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Cenozoic contractional deformation in the North-Iberian continental margin (southern Bay of Biscay) led to the
uplift of the Cantabrian Mountains and the northward subduction of part of the thick continental crust, down to
at least ~55 km depth beneath the coastline, and perhaps even ~30–40 km deeper. In order to provide a more
constrained model of this unique structure and gain insight into the factors controlling its evolution, we per-
formed an integrated geophysical-petrological modeling of the lithosphere along a 470 km-long, N-S transect
down to 400 km depth. The methodology used allows for fitting gravity anomalies, geoid undulations, surface
heat flow, elevation and seismic velocities with a realistic distribution of densities and seismic velocities in the
mantle and the subducting lower crust, which are dependent on chemical composition, pressure and tempera-
ture. Two models are presented, with variable maximum depth for the crustal root: 60 km (Model A) and
90 km (Model B). Results indicate that both models are feasible from the geophysical point of view, but the
shallower root agrees slightly better with tomographic results. The thickness of the thermal lithosphere in
Model A varies from 125–145 km south of the Cantabrian Mountains to 170 km beneath the crustal root and
135–140 kmbeneath the central part of the Bay of Biscay.Model B requires a thicker thermal lithosphere beneath
the crustal root (205 km). Low seismic velocities beneath the Bay of BiscayMoho and in themantle wedge above
the crustal root are explained by the addition of 1–2 wt% of water. Input from dehydration reactions in the
subducting lower crust is ruled out inModel A and has a veryminor influence inModel B. We therefore interpret
thewater to have percolated from the seafloor during the formation of themargin in theMesozoic. A later basaltic
underplating was also inferred. A tentative evolutionary model (to a great extent governed by these petrological
processes) is proposed, implying a minimum shortening close to 100 km from the Latest Cretaceous to the
present.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Passive margins and mountain belts are among the most relevant
tectonic features on Earth, and are intimately related through the
“Wilson cycle” of plate creation and destruction (Wilson, 1966).
Rifting processes within continents may result in the formation of
passive margins, which may later evolve into convergent margins
niversidaddeOviedo, C/J. Arias

rces, Institute of Geosciences,
creating either collisional or non-collisional orogens. Recently, signifi-
cant progress was made toward the understanding of the processes
governing the formation and evolution of rifted margins, including
the key role of structural inheritance, thermal and rheological stratifica-
tion of the lithosphere and divergence velocity, among others
(eg. Huismans and Beaumont, 2007, 2011; Manatschal et al., 2015;
Pérez-Gussinyé and Reston, 2001). However, much less effort has
been focused on the effects that the structure and composition of pas-
sivemargins have on their subsequent tectonic inversion and their con-
trol on the architecture of mountain belts (eg. Jammes et al., 2014;
Tugend et al., 2014).

The North-Iberian (or Cantabrian) continental margin and the
CantabrianMountains in northern Spain (Fig. 1) are especially interest-
ing to study these relationships for several reasons. First, the North-
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Fig. 1. Tectonic map of the Pyrenean-Cantabrian mountain belt in North-Iberia showing the location of the modeled N-S lithospheric transect and available deep seismic profiles. BCB,
Basque-Cantabrian basin; BM, BasqueMassifs; CCR, Catalan Costal Ranges; MB,Mauléon basin. Acronyms in italics refer to tectonometamorphic zones within the Iberian VariscanMassif:
CIZ, Central Iberian Zone; CZ, Cantabrian Zone; GTMZ, Galicia – Tras os Montes Zone; WALZ, West Asturian-Leonese Zone.
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Iberian margin is a rare example of a margin that evolved from passive
to convergent after only ~45 my of post-rift history, being one of the
shortest-lived examples of passive margins worldwide (Bradley,
2008). It formed during the opening of the Bay of Biscay in the
Mesozoic, and was soon affected by the convergence between the
Iberian and European plates during the latest Cretaceous-Cenozoic in
the framework of the Alpine orogeny. Second, its convergent
stage was also aborted at an early stage of development, so that the
passive margin structure can be well constrained. This is also facilitated
by a good geophysical dataset available in the area. The convergent
stage is also peculiar because it led to the subduction of the
thickest (inner) part of the margin toward the outer margin, at the
same time as the Cantabrian Mountains were uplifted from the former
continental platform. The north-directed crustal root (the same polarity
as in the Pyrenees) is located approximately beneath the present-day
shoreline, which adds further interest to this area from the isostatic
point of view.

To understand how and towhich extent the particular configuration
of such a young passive margin conditioned its later evolution under a
convergent setting, we need a well-constrainedmodel of the structural,
thermal, geochemical and petrophysical architecture of the crust and
upper mantle.

Despite the good geological and geophysical knowledge of this
area, several key issues are still poorly known. One of these issues is
the nature of the basement beneath the margin. The oceanic crust
with undoubtedly oceanic magnetic anomalies is present only approxi-
mately to the west of the meridian of 6°W, the remaining part of
the margin being composed of thinned continental or “transitional”
crust (Gallastegui et al., 2002; Roca et al., 2011; Ruiz, 2007; Sibuet
et al., 2004). Seismic velocity-depth profiles in this ocean-continent
transition reveal a high-velocity lower crust (~7.20–7.30 km s−1)
on top of a low-velocity upper mantle (~7.7–7.9 km s−1)
(Fernández-Viejo et al., 1998; Gallart et al., 1997; Ruiz, 2007). These ve-
locities can be explained either by upper mantle hydration/
serpentinization (eg. Roca et al., 2011) and/or by magma addition at
the base of the crust by decompression melting during lithospheric
thinning, but the relative importance of these processes remains enig-
matic. This has important implications on the style of the tectonic inver-
sion, because these two processes produce very different modifications
in the rheological profile of the lithosphere.

Image of Fig. 1
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Another unknown is themaximum depth of the crustal root and the
effects that eclogitization/dehydration reactions have on the isostatic
equilibrium and on the hydration of the overlyingmantle wedge during
the evolution of the tectonic convergence. The crustal root is well im-
aged by seismic methods down to at least 50–55 km depth beneath
the central part of the Cantabrian Mountains (Fernández-Viejo et al.,
1998; Gallastegui, 2000; Gallastegui et al., 2002; Pedreira et al., 2003,
2007; Pulgar et al., 1996). Seismic data, however, do not preclude a
deeper root. In this sense, the balancing of a N-S crustal transect across
this area proposed by Gallastegui (2000) requires that the Iberian lower
crust reaches ~90 km depth. Obtaining a geophysical image of such a
deep root is a difficult task because the density and seismic velocities
of eclogitized lower crust are close to those of the surrounding mantle.
The modeling of geoid undulations is useful in this case, as they are
more sensitive to deeper (more distant) density differences than gravity
anomalies. This is because gravitational potential is inversely propor-
tional to the distance d from the source masses, whereas gravitational
acceleration is inversely proportional to d2.

Geoid undulations are also very sensitive to lateral changes in litho-
spheric thickness and thermal and compositional anomalies in theman-
tle, which in turn have strong effects on the surface heat flow and
elevation. Including these observables in themodeling allows us to esti-
mate the topography of the thermal lithosphere-asthenosphere bound-
ary (LAB), which is also poorly constrained in the area. A previous
attempt following this type of combined approach was made by
Ayarza et al. (2004), but along a N-S transect to the west, following
the meridian of 7°W, where the crustal root is much less developed. In
their study, the density of the lithosphericmantle was considered to de-
crease with depth as the temperature increases (neglecting the effect of
pressure) and the density of the sublithosphericmantlewas regarded as
constant. Pedreira et al. (2010) presented a preliminary 3Dmodel of the
Cantabrian Mountains fitting also gravity anomalies and geoid undula-
tions, but in this case the densities of both the lithospheric and
sublithospheric mantle were assumed to be constant.

In this paper we apply a more realistic approach using the finite-
element code LitMod (Afonso et al., 2008) to model the 2D lithospheric
structure of the Cantabrian mountains and continental margin.
The studied transect is 470 km-long, N-S oriented approximately fol-
lowing the meridian of 4.5°W, and down to 400 km depth. Densities
and isotropic P-wave velocities in themantle and the subducting Iberian
lower crust are computed by the code according to their pressure-
temperature conditions and assigned chemical compositions (cf.
Afonso et al., 2008; Connolly, 2009). For the remaining crustal bodies,
densities are assumed to be constant. A forward modeling scheme is
then applied to simultaneously fit gravity anomalies, geoid undulations,
surface heat flow, elevation (assuming local isostasy or some degree of
flexural support) and P-wave velocities. Calculated seismic velocities
are compared with those retrieved from seismic profiles and tomo-
graphicmodels. In thiswaywe can test the feasibility of specific compo-
sitions for the lower crust and mantle and track the metamorphic
reactions taking place, including dehydration/hydration reactions with
important rheological implications. Petrology is therefore implicitly in-
corporated into the geophysical modeling.

