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A B S T R A C T   

The geodynamic evolution of the Western Mediterranean related to the closure of the Ligurian-Tethys ocean is 
not yet fully resolved. We present a new 3D numerical model of double subduction with opposite polarities 
fostered by the inherited segmentation of the Ligurian-Tethys margins and rifting system between Iberia and NW 
Africa. The model is constrained by plate kinematic reconstructions and assumes that both Alboran-Tethys and 
Algerian-Tethys plate segments are separated by a NW-SE transform zone enabling that subduction polarity 
changes from SE-dipping in the Alboran-Tethys segment to NW-dipping in the Algerian-Tethys segment. The 
model starts about late Eocene times at 36.5 Ma and the temporal evolution of the simulation is tied to the 
geological evolution by comparing the rates of convergence and trench retreat, and the onset and end of opening 
in the Alboran Basin. Curvature of the Alboran-Tethys slab is imposed by the pinning of its western edge when 
reaching the end of the transform zone in the adjacent west-Africa continental block. The progressive curvature 
of the trench explains the observed regional stress reorientation changing from N-S to NW-SE and to E-W in the 
central and western regions of the Alboran Basin. The increase of the retreat rates from the Alboran-Tethys to the 
Algerian-Tethys slabs is compatible with the west-to-east transition from continental-to-magmatic-to-oceanic 
crustal nature and with the massive and partially synchronous calc-alkaline and alkaline magmatism.   

1. Introduction 

In this work, we present a 3D numerical model of the geodynamic 
evolution of the Western Mediterranean based on the interaction of two 
subducting plate segments retreating in opposite directions. The model 
uses a simple segmented initial configuration of the margins and fits 
tectonic constraints. This conceptual model proposed by Vergés and 
Fernàndez (2012), and further supported by Casciello et al. (2015) and 
Fernàndez et al. (2019), reconciles the formation of the Betic-Rif arcuate 
system and the accretion of HP/LT tectono-metamorphic complexes in 
the Internal Betic-Rif (southern Iberia) and in the Kabylies (northern 
Algeria) in a unique geodynamic framework. 

The goal of this research is to gain in insight on the evolution of the 
Western Mediterranean by supporting the suitability of the opposite 
subduction model, and analyzing how margin segmentation might 
control the closure of the Ligurian-Tethys realm. We compare the results 
with the arcuate geometry of the Alboran slab beneath the Betics-Rif 
orogen, the timing of onset and ending of the Alboran Basin opening, 
as well as the changes in stress orientation during slab rollback evolution 

and in the crustal nature of the Western Mediterranean. 

1.1. Geologic context 

The Western Mediterranean consists of an Oligocene-Miocene system 
of oceanic and transitional basins located in the back of the Apennines, 
the Kabylies-Tell, and the Betic-Rif orogenic systems formed coevally to 
the Late Cretaceous-to-present Africa-Europe northern convergence (e. 
g., Carminati et al., 1998; Gueguen et al., 1998; Rosenbaum et al., 2002; 
Faccenna et al., 2004; Rosenbaum and Lister, 2004; Spakman and 
Wortel, 2004; Platt et al., 2013; Faccenna et al., 2014; Royden and 
Faccenna, 2018). The Alboran and Algerian basins, and the associated 
Betic-Rif and Tell-Atlas orogens, are confined between the Iberian 
Peninsula and North Africa and separated tectonically from the Liguro- 
Provençal and Tyrrhenian basins by the roughly NW-SE trending North 
Balearic Transform Zone (Fig. 1). 

The Betic-Rif orogenic system has an arcuate structure and includes 
the Guadalquivir and Gharb foreland basins and their linking domain 
into the Gulf of Cadiz; the folded and thrusted External Betics and 
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External Rif units; the HP/LT tectono-metamorphic complexes of the 
Internal Betics and Internal Rif units separated from the external units by 
the flysch units; and the Alboran Basin in the inner part of the Betic-Rif 
arcuate orogenic system. The Alboran Basin is considered a back-arc 
basin floored by a thin continental crust with HP-LT metamorphic 
rocks of Internal Betics affinity in the west, a magmatic transitional crust 
towards the east, and an oceanic crust in the easternmost part (e.g., 
Comas et al., 1999; Faccenna et al., 2004; Spakman and Wortel, 2004; 
Booth-Rea et al., 2007; Gómez de la Peña et al., 2018). 

Extension initiated at 27–20 Ma based on the age of the lowermost 
sediments deposited in the West Alboran Basin, thermal modelling and 
deep seismic data (e.g., Jurado and Comas, 1992; Comas et al., 1999; Do 
Couto et al., 2016; Gómez de la Peña et al., 2018; and references therein) 
and ceased at 8–6 Ma coinciding with the end of thrusting in the external 
domains of the Betic-Rif orogenic system (e.g., Berástegui et al., 1998; 
Iribarren et al., 2007; Zitellini et al., 2009, among others). Extensional 
stresses changed through time from a predominantly NNW-SSE orien-
tation during Aquitanian-Burdigalian times to a W-E or WSW-ENE 
orientation at Langhian-Serravallian times (e.g., Do Couto et al., 2016; 
Gómez de la Peña et al., 2020). In the central and southeastern Alboran 
sub-basins, extension shows a predominant NW-SE orientation all along 
the Miocene with a secondary SW-NE trend in the eastern Alboran Basin 
(Martínez-García et al., 2017). 

The Kabylies-Tell-Atlas orogenic system has a roughly ENE-WSW 
trending structure including the metamorphic complexes of Greater 
and Lesser Kabylies forming the Internal Units (Algeria); the Tellian fold 
and thrust belt; and the Atlas fold belt that is slightly NE-SW locally. 
Both the Tellian and Atlas fold and thrust belts are deforming Triassic to 
Miocene series deposited in the northern margin of Africa from Algeria 
to Tunisia (e.g., Peucat et al., 1996; Hammor et al., 2006; Khomsi et al., 
2019). The Algerian Basin is interpreted as the back-arc basin of the 
Kabylies-Tell orogenic system. The geometry and nature of the crust and 
lithosphere of this region are not well defined due to the scarcity of 
geophysical data and the difficulty to unambiguously interpret them, 

particularly onshore. Offshore studies show that the crust of the Algerian 
Basin is mainly oceanic with an approximate thickness of about 6 km 
overlaid by 3-km-thick Neogene sedimentary cover (e.g., Vidal et al., 
1998; Mauffret et al., 2004; Mauffret et al., 2007; Leprêtre et al., 2013; 
Medaouri et al., 2014; Aïdi et al., 2018). 

The opening of the Algerian and Alboran basins are roughly coeval 
the former initiating at ~23 Ma with a NNW-SSE orientation and ac-
cording to several authors, it spanned until 17–13 Ma (e.g., Gueguen 
et al., 1998; Vergés and Sàbat, 1999; Frizon de Lamotte et al., 2000; 
Gelabert et al., 2002; Rosenbaum and Lister, 2004; Schettino and Turco, 
2011); whereas some other authors propose a second extensional phase 
with an E-W opening trend since Langhian to recent (~16 to 0 Ma) (e.g., 
Mauffret et al., 2004; Faccenna et al., 2004; van Hinsbergen et al., 2014, 
2020). 

