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We present a new model on the present-day lithospheric structure along a 1100 km transect crossing the
NE-Iberian Peninsula, the Western Mediterranean basin and the Algeria margin and ends at the Tell–Atlas
Mountains. The modeling is based on an integrated geophysical-petrological methodology combining elevation,
gravity, geoid, surface heat flow, seismic and geochemical data. Unlike previous models proposed for the region
where the density of the lithosphericmantle is only temperature-dependent, the appliedmethodology allows in-
ferring seismic velocities and density in the mantle down to 410 km depth from its chemical composition
through self-consistent thermodynamic calculations. We have considered five lithospheric mantle compositions
including predominantly average Phanerozoic and lherzolitic Proterozoic in the continental mainland, andmore
fertile PUM(primitive uppermantle) compositions in theWesternMediterranean basin.Mantle petrology affects
the resulting density distribution and LAB (lithosphere–asthenosphere boundary) geometry and allows a direct
comparison with tomography models and seismic data. Measured low Pn velocities in the Western Mediterra-
nean basin can be explained by either serpentinization and/or seismic anisotropy and only partly by transient
thermal effects. The obtained lithospheric structure is compatible with P- and S-wave tomography models.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The present-day lithospheric structure of Iberia and the western
Mediterranean region is the result of a complex and puzzling moving
of the Iberian microplate that started in early Cretaceous times with
the northward propagation of the Atlantic Ocean, and the Alpine
collision of the northward moving African plate with stable Europe. The
relative and complex motions of Iberia, Africa and Europe have given
rise to numerous tectonic reconstructions of the Alpine–Mediterranean
region (e.g., Rosenbaum and Lister, 2002; Stampfli and Borel, 2002;
Handy et al., 2010; Schettino and Turco, 2010; Vissers and Meijer,
2012). According to these reconstructions, the northern convergence of
Africa against Europe was accommodated by the development of two
subduction zones affecting the northern and southeastern Iberian
margins. The north Iberian margin evolved from the tectonic inversion
of a Mesozoic rift system (Vergés and García-Senz, 2001) and resulted
in the formation of the Pyrenean fold-and-thrust belt and its foreland
basins, the Aquitanian and the Ebro basins (Fig. 1), which are a classic
example of a continent–continent collision zone (e.g., Muñoz, 1992;
Vergés et al., 2002; Sibuet et al., 2004; Vissers andMeijer, 2012) accompa-
nied by an incipient subduction of Iberia underneath the Eurasian plate.
The southeast Iberian margin evolved in a more complex subduction
pattern of the Mesozoic Ligurian-Tethys ocean with either a NW-
dipping subduction affecting part or the whole present-day Iberian
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Mediterranean margin (e.g., Gueguen et al., 1998; Faccenna et al., 2004;
Rosenbaum and Lister, 2004; Spakman andWortel, 2004), or with lateral
changes in the subduction polarity dipping towards the NW in the proto-
Algerian segment and towards the SE in the proto-Alboran segment
(Vergés and Fernàndez, 2012). Subduction took place first along the
Iberia–Eurasia plate boundary (Late Cretaceous to mid-Eocene) and
later on along the Iberia–Africa plate boundary (mid-Eocene to LateOligo-
cene). While in north Iberia convergence was the predominant deforma-
tion mechanism, in the western Mediterranean area (Valencia Trough
and Algerian Basin) coeval convergence and divergence are observed. A
back-arc origin of these basins related to the combination of the northern
motion of the African plate and the southeastward retreat of the Tethyan
subducting slab was proposed to explain coeval extension and tectonic
shortening in this region (e.g., Doglioni et al., 1997; Gueguen et al.,
1998; Vergés and Sàbat, 1999; Faccenna et al., 2004). The north African
margin in Algeria, presently under compression (Stich et al., 2003;
Deverchere et al., 2005; Domzig et al., 2006), is formed by the piling up
of metamorphic slices corresponding to the Kabylies and thrusting sheets
of Mesozoic and Tertiary sediments in the Tell–Atlas region (e.g., Frizon
de Lamotte et al., 2000; Mauffret, 2007).

Thereby, the present-day crustal and lithospheric mantle structure
in SE-Iberia and the western Mediterranean is the result of compres-
sional tectonics with collision/subduction in the former Eurasia–Iberia
(Pyrenees) and in the Iberia–Africa (Tell–Atlas) plate boundaries, and
back-arc extensional tectonics in the Neogene western Mediterranean.
This complex tectonic evolution affected Paleozoic, Mesozoic and
Tertiary domains with late-Hercynian plutonism in the Pyrenees
lished by Elsevier B.V. All rights reserved.
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Fig. 1. Geological map of the study area showing the principal geological domains of Iberia, WesternMediterranean and North Africa. Thick gray line locates themodeled transect. Upper
right inset shows themain topography and bathymetry features of the study area inwhich we have located from N to S: Black line-model transect; Deep blue—ECORS Pyrenees; Yellow—

ESCI Catalanides; Green line—ESCI València; Pink line: ALE-4 and dark gray-other seismic experiments (Diaz et al., 201X). (see text for details).
Modified from Vergés and Sàbat (1999).
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(Michard-Vitrac et al., 1980; Fourcade and Allègre, 1981) and Neogene
volcanism along the Iberian–Mediterranean margin (Martí et al., 1992;
Wilson and Bianchini, 1999; Lustrino et al., 2011) and generation of oce-
anic crust in the Algerian Basin (Sàbat et al., 1997; Vidal et al., 1998;
Booth-Rea et al., 2007). The succession of these tectonothermal events
has probably modified the chemical composition of the lithospheric
mantle as observed at global scale (e.g., Poudjom Djomani et al., 2001;
Griffin et al., 2009) with relevant implications in the geometry of the
crust–mantle and lithosphere–asthenosphere boundaries. Up to date
however, a quantified thermal and petrophysical characterization of
the lithospheric mantle in NE-Iberia and western Mediterranean
consistent with the tectonothermal evolution of the region has not
been attempted.

Unraveling the crust and lithosphere structure of the Alpine-
Mediterranean region has been the subject in the last decades of numer-
ous geological and geophysical studies that were summarized in eight
regional geo-transects in the TRANSMED Atlas (Cavazza et al., 2004).
Among these, the TRANSMED-II geo-transect (Roca et al., 2004) begins
with a N–S trend crossing the southern part of the Aquitanian basin, the
Pyrenees and the northern part of the Eastern Ebro Basin. Then it
continues with a NNW–SSE direction through the southern part of the
Eastern Ebro Basin, the Catalan Coastal Ranges, the Valencia Trough
Basin, the Balearic Promontory, the Algeria Basin, the North African mar-
gin, the Kabylies, and ending at the Tell–Atlas mountain range (Fig. 1).
Whereas the crustal structure is well defined from the numerous seismic
surveys and combined seismic and gravity models (e.g., ECORS Pyrenees
Team, 1988;Gallart et al., 1994;Vidal et al., 1998; Roca et al., 2004 and ref-
erences therein), the depth to lithosphere–asthenosphere boundary
(LAB) remains more uncertain due to the lack of direct observables and
itsmore elusive definition (Eaton et al., 2009; Fischer et al., 2010). Existing
integrated models based on the combination of elevation, gravity, geoid,
heat flow and crustal seismic data show LAB depth varying from more
than 130 km beneath the Pyrenees to less than 70 km beneath the west-
ernMediterranean basins (Zeyen and Fernandez, 1994; Ayala et al., 1996,
2003; Roca et al., 2004). All these models however are based on a pure
thermal approach in which the density of the lithospheric mantle is
only temperature dependent and related to the density of the astheno-
sphere that, in turn, is considered constant everywhere (Lachenbruch
andMorgan, 1990). Amajor caveat of this approach is the lack of full con-
sistency with the petrophysical properties of the mantle (density and
elastic parameters) and therefore, the obtained results cannot be properly
compared with seismic data or tomographymodels. In addition, the con-
tribution of chemical composition and phase transitions on the density
and buoyancy of the lithospheric mantle and therefore, on the resulting
lithospheric structure (Afonso et al., 2008; Fullea et al., 2010) are not
accounted for.

