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ARTICLE INFO ABSTRACT
Keywords: In the Alboran Sea there are a few well exposed Neogene and Quaternary volcanic zones, often geographic highs,
Magnetic anomalies that are generally associated with magnetic anomalies. In this paper, we present a characterization of these
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Continental collision
Alboran Sea development

magnetic anomalies based on a recent and accurate magnetic data compilation for the Abloran Sea area. The
anomalies reveal the distribution of magmatism and shed light into the discussion about the origin and evolution
of the westernmost Mediterranean. One of the most relevant magnetic anomalies is the Nador dipole, which
extends from the Gourougou volcano to the Chafarinas Islands, and is related to an E-W crustal scale intrusion.
However, the main NE-SW elongated continuous dipoles of the central Alboran Sea are not related to any surface
structure, but they are parallel to the Alboran Ridge, which is the main volcanic high in the Alboran Sea, and are
located to the north of it. These anomalies extend discontinuously eastward along the NW-SE dipoles located
along the Yusuf fault zone. The results of our 2D magnetic forward modeling suggest that the causative bodies of
these main magnetic dipoles are deep igneous bodies. According to the tectonic evolution of the region, and the
high magnetic susceptibility values obtained, these igneous bodies probably are made of a basic igneous rocks.
Their emplacement may represent the westward tip of the rift axis of the AlKaPeCa Domain, which is related to
the Oligocene-Miocene NW-SE extension, and associated with the southern slab retreat stage and oceanic
spreading of the Algerian basin. Afterwards, these bodies were displaced toward the west, together with the
Alboran Domain, and affected by the STEP fault located at its southern limit. Since the Late Miocene, the north
Alboran Ridge elongated intrusions acted as a backstop that conditioned the folding and uplift of the Alboran
Ridge in a tectonic indentation setting. In this setting, the STEP fault is deformed and the eastern part of the
bodies were segmented along the Yusuf transtensional fault system. Simultaneously, the E-W crustal body related
to the Nador magnetic dipole was emplaced, possibly evidencing a slab tearing process. The deep seated basic
igneous bodies constitute main crustal heterogeneities that reveal and drive the Alboran Sea tectonic inversion.

1. Introduction consequence of a slab rollback (Heuret and Lallemand, 2005 and ref-
erences therein). The rifting and magmatism associated to the spreading

Back-arc basins are extensional structures formed in active conti- of back-arc basins may lead to the emplacement of igneous bodies that
nental margins generally related to oceanic lithosphere subduction may be characterized by magnetic anomalies (Bohoyo et al., 2002;
(Taylor, 2013 and references therein). Extension in these basins is the Catalan et al., 2013; Lawver and Hawkins, 1978; Taylor et al., 1996;
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Weissel, 1981). Therefore, an analysis of the igneous bodies based on
magnetic studies can provide clues for decoding the onset and evolution
of back-arc basins.

The Western Mediterranean is a relevant area of back-arc basin
occurrence, due to the slab rollback of the subducting African plate,
which started during the Oligocene, and resulted in the extension and
fragmentation of the southwestern margin of Europe (Doglioni, 1991;
Gueguen et al., 1997, 1998; Malinverno and Ryan, 1986; Royden, 1993;
Schettino and Turco, 2011; Spakman et al., 2018; Spakman and Wortel,
2004). The migration of arcs and collision with the nearby continental
margins led to the formation of arc-shaped alpine orogens (Fig. 1a) and
the extension in the fore-arc and back-arc basins, which ultimately un-
derwent tectonic inversion (Faccena et al., 2014; de la Gomez Pena
et al., 2020b; Yelles et al., 2009; and references therein). This is the case
of the Gibraltar Arc, formed by the Betic and Rif Cordilleras, which
encircles the Alboran Sea (Fig. 1, Comas et al., 1992; Corsini et al.,
2014). The Internal Zones of the Gibraltar Arc (both those of the Rif and
Betic Cordilleras) and the basement of the Alboran Sea basin constitute
the Alboran Domain (Fig. 1b).

Two main groups of hypotheses have been proposed to explain the
origin of the Alboran Domain extension. On one side, the lithospheric
delamination hypotheses (e.g., Baratin et al., 2016; Mancilla et al., 2013;
Seber et al., 1996; Valera et al., 2008), and on the other the subduction

10 q° 1 O“’

Marine Geology 443 (2022) 106696

with slab rollback starting from the Miocene (e.g. Blanco and Spakman,
1993; Gutscher et al., 2012; Spakman et al., 2018; Fig. 1a). Tomographic
results support a subduction system that is related to the Gibraltar Arc
(Garcia-Castellanos and Villasenor, 2011; Spakman and Wortel, 2004)
more in accordance with the model of slab rollback and lithospheric
tearing at the edges (e.g., Chertova et al., 2014; Faccena et al., 2014).
Several paleogeographic reconstructions propose two consecutive stages
of slab retreat since the Oligocene (e.g. Driussi et al., 2015). The first one
is a south-eastern slab retreat that would have led to the displacement
and initial extension of the Alboran Domain, as well as to the opening of
the Algerian basin as a back-arc process (Gueguen et al., 1997; Mauffret
et al., 2007; Romagny et al., 2020; Schettino and Turco, 2011; Spakman
et al., 2018; Fig. 1a). The second one is a westward slab retreat that
would have resulted in the migration of the Alboran Domain, thus
causing the fore-arc and back-arc extension during the Miocene (Comas
et al., 1999; Chertova et al., 2014; Gutscher et al., 2012; Schettino and
Turco, 2011).

In this paper, a new case study based on magnetic anomaly data is
presented, which improves the understanding of the geodynamic sce-
nario of the Alboran Sea basin. This was possible through the use of a
recent magnetic data compilation for the study of the main magnetic
anomalies produced by major igneous crustal bodies. Their structure
and significance, in the context of the back-arc rifting, were analyzed in

Fig. 1. Geological context of the study zone. a. Tec-
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order to reveal new clues on the extensional deformations that created
the Alboran Sea basin, as well as the development of the STEP fault
(Subduction Tear Edge Propagator fault, Govers and Wortel, 2005), and
the recent tectonic indentation. This contribution also highlights the
impact that large igneous bodies intruded during the initial continental
rifting stages had on the sedimentary basin evolution.

