
P
os
te
d
on

16
N
ov

20
22

—
C
C
-B

Y
-N

C
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
47
55
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Opposite symmetry in the lithospheric structure of the Alboran and

Algerian basins and their margins(Western Mediterranean):

Geodynamic implications
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Abstract

The geodynamic evolution of the Western Mediterranean for the past 35My is a matter of debate. Present-day structure

and composition of the lithosphere and sublithospheric mantle may help in constraining the geodynamic evolution of the

region. We use an integrated geophysical-petrological modeling to derive and compare the present-day thermal, density and

compositional structure of the lithosphere and sublithospheric mantle along two NNW-SSE oriented geo-transects crossing

the back-arc Alboran and Algerian basins, from onshore Iberia to the northern Africa margin. The crust is constrained by

seismic experiments and geological cross-sections, whereas seismic tomography models and mantle xenoliths constrain the upper

mantle structure and composition. Results show a thick crust (37km and 30km) and a relative deep LAB (130km and 150km)

underneath the HP/LT metamorphic units of the Internal Betics and Greater Kabylies, respectively, which contrast with the

16km thick magmatic crust of the Alboran Basin and the 10km thick oceanic crust of the Algerian Basin. The sharp change in

lithosphere thickness, from the orogenic wedge to the back-arc basins, contrasts with the gentler lithosphere thickening towards

the respective opposed margins. Our results confirm the presence of detached slabs ˜400oC colder than upper mantle and

a fertile composition than the continental lithospheric mantle beneath the External Betics and Saharan Atlas. Presence of

detached quasi-vertical sublithospheric slabs dipping towards the SSE in the Betics and towards the NNW in the Kabylies and

the opposed symmetric lithospheric structure support an opposite dipping subduction and retreat of two adjacent segments of

the Jurassic Ligurian-Tethys realm.
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Highlights: 14 

 Opposite symmetry of crust and lithosphere structure along the Alboran and 15 

Algerian basins and their margins with subduction related exhumed HP/LT 16 

metamorphic rocks. 17 

 Subducted Ligurian-Tethys slabs beneath the Betics and Kabylies are ~400 oC 18 

colder and at least ~30 kg/m3 denser than ambient upper mantle showing 19 

fertile chemical composition alike to oceanic lithosphere.  20 

 The Eastern Betics and Greater Kabylies underwent mantle delamination 21 

during Mid-Late Miocene triggered by slab retreat of the subducted Ligurian-22 

Tethys segments, and further slab tear/break-off. 23 

 Slab tear/break-off caused the uplift of several hundred meters in the eastern 24 

Betics and Greater Kabylies and the closure of the Atlantic-Mediterranean 25 

corridor preceding the Messinian salinity crises. 26 
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Abstract  28 

The geodynamic evolution of the Western Mediterranean for the past 35My is a 29 

matter of debate. Present-day structure and composition of the lithosphere and 30 

sublithospheric mantle may help in constraining the geodynamic evolution of the 31 

region. We use an integrated geophysical-petrological modeling to derive and 32 

compare the present-day thermal, density and compositional structure of the 33 

lithosphere and sublithospheric mantle along two NNW-SSE oriented geo-transects 34 

crossing the back-arc Alboran and Algerian basins, from onshore Iberia to the 35 

northern Africa margin. The crust is constrained by seismic experiments and 36 

geological cross-sections, whereas seismic tomography models and mantle xenoliths 37 

constrain the upper mantle structure and composition. Results show a thick crust 38 

(37km and 30km) and a relative deep LAB (130km and 150km) underneath the 39 

HP/LT metamorphic units of the Internal Betics and Greater Kabylies, respectively, 40 

which contrast with the 16km thick magmatic crust of the Alboran Basin and the 41 

10km thick oceanic crust of the Algerian Basin. The sharp change in lithosphere 42 

thickness, from the orogenic wedge to the back-arc basins, contrasts with the gentler 43 

lithosphere thickening towards the respective opposed margins. Our results confirm 44 

the presence of detached slabs ~400oC colder than upper mantle and a fertile 45 

composition than the continental lithospheric mantle beneath the External Betics and 46 

Saharan Atlas. Presence of detached quasi-vertical sublithospheric slabs dipping 47 

towards the SSE in the Betics and towards the NNW in the Kabylies and the opposed 48 

symmetric lithospheric structure support an opposite dipping subduction and retreat 49 

of two adjacent segments of the Jurassic Ligurian-Tethys realm. 50 
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1. Introduction  58 

The Western Mediterranean is characterized by the presence of several 59 

extensional basins floored by very thin continental crust or newly formed oceanic 60 

crust that opened in a back-arc setting during the closure of the Ligurian-Tethys 61 

Ocean (Figure 1a). The North Balearic Transform Zone is recognized as a major 62 

transform fault separating the Liguro-Provençal Basin and the Tyrrhenian realm from 63 

the Alboran-Algerian realm (Figure 1a). While the Cenozoic evolution of the Liguro-64 

Provençal, Tyrrhenian, and Aegean back-arc basins are well understood (Faccenna 65 

et al., 2004), the evolution of the Alboran and Algerian basins in the Western 66 

Mediterranean is still debated (Spakman and Wortel, 2004; Faccenna et al., 2004; 67 

Jolivet et al., 2009; Vergés and Fernàndez 2012; van Hinsbergen et al., 2014; 68 

Casciello et al., 2015). The opening of both basins for the last 35 My, is being 69 

explained by three different geodynamic scenarios, each based on slab roll-back as 70 

the driving mechanism (Figure 1b). There is consensus that the Algerian Basin is an 71 

oceanic basin opened in the upper plate during the NNW-dipping Ligurian-Tethys 72 

slab retreat, in agreement with the SSE-polarity of the Kabylies-Tell-Atlas orogenic 73 

system; however no agreement has been reached so far on the origin and evolution 74 

of the Alboran Basin and related Betic-Rif orogenic system. Main disagreements are 75 

on the original disposition of the tectono-sedimentary domains involved in the Betic-76 

Rif subduction-related orogenic system and on the geodynamic interpretation used to 77 

build-up this orogenic system. The pros and cons of the three scenarios displayed in 78 

Figure1b are discussed in detail by Chertova et al. (2014) using numerical modeling 79 

and concluding that both scenario 1 and scenario 3 are plausible despite the authors 80 

favor scenario 1. 81 

Irrespective of the geodynamic evolution model applicable to the Alboran and 82 

Algerian basins, subduction processes must have left their imprints on the present-83 

day crust and mantle structure. A subduction system involves compression and 84 

orogenic volcanism near the arc. In settings dominated by slab roll-back, the upper 85 

plate undergoes extension and thinning, producing anorogenic volcanism by mantle 86 

decompression which ultimately can lead to the formation of new oceanic lithosphere 87 

as in the Algerian Basin. During the final stages of slab roll-back, collision with the 88 

continental lithosphere leads to the stacking and exhumation of metamorphic slices 89 
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of the subducted thinned continental crust of the former extended margins (Brun and 90 

Faccenna, 2008). Involvement of the passive margin also introduces mechanical 91 

weakness and the dense slabs can break-off/tear/detach (Fernández-García et al., 92 

2019). Hence, compression near the subduction front and extension in the back-arc 93 

are to be recorded in the present-day lithospheric thickness and mantle composition. 94 

Therefore, precise knowledge of the present-day lithospheric structure and chemical 95 

composition of the upper mantle are crucial constraints to decipher the geodynamic 96 

evolution of the study region. 97 

 98 

Figure 1. (a) Geological map of the Western Mediterranean showing the main orogenic belts and 99 
basins (Modified from Vergés and Sàbat, 1999).The Alpine-Himalayan collision zone is indicated as 100 
grey shaded area in the inset map. (b) Schematic illustration of the three subduction models proposed 101 
for the geodynamic evolution of the Western Mediterranean also showing the paleogeography at 35 102 
My (van Hinsbergen et al. 2014). Scenario 1 after van Hinsbergen et al. (2014) purposes a single 103 
short subduction zone initially dipping to NW starting near the Balearic Promontory and then retreats 104 
to the SE before it separates into two different segment. One of the segments continue retreating to 105 
SE before it collides with North Africa and the other continue retreating to the west and collides with 106 
Iberia resulting in 180o clock-wise rotation. Scenario 2 purposes a long initial subduction dipping to the 107 
N-NW along the entire Gibraltar-Balearic Promontory margin (e.g., Gueguen et al., 1998; Faccenna et 108 
al., 2004; Jolivet et al., 2009). Scenario 3 after Vergés and Fernàndez (2012) purposes two separate 109 
subduction segments with opposite subduction and retreating direction for the Alboran (dipping to the 110 
SE and retreating to the NW) and Algerian (dipping to the NW and retreating to the SE) basins. 111 
Direction of rollback is shown by the yellow arrows. Black dashed lines represent the proposed 112 
transform faults separating the different subduction segments (Figure modified after Chertova et al., 113 
2014). NBTZ, North Balearic Transform Zone; EBF, Emile-Baudot Escarpment. 114 

 115 
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The objective of this study is to derive and compare the present-day crust and 116 

upper-mantle structure (up to 400 km depth) of the Betics and Kabylies-Tell-Atlas 117 

orogenic systems, along two NNW-SSE oriented sections, hereinafter referred to as 118 

geo-transects, crossing the Alboran and Algerian back-arc basins and their opposed 119 

margins of North Africa and Iberia, respectively (Figure 2a). Orientation and location 120 

of the geo-transects are chosen based on: i) the regional vergence of the major 121 

tectonic units (Figure 2a), ii) available recent geophysical data (e.g., seismic 122 

tomography, active seismic lines and geological cross-sections), and iii) the different 123 

tectonic style, crustal nature, and lithospheric geometry of both basins. For this 124 

purpose, we model the present-day thermal, compositional, density and seismic 125 

velocity distribution along the Alboran and Algerian Basin geo-transects by combining 126 

surface heat flow (SHF), geoid height, Bouguer anomaly and elevation data in a self-127 

consistent thermodynamic framework using the recently improved LitMod2D_2.0 128 

code (Kumar et al., 2020). 129 

 130 

Figure 2. (a) Simplified geological map of the study region. Shaded grey lines show the location of the 131 
Alboran and Algerian basin geo-transects. (b) P-wave travel-time tomography along Alboran basin 132 
geo-transects from Bezada et al. (2013). (c) Absolute S-wave velocity model from Rayleigh surface 133 
wave dispersion (Palomeras et al. 2017) along the Alboran basin geo-transect. (d) S-wave 134 
tomography using full waveform inversion modified after Fichtner and Villaseñor (2015) along cross-135 
section C-C’ of Fichtner and Villaseñor (2015), see panel located in (a) for location. 136 

 137 
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The Alboran Basin geo-transect is presented for the first time while the Algerian 138 

Basin geo-transect follows the TRANSMED-II profile, that was modeled using a 139 

thermal approach (Roca et al., 2004), and later refined in Carballo et al. (2015a) 140 

using integrated geophysical-petrological modeling. Although the regional structure of 141 

the lithosphere across the region has already been studied by Fullea et al. (2010) 142 

and Carballo et al. (2015a and b), we focus here on a more detailed structure of the 143 

Betics and Greater Kabylies belts and offshore regions (i.e. Alboran and Algerian 144 

basins). LitMod2D_2.0 allows to model thermal/seismic/compositional sublithospheric 145 

mantle anomalies, thus allowing to incorporate the well imaged positive seismic 146 

velocity anomalies in the high resolution tomography beneath the Betics (Figure 2b; 147 

Bezada et al., 2013; Villaseñor et al., 2015; Palomeras et al., 2017) and the Kabylies 148 

(Figure 2d; Fichtner and Villaseñor, 2015). The models presented here also integrate 149 

the latest geophysical results mainly consisting of new active seismic data along the 150 

Algerian margin (e.g., SPIRAL, Aïdi, et al., 2018), and the Moroccan margin (Gómez 151 

de la Peña et al., 2018).  152 

Finally, results are discussed in terms of the geodynamic implications for the 153 

closure of the Jurassic Ligurian-Tethys Ocean and the opening of the new oceanic 154 

and thinned continental domains of the Algeria and Alboran back-arc basins in an 155 

overall convergence regime that lasted for the past 85 My involving the African and 156 

European plates. 157 

2. Geological summary  158 

The Alboran and Algerian basins are located in the western end of the Alpine-159 

Himalayan collision belt and constitute the Western Mediterranean in between Iberia 160 

and Africa (Figure 1a). The origin of both basins, like other Mediterranean basins, is 161 

linked to the roll-back of the subducted Ligurian-Tethys lithosphere (Gueguen et al., 162 

1998; Jolivet and Faccenna, 2000; Faccenna et al., 2004; Royden and Faccenna, 163 

2018). The Ligurian-Tethys rifting and subsequent ocean spreading started during 164 

Early-Middle Jurassic by the propagation of the Central Atlantic ridge separating 165 

Africa, Iberia and Adria. The Ligurian-Tethys transtensive rifting resulted in a highly 166 

extended and segmented Iberian and Africa margins transitioning to oceanic 167 

lithosphere to the east (Stampfli and Borel, 2002; Frizon de Lamotte et al., 2011; 168 
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Schettino and Turco, 2011; Vergés and Fernàndez, 2012; Fernàndez et al., 2019). 169 

The protracted N-NNW displacement of Africa relative to Eurasia since late 170 

Santonian was accommodated by the consumption of the Ligurian-Tethys oceanic 171 

domain. Roll-back processes linked to the subduction of the Ligurian-Tethys 172 

lithosphere under a slow rate of convergence between Africa and Iberia, led to the 173 

opening of the Alboran and Algerian back-arc basins and the development of the 174 