Amajor observation in the Valencia Trough and the Algerian Basin is
the low Pn-velocity values obtained in seismic experiments, which
range from 7.7 to 7.95 km/s (Torne et al., 1992; Danobeitia et al.,
1992; Vidal et al., 1998; Grevemeyer, pers. comm.) and the noticeable
seismic anisotropy, which amounts up to 4.5% and shows almost
orthogonal fast polarization directions (FPD) in both basins (Díaz
et al., 2013). Low P-wave uppermantle velocities in extensional regions
have been traditionally interpreted in terms of thermal relaxation, com-
positional crust–mantle transition, and underplating (e.g., Morgan and
Ramberg, 1987; Collier et al., 1994; Thybo and Artemieva, in press)
but effects of anisotropy, thermal disequilibrium and presence of
water in the uppermost mantle have not been fully considered in
these basins.

In this context, the aim of this work is three-fold: a) to obtain amore
reliable structure of the lithosphere along the model transect incorpo-
rating, for the first time, petrophysical and geochemical constraints to
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characterize the lithospheric mantle; b) to analyze, along the model
transect, the influence of lateral changes in the composition of the lith-
osphere mantle on the resulting LAB geometry and how it compares
with previous 2D modeling results and c) to decipher the still
unresolved origin of the observed low uppermost mantle Pn velocities
beneath the Valencia and Algerian basins and their margins.

To this end, a 2D modeling along a 1100 km long profile coinciding
with the TRANSMED-II geo-transect has been performed using the
LitMod finite-element code developed by Afonso et al. (2008). This
new integrated geophysical–petrological methodology allows studying
the thermal, compositional, density and seismological structure
of the upper mantle down to 410 km depth. The method uses a self-
consistent thermodynamic–geophysical framework, in which all
relevant properties are functions of temperature, pressure, and mineral
composition allowing for the incorporation of lateral compositional
variations in the lithospheric mantle and for the direct comparison
with seismic data and tomography models.

2. Geological setting

For the sake of simplicity and to facilitate comprehension of the
complex tectonic scenario of the study regionwedescribe the geological
setting using the chronology of deformation events for each structural
domain. This contribution does not intend to present a thorough
description of the geology of the study region, thus for a more detailed
information the reader is referred to the works of Ziegler and Roure
(1996), Torné et al. (1996), Vergés and Sàbat (1999), Cavazza et al.
(2004) and Roca et al. (2004), among others.

2.1. The Pyrenean domain (Late Cretaceous–middle Oligocene)

To the North, the Pyrenean fold-thrust belt is a classic example of
continent–continent collision that initiated by late Senonian and ceased
at middle Oligocene. With a length of about 450 km, the belt runs in an
E–Wdirection, from the Gulf of Lyon to the E to the Gulf of Biscay to the
W (see Fig. 1 for location). The orogen is an asymmetrical and bivergent
V-shaped continental wedge, the northern wedge being formed by a
series of northward directed thrusts on top of the European plate,
while the southern wedge, on top of the Iberian plate, is wider and
shows greater displacement and shortening. From North to South the
Pyrenees orogen comprises the Aquitaine foreland basin; the North
Pyrenean thrust system; the axial zone, mainly composed bymetamor-
phic and igneous rocks; the South Pyrenean thrust system and the Ebro
foreland basin (e.g., Muñoz et al., 1986; Muñoz, 1992; Verges et al.,
1995; Muñoz, 2002).

At crustal and lithospheric levels the collision caused a thickening of
the crust from about 32 km beneath the Ebro basin to almost 60 km
under the axial zone of the Pyrenees (ECORS Pyrenees Team, 1988;
Torné et al., 1989) while the LAB deepens from about to 90–110 km to
140–160 km depending on authors (e.g., Zeyen and Fernandez, 1994;
Pous et al., 1995; Roca et al., 2004; Gunnell et al., 2008; Campanyà
et al., 2012).

Coincidingwith the cessation of themain compressive stage along the
Pyrenees, which also resulted in the formation of the Catalan Coastal
Ranges, deformation migrated to the south and south east into the
Valencia Trough and Algerian basins domains (Vergés and Sàbat, 1999).
Unlike the Pyrenees, the Catalan Coastal Ranges (see Fig. 1 for location)
do not show significant thickening either of the crust or of the mantle
lithosphere.

2.2. The Tethyan subduction domain (Late Oligocene–Late Miocene)

The structures related to the Tethyan subductionweremainly devel-
oped between the Late Oligocene and Late Miocene (Roca et al., 2004).
In the Mediterranean segment of the modeled transect, the crustal
and lithosphere geometry is mainly the result of the south-eastward
retreat of the Tethys–Maghrebides subduction zone (Doglioni et al.,
1997; Carminati et al., 1998; Vergés and Sàbat, 1999). The south-
eastward retreat of the slab resulted in awidespread back-arc extension
which thinned the southeastern margin of the Iberian plate and caused
the opening of the Valencia and Algerian basins.

In the Valencia Trough Basin extension lasted from Late Oligocene to
Langhian period, whereas the opening of the Algerian Basin began later
(latest EarlyMiocene–MiddleMiocene) and ended during the Tortonian
when remnants of the southern Iberia continental margin (the
Kabylies) accreted with the African plate. The accretion of the Kabylies
led to the development of the Tell thrust system in the northern
African domain (Cavazza et al., 2004; Roca et al., 2004).

Back-arc extension resulted in thinning of the crust and lithosphere
mantle. In the Valencia Trough Basin the crust thins from 20 to 22 km
near the Iberia coastline to 14 km at its central parts (e.g., Pascal et al.,
1992; Torne et al., 1992; Gallart et al., 1994; Vidal et al., 1998), while
the LAB shallows to as much as 65 to 60 km, depending on the authors
(e.g., Zeyen and Fernandez, 1994; Ayala et al., 1996; Roca et al., 2004). A
slight thickening of the crust and lithosphere is observed in its southeast
margin, along the Balearic Promontory, where the base of the crust and
LAB achieves values of about 20 and 90 km, respectively. This thickening
is partly explained by the fact that the areawas affected by the orogenic
activity recorded along the south-eastern passive margin of Iberia from
Late Oligocene to Middle Miocene which gave rise to the observed
WNW–ENE verging folds and thrust that involve the Mesozic cover
and Paleogene to Middle Miocene sediments (e.g., Sàbat et al., 1988;
Roca et al., 1999).

The geometry of the crust and lithosphere mantle is not so well
constrained along the Algerian basin owing to scarcity of geophysical
experiments. In the northwest part of the Algerian basin the available
seismic refraction profile of Hinz (1972) shows that the crust is partly
oceanic with a thickness of about 5 km. This value is consistent with
that observed in the ESCI—Valencia seismic reflection profile (Sàbat
et al., 1997; Vidal et al., 1998). Roca et al. (2004) show that the LAB at-
tains depths of about 50 km in the central parts of the basin, abruptly
deepening near the African coastline to values of 175–185 km.