The aim of this study is to obtain a more reliable model of the litho-
spheric structure of the North-Iberian margin and the Cantabrian
Mountains, using geophysical and petrological constraints, and to
draw conclusions on the processes operating during the formation
and inversion of this margin. Specific targets are: (1) to constrain the
composition, size and degree of densification of the crustal root; (2) to
explore the possible relationship between dehydration/eclogitization
of the root and hydration of the overlying mantle wedge; (3) to deter-
mine the composition and thickness of the lithospheric mantle; and
(4) to explore the range of scenarios thatmay explain the particular dis-
tribution of seismic velocities observed between the lower crust and the
upper mantle in the continental margin, providing an evolutionary
model coherent with all the observations.
2. Geological setting

The Cantabrian Mountains are located immediately south of the
northern coastline of the Iberian Peninsula. They are limited to the
south by the Tertiary Duero basin and its connection with the Ebro
basin (Fig. 1). This belt shows the imprints of threemajor tectonic events
during the Phanerozoic. The oldest one is the Variscan Orogeny, which
resulted from the collision of Laurussia with Gondwana between the
Late Devonian and the late Carboniferous (Matte, 1991; Pérez-Estaún
et al., 1991). Paleozoic and Precambrian rocks deformed by this tectonic
event crop out along the central and western parts of the Cantabrian
Mountains, forming part of the Variscan Iberian Massif. General
vergences are to the east, but the structural trends are complicated by
the later development of the Cantabrian Orocline in the latest Carbonif-
erous (eg. Gutiérrez Alonso et al., 2012). Four zones of the IberianMassif
are recognized in the Cantabrian Mountains (Farias et al., 1987; Julivert
et al., 1972) (Fig. 1); from E to W: 1) The Cantabrian Zone (CZ),
representing the foreland fold-and-thrust belt; 2) the West Asturian-
Leonese Zone (WALZ), characterized by pervasive internal deformation
and increasing metamorphic degree (up to amphibolite facies) toward
the west; 3) the Central-Iberian Zone (CIZ), corresponding to the
most internal part of the orogen, with abundance of granitic rocks;
and 4) the Galicia-Tras os Montes Zone (GTMZ), comprising para-
autochthonous and allochthonous units, including ophiolitic and
catazonal rocks.

The Variscan orogenic edifice was soon eroded, and after short
rifting pulses in the Permian and Triassic, the second major tectonic
event developed gradually in the area. It corresponds to a long period
of lithospheric extension related to the opening of the Central Atlantic.
Starting in the Late Jurassic, the new rifting stage gave rise to an array
of sedimentary basins between Iberia and Eurasia, with the thickest
troughs located around the present-day tip of the Bay of Biscay:
the Parentis, Basque-Cantabrian and Mauléon basins. To the west,
lithospheric extension led to the formation of passive margins (the
North-Iberian or Cantabrian margin and its conjugate to the north, the
Armorican margin). This process culminated in the mid to Late
Cretaceous with seafloor spreading in the axis of the Bay of Biscay,
with clear oceanic crust magnetic anomalies only to the west of ~6°W
(eg. Sibuet et al., 2004).

The Basque-Cantabrian basin (BCB) holds several thousand meters
of sediments deposited during this second event in the area presently
occupied by the eastern Cantabrian Mountains (Fig. 1). Post-rift subsi-
dence in this basin started in the late Albian and was coeval with inter-
mittent but persistent alkaline volcanic activity that lasted up to the
Santonian (Azambre and Rossy, 1976; Castañares et al., 2001). The
western limit of the Basque-Cantabrian basinwas a rather diffuse trans-
fer zone between the meridians of 3.75°–4°W (Santander-Torrelavega
Transfer Zone (Pedreira et al., 2007; Roca et al., 2011). West of this
boundary, the depocenter was slightly shifted northward, to the Le
Danois basin, located in the present-day continental platform (Fig. 2).
During the Late Cretaceous, however, the sediments of the Le Danois
basin were deposited in the continental slope of the margin (Boillot
et al., 1979). A thin succession of distal fluvial sandstones and shallow
water carbonates of this age are presently outcropping to the south of
the coastline (Fig. 2), unconformably overlying the Variscan basement
in the Cantabrian Zone and beneath the Tertiary deposits of the Duero
foreland basin (Alonso et al., 1996).

The last major tectonic event began in the Campanian, when the
northward drift of the African plate forced the convergence between
Iberia and Eurasia in the context of the Alpine orogeny. As a result, the
Mesozoic basins were inverted and the Pyrenean-Cantabrian mountain
belt developed as a doubly-vergent orogen all along north Iberia,mainly
during the Tertiary. This mountain belt shows remarkable along-strike
differences in the style of crustal deformation, but the northward sub-
duction of the Iberian crust is a shared feature from east to west
(Muñoz, 2002; Pedreira et al., 2003, 2007; Pulgar et al., 1996).
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Alonso et al. (1996) interpreted the overall structure of the central
Cantabrian Mountains as a regional uplift of the Paleozoic basement
over a long, north-dipping thrust ramp (the frontal structure of the cor-
dillera) connected to a flat midcrustal detachment. The calculated dis-
placement along this thrust (~25 km) was partially accommodated in
a fault-propagation fold developed in the upper part of the crustal
ramp. This structure is clearly imaged by commercial seismic lines
across themountain front, aswell as in the ESCIN-2 deep seismic reflec-
tion profile, where the calculated dip is around 35° (Gallastegui, 2000;
Pulgar et al., 1996, 1997). To the south of the frontal thrust, the age of
the syntectonic sediments in the Duero foreland basin is poorly
constrained due to their coarse-grained continental nature, but recent
thermochronometry studies have revealed that the main exhumation
phase was Eocene-Oligocene in age and compatible with this structural
model (Fillon, 2012). Although the frontal structure concentrates most
of the Alpinedeformation, the Leon and Llanera faults (Fig. 2) also reveal
significant displacements (Alonso et al., 1996). In the footwall of the lat-
ter, the Oviedo Tertiary basin yielded Bartonian-Priabonian flora and
fauna near its base (Casanovas-Cladellas et al., 1991).

To the north of the coastline, inverted Mesozoic normal faults and
north-verging Alpine thrusts are found in the northern part of the con-
tinental platform, the continental slope and the southern border of the
abyssal plain. Tertiary succession in the Le Danois basin is mainly ma-
rine, with ages ranging from the Upper Paleocene to the LowerMiocene
and a total maximum thickness of around 2000 m (Gallastegui, 2000).
Further north, thrust sheets stacked in the southern border of the abys-
sal plain forming accretionary prism-like structures (Fernández-Viejo et
al., 2012; Le Pichon et al., 1971). North of Galicia, the first syn-tectonic

Image of Fig. 2
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Image of Fig. 3
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Cenozoic sediments of the accretionary wedge are probably Lutetian in
age, with post-tectonic sediments on top dated as Burdigalian (Alvarez-
Marrón et al., 1997).
3. Geophysical constraints on the crustal structure

In order to constrain the density structure of the whole lithosphere
by means of gravity potential field methods, it is important first to de-
fine the density structure of the crust as precisely as possible. In this sec-
tion we will briefly describe some of the key geophysical observations
that constrain the crustalmodel, which are summarized in Fig. 3 and de-
scribed in more detail in the Supplementarymaterial (text file and Sup-
plementary Fig. 1). The crustal model is a slight modification of the one
proposed by Gallastegui (2000), with additional information from the
MARCONI-1 seismic refraction and wide-angle reflection data (Ruiz
et al., in preparation, modified from Ruiz, 2007).

