EAB, where each unit covers the lower one, leading to the expansion of the basin area (Figures 9 and 10).
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Tortonian magmatic activity may also have masked the importance of the extension as volcanic rocks may
have intruded along Miocene fault planes obscuring any imaging of greater displacements (Figure 16a).
Calculation of extension using regional-scale seismic sections underestimates the true amount of extension
because the contribution from smaller faults beneath seismic resolution is omitted. Nevertheless, the
distribution and geometries of Miocene structures reported here for the less explored sectors of the
Alboran Basin can shed light on the knowledge of the rifting episode at a regional scale. The predominant
trend of Miocene extension in the central and southeastern Alboran is NW-SE (Figure 14b). Comparing the
directions previously recognized for the WAB and the Betic and Rif margins (Figure 1) with this inferred
NW-SE extension along the Alboran Ridge, SAB, and Habibas Basin, an extensional system with an overall
radial pattern that seems to mimic the curved shape of the orogenic front can be reconstructed. It should also
be noted that ~200 km of N-S convergence between the Eurasian and African plates was synchronous with
the oblique SW-directed migration by ~250 km of the entire Alboran Domain during the Miocene (e.g.,
Andrieux et al., 1971; Dewey et al., 1988; Platt & Vissers, 1989; García-Dueñas et al., 1992; Rosenbaum et al.,
2002). Considering this complex scenario, the Miocene SW-NE trending normal faults recognized in the central
and southern Alboran Sea could have had a signiﬁcant strike-slip left-lateral component and therefore may have
acted as transtensional structures. This is consistent with the Miocene strike-slip movement of the SW-NE trending
Jebha and Nekor faults reported onshore Morocco (e.g., Achalhi et al., 2016; Azdimousa et al., 2007; Benmakhlouf
et al., 2012; Chalouan & Michard, 2004) and would also agree with the hypothesis that the Alboran Channel began
to form as a Miocene transtensional corridor bounded by two SW-NE trending faults (Willet, 1997).
The WAB and northern Alboran margin contains up to 6 km of Miocene sediments, with the oldest deposits
being ~23–18 Ma (Aquitanian?-Burdigalian), with rifting ending between 9 and 7 Ma (Tortonian) (Comas et al.,
1999). We deduced a similar age of end of rift-related extension in the central and southeastern Alboran Sea.
However, the oldest deposits in the study area penetrated at Habibas-1 well are Serravallian and the preserved
Miocene depocentres are 2.5–3.5 km thick in the EAB. Thus, Miocene sediments in the central and southeastern
Alboran Sea are probably younger and thinner than those in the western and northern parts of the basin.
Onshore-offshore correlations indicate that the Boudinar and Melilla basins are the emergent parts of the SAB
(Achalhi et al., 2016; Cornée et al., 2016) (Figure 1). The two main structural trends in the Moroccan basins can
be correlated with the extensional episodes recognized in the Alboran Sea. SW-NE trending extensional
detachments exhumed the metamorphic basement of the Boudinar and Melilla basins during the Tortonian
indicating a top to the SW sense of movement (e.g., Azdimousa et al., 2007; Booth-Rea et al., 2012) (Figures 1
and 14). This extension was synchronous with the left-lateral movement of the Nekor Fault and resulted in
the opening of continental basins at ~10.5 Ma (Chalouan et al., 2008; Cornée et al., 2016; Galindo-Zaldívar
et al., 2015). In the Melilla Basin, the low-angle extensional detachments were cut by later WSW-ENE trending
systems of high-angle normal faults recording a younger episode of N-S extension. Marine ingressions from
the Alboran Sea to the North African basins occurred from late Tortonian to Quaternary (Achalhi et al., 2016;
Poujol et al., 2014). Thus, the offshore Miocene SW-NE trending depocentre to the NW of Melilla might be the
continuation of the northern Melilla Basin (Azdimousa & Bourgois, 1993) (Figure 14).