From late Miocene, the protracted slow convergence between the
African and Eurasian plates (~6 mm/year; Argus et al., 1989; DeMets
et al., 1994) has caused intraplate compressive stresses in the whole
area,which have resulted in compressive reactivation of previous faults.
Active faulting combining ENE–WSW reverse faults and NW–SE right
lateral strike-slip faults is particularly important in the Algerian margin
as shown by numerous destructive earthquakes (El Asnam, 1980, Ms=
7.3; Boumerdès, 2003, Ms = 6.7). The observed compressive deforma-
tion could indicate the development of a new African-Eurasian bound-
ary along the Algerian margin, where the thin Algerian oceanic
lithosphere is in contactwith the thicker African continental lithosphere
(e.g., Deverchere et al., 2005; Domzig et al., 2006).

3. Method and geophysical observables

3.1. Method

The methodology used in this work is based on the LitMod-2D code
(Afonso et al., 2008), which combines geophysical and petrological
data to study the crust and upper mantle structure from a thermal,
compositional, seismological and density point of view. The code allows
calculating the 2D distribution of temperature, density and mantle
seismic velocities down to 410 km depth and the surface heat flow
(SHF), elevation, and gravity and geoid anomalies. A comparison
of model outputs against observed data is used to obtain a self-
consistent lithospheric/sublithospheric model that simultaneously fits
all geophysical and petrological observables, and consequently reduces
the uncertainties associated with previous thermal approaches. In
LitMod the mantle is defined according to its chemical composition
within the CFMAS system (CaO–FeO–MgO–Al2O3–SiO2) where minor
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oxides as Cr2O3 and Na2O and water can also be incorporated. Stable
mineral assemblages are determined through self-consistent thermo-
dynamic calculations and thus physical properties of each mineral and
of the bulk mantle (density, thermal expansion coefficient, elastic
parameters, and thermal conductivity) dependnot only on temperature
as in previous methodology, but also on pressure, composition, and
phase changes. Once the bulk physical properties are determined for
each mantle composition, gravity, geoid, elevation, surface heat-flow
and P- and S-seismic velocities are computed and compared with
observations.

The thermal equation is solved by finite elements method in steady-
state with the following boundary conditions: 0 °C at the surface;
1330 °C at the LAB; and no heat flow across the lateral boundaries of
the model. Beneath the LAB the algorithm considers a thermal buffer
layer of about 40 km thick and 1400 °C at its base to avoid unrealistic
discontinuities between a conductive thermal gradientwithin the litho-
spheric mantle and an adiabatic thermal gradient within the astheno-
sphere. The temperature at the base of the model (410 km) is set to
1520 °C. The temperature gradient below the thermal buffer layer is
restricted to 0.35 b dT/dz b 0.50 °C/km, otherwise the temperature at
Fig. 2. Geophysical data. a) Elevation map from ETOPO2 Global Data Base (V9.1) (http://www
Peninsula, the Bouguer anomaly comes fromAyala (2013). Offshore and Africa Bouguer anomal
et al. (2008). Contour interval is 20 mGal. c) Geoid anomaly map from EGM2008 Global Mode
spherical harmonics up to degree and order 8 from the total geoid. Contour interval is 1 m. d)
International Heat Flow Commission global data set for Algeria (http://www.heatflow.und.edu
410 kmdepth ismodified accordingly (see Afonso et al., 2008 for further
details).

The model follows a forward scheme in which the crustal and litho-
spheric mantle geometry, crustal rock properties, LAB geometry and
chemical composition of lithosphericmantle bodies aremodifiedwithin
the experimental uncertainties in a trial and error procedure until the
best fitting model is obtained.

3.2. Regional geophysical data

Regional geophysical data sets (elevation, gravity, SHF, and geoid
height; Fig. 2) were collected from different data sources. Elevation
data come from ETOPO2v2 Global Data Base (http://www.ngdc.noaa.
gov/mgg/fliers/01mgg04.html) (Fig. 2a). Along the transect maximum
average elevation values of about 2000 m are attained in the Pyreness,
while the minimum is reached in the Algerian Basin where the ocean
floor deepens to as much as −2900 m. Onshore Bouguer anomalies
(Fig. 2b) were obtained from a recent compilation of gravity data in
the Iberian Peninsula (Ayala, 2013). Free-air gravity anomalies offshore
and onshore North Africa were obtained from the global satellite
.ngdc.noaa.gov/mgg/fliers/01mgg04.html). b) Bouguer anomaly. Onshore, in the Iberian
y has been calculated from the free air anomaly by Sandwell and Smith (1997) using Fullea
l (Pavlis et al., 2008). Long wavelengths (N5000 km) have been removed by subtracting
Surface heat flow measurements from Fernandez et al. (1998), Marzán Blas (2000) and
/index2.html). Colors of solid circles indicate heat flow values.

http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html)
http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html)
http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html)
http://www.heatflow.und.edu/index2.html)
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altimetry data model V16.1 (Sandwell and Smith, 1997, updated 2007).
Bouguer anomalies (Fig. 2b) were computed from the free-air grid with
the software FA2BOUG (Fullea et al., 2008).MinimumBouguer values of
−120 mGal are achieved below the Pyrenees and the Kabylies–Tell–
Atlas mountains (−100 mGal), while maximum values are recorded
below the Valencia Trough and Algerian basins, 100 and 200 mGal, re-
spectively. Geoid height data were taken from EGM2008 (Pavlis et al.,
2008) and filtered up to degree and order 8, to retain only the litho-
spheric signature. The values for the region vary from 12 m in the
Pyrenees, to about 7 and5m in theValencia Trough andAlgerian basins,
respectively, increasing by 4–5m in the Kabylies and decreasing steadi-
ly to 0 m in the south-end of the transect (Fig. 2c).

SHF datawere obtained from Fernandez et al. (1998) in NE-Iberia and
itsmargin, which also incorporates the sea-floor heatflowmeasurements
in the Valencia Trough Basin from Foucher et al. (1992). In the Algerian
Basin data were taken fromMarzán Blas (2000) whereas in North Africa
were taken fromRimi et al. (2005) inMorocco and from the International
Heat Flow Commission global data set for Algeria (http://www.heatflow.
und.edu/index2.html). Fig. 2d shows the location and values of available
measurements. As observed the data exhibit a wide scatter around a
mean value of 65mWm−2 onshore and 70–80mWm−2 in the Valencia
Trough and the Balearic Promontory, with a very poor coverage in some
segments of the model transect, particularly along the Algerian Basin
and onshore Algeria. Nevertheless, seafloor heat flow measurements
carried out in the western Algeria Basin show values ranging from 90 to
120 mWm−2 (Marzán Blas, 2000).

To account for lateral variations perpendicular to the strike of the
profile, elevation, gravity, geoid and heat flow data have been projected
onto the profile within a strip of 25 km half-width and the resulting
standard deviation computed and displayed in Fig. 3 as error bars.

3.3. Crustal and lithosphere mantle geometry from previous studies

The crustal geometry is well known along the model transect from
the numerous deep seismic reflection and wide-angle/refraction pro-
files collected during the last decades (Figs. 1 and 3). The compilation
of available crustal structure is summarized in the TRANSMED II tran-
sect (Roca et al., 2004). Original seismic data come fromECORS—Central
Pyrenees (ECORS Pyrenees Team, 1988), ESCI—Catalánides (Gallart
et al., 1994), ESCI—Valencia (Vidal et al., 1998), Hinz (1972) and ALE-4
(an industry profile) (see Fig. 1 for location of profiles). The Moho
depth varies from 32 to 35 km beneath the Aquitanian Basin to more
than 50 km in the Pyrenees and 36–32 km in the Ebro Basin and Catalan
Coastal Ranges. Towards the Valencia Trough, the Moho rises up to
16–18 km deepening to 22–25 km in the Balearic Promontory whereas
Fig. 3. Crustal structure corresponding to the best fitting model. Geometry of crustal bodies ha
Central Pyrenees (ECORS Pyrenees Team, 1988), ESCI—Catalanides (Gallart et al., 1994), ESCI—V
refer to Moho depth proposed by Roca et al. (2004) and Vidal et al. (1998), respectively. Numb
beneath the Algerian Basin the Moho lies at 10–12 km depth. In the
Algerian margin, the Moho depth increases to values of about 30 km
close to the shoreline and according to Roca et al. (2004) it deepens
down to 40 km depth beneath the Tell–Atlas mountains.