The Western Mediterranean shows a wide variety of volcanic activity 
with different geochemical affinities (e.g., Duggen et al., 2005, 2008; 
Lustrino and Wilson, 2007; Lustrino et al., 2011; Carminati et al., 2012; 
Melchiorre et al., 2017). The oldest magmatic rocks correspond to the 
tholeiitic through calc-alkaline Malaga dykes (33–22 Ma) in the western 
Betics related to subduction of the Tethys. This event was followed by 
lower Miocene (22–16.5 Ma) leucogranites related to crustal anatexis 
due to a large-scale thermal event with nappe displacement and crustal 
extension affecting the southern Iberian margin and the Alboran Basin 
(Duggen et al., 2004). During middle to late Miocene (16.5–6.5 Ma), 
tholeiitic through calc-alkaline volcanism intruded the Alboran Basin 
crust associated with low-degree partial melting beneath a thin crust 
changing to high‑potassium calc-alkaline shoshonitic and lamproitic 
affinity onshore probably associated with mantle delamination (Duggen 
et al., 2005, 2008). The observed geochemical variety of these volcanic 
products, including the Malaga dikes, is typical of supra-subduction 
zones in which the mantle source is modified by a subduction compo-
nent incorporating fluids and sediments (e.g., Pearce et al., 1984; 
Shervais, 2001; Marchesi et al., 2012; Maffione et al., 2015). During late 
Miocene-to-Pleistocene, alkaline volcanism of asthenospheric origin 

Fig. 1. Tectonic map of the Western Mediterranean region with the main Tertiary orogenic belts and foreland basins (modified from Vergés and Sàbat, 1999). NBTZ: 
North Balearic Transform Zone; EBE: Emile-Baudot Escarpment; CCR: Catalan Coastal Ranges. 
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probably contaminated with plume material intruded the southern 
Iberia and NW Africa crustal domains (Duggen et al., 2005). 

1.2. Proposed geodynamic models 

The tectonic evolution of the Western Mediterranean is largely 
controversial and numerous competing geodynamic mechanisms have 
been proposed including southwestward and westward displacement of 
the Alboran microplate, extensional collapse of thickened lithosphere, 
mantle delamination, and slab rollback (e.g., Andrieux et al., 1971; Platt 
and Vissers, 1989; Lonergan and White, 1997; Calvert et al., 2000; 

Rosenbaum and Lister, 2004; Spakman and Wortel, 2004; Vergés and 
Fernàndez, 2012; van Hinsbergen et al., 2014; Romagny et al., 2020). 
The prevalent model considers that the entire Apennines-Calabria- 
Maghrebian-Rif-Betics orogenic systems generated from a synchronous 
single and relatively short initial NW-dipping subduction zone located 
along the SE borders of Corsica-Sardinia and Balearic promontories (e. 
g., Rosenbaum et al., 2002; Spakman and Wortel, 2004; van Hinsbergen 
et al., 2014; van Hinsbergen et al., 2020) (Fig. 2). In this conceptual 
model the Betic-Rif segment travels a distance of ≈ 700 km, undergoes a 
clockwise rotation of about 180o, and the final whole length of the Betic- 
Rif and Kabylies-Tell orogenic front is about several times longer than 

Fig. 2. Sketch summarizing the tectonic evolution of 
the Iberia–Africa plate boundary since the Late 
Cretaceous from Fernàndez et al. (2019) compared to 
the evolution model by van Hinsbergen et al. (2014) 
since the earliest Eocene (right column): (a) initiation 
of N–S Iberia–Africa convergence and subduction 
with opposite polarity in the Ligurian–Tethys seg-
ments; (b) progressive closure by subduction of the 
Ligurian-Tethys oceanic and thin continental margin 
domains; (b1) starting distribution of the large 
AlKaPeCa units located SE of Corsica-Sardinia and 
Balearic promontories; (c) roll-back of the subducted 
Ligurian–Tethys segments and opening of Algerian 
and Alboran basins; (c1) breakup of AlKaPeCa and 
onset of SW travelling of Internal Betics with first 
collision against Northern Africa and then against 
Iberia and Morocco; (d) end of roll-back of the Lig-
urian–Tethys slabs and stacking of the high-pressure/ 
low-temperature (HP/LT) units in the Betic–Rif Arc 
and the Kabylies; and (d1) continental collision of the 
far travelling and extended Alboran domain. Plate 
reconstruction from 83.5 Ma to present taken from 
Macchiavelli et al. (2017) in the model by Fernàndez 
et al., 2019). Al = Alboran; Ca = Calabria; CIR =
Central Iberian Ranges; EBD = Emile Baudot Trans-
form; GoL = Gulf of Lyon; GoV = Gulf of Valencia; 
Ka = Kabylies; NAT = North African Transform; 
NBTZ = North Balearic Trsnsform Zone; Pe = Pelor-
itani Mountains.   
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the original trench length along the SE of the Balearic Promontory. 
Variations of this model assume a longer initial N to NW dipping sub-
duction zone extending from Gibraltar to the Alps (Gueguen et al., 1998; 
Faccenna et al., 2004; Laurent et al., 2009; Carminati et al., 2012; Do 
Couto et al., 2016, among many others). 

An alternative model considers a segmented subduction system with 
opposed dipping polarities in the Alboran and Algerian domains 
(Gelabert et al., 2002; Vergés and Fernàndez, 2012). According to 
Vergés and Fernàndez (2012) the orogenic system is characterized by: 
(i) a subducting slab dipping to the southeast and retreating to the 
northwest, called hereinafter the Alboran-Tethys segment, which orig-
inated the arcuate Betic-Rif fold and thrust belts on top of both Iberian 
and NW African plates; and (ii) a synchronous subducting slab dipping 
to the northwest and retreating to the southeast, originated along the 
eastern adjacent Ligurian-Tethys segment and called hereinafter the 
Algerian-Tethys segment, which evolved into the Kabylies-Tell-Atlas 
fold and thrust belt on top of the African plate (Fig. 2). Recently, 
Pedrera et al. (2020) and Daudet et al. (2020) proposed a SE-dipping 
continental subduction limited to the Alboran-Tethys segment along 
the Betics. 

2. Numerical model 

2.1. Deep structure and model geometry 

Defining the model setup requires knowledge of the present-day 
structure of the lithosphere and upper mantle of the study region as 
well as of its time evolution. Seismic experiments carried out during 
TopoIberia (Gallart et al., 2015) and PICASSO (Thurner et al., 2014) 
projects have imaged the deep structure of the Betic-Rif system and the 
Alboran slab with unprecedented resolution (see a full review in Díaz 
et al., 2021). The regional studies include P-wave teleseismic tomogra-
phy (Bezada et al., 2013; Villaseñor et al., 2015; Civiero et al., 2018), Ps 
teleseismic receiver functions (Thurner et al., 2014), finite frequency 
Rayleigh-wave tomography (Palomeras et al., 2014, 2017), and full- 
waveform inversion tomography (Fichtner and Villaseñor, 2015). 
There is consensus on some major features inferred from these studies, 
namely the likely subduction origin of the Alboran slab beneath the 
Betic-Rif orogenic system, the tight curvature and steep dip of the slab 
roughly following the Betic-Rif orogenic system, and the slab break-off 
and lateral tearing along the eastern Betics. The detailed geometry of 
the slab may differ depending on the data and used technique showing 
slab windows beneath regions of western and eastern Betics (e.g., Pal-
omeras et al., 2014; Thurner et al., 2014) or a varying curvature of the 
slab with depth (e.g., Villaseñor et al., 2015). Full-waveform inversion 
tomography shows, in addition to the Alboran slab, an E-W trending 

high-velocity anomaly ~100 km onshore the Algerian margin inter-
preted as a detached slab (Fichtner and Villaseñor, 2015). Fig. 3 shows 
the P-wave positive velocity anomaly corresponding to depth slices at 
125–150 km and 475–500 km associated with the Alboran-Tethys slab 
(Villaseñor et al., 2015), and the S-wave positive velocity anomaly 
beneath the Algerian margin showing the detached Algerian-Tethys slab 
(Fichtner and Villaseñor, 2015). The differences of the slab length 
imaged at different depths beneath the south-Iberia margin indicate that 
the slab is detached and tore beneath the eastern-central Betics (Villa-
señor et al., 2015). Recent geophysical-geochemical models indicate 
that the slabs beneath the Betics and Kabylies-Tell orogens are charac-
terized by a oceanic-like composition with temperatures about 400 ◦C 
colder than the surrounding upper mantle (Jiménez-Munt et al., 2019; 
Kumar et al., 2021). 