Internal-External Betics and Greater and Lesser Kabylies. The Iberia-Africa 175 

convergence was also responsible for significant intra-plate deformation leading to 176 

the uplift of the Iberian Chain, the Central System, the Catalan Coastal Ranges and 177 

part of the External Betics in Iberia; and the Tell and Atlas orogenic systems in North 178 

Africa (Vergés and Fernàndez 2006; Macchiavelli et al., 2017; Vergés et al., 179 

2019)(Figure 2a).  180 

Exhumation of high-pressure and low-temperature (HP/LT) metamorphic rocks 181 

is a typical process of roll-back subduction systems (e.g., Agard et al., 2018). Such 182 

metamorphic rocks, referred to as Internal Units in the literature, are found in the 183 

Betic-Rif orogen along the southern margin of Iberia and North Morocco, and in the 184 

Kabylies along the northern margin of Algeria (Figure 2a). The Betic-Rif orogenic 185 

system is a tightly curved mountain chain with a WSW-ENE orientation along the 186 

southern Iberian margin changing to N-S and NNW-SSE orientation in North Morocco. 187 

The orogen consists of a typical subduction-related fold and thrust belt, which from 188 

the External to Internal Units is formed by the Guadalquivir and Rharb flexural 189 

foreland basins, the External Units, the Flysch Units, the Internal Units, and the 190 

extensional back-arc Alboran Basin (see the structural style of these units in e.g., 191 

Balanyá and García-Dueñas, 1987; Michard et al., 2002; Frizon de Lamotte et al., 192 

2004; Booth-Rea et al., 2005; Vergés and Fernàndez, 2012; Platt et al., 2013). The 193 

HP/LT metamorphic rocks of the Betics Internal Units from bottom to top are the 194 

Nevado-Filabride, the Alpujarride and the Malaguide (Figure 2a). The Rif Internal 195 

Units shows a similar tectonic architecture except for the lack of the equivalent 196 

Nevado-Filabride unit. The northern margin of Algeria shows similar characteristics 197 

but opposite spatial association compared to the Betic-Rif orogen (Figure 2a). The 198 

main tectonic units, from internal to external, are the extensional back-arc Algerian 199 

Basin, the HP/LT Internal Units rocks in the Kabylies followed by the thrusting of the 200 
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Flysch Units over the External Units, and farther to the SE, the fold and thrust belt in 201 

the Tell-Atlas Mountains (see the structural style in Khomsi et al., 2019). 202 

The basement in the Alboran Basin changes from West to East (Figure 2a). 203 

The Western Alboran basin is floored by thin continental crust, including the HP/LT 204 

Alpujarride metamorphic basement units (Soto and Platt, 1999), and numerous 205 

volcanic intrusions (Gómez de la Peña et al., 2018); whereas the Eastern Alboran 206 

basin is mostly floored by magmatic crust (Booth-Reaet al., 2007). South of the 207 

Alboran Ridge, situated in the middle of the Alboran Basin, the basin is floored by an 208 

African continental crust with magmatic intrusions (Gómez de la Peña et al., 2018). 209 

The magmatic crustal domain of the Eastern Alboran Basin transitions eastward to 210 

the oceanic crust of the Algerian Basin (Pascal et al., 1993; Booth-Rea et al., 2007). 211 

The Valencia Trough, situated NNW of the Algerian Basin, in between the Catalan 212 

Coastal Ranges and the Balearic Promontory, has a very thin continental basement 213 

(Pascal et al., 1992; Torné et al., 1992 ), which experienced a huge extension during 214 

Mesozoic (Roca, 2001; Etheve et al., 2018). The trough underwent compression in 215 

late Palaeogene during the convergence between Africa and Iberia, and renewed 216 

extension from Late Oligocene to Langhian period (Fernàndez et al., 1995; Roca, 217 

1996; Torné et al., 1996; Sàbat et al., 1997; Gaspar-Escribano et al., 2004). The 218 

basement of the Balearic Promontory is continental, similar to the Iberian basement 219 

beneath the Catalan Coastal Ranges (Pascal et al., 1992; Torné et al., 1992; Vidal et 220 

al., 1998).   221 

Volcanism in the Western Mediterranean has been a focus of numerous 222 

studies (Martí et al., 1992; Duggen et al., 2005, 2008; Lustrino and Wilson, 2007; 223 

Lustrino et al., 2011; Melchiorre et al., 2017). In the Alboran Basin, volcanism is 224 

mainly orogenic with wide geochemical variation (Lustrino et al., 2011) showing 225 

tholeiitic Miocene affinity in its central region surrounded by calc-alkaline volcanism 226 

(Duggen et al., 2008). The southern Iberian (e.g., Tallante area) and north-western 227 

African (e.g., Oujda area) continental margins show Lower Pliocene to Upper 228 

Miocene Si-K-rich (i.e., orogenic) and Upper Miocene to Pleistocene Si-poor (i.e., 229 

anorogenic or intra-plate volcanism) magmatism (Duggen et al., 2005). The northern 230 

coast of Algeria, along the Algerian Basin, experienced K-rich (and minor medium-K) 231 

calc-alkaline volcanic activity (i.e., orogenic) along a ~450 km long E-W trending 232 
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zone during Miocene (17 to 11 Ma) (Maury et al., 2000; Fourcade et al., 2001; 233 

Laouar et al., 2005). The younger anorogenic volcanism (alkaline) is observed in the 234 

eastern and western end of the Tell Mountains (Wilson and Bianchini, 1999; Maury et 235 

al., 2000; Coulon et al., 2002). The Valencia Trough experienced calc-alkaline 236 

volcanism (i.e., orogenic) in the Early-Middle Miocene and alkaline volcanic activity 237 

(i.e., anorogenic) from Middle Miocene to Recent (Martí et al., 1992). 238 

3. Methodology and modeling parameters  239 

We use the improved LitMod2D_2.0 code (Kumar et al., 2020), which 240 

integrates geophysical and petrological data to model the thermo-chemical structure 241 

of the crust and the upper mantle down to 400 km. The code, based on Afonso et al. 242 

(2008), solves the present-day 2D temperature, density (i.e., chemical composition) 243 

and seismic velocity structure by solving stable mantle phase and mineral 244 

assemblages using a Gibbs free-energy minimization algorithm and fitting 245 

simultaneously SHF, geoid height, Bouguer anomalies, and absolute elevation. Each 246 

of these surface observables is sensitive to the thermo-physical properties of the 247 

materials under study, which in turn depend on temperature, pressure, and 248 

composition. Moreover, since they have a distinctive sensitivity to shallow/deep and 249 

thermal/compositional density anomalies, the approach allows for better control of 250 

thermal and compositional density variations at different depths. 251 

The model consists of different crustal and mantle bodies, characterized by 252 

individual thermo-physical properties and chemical composition, respectively. Crustal 253 

thermo-physical properties are taken from literature (Table 1), while its structure is 254 

constrained from geological cross-sections, and active and passive seismological 255 

experiments (i.e., crustal layers and Moho depth), that later are refined within the 256 

uncertainty limits to fit the regional surface observables. The depth of the lithosphere-257 

asthenosphere boundary (i.e., LAB depth) is constrained by seismic tomography and 258 

the chemical composition of the lithospheric mantle (i.e. lateral compositional 259 

domains) is obtained from mantle xenolith data, crustal age-based lithospheric 260 

composition (Griffin et al., 2009), and geodynamic criteria. For mantle bodies, major 261 

oxides composition (Table 2) is assigned in the Na2O-CaO-FeO-MgO-Al2O3-SiO2 262 

(NCFMAS) thermodynamic system. Stable phases and mineral assemblages are 263 
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computed using the Gibbs free-energy minimization algorithm (Connolly, 2005, 2009) 264 

within upper mantle pressure and temperature ranges. To that purpose, we use an 265 

augmented-modified version of Holland and Powell (1998) thermodynamic database 266 

(Afonso and Zlotnik, 2011) in which pressure, temperature, and composition-267 

dependent bulk rock density, elastic parameters, and thermal conductivities are 268 

calculated using a rule of mixture. Seismic velocities corrected for anelastic 269 

attenuation are calculated from the bulk and shear modulus using the parameters 270 

from Jackson et al. (2010) and the formulation from Afonso et al. (2008). 271 

Temperature distribution is calculated under the assumption of steady-state by 272 

solving the heat transport equation using finite-elements, with prescribed boundary 273 

conditions at the surface (0 oC) and at the LAB (1320 oC). In the lithospheric mantle, 274 

temperature, pressure, and composition-dependent thermal conductivities are used. 275 

The temperature gradient below the thermal buffer layer is restricted to 0.35 ≤ dT/dz 276 

≤ 0.50 °C/km. In order to incorporate relative velocity anomalies in the 277 

sublithospheric mantle (i.e., subducted slabs) the prescribed amount of the seismic 278 

velocity anomaly is converted to thermal anomaly (∆T) which then is added to the 279 

adiabatic thermal gradient and the thermo-physical properties from the assigned 280 

chemical composition are recalculated at new (T+∆T, P) conditions.  281 

 282 
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Table 1. Thermo-physical properties of the different tectonic units in the crust along the geo-transects. 283 
Densities are assigned according to previous studies (e.g., Carballo et al., 2015a and b) and using 284 
velocity-density envelops defined in Brocher (2005). The densities of the HP/LT units result from 285 
modeling (see Figure S1). Thermal conductivities are taken from previous studies (e.g., Torne et al., 286 
2000, 2015; Teixell et al., 2005; Zeyen et al., 2005; Carballo et al., 2015a and b), and radiogenic heat 287 
production comes from direct measurements in the Iberian Massif and Betics (Fernàndez et al., 1998a) 288 
and a global compilation of relevant crustal rocks (Vilà et al., 2010). 289 

Tectonic units 
Density   

(kg/m3) 

Thermal 

Conductivity 

(W/K·m) 

Radiogenic 

Heat 

Production 

(μ.W/m3) 

Sediments Neogene sediments 2400 2.2 1.0 

Neogene/Mesozoic sediments 2600 2.4 1.0 

Mesozoic sediments 2650 2.5 1.0 

Betics Nevado-Filabride 2900 2.5 1.0 

Alpujarride 2850* 2.5 1.0 

External Units 2600* 2.5 1.2 

Greater Kabylies Internal Units 2900* 2.5 1.0 

External Units 2600* 2.5 1.2 

Continental 

crust 

Upper crust 2750 2.4 1.65 

Middle crust 2850 2.1 0.5 

Lower crust 2950 2.0 0.2 

Volcanic crust 2820 2.1 0.2 

Oceanic crust 2950 2.5 0.3 

*Calculated as a function of pressure using ρ = ρo (1+ βP) where ρo is the density at the 290 
surface, β is the isothermal compressibility (10x10-11Pa-1 for the External units and 3x10-11Pa-1 291 
for the Internal Units), and P is the pressure in Pa.  292 
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Table 2. Major oxides composition (weight %) in the NCFMAS system for the lithospheric mantle and 293 
sublithospheric domains used in the modeling and corresponding relevant physical properties at given 294 
pressure and temperature. 295 

 

Name 

 

SiO2 

 

Al2O3 

 

FeO 

 

MgO 

 

CaO 

 

Na2O 

 

#Mg(100

xMgO/[Mg

O+FeO]) 

 

ρ(kg/m3) 

 

VP&VS (km/s) 

at 
P=3GPa            

(~ 100km)         

T=1300 oC 

at P= 
6GPa                    

(~ 200km)           

T=1400oC 

at P=3GPa            
(~ 100km)         
T=1300 oC 

at P= 6GPa                    
(~ 200km)           
T=1400oC 

PUM 45.0 4.5 8.1 37.8 3.6 0.36 89.3 3310 3396 7.986      

4.441 

8.254       

4.523 

DMM 44.70 3.98 8.18 38.73 3.17 0.13 89.4 3307 3391 7.950 

4.396 

8.232     

4.491 

DMM - 3% 44.59 3.51 8.21 39.63 3.02 0.082 89.58 3300 3385 7.936       

4.390 

8.222      

4.488 

DMM - 6% 44.47 3.08 8.23 40.53 2.78 0.051 89.72 3294 3378 7.929       

4.388 

8.211      

4.484 

DMM - 7% 44.43 2.97 8.23 40.78 2.70 0.045 89.77 3293 3376 7.927     

4.388 

8.209      

4.484 

Tc_1 44.5 3.5 8.0 39.79 3.1 0.24 89.86 3296 3381 7.934   

4.391 

8.213      

4.488 

Pr_6 45.4 3.7 8.3 39.9 3.2 0.26 90.6 3299 3385 7.931       

4.388 

8.213     

4.486 

CVP 44.51 3.76 8.75 37.89 3.28 0.36 91 3309 3395 7.909      

4.374 

8.194     

4.473 

PUM, Primitive Upper mantle (McDonough and Sun, 1995); DMM, Depleted mid-oceanic-ridge-basalt 296 
Mantle (Workman and Hart, 2005); Tc_1, Average Garnet Tecton (Griffin et al., 2009); Pr_6,Average 297 
Proton Lherzolite (Griffin et al., 2009; Le Roux et al., 2007); CVP, Calatrava Volcanic Province 298 
(Villaseca et al., 2010) 299 

 300 

The final density distribution in the model is obtained with an iterative scheme 301 

to include the effect of pressure, temperature and composition. From the final density 302 

distribution, gravity anomalies (Bouguer), and geoid height are calculated. Seismic 303 

velocities in the mantle are assigned according to stable mineral assemblages at 304 

corresponding pressure and temperature and are compared with available seismic 305 

velocity and tomography models. Elevation under the assumption of isostatic 306 

equilibrium is calculated referenced to an old oceanic lithosphere column with a 307 

compensation level at 400 km depth (for details see Kumar et al., 2020). Flexural 308 
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contribution to the short-wavelength elevation is calculated by considering an elastic 309 

thickness and load distribution resulting from the pressure variations at the 310 

compensation level along the geo-transect, following the procedure described in 311 