The LAB beneath themodel transect and surrounding areas has been
the subject of several studies, mainly 2Dmodeling, integrating different
geophysical data sets (e.g., Fernandez et al., 1990; Zeyen and Fernandez,
1994; Ayala et al., 1996, 2003; Roca et al., 2004). As mentioned, most of
these models do not consider pressure and compositional changes in
the mantle. As pointed out by Afonso et al. (2008) the neglect of
compressibility, phase changes and compositional heterogeneities
could result in uncertainties in the density contrast at Moho and
LAB levels and in turn in the resulting LAB depth. The assumed
temperature-dependent mantle density also shows inconsistencies
with tomography, xenolith and thermodynamic data. Nevertheless, as
a first approach we have used the available information as a first input
in our forward modeling. For instance, the works of Fernandez et al.
(1990); Zeyen and Fernandez (1994) and Ayala et al. (1996, 2003)
have reported lithospheric thickening from 110 to 120 km beneath
the foreland basins to as much as 150 km below the axial zone of the
Pyrenees. A thickness decrease is observed towards the central region
of the Valencia Trough where values of 65–60 km are reported. To the
SE, along the Balearic Promontory the thickness of the lithosphere
slightly increases (88–92 km), thinning towards the Algerian Basin
where the LAB raises to 55 km. Towards the Algerian margin and
North-Africa, Roca et al. (2004) imaged a sharp lithospheric thickening
with a LAB depth exceeding 160 km.

4. Results

Fig. 4 shows the best fitting model using the parameters summarized
in Tables 1 and 2. Density and thermal conductivity values for crustal bod-
ies have been taken from previous studies (e.g., Fernandez et al., 1990;
Torne et al., 1992, 1996; Zeyen and Fernandez, 1994). Radiogenic heat
production has been taken from a global compilation carried out by Vilà
et al. (2010). In themantle, density has been calculated from its chemical
composition whereas thermal conductivity is calculated according to
Hofmeister (1999). Mineral assemblages in the lithospheric mantle have
been computed using the NCFMAS approach (see Table 2). Our results
show that along the model profile we can distinguish five lithospheric
mantle types which agree with the geodynamic domains described
above. In NE Iberia mainland a Proterozoic (Proton-lherzolite average,
Pr_6) as proposed by Griffin et al. (2009) fits the observable geophysical
data and is also in agreement with xenolith data collected by Le Roux
et al. (2007). In the Valencia Trough and the Balearic Promontory the
s been mainly taken from TRANSMED-II geotransect (Roca et al., 2004) based on ECORS—
alencia (Vidal et al., 1998) andALE-4 (industrial profile) seismic profiles. Blue and red lines
ers denote crustal bodies summarized in Table 1.

http://www.heatflow.und.edu/index2.html)
http://www.heatflow.und.edu/index2.html)


Fig. 4.Model results (red lines) andmeasureddatawith the standarddeviation of data projected onto theprofilewithin a strip of 25 kmhalf-width (blue dots and vertical bars): (a) surface
heat flow; (b) Bouguer anomaly; (c) geoid height; (d) elevation; (e) lithospheric structure. Crustal structure like in Fig. 3. Numbers in panel (e) denote mantle bodies summarized in
Table 2. Dataset sources as in Fig. 2.

Table 1
Parameters used in the model for the different crustal bodies.

Crust and sediments Density (kg/m3) Heat production (μW/m3) Thermal conductivity (W/(K · m))

1 Upper crust 2780 1.0 3.10
2 Trans. upper crust 2840 1.0 3.10
3 Oceanic crust 2950 0.3 2.50
4 Lower crust 2900 0.3 2.50
5 Mesozoic sediments 2650 1.0 2.50
6 Cenozoic sediments 2550 1.0 2.40
7 Neogene sediments 2400 1.0 2.20
8 Tardi-hercynian plutons 2650 1.2 2.50
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Table 2
Bulk mantle compositions used in the model.

Mantle composition SiO2 Al2O3 FeO MgO CaO Na2O

9 Pr_6 (Lherz Av.) 45.4 3.7 8.3 39.9 3.2 0.26
10 Pm_1 (primitive uppermantle) 45 4.5 8.1 37.8 3.6 0.36
11 Pm_2 (primitive uppermantle) 45.2 4 7.8 38.3 3.5 0.33
12 Tc_1 (Av. Tecton) 44.5 3.5 8.0 39.8 3.1 0.24
13 TILE (tecton incipient) 44.97 2.33 8.32 40.18 2.52 0.18
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resulting mantle corresponds to a primitive upper mantle (PUM, Pm_2)
as defined by Jagoutz et al. (1979) which is in agreement with the
continental highly intruded nature of the lithosphere, whereas the
oceanic-type Algerian Basin is characterized by a more enriched
PUM-type (Pm_1, McDonough and Sun, 1995). In the Alpine domain of
North Africa, which includes the continental margin and the Kabyles–
Tell–Atlas region, the obtained mantle corresponds to an average
Phanerozoic-Tecton-type garnet-rich composition (Tc_1, Griffin et al.,
2009), which differs noticeably from that obtained farther to the South
corresponding to a more depleted ‘tecton incipient or little extension’
TILE composition, as already suggested by Griffin et al. (1999).

As observed in Fig. 4, calculated gravity, geoid and elevation match
the observed regional trends. Major differences in Bouguer anomaly,
up to 30 mGal, are observed locally in the Kabyles mountains probably
related to local 3D crustal features not considered in our model. This
misfit is also reflected in the calculated elevation reaching differences
of b500m. Heatflowdata is not sowell constrained owing to its scarcity
and associated uncertainty, particularly at the SE-half of the profile.
Calculated values range from 55 to 60 mWm−2 in the Pyrenean domain
increasingly steadily to 70–75mWm−2 in the Valencia Trough basin and
75–80 mW m−2 in the Algerian basin. Towards the SE, the calculated
heat flow decreases to minimum values of 50 mW m−2 at the south-
easternmost tip of the profile. Certainly, the calculated surface heat flow
is consistently lower (about 15%) than measured values along
the whole profile. The main reason for this discrepancy is related to the
calculated mantle thermal conductivities which have been computed
using Hofmeister's P–T dependent approach (Hofmeister, 1999).
Underestimation of thermal conductivity will affect essentially the
calculated surface heat flow but will have minor effects on the calculated
temperatureswithin the lithosphere and therefore on themineral assem-
blages and resulting densities.
Fig. 5. Lithosphere structure of best fitting model andmantle domains with different chemical c
4.1. Crustal and lithosphere mantle structure

The resulting crustal structure (Figs. 3 and 4) shows minor differ-
ences with TRANSMED-II transect from the Pyrenees to the North-
Africa margin. However, beneath the Kabyles–Tell–Atlas region, the
modeled crust is up to 10 km thinner. In the Balearic Promontory, our
results coincidewith TRANSMED-II although the crust is slightly thinner
with respect to Vidal et al. (1998).