Plate kinematic reconstructions are a key constraint to determine the 
initial configuration of the plate boundaries and thus the geometry of the 
3-D geodynamic model as well as the kinematic conditions under which 
the Neogene basins opened. Several plate reconstructions have been 
proposed for the evolution of the Western Mediterranean region (e.g., 
Rosenbaum et al., 2002; Schettino and Turco, 2009; Handy et al., 2010; 
Vissers and Meijer, 2012; van Hinsbergen et al., 2014; Macchiavelli 
et al., 2017; van Hinsbergen et al., 2020). In the present work, we adopt 
the plate reconstruction model by Macchiavelli et al. (2017), which 
constrains the relative motions between Iberia, Africa and Europe since 
83.5 Ma to Present. This model is based on a highly detailed recon-
struction of the southern North Atlantic providing a higher resolution 
than previous studies but yielding similar average spreading rates (e.g., 
Rosenbaum et al., 2002; Srivastava et al., 1990; Vissers and Meijer, 
2012). Convergence between Africa and Eurasia could have begun 
around 118 Ma (e.g., Rosenbaum et al., 2002; Handy et al., 2010; Nir-
rengarten et al., 2018) though its quantification is uncertain due to the 
lack of magnetic reversals. We calculated ~60 km of convergence be-
tween Iberia-Africa from 118 Ma to 83.5 Ma, accounting for ~150 km of 
ongoing subduction at 42.5–33 Ma that is sufficient to initiate self- 
sustained slab rollback as discussed later. Table 1 shows the calculated 
relative velocities between Africa and Iberia since 118 Ma projected 
onto a NNW direction at 2◦ W (see Fig. 13 in Macchiavelli et al., 2017). 

The numerical experiment is built up by five tectonic domains, ac-
cording to the tectonic scenario based on opposite subduction in adja-
cent segments: the Alboran-Tethys and the Algerian-Tethys oceanic 
domains, both retreating in opposite directions; and the continental 
blocks corresponding to the Iberia microplate and the Africa plate, to 
which the trailing edges of the plate segments are attached and the west- 
Africa continental domain (Fig. 4). The oceanic domains extent from the 
corresponding subduction fronts at the quiescent tectonic period of 
42.5–33 Ma to the present-day position of the Alboran-Tethys and 

Fig. 3. P-wave velocity anomalies after corrections for crustal structure corresponding to depth slices of 125–150 km (a) and 475–500 km (b) (adapted from Vil-
laseñor et al., 2015, Supplementary Material); (c) S-wave tomography using full waveform inversion, modified from Fichtner and Villaseñor (2015) along cross- 
section C-C′ in their Fig. 8 with location shown in the inset. 
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Algerian-Tethys slabs. The African plate is separated in two continental 
domains as the upper plate above the Alboran-Tethys segment is not 
considered. The west-Africa continental domain represents the Moroc-
can Meseta extended to the north beneath the Rif fold and thrust belt. 
The Alboran-Tethys segment dips to the SE with the trailing edge fixed 
to the Iberian margin, whereas the Algerian-Tethys segment dips to the 
NW with the trailing edge fixed to the African margin. The dimensions of 
the tectonic domains are assigned considering the kinematic plate 
reconstruction of Macchiavelli et al. (2017) at chrons C20-C13 (42.54 
Ma–33.06 Ma), when the width and length of the non-subducted 
Alboran-Tethys and Algerian-Tethys plate segments was ~700 × 390 
km and ~ 600 × 620 km, respectively (Fig. 4). 

2.2. Numerical method 

To perform the 3D numerical experiment, we use the Underworld 
code (Moresi et al., 2003), which solves the incompressible and 

isothermal Stokes problem (e.g. Turcotte and Schubert, 2014), using a 
Particle-In-Cell approach (see equations in Supplementary Material). 

Thermal effects are indirectly considered by assigning the proper 
physical properties (e.g., density and viscosity) to the different bodies (e. 
g., Mason et al., 2010; Capitanio, 2014; Capitanio et al., 2015; Király 
et al., 2016, 2017; Peral et al., 2020). The isothermal assumption is valid 
as long as the subduction velocities are greater than 10 mm/yr (Bunge 
et al., 1997; Wortel, 1982). The rheological behavior of the sub- 
lithospheric mantle (deep blue color), the Iberian and African conti-
nental blocks (reddish colors), and the Alboran-Tethys and Algerian- 
Tethys plate segments (light blue colors) are modelled as follows 
(Fig. 4b, c and d). The sublithospheric mantle is considered isoviscous 
with a viscosity value of 1020 Pa.s (Ranalli and Murphy, 1987). The 
Iberian and African continental blocks are also considered isoviscous 
and relatively rigid with a value of 1025 Pa.s. The role of these conti-
nental blocks, which remain undeformed, is to act as backstops to 
impose rollback with fixed trailing edges and therefore not needing to 
impose a more complex viscosity structure. 

The oceanic Alboran-Tethys and Algerian-Tethys plate segments are 
initially separated by a 30-km-wide corridor representing a transform 
fault zone with rheological characteristics of sublithospheric mantle. A 
similar transform fault zone separates the Alboran-Tethys plate segment 
and the west-Africa continental block. The oceanic domains consist of 
three layers representing the rheological profile of a 80 Myr old oceanic 
lithosphere (e.g., Stephenson and Cloetingh, 1991; Schellart and Moresi, 
2013; Schellart and Strak, 2016): (1) an upper viscoplastic layer, char-
acterizing the crust and the uppermost lithospheric mantle, (2) a middle 
purely viscous layer, with a high viscosity representing the cold part of 
the lithosphere and (3) a lower viscous layer corresponding to the 

Table 1 
Convergence velocity and total convergence between Africa and Iberia in NNW 
direction at 2◦ W calculated from Macchiavelli et al. (2017).  

Time step (Ma) Velocity (mm/yr) Total convergence (km) 

118–83.5 1.7 60 
83.5–79.1 0 60 
79.1–67.7 4.5 111 
67.7–57.5 0 111 
57.5–42.5 2.4 147 
42.5–33 0 147 
33–22.5 7.7 228 
22.5–0 3.2 300  

Fig. 4. Scheme of the double polarity subduction model applied to the Westernmost Mediterranean region. (a) Model setup projected on the present day map of the 
Western Mediterranean. Note that the model setup initiates at ~36.5 Ma. Blue line: position of the coast line at 36.5 Ma according to Macchiavelli et al. [2017]. b) 
Top view of the model setup. Red tonalities for continental blocks, light blue for oceanic plate segments and dark blue for mantle. (c) and (d) show a lateral of the 
lithospheric geometry and boundary conditions in the Alboran-Tethys segment and Algerian-Tethys segment, respectively. Note that the domain reaches 660 km 
depth. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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warmer realm down to the lithosphere-asthenosphere boundary (LAB) 
(Fig. 4c and d). The average density of the oceanic lithosphere is of 3357 
kg/m3, with a density of the upper viscoelastic layer of 3210 kg/m3 

resulting from considering 6 km of oceanic crust (2900 kg/m3) and 10 
km of lithospheric mantle (3400 kg/m3) (Table 2). 

Viscoplastic rheology is implemented in the top layer of the oceanic 
lithosphere allowing the plate to detach from the upper surface. After 
reaching an absolute shear stress limit, σyield, plastic yielding occurs 
according to the Von-Misses criterion (Moresi and Solomatov, 1998), 

σyield = c0 + μρgz, (4)  

where c0 is the cohesion at zero confining pressure, μ is the friction 
coefficient, g is the gravity and z is the depth. 

The model setup does not include overriding plates assuming that 
they move passively with the retreating trenches. This assumption is 
appropriate when applied to natural cases where back arc basins are 
present (Funiciello et al., 2003). The domain of the numerical experi-
ment is 1320 × 660 × 1830 km in the X (NNW), Y (depth) and Z (ENE) 
directions, respectively, and encloses the actual approximate region 
from latitude 34◦N to 44◦N, and from longitude 10◦W to 10◦E (Fig. 4a 
and b). A regular mesh of 128 × 64 × 192 elements is used with 40 
particles per element in the initial setup. This results in a total of 
1,572,864 elements and 62,914,560 particles. 