The age and orientation of Miocene extensional systems in the central Alboran Sea also resemble their analogue structures to the east in Algeria (Figure 1). The SW-NE to WSW-ENE trending systems of normal faults
in the Algerian margin subbasins are ﬁlled by syn-rift deposits and mostly sealed by Messinian sediments
(e.g., Domzig et al., 2006; Mauffret, 2007; Rehault, Boillot, & Mauffret, 1984; Yelles et al., 2009). Crustal
thinning along the Algerian margin was greater than the Alboran area and led to W-E to SW-NE directed
sea-ﬂoor spreading at ~16–8 Ma and formation of oceanic crust (Galdeano, 1974; Catalano et al., 2000;
Mauffret et al., 2004; Strzerzynski et al., 2010). The transition from the thin continental crust of the
Alboran area to oceanic crust in the Algerian Basin is progressive and occurs along the EAB, where magmatic
intrusions show a combination of tholeiitic and calc-alkaline signatures characteristic of immature oceanic or
transitional crust (e.g., Duggen et al., 2004; Giaconia et al., 2015). In this setting, the Miocene normal faults
along the Yusuf and Habibas escarpments played an important role forming a lithospheric boundary
between the thinned continental crust of Alboran and the new oceanic basement of the Algerian Basin
(Leprêtre et al., 2013; Medaouri et al., 2014). The Miocene Yusuf fault could have had a signiﬁcant left-lateral
strike-slip component, as its WNW-ESE trend was oblique to the SW-directed migration of the Alboran
Domain (Figure 16a). Similar Miocene kinematics has been inferred for the Habibas Escarpment, marking
the steep margin transition from the Tell continental domain to the Algerian Basin (Medaouri et al., 2014)
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(Figure 1). The Yusuf fault acted therefore as a buttress separating two areas with contrasting styles of extension: the radial pattern of rifting along the western and central Alboran Sea and the SW-NE extension to the
east, which affects the transitional magmatic crust in the EAB and links to the SW-NE to W-E opening of the
oceanic Algerian Basin.

9.2. Postrift Partial Inversion and Controlling Factors
Tectonic inversion and strike-slip faulting occurred in the Alboran Sea Basin from the latest Tortonian to present day (Bourgois et al., 1992; Comas et al., 1992, 1999; Woodside & Maldonado, 1992), when the renewed
NW-SE African/Eurasian plate-convergence became dominant and produced ~50 km of shortening (Jolivet &
Faccenna, 2000; Morel & Meghraoui, 1996; Rosenbaum et al., 2002). Our results show that this inversion was
partial and varied through space and time. Partial positive tectonic inversion took place along the Habibas
Basin and EAB during the late Tortonian to Pliocene (Figures 9 and 13; R3 to p2), but most of the inversion
was concentrated along the Alboran Ridge from early Pliocene to present day (Figures 7, 8, and 14a). This
event is evident in the central and western parts of the ridge, where shortening produced reactivation of
some SW-NE Miocene faults and anticline folding. To the west of our study area, El-Jebha well penetrated
a similar uplifted and folded Miocene depocentre with thin Pliocene sequences on top forming the Xauen
Bank offshore of Morocco, which is the southwestern prolongation of the Alboran Ridge (Figure 1;
Bourgois et al., 1992; Do Couto et al., 2016). Thus, the Xauen Bank and the western Alboran Ridge were
probably part of the same subsiding Miocene depocentre that became an uplifting high. The Miocene
sequence in the El-Jebha well contains several overpressure levels that accommodated part of the shortening
resulting in shale tectonics in the WAB, which is coeval with the Plio-Quaternary uplift of the Alboran Ridge to
the east. In addition, our ﬁndings demonstrate that the SSW-NNE trending Al-Idrisi fault that marks the
boundary between the Alboran Ridge and Xauen Bank is another example of tectonic inheritance. At least
the southern segment of the Al-Idrisi fault is a partially inverted Miocene structure producing synsedimentary uplift since the Messinian, being therefore an older structure than previously considered
(Figure 5) (Grevemeyer et al., 2015; Martínez-García, Soto, & Comas, 2011). Inversion of Miocene normal faults
has also been reported on the Moroccan margin occurring at a similar time mainly along the Bokkoya fault
(Figure 1) (Chalouan et al., 1997; d’Acremont et al., 2014). Some Miocene extension-related structures in
the WAB were also reactivated and shortened during the Plio-Quaternary (Comas & Soto, 1999). All these
observations suggest that although the Alboran Ridge and Xauen Bank accommodated most of the contraction during the late Pliocene, the inversion was more widely distributed.