Jiménez-Munt et al. (2010) and using the code tAo (García-Castellanos et al., 2002). 312 

Mantle flow associated with sublithospheric mantle anomalies (i.e., subducted slabs) 313 

can produce dynamic topography affecting the absolute elevation. These dynamic 314 

effects are incorporated by calculating two end members of elevation: 1) full 315 

mechanical coupling of sublithospheric bodies to the overlying lithosphere (coupled 316 

elevation), and 2) no mechanical coupling of sublithospheric bodies to the lithosphere 317 

(uncoupled elevation). Consequently, uncoupled anomalies do not influence the 318 

calculated isostatic elevation but do affect geoid height, gravity anomalies and mantle 319 

seismic velocities. 320 

The integrated geophysical-petrological modeling utilized in this study 321 

assumes thermal steady-state regime without advection. Although this assumption is 322 

valid for old tectono-thermal regions (>100 Ma) it is less valid in the Western 323 

Mediterranean where tectonic deformation is more recent (Cenozoic). Despite this, 324 

the results are constrained by the simultaneous fitting of a set of “instantaneous” 325 

density-dependent observables such as gravity, geoid and elevation. Hence, the 326 

results must be considered as a snapshot of the present-day density distribution 327 

related to active tectonic processes. In regions affected by thermal relaxation after 328 

lithospheric thinning, the actual temperature at Moho depth levels is higher than that 329 

calculated assuming thermal steady-state because the mass deficit associated with 330 

the transient thermal perturbation must be compensated by a larger lithospheric 331 

thickness to keep elevation. Therefore, steady-state modeling tends to underestimate 332 

the Moho temperature and overestimate the actual lithospheric thickness in regions 333 

of lithospheric thinning showing the opposite effects where the lithosphere is 334 

thickened (Fullea et al., 2007). Temperature and density distribution could be 335 

improved using a transient thermal model but this requires a more sophisticated 336 

numerical approach (i.e., solving the diffusion and advection terms in the heat flow 337 

equation) and, more importantly, an in-depth knowledge of the past and ongoing 338 

geodynamic processes and particularly, their evolution through time. 339 
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4. Data 340 

4.1 Regional geophysical data 341 

Alboran Basin geo-transect 342 

Onshore Iberia, elevation increases from 500 m in the Iberia Massif to as 343 

much as ~2500 m in the eastern Internal Betics, coinciding with a decrease of the 344 

Bouguer anomaly to values of -120 mGal (Figure 3). Geoid height also decreases 345 

from 6–7 m in the southwestern Iberian Massif to 3–0 m in the western Betics and 346 

the Guadalquivir Basin, respectively. A local geoid high of 6 m is observed in the 347 

eastern Internal Betics where elevation attains its maximum values (Figures 3a and 348 

c). The Alboran Basin shows positive Bouguer anomalies, except in its westernmost 349 

end where large accumulations (up to 8–9 km) of Oligocene to Recent sediments are 350 

recorded. An ENE-WSW relative high delineates the central region of the basin, 351 

increasing up to 160 mGal in its easternmost end, in the transition to the oceanic 352 

crust of the Algerian Basin. Along the geo-transect, Bouguer anomalies decrease 353 

asymmetrically from the axis of the basin to the onshore regions. While to the Iberian 354 

margin gravity anomalies decrease rapidly. We observe a gentler decrease towards 355 

the African margin and the Algerian Plateau where values of -90 mGal are achieved 356 

(Figure 3b). The geoid height in the Alboran Basin shows a saddle point of ~3 m in its 357 

central region decreasing asymmetrically to the east and west and increasing in an 358 

N-S direction, with values of 5–6 m onshore Iberia and > 7 m in the Algerian Plateau 359 

(Figure 3c). This saddle region of the geoid height delineates the magmatic arc 360 

region and the North African continental margin block, and separates the prominent 361 

geoid low associated with the Gulf of Cadiz accretionary wedge and the West 362 

Alboran fore-arc basin to the Algerian back-arc oceanic basin. Interestingly, geoid 363 

height and elevation along the geo-transect follow a similar regional trend 364 

characterized by a rapid increase from the centre of the basin to the Internal Betics 365 

with local highs of 6 m and >2000 m, respectively, and a smoother increase towards 366 

the Algerian Plateau, where geoid and elevation attain values of up to 8 m and 1000 367 

m, respectively. On the contrary, the Bouguer anomaly does not record a similar local 368 

high; instead we observe a rapid decrease from the gravity high of central Alboran 369 

Basin to the gravity low of the Internal Betics. Surface heat flow data (Figure 3a), 370 
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though sparse, shows relatively higher values in the Alboran Basin increasing from 371 

west to east towards the Algerian Basin. Onshore Iberia shows lower SHF (~48  372 

mW/m2) than the onshore north Africa (~100 mW/m2). 373 

 374 

Figure 3. Geophysical observables in the region. (a) Shaded elevation and surface heat flow (dots). 375 
Elevation data from ETOPO1 (Amante and Eakins, 2009; 376 
http://www.ngdc.noaa.gov/mgg/global/global.html). Surface heat-flow (SHF) data have been compiled 377 
from Fernàndez et al. (1998b), Foucher et al. (1992), Marzán (2000), Poort et al. (2020),  Rimi et al. 378 
(2005), and the International Heat Flow Commission global data set for Algeria (https://www.ihfc-379 
iugg.org/products/global-heat-flow-database). (b) Bouguer anomaly map. Data for Iberia comes from 380 
Ayala et al. (2016). For Africa and offshore regions, Bouguer gravity anomalies are calculated by 381 
applying the complete Bouguer correction to free air satellite data (Sandwell and Smith, 1997, updated 382 
2007) using FA2BOUG code (Fullea et al., 2008) with a reduction density of 2670 kg/m3. (c) Geoid 383 
height from ICGEM (Ince et al., 2019; http://icgem.gfz-potsdam.de) where we used the GECO model 384 
(Gilardoni et al., 2016) filtered up to degree and order 10. Grey thick lines show the locations of the 385 

modeled NNW-SSE oriented geo-transects.  386 

 387 

Algerian Basin geo-transect 388 

In the interior regions of the Tell Mountains and Salt Waters Lakes, elevation 389 

ranges from 500 m to 1000 m, with a local low located at the SE end of the geo-390 

transect, whereas Bouguer anomalies are in the range of 40–80 mGal decreasing 391 

towards the Saharan Atlas. Geoid shows values of ~3–4 m in the Tell Mountains that 392 

rapidly decrease to the SE where a prominent regional geoid low is located (Figure 393 

3c). Along the geo-transect, local highs of elevation and Bouguer anomaly are 394 

observed in the Greater Kabylies and Tell-Atlas Mountains that coincide with a geoid 395 

regional high. The Bouguer anomaly increases abruptly from 60–80 mGal close to 396 

the Africa shoreline to above 160 mGal in the central regions of the Algerian Basin 397 

http://www.ngdc.noaa.gov/mgg/global/global.html
https://www.ihfc-iugg.org/products/global-heat-flow-database
https://www.ihfc-iugg.org/products/global-heat-flow-database
http://icgem.gfz-potsdam.de/
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indicating the pronounced crustal thinning along the continental slope and slope 398 

break, and the oceanic nature of the crust in the central Algerian Basin. Elevation 399 

and geoid abruptly decrease to values of < -3000 m and 0–1 m in the slope break, 400 

values that characterize the central regions of the basin. 401 

A very abrupt increase of elevation is observed along the Emile-Baudot 402 

Escarpment that marks the southeast termination of the Balearic Promontory, a ~350 403 

km long and 105–155 km wide topographic feature with an average elevation of 500 404 

m that separates the Valencia Trough, to the northwest, from the Algerian Basin, to 405 

the southeast. The Promontory is characterized by a smooth decrease of the 406 

Bouguer anomaly and an increase of geoid height (Figures 3b and c). Elevation and 407 

geoid decrease towards the central region of the Valencia Trough coinciding with an 408 

increase of the gravity anomalies indicating the presence of a thinned continental 409 

crust. SHF data exhibit a wide scatter around a mean value of 65 mW/m2 onshore 410 

eastern Iberia increasing to 70–90 mW/m2 in the Valencia Trough and decreasing 411 

again to the Balearic Promontory, where measurements are strongly affected by 412 

shallow groundwater circulation (Fernàndez and Cabal, 1992). Along the geo-413 

transect, SHF data show a very poor coverage in the Algerian Basin and onshore 414 

Africa. Nevertheless, seafloor heat flow measurements carried out in the western 415 

Algeria Basin show values ranging from 90 mW/m2 to 120 mW/m2 (Marzán, 2000) 416 

(Figure 3a). In summary both basins show a rather similar regional pattern of the 417 

surface observables, the main difference being their amplitude that reflects the 418 

different stages of their evolution. While back-arc extension in the Algerian Basin 419 

progressed to the onset of new oceanic crust, in the Valencia Trough extension 420 

resulted in noticeable crustal thinning that progresses in a SW-NE direction towards 421 

the Ligurian-Provençal Basin.  422 

4.2 Crustal data 423 

The initial crustal geometry along the geo-transects is based on geological 424 

maps and cross-sections, and active and passive seismic data. Along the Alboran 425 

Basin geo-transect the crustal structure in the Iberian Massif is mainly based on the 426 

ALCUDIA2 Wide-Angle Seismic Reflection Transect (Ehsan et al., 2015). In the 427 

Guadalquivir Basin and Betics (Internal and External), seismic data come from 428 
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different experiments (e.g., Banda et al., 1993; Comas et al., 1995; Gallart et al., 429 

1995; Carbonell et al., 1997) and geological cross-sections (e.g., Banks and 430 

Warburton, 1991; Berástegui et al., 1998; Frizon de Lamotte et al., 2004; Michard et 431 

al., 2002; Platt et al., 2003b; Ruiz-Constan et al., 2012). Crustal data in the Alboran 432 

Basin and North Africa margin come from active seismic lines processed and 433 

interpreted in Gómez de la Peña et al. (2018). In addition to these data, the Moho 434 

depth along the geo-transect is also constrained by active and passive seismic data 435 

compilation (Diaz et al., 2016), joint inversion of elevation and gravity (Torne et al., 436 

2015; Globig et al., 2016), surface wave dispersion tomography (Palomeras et al., 437 

2017) and previous integrated geophysical-petrological modeling (Fullea et al., 2010; 438 

Carballo et al., 2015a and b) (Figure 4a).  439 

The crustal geometry along the Algerian Basin geo-transect, except for the 440 

onshore northern Africa margin, is well known from the numerous deep seismic 441 

reflection and wide-angle/refraction profiles collected during the last decades (Figure 442 

4b). Moho depths in the Valencia Trough and the Balearic Promontory are taken from 443 

Torne et al. (1992) and Pascal et al. (1992), while the crustal structure is summarized 444 

in the TRANSMED-II transect (Roca et al., 2004) and Carballo et al. (2015a). For the 445 

sake of completeness, original seismic data come from VALSIS-II (Torne et al., 1992), 446 

ESCI-Valencia (Vidal et al., 1998), Hinz (1972) and ALE-4 (an industry transect) in 447 

the Algerian Basin. In the North Africa margin, crustal structure is taken from the 448 

SPIRAL active seismic experiment (Aïdi et al., 2018) and further south from the 449 

geological cross-section of Frizon de Lamotte et al. (2011). Onshore, in the Catalan 450 

Coastal Ranges, receiver function and deep seismic sounding Moho depths are 451 

taken from Diaz et al. (2016). 452 

4.3 Mantle structure and chemical composition 453 

The depth to the base of the lithosphere (LAB), the chemical composition of the 454 

defined lithospheric domains, and the sublithospheric mantle anomalies are 455 

constrained by available tomography studies, geochemical analyses from mantle 456 

xenoliths and exhumed rocks, and previous modeling results. Initial LAB depths 457 

along the geo-transects come from previous 2D and 3D lithospheric models using 458 

elevation, gravity and geoid height, based on pure thermal and geophysical-459 
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petrological approaches (e.g., Fullea et al., 2010; Carballo et al., 2015a and b; Torne 460 

et al., 2015; Globig et al., 2016) and, in the case of the Alboran Basin geo-transect, 461 

also from the regional seismic tomography model by Palomeras et al. (2017). 462 

In the onshore regions (Iberia and north Africa), lithospheric mantle compositional 463 

domains are taken from the previous studies in the same zone, which are based on 464 

mantle xenoliths, exhumed mantle rocks or tectono-thermal age of the crust (e.g., 465 

Griffin et al., 2009; Fullea et al., 2010; Carballo et al., 2015a and b; Jiménez-Munt et 466 

al., 2019). In the Algerian and Alboran basins, the Valencia Trough, and the Kabylies 467 

and Betics, mantle chemical composition is calculated from the major oxides partition 468 

as a function of aggregate melting using the empirical formulation of Niu (1997). One 469 

of the main novelties of this study is that we use a depleted mid-oceanic-ridge-basalt 470 

mantle composition (DMM; Workman and Hart, 2005) for the sublithospheric mantle, 471 

which as pointed out by Kumar et al. (2020), allows to reproduce the P-wave 472 

velocities of ak135 model (from 35 to 250 km depth) and resolves the mismatch 473 

between thermodynamically calculated seismic velocities and those from ak135 474 

below 250 km depth. 475 

5. Results 476 

Here, we present the results of the lithospheric structure and thermo-physical 477 

properties of the upper mantle along the geo-transects derived from the 2D 478 

integrated geophysical-petrological modeling approach. Surface observables (SHF, 479 

geoid height, Bouguer anomaly and elevation; Figure 3) are projected onto the geo-480 

transects at 5 km sampling interval within a strip of 25 km half-width to account for 481 

lateral variations perpendicular to the strike of the geo-transects. The standard 482 

variations are used as error bars associated with the observables (Figures 5 and 7). 483 