The initial time of our model is within the quiescent period of 
42.5–33 Ma (Table 1), when the negative buoyancy force generated by 
the convergence of 150 km between Iberia and Africa can trigger a self- 
sustaining subduction (e.g., Leng and Gurnis, 2011; Chertova et al., 
2014a; Royden and Faccenna, 2018; Boonma et al., 2019). 

Boundary conditions are adopted considering a closed domain with 
appropriate dimensions, i.e. imposing free-slip velocity conditions to all 
lateral boundaries of the domain. Namely, velocities normal to the 
boundary and tangential stresses are imposed to be zero, which implies 
that a plate in contact to a lateral boundary of the model cannot 
advance. The velocities of the subducting plates at their trailing edges 
are forced to be zero. The lateral boundaries of the model are located far 
enough to minimize their effect on the subduction process (Peral et al., 
2020). The bottom of the model represents the 660 km upper-lower 
mantle discontinuity, which is assumed to be impenetrable with a no- 
slip boundary condition. Restricting the model domain to the upper 
mantle is commonly used to increase the numerical resolution of models 
(e.g., Schellart and Moresi, 2013; Farrington et al., 2014; Király et al., 
2016, 2017; Peral et al., 2020). 

The model does not incorporate the absolute plate motion and the 
derived convergence between plates which can affect the evolution of 
subduction depending on the orientation of the slabs relative to the 
induced global mantle flow (Schellart et al., 2008; Kreemer, 2009; 
Chertova et al., 2014b; Spakman et al., 2018). However, in our case the 
slab retreat velocities are notoriously higher than the convergence rates 
producing minor changes in the results. 

3. Results 

We have run more than forty models to study the influence of the 
domain size, width of the transform fault zones, the dip and extent of the 
initial subduction, and the rheology of the subducting plate segments. In 
this section we present the results of the model that best fits the obser-
vations. Its configuration is summarized in the previous section (see 
details in Supplementary Material). 

The evolution of the model is described here with respect to 
modelling time, i.e. the time elapsed since the start of the model. Con-
version of modelling time to geological time is described in the Dis-
cussion section by comparing the model results with geological 
observations. 

3.1. Time evolution of slabs 

In a plate convergence scenario governed by subduction, where the 
trailing edge of the subducting plate is fixed and subduction is density 
driven, the trench velocity, vT, equals the convergence rate, vC (e.g., 
Funiciello et al., 2003; Stegman et al., 2006; Lallemand et al., 2008; 
Király et al., 2016; Peral et al., 2020). 

Fig. 5 shows the 3D evolution of the Alboran-Algerian system. During 
the first 13–15 Myr both slabs, flanked by transform zones, retreat in a 
similar way with the trenches keeping almost straight and parallel to 
each other (Fig. 5a). Thereafter, the Alboran-Tethys trench starts to 
curve as the western edge of the trench reaches the end of the west- 
Africa transform zone and becomes pinned to the west-Africa conti-
nental block, whereas the retreat of the Algerian-Tethys slab continues 
southeastwards. 

After 23 Myr, the Alboran-Tethys and the Algerian-Tethys trenches 
are aligned and the Alboran-Tethys slab shows an asymmetric shape 
with an increasing curvature in its western side (Fig. 5b). The trench 
alignment occurs few million years before the leading edges of the slabs 
reach the upper-lower mantle discontinuity, which for the Algerian- 
Tethys slab occurs at around 26.5 Myr (Fig. 5c) whereas the Alboran- 
Tethys slab does so at around 29 Myr. Oceanic lithosphere is 
consumed after 30 Myr of evolution, when trenches reach the thicker 
continental crust of the passive Iberian and African paleomargins. From 
this time on, the oblique retreat of the Alboran-Tethys trench, relative to 
the Iberian margin, ceases in its eastern sector with the consequent 
gravitational stretching of the slab. However, the trench retreat con-
tinues westwards consuming oceanic or transitional crustal remnants, 
preserved by the irregular geometry of the segmented margins, and 
increasing progressively the curvature of the trench (Fig. 5d). The 
Algerian-Tethys slab only undergoes gravitational stretching after 
retreating is completed. 

The modelled trench retreat velocities (vT) of the Alboran-Tethys and 
the Algerian-Tethys plate segments calculated at the center of the 
trenches are illustrated in Fig. 6. The trench retreat velocity of the 
Alboran-Tethys segment increases slowly but steadily until 14.5 Myr of 
evolution. At this time, vT becomes greater than the maximum conver-
gence velocity, vC, between Iberia and Africa in a NNW-SSE direction 
that, according to Macchiavelli et al. (2017), is of 7.7 mm/yr for the 
period between 33 and 22.5 Ma (Table 1). Also, at 14.5 Myr of model 
evolution the trench reaches the end of the transform fault zone with the 
west-Africa continental block and starts to curve asymmetrically (Figs. 5 
and 7). After this time, the trench retreat velocity increases rapidly until 
a maximum value of 35 mm/yr at around 26.5 Myr. Afterwards, vT 
decreases to zero in a short time period of 5 Myr due to the consumption 
of the subducting plate segment. 

The trench retreat velocity of the Algerian-Tethys segment during 
the first 15 Myr of evolution is slightly higher than that of the adjacent 
Alboran-Tethys segment (Fig. 6). From this time on, the Algerian-Tethys 
trench shows a much faster retreat rate coinciding with the time at 
which the trench intersects with the southern border of the continental 
Iberian block (Figs. 6 and 7). The Algerian-Tethys trench reaches a 

Table 2 
Main parameters of the numerical model of the Alboran-Algerian double sub-
duction system.   

Rheology h (km) ρ (kg/m3) η (Pa.s) 

Upper Mantle  
viscous 660 3300 1020  

Oceanic lithosphere segments 
Layer 1 visco-plastic 16 3210 1022 

Layer 2 viscous 16 3400 1023.5 

Layer 3 viscous 38 3400 1022  

Continental lithosphere segments  
viscous 110 2700 1025 

h: thickness; ρ: density; η: viscosity. 
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maximum retreat velocity of ~68 mm/yr at 26.5 Myr, when the slab 
reaches the upper-lower mantle discontinuity, and decreases very fast to 
zero in the next 4 Myr, when subduction terminates. Due to the location 
of the rotation pole, the convergence velocity between Africa and Iberia 
is slightly higher in the Algerian-Tethys segment than in the Alboran- 
Tethys segment suggesting that the time at which the trench retreat 
velocity is higher than the convergence velocity (vT > vC) is probably 
similar for both segments. 

3.2. Mantle flow 

The mantle flow induced by the rollback of a double subduction 

system with opposed polarity in adjacent segments is noticeable 
different from that of a single subduction system. The interaction be-
tween the mantle flows induced by the retreat of the slabs generates a 
stress coupling in the mantle that deforms the plates and slows down the 
overall subduction process relative to a single-plate model (Király et al., 
2016; Peral et al., 2018, 2020). 

Fig. 7 shows the toroidal component of the mantle flow and the 
vertical velocity magnitude at 13, 23 and 30 Myr for different depth 
levels (200, 330 and 500 km). The small size of the subduction system 
makes the mantle flow very dependent on the time evolution and depth 
and humper the formation of individual toroidal cells in the inter-plate 
region. In consequence, the horizontal mantle flow along the whole 
subduction process is dominated by two large toroidal cells around the 
edges of the Algerian segment and the inner edge of the Alboran 
segment. The external western edge of the Alboran segment cannot 
develop a toroidal flow because it is fixed to the west-Africa continental 
block. During the first steps of evolution (t ≤ 13 Myr), subduction is still 
incipient and the slabs penetrate ~200 km into the sublithospheric 
mantle, generating a weak mantle flow at higher depths. Mantle flow 
increases over time as the slab pull increases and the retreat of trenches 
accelerates (t ≈ 23 Myr). During the last stages of model evolution (t ≥
30 Myr), subduction is almost completed and the mantle flow weakens 
again. At intermediate time steps (15 Myr ≤ t ≤ 28 Myr), the toroidal 
cells around the inner edges of both slabs merge with each other forming 
a unique cell and facilitating the retreat process. Note that the horizontal 
mantle flow at great depths (500 km) becomes vigorous only at the late 
stages of model evolution (t ≈ 30 Myr) when the slabs reach this range of 
depths. 