2. Regional setting

The Alboran Sea basin is located in the westernmost part of the
Mediterranean. It is bounded by the Gibraltar Arc (Betic and Rif cor-
dilleras, Fig. 1). The basin can be subdivided into four sub-basins
separated by the main highs, which are the West Alboran Basin (the
largest one), the Eastern Alboran Basin (which is opened to the Algerian
Basin), the South Alboran basin and the Malaga Basin (Fig. 1b). The
basement is formed by asymmetric thinned continental crust evidenced
by deep seismic profiles (de la Gomez Pena et al., 2020a; Surinach and
Vegas, 1993), reaching 16 km of thickness from the northern margin to
the Alboran Ridge, and progressively thickening southwards up to more
than 30 km under the Rif. Seismic refraction profiles and potential field
data indicate that the mantle below the Alboran Sea basin is low density
and low P-velocity anomalous (Galindo-Zaldivar et al., 1998; Hatzfeld,
1976; Surinach and Vegas, 1993). The Alboran Sea basin opens east-
wards to the oceanic Algerian basin (e.g., Faccena et al., 2014; Gueguen
et al., 1997). The thinned continental crust basement, which constitutes
the Alboran Domain, is represented by alpine metamorphic rocks
(mainly metapelites) of the Internal Zones of the Betic and Rif cordilleras
(Comas et al., 1992; Garcia-Duenas et al., 1992) that include peridotites
(Garrido, 1995). Although the Alboran Sea is considered a current back-
arc basin associated to a westward subduction (e.g., Balanya et al., 2012;
Chertova et al., 2014; Comas et al., 1999; Gonzalez-Castillo et al., 2015a;
Gutscher et al., 2012), recent studies propose an alternative subdivision
into three crustal domains: i) the West Alboran and Malaga basins
together representing a Miocene fore-arc basin; ii) the East Alboran
Basin, the Alboran Ridge and the Alboran Channel, forming part of a
magmatic arc; and iii) the area located southwards of the Yusuf fault and
the Alboran Ridge, which is considered part of the African margin
(Booth-Rea et al., 2007; d'Acremont et al., 2020; de la Gomez Pena et al.,
2020a; de la Gomez Pena et al., 2020b). The sedimentary infill is
Miocene (Aquitanian-Burdigalian) to Quaternary in age and mainly
detritic (Comas et al., 1992; Juan et al., 2016).

The geological evolution of the Alboran Domain is the consequence
of the motion and rifting of the AlKaPeCa Domain (Bouillin et al., 1986)
between the Eurasian and African plates, started in the Late Oligocene-
Miocene (Chertova et al., 2014; Comas et al., 1999; Mauffret et al., 2007;
Romagny et al., 2020; Rosenbaum et al., 2002). The AlKaPeCa Domain is
described as a landmass that, before the Miocene, was part of the fore-
arc and accretionary prism that originally formed on the Eurasian side
of the African-Eurasian collision (Bouillin et al., 1986). Its name refers to
the domains that were formed by its fragmentation (Bouillin et al.,
1986): the Alboran Domain, the Kabyiles (Argelia), the Peloritan Range
(Sicily) and Calabria (South Italy). The AlKaPeCa Domain experienced
at least 200 km of roughly N-S extension (or even more, Faccena et al.,
2014), which started during the Late Oligocene (27-25 Myr) and was
related to the southward retreat of the slab. This N-S to NW-SE extension
was characterized by a top-to-the north detachment (Jolivet et al., 2021
and references therein) and led to the beginning of the oceanic spreading
of the Algerian basin during the Early Miocene (Faccena et al., 2014;
Romagny et al., 2020; Rosenbaum et al., 2002; Schettino and Turco,
2011; Driussi et al., 2015). After the opening of the Algerian basin, the
extension changed direction to E-W, in relation to a westward Gibraltar
slab retreat and, therefore, to a westward motion of the Alboran
Domain. During the Miocene, the westward displacement of the sub-
duction zone has been accommodated by a STEP (Subduction Tear Edge
Propagator) fault in the southern limit of the Alboran Domain (e.g.
d'Acremont et al., 2020). STEP faults are subvertical, lithospheric-scale
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tear faults located at the edges of a segmented slab (Govers and Wortel,
2005).

The extension of the Alboran Domain was followed by compression
since the Late Tortonian (Comas et al., 1999; Do Couto et al., 2016),
when the westward retreat of the Gibraltar slab decreased (d'Acremont
et al., 2020). The NW-SE oblique Eurasian-Africa plate convergence was
combined with the orthogonal extension associated to the westward
motion of the Alboran Domain (Comas et al., 1992; Corsini et al., 2014;
DeMets et al., 2010; Gonzalez-Castillo et al., 2015a; Neres et al., 2016;
Watts et al., 1993). Strike-slip faulting has affected the central Alboran
Sea since the Late Miocene, forming the main NW-SE dextral and NE-SW
sinistral fault sets that cross the basin and continue up to the coast
(Fig. 1b). Two of the most relevant strike-slip faults of these sets are the
Al Idrissi and the Yusuf faults (Fig. 1b). While the Al Idrissi fault zone has
been considered to be a Pleistocene structure (Lafosse et al., 2020), the
Yusuf fault is interpreted as being older, inherited from the STEP fault
that accommodated the westward displacement of the Alboran Domain,
and deformed by the compression (d'Acremont et al., 2020). The Yusuf
fault presents a complex structure with related folds and basins, divided
into two segments by the Habibas Escarpment (Fig. 1b, Martinez-Garcia
et al., 2011). The fault is also considered to be a main contact between
the thinned continental crust of the African plate and both the magmatic
thinned crust of the East Alboran Basin, and the oceanic crust of the
Algerian Basin (Booth-Rea et al., 2007; de la Gomez Pena et al., 2020a;
Surinach and Vegas, 1993). The Al Idrissi and Yusuf faults have been
interpreted as being part of a tectonic indentation structure that affects
the Central Alboran Sea and causes the elevation of the Alboran Ridge
(Estrada et al., 2018; Lafosse et al., 2020). According to this model, the
Alboran Ridge uplift above the Alboran Channel would be the conse-
quence of the NNW directed collision of the rigid basement block of the
southern part of the Alboran Sea basin, bounded by the Al Idrissi and the
Yusuf faults (Fig. 1b, Estrada et al., 2018).