The ESCIN-2 seismic reflection profile across the central Cantabrian
Mountains and northern Duero basin provides a clear image of the
whole crust (Pulgar et al., 1996, 1997). The Moho is located at 34 km
depth beneath the Duero basin (Gallastegui, 2000) and dips to the
north beneath the Cantabrian Mountains, where a complex imbrication
is observed between the “Iberian” and “Cantabrian” crusts (Pulgar et al.,
1997) (Fig. 3). The Moho is identified down to at least ~53 km depth
some 15–20 km south of the coastline, according to wide-angle seismic
recordings in on-land stations during the acquisition of the off-shore
ESCIN-4 profile (Supplementary Fig. 1a; location of stations in Fig. 2)
(Fernández-Viejo et al., 1998; Gallart et al., 1997; Pulgar et al., 1996).
The northernmost stations, close to the coastline, did not record the re-
flection in the north-dipping Iberian Moho; instead, they recorded a
shallower, strong phase, interpreted to be the Moho reflection in the
Cantabrianmargin (Supplementary Fig. 1a). Ray-tracingmodeling iden-
tifies the “CantabrianMoho” as south as 10–15 km inland. It is located at
30 kmdepth beneath the coastline and shallows to ~16–18 km beneath
the Bay of Biscay abyssal plain. Wide-angle recordings of the off-shore
MARCONI-1 seismic profile, located approximately along the studied
transect (Fig. 2), also provided similar results (Ruiz, 2007; Ruiz et al.,
in preparation). Therefore, both the seismic reflection profile and the
wide-angle records are consistent in revealing the north-dipping atti-
tude of the Iberian Moho, subducting beneath the margin in the same
way as in the Pyrenees, down to at least 50–55 km.Note that the limited
length of the ESCIN-4 profile does not allow recording PmP reflections
in the Iberian crust deeper than these values (Supplementary Fig. 1a).
The MARCONI-1 profile is longer, but the airguns released less than
half the energy used in the ESCIN-4 (Alvarez-Marrón et al., 1996; Ruiz,
2007). If this root is even deeper, as proposed by Gallastegui (2000), it
would be difficult to identify due to the poor velocity contrast between
eclogitized crustal rocks and mantle peridotites, and the attenuation of
the seismic energy along these long-distance paths.

Hence, since the dimensions of the root are not well-constrained, we
will test the feasibility of two different geometries: Model A, with a
crustal root down to 60 km depth following the seismic constraints
(and implying a new balancing of the section, discussed in
Section 6.6), andModel B, inwhich the lower crustal subduction reaches
~90 km depth, as in the reconstruction proposed by Gallastegui (2000).
Fig. 3. Seismic constraints used to delineate the crustal structure of the lithospheric model. Top
in Fig. 1), from Fernández-Viejo et al. (1998) and Ruiz et al. (in preparation, modified from R
~7.2 km s−1 in the lower crust (HVLC), and the velocities of 7.8-7.9 km s−1 in the uppermost
root (see text and Supplementary material for details). Superimposed on the MARCONI-1 pr
Pedreira et al. (2003, 2007) showing a high-velocity layer at midcrustal depths that can be later
et al. (1996, 1997) and Gallastegui (2000). Yellow and green shading: Tertiary andMesozoic se
(see section S1 in the Supplementary text file for a description). Middle panel: sketch of the cru
seismic refraction/wide-angle reflection interfaces; black lines depict the geometrical attitude o
Tables 2 and 3. Lower left panel: P-wave velocity model for Profile 5 (location in Fig. 1) from Pu
with upper,middle and lower crustal levels and a total thickness of 32–35km.Note the increasin
by JohnWiley & Sons, Inc. to reproduce the velocity model of the ESCIN-4 profile (Copyright 1
The crustal basement beneath the Bay of Biscay is known to
have been partially consumed beneath North Iberia, creating an asym-
metry in the distribution of the sea-floormagnetic anomalies and an ac-
cretionary wedge at the foot of the slope (eg. Sibuet et al., 2004; Vissers
and Meijer, 2012). However, no evidence of subduction to the south is
observed in the wide-angle records (Fig. 3 and Supplementary Fig. 1).
Instead, these data point to the underthrusting of this basement and
its indentation within the Iberian crust to the south, a process that can
explain the same morphological features (Fernández-Viejo et al.,
2012; Gallastegui et al., 2002).

The ESCIN-4 wide-angle seismic experiment also revealed that the
lower crustal layer along the margin has a rather constant thickness of
~6–8 km and velocities of ~6.6 km s−1 beneath the coastline, increasing
up to ~7.2–7.3 km s−1 to the north of the continental slope. This feature
was later confirmed by theMARCONI-1wide-angle seismic experiment,
although with a thickness diminished to less than 5 km in most of the
marine area (Fig. 3). The nature of this high velocity lower crust
(HVLC) will be discussed in Section 6.5. In any case, we must note that
its base is a relatively sharp boundary (at least locally) creating PmP-
like reflections (Supplementary Fig. 1b), beneath which relatively low
P-wave velocities (7.7–7.9 km s−1) suggest partial hydration of the up-
permost mantle (Supplementary Fig. 1c). These low velocities are ob-
served as far as the northern end of profile MARCONI-1, close to the
foot of the slope of the conjugate Armorican margin (Fig. 3 and Supple-
mentary Fig. 1c).

4. Lithospheric modeling

4.1. Method

The method and associated code (LitMod) used in this paper have
been described in detail elsewhere (Afonso et al., 2008). Here we only
give a brief overview of some key aspects relevant to our study.

The approach followed is based on the joint 2D modeling of several
geophysical observables (gravity anomalies, geoid height, surface eleva-
tion and surface heat flow) and seismic proxies (seismic velocities from
wide-angle modeling and tomography results) that are interrelated
through their dependence on the thermo-physical properties of the
crust and mantle.

The temperature within the lithosphere is calculated by solving the
2D steady-state conductive heat transfer equation subject to the follow-
ing boundary conditions: 1) fixed temperature at the surface of the
model (Ts = 15 °C), 2) no heat flow through the lateral boundaries of
the model, and 3) fixed temperature at the lithosphere-asthenosphere
boundary (1320 °C). The first-order temperature distribution in
the sublithospheric mantle down to 400 km depth is computed assum-
ing adiabaticity (Afonso et al., 2008). To avoid unrealistic sharp discon-
tinuities in the thermal gradient at the base of the lithosphere, a
temperature “buffer” is applied between the lithospheric (conductive-
dominated) and sublithospheric (convective-dominated) domains,
forcing a linear variation of temperature between them. Here we as-
sume a thickness of 40 km for this buffer layer, consistent with results
from numerical simulations of mantle-like fluids (e.g. Zaranek and
Parmentier, 2004; Zlotnik et al., 2008). Thermal conductivity is constant
for each crustal body and dependent on pressure and temperature in
right panels: P-wave velocity models for the ESCIN-4 and MARCONI-1 profiles (location
uiz, 2007), respectively. Note the thin crust beneath the abyssal plain, with velocities of
mantle, decreasing to ~7.7 km s−1 in the mantle wedge above the north-Iberian crustal
ofile there is a velocity-depth column corresponding to the intersecting E-W Profile 1 of
ally linked to the HVLC. Upper left panel: interpretation of the ESCIN-2 profile after Pulgar
diments of the Duero basin; orange and blue shading depict different attitude of reflectors
stal structure of themodelwith the seismic constraints superimposed: red lines mark clear
f main reflectors in the ESCIN-2 profile (upper left panel). Numbers identify each body in
lgar et al. (1996), showing the typical Variscan crustal structure beneath the Duero basin,
g seismic velocities in the lower crust to the south (see text for details). Permission granted
998 by the American Geophysical Union),
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the lithospheric mantle, according to the formalism of Hofmeister
(1999). Radiogenic heat production is considered to be constant within
each body.

Density values for all crustal bodies except for the subducting Iberian
lower crust are assumed to be constant. Within the Iberian lower crust
and the mantle, densities are calculated following a different approach.
Each body is characterized by its chemical composition, defined in the
system CaO-FeO-MgO-Al2O3-SiO2-Na2O, including H2O and K2O in
some cases. Stable mineral assemblages are computed using a Gibbs
free-energy minimization algorithm (Connolly, 2005, 2009). The ther-
modynamic database used here is the one by Holland and Powell
(1998) as modified/augmented by Afonso and Zlotnik (2011) to ac-
count for pressures up to ~20 GPa. The density of the whole aggregate
(the rock) in each node at the prevailing pressure-temperature condi-
tions is determined through the usual rule of mixtures from the proper-
ties of the end-member minerals (Afonso et al., 2008).