The inverted structures along the Alboran Ridge and Habibas Basin are examples of classical positive inversion, where the fault reactivations produced a change of the dip-slip component from normal to reverse
(Williams, Powell, & Cooper, 1989). In contrast, the reactivation of the Yusuf fault zone is more complicated
and includes a lateral component of motion (Figure 16). The Plio-Quaternary right-lateral displacement
along Yusuf fault is an expression of the NW-SE convergence of the African and Eurasian plates (e.g.,
Alvarez-Marrón, 1999; Mauffret et al., 2007; Willet, 1997; Woodside & Maldonado, 1992). Our results show that
the Yusuf fault has an earlier history and formed during the Miocene rifting. Older normal fault planes were
reactivated in the Plio-Quaternary with oblique-slip motion (Figure 11). Reactivation mainly occurred in the
eastern sector of the fault zone, while new subvertical fault planes with minor normal components of displacement were generated at its westernmost part cutting previous Miocene depocentres (cf. Figures 6a and 6b,
10, and 11). The WNW-ESE Yusuf fault zone could have had a left-lateral transtensional movement accommodating the oblique migration of the Alboran Domain during the Miocene, and it changed to predominantly
right-lateral at Plio-Quaternary times, once the westwards migration and extension ﬁnished and NW-SE shortening and inversion prevailed (Figure 16) (Bourgois et al., 1992; Giaconia et al., 2015; Martínez-García et al.,
2013; Strzerzynski et al., 2010; Yelles et al., 2009).
Figure 14 shows that tectonic inversion in Alboran was very localised as it only affected some fault segments
from the extensive set of preexisting normal faults. The orientation of the Miocene normal faults with respect
to the renewed NW-SE Africa/Eurasia plate convergence vector seems to be a major controlling factor on
which faults were reactivated. Those that accommodated the inversion are faults either subperpendicular
or oblique to subparallel to the convergence vector and reactivated in either a reverse (i.e., Alboran Ridge
and Habibas) or strike-slip (i.e., Yusuf fault) sense. Nevertheless, other factors must have played a
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signiﬁcant role as only some of the favourably oriented SW-NE Miocene faults were reactivated and new
faults and folds were also formed (Figure 6).