2.1. Magmatism

From the Miocene to the Pleistocene, magmatism affected the
Alboran Domain due to lithospheric thinning and the related increase in
the geothermal gradient (which continues being high, at least in the
eastern part) (Fig. 1, Andrés et al., 2018; Comas et al., 1992, 1999;
Davies, 2013; Duggen et al., 2008; Polyak et al., 1996). Most of the
highs, seamounts and ridges of the Alboran Sea have been considered
volcanic outcrops (e.g., Booth-Rea et al., 2007; Comas et al., 1999),
mainly made up of basic or intermediate rocks (basalt and andesites, e.
g., Duggen et al., 2008; Fernandez-Soler et al., 2000). Geochemical
studies show a zonation of the magmatism characterized by tholeiitic,
calc-alkaline and shoshonitic series (Middle Miocene to Early Pliocene),
which are believed to be of volcanic arc type, present in the central and
eastern Alboran Sea; while basanites and alkali basalts (Late Miocene to
Pleistocene) appear in the eastern onshore Alboran Domain (Coulon
et al., 2002; Duggen et al., 2004, 2008; Fernandez-Soler et al., 2000; Gill
et al., 2004; Hoernle et al., 1999). Three main hypotheses can explain
the geochemical affinity of the Alboran magmatism (Duggen et al.,
2008): a) MORB-type parental magmas with significant crustal
contamination, which generate calc-alkaline lavas similar to
subduction-related ones (Turner et al., 1999); b) crustal sources without
mantle implication (Zeck et al., 1998); and c) tholeiitic and calc-alkaline
series from a subduction-modified mantle with different degrees of
crustal contamination (Coulon et al., 2002; Hoernle et al., 1999). The
last stages of volcanism (basanites, alkali basalts, hawaiites and teph-
rites of Late Miocene to Pliocene age) occur offshore in eastern Morocco,
northern Algeria and SE Spain, and are related to intraplate post-
collisional magmatism (Duggen et al., 2005). Some of these volcanic
zones include rocks of both stages (the calk-alkaline and shoshonitic
stage and the late, alkaline stage), such as the Gourougou volcano
(Fig. 1, El Bakkali et al., 1998). The occurrence of this volcano has been
related to a tearing of the oceanic slab attached to the African margin
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Fig. 2. Magnetic anomaly maps of the Alboran Sea. a. Magnetic anomaly map of the Alboran Sea at 3 nautical miles resolution. Minor contour lines every 20 nT and
major every 100 nT. The paths of the profiles are depicted and numbered as follows: 1. L12GC-90-1- L11GC-90-1, 2. CONRADS825, 3. TYRO91L17, 4. MSB07, 5.
SONOTRACH_S1 and 6. Nador. The white abbreviations are the names given to the dipoles (further description in sections 4 and 5). The NE-SW and NW-SE dipole
lineations are circled with a dashed line. b. Magnetic anomaly map superimposed over a relief map of the Alboran Sea with bathymetry contour lines every 200 m and
the coast line in black. AR: Alboran Ridge, AdR: Adra Ridge, ChI: Chafarinas Islands, GR: Gourougou volcano, IB: Ibn-Batouta Bank, XB: Xauen Bank, YB: Yusuf Basin

(Carminati et al., 1998; Duggen et al., 2005; Hidas et al., 2019; Jolivet
et al., 2021; Maury et al., 2000).

The magnetic anomalies of the Alboran Sea have been associated
with basic igneous rocks since the publication of the aeromagnetic map
presented by Galdeano et al. (1974). One of the most important anom-
alies is that of Nador (Figs. 1 and 2), which was constrained from
onshore field observations (Anahnah et al., 2009) and that continues
offshore. In the central basin, Galindo-Zaldivar et al. (1998) suggested
that the Alboran Ridge is not the causative body of the main observed
magnetic dipoles, even though the Alboran Ridge is considered to be
made of volcanic rocks (e.g. Booth-Rea et al., 2007). The magnetic
models provided in this study improved the modeling made by Galindo-
Zaldivar et al. (1998) and support the presence of deep igneous bodies as
origin of those magnetic dipoles, although the models are open to
alternative interpretations.

3. Materials and methods
3.1. Magnetic anomaly analysis

To produce the magnetic anomaly map presented with this work we
used data from the second version of the World Digital Magnetic
Anomaly Map Project (http://wdmam.org/). This worldwide map has a
3 nautical miles resolution. The data were gathered at a variety of alti-
tudes, but normalized at 5 km above sea level on the continents, and at
sea level for marine surveys (Catalan et al., 2016: Lesur et al., 2016). The
map of the Alboran Sea area has been obtained by combining different
line orientations, mainly E-W, NW-SE and NE-SW, with a line spacing
smaller than 20 km in most of the zones. This map is suitable for
studying magnetic anomalous bodies whose size ranges from several to
tens of kilometers, without noise originated by small, shallow bodies. It
encompasses data from different international sources whose acquisi-
tion times span from 1964 until 2016. The way these data were
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Fig. 3. Analytical signal map of the Alboran Basin with the depth Euler solutions in km. The names of the corresponding magnetic anomalies are depicted. The white
abbreviations are the names given to the dipoles (further description in sections 4 and 5).

processed to improve their internal coherency is described in Quesnel
et al. (2009) and Lesur et al. (2016).

After obtaining the magnetic anomaly map (Fig. 2), the analytic
signal (AS, Fig. 3) was calculated. This is defined as the square root of
the squared sum of the vertical and two orthogonal horizontal de-
rivatives of the magnetic field anomaly (Nabighian, 1984; Roest et al.,
1992; Roest and Pilkington, 1993; Salem et al., 2002):

oM 2 oM 2 oM 2
IAS(x,v,2) | = \/ (a) * (07> - («Tz) w

where |AS(x,y,2)| is the amplitude of the AS, and M the magnetic
anomaly intensity.