From the calculated densities, Bouguer gravity anomalies in 2D are
calculated using the algorithm for polygonal bodies of Talwani et al.
(1959). The calculation of the geoid height is done following themethod
outlined in Zeyen et al. (2005). Absolute elevation is first computed
under the assumption of local isostasy with reference to a mid-ocean
ridge column (Afonso et al., 2008). Then, we also account for flexural
support following an approach similar to that described in Jiménez-
Munt et al. (2010). To compute the elevation for a given lithospheric
density structure, we first calculate lateral changes in lithostatic pres-
sure at the assumed compensation level (400 km depth). We do this
by vertically integrating the density distribution over each lithospheric
column. If this pressure does not vary laterally, then the lithospheric
a b

Fig. 4.Maps of regional observables used in this study. a) Elevation (Smith and Sandwell, 1997
(1998) and offshore data from the Global Heat Flow Database of the International Heat Flow C
taken from a compilation made by Ayala (2013) and marine data were converted from the fre
Earth Geopotential Model EGM2008 developed up to degree 2190 and order 2159 (Pavlis e
study. The white rectangle marks the lateral extent of data projected onto the transect to calcu
structure is locally compensated. Similarly, if loads are partially or total-
ly supported by the rigidity of the lithosphere, significant deviations in
pressure will exist at the compensation level. We take these pressure
deviations as the flexural load acting on a thin plate (Watts, 2001) to
compute the vertical deflection needed to regionally compensate the
modeled profile. For this we use the open-source, finite-difference
code named tAo (Garcia-Castellanos et al., 1997). With this approach,
we find the minimum values of the equivalent elastic thickness Te for
which the calculated profile fits the real profile (ie. the minimum
amount of flexural rigidity needed to avoid the vertical isostatic adjust-
ment introducing a misfit in topography or gravity anomalies).

Finally, isotropic seismic velocities (Vp and Vs) are retrieved directly
from the energyminimization algorithm (Connolly, 2005). Anelastic ef-
fects are computed a posteriori as in Afonso et al. (2008).

4.2. Gravity, geoid, elevation and surface heat flow datasets

The regional datasets used as observables to which compare the re-
sults of our modeling are displayed in Fig. 4. Fig. 4a shows the elevation
over the area investigated, extracted from the global database of Smith
and Sandwell (1997) in its version 12.1. Absolute elevation ranges from
2648 m at the highest peak of the Cantabrian Mountains to less than
−4600 m in the abyssal plain to the north.

Surface heat flow data are superimposed on top of the topographic
image. These come from the compilation of Fernàndez et al. (1998) for
land points and from the Global Heat FlowDatabase of the International
Heat Flow Commission (http://www.heatflow.und.edu) for offshore
measurements.
c

) with superimposed surface heat flowmeasurements: onshore data from Fernàndez et al.
ommission (http://www.heatflow.und.edu). b) Bouguer gravity anomalies. Land data are
e air anomaly database of Sandwell and Smith (2009). c) Geoid heights derived from the
t al., 2012). The thick black line marks the position of the N-S transect modeled in this
late the standard deviations plotted as error bars in Figs. 5 and 7.

http://www.heatflow.und.edu
Image of Fig. 4
http://www.heatflow.und.edu
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On-land gravity data (Fig. 4b) are taken from a recent compilation
made by Ayala (2013) in the framework of the Topo-Iberia Project. Off-
shore data come from the free air data compilation of Sandwell and
Smith (2009) in its version 18.1, and were converted to complete
Bouguer anomalies using the FA2BOUG code (Fullea et al., 2008) and a
reduction density of 2670 kg m−3. Minimum values below −80 mGal
are observed on land in the two main depocenters of the Duero basin,
located in its northern and southern borders and created by flexural
bending in response to the loads of the Cantabrian Mountains and the
Spanish Central System, respectively. Offshore, Bouguer anomaly values
increase to the NW as the crust thins in this direction.

Geoid heights (Fig. 4c) were obtained from the Earth Geopotential
Model EGM2008, developed up to degree 2190 and order 2159 (Pavlis
et al., 2012).We did not remove the lowdegree and order spherical har-
monic terms to eliminate the effects of sources deeper than the maxi-
mum depth of the model because these are only expected to create
nearly linear trends over this relatively short profile, and these trends
are later removed by the code. As expected, higher geoid heights (ex-
ceeding 54.5–55m) are found in themountainous areas: the Cantabrian
Mountains in the central part of the map, the NE tip of the Spanish
Central System in the SE corner, the NW tip of the Iberian Range in
the eastern border, and the León Mountains immediately to the west
of the western edge. Minimum values of less than 44 m are found in
the abyssal plain, approximately over the thick syn-tectonic sequence
accumulated ahead of the accretionary wedge.

4.3. Density and compositional values

4.3.1. Crust
The densities considered for the different bodies of the model are

listed in Table 1. Crustal values were mostly taken from Pedreira et al.
(2007). They come from reported density determinations in rock sam-
ples or conversions fromP-wave velocities (recorded along several seis-
mic refraction/wide angle reflection profiles, as well as in boreholes). A
detailed justification for all of them can be found in the aforementioned
paper and references therein.

We have included, however, some minor changes detailed in the
Supplementary text file (Section S2) and one significant difference
refering to the lower crust, which is now split in pieces of different den-
sities. Beneath most of the continental margin, we have increased its
density from 2970 kg m−3 to 3120 kg m−3 to be more consistent with
the high seismic velocities (~7.20 km s−1) found in this zone (Fig. 3).
Away from this area of anomalously high velocities, the remaining
Cantabrian/European lower crust is assumed to have a density of
Table 1
Density values and thermal properties used in the modeling.a

Body # (Fig. 3) Description

1 Cenozoic in LDB and post-tectonic cover (Mid.-Up. Miocene to recen
2 Pre-tectonic and syn-tectonic Mesozoic-Cenozoic sediments in the a
3 Mesozoic in the continental platform (LDB)
4 Accretionary wedge at the foot of the continental slope (mix of sedim
5 Sediments of DB (Mesozoic and mostly Tertiary)
6 Sediments of DB (fine-grained, southern part)
7 Sediments of DB (conglomerates northern border)
8 Upper Crust (pre-Mesozoic basement)
9 Middle Crust
10a Iberian Lower Crust (“felsic”, southern part)
10b Iberian Lower Crust (“intermediate”, northern part)
11 European (Cantabrian) Lower Crust, except HVLC
12 High Velocity Lower Crust in the continental margin
13 Mantle

a Abbreviations are as follows: ρ, density; k, thermal conductivity; A, radiogenic heat product
pressure-temperature conditions (see text and Table 2); c, variable thermal conductivity (
DB, Duero basin; HVLC, High Velocity Lower Crust; LDB, Le Danois basin.
2900 kg m−3. This includes the portion that is tectonized and indented
into the Iberian crust (with velocities of 6.40–6.60 km s−1) and the
lower crust beneath the Armorican platform.

For the Iberian lower crust,we performed amore detailed analysis of
its internal density distribution, since we wanted to test the possibility
of subduction down to ~90 km depth. As mentioned before, we assign
a chemical composition and track the density changes induced by min-
eral transformations, assuming thermodynamic equilibrium. The choice
of an appropriate composition/lithology for the Iberian lower crust is
therefore an important issue that we address in the following lines.

The southern end of the modeled profile is located close to the first
relieves of the Spanish Central System (SCS, Figs. 1 and 2), where xeno-
lith studies reveal one of themost felsic compositionsworldwide for the
lower crust (Rudnick and Gao, 2003; Villaseca et al., 1999). Alkaline
ultrabasic dykes that intruded into the Variscan basement in early
Mesozoic times carried a suite of lower-crustal xenoliths composed of
felsic granulites (~95% of the total volume) and much less abundant
metapelitic granulites (~5%) and charnokites (~0.01%).

Toward the north, this anomalous felsic end-member giveswaypro-
gressively to a more mafic composition. Both felsic andmafic granulites
equilibrated during the late Variscan orogeny were exhumed by the
Mesozoic-Cenozoic tectonic events all along the Pyrenean-Cantabrian
belt (Mendia and Ibarguchi, 1991; Vielzeuf, 1984). Similar felsic and
mafic granulites were dredged from the seafloor in the northern slope
of Le Danois Bank (Fig. 2) as clasts within Early Cretaceous syn-rift con-
glomerates (Capdevila et al., 1980).