Fig. 4 shows that the LAB depth varies along the model profile
reaching depths of about 130 km beneath the Pyrenean chain, about
65 km and 70 in the Valencia Trough Basin and Balearic Promontory,
respectively, shallowing to as much as 60 km in the Algerian Basin. A
sharp thickening is observed in the transition from the basin to the con-
tinental margin of North Africa, from where the LAB progressively
deepens to reachmaximumdepths of 140 km at the SE tip of the profile.

The resulting geometry of the LAB differs substantially from those
obtained with previous models (Fig. 5). In the Pyrenean domain major
discrepancies are observed with the results of a magneto-telluric
study by Campanyà et al. (2012) where the LAB depth varies from
90 km beneath the Iberian Plate to 130 km in the Eurasian Plate. There
are also differences with studies that have used similar integrated ap-
proaches. We obtain a similar lithospheric thickness to that proposed
by Zeyen and Fernandez (1994) and a lower thickness than Roca et al.
(2004) although our maximum thickness is slightly displaced 50 km
to the North relative to these studies. Major discrepancies are observed
in the style of thinning from the South Pyrenean Thrust to the continen-
tal shelf of the Valencia Trough Basin. Our results show a steady thin-
ning of the lithosphere whereas models by Zeyen and Fernandez
(1994) and Roca et al. (2004) suggest a step-like thinning resulting in
differences of 15 km in the LAB depth over this region.

Underneath the Neogene Mediterranean basins the calculated LAB
depth is very similar to that proposed by Ayala et al. (1996, 2003) and
Zeyen and Fernandez (1994). However, our results show that the LAB be-
neath the Valencia Trough and Balearic Promontory is 10–15 km
shallower and 10 km deeper beneath the Algerian Basin than that
proposed by Roca et al. (2004). From the south Algerian Basin to the
Kabyles–Tell–Atlas region the lithosphere thickens in a very different
style compared to TRANSMED-II (Roca et al., 2004). These authors
propose a sharp thickening from 55 to more than 160 km over a
200 km wide region, whereas our results show a more moderate step-
like thickening from 60 to 140 km. Maximum differences of the LAB
omposition (see Table 2). Color lines denote LAB geometries proposed in previous studies.
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depth between the twomodels reach as much as 70 km beneath the Tell
Mountains. These discrepancies are mainly related to the poorly
constrained crustal thickness considered in the TRANSMED-II transect
(see below) and, to a lesser extent, to the different modeling approaches.
Fig. 6. a) Calculated P-wave seismic velocities in the upper mantle (calculations extend down t
position. b) P-wave tomography model (Villaseñor et al., 2003) and c) synthetic P-wave tomog
model. Contour lines every 1%.
4.2. Mantle seismic velocities

One of themain advantages of themethodology used in this study is
that LitMod allows calculating in a self-consistent way the elastic
o 410 km depth). White solid lines indicate mantle domains with different chemical com-
raphy from our model. In both cases velocity anomalies are relative to the ak135 reference
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parameters of themantle and therefore the P and S-wave seismic veloc-
ities. Fig. 6a shows the calculated P-wave velocities in themantle where
low values at the LAB (7.5–7.6 km/s) are found underneath the
Neogene Mediterranean basins and their continental margins. The low
velocity values extend down to 150 km depth and are related to the
relatively high T prevailing in this part of the sublithospheric mantle.
Beneath the Pyrenean and Kabyles–Tell–Atlas domains P-wave veloci-
ties reach 8.0–8.1 km/s in the uppermost mantle decreasing slightly
with depth until the LAB, defining a LVZ with variable thickness along
the profile. Below 160 km depth, P-wave velocities increase with a
constant gradient due to the prevailing effect of pressure.

Fig. 6b compares the global P-wave tomographic model of Villaseñor
et al. (2003) with the synthetic tomographic model obtained from our
calculated P-wave velocities expressed in percentage with respect to the
ak135 reference model (Kennett et al., 1995). There is a coincidence in
the low velocity zones predicted by both models though discrepancies
are seen beneath the Pyrenees at depths higher than 100 km and below
the Valencia Trough Basin. Also the amplitudes of the calculated low ve-
locity anomalies are larger than those obtained in the tomographic
model. The underestimation of the velocity anomalies by tomographic
models based on ray theory is a well know result that is caused by the
wavefront healing phenomenon (e.g. Hung et al., 2001). Therefore only
the distribution and shape of the anomalies, not their amplitudes, can
be meaningfully compared. In North Africa, the low resolution of the
tomographic global model due to the poor coverage of available seismic
stations does not allow for firm conclusions. Our results are also qualita-
tively consistent with the regional P-wave tomography model by
Piromallo and Morelli (2003) that shows low velocities in the Western
Mediterranean basins down to 400 kmdepth. Interestingly, these authors
show relatively high velocities in the North Africa margin, particularly in
eastern Algeria and Tunisia.

S-wave velocities show a similar pattern than P-wave (Fig. 7) with
minimum values of b4.2 km/s in the sublithospheric mantle in the
Western Mediterranean basins. Low S-wave velocities (b4.4 km/s) ex-
tend over the sublithospheric mantle down to 200 km depth from
where they increase almost linearlywith depth due to the effect of pres-
sure. Within the lithospheric mantle, S-wave velocities increase from
~4.6 km/s in the uppermost mantle along the whole transect to 4.35
km/s in the LAB beneath the Pyrenees and the Kabyles–Tell–Atlas and
b4.2 km/s beneath the Valencia Trough and the Algerian Basin.
Fig. 7. Calculated S-wave seismic velocities in the upper mantle (calculations extend down to 4
sition. Contour lines every 0.05 km/s. Superimposed are the S-wave velocities inferred from th
have been calculated according to the reference velocities of 4.38 km/s (at 80 and 110 km), 4.3
A regional S-wave tomography model for Europe constrained by in-
versions of seismic waveforms (Legendre et al., 2012) shows pronounced
negative anomalies (ΔVs ~−5%) in the Algerian Basin at 110 km depth,
the amplitude of the anomaly decreasing with depth and vanishing
below 200 km depth. According to this model, the Rif–Tell–Atlas region
also shows negative Vs anomalies (ΔVs ~ −3%) at 110 km depth. To
compare our results with this tomography model we have plotted the
resulting Vs values from Legendre et al. (2012) at different depth levels
(80, 100, 150 and 200 km) according to the reference values used by
these authors (Fig. 7). In general, our results fit wellwith the tomographic
model although in the sublithospheric mantle our velocities are slightly
higher beneath the Algeria Basin and lower beneath the Pyrenees and
the Algeria margin. These small discrepancies are probably related to
the thermal boundary condition used in our model that assumes a
constant temperature at 410 km depth and therefore cannot account for
deeper thermal anomalies.

An additional constraint on seismicmantle velocities comes from Pn
velocity data. Fig. 8 compares the calculated P-wave velocities in the up-
permost lithospheric mantle with Pn estimates from different seismic
experiments. Calculated and observed values are in agreement in the
Pyrenees and in the Iberian margin of the Valencia Trough. Discrepan-
cies arise in the Neogene Mediterranean Basins amounting between
0.05 and 0.15 km/swith the exception of a local valuewhere differences
exceed 0.2 km/s. Possible explanations on these departures between
observed and modeled data will be discussed in the next section.
4.3. Temperature and density distribution

Temperature distribution in the whole modeled domain is calculat-
ed under the assumption of steady-state thermal regime and displayed
in Fig. 9 down to 250 kmdepth. Thermal parameters are summarized in
Table 1. The temperature at the crust–mantle boundary ranges from a
maximumof 850 °C beneath the Pyrenees (65 kmdepth) to aminimum
of 250 °C beneath the oceanic-type crust of the Algerian basin where
the Moho shallows to 12 km depth. In the Pyrenean domain average
Moho temperatures are of 600–650 °C decreasing to 400–500 °C in
the Valencia Trough and Balearic Promontory. In the North African re-
gion, temperatures range from 500 to 700 °C. Temperatures at the
sublithospheric mantle vary from 1330 to 1400 °C in the thermal buffer
10 km depth). White solid lines indicate mantle domains with different chemical compo-
e regional tomography model by Legendre et al. (2012) at different depth levels. S-values
9 km/s (at 150 km) and 4.45 km/s (at 200 km) (see Legendre et al., 2012).