The crustal structure is well constrained in most segments of the geo-transects, and 484 

is slightly modified when strictly necessary to match the surface observables after 485 

changing the geometry and composition of the less constrained mantle domains.  486 

Nevertheless, modifications of the crustal model are always within the 487 

uncertainties of the experimental data. The boundaries of the sub-crustal bodies 488 

must be considered as transition zones where the properties of the mantle 489 
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(composition, seismic velocities and temperatures) change gradually rather than 490 

abruptly. 491 

 492 

Figure 4. Crustal structure corresponding to the best fitting model for the (a) Alboran Basin and (b) 493 
Algerian Basin geo-transects. Densities used in each body are color-coded (see the legend). Moho 494 
depths from previous studies (including active seismic, receiver functions, surface wave dispersion 495 
and joint modeling of gravity and elevation) are plotted for comparison. Earthquakes (Mb ≥ 3.0; 1964-496 
2016, ISC catalogue, https://doi.org/10.31905/D808B830) projected 50 km across the geo-transects 497 
are plotted with filled black circles. Note that the y-axis is exaggerated by two times the x-axis for 498 
better visualization. GB, Guadalquivir Basin; CCR, Catalan Coastal Ranges; RF, Receiver functions; 499 
DSS, Deep seismic sounding. 500 

 501 

5.1. The Alboran Basin geo-transect: structure, temperature, and density  502 

5.1.1 Crust and upper mantle structure 503 

The crust of the Iberian and African mainland and their margins has been 504 

modeled using a three-layer crustal model; upper, middle and lower crust (Table 1 505 

and Figure 4a). In the Iberian Massif the crust is ~32 km thick, which is consistent 506 

with previous studies, and thickens up to ~37 km below the Internal Betics over a 507 

distance of 100 km (Figure 4a). The Guadalquivir foreland basin reaches a maximum 508 

depth of 4 km close to the Betics fold and thrust belt front and dips southwards. The 509 

structure of the External Betics is constrained by low seismic velocity at crustal levels 510 

as observed in local seismic tomography models (Carbonell et al., 1998; Moudnib et 511 

al., 2015), while the structure of the Nevado-Filabride and the Alpujarride Internal 512 

Units are mainly defined from geological observations (Figure 4a). These two 513 

https://doi.org/10.31905/D808B830
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tectonically stacked HP/LT Betics Internal Units are defined as high density tectonic 514 

nappes according to P-T conditions of their metamorphic facies and densities of their 515 

basement and cover protoliths after metamorphic peaks (e.g., Gómez-Pugnaire et al., 516 

2019) (Figure S1). The Nevado-Filabride, at the base of the thrust sheet pile, forms 517 

an open and elongated dome that is overlaid to the N by the Alpujarride thrusts. To 518 

the SE, the Alpujarride Unit is slightly dipping towards the Alboran Basin and thus 519 

forming the basement of the Neogene sedimentary infill in the proximal Iberian 520 

margin. The crust of the Alboran Basin is modeled as a highly intruded volcanic 521 

domain cropping out near the Alboran Ridge (Gómez de la Peña et al., 2018). The 522 

thinnest crust along the entire geo-transect is found in the Alboran Basin with Moho 523 

depths of 16–17 km being consistent with previous estimates (Figure 4a). Southeast 524 

of the Alboran Ridge, the crust is interpreted as African continental crust of about 18 525 

km thickness, with thinning localized mainly at mid- and lower-crustal levels (Gómez 526 

de la Peña et al., 2018). Moho depth increases gradually southwards from 17 km to 527 

31 km across the North Africa margin (Figure 4a). 528 
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Figure 5. Best fitting model along the Alboran Basin geo-transect. (a) Surface heat flow. (b) Geoid 530 
height. (c) Bouguer anomaly. (d) Elevation. Blue line shows the calculated values from the model. Red 531 
dots denote measured data, and vertical bars denote the standard deviation calculated across a strip 532 
of 25 km half width. In (b) geoid height with no slab anomaly is plotted in grey for comparison. In (d) 533 
isostatic elevation is plotted in solid blue while the effect of slab on elevation (coupled elevation) is 534 
plotted in dashed blue line. Elevation assuming flexural isostasy for elastic thickness of 10 km and 30 535 
km are plotted in orange and light-green, respectively. (e) Temperature distribution along the geo-536 
transect. Continuous black lines highlight the Moho and LAB depth from our model. LAB depths from 537 
previous studies (dashed color lines) are overlay for comparison. (f) Density distribution in the mantle. 538 
The different composition domains in the lithospheric mantle, indicated by codes listed in Table 2, are 539 
separated by thin dotted-black lines.  540 

 541 

We have deemed three different chemical composition domains within the 542 

lithospheric mantle (Table 2 and Figure 5) along the Alboran Basin geo-transect. For 543 

the Iberian lithosphere, we have considered a depleted composition taken from 544 

mantle xenoliths sampled in the Calatrava Volcanic Province (CVP, Villaseca et al., 545 

2010) as in Jiménez-Munt et al. (2019). In the Alboran Basin, the lithospheric mantle 546 

composition corresponds to the residual of 6% aggregate decompressional melting of 547 

DMM based on the pervasive magmatic intrusion related to the retreat of the Tethyan 548 

slab named as Alboran slab throughout the paper. This chemical domain extends 549 

beneath the Betic orogenic system as a result of the NNW directed slab roll-back and 550 

associated mantle delamination (Figure 5, see discussion). In the North African 551 

margin and the Algerian Plateau, the composition of the lithospheric mantle 552 

corresponds to Average-Garnet-Tecton, an average Phanerozoic mantle composition 553 

(Tc_1; Griffin et al., 2009), in agreement with previous models of the region (e.g., 554 

Fullea et al., 2010; Carballo et al., 2015a). The LAB depth is ~110 km beneath the 555 

stable Iberian Massif increasing to ~130 km beneath the Betics and rising abruptly to 556 

~60 km towards the Alboran Basin from where the LAB deepens gently beneath the 557 

North African margin down to ~112 km below the Algerian Plateau (Figure 5e). 558 

Seismic tomography models show a positive P-wave velocity anomaly 559 

beneath the Betics that amounts ~1–3 % relative to the ak135 global velocity model 560 

(e.g., Garcia-Castellanos and Villaseñor, 2011; Bezada et al., 2013; Villaseñor et al., 561 

2015) and an excess of 0.15–0.3 km/s in S-wave velocity (e.g., Palomeras et al., 562 

2014, 2017; Civiero et al., 2018). This anomaly extends down to 670 km depth and 563 

has been interpreted as the Ligurian-Tethys subducted lithosphere that is detached 564 

from the Iberian lithosphere along a lateral tear affecting the region crossed by the 565 
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geo-transect (e.g., Spakman and Wortel, 2004; Garcia-Castellanos and Villaseñor, 566 

2011; Bezada et al., 2013; Palomeras et al., 2017) (Figures 2b and 2c). 567 

Consequently, we have considered a sublithospheric mantle anomaly situated below 568 

140 km depth simulating the detached Alboran slab characterized by a P-wave 569 

velocity anomaly of ΔVP = 2% and using the residual composition after 3% 570 

aggregate melting from DMM (DMM-3%; Figure 5e). We have tested different 571 

possible chemical compositions for the slab ranging from pure oceanic lithosphere to 572 

CVP, DMM-3% being the one with the best-fitting (Table 3 and Figure S2). 573 

Table 3. Root mean square error (RMSE) associated with the tested models in the Alboran Basin geo-574 
transect. To calculate the RMSE related to geoid, gravity and elevation we have considered the 575 
absolute difference (error) between the calculated and observed values and its associated standard 576 
deviation. Therefore, error = 0, for |calc - obs| ≤ std, and error = |calc - obs| - std, for |cal - obs| > std; 577 
where calc, obs, and std are the calculated and observed values, and the standard deviation, 578 
respectively. Note that for the models with slab, elevation corresponding to Te=0 km is calculated 579 
assuming that the slabs are not attached with the lithosphere.  580 

Model Model fit (RMSE) 

 Geoid 

(m) 

Bouguer 

anomaly 

(mGal) 

Elevation (m) 

  

Te=0km 

  

Te=10km 

  

Te=30km 

homogenous lithospheric 

mantle composition (Tc_1) 

0.96 12.41 332 96 73 

without the slab 0.85 7.41 256 62 42 

Alboran slab with DMM-3% 

composition (Figure 5) 

0.10 5.26 552 266 164 

Alboran slab with DMM-7% 

Composition 

0.20 5.42 415 197 113 

Alboran slab with CVP 

composition 

0.31 5.55 1058 500 339 

 581 

Table 3 displays the root mean square error (RMSE) associated with different 582 

tested models including homogenous lithospheric mantle composition, no slab, 583 

detached slab of different compositions (CVP, DMM-3% and DMM-7%; Table 2), and 584 

different elastic thickness (Te = 0 km, 10 km and 30 km). Fit to the surface 585 
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observables increase on considering three different composition domains in the 586 

lithosphere along the Alboran Basin geo-transect. Variations in the composition of the 587 

detached slab decrease noticeably the RMSE of the geoid height and in a lesser 588 

extent the RSME of the Bouguer gravity anomaly. If the sublithospheric anomaly is 589 

ignored, the RMSE related to the geoid height is eight times higher and then is 590 

unacceptable as shown in Figure 5b. Variations in RMSE of the elevation are due to 591 

the density variations associated with slab composition and resulting pressure 592 

variations related to topography loads at the base of the model. 593 

The geophysical observables and the calculated values obtained with the 594 

proposed model are shown in the upper panels of Figure 5. The calculated SHF falls 595 

within the available measurements, though these are sparse and uncorrected for 596 

surface perturbations and transient effects (Figure 5a). Deep groundwater circulation 597 

in the Tell Mountains can result in anomalously high heat flow in the Algerian Plateau. 598 

Similarly, recent mantle upwelling and volcanism can be responsible for the high heat 599 

flow measured in the Alboran Basin. The calculated geoid height and the Bouguer 600 

gravity anomaly match satisfactorily the observations (Figures 5b and 5c), whereas 601 

local isostatic elevation shows remarkable misfits of ~100 m in the Guadalquivir basin, 602 

and ~500 m in the Betics and the Alboran Basin (Figure 5d). However, when flexural 603 

rigidity of the lithosphere is considered and vertical loads associated with the 604 

topography misfits are applied, the calculated elevation fits well with the observations 605 

(Fig. 5d). An effective elastic thickness of 10 km is enough to fit the elevation over 606 

most of the geo-transect, this value agrees with the elastic thickness obtained in the 607 

same region from other methodologies (e.g. Kaban et al., 2018). It is worth noting 608 

that elevation is well reproduced when considering that the sublithospheric anomaly 609 

related to the detached slab does not transfer any traction stress on the overlying 610 

lithosphere, i.e. it is mechanically decoupled (Figures 5d and S4a). In the case that 611 

the slab would transfer all the gravitational potential to the surface, i.e. when the 612 

sublithospheric anomaly is fully coupled to the lithosphere, the resulting isostatic 613 

elevation would decrease by ~1000–2000 m in the Betic region and increase by few 614 

hundred meters in the Alboran Basin depending on the considered equivalent elastic 615 

thickness (dashed lines in Figure S4a). 616 
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5.1.2 Temperature and density distribution 617 

The temperature distribution along the entire geo-transect is shown in Figure 618 

5e. The Iberian Massif is characterized by flat isotherms in the crust with a Moho 619 

temperature of ~650 °C, and a slight upward deflection at deep lithospheric mantle 620 

levels related to the thinning of the lithosphere beneath the Calatrava Volcanic 621 

Province. In the Betics, the deepening of the LAB produces the downward deflection 622 

of the isotherms. The maximum Moho temperature along the geo-transect is reached 623 

in the Betics (800 oC) as a combined effect of crustal thickening and the sharp 624 

lithospheric thinning towards the adjacent Alboran Basin, where Moho temperatures 625 

are around 550 oC. Towards the stable Algerian Plateau the isotherms become 626 

roughly horizontal with a Moho temperature similar to the Iberian Massif (~650 oC). 627 

The temperature distribution within the sublithospheric mantle results from the 628 

combined effect of lithospheric thickness variations and the imposed adiabatic 629 

thermal gradient except within the detached lithospheric slab where the input P-wave 630 

velocity anomaly of ΔVP = +2% translates into a temperature anomaly of ΔT ≈ -430 631 

oC (Figures 5e and S5). The calculated density variations in the lithospheric mantle 632 

are due to the different chemical compositions and the P-T conditions resulting from 633 

laterally varying the lithospheric thickness (Figure 5f). In the Iberian Massif, density is 634 

almost constant in the Calatrava Volcanic Province (3300–3310 kg/m3) increasing 635 

rapidly towards the Betics where density increases with depth from 3300 kg/m3 636 

beneath the Moho to ~3350 kg/m3 near the LAB. This lateral change in the density 637 

distribution is mainly related to the variations in the LAB depth and its effect on 638 

pressure and temperature distribution. The pronounced lithospheric thinning affecting 639 

the Alboran Basin results in high temperature and low pressure conditions that 640 

decrease the density in the lithospheric mantle. This effect adds to the density 641 

decrease associated with the compositional change between the Iberian lithospheric 642 

mantle (CVP) to the oceanic-like lithospheric mantle of the Alboran basin (DMM-6%), 643 

which may amount 10–15 kg/m3 (Table 2). As a result, the lithospheric mantle density 644 

in the central part of the Alboran Basin shows the lowest values along the geo-645 

transect with a depth-dependent decrease from 3290 kg/m3 beneath the Moho to 646 

3250 kg/m3 near the LAB. Towards the Iberian and African margins density increases 647 

laterally and keeps almost constant with depth due to strong variations in the LAB 648 
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depth indicating that in these regions pressure and temperature effects tend to 649 

counterbalance each other. Beneath the stable Algerian Plateau density in the 650 

lithospheric mantle increases with depth from 3270 kg/m3 to 3320 kg/m3. 651 

At shallow sublithospheric mantle levels, the lateral density variations are 652 

related to changes in the lithospheric thickness such that the thinner the lithosphere 653 

the lower the density, with values ranging from 3345 kg/m3 beneath the Betics to 654 