Therefore, the resulting 3D AS map summarizes the net variation of
the gradient of the magnetic anomaly field intensity in 3D. One of the
most attractive aspects of this 3D operator is the fact that its amplitude
produces maximum amplitude along the lateral edges of the causative
body, regardless of the direction of magnetization, or its induced and/or
remanent character (Keating and Sailhac, 2004; Roest et al., 1992; Roest
and Pilkington, 1993). In this sense, there is no need to assume a purely
induced magnetization effect hypothesis or to discuss possible remanent
vector space orientation. Such a simplistic approach (a purely induced
magnetization effect hypothesis) could lead to severe distortion in en-
vironments where remanent effects play an important role.

Magnetic techniques were used in order to identify deep structures.
To this end, an algorithm based on the Euler deconvolution was applied
to estimate the depth to the top of the different magnetic horizons. This
procedure was performed by selecting a square window of data from a
total field grid and its orthogonal derivatives. Euler's equation was
solved using the least squares method, simultaneously for each grid
position, within every window (Ravat, 1996; Reid et al., 1990; Thomson,
1982). The equation includes the degree of homogeneity, “N”, which
usually refers to the structural index (S.1.). This index is a measure of the
rate of change with distance of a field.

oM

p NM 2)

oM oM
(X*X0)§+ (y—)’o)EJF (z—2)
where M is the magnetic anomaly intensity at location (%, y, z), caused
by a magnetic source at location (x¢,y0,Zo), and N denotes the structural

index.

The results of the Euler deconvolution and the Curie point depth
have been used to constrain the maximum depth where the anomalous
magnetic bodies may be located. The AS depths (Fig. 3) were obtained
using the so-called “Standard Euler Deconvolution”. This procedure was
performed by selecting a square window of data from a total field grid
and its orthogonal derivatives. Euler's equation was solved using the
least squares method, simultaneously for each grid position, within
every window. A value of 2 was used as Structural Index (SI). An index of
2 indicates a body with one infinite dimension. That value was chosen
because, in our opinion, it is the option that best represents the geom-
etries of the NE-SW and NW-SE magnetic anomalies: a limited depth and
width, with the longest dimension extending along the Alboran Basin.
The accepted solutions were only those with a depth tolerance smaller or
equal to 15%. A value of 26 km was set as window size, which is the
width of the anomalies (according to the AS map) that we are interested
in the Alboran ridge and the Yusuf fault zone.

Furthermore, it is necessary to consider the Curie point depth, or
Curie depth, the depth at which magnetic minerals lose their magnetic
properties due to temperature. Several factors, such as composition
variability, could result in uncertainties in the estimation of the Curie
depth. For this reason, causative bodies, in order to be safely considered
as such, must be emplaced a few kilometers over the Curie depth of the
region. These data were obtained from Li et al. (2017). It is also
important to note that both depths, the Curie depth and the Euler
deconvolution depths, are used initially as guiding depths to localize the
causative bodies for the forward modeling.

The 2-D forward modeling of the magnetic anomalies (Figs. 5, 6 and
7) was obtained using the GravMag 1.7 software of the British Geolog-
ical Survey (Pedley et al., 1993). The magnetic susceptibility values of
the anomalous magnetic bodies are based on those used in Galindo-
Zaldivar et al. (1998). Three types of bodies were considered (Fig. 5):
those with high susceptibility (0.07 SI, basic or intermediate igneous
rocks, in black); those with medium values of susceptibility (0.02 to
0.045 SI, areas where there is a mixing of metamorphic and igneous
rocks, marked in brown and green); and those with very low suscepti-
bility (< 0.02 SI, sediments and the rest of the basement host rock,
respectively marked in yellow and beige). Moreover, for the causative
bodies of the major dipoles (bodies in black), which are the main target
of the models, three values of susceptibility (0.05, 0.07 and 0.10 SI) have
been considered. This way, the effect of susceptibility on the geometry
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Fig. 4. Curie depth map for the Alboran Sea based on Li et al. (2017) data.

Contour lines every 1 km.

and depth of the bodies was tested.
Depth (km) The appearance of the magnetic anomalies in the Alboran Sea con-
:332.3 sists of dipoles that show highs to the south and lows to the north
(Fig. 2). This polarity is compatible with the induced magnetic anoma-
lies produced by the current Earth's magnetic field in the northern
30 hemisphere (e.g., Telford et al., 1990). Consequently, in the absence of
direct information on the remanent magnetization, it was decided not to
separate the remanent from induced magnetic contributions in our
25 forward modeling, similarly to what Galindo-Zaldivar et al. (1998) did.
The susceptibilities should be interpreted as apparent values. The
magnetic dipoles that have been modeled are those that present am-
20 plitudes >200 nT, which are also tens to hundreds of kilometers long.
The dipoles are considered when magnetic highs and lows with similar
16.3 size are aligned in a direction close to N-S. During the modeling, as

previously mentioned, the deepest anomalous bodies that have been
considered were positioned at least a few kilometers over the Curie
depth, to avoid possible demagnetization due to high temperatures close
to this boundary (Fig. 4). The depths obtained from the Euler decon-
volution (Fig. 3) were used as a guideline during the modeling.

In addition, seven multichannel seismic reflection profiles from the
database of the Instituto de Ciencias del Mar (ICM-CSIC http://www.
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icm.csic.es/geo/gma/SurveyMaps, Figs. 1 and 5) were selected and
analyzed in order to (i) check that the magnetic anomalous bodies were
not intruded into the sedimentary infill, and (ii) determine the
basement-sediments contact location. These profiles, which have been
realized following standard procedures of acquisition and processing,
were selected on the basis of their location and position orthogonal to
the main dipoles (see Supplementary Files). The profiles L12GC-90-1
and L11GC-90-1 are joined (Fig. 6). Only the model of the Nador
dipole (Figs. 2, NA, and 7) is not based on a seismic line, because of the
lack of seismic profiles.