Maximum downward velocity values are registered around the slabs 
reflecting the subduction of the plate segments by rollback, whereas 
maximum upward velocities are registered few hundred kilometres in 
front of the trenches (Fig. 7; see also Fig. S1 in supplementary material). 
The vertical flow in the inter-plate region evolves by changing its di-
rection over time, such that during the first time-steps of model evolu-
tion (t ≤ 13 Myr) the vertical mantle flow is almost negligible increasing 

Fig. 5. Time evolution of the Alboran-Algerian system. a) slab rollback along transform zones in both plate segments; b) curvature of the Betic-Rif segment and 
alignment of trenches; c) slabs leading edges are reaching the bottom of the model; and d) Tethyan plate segments are consumed and subduction is completed. White 
lines in panel a) indicate the position of Iberia and Africa at 36.5 Ma. Convergence between Iberia and Africa is not considered in the model. 

Fig. 6. Trench retreat velocities through time of the Alboran-Tethys and the 
Algerian-Tethys plate segments calculated at the center of the trenches. The 
horizontal stippled line indicates the highest Iberia-Africa convergence velocity 
at 2◦ W projected in NNW-SSE direction (Macchiavelli et al., 2017). 
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Fig. 7. Mantle flow associated with the temporal evolution of the Alboran-Algerian system at different depths. Grey arrows show the velocity field direction in the X- 
Z plane and background colors indicate the vertical velocity magnitude vy (positive upwards). The horizontal mantle flow is dominated by two large toroidal cells 
around the edges of the Algerian-Tethys segment and the inner (right) edge of the Alboran-Tethys segment. Maximum vertical flow is around the slabs (downwards) 
and few hundred kilometres in front of the trenches (upwards). White lines show the location of the plates at the surface (thick lines) and the slab at depth 
(thin lines). 

Fig. 8. Trench retreat velocities of the Alboran-Tethys plate segment. Black thick lines denote the position of the trench at the indicated time. Velocities are measured 
perpendicular to the trench in each position. The arcuate shape of the Alboran-Tethys slab is produced by a faster retreat of the eastern side of the plate segment being 
more relevant at 23–27 Myr. 
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its downward component as the trenches approach to each other (23 
Myr) (Fig. 7). In contrast, as the trenches move away from each other, 
mantle locally flows upward delineating a NE-SW corridor of mantle 
upwelling between both plates (Fig. 7 lower panel). 

To analyze the influence of the Algerian-Tethys segment on the 
evolution of the Alboran-Tethys segment we have run a model with only 
the Alboran-Tethys slab and preserving the rest of the model conditions. 
Results are displayed in Supplementary Material showing that the retreat 
process is faster but still within the uncertainties of geological data 
(Fig. S2). The main difference is the present-day induced mantle flow 
behind the slab that, in the case of a unique slab, is almost perpendicular 
to the strike of the Betics mismatching the measured mantle anisotropy 
(e.g., Díaz and Gallart, 2014; Díaz et al., 2021) (Fig. S3). That being said, 
mantle delamination and slab break-off processes can also modify the 
mantle flow. 

3.3. Curvature of the Alboran-Tethys slab 

Fig. 8 shows a map view of the displacement of the trench associated 
with the retreat of the Alboran-Tethys slab, where black thick lines 
denote the position of the trench at different time steps and the colored 
background denotes the trench retreat velocities perpendicular to the 
trench at each time and position. 

The curvature of the Alboran-Tethys slab increases with time as the 
plate segment subducts. From the initiation of subduction until around 
13–14 Myr, the Alboran-Tethys segment retreats to the NNW with a 
negligible trench curvature and a nearly symmetric shape with respect 
to its longitudinal axis (Fig. 8 and S3a). During this period, the Alboran- 
Tethys segment retreats between two transform zones separating this 
domain from the Algerian-Tethys domain to the ENE, and from the west- 
Africa continental block to the WSW. At 14 Myr, the western edge of the 
Alboran-Tethys segment is pinned at the northern end of the transform 
zone (northern boundary of the thick continental crust), whereas the 
eastern edge retreats freely causing the curvature of the trench. The NE- 
SW orientation of the trench curvature at the western side of the 
Alboran-Tethys slab becomes evident at 23 Myr, coinciding with the 
alignment of the Alboran-Tethys and the Algerian-Tethys trenches 
(Fig. 8 and S3b). During the period from 24 to 27 Myr, the trench retreat 
velocity reaches maximum values exceeding 30 mm/yr in the eastern 
half of the plate segment. From this time on, the curvature of the trench 
continues to increase to the west-southwest but the retreating velocities 
decrease as the slab is being consumed, showing slightly higher values in 
the western side of the plate segment (Fig. 8). At the end of subduction 
and trench retreat, the westernmost segment of the trench can accu-
mulate a counterclockwise rotation between 45◦ and 75◦ and thus an 
almost NNE-SSW trend that agrees with tomography images of the 
Alboran-Tethys sinking slab (e.g. Fig. 3). 

4. Discussion 

Proving the suitability of the opposite subduction model proposed by 
Vergés and Fernàndez (2012) in the Western Mediterranean requires to 
correlate model results with critical geological and geophysical obser-
vations and to overcome possible shortcomings of the competing 
models. Numerical results are subjected to model assumptions and 
associated limitations and therefore, only those observations that are 
quantified by the model are compared with observations for the model 
assessment. 

4.1. Time of opening of the Alboran and Algerian basins 

Geological data indicate that extension in the Alboran Basin initiates 
between 27 and 20 Ma (e.g., Comas et al., 1999; Do Couto et al., 2016; 
Gómez de la Peña et al., 2018; and references therein). Initiation of 
extension requires that the trench retreat velocity becomes higher than 
the plate convergence velocity (vT > vC), which happens after 13–14 Myr 

of model evolution (Fig. 6) allowing us to tie the model time-scale to the 
geological time. Geophysical and geological observations show that the 
retreat of the Alboran-Tethys slab became almost inactive along the Gulf 
of Cadiz and the Betics front around 8–6 Ma (e.g., Berástegui et al., 1998; 
Gràcia et al., 2003; Iribarren et al., 2007; Zitellini et al., 2009 and ref-
erences therein). In our model, cessation of subduction occurs after 17 
Myr of extension initiation, when the retreat velocity becomes lower 
than the convergence velocity (vT < vC), providing a second independent 
tie point between geological and modelling time, setting the start of the 
model at ~36.5 Ma. 

The evolution of the Algerian Basin is less constrained hindering the 
model assessment. Geological interpretations indicate that the Kabylies 
were accreted close to the southern margin of the Balearic Promontory 
at 22–23 Ma coinciding with the opening of the Algerian Basin and 
further transported to the SSE until their collision with the Algerian 
paleomargin at 17–13 Ma (e.g., Dercourt et al., 1986; Vergés and Sàbat, 
1999; Frizon de Lamotte et al., 2000; Domzig et al., 2006; Aïdi et al., 
2018; Roure et al., 2012). According to this timing, the accretion of the 
Kabylies would have happened after 14–15 Myr of model evolution 
when the trench migrated about 110 km to the SSE (Fig. 6). The collision 
of the Kabylies with the Algerian paleomargin implies that the final 
width of the Algerian Basin would be between a minimum of 90 km 
assuming collision at 17 Ma, and a maximum of 240 km assuming 
collision at 13 Ma. After collision, lithospheric mantle delamination and 
slab breakoff occurred beneath the Algerian paleomargin (Fichtner and 
Villaseñor, 2015; Chazot et al., 2017; Kumar et al., 2021). Partially 
coeval with delamination and slab breakoff, the Kabylian-Tellian-Atlas 
fold belt, with the estimated shortening of ~100 km, occurred from 
Serravallian to Tortonian times (e.g., Frizon de Lamotte et al., 2000). In 
our model, mantle delamination is considered as the continuation of the 
slab retreat subduction. 