All these observations indicatemafic/felsic compositional layering in
the lower crust all along north Iberia. We therefore assume that the
composition along the profile studied here changes laterally from
“felsic” in the south (although not as felsic as in the SCS) to “intermedi-
ate” in the north. For the sake of simplicity, we divided the Iberian lower
crust into only two bodies, with a zone of superposition to simulate a
gradual change. In absence of further constraints, we placed the limit
between them approximately following the strong gradient in seismic
velocities observed in the seismic refraction profile 5 (Location in
Fig. 1, P-wave velocity model in Fig. 3). Surprisingly, in spite of the
more felsic composition, higher seismic velocities in the lower crust
are reported near the SCS (6.8–6.9 km s−1) than to the north
(~6.6 km s−1) along this profile. This observation can be at least partial-
ly explained in terms ofwater content, if we assume that the lower crust
is anhydrous in the south and mildly hydrated to the north. Analysis of
S-wave phases along seismic refraction Profile 5 made by Fernández-
Viejo (1997) suggest Poisson’s ratios b0.25 in the southern part of the
profile and N0.25 in the north, an observation that is compatible with
ρ (kg m−3) k (W m−1 K−1) A (μW m−3)

t) in the abyssal plain 2200 2.50 1.20
byssal plain 2400 2.50 1.20

2550 2.50 1.20
ents and basement rocks) 2550 2.50 1.50

2460 2.53 1.20
2300 2.53 1.20
2600 2.53 1.20
2720 2.40 1.65
2860 2.10 1.00
b 2.00 0.40
b 2.00 0.33
2900 2.00 0.33
3120 2.00 0.15
b c 0.02

ion per unit volume; b, density values are dependent on the chemical composition and
pressure and temperature dependent) according to the model of Hofmeister (1999);



Table 3
Additional compositions tested for the lithospheric mantle.

Pr_6 Griffin et al. (2009) PUM-J79 Jagoutz et al. (1979)

SiO2 45.4 45.2
Al2O3 3.7 4.0
FeO 8.3 7.8
MgO 39.9 38.3
CaO 3.2 3.5
Na2O 0.26 0.33

(Compositions in wt.%. Original percentages recast to 100%).
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either more mafic composition and/or higher water content to the
north.

Therefore, for the “felsic” part we consider an anhydrous mixture
dominated in a 70wt. % by the composition of the felsic granulite xeno-
liths from the SCS, with a 30 wt. % contribution from the average global
lower crustal composition proposed by Rudnick and Gao (2003), which
is dominated by mafic granulites. For the “intermediate” composition,
we consider a 50–50% mix between these two end-members, with the
addition of 2 wt. % of water. Forward tests have shown that this water
content is enough to fit the seismic velocities, and quantities in this
order are generally accepted for the lower crust (Hyndman and
Shearer, 1989; Semprich et al., 2010). Details on the proportions of the
main constituent oxides for both compositions can be found in
Table 2. The resulting density values for these particular lower crustal
compositions, as well as for the mantle compositions described below,
are part of the model results and will be described in Section 5.
4.3.2. Mantle
The composition of the lithosphericmantle ismore difficult to deter-

mine. To avoid introducing excessive complexity that is not well
constrained, and taking into account that no oceanic lithosphere is ex-
pected in this part of the Bay of Biscay, we have assumed just one com-
positional body all along the transect: the average composition for
“tecton” (tectonothermal age of the overlying crust b 1 Ga) garnet sub-
continental lithospheric mantle (type Tc_1 of Griffin et al. (2009),
Table 2). The effects of alternative compositions will be discussed in
Section 6.3.

In any case, all tested dry compositions predict P-wave velocities in
the range of 8.1–8.2 km s−1 for the uppermost mantle beneath the
North-Iberian margin, while seismic studies reported velocities as low
as 7.7–7.9 km s−1 (Fig. 3). The easiest way to explain these low veloci-
ties is to assume some degree of hydration. The presence of water al-
lows the stabilization of hydrous phases (e.g. serpentines, amphiboles)
at temperatures b ~500 °C, causing the decrease in P-wave velocities
and densities. Empirical models indicate that velocities of 7.6–7.9 km s−1

in the upper mantle would correspond to H2O contents of ~1–2 wt. %
(Carlson, 2003). Hydration of the uppermostmantle in continentalmar-
gins tends to vanish with depth, creating rather complex and diffuse
Table 2
Chemical compositions used for the Iberian lower crust and the mantle.

Iberian lower crust Mantle

“felsic”
(south)a

“intermediate”
(north)b

Lithospheric
(dry)c

Lithospheric
(hydrated)d

Sublithospherice

Body #
(Fig. 3) →

10a 10b 13a 13b -

SiO2 59.91 56.89 44.76 44.31 45.36
Al2O3 17.25 16.81 3.52 3.48 4.49
FeO 7.83 7.88 8.05 7.96 8.11
MgO 4.64 5.28 40.04 39.63 38.10
CaO 3.98 5.47 3.12 3.09 3.58
Na2O 2.60 2.56 0.24 0.24 0.36
K2O 2.57 1.97 0.00 0.03 0.00
H2O 0.00 2.00 0.00 1.00 0.00

(Compositions in wt.%. Original percentages recast to 100%).
a Based on amixture between the composition of the felsic granulite xenoliths from the

Spanish Central System (Villaseca et al., 1999) (70 wt. %) and the average global lower
crustal composition proposed by Rudnick and Gao (2003) (30 wt. %).

b Based on an evenlymixture between the composition of the felsic granulite xenoliths
from the Spanish Central System (Villaseca et al., 1999) and the average global lower
crustal composition proposed by Rudnick and Gao (2003), plus 2 wt. % of water.

c Average Tecton Garnet Subcontinental Lithospheric Mantle (Tc_1) (Griffin et al.,
2009).

d Same as above, but with addition of 1 wt. % of water.
e Primitive Upper Mantle (McDonough and Sun, 1995).
zones. To keep the model as simple as possible, we have introduced a
single body of hydrated mantle with a simple geometry (thickness of
5 km along most of the margin) and constant water content (1 wt. %)
added to the Tc_1 lithospheric composition (Table 2).

Finally, the sublithospheric mantle is modeled with a major-
element composition representative of the Primitive Upper Mantle,
according to McDonough and Sun (1995) (Table 2). To avoid abrupt
and unrealistic discontinuities at the LAB, we have added a composi-
tional “buffer” at the base of the lithosphere with a thickness of
~30 km and an intermediate composition between the “tecton” gar-
net subcontinental lithospheric mantle and the Primitive Upper
Mantle previously described.

4.4. Thermal properties

Table 1 lists the thermal conductivity and radiogenic heat produc-
tion values used in this study. They were chosen according to different
sources of information that are briefly described below. A detailed justi-
fication of all the values adopted can be found in the Supplementary
text file (section S3).

Some of the thermal conductivity data come frommeasurements in
wells, summarized by Fernàndez et al. (1998). For deeper parts of the
crust, conductivity values are assigned based on their composition, tem-
perature and pressure, following experimental work (Clauser and
Huenges, 1995; Vosteen and Schellschmidt, 2003). Within the mantle,
as metioned in Section 4.1, we model the effects of pressure and tem-
perature on the bulk thermal conductivity according to the formalism
in Hofmeister (1999).

Radiogenic heat production is assumed to be constant within each
body of the model (Table 1). Crustal values come from thermal model-
ing studies (Brunet, 1994), measurements in samples from the area
(Fernàndez et al., 1998; Jiménez-Díaz et al., 2012) and average values
according to lithological types (Rudnick and Gao, 2003; Vilà et al.,
2010) The mantle is assumed to have a heat production of only
0.02 μW/m3 (Chapman, 1986).

Considering the thicknesses of the crustal layers in the less disturbed
part of the model beneath the Duero basin (2500 m for sediments and
13, 10 and 8 km for the crystalline upper, middle and lower crusts, re-
spectively), the weighted average heat production in the whole crust
is 1.11–1.12 μW/m3, which fits well with the standard continental
crust heat production of 1.03+/−[0.74−1.38] μW/m3 proposed by
Vilà et al. (2010), and lies also between the averages for Paleozoic
orogens (0.96 μW/m3) and Mesozoic-Cenozoic contractional orogenes
(1.17 μW/m3) according to Rudnick and Fountain (1995).

5. Results

5.1. Model A: shallow crustal root (~60 km depth)

Fig. 5 shows the observed and calculated values of surface heat flow,
Bouguer anomaly, geoid undulation and elevation for Model A
(“shallow” crustal root), according to the constraints and assumptions
described in the previous sections. We accounted for the decrease in
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the water column thickness and the increase in crustal thickness in the
nearby Armorican margin by prolonging the bodies (and adjusting the
curves) 300 km beyond the limits of the figure to the north (see
Supplementary Fig. 2). Calculated temperatures, densities and P-wave
velocities down to 225 km depth are shown in Fig. 6. The density struc-
ture of the crust and uppermost mantle is constrained by the Bouguer

Image of Fig. 5
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anomaly and the short-wavelength component of the geoid undula-
tions, whereas the lithospheric thickness is mainly constrained by the
elevation, the long-wavelength component of the geoid and, to a lesser
extent (due to the long dispersion bars) by the surface heat flow. As ob-
served in Fig. 5, the calculated response of the proposed lithospheric
model fits satisfactorily the regional trends of all these observables.