4. Results
4.1. Magnetic anomalies and igneous rocks

This study is focused on the magnetic dipoles of kilometric scale that
appear in the Alboran Sea. In order to describe them, two main groups
can be considered: dipoles related to the Late Miocene to Pliocene vol-
canic seafloor outcrops, and those without an apparent link with map-
ped igneous rocks. The first group of dipoles includes the dipoles CG
(Cabo de Gata), DJ (Djibouti Bank), MA (Maimonides High), NA

(Nador), RT (Ras Tarf), SA1 and SA2 (South Alboran 1 and 2, Fig. 2a).
CG is NE-SW elongated and is found close to the Cabo de Gata coast
(Fig. 2, CG). This dipole has a high of 130 nT and a low of —40 nT, only
partially identified offshore. This anomaly is related to the Cabo de Gata
volcanic rocks (Fig. 1b). To the southeast of this dipole, another smaller
dipole is found aligned with the Maimonides High, also of volcanic
nature (Figs. 1b and 2, MA). This dipole ranges from —20 nT to 60 nT.
The north-western part of the Alboran Basin is dominated by two
elongated positive N-S anomalies (100 and 60 nT) near —4° of longitude.
They are geographically correlated with the Djibouti Bank (Fig. 2, DJ).

On the other hand, the dipoles located in the southern Alboran Sea
(RT, SA1, SA2 and NA, Fig. 2) are related to prolongations of the vol-
canic rocks outcropping at the coastal area. The RT dipole (Fig. 2), with
a high over 100 nT and a low of —10 nT, is located at the northern
prolongation of the volcanic Ras Tarf cape (Booth-Rea et al., 2007;
Comas et al., 1999). SA1 and SA2 (with 30 nT in the highs and — 40 nT in
the lows, Fig. 2) occur close to the Tres Forcas Cape Ridge, where the
substrate is considered to be volcanic rocks (Fig. 1, Martinez-Garcia
et al., 2011). To the east of Nador (Figs. 1b and 2, NA), an E-W 60 km
elongated magnetic anomaly dipole is related onshore to the Gourougou
volcano, and extends eastwards offshore up to the Chafarinas volcanic
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islands. This dipole has a high of 170 nT and a low of —100 nT, which
puts it close to the highest amplitudes of the Alboran Sea (~270 nT,
Figs. 2 and 7).

With regards to the group of dipoles that are not related with mapped
igneous rocks, they comprise the NE-SW and NW-SE dipole lineations
with relatively large scale and amplitude, and the P1 and P2 dipoles,
which are smaller in scale and amplitude (Fig. 2, P1, P2 and NE-SW and
NW-SE dipoles lineations). The NE-SW and NW-SE dipole lineations are
parallel to the main structures of the central and eastern Alboran Sea,
such as the Alboran Ridge, the Adra Ridge and the Yusuf fault zone
(Figs. 1b and 2). These lineations intersect approximately at 2°30' Win a
dipole with values reaching —100 nT and 110 nT (Fig. 2). To the west,
the NE-SW anomaly shows a continuous plot up to 4°30'W, in line with
the western end of Ibn-Batouta bank. Its average intensity is 120 nT
along its highs, reaching more than 200 nT at one location. The lows
show values of —80 nT. This NE-SW lineation is located north of the
Alboran Ridge and of the Xauen Bank (Figs. 1b and 2, Galdeano et al.,

1974; Galindo-Zaldivar et al., 1998). To the east, the NW-SE dipole
lineation presents similar values, although there are two significant
differences: the geometry is more irregular and formed by different local
dipoles, and the lows are generally wider than the highs, which reach up
170 nT (Fig. 2). Furthermore, the NW-SE anomaly changes its trend
eastwards at 1°W, becoming parallel to the shoreline (Fig. 2), but
keeping high amplitudes of more than 200 nT (highs over 140 nT and
lows below —100 nT).

The small-scale dipoles P1 and P2, in the Westernmost Alboran Sea,
north and south of the Strait of Gibraltar, are not even next to, or parallel
to offshore structures. These two small and intense dipoles are located at
both sides of the strait close to the coast, with highs of 70 nT (Fig. 2, P1)
and 90 nT (Fig. 2, P2) and lows that reach —70 nT.

The analytic signal map and depth determinations of the magnetic
anomalies of the Alboran Sea show the range of depth of the causative
bodies for the NE-SW and NW-SE dipole lineations (Fig. 3). This depth
ranges between <7 km and > 12 km along the NE-SW trending magnetic
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anomaly (Fig. 3). 82% of the solutions are deeper than 12 km, and only
9% of them are deeper than 18.6 km. This means that a remarkable
fraction of depth from the top lies between 12 km and 18.6 km. For the
NW-SE trending magnetic anomaly, our solutions are shallower on
average (11.9 km), but they are more scattered, covering a wide range of
depths between 5 km to 15 km.

4.2. Forward modeling of magnetic anomalies

The Nador dipole (NA, Fig. 2a) and the NE-SW and NW-SE dipole
lineations represent the main magnetic anomalies of the Alboran Sea,
with amplitudes of ~200 nT or more (270 nT in the case of the Nador
dipole). In order to quantitatively constrain the geometry and location of
their causative bodies, six 2D forward models have been computed
(Figs. 5, 6 and 7); five of them were constrained by seismic reflection
profiles to determine the basement-sediments contact depth (see Sup-
plementary Files). The Nador model was performed without deter-
mining the basement-sediments contact because no seismic profiles
were available over the whole dipole (Fig. 7). The Nador model is
located east of the Gourougou volcano and shows a 0.07 SI magnetic
susceptibility body of roughly 35 km of width at 5-9 km of depth close to
the coast (Fig. 7). This body should have an oval shape that wedges
northwards. In the northern part of the profile there is a thin body of
0.03 SI magnetic susceptibility, with a 2 km thickness and located at 3.5
km of depth (Fig. 7).

Regarding the central and eastern Alboran sea areas, three models
are focused on the NE-SW dipole lineation in the central Alboran Sea
(Fig. 5: associated with the seismic profiles CONRAD825 and the
L11-12GC model that joins profiles L11GC-90-1 and L12GC-90-1; Fig. 6:
the profile TYRO91L17). The model of profile MSBO7 is located in the
corner of the NE-SW and NW-SE dipole lineations of the eastern Alboran
Sea (Figs. 2a and 6), and lastly, the model of the profile SONOTRACH_S1
(Fig. 7) is focused on the NW-SE dipole lineation.