Fig. 8. Pn velocities along the modeled transect. Red line indicates calculated Pn values. Symbols with error bars denote Pn-values from seismic experiments (see legend).
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increasing according to the adiabatic gradient from the base of the
thermal buffer to the bottom of the model (410 km).

Densities in the crustal bodies are taken from literature and summa-
rized in Table 1, whereas subcrustal densities are calculated according
to mantle composition and thermodynamic formulation. Thereby Fig. 10
shows the mantle density distribution down to 250 km depth. In the
Pyrenean domain and the Atlas region densities reach values around
3350 kg m−3 decreasing towards the Neogene extensional basins of the
Mediterranean. In the Valencia Trough and Algerian basins the litho-
sphere mantle density decreases from ~3320 kg m−3 below the Moho
to ~3260 kgm−3 at the LAB. Nevertheless, in the Algerian basin in the up-
permost mantle the density decreases sharply to 3230 kg m−3 related to
the shallow-depth plagioclase-spinel phase transition. In contrast, be-
neath the Balearic Promontory and the North-Africa continental margin,
amaximumdensity of 3320 kgm−3 at ~50 kmdepth is calculated related
to the spinel–garnet transition. In the North African continental margin
Fig. 9. Calculated temperature distribution along the
there is a pronounced lateral density gradient with average densities
increasing from 3300 kg m−3 in the continental shelf to 3350 kg m−3

in the Tell–Atlas region. From the LAB to the bottom of themodel density
increases steadily due to the predominant effect of pressure, e.g. at
250 km depth density reaches values of 3470 kg m−3.

5. Discussion

Hereinafter we discuss the obtained results in terms of the three
main goals of this work.

5.1. LAB topography

As previously mentioned, the crustal structure is well constrained
from the numerous seismic experiments and integrated geophysical
models carried out along the studied transect with the exception of
modeled transect. Contour lines every 100 °C.



Fig. 10. Calculated mantle density distribution along the modeled transect. Contour lines every 10 kg m−3. Sharp density increase in the uppermost mantle beneath the Algerian Basin is
related to the Pg-Sp phase transition. Sharp density increase at ~40 km depth is related to Sp–Grt phase transition.
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the onshore Algerian segment. However, the LAB topography relies
solely on several models incorporating different datasets (e.g., Zeyen
and Fernandez, 1994; Ayala et al., 1996; Ayala et al., 2003; Roca et al.,
2004) and on mantle images from seismic tomography studies (e.g.,
Bijwaard and Spakman, 2000; Piromallo and Morelli, 2003; Villaseñor
et al., 2003; Spakman and Wortel, 2004; Legendre et al., 2012). Since
the obtained results have been already compared qualitatively to to-
mographymodels we will focus on the comparison with results obtain-
ed from previous integrated models.

Fig. 5 shows a comparison of our results with those obtained by
Zeyen and Fernandez (1994), Ayala et al. (2003) and Roca et al.
(2004). Below the Pyrenees, the differences observed are of 10–20 km
with a displacement to the north of the maximum thickness probably
related to differences in the crustal structure just beneath the axial
zone of the Pyrenees. Underneath the Ebro foreland basin, the Catalan
Coastal Ranges and the Iberian margin the LAB resulting from our
model is consistently 20 km shallower than previously imaged by
Zeyen and Fernandez (1994) and Roca et al. (2004) being in closer
agreement with Ayala et al. (2003). Considering that the crustal struc-
ture is essentially the same as taken in previous models, the differences
of the modeled LAB depth are related to the petrophysical approach we
have adopted, which results in a different mantle density distribution.
As mentioned, previous LAB studies by Zeyen and Fernandez (1994)
and Roca et al. (2004) are based on a thermal approach in which the
lithospheric mantle density is only temperature dependent and there-
fore, density decreases roughly linearly with depth through the thermal
expansion coefficient. At difference, our modeling approach shows that
in this segment of the transect (Ebro Basin–Catalan Coastal Ranges–
Iberian margin) the lithosphere mantle density is nearly constant with
depth and decreases laterally towards the Valencia Trough basin with
a lateral gradient of 0.25 kg m−3 km−1 (Fig. 10).

The Algerian margin shows a similar lateral density gradient with
increasingdensities towards the Kabylies–Tell–Atlas regionwhere a sig-
nificantly thinner lithospheric mantle and a LAB depth up to 80 km
shallower than imaged by Roca et al. (2004) are proposed. This signifi-
cant discrepancy is attributed to two facts: a) the already mentioned
differences in the depth-density distribution between the thermal and
petrophysical approaches and b) the differences obtained in the crustal
thickness which amount more than 10 km, from ca. 900 to 1000 km
distance of the model transect (Fig. 3). The scarcity of deep seismic
data in the region results in the lack of constraints on Moho depth, as
a result our best fitting model shows a crust that is 10 km thinner
than that proposed by Roca et al. (2004). As already mentioned by
these authors, the onshore Algerian portion (Kabylies–Tell–Atlas) is
fairly well constrained in its shallow part but poorly constrained at
deep crustal levels, where no deep seismic data are available. Thus,
the boundary between the upper and lower crust and the Moho geom-
etry had to be drawn solely according to the results of previous gravity
models (Mickus and Jallouli, 1999).

In the Mediterranean segment of the profile the results obtained in
the Valencia Trough, Balearic Promontory and Algerian Basin, fairly co-
incide with those obtained by Zeyen and Fernandez (1994) and Ayala
et al. (2003) but differ slightly when compared with Roca et al.
(2004). Discrepancies with results from these authors are of the order
of 10 km attainingmaximum values of 15 km in the Balearic Promonto-
ry (Fig. 5). The observed relative lithospheric thickening and thinning
are partly attributed to the differences of the density distributionwithin
the lithospheric mantle related to chemical composition and the typical
spinel–garnet phase transition occurring beneath the Balearic Promon-
tory (Fig. 10) (see Afonso et al., 2008 for further details).

5.2. Changes in mantle composition

As pointed out by many authors, the structure of the Earth's upper
mantle in continental areas is highly heterogeneous and much of the
heterogeneity is associated with the thermal and compositional
structure of the lithosphere. The composition of the sub-continental
lithospheric mantle (SCLM) may range from refractory dunites and
harzburgites to lherzolites depending on the degree of depletion in ba-
saltic components through partial melting processes. These composi-
tional heterogeneities may in turn translate in significant density
differences at given P–T conditions related to compressibility, thermal
expansion and phase transitions. Consequently, changes inmantle com-
position may affect modeling geophysical observables such as gravity,
geoid, elevation, etc., since they are differentially sensitive to shallow
and deep lateral density variations.