3260 kg/m3 beneath the Alboran Basin. At deeper sublithospheric mantle depths 655 

(>150 km) density increases with depth almost linearly and lateral variations are 656 

negligible, except for the cold and detached Alboran slab region, where the 657 

associated density anomaly amounts ~50 kg/m3 and increase by ~125 kg/m3 at the 658 

base of the model (400 km) due to the depth decrease of the olivine-wadsleyite 659 

phase transition resulting from the colder temperatures within the slab (Figures 5 and 660 

S5). 661 

5.2 The Algerian Basin geo-transect: structure, temperature, and density  662 

5.2.1 Crustal and upper mantle structure 663 

The crustal structure roughly coincides with that proposed by Carballo et al. 664 

(2015a) except for the three-layered continental crust and the internal structure of the 665 

Greater Kabylies (Figure 4b). The crust is ~36 km thick beneath the Tell-Atlas 666 

Mountains gently thinning towards the margin up to ~30 km with the basement 667 

deepening smoothly beneath the Greater Kabylies. The Greater Kabylies are 668 

characterized by high density metamorphic slices (Internal Units) thrusting onto the 669 

folded non-metamorphic Mesozoic External Units overlying the African crust showing 670 

a similar architecture to the Betics (Figure 4a). Further to the NNW, the crust thins 671 

abruptly towards the Algerian Basin where the Moho is found at 10–12 km depth. 672 

The crust of the Algerian Basin is composed of a ~6 km thick oceanic layer overlaid 673 

by a ~3 km thick Neogene sedimentary layer. The Balearic Promontory, the Valencia 674 

Trough and the Catalan Coastal Ranges are characterized by a thinned continental 675 

crust and a Mesozoic to Neogene sedimentary cover of variable thickness. Our 676 

results are consistent with previous findings derived from active seismic experiments 677 

(e.g., Torne et al., 1992; Vidal et al., 1996) who proposed a clear crustal asymmetry 678 

across the Trough, with thickness of ~32 km underneath the Iberian margin, and a 679 
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thinner crust (~22 km) below the Balearic Promontory. In the axis of the Valencia 680 

Trough the Moho is found at ~18 km along the modeled geo-transect, in agreement 681 

with the aforementioned works (Figure 4b). 682 

 683 
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Figure 6. Best fitting model along the Algerian basin geo-transect. Figure caption same as in Figure 5. 684 

 685 

Along the Algerian Basin geo-transect, we have considered five lithospheric 686 

mantle domains (Figure 6 and Table 2) following the structure from Carballo et al. 687 

(2015a) and considering the different tectonic domains. In the Catalan Coastal 688 

Ranges and the Balearic Promontory, we use an Average Proton Lherzolite (Pr_6; Le 689 

Roux et al., 2007; Griffin et al., 2009), as in Carballo et al. (2015a) except for the 690 

Balearic Promontory where they used a primitive upper mantle composition. In the 691 

Valencia Trough, we use a residual composition corresponding to DMM-6% based 692 

on the inferred high degree decompression melting driven by lithospheric extension 693 

and mantle upwelling (Martí et al., 1992). Since, the Algerian Basin is a back-arc 694 

oceanic basin with a ~6 km thick oceanic magmatic layer (Booth-Rea et al., 2007), 695 

we have increased the amount of melting to ~7% (Klein and Langmuir, 1987), while 696 

beneath the Greater Kabylies this percentage is reduced to 3% to account for the 697 

melting of the depleted asthenosphere (DMM) following delamination and slab 698 

detachment (Chazot et al., 2017). In the North Africa margin, beneath the Tell-Atlas 699 

Mountains, we have deemed a lithospheric mantle with a Phanerozoic Tc_1 700 

composition according to Carballo et al. (2015a). Using different composition 701 

domains in the lithospheric mantle increases fit to the surface observables as 702 

opposed to the model with homogenous lithospheric mantle composition (Table 4). 703 

The LAB depth varies from ~135 km over a flat region beneath the Tell-Atlas 704 

Mountains to ~150 km below the Greater Kabylies and decreases rapidly to ~60 km 705 

in the Algerian Basin. Towards the Balearic Promontory, the LAB deepens abruptly to 706 

~84 km and shallows slightly towards the centre of the Valencia Trough (~80 km) and 707 

increases gradually to ~120 km onshore Iberia.  708 

The positive seismic velocity anomaly beneath the Kabylies-Tell orogenic 709 

system (Figure 2d; after Fichtner and Villaseñor, 2015) is interpreted as a detached 710 

Ligurian-Tethys slab, hereinafter named as Algerian slab. The modeled Algerian slab 711 

is situated below 200 km depth with an anomalous S-wave velocity of ΔVS = +3.5% 712 

and a chemical composition similar to that of the present-day Algerian Basin 713 

lithospheric mantle (DMM-7%). This composition fits better the geoid height than the 714 
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more enriched DMM-3% considered for the delaminated mantle beneath the Greater 715 

Kabylies (Table 4 and Figure S3). 716 

Table 4. Root mean square error (RMSE) associated with the tested models for the Algerian Basin 717 
geo-transect. Table caption same as in Table 3.  718 

Model Model fit (RMSE) 

 Geoid 

(m) 

Bouguer 

anomaly 

(mGal) 

Elevation (m) 

 

Te=0km 

  

Te=10km 

  

Te=30km 

homogenous lithospheric 

mantle composition (Tc_1) 

0.78 15.17 226 48 31 

without the slab 0.56 14.8 202 52 30 

Algerian slab with DMM-3% 

composition 

0.36 12.85 723 285 214 

Algerian slab with DMM-7% 

composition (Figure 7) 

0.25 13.14 535 212 153 

 719 

Figure 6 shows the fit to the geophysical observables from the proposed 720 

model. The calculated SHF falls within the range of measured values though these 721 

are unevenly distributed and show a high scatter (Figure 6a). The calculated geoid 722 

height shows a very good fit with observations all along the geo-transect (Figure 6b), 723 

with minor misfits (< 1 m) in the Greater Kabylies. The calculated Bouguer anomaly 724 

matches the regional trend (Figure 6c) with significant misfits all along the Greater 725 

Kabylies, where the calculated values are clearly underestimated probably due to the 726 

little gravity data available in the region. The best fitting model shows the minimum 727 

estimated RMSE values for geoid height and Bouguer anomaly, 0.25 m and 13.14 728 

mGal, respectively, when compared to a no slab model or to a model with DMM-3% 729 

slab composition (Table 4 and Figure S3). 730 

The calculated isostatic elevation also matches the regional trend but shows 731 

long wavelength misfits of ~400 m in the Algerian Basin and ~250 m in the Tell-Atlas 732 

Mountains, with local misfits of ~700 m in the Greater Kabylies (Figure 6d). However, 733 

when we consider the flexural rigidity of the lithosphere, the fit between calculated 734 
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and observed elevation is largely improved (Figure 6d). Along most of the profile, an 735 

effective elastic thickness of Te = 10 km reduces the RMSE from 202 m to 52 m 736 

(Table 4), although a higher elastic thickness (Te = 30 km) is required for the Africa 737 

mainland resulting in RMSE = 30 m (Figure S4b and Table 4). These elastic 738 

thickness values are in agreement with those predicted by coherence analysis of 739 

topography and gravity (e.g., Pérez-Gussinyé et al., 2009; Kaban et al., 2018). The 740 

estimated coupled elevation, which includes the isostatic effect of the cold and 741 

denser slab, would decrease the elevation by ~500–2000 m in the Greater Kabylies 742 

and by few 100 m in the Algerian Basin close to the coast, and increase by few 100 743 

m further to the NNW depending on the elastic thickness (Figures 6d and S4b). 744 

5.2.2 Temperature and density distribution 745 

The temperature distribution along the Algerian Basin geo-transect is shown in 746 

Figure 6e. At deep lithospheric levels, isotherms mimic the depth variations of the 747 

LAB showing a step-like shape. In the Tell-Atlas Mountains region, isotherms are 748 

roughly flat showing an upward deflection beneath the Great Kabylies and the Africa 749 

margin, and become flat again in the Algerian Basin. Further to the NNW, isotherms 750 

deepen slightly below the Balearic Promontory flattening beneath the Valencia 751 

Trough and deepening gently towards the Catalan Coastal Ranges. The calculated 752 

temperature at the Moho varies from ~630 oC in the Tell-Atlas Mountains, decreasing 753 

rapidly beneath the Greater Kabylies (600–400 oC) and reaching the minimum value 754 

of ~250 oC in the Algerian Basin. Towards the Iberia Margin, the Moho temperature 755 

shows noticeable variations reaching ~600 oC in the Balearic Promontory, ~400 oC in 756 

the Valencia Trough and ~700 oC in the Catalan Coastal Ranges. At sublithospheric 757 

mantle levels, below 200 km depth, the temperature distribution responds to the 758 

imposed adiabatic thermal gradient except within the detached Algerian slab, where 759 

the input seismic anomaly of ΔVS = 3.5% translates into a temperature anomaly of 760 

ΔT ≈ -400 oC (Figures 6e and S6). 761 

The calculated density distribution along the Algerian Basin geo-transect is 762 

shown in Figure 6f, and reflects the different chemical compositions and pressure-763 

temperature conditions in the upper mantle. The lithospheric mantle in the Tell-Atlas 764 

Mountains, with the same composition than in the Algerian Plateau from the Alboran 765 
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Basin geo-transect (i.e., Tc_1, Table 2) shows a density increase with depth from 766 

~3280 kg/m3 at the Moho to ~3340 kg/m3 at the LAB. It is slightly higher than in the 767 

Algerian Plateau lithosphere of the parallel Alboran Basin geo-transect (3270–3320 768 

kg/m3, respectively, Figure 5f) due to the deeper LAB. Density decreases laterally 769 

across the margin, beneath the Greater Kabylies, and towards the Algerian Basin 770 

from 3320 kg/m3 to less than 3290 kg/m3, being almost constant with depth. These 771 

density changes are the combined effect of varying the chemical composition from 772 

Tc_1 to DMM-3% (Table 2) and the lithospheric thinning, which counterbalances the 773 

depth-dependent pressure and temperature effects. The oceanic lithospheric mantle 774 

in the Algerian Basin, with a DMM-7% composition (Table 2), shows a density 775 

exceeding 3300 kg/m3 at the uppermost mantle levels until a depth of ~20 km related 776 

to the plagioclase-spinel phase transition. Below this depth, density decreases with 777 

depth to 3250 kg/m3 at the LAB, which is the lowest mantle density along the geo-778 

transect. To the NNW, the transition to a Proterozoic composition (Pr-6, Table 2) 779 

beneath the Balearic Promontory together with the lithosphere thickening, results in a 780 

lateral increase of densities to an average value of ~3285 kg/m3 which keeps almost 781 

constant with depth. The lithospheric mantle beneath the Valencia Trough, with 782 

DMM-6% composition, shows a density of ~3300 kg/m3 at the Moho depth 783 

decreasing to 3280 kg/m3 at the LAB, demonstrating some oscillations in the 784 

pressure gradient related to the plagioclase-spinel (25–35 km depth) and spinel-785 

garnet (60–90 km depth) phase transitions. Density increases again laterally towards 786 

the Catalan Coastal Ranges as a combined effect of composition and pressure-787 

temperature conditions. Similar to the Alboran Basin geo-transect, at shallow 788 

sublithospheric mantle levels, density variations are related to LAB depth variations 789 

affecting especially the Algerian Basin, the Balearic Promontory, and the Valencia 790 

Trough regions. At deeper sublithospheric mantle levels (>150 km), lateral variations 791 

are negligible, except for the detached Algerian slab region where density increases 792 

by ~30 kg/m3 up to ~300 km depth and decrease to < 20 kg/m3 at 350 km depth as 793 

pressure and composition effects competes with those of temperature (Figure S6). 794 

Note that the slab has the same composition as the present-day oceanic lithosphere 795 

in the Algerian Basin (i.e., DMM-7%, Table 2). Close to the base of the model, 796 

density increases by as much as ~100 kg/m3 in the slab region due to the olivine-797 
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wadsleyite phase transition alike to the Alboran slab at these depths (Figures 6 and 798 

S6).    799 

5.3 Mantle seismic velocities  800 

 In this section, we show the calculated seismic velocities in the upper mantle 801 

according to the stable mineral aggregates resulting from the ascribed chemical 802 

composition and the prevailing pressure and temperature conditions. The results are 803 

compared with available seismic velocities and tomography models. 804 

5.3.1 Alboran Basin geo-transect  805 

Figure 7a shows the P-wave velocity distribution along the Alboran Basin geo-806 

transect. As shown in Table 2, seismic velocities depend to a larger extent on 807 

temperature and pressure than on composition. The lower VP values within the 808 

lithospheric mantle are found close to the LAB in regions affected by lithospheric 809 

thinning, as the Calatrava Volcanic Province in the Iberian Massif (VP < 8.0 km/s), 810 

and the Alboran Basin and its margins (VP < 7.85 km/s). In these regions, VP 811 

decreases with depth indicating that the temperature effect prevails on the pressure 812 

effect. In contrast, P-wave velocities beneath the Betics, in the thicker lithosphere 813 

region, increase from ~8.05 km/s in the uppermost mantle, consistent with the 814 

observed Pn velocities of 8.0–8.2 km/s (Diaz et al., 2009, 2013), to 8.1 km/s at LAB 815 

depths. Beneath the Algerian Plateau, P-wave velocities keep almost constant with 816 

depth (VP ≈ 8.0 km/s) showing a lateral decrease towards the Africa margin. 817 
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 818 