Elevations are correctly reproduced throughout the model only
when some degree of flexural support is considered (continuous line
in Fig. 5d). Theoretical elevations according to local (Airy) type of iso-
static equilibrium are represented in Fig. 5d by a dotted line. Areas
where the absence of local isostatic equilibrium is most evident include
the Le Danois bank (at x = 300–350 km), the southern border of the
abyssal plain (x = 350–425 km) and the zone immediately above the
deepest part of the crustal root (x = 250–265 km). Forward modeling
indicated that an effective elastic thickness of ~30 km is enough to re-
produce the observed elevations. This is a reasonable value for Variscan
and Alpine lithospheres according to results based on “Bouguer coher-
ence” and “free-air admittance” methods (Pérez-Gussinyé and Watts,
2005).

Outside the crustal root, the density of the Iberian lower crust in-
creases toward the north as the composition becomes more mafic. The
average density for the southern part of the Iberian lower crust (with
the “felsic” composition, Table 2) is 2941 kg m−3, while beneath the
northern part of the Duero basin (where the lower crust has the
“intermediate” composition) it increases up to2987kgm−3. P-wave ve-
locities, on the contrary, decrease toward the north as thewater content
increases, from an average value of 6.81 km s−1 in the region with the
felsic composition, to 6.52 km s−1 beneath the northern border of the
Duero basin (intermediate compositionwith 2wt. % ofwater). These re-
sults are in close agreementwith the velocity values observed along the
seismic refraction/wide-angle reflection profile 5 (Fig. 3). In the crustal
root, eclogitization reactions start at ~40–45 km depth, but densifica-
tion is limited due to the presence of felsic constituents and hydrated
phases such as phengite. Maximum densities and P-wave velocities
are 3110 kg m−3 and 6.83 km s−1, respectively.

Calculated seismic velocities in the hydrated uppermost mantle lie
in the range 7.79–7.88 km s−1. These velocities match perfectly with
the values observed below the Bay of Biscay along the ESCIN-4 and
MARCONI-1 profiles, except for the southernmost edge of the mantle
wedge on top of the subducting Iberian crust, where observed velocities
are ~7.7 km s−1 (Fig. 3). Forward tests have indicated that in this small
area, awater content of 2wt. % is necessary tofit the observed velocities.
The average density for the hydratedmantle layer is 3236 kgm−3. Tem-
perature is low enough to allow serpentinization reactions (T b 550 °C,
Fig. 6a), but the small quantities of water available are consumed in this
case by other hydrated phases such as clinoamphibole, chlorite,
phlogopite and talc. According to Früh-Green et al. (2004), early phases
of hydration are commonly marked by the alteration of primary
orthopyroxene to form talc- and/or amphibole-bearing ± chlorite as-
semblages, like the ones predicted in our model.

The lithosphere-asthenosphere boundary was introduced in the
model with the simplest geometry that is able to achieve a reasonable
fit of the observables. Lithospheric thickness varies in a significant way
across the model: 145 km beneath the southern part of Duero basin,
125 kmbeneath thenorthern part of the basin, 170 kmunder the crustal
root, and 160−135 km (shallowing toward the north) beneath the
floor of the Bay of Biscay abyssal plain.

The density structure of themantle is shown in Fig. 6b.Within the
lithosphere, the increase of density with depth by the effect of pres-
sure generally dominates over the density decrease by thermal ex-
pansivity. However, since the base of the lithosphere is isothermal,
thinner lithospheric columns are globally warmer, less dense and
less sensitive to the effect of pressure than thicker ones. Density
values vary between 3309 kg m−3 just beneath the Iberian Moho
to 3380 kg m−3 in the deepest part of the lithospheric root, within
the compositional buffer. A density jump observed at ~45 km
depth, more pronounced in the northern part of the section, corre-
sponds to the phase change between spinel-peridotites and garnet-
peridotites. In the convective part of the mantle beneath the LAB,
where the increase in temperature with depth is reduced to the adi-
abatic gradient, the stronger effect of pressure induces a steeper in-
crement of density with depth.

5.2. Model B: deep crustal root (~90 km depth)

At a crustal scale, Model B is the same asModel A except for the larg-
er thickness of the Iberian crustal root, which inModel B reaches 90 km
depth, to test the feasibility of the reconstruction proposed by
Gallastegui (2000). This change introduces some variations in the

Image of Fig. 6
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long-wavelength components of the calculated curves of Bouguer
anomaly, geoid, elevation and surface heat flow, which we corrected
by changing the topography of the LAB.

Fig. 7 shows the fitting of observables, and Fig. 8 displays the calcu-
lated temperature, density and P-wave velocity values down to 225 km
20

40

60

80

100
0 100 200

Dist

H
F

 (
m

W
/m

2
) a

-200

-100

0

100

200

300

400

B
A

 (
m

G
al

)

b

42
44
46
48
50
52
54
56
58

G
eo

id
 (

m
) c

-5000
-4000
-3000
-2000
-1000

0
1000
2000
3000

E
le

va
ti

o
n

 (
m

) d

 220

 200

 180

 160

 140

 120

 100

 80

 60

 40

 20

0

0 100 200

Dist

D
ep

th
 (

km
)

e

LAB

Lithospheric mantle

Asthenosphere

S

Fig. 7. Same as Fig. 5 but show
depth. In the crustal root, densities and velocities increase up to
3185 kg m−3 and 7.07 km s−1, respectively. These are still lower than
usual averaged determinations in eclogites at those depths (eg.
Christensen and Mooney, 1995), but they are explained again by the
presence of felsic components and hydrated phases such as phengite,
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whose stability field is large enough to allow its presence at 90 km
depth. The mass deficit created by the root with regard to Model A is
compensated here by increasing the thickness of the lithosphere up to
205 km beneath the crustal root. This makes the lithospheric column
globally colder and denser. In fact, this is the only change introduced
in the LAB with regard to Model A. Note that even in Model B the code
predicts a state of near-local-isostatic equilibrium over the deepest
part of the crustal root (at x = 275–300 km), whereas deviations
supported by flexural rigidity are found both landwards (at x = 250–
275 km, related to the buoyancy induced by the higher volume of hy-
drated mantle on top of a crustal root that is not yet fully densified)
and oceanwards (related to the weight of Le Danois Bank resting on
top of a flat Moho).
In summary, from the geophysical point of view, both models A and
B can explain the observed gravity and geoid anomalies, topographic
elevations, and surface heat flow over the area. They are based upon
a wide range of seismic information (reflection, refraction and
wide angle profiles), although model B considers that the Iberian
crustal root extends to a greater depth that is not constrained (although
not contradicted) by the seismic information. The main implication in
this case is that the lithospheric root must also be deeper than in
Model A.

In the next section,we discuss the appropriateness of some assump-
tions and choice of model parameters, describing their effects on the
modeling results and the implications for Model A and B. Finally, we
present a tentative evolutionary model that is able to explain the
shallower crustal root ofModel A, as an alternative to the reconstruction
of Gallastegui (2000), valid for Model B.
6. Discussion

6.1. Composition and densification of the subducting Iberian lower crust

Two important assumptions are made when modeling the density
structure of the Iberian lower crust and mantle: first, the assumption
of thermodynamic equilibrium under thermal steady-state conditions,
and second, the specific chemical composition. The steady-state as-
sumption can be considered reasonable in this case, since the last im-
portant thermal event (Late Cretaceous volcanism) ended at ~85 Ma.
After that, the building of the Pyrenean-Cantabrian belt occurred at
a low convergence rate (~2.5 mm/yr on average) and ended at
~16–20 Ma (Alvarez-Marrón et al., 1997; Beaumont et al., 2000;
Gallastegui, 2000). Regarding the assumption of thermodynamic
equilibrium that is usually valid for the mantle, we emphasize that it
may be less reliable under the low temperatures prevailing in the
crust, especially under anhydrous conditions. However, since our anal-
ysis is restricted to the lower crust, and especially focused in the trans-
formations that occur in the root at depths N40 km and temperatures
above ~600 °C, we consider that this assumption is reasonable.