The LitMod approach characterizes chemically the lithospheric
mantle to calculate density, temperature distribution and seismic
wave velocities; therefore we have gathered all relevant information
on mantle composition derived from geochemical analyses of outcrops



Fig. 11. a) Depth variation of P-wave velocities (left panel) and densities (right panel) calculated for different average-Tecton mantle compositions according to Griffin et al. (2009) for a
1-D lithosphere structure consisting of 32 km thick crust and 130 km thick lithosphere. b) Same as A for the mantle chemical compositions used in our modeled transect (see Table 2).
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and/or global scale xenolith and tectonothermal age data (Table 2).
Since some uncertainties have arisen in the composition of the SCLM
of the North African margin due to the lack of xenolith information,
we have tested four common Tecton bulk compositions (Tc_1 to Tc_4,
Griffin et al., 2009) in accordance with the average tectonic age of the
crustal units in the region. All four lithospheric mantle compositions
are moderately depleted when compared to PUM composition.
Fig. 11a shows the calculated P-wave velocities and densities for the
different mantle compositions considering a standard lithosphere with
a 32-km thick crust and a LAB depth of 130 km. As seen in Fig. 11a,
beneath the Sp–Gnt transition at 40–45 km depth, nomajor differences
are detectable in terms of absolute Vp velocities (of the order of
0.03–0.035 km s−1, between Tc_1 and Tc_4), whereasmaximumdiffer-
ences in SCLM density are of the order of 20 kgm−3 (between Tc_2 and
Tc_4). From the four compositional models tested only the Tc_1 compo-
sition is found to better match themedium-longwavelength part of the
geophysical observables (see Fig. 4), although it should be recognized
that Tc_4 and likely Tc_2 and Tc_3 could be made compatible with the
geophysical observables by slightly modifying the crust and mantle
lithosphere geometry.

Fig. 11b summarizes the compilation of absolute Vp and densities
calculated for the five compositional mantle types considered in this
study with the same lithospheric structure as used in Fig. 11a. As
observed, maximum velocity variations are of the order 0.1 km s−1 be-
tween the PUM composition of McDonough and Sun (1995) (Pm_1)
and the TILE composition of Griffin et al. (1999). No major differences
are observed in absolute Vp seismic velocities between the Proton
lherzolite average type (Pr_6), the Tecton garnet type (Tc_1) and the
primitive upper mantle compositions (Pm_1 and Pm_2). Results show
that differences in Vp amount as much as 0.02 km s−1 for the Pm_1
composition, which are not detectable since they fall within the range
of resolution of the seismic observable. Density differences at given
P-T conditions attain maximum values of 28 kg m−3 between TILE
and Pm_1; 10 to 15 kg m−3 between TILE and Tc_1, Pr_6 and Pm_2;
and between Pm_1 and Tc_1, Pr_6 and Pm_2. Differences between
Tc_1, Pr_6 and Pm_2 are b5 kg m−3, the latest being barely detectable.
Although no significant differences are observed in the calculated geo-
physical fingerprint of the proposed compositional mantle types, these
areas are characterized by different tectonic ages and histories, and
therefore it is likely that themantle has retained different compositional
signatures. Our bestfittingmodel is compatiblewith a bulkmantle com-
position corresponding to Pr_6 underneath the Pyrenees as recorded
from xenolith samples. This mantle-type composition is characterized
by a relatively high content on CaO and Al2O3 (3.2 and 3.7%, respective-
ly) which may represent Phanerozoic reworking of Proterozoic to
Archean crust (Griffin et al., 2009).
Widespread Neogene volcanism in the W-Mediterranean basins
supports a refertilization of the former mantle and therefore it is in
agreement with the PUMmantle type found in this study. In the Valen-
cia Trough magmatism is characterized by two volcanic cycles which
are clearly separated in time and by their petrological setting (Martí
et al., 1992). The first volcanic cycle being of Chattian-early Burdigalian
is characterized by calc-alkaline andesitic and pyroclastic rocks, while
the second of Tortonian to Recent age is characterized by poorly
differentiated alkali-basalts. The Pm_2 mantle composition used in the
Valencia Trough and Balearic Promontory is similar to that used by
Fullea et al. (2010) in the western part of the Atlas region where
young alkaline magmatism is also present. Seismic data show that the
Algerian Basin is floored by oceanic-type crust formed during Miocene
times (Booth-Rea et al., 2007) and therefore, a more enriched composi-
tion relative to Pm_2 is justified. The Pm_1mantle-type was also select-
ed by Fullea et al. (2010) as representative for the Alboran and Algerian
basins.

In the North African margin our results are also in agreement with
those obtained by Fullea et al. (2010)who concluded that a Tc_1mantle
composition produces the best regional fittingmodel and that thisman-
tle type could be taken as a representative average for the whole SCLM
in the Atlantic–Mediterranean transition zone. In the Sahara region we
have taken a mean TILE composition to account for the transition to
the West African Mobile Zone, which is characterized by largely
reworked terranes including Archean/Proterozoic/Phanerozoic signa-
tures (Begg et al., 2009).

Since LitMod2D codeworks under a forward scheme, it is not easy to
precisely assess the role the different variables have on the resulting
model. Identifying mantle density with bulk composition and seismic
velocities is a difficult problem due to the lack of uniqueness. Recent
works by Afonso et al. (2013a, 2013b) present a complete analysis of
the trade-off between temperature and compositional effects on wave
velocities, the non-uniqueness of the compositional space and the
dissimilar sensitivities of physical parameters to temperature and
composition. In these works, the authors conclude that a wide range
of compositions can equally explainmultiple geophysical data. As a con-
sequence, deep temperature anomalies ≤150 °C and compositional
anomalies ΔMg# b 3 are not simultaneously resolvable, being the bulk
Al2O3 content a better compositional indicator than Mg#.

5.3. Low uppermost mantle Pn velocities

Anomalous low Pn velocities (Fig. 8) between 7.7 and 7.9 km s−1

have been reported by Torne et al. (1992), Vidal et al. (1998) and
Grevemeyer (pers. comm.) underneath the Valencia Trough, the
Balearic Promontory and the Algerian Basin coinciding with areas of



Fig. 12.Pnvelocities along theW-Mediterranean segment of themodeled transect. Circleswith error bars denote Pn values from seismic experiments (see Fig. 8 for data sources). Red solid
line denotes calculated values from ourmodel. Stars with error bars denote Pn values from seismic experiments corrected for anisotropy effects. Black solid line denotes calculated values
corrected for thermal transient effects. Stippled black line denotes calculated values incorporating serpentinization. See text for details.
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attenuated continental crust and oceanic crust. As observed in Fig. 12
velocities calculated from this study vary from 7.9 km/s underneath
the Valencia Trough area increasing to almost 8.0 km/s below the
Balearic Promontory while along the Algerian basin velocities decrease
again to 7.9 km/s. These values are consistently higher than those
obtained by seismic experiments, even considering the uncertainties
commonly associated with seismic experiments (±0.1 km/s).

Thereby, the calculated P–T conditions in the W-Mediterranean ba-
sins together with composition changes in the lithospheric mantle do
not suffice to explain the measured Pn velocities. Several processes
may cause low velocities in the uppermost mantle that are not included
in our modeling approach. Among these, we have considered the
presence of small amounts of hydrous phase in the uppermost mantle,
anisotropy, and transient thermal effects related to the opening of the
WesternMediterranean. The effects of these processes on the calculated
Pn velocities are summarized in Fig. 12.

The presence of a hydrated uppermost mantle or serpentinization
cannot be ruled out in view of the lithosphere thinning particularly
beneath the Algerian Basin. Therefore we have assumed that a variable
thick hydrated layer inwhichwe have increased thewater content to as
much as 1% characterizes the uppermost mantle in the region. Fig. 12
shows the influence on the velocities of a hydrated layer that increases
its thickness from 2 km underneath the Valencia Trough slightly thick-
ening towards the Algerian Basin to as much as 4 km, and with a
variable water content varying from 1% in the Valencia Trough area to
0.3% in the Algerian Basin. As observed, the presence of a hydrated up-
permost mantle (dashed line in Fig. 12) allows fitting the calculated
Pn velocities with those obtained from seismic experiments with
maximum differences of the order 0.025 km/s.