 819 

Figure 7. Seismic velocities and synthetic seismic tomography along the geo-transects. (a) and (b) 820 
show absolute P- and S-wave velocities, respectively and (c) synthetic P-wave anomalies for the 821 
Alboran Basin geo-transect. Similarly, (d) and (e) show absolute P- and S-wave velocities, respectively, 822 
and (f) P-wave anomalies for the Algerian Basin geo-transect. 823 

 824 

The relatively fertile (DMM-6%) composition of the central segment of the geo-825 

transect, close to primitive upper mantle (PUM; McDonough and Sun, 1995), 826 

produces shallow mantle P-wave velocities of 7.97 km/s in the Alboran Basin as 827 

found by Fullea et al. (2010). These low P-wave velocities can be further reduced by 828 

the presence of partial melts, as the geotherm intersects the peridotite solidus 829 

(Figure S7), and anisotropy (not considered here) becoming close to the observed 830 
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low Pn velocities (7.5–8.1 km/s, Hatzfeld et al., 1978; Calvert et al., 2000) and upper 831 

mantle velocity of ~7.9 km/s beneath the East Alboran Basin (Gómez de la Peña et 832 

al., 2020). At sublithospheric mantle depths down to 150 km, lateral variations of 833 

seismic velocities result solely from the pressure-temperature conditions imposed by 834 

the lateral lithospheric thickness variations since the entire sublithospheric mantle 835 

has the same composition, except in the slab region. Below 150 km, P-wave 836 

velocities increase almost linearly with depth up to > 8.7 km/s at 400 km depth. In the 837 

region of the detached Alboran slab, P-wave velocities increase by ~0.18 km/s as 838 

imposed from tomography models (ΔVP = 2%) with a highest increase of ~0.30 km/s 839 

just above 400 km depth related to the olivine-wadsleyite phase transition (Figures 840 

7a and S5).  841 

Calculated S-wave velocities (Figure 7b) show a similar pattern than P-wave 842 

velocities but with a lesser influence of pressure, such that VS decreases with depth 843 

from Moho to LAB all along the geo-transect. Likewise, laterally varying 844 

compositional domains show smaller effects on VS than on VP due to the lesser 845 

sensitivity of S-wave to composition (e.g., Priestley and McKenzie, 2006; Kumar et 846 

al., 2020). Below the LAB, VS increases with depth delineating a low-velocity zone 847 

down to 200–250 km which is enhanced in magnitude in those regions affected by 848 

lithospheric thinning. The Alboran slab shows an S-wave velocity increase of ~0.15 849 

km/s (+3.5%) resulting from the prescribed P-wave anomaly. The calculated S-wave 850 

velocity pattern compares well with the regional S-wave tomography model projected 851 

onto the transect (Figure 2c) obtained by Palomeras et al. (2017) from Rayleigh 852 

surface-wave dispersion tomography.  853 

In order to compare the computed mantle velocities with the P-wave travel-854 

time tomography models, the lateral variations of P-wave in % are calculated relative 855 

to the reference column defined in LitMod2D_2.0, with a 35 km crust and lithospheric 856 

mantle of Tc_1 composition and LAB at 120 km (Kumar et al., 2020) (Figure 7c). The 857 

computed synthetic tomography reproduces the main pattern of slow and fast 858 

velocity regions observed in the global/regional P-wave tomography models (Bezada 859 

et al., 2013, Figure 2b) with minor discrepancies in the amplitudes. Note that the 860 

color scale of the calculated tomography saturates in the regions with Moho depth < 861 

35 km because of the used reference model, which consists of a 35 km crust (Kumar 862 
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et al., 2020) and highlights the crustal thinning as observed in the tomography model 863 

of Bezada et al. (2013)(Figure 2b). 864 

5.3.2 Algerian Basin geo-transect  865 

Figure 7d shows the calculated P-wave mantle velocities along the Algerian 866 

Basin geo-transect. As in the Alboran Basin geo-transect, the lower velocities are 867 

found at LAB levels in regions affected by lithospheric thinning including the Algerian 868 

Basin, the Balearic Promontory and the Valencia Trough. In these regions, VP 869 

decreases from 7.90–7.95 km/s beneath the Moho to < 7.9 km/s at LAB depths with 870 

the lowest value along the whole geo-transect (< 7.8 km/s) being at the Algerian 871 

Basin. The calculated uppermost mantle velocities are slightly higher than the 872 

reported Pn velocities in the Valencia Trough and the Algerian Basin, ranging from 873 

7.7 km/s to 7.95 km/s (Dañobeitia et al., 1992; Torne et al., 1992; Vidal et al., 1998). 874 

Towards the Iberian and African margins (Catalan Coastal Ranges and Greater 875 

Kabylies, respectively), P-wave velocities increase laterally showing almost constant 876 

values with depth. Beneath the thicker lithosphere of the Tell-Atlas Mountains, P-877 

wave velocities increase with depth from 7.9 km/s at the Moho to 8.1 km/s at the LAB, 878 

being slightly higher than in the Algerian Plateau lithosphere (Figure 7a). Down to 879 

~150 km depth, the effect of lithosphere thickness is reflected in P-wave velocities, 880 

where the thin lithosphere of the Algerian Basin results in a low velocity zone, similar 881 

to that in the Alboran Basin, extending towards the Balearic Promontory and the 882 

Valencia Trough. Below 150 km, P-wave velocities are essentially depending on 883 

pressure increasing mostly linearly with depth up to >8.7 km/s at 400 km depth. In 884 

the region of the detached Algerian slab, P-wave velocities are increased by ~0.18 885 

km/s (~2%) and near the base of the slab (400 km) increase by ~0.30 km/s (> 3%) 886 

because of the olivine-wadsleyite phase transition (Figures 7d and S6).  887 

S-wave velocities also show a low velocity zone extending from mid-888 

lithospheric mantle levels to 200–250 km depth being more pronounced beneath the 889 

Algerian Basin, the Balearic Promontory and the Valencia Trough due to the 890 

prevalence of temperature effects on pressure effects in these regions (Figure 7e). 891 

Minimum values of S-wave velocities (≤ 4.35 km/s) are obtained at the base of the 892 

lithosphere along the thinned lithosphere regions, whereas beneath the Africa and 893 
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Iberia mainland minimum S-wave velocities exceed 4.45 km/s. The region 894 

corresponding to the detached Algerian slab, is characterized by an average 895 

increase of S-wave velocity of ~0.16 km/s in agreement with the prescribed anomaly 896 

of ΔVS = 3.5%.  897 

The computed synthetic P-wave tomography (Figure 7f) shows negative VP 898 

anomalies of less than -2% beneath the Algerian Basin and the Valencia Trough in 899 

agreement to regional and global P-wave tomography models (e.g., Piromallo and 900 

Morelli, 2003; Spakman and Wortel, 2004; Amaru, 2007). The detached Algerian slab 901 

is characterized by a positive VP anomaly ~2% resulting from the prescribed VS 902 

anomaly (ΔVS = 3.5%; Fichtner and Villaseñor, 2015). 903 

6. Discussion  904 

6.1 Crustal and lithospheric structure  905 

The multiple seismic surveys carried out in the study region allows us to have 906 

a good constraint on the Moho depth along most of the Alboran and Algerian basins 907 

geo-transects (Figure 4). The regions that are less constrained are the Algerian 908 

Plateau, the Tell-Atlas Mountains and the Greater Kabylies where deep seismic data 909 

are not available. We have considered that the crust of the Iberia and Africa mainland 910 

along both geo-transects consists of three layers, namely upper, middle and lower 911 

crust, plus a sedimentary cover. The geometry of these crustal layers responds to the 912 

density variations required to fit the observables (Bouguer anomaly, geoid, and 913 

elevation) and to tectonic criteria.  914 

The structure of the Internal Betics and Greater Kabylies is more complex and 915 

differs noticeably from previous lithospheric cross-sections (e.g., Frizon de Lamotte 916 

et al., 2004; Roca et al., 2004; Carballo et al., 2015a and b). In these regions, we 917 

have included exhumed high-density metamorphic rocks of the Internal Units 918 

overthrusting the folded External Units that belonged to the former passive margins 919 

of Iberia and northern Africa (See Geodynamic implications, section 6.3). Across the 920 

Alboran Basin, main differences with previous transects are due to the incorporation 921 

of recent interpretations of seismic data that led us to consider a thin and highly 922 

intruded continental crust in the North Alboran Basin transitioning to a magmatic 923 
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crust in its central part (Gómez de la Peña et al., 2018). Seismic data suggests a 924 

noticeable transition in the centre of the Alboran Basin (Alboran Ridge; Figure 2a) 925 

separating the magmatic crust domain from the thinned North-Africa continental 926 

crustal domain in the South Alboran Basin (Martínez-García et al., 2017), 927 

transitioning southwards to the thicker African crust. With this crustal configuration, 928 

the Moho depth obtained from our models is generally within the uncertainty bounds 929 

of seismic data and follows similar trends of previous studies with some localized 930 

differences in the margins of the Alboran and Algerian basins and the Valencia 931 

Trough (Figure 4). Indeed, noticeable discrepancies on Moho depths derived from 932 

receiver functions (Diaz et al., 2016) are observed beneath the Betics, which can be 933 

attributed to the presence of intra-crustal dipping layers with varying VP/VS ratio, and 934 

to a heterogeneous crustal structure. 935 

Figures 5e and 6e compare the calculated LAB depths to that reported from 936 

other modeling approaches and techniques showing that although there is 937 

coincidence with the main trends of lithospheric thickness variations, there are also 938 

pronounced discrepancies. Along the Alboran Basin geo-transect, the LAB depth 939 

beneath the Iberian Massif, the Betics Mountains and the North Alboran Basin is 940 

consistent with previous models based on potential field modeling and thermal 941 

analysis (Torne et al., 2015) and 2D geophysical-petrological modeling (Carballo et 942 

al., 2015b), though our LAB depth values are consistently shallower. These 943 

discrepancies in LAB depth (< 15%) are related to the different modeling approach 944 

and the simplified crustal structure used in Torne et al. (2015), and the differences in 945 

the geometry of intra-crustal bodies beneath the Betics and the chemical composition 946 

of the sublithospheric mantle used in Carballo et al. (2015b). 947 

Discrepancies with the LAB depth derived from the 3D geophysical-948 

petrological model by Fullea et al. (2010) are noticeably larger (Figure 5e). The LAB 949 

proposed by Fullea et al. (2010) beneath the Betics and the North-African margin is 950 

significantly deeper than ours, with a similar lithospheric thinning below the Alboran 951 

Basin affecting a narrower region. These discrepancies maybe related to the simpler 952 

crustal structure considered by these authors, differences in crustal thickness and 953 

chemical compositional domains in the Alboran Basin lithosphere (PUM instead of 954 

DMM-6%) and sublithospheric mantle (PUM instead of DMM), and lack of the 955 
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radiative contribution in calculating the mantle thermal conductivities. The LAB depth 956 

beneath the North-African margin derived from combined elevation and geoid 957 

modeling by Globig et al. (2016) is also noticeably higher (Figure 5e) due to the 958 

different approach used by these authors, yielding a > 5 km thicker crust in this 959 

region (Figure 4a). 960 

The LAB depth proposed by Palomeras et al. (2017) shows a similar lateral 961 

trend with consistently shallower depths that roughly follows the 1000 ± 50oC 962 

isotherm, except beneath the Betics where the LAB is deeper coinciding with the 963 

positive velocity anomaly related to the Alboran slab (Figure 5e). Seismically, the 964 

LAB is defined as a low-velocity layer and is derived from the depth of the negative 965 

S-wave velocity gradient obtained from surface waves and therefore, is a proxy of the 966 

base of the high-velocity mantle lid (Palomeras et al., 2017). A major misfit occurs at 967 

the central part of the Alboran Basin where the seismically derived LAB is at 250 km 968 

depth. Although the precise determination of the LAB depth depends on how it is 969 

measured (Eaton et al., 2009), the different definitions should show a similar trend as 970 

they all are imaging the rheological strong outer layer of the Earth.  971 

Along the Algerian Basin geo-transect, the previous studies extending along 972 

the whole profile are from Roca et al. (2004), based on a pure-thermal integrated 973 

geophysical approach with a temperature-dependent lithospheric mantle density, and 974 

Carballo et al. (2015a), based on an integrated geophysical-petrological methodology. 975 

Both show similar results from the Catalan Coastal Ranges to the southern margin of 976 

the Algerian Basin, which are also roughly coincident with our study despite the 977 

methodological differences (Figure 6e). It is worth noting that beneath the Algerian 978 

margin and the Greater Kabylies none of the previous studies, including Globig et al. 979 

(2016), considered the presence of a detached Ligurian-Tethys slab segment (Figure 980 

2d). Despite of that, main discrepancies are found regarding to the work by Carballo 981 

et al. (2015a), who proposed a LAB depth up to 60 km shallower than in our work 982 

beneath the Greater Kabylies, whereas discrepancies with Roca et al. (2004) and 983 

Globig et al. (2016) amount less than 20–25 km. The method used in Carballo et al. 984 