The NE-SW dipole lineation in the central Alboran Sea is related to a
deep (8-14 km) body of 0.07 SI magnetic susceptibility (Figs. 3, 5, 6 and
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8). In the southwestern end of this anomaly, the causative body extends
to 8-13 km of depth, slightly south of the Ibn-Batouta Bank, with a
thickness of 5 km in the southern part, thinning northwards and
reaching almost 60 km of width (L11-12GC model, Fig. 5). From the Ibn-
Batouta Bank northwards, a shallow crustal body of 0.03 SI magnetic
susceptibility is needed to fit the anomaly. This body should be posi-
tioned below the sedimentary cover, and have a thickness that increases
northwards up to 5 km. In the CONRAD825 model (Fig. 5) the deep body
is 40 km wide, between the Djibouti High and the Alboran Channel, has
a thickness of 6 km and is located at 6-14 km of depth. The shallow
crustal body is shorter and thinner than in the L11-12GC model and
includes a body of 0.04 SI magnetic susceptibility in the northern part
(Fig. 5). Two more thin and shallow crustal bodies are needed: one of
0.04 SI magnetic susceptibility under the Alboran Channel, and one of
0.03 SI magnetic susceptibility to the south of the Alboran Ridge. The
TYRO91L17 model shows again the main deep body located to the north
of the Alboran Ridge, at 9-13 km of depth (Fig. 6). This body has a
thickness of 4 km and is 40 km wide. The shallow crustal body of the
northern half of the profile is thinner (maximum thickness of 2 km) and
shifted close to the Alboran Channel. Two thin bodies of 0.03 SI mag-
netic susceptibility are located in the South Alboran Basin.

The MSBO07 model (Fig. 6) represents the corner between the NE-SW
and NW-SE dipole lineations. In this model, the deep body of 0.07 SI
magnetic susceptibility shows a length of 40 km and a thickness of 5 km,
in the southern part, while its thickness decreases toward the north. This
body is located at 8-13 km of depth under the boundary of the East
Alboran Basin. There are two thin 0.03 SI magnetic susceptibility bodies
that are located beneath the sediments of the South Alboran Basin.

In the easternmost Alboran Sea, the SONOTRACH_S1 model (Fig. 7)
reveals the origin of the NW-SE discontinuous anomaly. At that location,
a deep body of 0.07 SI magnetic susceptibility is recognized, roughly 35
km wide, 4 km thick and with a depth of 7-11 km. Moreover, a 4 km
thick body underlying the sediments of the Yusuf Basin and character-
ized by a 0.045 SI magnetic susceptibility is needed in order to fit the
model (Fig. 7).

Fig. 8. Integration of cross sections of the causative body of the NE-SW and NW-SE magnetic anomaly lineations on the bathymetric map of the Alboran Sea. The

color legend used are the same as those of the previous figures.
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5. Discussion
5.1. New insights on the geometry and nature of the crustal igneous bodies

The magnetic forward models provide new insights on the geometry
and nature of the crustal igneous bodies that are associated with mag-
netic dipoles. The intermediate to low magnetic susceptibility (0.02 to
0.04 SI) large size body is associated to secondary dipoles (less than 100
nT of amplitude). Even though the presence of this body is supported by
the available data and the magnetic anomaly models, a detailed defi-
nition of its geometry would need higher magnetic resolution data that
would account for the effect of local volcanic edifices. In any case, the
models indicate that the body, which could be interpreted as a meta-
morphic layer with dispersed igneous rocks, should be extended over the
northern part of the Alboran Sea, and locally in the southern part as well
(Figs. 5, 6 and 8). According to the widespread presence of volcanic
rocks (Fig. 1b) in this region of relatively thin continental crust
(Galindo-Zaldivar et al., 1998), this metamorphic layer may be consid-
ered one of the sources of the eruptive rocks of the region, favored by
crustal thinning (Hatzfeld, 1976; Surinach and Vegas, 1993) and high
heat flow (Andrés et al., 2018; Davies, 2013; Polyak et al., 1996).
Conversely, on the southern Alboran Sea, the models reveal a more
scattered presence of igneous bodies into the crust (Figs. 5, 6 and 7).
Some of these bodies could be related to volcanic rocks, such as the low
magnetic susceptibility bodies of the southern part of model
TYRO91L17, and the SA2 dipole (Figs. 2 and 6). Other geometries for
these low to medium susceptibility bodies are possible and require data
with higher resolution. In any case, the contrast between the northern
and southern Alboran Sea (Fig. 8), especially in the Malaga Basin, may
also be interpreted as a sign of crustal differences (Alboran versus Af-
rican domains), as some previous works pointed out (e.g., Booth-Rea
et al., 2007; d'Acremont et al., 2020; de la Gomez Pena et al., 2020b). A
special mention should be made of the Nador dipole (Figs. 1, 2 and 7)
that highlights the deep connection between the Gourougou and Cha-
farinas volcanic edifices (Fig. 1) by a kilometric scale elongated E-W
basic intrusion parallel to the African coast (Fig. 7). This deep basic
intrusion cannot be related to surface structures, such as faults or folds,
which are not E-W oriented (Fig. 1).

Regarding the group of magnetic dipoles without apparent links with
the mapped igneous rocks, their attribution also needs to take into ac-
count the geological structures and evolution of the region. The mag-
netic dipoles P1 and P2 in the western Alboran Sea could be associated
with peridotite bodies such as those identified onshore, given their
symmetry with respect to the Gibraltar Arc (Fig. 2). These bodies could
be similar to the outcropping ultrabasic massifs that are located in the
western Internal Zones of the Betic and Rif cordilleras (Fig. 1, Garrido,
1995). The massifs (Ronda, Beni Bousera) have been correlated with
magnetic anomalies in previous works (Amar et al., 2015; Gonzalez-
Castillo et al., 2015b). For example, in Amar et al. (2015) the anomaly
related to the Beni Bousera peridotites is extended to the P2 dipole (note
that the map displayed in Amar et al., 2015 shows the magnetic
anomalies reduced to the pole, a type of processing that maximizes the
highs and minimize the lows for positive magnetic susceptibilities).