4.2. Curvature of the Alboran-Tethys slab 

According to our model, the curvature of the Alboran-Tethys slab 
initiates at ~23 Ma, coinciding with both the stalling of the trench in the 
northern termination of the transform zone along the eastern side of the 
west-Africa continental block and the onset of opening of the Alboran 
Basin. Fig. 9a combines the tomography image corresponding to a depth 
slice of 125–150 km, shown in Fig. 3a, and the migration of the trench 
resulting from our model as shown in Fig. 8. The final position of the slab 
in the model reproduces both the observed slab curvature and its 
obliquity with the south-Iberian margin (e.g., Spakman and Wortel, 
2004; Bezada et al., 2013; Villaseñor et al., 2015; Civiero et al., 2018). 
The smaller modelled slab curvature is in part related to the no incor-
poration of the Africa-Iberia convergence in the numerical model, which 
would produce a northwards displacement of the pinning point of the 
trench of ~150 km (Macchiavelli et al., 2017; Table 1) and additional 
tightening of the slab (Casciello et al., 2015; Crespo-Blanc et al., 2016 
among others). 

4.3. Changes in the regional stress regime 

Though the model does not incorporate the upper plate, it is expected 
that the dominant horizontal stress field in the Alboran Basin is parallel 
to the trench retreat velocity vectors. Multichannel seismic data and 
geological studies reveal that most of the Alboran Basin was dominated 
by N-S extension during the first stages of evolution, changing later to 
NW-SE extension in the central part and to W-E in the West Alboran 
Basin. Fig. 9b shows the calculated trench position and retreat velocities 
of the Alboran-Tethys slab superimposed on the geological map of the 
study region (Asch, 2005). Maximum retreat velocities are located to the 
NE Alboran Basin and the transition towards the Algerian Basin, 
changing their orientation from NW to W in the Western-Central 
Alboran Basin since 12 Ma to present. The time at which this change 
of stress orientation occurred (20–14 Ma), as well as the time of the end 
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of opening (8–6 Ma) differs depending on authors and geological ob-
servations (e.g., Do Couto et al., 2016; Martínez-García et al., 2017; 
Gómez de la Peña et al., 2020). 

In the Algerian Basin, the dominant stretching and oceanic spreading 
directions are unclear leading to disparate interpretations. Therefore, 
whereas some authors advocate for a NNW-SSE stretching orientation 
since Oligocene – early Miocene to Langhian – Serravallian (~ 23 to 
16–13 Ma) (e.g., Gueguen et al., 1998; Vergés and Sàbat, 1999; Gelabert 
et al., 2002; Rosenbaum and Lister, 2004; Schettino and Turco, 2011), 
some other authors propose a second extensional phase with an E-W 
stretching orientation since Langhian to recent (~ 16 to 0 Ma) (e.g., 
Mauffret et al., 2004; Aïdi et al., 2018; van Hinsbergen et al., 2014, 
2020). Despite it is hard to confirm any of these alternatives from 
available seismic and/or magnetic data; our model predicts a continuous 
NNW-SSE orientation of tensional stresses during most of the Miocene. 

The described general stress pattern could be strongly modified 
locally by the compartmentalization of the basins in several sub-basins, 
the orientation of their respective bounding faults, and the protracted N- 
S convergence (e.g., Andeweg and Cloething, 2001; Fernández-Ibáñez 
et al., 2007; Palano et al., 2015). 

4.4. Volcanism and crustal nature 

The main magmatic episodes occurring in the region can be roughly 
related to the proposed geodynamic model. The tholeiitic to calc- 
alkaline dikes of Malaga (33–22 Ma) have been related to subduction 
of the Tethys in a position close to the present Balearic Promontory (e.g., 
Duggen et al., 2004, 2008; Marchesi et al., 2012). In our model, this 
volcanism corresponds to the period previous to the initiation of 
extension and hence, to active subduction of the Alboran-Tethys 
segment beneath the African margin. The extensive crustal anatexis 
during the lower Miocene period (22–16.5 Ma) coincides, in our model, 
with the acceleration of the trench retreat and concomitant opening of 
the Alboran Basin. The next episode (16.5–6.5 Ma), with tholeiitic, calc- 
alkaline, shoshonitic and ultrapotassic orogenic volcanism is over-
lapping with the period of maximum trench retreat velocity in the 
central-eastern Alboran Basin and initiation of delamination beneath the 
eastern Betics (Fig. 9b). The last magmatic episode (late Miocene to 
Pliocene-Quaternary) coincides with the cessation of extension and 
mantle delamination due to the continuous migration of the retreating 
slab involving Iberian continental mantle beneath the Betic orogenic 
system, and the consequent slab tear along the central and eastern Betics 
(e.g., Spakman and Wortel, 2004; García-Castellanos and Villaseñor, 
2011; Pérez-Valera et al., 2013; Melchiorre et al., 2017; Booth-Rea et al., 
2018). The origin of the alkaline volcanism in the African margin and 
easternmost Betics coincides with a mantle upwelling corridor 

extending from the Atlas to the Western Mediterranean enhanced by the 
interaction between the Alboran-Tethys and the Algerian-Tethys slabs 
after the alignment of trenches (Fig. 7b at 6.5 Ma). The change from 
extension to compression could play a role in the transition from calc- 
alkaline to alkaline volcanism as recently proposed by Koptev et al. 
(2021). 

A main feature of the crustal configuration of the Alboran Basin is the 
progressive west-to-east increase of magmatism, which coincides with 
the variations of the calculated trench retreat velocities (Fig. 9b). 
Maximum retreat velocities of the Alboran-Tethys slab occur between 12 
and 8 Ma exceeding 25 mm/yr, coinciding with the volcanic manifes-
tations in the SE-Iberian margin and the central-eastern regions of the 
Alboran Basin, and the magmatic arc region proposed by Gómez de la 
Peña et al. (2018) from multichannel seismic data. Further to the East, 
the Algerian-Tethys slab retreats at a rate of 35–40 mm/yr at 15–17 Ma, 
rising up to 68 mm/yr at around 10 Ma. These retreat velocities can be 
compared to slow-spreading (20–55 mm/yr) and intermediate- 
spreading (55–70 mm/yr) class of ocean ridge, capable to generate 
widespread magmatism and new oceanic lithosphere (e.g., Dick et al., 
2003). 

4.5. Tectonic evolution 

Fig. 10 summarizes the interpretation of the modelling results based 
on the trench retreat velocities of the Alboran-Tethys and Algerian- 
Tethys slabs and the main geological and geophysical observations. 
Geodynamic processes in both Tethyan plate segments are progressively 
dominated by: i) forced subduction during the period in which the 
trench retreat velocity is lower than the convergence velocity; ii) net 
trench retreat and coeval opening of the Alboran and Algerian basins 
when the trench retreat velocity is higher than the convergence velocity; 
and iii) mantle delamination and further slab tear in the Alboran-Betics 
region or slab breakoff in the Algerian-Kabylies region, when basins 
opening is over. The opening of the basins roughly coincide with a 
pronounced reduction of the Africa-Iberia convergence rate. Volcanism 
in the Alboran-Tethys segment occurs along the whole subduction pro-
cess with changes in the geochemical signature. Magmatic activity in the 
Algerian-Tethys segment is characterized by the formation of Neogene 
oceanic crust flooring the Algerian Basin, whereas in the Kabylies is 
related to its collision with the African margin. 

4.6. Comparison with other geodynamic models 

The complexity of the Western Mediterranean system has generated, 
despite the extensive amount of geological and geophysical data, a va-
riety of geodynamic models (e.g., Royden and Faccenna, 2018; Gómez 

Fig. 9. Trench evolution of the Alboran-Tethys segment (Fig. 8) superimposed on: a) the tomographic image between 125 and 150 km depth from (Villaseñor et al., 
2015), and b) the geological map of the Westernmost Mediterranean region (Asch, 2005). The slab geometry shows a pronounced curvature towards the Gibraltar 
Strait in fair agreement with tomography observations. Maximum retreat velocities occur between 12 and 8 Ma coinciding with volcanic manifestations in the SE- 
Iberian margin and the central-eastern regions of the Alboran Basin. 