Anisotropy is also a possible cause of mismatch between calculated
and observed seismic velocities particularly when the fast polarity di-
rection is perpendicular to the model transect. According to Díaz et al.
(2013), anisotropic effects account for velocity variations ranging from
minimum values of less than 0.075 km/s in the Algerian Basin to
0.3 km/s in the Balearic Promontory with the fast axis showing a pre-
dominantly E–W orientation in the Valencia Trough region switching
to a NNE–SSW orientation in the Algerian Basin (see Fig. 9 of Díaz
et al., 2013). Keeping in mind these considerations, the corrected veloc-
ities obtained from seismic experiments lay well within the calculated
average values with the exception of the SE margin of the Valencia
Trough and Balearic Promontory in which differences may reach locally
more than 0.3 km/s.
Our numerical approach assumes thermal steady-state and therefore
tends to underestimate the temperature prevailing at shallow levels of
the lithospheric mantle and overestimate at deeper lithospheric levels
in order to maintain the same buoyancy to that obtained from a linear
steady-state geotherm. The temperature departures from steady-state
geotherms can be easily calculated by considering instantaneous litho-
spheric thinning with a given beta-factor and occurring at a prescribed
time according to McKenzie (1978). Maximum transient thermal effects
are expected in the Algerian Basin where we have considered an exten-
sion factor of β = 5 to simulate generation of oceanic lithosphere and
t = 17 Ma, resulting in a temperature difference of ΔT ≈ 80 K. This ΔT
translates to aΔVp=−0.04 km/swhen a typical temperature derivative
of ∂Vp/∂T = −0.5 × 10−4 km s−1 K−1 for garnet peridotite is applied
(Afonso et al., 2010). Fig. 12 shows that the thermal transient effect on
Pn velocities is too small to account for misfits between measured and
calculated P-wave velocities in the uppermost mantle.

As summary, the thermal and petrophysical characterization of the
lithospheric mantle in NE-Iberia and western Mediterranean obeys to
a complex plate reorganization since Jurassic times and probably earlier
(Fig. 13). Our results are compatiblewith a predominantly typical Phan-
erozoic composition as indicated by Griffin et al. (2009) on the basis of
global studies. Minor lateral variations in the continental domains are
explained in terms of tardi-Hercynian plutonism in the Pyrenees
which occurred at about 300–280 Ma and the transition towards a
more stable lithosphere in the Sahara craton. Major chemical changes
are related to the slab roll-back of the Ligurian-Tethyan ocean and the
opening of the western Mediterranean basins occurred during the
Neogene. The Valencia Trough basin underwent a prominent crust
and lithospheric mantle thinning with asthenospheric upwelling and
large alkaline magmatic intrusions and volcanism with a chemical
refertilization of the lithospheric mantle. In the Algerian basin, back-
arc extension produced the generation of new oceanic crust and a
more fertile mantle than in the Valencia Trough. Extension related to
slab roll-back would be also responsible for partial serpentinization of
the uppermostmantle and themeasured low Pn velocities in the Valen-
cia Trough and the Algerian Basin.

6. Conclusions

We have presented a new lithospheric modeling along the
TRANSMED-II geotransect crossing the NE-Iberian Peninsula, the
Western Mediterranean basins and the Algerian margin, ending at the



Fig. 13. Plate tectonic maps showing the evolution of Africa, Iberia and Europe from early Jurassic to late Miocene according to Schettino and Turco (2010). Main tectonic episodes corre-
spond to: a) Initiation of rifting in the Central Atlantic ocean and the Africa–Iberia–Eurasia plate boundary; b) Opening of the Alpine and Ligurian-Tethys oceanic domains and initiation of
rifting in the North-Atlantic; c) Opening of the North-Atlantic and Valais ocean and eastern escape of Iberia and early Alpine subduction; d) Pyrenean orogeny with successive phases of
initiation of shortening, Paleocene standstill and restart of Pyrenean and Alpine orogeny; e) Atlas orogeny and subduction of the Ligurian-Tethys oceanic domain; and f) Trench retreat in
the Alboran–Tyrrhenian–Pannonian domains.
Adapted from Schettino and Turco (2010).
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Tell–Atlas region and based on the LitMod-2D approach. The approach
integrates geopotential, lithostatic and thermal equations and, unlike
previous models carried out in the region, incorporates petrophysical
and geochemical data of the mantle down to 410 km depth. The main
contribution of this model is the calculation of temperatures, densities,
and seismic velocities (Vp and Vs) in the upper mantle as a function of
prevailing P–T conditions and chemical compositions and therefore
mineral assemblages and phase transitions. Results can be compared
with gravity, geoid, elevation, surface heat flow and also with xenolith
and seismic data and tomography models.

The main conclusions arising from the presented study are:

• The resulting lithospheric structure shows large variations in crust
and lithospheric mantle thickness. At crustal level, our results confirm
previous findings in that relative maximum crustal thickness is
attained in the Pyrenees (up to 60 km), the Balearic Promontory
(25 km) and the Kabyles–Tell–Atlas mountains (30–35 km), whereas
relative minimum values are found in the Valencia Trough (16 km)
and the Algerian Basin (10 km). At mantle lithosphere level, we
observe that the LAB depth varies from 130 km beneath the Pyrenees
to 65 km in the Valencia Trough, 70 km in the Balearic Promontory
and 60 km in the Algerian Basin. A sharp thickening is obtained to-
wards the N-African margin, the LAB deepening to 140 km beneath
the Tell–Atlas Mountains.
• Major differences with respect to previous works are found beneath
the Tell Mountains where our modeled crust is 10 km thinner
(30 kmMoho depth) than proposed in the TRANSMED-II geotransect.
The LAB geometry shows also conspicuous differences with some of
the previous works, particularly beneath the Ebro Basin and Catalan
Coastal Ranges where our LAB is up to 20 km shallower and beneath
the Algerianmargin and the Kabyles–Tell–Atlas regionwhere our lith-
osphere is up to 80 km thinner, with maximum thicknesses located
underneath the Saharan platform.

• We have distinguished five mantle domains according to its chemical
composition inferred from xenolith data and/or tectonothermal age.
In the emerged continentalmainlandwe used a predominant Phaner-
ozoic average mantle composition though in NE-Iberia we used a
lherzolitic Proterozoic mantle. In the W-Mediterranean basins we
used a PUM composition distinguishing between the highly extended
and intruded Valencia Trough and Balearic Promontory and the more
enriched lithospheric mantle of the oceanic Algerian Basin and the
underlying asthenosphere.

• Though the mantle compositions cannot be resolved univocally, the
chosen compositions are compatible with the global geochemical
xenolith data and the tectonothermal age of the different domains in-
cluded in themodeled transect. Indeed, the differentmantle composi-
tions result inmoderate differences in relevant observables as P-wave
seismic velocities and densities. However, the density distribution
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within the lithospheric mantle, which incorporates pressure, temper-
ature and phase transition effects, differs substantially from that
expected from a pure thermal approach and is responsible for the
major differences in the obtained LAB geometry.

• The low Pn velocities recorded from seismic experiments in the
W-Mediterranean basins can be explained by either moderate
serpentinization in the first 3–4 km of the uppermost mantle, or
seismic anisotropy. Transient thermal effects do not suffice to explain
the measured Pn velocities. Evidently a combination of the three
processes is also plausible.
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