The main NE-SW dipole lineation located in the central Alboran Sea
has a trend parallel to the Alboran Ridge, which is mainly formed by
volcanic rocks (Booth-Rea et al., 2007; Comas et al., 1999; Maestro--
Gonzalez et al., 2008; Polyak et al., 1996; Watts et al., 1993). The NE-SW
aligned dipoles (Figs. 2 and 8), the analytic signal map (Fig. 3), and the
forward models (Figs. 5 and 6) all evidence the presence of a single
elongated body made of basic or intermediate igneous rocks. One
possible interpretation of this model would involve considering the
connection between the causative body of the dipole lineation and the
volcanic highs, such as the Alboran Ridge. In this scenario, the body
could be formed by a set of aligned magmatic chambers related to the
volcanic rocks that are exposed on the surface, which are basic to in-
termediate composition and can have high magnetic susceptibility
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values (e.g., Duggen et al., 2008; Fernandez-Soler et al., 2000). How-
ever, working against this interpretation is the fact that the center of the
dipoles is not aligned with the volcanic highs, and that is the point where
the bodies should be located. In some sectors, the centers of the dipoles
are located north of the Alboran Ridge and of the Alboran Channel,
instead (Figs. 5, 6 and 8). Moreover, a dipole has also been identified in
the flat areas located at the western tip of the Eastern Alboran Basin
(Figs. 2 and 6, model MSBO07), suggesting a break in the correlation
between causative body and volcanic high. Altogether, the results sug-
gest no connection between the deep igneous body and the Alboran
Ridge, or other outcropping igneous edifices, contrary to what proposed
by Galdeano et al. (1974). In this setting, the Alboran Ridge could
contain heterogeneous volcanic bodies smaller than 1 km, or thin
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volcanic layers interbedded with non-magnetic rocks, which would not
cause relevant magnetic dipoles at a kilometric scale.-Go

An alternative interpretation would be to consider a magnetic
mineralization as the causative body of the dipole lineations, similarly to
what is observed in the Internal Zones of the Gibraltar Arc, where some
iron mineralizations occur (e.g., Torres-Ruiz, 2006). However, the size
of these deposits would be much smaller than the calculated size of the
causative body associated with the dipole lineations observed in the
Alboran Sea, even if a high susceptibility value is used to decrease the
size of the modeled body.

The main NW-SE dipole lineation of the eastern Alboran Sea have
roughly similar features to those of the NE-SW dipole lineation of the
central Alboran Sea and those that continue along the Algerian coast
(Fig. 2). Euler deconvolution depths are shallower and more scattered in
the case of the NW-SE dipole lineation (Fig. 3). These anomalies are
roughly located along the Yusuf fault system, including the Yusuf basin
(Fig. 1b), and increase their irregularity eastwards, up to the smaller
dipoles close to the Algerian coast (Fig. 2). This geometry points to a
discontinuous aspect of the causative bodies, in contrast to the NE-SW
continuous elongated body identified in the central Alboran Sea.

AS maxima are related to magnetization contrasts suggesting that
deep basic igneous bodies are located along the northern African con-
tinental crust boundary (Figs. 1, 2 and 9), at the contact with the East
Alboran Basin thinned crust and the Algerian oceanic crust (Booth-Rea
et al., 2007; Do Couto et al., 2016; de la Gomez Pena et al., 2020a).

5.2. Geodynamic implications

The analysis of magnetic anomalies contributes to constrain the
initial stages of the opening and evolution of the Alboran Sea (Fig. 9).
The emplacement of the NE-SW and NW-SE dipole lineations must have
occurred during the initial NNW-SSE extensional stages, based on their
trend and disconnection from surface structures (Jolivet et al., 2021 and
references therein). In fact, the NE-SW dipole lineation (Fig. 2) has a
direction similar to the rift axis proposed in paleogeographic re-
constructions of the AlKaPeCa Domain (Do Couto et al., 2016; Faccena
et al., 2014; Mauffret et al., 2007; Schettino and Turco, 2011; Spakman
et al., 2018). These bodies may have been the relict of the westwards
rifting axis of the AIKAPeCa Domain that remained into the crust of the
Alboran Domain (Fig. 9a, Bouillin et al., 1986; Mauffret et al., 2007;
Romagny et al., 2020; Rosenbaum et al., 2002). Therefore, the age of
emplacement of these deep basic bodies should be Oligocene to Lower
Miocene. This extension was probably the result of the southward
retreat of the slab attached to the African margin (Chertova et al., 2014;
Do Couto et al., 2016; Faccena et al., 2014; Gueguen et al., 1997;
Mauffret et al., 2007; Romagny et al., 2020; Rosenbaum et al., 2002;
Schettino and Turco, 2011; Spakman et al., 2018). The magnetic
anomalies that continue along the Algerian continental slope (Fig. 2)
may also be a remnant of that rift, in agreement with the rift location
proposed by Yelles et al. (2009).

After the Early Miocene, the extension changed direction to E-W, in
response to the westward displacement of the Alboran Domain with
orthogonal compression (Comas et al., 1992; Do Couto et al., 2016;
Faccena et al., 2014; Mauffret et al., 2007; Rosenbaum et al., 2002;
Royden, 1993). Magnetic, gravity and seismic reflection studies in the
East Algerian basin show these two extensional stages (a NW-SE directed
extension, followed by an E-W directed one) marked by an oceanic crust
generation (Driussi et al., 2015).

In this scenario (Fig. 9b), the igneous bodies formed during the first
extensional stage, along the rift and transfer fault axis, could have
moved westward within the southern part of the Alboran Domain.
During this period, the southern boundary of the Alboran Domain acted
as a STEP fault that accommodated the westward displacement (Fig. 9b,
d'Acremont et al., 2020). This period was marked by the generation of
calk-alkaline magmatism (Middle Miocene to Late Pliocene) related to
subduction processes and crustal contamination (Duggen et al., 2004,
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2008; Fernandez-Soler et al., 2000; Turner et al., 1999).