(2015a) is similar to our approach; except that these authors do not consider the 985 

radiation contribution in the calculation of mantle thermal conductivity. Therefore, 986 

differences in the LAB-depths can be mainly attributed to small differences in the 987 
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calculated mantle thermal conductivity, but also to the crustal structure (Figure 4b) 988 

and to the positive seismic velocity anomaly associated with the Algerian slab, 989 

resulting in a deeper LAB in this part of the geo-transect (Figure 2d).  990 

6.2 Mantle composition and subducted Ligurian-Tethys slabs 991 

Identifying bulk mantle composition based on density and seismic velocities is 992 

not straightforward because of the highly non-linear nature of the problem and the 993 

non-uniqueness. Based on a non-linear 3D multi-observable probabilistic (Bayesian) 994 

inversion, Afonso et al. (2013a and b) show that a wide range of compositions can, 995 

equally well, explain multiple geophysical data. In consequence, the considered 996 

mantle chemical compositions compatible with the geophysical observables needs 997 

further appraisal based on the geological history. Our main aim is to compare the 998 

structure of the Betics and Kabylies-Tell orogens and the associated Alboran and 999 

Algerian back-arc basins, and the mantle composition. 1000 

Although there is no univocal relationship between mantle chemical 1001 

composition and its density and elastic properties, we can relate the considered 1002 

lithospheric mantle composition to major geodynamic processes operating in the 1003 

Western Mediterranean, which are dominated by subduction of the Ligurian-Tethys 1004 

Ocean. Subduction processes can modify mantle composition by incorporating fluids 1005 

and sediments carried by the subducting slab resulting in chemical enrichment by 1006 

metasomatism (Ringwood, 1974; Spandler and Pirard, 2013). At the same time, 1007 

mantle flow generated during subduction can produce melting by adiabatic 1008 

decompression, which will deplete the sublithospheric mantle (Magni, 2019). 1009 

Generally, volcanic rocks produced from mantle melting show geochemical 1010 

signatures similar to the environment in which they are produced. However, 1011 

interactions of magmas with crustal rocks during its ascent and emplacement can 1012 

influence their geochemical signature. Melchiorre et al. (2017), using Principal 1013 

Component Analysis (PCA) applied to Western Mediterranean volcanism, concluded 1014 

that the subduction-related (i.e., orogenic) volcanism shows a greater compositional 1015 

variability than the intraplate (i.e., anorogenic) volcanism. Compositional variation in 1016 

orogenic volcanism is associated with the extensive recycling of geochemically 1017 

different lithologies producing large heterogeneities in the lithospheric mantle 1018 

https://www.sciencedirect.com/science/article/pii/S1367912017303449?dgcid=raven_sd_recommender_email#b0510
https://www.sciencedirect.com/science/article/pii/S1367912017303449?dgcid=raven_sd_recommender_email#b0570
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(Melchiorre et al., 2017). The large variability of chemical composition in the 1019 

Mediterranean region impedes to assign a unique genetic origin to the volcanism and 1020 

it has been interpreted as the interaction of multiple processes, partly synchronous, 1021 

as proposed by several authors (e.g., Duggen et al., 2008; Lustrino et al., 2011; 1022 

Melchiorre et al., 2017).  1023 

The lithospheric mantle composition of the Alboran and Algeria offshore 1024 

segments is related to their back-arc origin and the degree of partial melting 1025 

expected from the nature and volume of magmatic events. The space opened 1026 

between the trench and the upper plate during slab roll-back processes is replaced 1027 

by fertile sublithospheric mantle with DMM composition that will undergo partial 1028 

melting by adiabatic decompression. The Algerian Basin shows a typical oceanic 1029 

crust of ~6 km thickness (Booth-Rea et al., 2007), which corresponds to a ~7% of 1030 

sublithospheric mantle melting and hence to the DMM-7% composition (Klein and 1031 

Langmuir, 1987; Workman and Hart, 2005). However, in the Valencia Trough and the 1032 

Alboran Basin, melting was less extensive producing large magmatic intrusions and 1033 

volcanism and hence a DMM-6% composition is more likely. These subtle differences 1034 

in the chemical composition of the lithospheric mantle respond to geodynamic criteria 1035 

allowing fitting the geophysical observables including the measured Pn seismic 1036 

velocities (see section 5.3).  1037 

During subduction, the slab exchanges heat with the hotter ambient 1038 

sublithospheric mantle and the temperature of the slab increases while the amplitude 1039 

of the positive seismic velocity anomaly decreases through time. The precise 1040 

quantification of these transient effects needs additional data regarding the angle and 1041 

velocity of subduction (e.g., Boonma et al., 2019) and additional parameters that are 1042 

poorly constrained (e.g., thermal diffusivity, mantle viscosity, volatile content, etc.). 1043 

Both the Alboran and Algerian slabs have been modeled as ~80 km thick 1044 

bodies centered on the highest positive velocity anomaly and converted to 1045 

temperature anomalies according to their chemical composition and pressure-1046 

temperature conditions resulting in ΔT ≈ -400 oC in both cases (Figures 5 and 6). A 1047 

similar thermo-chemical anomaly, though with imposed ΔT of -320 oC and CVP 1048 

composition, was invoked by Jiménez-Munt et al. (2019) to model the influence of the 1049 
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off-section Alboran slab in the westernmost Alboran Basin along an N-S geo-transect 1050 

crossing the Gibraltar Strait. It is of interest to highlight the consistency of the seismic 1051 

velocity anomalies depicted by two independent tomography models based on P-1052 

wave travel-time (Alboran slab, e.g., Bezada et al., 2013) and S-wave full-waveform 1053 

inversion (Algerian slab, Fichtner and Villaseñor, 2015), which result in very similar 1054 

temperature anomalies corresponding to slabs of comparable ages. Further, DMM-3% 1055 

composition in the Alboran slab is consistent with the paleogeographic 1056 

reconstructions proposing highly extended segments in western geo-transect as 1057 

compared to the fully developed oceanic lithosphere in the eastern geo-transect (i.e. 1058 

DMM-7% composition of the Algerian slab). 1059 

6.3 Geodynamic implications 1060 

The present‐day structure of the crust and lithospheric mantle in the Western 1061 

Mediterranean is the result of a long-lived tectonic evolution since the stretching and 1062 

spreading of the Ligurian-Tethys Ocean from Jurassic to present. The analyzed geo-1063 

transects mostly show the present-day crust resultant from the protracted Africa-1064 

Europe convergence during the Late Cretaceous-Cenozoic period, building the 1065 

Betics-Rif and Kabylies-Tell-Atlas subduction-related orogenic systems. On the 1066 

contrary, the current upper mantle structure is mostly post-tectonic, resulting from the 1067 

lithosphere-asthenosphere interaction governed by the subduction and further 1068 

rollback of the Ligurian-Tethys lithosphere. 1069 

The Alboran Basin has experienced different and partly coeval geodynamic 1070 

processes including the subduction and further roll-back, continental mantle 1071 

delamination and slab break-off of the Ligurian-Tethys slab. The high density Internal 1072 

Betics, mostly characterized by Palaeozoic and pre-Upper Triassic HP/LT 1073 

metamorphic rocks, are interpreted to represent the highly extended Iberian distal 1074 

margin that underwent partial subduction and exhumation along the subduction 1075 

interface (Vergés and Fernàndez, 2012; Figure 8), as evidenced from P-T-t paths 1076 

and ages of HP/LT metamorphic peaks (summary in Gómez-Pugnaire et al., 2019). 1077 

The exhumed HP/LT metamorphic units formed a roughly NNW-directed stack of 1078 

relatively thin tectonic nappes, each nappe recording specific metamorphic histories. 1079 

The relatively low-density External Units in the Betics is constituted by a thick 1080 
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sedimentary sequence starting in the Upper Triassic evaporites that corresponds to 1081 

the main detachment level of the Betics at the scale of the whole orogenic system 1082 

and behaving as an important decoupling layer during subduction (Vergés and 1083 

Fernàndez,  2012;  Ruiz-Constán et al., 2012). 1084 

 1085 

 1086 

Figure 8. Crustal and lithospheric cross-sections at scale along modeled Algerian Basin-Kabylies-Tell-1087 
Atlas and Alboran Basin-Internal Betics-External Betics-foreland geo-transects. The structure of both 1088 
margins is similar and comparable implying that the underlying geodynamic processes are similar for 1089 
both margins. 1090 

 1091 

The density contrast between the External Betics and the underlying 1092 

basement vanishes at mid-crustal levels (15-20 km depth) because of the considered 1093 

pressure-dependent density (Table 1, Figure S8). Though this reduces the ability of 1094 

gravity modeling in determining the geometry of the External Betics at depth, 1095 

underthrusting of the sedimentary cover is conceptually consistent with the NW 1096 

retreat of the Alboran slab. Indeed, clustering of the seismicity in the External Betics, 1097 

beneath the Internal Units, points to reactivation of faults developed during accretion 1098 

of the cover. The Betics orogenic system is therefore formed by a system of thrusts 1099 

that tectonically emplace the Jurassic Ligurian-Tethys extensional depositional 1100 
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domains that configured the SE Iberian margin on top of each other from the most 1101 

distal margin (Internal Betics) in the hinterland to the proximal margin (External Betics) 1102 

in the foreland (e.g., García-Hernández et al., 1990; Vergés and Fernàndez, 2012). 1103 

The Algerian Basin evolution is triggered by the NW-dipping subduction of the 1104 

Ligurian-Tethys oceanic segments existing between the Balearic Promontory and the 1105 

Algerian domain of the NW Africa margin (Alvarez et al., 1974) and is widely 1106 

accepted by most models (e.g., Vergés and Sàbat, 1999; Frizon de Lamotte et al., 1107 

2011; Roure et al., 2012; van Hinsbergen et al., 2014; Casciello et al., 2015; among 1108 

others). The Kabylies form the HP/LT Internal Units with a relatively high density 1109 

(Mahdjoub et al., 1997; Michard et al., 2006; Rossetti et al., 2010; Platt et al., 2013; 1110 

Caby et al., 2014; Fernandez et al., 2016; Bruguier et al., 2017); the Flysch units 1111 

represent the detached cover above the Ligurian-Tethys sea floor from Jurassic to 1112 

Late Miocene (e.g., Guerrera and Martín-Martín, 2014, among others), while the Tell 1113 

and the Atlas form the External Units corresponding to the Algerian margin of the 1114 

Ligurian-Tethys Ocean (Roure et al., 2012; Leprêtre et al., 2018). For the modeling 1115 

purposes, the Flysch and External Units are combined since they represent the 1116 

sedimentary cover of the Algerian continental margin (Figure 4). Similar to the Betics, 1117 

the Internal Units of the Greater Kabylies Massif are thrusting on the Flysch units, 1118 

which are further thrusted over the Tellian External Units. Seismicity beneath the 1119 

Greater Kabylies is distributed in the African basement and the External and Internal 1120 

units, although it does not show clear clustering probably due to the lack of local 1121 

seismic recording stations. Earthquakes below Moho close to the present-day 1122 

passive margin of Algeria could represent the purposed initiation of a new subduction 1123 

zone (e.g., Déverchère et al., 2005; Hamai et al., 2018). 1124 

A common characteristic in both geo-transects is that the crust is thicker in the 1125 

regions of exhumed HP/LT metamorphic rocks and thins drastically over a short 1126 

distance to the oceanic/magmatic crust of the back-arc regions in comparison to the 1127 

gradual thickening in the opposed margins (Figures 4 and 8). Along the Alboran 1128 

Basin geo-transect, a ~37 km thick crust beneath the Betics thins drastically to a ~16 1129 

km magmatic and volcanism intruded crust of the East Alboran Basin that transitions 1130 

to the thinned continental crust south of the Alboran Ridge and thickens gradually 1131 

further to the SSE in the NW African margin (e.g., Booth-Rea et al., 2007; Gómez de 1132 
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la Peña et al., 2020). Along the Algerian Basin geo-transect a relatively thick crust of 1133 

~30 km beneath northern Algeria (Greater Kabylies) transitions abruptly to ~10 km 1134 

thick oceanic crust of the Algerian Basin to the NNW (Figure 9). Similarly, thicker 1135 

lithospheres beneath the Betics and northern Algeria transitions abruptly to only ~60 1136 

km thick and fertile lithosphere (i.e., alike to oceanic lithosphere) of both the Alboran 1137 

and Algerian back-arc basins (Figure 8).  1138 

The lithospheric structure beneath the Algeria and SE Iberia margins, though 1139 

comparable, are different in width and thickness. The Algerian margin is ~200 km 1140 

wide the SE Iberia margin is only 80 km wide. The maximum lithospheric thickness is 1141 

~150 km below Algeria and ~130 km below SE Iberia, although the regional 1142 

lithospheric thickness of Africa is thicker than in Iberia (Figure 8). The existence of 1143 

sub vertical detached Ligurian-Tethys lithospheric slabs under the Algeria and SE 1144 

Iberia margins is another feature of resemblance although they show opposite 1145 

apparent dip (Figure 8). The two lithospheric slabs are located some tens of km 1146 

inland from the current shoreline and beneath the high topography region of both 1147 

orogenic systems (Betics and Kabylies). In both cases the crust is underlain by a 1148 

relatively fertile lithospheric mantle with compositions close to oceanic lithosphere, 1149 

whereas towards the respective foreland regions the composition of the mantle is 1150 

clearly continental. This configuration indicates that the continental lithospheric 1151 

mantle delaminated once the subduction front collided with the continental mainland. 1152 

This promoted the inflow of the fertile sublithospheric mantle (mantle wedge) beneath 1153 

the Iberian and Algerian crusts underlying the HP/LT metamorphic nappes of the 1154 