Outside the crustal root, the Iberian lower crust with 2 wt. % H2O in
our models would be composed of hydrous greenschist-amphibolite
facies assemblages, according to the pressures and temperatures regis-
tered (686–988MPa and 467–579 °C). This contrasts with the granulitic
nature of most of the lower crustal sections outcropping along the
Pyrenean-Cantabrian belt (Vielzeuf, 1984), although these sections are
partially retrograded to amphibolitic paragenesis during their post-
variscan history (Mendia and Ibarguchi, 1991; Vielzeuf, 1984). We con-
sider it is reasonable to assume that re-equilibration under prevailing
conditions in the base of the crust is complete at present, due to the
long residence time at relatively high temperatures. In any case, the po-
tential issue of lacking complete equilibrium should not affect our con-
clusions to a significant extent. If remnants of metastable granulites are
preserved in the lower crust, these can be virtually indistinguishable
from gravity methods, owing to the fact that densities of granulites
and amphibolites can be very similar (Christensen and Mooney, 1995).

There are, however, some implications in the case of generalized
granulite preservation, derived from the fact that granulites are nomi-
nally anhydrous rocks. If water is absent, reproducing the observed var-
iations in P-wave velocities of the Iberian lower crust along Profile 5
with granulitic compositions would imply a strong increase of mafic
components toward the south, contrary to what is suggested by the
geological evidence and the decrease in the Poisson’s ratio in this direc-
tion. Another implication is that densification of the granulitic root by
eclogitization processes would be greatly hampered, as these reactions
are catalyzed or significantly speeded up by the presence of fluids
(Austrheim et al., 1997; Engvik et al., 2001). The final consequence is
that this granulitic lower crust, even if it were completely mafic,
would be more buoyant in the deepest part of the root than the

Image of Fig. 8
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amphibolitic (and then eclogitized) lower crust (Christensen and
Mooney, 1995).

6.2. Hydration of the upper mantle in the continental margin

One of the questions that arise from the above discussion is the pos-
sible relationship between dehydration of the subducting greenschist/
amphibolitic Iberian lower crust and the hydration of the upper mantle
wedge located immediately on top of it. Releasedwater could potential-
ly rise as vapor phase and be incorporated into the structure of hydrous
minerals in a shallower and colder part of the mantle. To evaluate this,
we have plotted in Fig. 9a and b the amount of free water (ie. water
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A very rough balance based on the present-day thermal struc-
ture indicates that the released water during eclogitization of the
lower crustal root (depicted in Fig. 9c with the same colorbar
scale of Fig. 9a) is only about ~12% of the required water to hydrate
the mantle wedge on top of the root (dotted area in Fig. 9c). Even if
the subducting crust was ~100 °C hotter at the time these processes
occurred, it would still be far from extensive dehydration (Fig. 9a).
Moreover, the amount of water released can be considered as a
minimum estimate because (1) anhydrous granulitic relicts might
also be present before the subduction started, and (2) water con-
tent in the innermost part of the mantle wedge must be in the
order of 2 wt. % to explain seismic velocities as low as 7.7 km s−1

locally observed there in both the ESCIN-4 and MARCONI-1
profiles (Fig. 3). Therefore, other sources of water supply must be
involved.

The effect of partial melting in the subducted lower crust represents
another possible source of water, as these melts can potentially rise
into the mantle wedge, becoming water-saturated as they decompress,
and expelling free water. We have computed the amount of partial
melt expected for the composition of the lower crust according to the
melt model of Holland and Powell (2001) and White et al. (2001). As
observed in Fig. 9a, partial melt is not expected, or it may occur in neg-
ligible amounts, for the pressure-temperature conditions inside the
crustal root. If anymeltwas formed, it would be far from the critical per-
centage necessary to migrate and rise, considering that fractions of ~7%
mark the threshold for melt connectivity along grain boundaries
(Rosenberg and Handy, 2005). Therefore, partial melting of the
subducting lower crust can be ruled out in this case as a major supplier
of water into the mantle.

On the other hand, apart from themantlewedge located immediate-
ly on top of the subducting Iberian crust, mild hydration of the upper-
most mantle seems to be also necessary all along the Bay of Biscay in
order to explain the relatively low P-wave velocities of 7.8–7.9 km s−1

observed beneath the HVLC. From the above analysis we conclude
that the hydration of the uppermantlemust be essentially related to in-
filtration of water from the seafloor during theMesozoic rifting episode
that lead to the formation of the Bay of Biscay.
6.3. Composition and thickness of the lithospheric mantle

Bothmodels A and B presented in this paper indicate that a relatively
thick lithospheric mantle (even far from the orogenic region) is
necessary to simultaneously fit all the observables. The modeled thick-
ness of the lithospheric mantle is influenced by its thermal structure
and composition, as well as by the density and thickness of the
overlying crust. The thickness of the crust is well constrained due to the
numerous deep seismic lines available in the area. Obtaining densities
from P-wave velocities allows some range of variations, and increasing
the density of the crust would allow considering a lighter mantle,
which can be attained by raising the LAB. However, the density
values we used for the crust already are at the upper bound of common
P-wave to density conversions (eg. Christensen and Mooney, 1995;
Ludwig et al., 1970) and are very similar or even higher than the values
used in other gravity models in North-Iberia (Casas et al., 1997;
Fernández-Viejo et al., 1998; Gallastegui, 2000; Pedreira et al., 2007;
Torne et al., 1989).

Modifying the thermal structure to make an overall colder litho-
sphere would also allow raising the LAB to counterbalance. In this
study, the base of the thermal lithosphere is fixed at the constant tem-
perature of 1320 °C, which is within the limited range of commonly ac-
cepted values (eg. Artemieva, 2009), but the temperature at theMoho is
less constrained and could potentially be lowered by decreasing the
heat productivity in the crust. However, the radiogenic heat production
in our model, at least for the felsic nature of the crust in the southern
end of the profile, may be already relatively low, and we don’t expect
Moho temperatures significantly below the calculated ~550 °C in this
part of the profile, where the LAB reaches 145 km depth.

Chemical composition of the mantle is the other source of density
variations we can claim. Continental lithospheric mantle is expected
to be compositionally heterogeneous due to different ages, melt
extraction, refertilization, etc. In the following, we explore the effects
of considering more fertile compositions for the lithospheric mantle,
implying higher average densities and allowing for a reduction in
thickness. For example, Carballo et al. (2015) consider the continental
mantle beneath the Pyrenees to be represented by the average compo-
sition of lherzolites from the Lherz massif (Pr_6 of Griffin et al. (2009)).
This compositional type represents metasomatic refertilization of a re-
fractory harzburgite, with P-wave velocities and densities that are virtu-
ally indistinguishable from those of the Primitive Upper Mantle
composition of Jagoutz et al. (1979) (PUM-J79). The PUM-J79 type is
slightly less enriched than the PUM composition of McDonough and
Sun (1995) (PUM-MS95) usually ascribed to the asthenosphere, and
has been considered as a reasonable average composition for the conti-
nental lithospheric mantle in areas subjected to significant extension
and refertilization, close to oceanization (eg. Fullea et al., 2010;
Carballo et al., 2015). In Fig. 10 we compare the depth-density profiles
calculated at three different locations along Model A (X = 0, 266 and
470 km) for the composition used in this work (Tc_1), and the alterna-
tive Pr_6 and PUM-J79 compositions. The results show that density dif-
ferences are very small all along the three lithospheric columns, in spite
of their differences in crustal and lithospheric thickness. Forward-
modeling tests have indicated that using the most dense composition
allows for a reduction in the lithospheric thickness of no more than
~5 km.

We may conclude that the thickness of the thermal lithosphere as it
is defined in this work (ie. the top of the convective-dominated part of
the mantle) must be close to the thickness displayed in our models in
order to explain all the observables. We must note, however, that
the resolution of this modeling strategy depends on a long list of
uncertainties derived from the measurement/processing/choice of ob-
servables and model parameters that are difficult to assess formally. A
full uncertainty analysis of a similar method has been recently per-
formed by Afonso et al. (Afonso et al., 2013a,b), which suggest that esti-
mated LAB depths (strictly, the depth to a geotherm) are typically
affected by uncertainties (i.e. one standard deviation) of the order
of ± 10–15%.