M. Peral et al.                                                                                                                                                                                                                                   



Tectonophysics 830 (2022) 229309

11

de la Peña et al., 2020 and Romagny et al., 2020 for discussion). Despite 
of that, the only 3D numerical model on the Alpine evolution of the 
Western Mediterranean is Chertova et al.’s (2014a) where, after 
considering three different scenarios, the authors favor that considering 
a westward displacement of the Alboran slab from the present Balearic 
Promontory. The initial set-up of this model requires three subduction- 
transform edge propagator (STEP) faults (Govers and Wortel, 2005) to 
reproduce the morphology of the current slab. One of these structures is 
the North Balearic Transform Fault acting as STEP fault during the 
separation of the Corsica-Sardinia and the Algerian slabs after 30 Ma, 
which bifurcated at 16 Ma to separate the Alboran from the Kabylies 
slab. Additional STEP faults are the Emile-Baudot transform fault, which 
together with the North Africa transform fault, allow for the westward 
displacement of the Alboran Domain. The different rheological proper-
ties of these two STEP faults explain the trench rotation of ~180◦ and 
the curvature of the Betic-Rif orogen resulting in an average trench 
retreat velocity of 80 mm/yr between 16 and 8 Ma (van Hinsbergen 
et al., 2014). 

One of the most conflicting features common to models of large SW- 
to W-displacements of the Alboran slab is that they ignore that the 
subduction front must cross all NW-SE segments of the Ligurian-Tethys 
margins of both Iberia and Africa in a highly oblique direction (e.g., 
Frizon de Lamotte et al., 2011; Vergés and Fernàndez, 2012; Ramos 
et al., 2020; Pedrera et al., 2020). A second limitation of these models is 
that the large westward displacement and rotation of the trench is rather 
incompatible with the roughly NNW-vergence of folding and thrusting 
observed in the Betics mountains along a 450 km fairly constant ENE- 
WSW trend. In fact, the Internal Betics overthrusted the External 

Betics, constituted by folded Mesozoic Iberian sedimentary successions 
and Cenozoic foreland basin deposits, synchronously along the entire 
length of the Betic system (Vera, 2000). Finally, the Africa-Iberia 
convergence between 83.5 Ma and 35 Ma in the southern Iberian 
margin, as well as the nature of this margin and its conjugate, which 
determine the occurrence of subduction vs. delamination, are not always 
properly considered. 

The lack of overriding plates and the considered rheology do not 
allow to properly reproducing slab tear and mantle delamination pro-
cesses, and restrains the geological interpretations related to crustal 
deformation. Slab tear and mantle delamination are relevant at the final 
stages of subduction and are envisaged to occur in Eastern Betics and 
Kabylies. In our model, the retreat of the slabs is predominantly 
perpendicular to the strike of the Betics and Kabylies-Tell orogens with 
the trailing edge coinciding with the present position of the seismic 
velocity anomalies and therefore, mantle delamination occurs when the 
trench reaches the more buoyant continental crust (e.g., Rosenbaum 
et al., 2002; Fernández-García et al., 2019). The gravitational stretching 
of the slab would produce its rupture, propagating the tear laterally 
(Alboran-Tethys slab case), or its detachment and sink into the mantle 
(Algerian-Tethys slab case). The slightly oblique collision of the 
Alboran-Tethys slab with the Iberian margin would be the main cause 
for the WSW-wards tear propagation to the center of the slab as observed 
from analogue modelling (Fernández-García et al., 2019). Contrarily to 
the model presented here, in models based on westward slab rollback (e. 
g., Duggen et al., 2008; Chertova et al., 2014a; van Hinsbergen et al., 
2014) the slab retreats parallel to the orogenic systems and the conti-
nental margins act as STEP faults or slab tearing-detachment zones. 

Fig. 10. Synthesis of model interpretation based on the trench retreat velocities of the Alboran-Tethys and Algerian-Tethys slabs and main geological and 
geophysical observations. Grey color denotes acting tectonic processes; red and blue upper panels indicate the volcanic and tectonic episodes acting in the Alboran- 
Tethys and Algerian-Tethys segments, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Consequently, in these models mantle delamination beneath the Betics 
should occur after slab tearing as proposed recently by Negredo et al. 
(2020), which is difficult to reconcile with the present position of the 
slab and the structure of the margin (Kumar et al., 2021). 

Regarding to crustal deformation in the upper plate, none of the 
applied numerical models account for a detailed description of the major 
structural units and only allow a qualitative description of the geological 
evolution. In this sense, our model explains the evolution of the Betic-Rif 
orogen with a similar level of coherence than previous models. Whereas 
the Tell-Kabylies fold and thrust belt is formed as a consequence of the 
retreat of the linear trench related to the Algerian-Tethys slab rollback, 
the formation of the arcuate Betic-Rif orogenic system is more complex. 
According to our model, the about 500-km long NNE-SSW trending Betic 
fold and thrust belt would be a direct consequence of the NNW retreat of 
the Alboran-Tethys trench over the SE Iberia paleomargin. The almost 
N-S trending Rif fold and thrust belt developed over the stable Moroccan 
Meseta by the inversion of the African paleomargin along the dextral 
transform fault system limiting the eastern side of this African conti-
nental block in our model (Fig. 4). As the trench retreats, the HP-LT 
metamorphic units are progressively emplaced deforming the sedi-
ments of the paleomargins. Continuous convergence between Africa and 
Iberia would bring closer together the Betics on Iberian crust and Rif on 
African crust fold and thrust belts, displaying almost right tectonic 
trends that developed before the late Tortonian. During late Tortonian- 
to-present Africa northern convergence, the whole Betic-Rif system 
increased its curvature as a consequence of large-scale tightening and 
scape tectonics within the Rif. The complex configuration of the Alboran 
Basin, made up of several sub-basins and their corresponding bounding 
faults, have also played a determinant role in the recent crustal dis-
placements evidenced by GPS data (e.g., Palano et al., 2015; Gràcia 
et al., 2019; Civiero et al., 2020). 

In summary, the main difference among the proposed geodynamic 
models lays on how allochthonous are the HP-LT metamorphic units of 
the Betic-Rif system (Fig. 2). A setting with a unique subduction with 
large westward slab displacements and trench rotations implies a large 
degree of allochthony, whereas an opposite double subduction system 
requires moderate displacements and rotations. However, the opposite 
subduction model is more coherent with the pre-orogenic set-up inferred 
from plate kinematic reconstructions, the synchronous deformation 
along the Betics and Rif, the crustal nature and opening of the Alboran 
and Algerian basins, and the change of stress orientation in the Alboran 
Basin. Indeed, recent geophysical and geological studies advocate for a 
more autochthonous origin of the metamorphic terranes and flysch units 
(e.g., Daudet et al., 2020; Gómez de la Peña et al., 2020; Pedrera et al., 
2020, Romagny et al., 2020). 

4.7. Tectonic significance of opposing subduction systems 

Opposite subduction in adjacent segments is not restricted to the 
Western Mediterranean but has been identified in several regions of the 
Earth (e.g., Luth et al., 2013; Peral et al., 2018; Király et al., 2021). The 
West Tibet region exhibits a sharp lateral change in the dip of the 
Wadati-Benioff zone between the north-dipping Hindu Kush and the 
southeast-dipping Pamir arc (Kufner et al., 2016; Liao et al., 2017). In 
the West Pacific region, the Ryukyu-Manila system (Lallemand et al., 
2001; Lin and Kuo, 2016) and the Manila-Philippine system (Hall and 
Spakman, 2015) also show subduction zones dipping in opposite di-
rections. Likewise, the subduction of the Australian plate beneath the 
Pacific plate in New Zealand has opposite polarity to the subduction 
along the Hikurangi Margin (e.g., Lamb, 2011). In the Mediterranean 
region, subduction zones having opposite vergence in adjacent segments 
have been documented in the Alps-Apennines system (Vignaroli et al., 
2008; Luth et al., 2013; Wang et al., 2021), the Carpathians-Dinarides 
system (Handy et al., 2014). Despite this number of case histories, 
applied models describing these processes are still very scarce 
demanding 3D approaches with high computing facilities. 