Internal Betics and Greater Kabylies (Figure 8). After cessation of subduction the 1155 

Algerian slab detached and sunk into the sublithospheric mantle whereas the Alboran 1156 

slab tore in its eastern end and detachment related to tear progressed westwards 1157 

until its present position. 1158 

The lithospheric scale thickening beneath the Greater Kabylies and 1159 

extensional back-arc oceanic Algerian Basin is consistent with SE retreating 1160 

subduction kinematics, hence can be explained by all the three geodynamic 1161 

scenarios proposed for the Western Mediterranean evolution (Figures 1b and 8). 1162 

However, each of these models imply different lithospheric structures along the 1163 

Alboran Basin geo-transect. The geodynamic model with a single long subduction, 1164 
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scenario 2, covering both the Alboran and Algerian basins, retreating to the south 1165 

cannot explain the NNW vergence of the Internal and External Units of the Betics nor 1166 

their age of tectonic emplacement, the lithospheric structure, and the position of the 1167 

Alboran slab beneath the Betics (Figure 1b, scenario 2). Whereas the other two 1168 

models, scenario 1 and scenario 3, are consistent with the structure beneath the 1169 

Betics, they imply incompatible lithospheric structures along the NW Africa margin. 1170 

According to scenario 1 (Figure 1b, van Hinsbergen et al., 2014), the Alboran slab 1171 

segment retreated to the west along the purposed North Africa transform fault, i.e. 1172 

Subduction-Transform Edge Propagator, or STEP fault (Govers and Wortel, 2005), 1173 

before colliding with the Iberian margin. This transform fault or edge propagator 1174 

should produce a sharp change in the crust and lithospheric mantle structure 1175 

beneath the African margin, between the Rif and Tell-Atlas Mountains, which is 1176 

contrary to the observed gradual lithospheric thinning in our lithospheric structure 1177 

model (Figure 8) (see also Fernàndez et al., 2019 for a more complete discussion). 1178 

The opposite direction of slab retreat in the adjacent segments proposed by 1179 

scenario 3 (Figure 1b, Vergés and Fernàndez, 2012) implies opposite symmetry in 1180 

the crust and upper mantle structure as observed in our models (Figure 8). Scenario 1181 

3 is based on the pre-convergence geometry of the Iberia-Africa Ligurian-Tethys, 1182 

characterized by a markedly segmented margin configuration (Frizon de Lamotte et 1183 

al., 2011; Schettino and Turco, 2011; Vergés and Fernàndez, 2012; Fernàndez et al., 1184 

2019; Fernandez, 2019; Martín-Chivelet et al., 2019; Ramos et al., 2020; Pedrera et 1185 

al., 2020). This margin segmentation exerted a strong control on the further evolution 1186 

of the Ligurian-Tethys realm allowing for opposed subduction polarities in adjacent 1187 

segments. The dynamics of such subduction system has been studied using 1188 

analogue and numerical experiments by Peral et al. (2018) and Peral et al. (2020). 1189 

The observed lithospheric scale thickening beneath the HP/LT metamorphic rocks of 1190 

the Betics followed by extension driven thinning and abundant volcanism in the 1191 

Alboran Basin is consistent with the NNW retreat of the Alboran slab. It must be 1192 

noted that to the west, beneath the Rif mountains, the crust and lithosphere are thick 1193 

in response to the NW-W retreat of the Alboran slab produced by the higher 1194 

resistance to slab retreat in the western end of the segment and the consequent 1195 
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trench curvature, which was further tightened by the protracted Iberia–Africa 1196 

convergence (Kumar et al., 2018; Fernàndez et al., 2019; Peral et al., 2019). 1197 

Our results show that because of the break-off of the Algerian slab and the 1198 

lateral tearing of the Alboran slab most of the vertical stresses related to the slab pull 1199 

are not transmitted to the overlying lithosphere. The lack of evidence for flexural 1200 

forebulges in the Alboran and Algerian basins, as inferred by the coupled elevation 1201 

(Fig. 8 and S4), also hints towards the fact that slabs do not contribute significantly to 1202 

the flexural isostasy. This mechanical decoupling produces an isostatic rebound that 1203 

can amount 500–1000 m when considering Te values between 10 km and 30 km or 1204 

up to 1500–2000 m in the absence of flexural rigidity (Figures 8 and S4). This 1205 

isostatic rebound can be related to the closure of the Betics corridor and the 1206 

connection between the Atlantic Ocean and the Mediterranean Sea before the 1207 

Messinian salinity crisis (García-Castellanos and Villaseñor, 2011). Seismic 1208 

experiments suggest that the Alboran slab is still attached under the western Betics 1209 

and the Gibraltar-Rif regions (e.g., Bezada et al., 2013; Palomeras et al., 2014; 1210 

Mancilla et al., 2015), where average elevation is between 400 m and 800 m lower 1211 

than in eastern Betics. Similar values of slab pull effects on topography have been 1212 

proposed for the Western Alboran Basin in relation to the east-dipping Alboran slab 1213 

along an N-S geo-transect across the Gibraltar Strait (Jiménez-Munt et al., 2019). 1214 

Estimations from dynamic modeling and residual topography also show values within 1215 

the estimated range of our work in the study region (e.g., Valera et al., 2011; Civiero 1216 

et al., 2020; Faccenna and Becker, 2020; Negredo et al., 2020). 1217 

7. Conclusions 1218 

We presented integrated geophysical-petrological 2D models of the crust and 1219 

upper mantle structure of the Western Mediterranean along two geo-transects 1220 

crossing the Alboran and Algerian basins, and the active/orogenic margins of the 1221 

Betics and Kabylies-Tell-Atlas Mountains, and the passive/conjugate margins of NW 1222 

Africa and Eastern Iberia (i.e., Balearic Promontory and Valencia Trough), 1223 

respectively. The new methodology incorporates sublithospheric thermo-chemical 1224 

anomalies allowing to quantify the impact on geophysical observables of the 1225 

detached subducting slabs detected from seismic tomography. At the crust level our 1226 
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models differ from previous crustal-scale models highlighting the use of relatively thin 1227 

Internal Units above sediments of the External Units in the Betics and Greater 1228 

Kabylies. The resulting models are constrained by geological and geophysical data 1229 

and are consistent with the surface observables (elevation, gravity, geoid and surface 1230 

heat flow) and seismic data and tomography models. Different lithospheric mantle 1231 

compositional domains in accordance with geological domains are required to fit the 1232 

surface observables. Modeling results show an active interaction between the 1233 

lithosphere and the underlying sublithospheric mantle which was governed by the 1234 

Alpine subduction dynamics in addition to the NNW-SSE Africa-Eurasia convergence 1235 

acting since Late Cretaceous. From the results, the following conclusions have been 1236 

drawn: 1237 

 The thick crust beneath the Betics (~37 km) thins abruptly to16km below the 1238 

Eastern Alboran Basin, which is modeled as a mostly magmatic crust largely 1239 

intruded by volcanic rocks, and thickens gradually to ~31 km further to the 1240 

SSE in NW Morocco. The thick crust beneath the Greater Kabylies (~30 km) is 1241 

thinning more abruptly to the NNW reaching~10 km below the Algerian Basin, 1242 

modeled as oceanic crust. 1243 

 The lithospheres beneath the Internal Betics and the Greater Kabylies are 1244 

thick and structures are comparable but showing an opposite symmetry, 1245 

though the lithospheric thickness is larger below the Greater Kabylies. In SE 1246 

Iberia, the lithosphere beneath the Betics is ~130 km thick, thinning sharply to 1247 

the SSE to ~60 km under the Alboran Basin and thickens again, but gradually, 1248 

towards Africa mainland to ~112 km. Along the Algerian Basin geo-transect, 1249 

the lithosphere beneath the Greater Kabylies is ~150 km thick and thins to ~60 1250 

km thickness to the oceanic lithosphere in the Algerian Basin. 1251 

 The present-day lithospheric mantle composition of the Alboran and Algerian 1252 

basins are modeled as depleted residue from 6-7% aggregate 1253 

decompressional melting of the more fertile sublithospheric mantle. This is 1254 

consistent with the back-arc setting of both the Alboran and Algeria basins 1255 

related to the retreating of the Ligurian-Tethys lithosphere. Slab retreat 1256 

triggered the melting of the underlying sublithospheric mantle generating 1257 
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oceanic crust in the Algerian Basin and extensive magmatic and volcanic crust 1258 

in the Alboran Basin. 1259 

 The modeled lithospheric mantle composition beneath the Internal Betics and 1260 

Greater Kabylies is fertile compared to the corresponding continental 1261 

lithosphere of the External Betics and Saharan Atlas, respectively. This fertile 1262 

composition beneath the internal domains of the orogenic systems is 1263 

consistent with mantle delamination and inland displacement of the slabs 1264 

during the later stages of subduction and collision, which promoted the inflow 1265 

of the fertile sublithospheric mantle. 1266 

 The detached sub-vertical Ligurian-Tethys lithospheric slabs beneath both 1267 

orogenic systems (Betics and Kabylies) show, according to tomography 1268 

models, average temperature and density anomalies of about -400 ºC and +30 1269 

kg/m3 relative to the surrounding mantle. The chemical composition of these 1270 

slabs is more close to oceanic lithosphere (DMM-3% for the Alboran slab and 1271 

DMM-7% for the Algerian slab) and therefore more fertile than the 1272 

subcontinental lithospheric mantle of Iberia and North Africa. 1273 

 The Ligurian-Tethys slab beneath the SE Iberia shows an apparent dip to the 1274 

SSE whereas the slab below Algeria dips to the NNW, matching the tectonic 1275 

transport direction of the fold and thrust belts of the Betics and Greater 1276 

Kabylies-Tell-Atlas subduction-related orogens, respectively. 1277 

 The large-scale configuration of present-day SE Iberia and Algerian margins 1278 

as well as their mantle compositions in the Alboran and Algerian geo-transects 1279 

is consistent with opposite dipping subduction of two segments of the Jurassic 1280 

Ligurian-Tethys oceanic domain. Their present configurations combined with 1281 

the tectonic transport directions and shortening estimates on the Betics and 1282 

Greater Kabylies-Tell-Atlas orogenic systems agree with Neogene slab roll-1283 

back processes triggering mantle delamination initiating at the collision stage, 1284 

followed by slab break-off coinciding with the end of the delamination stage. 1285 

 Slab break-off and lateral tearing could be responsible for a minimum uplift of 1286 

~700–1000 m in the Betics and ~300-500 m in the Greater Kabylies triggering 1287 

the closure of the Atlantic-Mediterranean corridor and the Messinian salinity 1288 

crisis.  1289 
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Figure S1. Pressure and Temperature dependent density distribution from average major 

oxides composition of sediments, upper crust, middle crust and lower crust (see the legend), 

resulting from stable phases and mineral assemblages computed using the Gibbs free-energy 

minimization algorithm (Connolly, 2005,2009). Red and black dashed line boxes mark the range 

of high pressure metamorphic peaks for Alpujarride and Nevado-Filabride, respectively, 

determined from thermo-barometry (Augier et al., 2005; López Sánchez- Vizcaíno et al., 2001; 

Puga et al., 2000; Azañón and Crespo-Blanc, 2000).  
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Figure S2. Sensitivity test for variations in the chemical composition of the Alboran slab to (a) 

geoid height and (b) Bouguer anomaly. Variation in chemical composition has minuscule effect on 

the Bouguer anomaly and has noticeable effect on the geoid height. Variation in the Alboran slab 

composition, situated at depths >140 km, changes the mass distribution in the slab region and 

consequently affects the geoid at longer wavelengths along the geo-transect. DMM-3% chemical 

composition fits the geoid better along the Alboran Basin geo-transect. 
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Figure S3. Sensitivity test for variations in the chemical composition of the Algerian slab to (a) 

geoid height and (b) Bouguer anomaly. DMM-7% chemical composition, resulting from 7% 

decompressional melting of DMM, fits the geoid better along the Algerian Basin geo-transect. 

CCR, Catalan Coastal Ranges. 
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Figure S4. Observed and modeled elevation across the (a) Alboran Basin and (b) Algerian 

Basin geo-transect. Region highlighted in white shows extend along the geo-transect to which the 

slabs would affect the elevation. Dark-grey shaded strip shows the observed elevation across 50 

km wide swath along the geo-transects. Solid colored lines represent calculated elevation with no 

slab anomaly, while dashed color lines show calculated elevation considering the slab. Blue line 

shows isostatic elevation (i.e. Te = 0 km). Orange and green lines show elevation considering 

flexural isostasy, Te = 10 km, and 30 km, respectively. 
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Figure S5. Temperature, density, and P- and S-wave velocity depth distribution in the Alboran 

slab at three locations spanning the slab region along the Alboran Basin geo-transect (see the 

legend). Upper panel shows the absolute deviation with respect to the LitMod reference column 

(Kumar et al., 2020) and lower panel shows the percentage change.  

 

 

 

 

Figure S6. Temperature, density, and P- and S-wave velocity depth distribution in the Algerian 

slab at three locations spanning the slab region along the Algerian Basin geo-transect (see the 

legend). Upper panel shows the absolute deviation with respect to the LitMod reference column 

(Kumar et al., 2020) and lower panel shows the percentage change. 
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Figure S7. Geotherms at selected locations along (a) the Alboran basin and (b) the Algerian 

basin geo-transects. Dry and wet peridotite solidus for different amount of bulk water from Katz et 

al. (2003) are also plotted to indicate the presence of partial melts.  

 

 

 

Figure S8. Crustal density distribution along the (a) Alboran Basin and (b) Algerian Basin geo-

transects. Seismicity is also plotted (See Figure 4 in the main text for legend). Note the increasing 

density with depth in the External Units reaching values close to the upper crust.  
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