Sandbox analogue modelling and ﬁeld studies reveal that the dip of the original normal faults is also an
important factor controlling inversion (e.g., Dart, McClay, & Hollings, 1995; Eisenstadt & Withjack, 1995;
Marques & Nogueira, 2008). One of the most obvious features of depth-converted sections in Figure 15 is
how variable the dips of Miocene normal fault are (15–65°). During the ﬁrst stages of crustal extension in
Alboran, all these faults must have had the typical high-angle of normal faults (55–65°), but with continued
extension, sets of normal faults dipping in the same direction and their intervening fault blocks may rotate
progressively to lower dips in a domino-like manner (e.g., Mandl, 1987). Then, the lowest dipping faults in
a rotated set may be preferentially reactivated in compression (e.g., Bonini, Sani, & Antonielli, 2012; Kelly
et al., 1999; Sibson, 1995). The structure observed along the EAB, where Tortonian to Pliocene anticlines
are spatially linked to underlying normal faults comprising uplifted and folded Miocene thickening syn-rift
wedges (Figures 9 and 15c, SP 2,400 and 3,300, top basement to p3 reﬂectors), is consistent with these
mechanisms that explain the onset of inversion in the central part of the basin coinciding with areas of greatest former extension. Although we cannot be sure that the major reverse fault to the north of the Alboran
Ridge was active before the Messinian, it is possible that this is another Miocene inverted normal fault forming part of the same set of south-dipping faults. All the inverted normal faults in the Alboran Ridge have listric
geometries (Figures 7–9). Similar observations can be made for the partially inverted structures of the Al-Idrisi
fault and Habibas Basin (Figures 5 and 13). It suggests that the listric geometry of some normal faults
favoured their reactivation in compression due to their low dip at deeper structural levels similarly to the
behaviour predicted by experimental models (e.g., Bonini et al., 2012; Eisenstadt & Withjack, 1995). For faults
of low dip, preferential fault reactivation occurs where ﬂuid pressure levels are locally elevated. Thus, the location of the thickest accumulation of sediments, where ﬂuid content is likely to be greatest, provides another
mechanism of selective reactivation (e.g., Kelly et al., 1999; Sibson, 1995). This may explain that most of the
inversion in Alboran occurs along the Alboran Ridge and the Habibas half-graben where listric faults and thick
depocentres coincide (Figures 6, 7, and 13).
The role of rheological anisotropies in the continental basement is also likely to be important. Inversion and
reactivation only continued until the present day in areas that experienced young volcanism, for example,
along the Alboran Ridge and Yusuf fault zones, where volcanic rocks intruded at 9.4–9.6 Ma and ~10.7 Ma,
respectively (e.g., Duggen et al., 2004; Hoernle et al., 1999). The large curved magnetic anomaly along the
central part of the basin marks the location of the Tortonian magmatic province, probably coinciding with
the axis of greatest Miocene extension (Figure 14b). Therefore, these magmatic intrusions represent a prominent crustal heterogeneity that helped to focus stress leading to preferential tectonic inversion and strike-slip
reactivation (Figure 16).

10. Conclusions
1. Normal faults, tilted blocks of basement, and syn-rift Miocene growth wedges document Miocene
extension with a predominant NW-SE trend in the central and southeastern Alboran Sea. The WNW-ESE
Yusuf zone acted as a buttress between the continental rifting in Alboran and a secondary SW-NE trend
of extension affecting the transitional crust of the EAB that links to the oceanic spreading of the
Algerian Basin.
2. The preserved Miocene depocentres in the central and southeastern Alboran, where the oldest deposits
are of probable Serravallian age, are younger and thinner than those in the western and northern parts of
the basin (2.5–3.5 km in the EAB versus up to 6 km in the WAB). Rifting ﬁnished at mid-Tortonian in the
WAB, EAB, and Habibas Basin. Abundant volcanic rocks were intruded along the Alboran Ridge and
Yusuf fault zones between ~9.4 Ma and ~10.7 Ma in the basin centre, where crustal thinning was greatest.
3. Post-Tortonian NW-SE shortening produced tectonic inversion distributed in time and space along the
Habibas Basin and the Alboran Ridge, Yusuf, and Al-Idrisi faults. Inversion was partial, and some reactivated faults are still in net extension. Complete, positive, inversion occurred along the Alboran Ridge since
the latest Tortonian to present day and a major uplift episode culminated at ~2.45 Ma. The Yusuf fault was
also partially reactivated at a similar time, but with an additional component of strike-slip motion
generating transpressional structures.
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4. A number of factors controlled the selective tectonic inversion: (1) orientation of the Miocene normal
faults with respect to the Plio-Quaternary NW-SE Africa/Eurasia plate convergence vectors; (2) original
dips and geometries of Miocene faults; (3) higher ﬂuid content along the thickest sedimentary accumulations; and (4) abundant magmatic intrusions along the Alboran Ridge and Yusuf fault zones helped to
focus recent deformation at prominent rheological boundaries.
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