5. Concluding remarks 

From the presented study we draw the following concluding 
remarks:  

• The opposite subduction model for the Western Mediterranean is 
geodynamically consistent with geological and geophysical obser-
vations, namely: timing of opening of Alboran and Algerian basins; 
curvature of the Alboran-Tethys slab; change of stress orientation in 
the Alboran Basin; and volcanism and crustal nature in the Western 
Mediterranean.  

• Calculated retreat rates of the Alboran-Tethys and Algerian-Tethys 
slabs are consistent with the duration of opening of the Alboran 
(22–6 Ma) and Algerian (23–8 Ma) basins, as the trench retreat ve-
locities exceed the Africa-Iberia convergence rate for this period of 
time.  

• Trench retreat rates exceeding 25 mm/yr in the Alboran-Tethys slab 
and 45 mm/yr in the Algerian-Tethys slab explain the west-to-east 
transition from continental-to-magmatic-to-oceanic nature of the 
crust in the Western Mediterranean and the associated magmatism.  

• The progressive curvature of the Alboran-Tethys slab is related to the 
pinning of the western edge of the slab at the end of the transform 
zone and explains the observed regional stress reorientation of the 
Alboran Basin, the tomography image of the slab, and the arcuate 
shape of the Betic-Rif orogen.  

• The presented 3D model is based on the reactivation of the inherited 
segmented system of the Ligurian-Tethys domain resulting in mod-
erate amounts of orogenic rotation and tectonic displacement when 
compared to previous models. 

• The presented model is a new conceptual way to analyze the dy-
namics of small-scale subduction systems in contexts of plate 
boundaries with complex inherited segmented geometries, where 
adjacent arcs show opposite subduction directions. 
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Berástegui, X., Banks, C.J., Puig, C., Taberner, C., Waltham, D., Fernàndez, M., 1998. 
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Díaz, J., Torne, M., Vergés, J., Jiménez-Munt, I., Martí, J., Carbonell, R., Schimmel, M., 
Geyer, A., Ruiz, M., Garcia-Castellanos, D., Alvarez-Marrón, J., Brown, D., 
Villaseñor, A., Ayala, C., Palomeras, I., Fernandez, M., Gallart, J., 2021. Four 
decades of geophysical research on Iberia and adjacent margins. Earth Sci. Rev. 222, 
103841 https://doi.org/10.1016/j.earscirev.2021.103841. 

Dick, H.J.B., Lin, J., Schouten, H., 2003. An ultraslow-spreading class of ocean ridge. 
Nature 426, 405–412. 

Do Couto, D., Gorini, C., Jolivet, L., Lebret, N., Augier, R., Gumiaux, C., d’Acremont, E., 
Ammar, A., Jabour, H., Auxietre, J.L., 2016. Tectonic and stratigraphic evolution of 
the Western Alboran Sea Basin in the last 25 Myrs. Tectonophysics 677-678, 
280–311. 

Domzig, A., Yelles, K., Le Roy, C., et al., 2006. Searching for the Africa–Eurasia Miocene 
boundary offshore western Algeria (MARADJA’03 cruise). Compt. Rendus Geosci. 
338, 80–91. https://doi.org/10.1016/j.crte.2005.11.009. 

Duggen, S., Hoernle, K., van den Bogaard, P., Harris, C., 2004. Magmatic evolution of the 
Alboran region: the role of subduction in forming the western Mediterranean and 
causing the Messinian Salinity Crisis. Earth Planet. Sci. Lett. 218 (1–2), 91–108. 

Duggen, S., Hoernle, K., van den Bogaard, P., Garbe-Schönberg, D., 2005. Post-collisional 
transition from subduction-to intraplate-type magmatism in the westernmost 
Mediterranean: evidence for continental-edge delamination of subcontinental 
lithosphere. J. Petrol. 46 (6), 1155–1201. 

Duggen, S., Hoernle, K., Klügel, A., Geldmacher, J., Thirlwall, M., Hauff, F., Lowry, D., 
Oates, N., 2008. Geochemical zonation of the Miocene Alborán Basin volcanism 
(westernmost Mediterranean): geodynamic implications. Contrib. Mineral. Petrol. 
156 (5), 577–593. 

Faccenna, C., Piromallo, C., Crespo-Blanc, A., Jolivet, L., Rossetti, F., 2004. Lateral slab 
deformation and the origin of the western Mediterranean arcs. Tectonics 23 (1). 
TC1012 1011-1021.  

Faccenna, C., Becker, T.W., Miller, M.S., Serpelloni, E., Willett, S.D., 2014. Isostasy, 
dynamic topography, and the elevation of the Apennines of Italy. Earth Planet. Sci. 
Lett. 407, 163–174. 

Farrington, R.J., Moresi, L.N., Capitanio, F.A., 2014. The role of viscoelasticity in 
subducting plates. Geochem. Geophys. Geosyst. 15 (11), 4291–4304. 
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Király, Á., Capitanio, F.A., Funiciello, F., Faccenna, C., 2017. Subduction induced mantle 
flow: length-scales and orientation of the toroidal cell. Earth Planet. Sci. Lett. 479, 
284–297. 
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Torne, M., Pierantoni, P.P., Tunini, L., 2017. A new Southern North Atlantic Isochron 
map: insights into the drift of the Iberian plate since the Late Cretaceous. J. Geophys. 
Res. Solid Earth 122 (12), 9603–9626. 

Maffione, M., Thieulot, C., van Hinsbergen, D.J.J., Morris, A., Plumper, O., Spakman, W., 
2015. Dynamics of intraoceanic subduction initiation: 1. Oceanic detachment fault 
inversion and the formation of supra-subduction zone ophiolites. Geochem. 
Geophys. Geosyst. 16, 1753–1770. https://doi.org/10.1002/2015GC005746. 

Marchesi, C., Garrido, C.J., Bosch, D., Bodinier, J.-L., Hidas, K., Padrón-Navarta, J.A., 
Gervilla, F., 2012. A Late Oligocene suprasubduction setting in the Westernmost 
Mediterranean revealed by intrusive pyroxenite dikes in the ronda peridotite 
(Southern Spain). J. Geol. 120, 237–247. https://doi.org/10.1086/663875. 

Martínez-García, P., Comas, M., Lonergan, L., Watts, A.B., 2017. From extension to 
shortening: tectonic inversion distributed in time and space in the Alboran Sea, 
western Mediterranean. Tectonics 36, 2777–2805. https://doi.org/10.1002/ 
2017TC004489. 

Mason, W.G., Moresi, L., Betts, P.G., Miller, M.S., 2010. Three-dimensional numerical 
models of the influence of a buoyant oceanic plateau on subduction zones. 
Tectonophysics 483 (1–2), 71–79. 

Mauffret, A., Frizon de Lamotte, D., Lallemand, S., Gorini, C., Maillard, A., 2004. E-W 
opening of the Algerian Basin (Western Mediterranean). Terra Nova 16 (5), 
257–264. 

Mauffret, A., Ammar, A., Gorini, C., Jabour, H., 2007. The Alboran Sea (Western 
Mediterranean) revisited with a view from the Moroccan Margin. Terra Nova 19 (3), 
195–203. 

Medaouri, M., Déverchère, J., Graindorge, D., Bracene, R., Badji, R., Ouabadi, A., Yelles- 
Chaouche, K., Bendiab, F., 2014. The transition from Alboran to Algerian basins 
(Western Mediterranean Sea): chronostratigraphy, deep crustal structure and 
tectonic evolution at the rear of a narrow slab rollback system. J. Geodyn. 77, 
186–205. 
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