During post-Tortonian times, the westward retreat of the Gibraltar
slab decreased its influence in this region, so the STEP fault activity also
declined and the NW-SE compression increased its influence (d'Acre-
mont et al., 2020; de la Gomez Pena et al., 2020b). The STEP fault was
displaced northwards and deformed, which generated some of the
modern faults of the Alboran Sea, such as the Yusuf fault (Fig. 9c,
d'Acremont et al., 2020). The eastward change of orientation of the di-
poles lineation to NW-SE and their heterogeneity may be due to the
initial emplacement along a transform fault of the AlKaPeCa Domain
rifting axis (Fig. 9a) and to a later fragmentation and disruption of the
main body by the Yusuf fault (Fig. 9¢, d). In addition, transtensional
areas like the pull-apart Yusuf basin (Fig. 1b) may have favored the
emplacement of new magmas (e.g., Cocchi et al., 2017; de la Gomez
Pena et al., 2020b; Jolivet et al., 2021) that generated small dipoles into
the main ones (Figs. 2, 7 SONOTRACH_S1 model). The emplacement of
these igneous bodies could have determined the late evolution of the
basins (Martinez-Garcia et al., 2011). Later, this fault may have evolved
into a boundary between the African continental crust and the Algerian
oceanic crusts (Fig. 9d).

In recent times (Plio-Quaternary), the NE-SW elongated body acted
as a rigid backstop block where the South Alboran Block collides
(Fig. 9d). This contributed to the elevation of the Alboran Ridge (Estrada
etal., 2018) and the development of conjugate strike-slip fault sets in the
northern Alboran Sea. The indenter of the South Alboran Block is
bounded by the Al Idrissi fault zone to the west (Estrada et al., 2018),
which must be a very recent development (Pleistocene in age, Lafosse
et al., 2020), since the western tip of the NW-SE anomaly lineation
shows little displacement between the main dipoles (Fig. 2). To the east,
the boundary of the indenter is the Yusuf fault, which forms a contact
between the continental crust of the indenter and the magmatic crust of
the East Alboran Basin (Figs. 1 and 9). Thus, the current northern po-
sition of the anomalies is conditioned by the NNW push of the indenter.
The deep igneous intrusions condition the limit of the indenter and the
deformation of the northern Alboran Sea.

5.2.1. Recent magmatism: The Nador dipole

The E-W orientation of the Nador dipole (Fig. 2) is not in line with the
other major structures of the area and, consequently, it should be
explained by the lithospheric evolution. We tentatively suggest that it
may be connected to the emplacement of recent magmas related to the
westward progression of the slab tear along the African margin (Fig. 9,
Duggen et al., 2005; Hidas et al., 2019). While the Alboran Sea struc-
tures reached their current positions during the westward displacement
of the Alboran domain, the subducted slab that generated the back-arc
opening of the Algerian Basin was being decoupled from the African
margin (Carminati et al., 1998; Chertova et al., 2014; Hidas et al., 2019;
Jolivet et al., 2021). This process has also been proposed to explain the
progression of the alkaline volcanism of the eastern Morocco and
northern Algeria, as in the case of the Gourougou volcano (Duggen et al.,
2005; Maury et al., 2000). Therefore, our hypothesis considers that the
E-W elongate causative body of the Nador dipole is an intrusion gener-
ated by the last alkaline magmatism episode that affected eastern
Morocco (Fig. 9d).

5.2.2. Implications for other marine basins

The analysis of the magnetic anomalies helps to explain the complex
history of magmatism and deformations in the Alboran Sea. The results
highlight the utility of potential field methods to improve the knowledge
of deep igneous intrusions in marine basins. They also show the inter-
action between rifting intrusions with a STEP fault and the later tectonic
indentation. Furthermore, they evidence that these rigid bodies condi-
tion the subsequent geodynamic evolution of marine basins. Literature
shows examples of deep igneous intrusions in basins of other seas and
oceans developed on thinned continental and transitional crust, such as
the South China Sea (Li et al., 2008; Sun et al., 2014), the southern
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Norwegian Sea (Planke et al., 2005), or the Bight basin, in southern
Australia (Reynolds et al., 2017). Nevertheless, these igneous intrusions
have frequently been considered as local features into the overall geo-
dynamic of the basin. Our findings demonstrate that the interaction
between magmatism and tectonic structures must be seriously consid-
ered, in order to fully understand the different geodynamic scenarios.
This approach establishes a new framework for future studies that aim to
decode the onset and tectonic evolution of marine basins.

6. Conclusions

The magnetic anomalies of the Alboran Sea reveal the location and
structure of the main basic and intermediate igneous rock bodies that
contribute to decipher the origin and evolution of the Alboran Sea basin.

The most relevant NE-SW and NW-SE dipole lineations that cross the
Alboran Sea toward the Algerian basin are related to elongate basic or
intermediate igneous intrusions with 4-6 km of thickness, and that are
located at ~12 km of depth. These deep basic intrusions can represent
the westward tip of the Oligocene-Miocene rifting of the AlKaPeCa
Domain, related to the Algerian basin (Fig. 9a). These bodies were
westward displaced, together with the Alboran Domain, and accom-
modated by a STEP fault in its southern boundary (Fig. 9b). The
development, since the Late Miocene, of a tectonic indentation
deformed the STEP fault which led to the development of the Yusuf fault.
Then, transtensional processes occurring at the time when the STEP and
Yusuf faults were active segmented the eastern part of the magmatic
body (Fig. 9¢). This development would have favored the emplacement
of new magmas and contributed to the formation of the discontinuous
NW-SE anomalies. During the post-Miocene compression (Fig. 9d), the
former deep, rigid, basic rock bodies facilitated the development of the
Alboran Ridge and the conspicuous strike-slip fault system associated to
the tectonic indentation. Moreover, they reveal the scarce recent
displacement of the left-lateral Al Idrissi fault and the reactivation of
former crustal heterogeneities, such as the Yusuf fault.

The other major dipoles are associated with most of the volcanic
edifices since the Middle-Late Miocene (e.g. Cabo de Gata, Djibouti
Bank, Figs. 1 and 2). The most remarkable is the Nador dipole that
connects the Gourougou and Chafarinas volcanoes offshore. Magnetic
forward modeling of this dipole shows a 4 km thick, 60 km long E-W
elongated body close to the coast line, at 5-9 km of depth. The E-W
elongated crustal Nador dipole intrusion may be the consequence of the
tearing of a subducting slab attached to the African margin.

Altogether, this makes the Alboran Sea an interesting example of
tectonic inversion in oblique continental convergence and development
of STEP faults, where the analysis of the magnetic anomalies helps to
explain the complex history of magmatism and deformations. These
results highlight the usefulness of potential field methods to improve the
knowledge of deep igneous intrusions in other marine basins with
thinned continental crusts.
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