6.4. P-wave velocities and comparison with seismic tomography results

The only relevant difference in the LAB topography betweenmodels
A and B is the greater depth inferred inModel B beneath the crustal root,
reaching more than 200 km. The calculated P-wave velocity structures
for both models (Figs. 6 and 8, lower panels) allow us to test which
one is more consistent with published P-wave tomography models.
Fig. 11 illustrates this comparison, in which all the sections are
expressed in relative perturbations of P-wave velocities with respect
to the ak135 reference model (Kennett et al., 1995). Fig. 11a, b and c
show the structure of the studied transect from 40 to 400 km depth, ac-
cording to the tomographic model of Villaseñor et al. (2003), and to our
models A and B, respectively. The amplitudes of the P-wave perturba-
tions are somewhat greater in our synthetic sections. This is to be
expected, as it is well known that the amplitudes recovered by tomog-
raphy models based on ray theory are underestimated (Foulger et al.,
2013; Hung et al., 2001). We should therefore restrict our comparison
to the general distribution and shape of the anomalies, not to their am-
plitudes. Probably the most conspicuous feature in the tomographic
slice is the low velocity anomaly located in the top-central part of the
section, extending down to ~90 km depth. This can be correlated with
the low-velocity anomaly created in our synthetic models by the crustal
root and the hydrated mantle wedge on top of it. This feature seems to
be better reproduced in Model B, but the exact geometry of such a



Fig. 10. Depth-density profiles for the lithospheric mantle of Model A at horizontal distances of X = 0 km (southern end, undisturbed Variscan crust), X = 266 km (deepest part of the
Alpine crustal root) and X = 470 km (northern end, Bay of Biscay), and for three different compositions: Tc_1, Pr_6 and PUM-J79 (Griffin et al., 2009; Jagoutz et al., 1979) (Tables 2
and 3). In each curve, the composition of the lithospheric buffer is a 50–50% mix between the corresponding lithospheric composition and the sublithospheric PUM-MS95 composition
(McDonough and Sun, 1995) (Table 2). Light grey areas represent the depth range occupied by the crust in each profile. The dark grey band in the profile for X = 470 km represents
the hydrated part of the mantle beneath the Bay of Biscay. Note that very small density variations are observed between these three different mantle compositions along the model.
Using the most dense composition (Pr_6) instead of Tc_1 allows for a reduction in the lithospheric thickness of ~5 km.
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shallow tomographic anomaly beneath the coastline is not well
constrained. In Fig. 11a we can also identify a relatively flat surface at
~220 km depth with anomaly values around zero, separating a lower
part with slow anomalies from an upper part with dominantly fast
anomalies. This feature is slightly better reproduced in Model A, since
the deep lithospheric root in Model B creates a depression in the
isoanomaly countours.

In spite of the poor resolution in the northern part of the tomograph-
ic section due to lack of seismic stations in the Bay of Biscay, the fast
anomaly in the lithosphere is satisfactorily reproduced, especially in
Model A, where it remains at a shallower position than in Model B. In-
terestingly, the shape of this anomaly in Fig. 11b and c gives the impres-
sion of a southward-directed slab, a finding that could serve as a caution
advise when interpreting slow anomalies in tomographic sections. In
the southern part of the tomographic profile (Fig. 11a), the upper
200 km of the mantle depict very subtle velocity anomalies, whereas
our models show a thick, cold and fast lithosphere, with an uplift of
the LAB around model distances of 120–170 km.

The most recent tomographic model of Chevrot et al. (2014) pro-
vides additional constraints to check the presence of this particular fea-
ture. These authors published a set of horizontal slices of a P-wave
tomographic model obtained after the dense deployments of the
PYROPE and IBERARRAY seismological stations. Fig. 11d shows the
horizontal slice of the area studied here, with anomalies averaged
for depths between 125 and 150 km, after crustal correction. On top
of this map, we have also plotted the calculated anomalies of our syn-
thetic models for the same depth interval: results for Model A are
depicted to the left of the central line marking the studied transect,
and results for Model B are represented to the right. Again, the absolute
value of the calculated anomalies do not match the tomographic anom-
alies, but if we make them only 0.65% slower, as depicted in Fig. 11d,
the match is strikingly good. As observed, there is an E-W trending
band of relatively slow anomalies between 42 and 43°N that is spatially
coincident with the area of uplifted LAB in our model. This elongated
slow anomaly extends all along the length of the Pyrenean-
Cantabrian belt and its origin remains enigmatic (Chevrot et al.,
2014). According to the geometry of the LAB, we suggest it may be re-
lated to bending of the weak lower lithosphere (decoupled from the
upper lithosphere) or to thermal erosion perhaps by small-scale
edge-driven convection at the borders of the lithospheric root (eg.
Missenard and Cadoux, 2012). This slow anomaly is flanked to the
north by a parallel fast anomaly that Chevrot et al. (2014) attributed
to a cooler European lithosphere, and that we explain with the pres-
ence of the lithospheric root. As before, the match is slightly better
for the case of Model A, since Model B predicts a stronger negative
anomaly at 43.5–44°N, related to the more pronounced lithospheric
root. However, although we can conclude that our modeling results
are broadly compatible with the tomographic studies, more detailed to-
mographic models are needed before we can strongly favor Model A or
Model B.

6.5. The nature of the HVLC

The high-velocity lower crustal body (HVLC) of the North-Iberian
margin is one of the most remarkable features in both the ESCIN-4 and
the MARCONI-1 wide-angle models (Fig. 3). It seems clear that it does
not correspond to purely stretched lower continental crust because its
velocities are too high for lower crustal rocks located at such shallow
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Fig. 11. Comparison between the P-wave velocity structure calculated for the mantle along the transect and the results of tomographic models in the same area. All plots represent per-
centage of velocity deviationswith respect to the ak135 referencemodel (Kennett et al., 1995). a) vertical slice of the tomographicmodel of Villaseñor et al. (2003) along the studied tran-
sect. b) and c), synthetic “pseudo-tomographic” sections formodels A and B, respectively, from40km to 400 kmdepth, using awider colorbar scale (see text for details). Note in a) the low
velocity anomaly located in the top-central part of the section, which can be correlated with the low-velocity anomaly created in our synthetic models by the crustal root and the
hydrated mantle wedge on top of it. Note also the relatively flat surface at ~225 km depth where both types of sections show anomaly values around zero, separating a lower part
with slow anomalies from an upper part with dominantly fast anomalies. d), plan view of the tomographic model of Chevrot et al. (2014), with anomalies averaged for depths between
125 and 150 km, after crustal correction. On top of this map, we have plotted the calculated anomalies of our synthetic models A and B for the same depth interval. Model A is depicted to
the left andModel B to the right of the linemarking the position of the transect. Calculated anomalies are lowered by 0.65% (see text for details). Note the E-W trending fast anomaly along
the coast and the band to the south of relatively slow anomalies (between 42 and 43°N) that are spatially coincident with the lithospheric root and with the area of uplifted LAB, respec-
tively, in our models.
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depths (eg. Christensen and Mooney, 1995). Passive continental mar-
gins, both volcanic andmagma-poor, often exhibit a layer of high seismic
velocities (Vp≈ 7.0–7.7 km s−1) in the base of the crust that is generally
interpreted as accumulated gabbroic intrusions (magmatic under-
plating) or upper mantle peridotites that were serpentinized when the
overlying crust extended to the point that it became entirely brittle
and seawater could penetrate into the mantle along faults. The distinc-
tion between these two end-members solely by their geophysical signa-
tures is not easy, since both share the same range of P-wave velocity and
density values, and strong magnetization (see, for example Mjelde et al.
(2002) and references therein).

According to the interpretation of the North-Iberianmarginmade by
Roca et al. (2011), this HVLC in the North-Iberian margin would corre-
spond to lower continental crust as north as beneath Le Danois Bank,
and to exhumed uppermantle beneath the abyssal plain. During conver-
gence, this serpentinized mantle would have been subducted to the
south beneath the southern endof the abyssal plain, giving rise to the ac-
cretionary prism. The subduction planewould be the reactivation of the
extensional detachment that led to mantle exhumation in the bay dur-
ing the Mesozoic. We find several problems with this interpretation.
First, there is no evidence for this subduction zone in the wide-angle
models of both the ESCIN-4 and MARCONI-1 profiles. Rather, the
wide-angle seismic recordings show a continuous Moho-like reflection
in a flat surface located at the base of the supposedly serpentinizedman-
tle layer (the HVLC), from north to south of Le Danois Bank (Fig. 3 and
Supplementary Fig. 1a) and therefore cross-cutting the subduction
plane in the reconstruction proposed by Roca et al. (2011). Also, the
HVLC shows a very subtle vertical gradient of seismic velocities and
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is limited by rather sharp boundaries, something that contrasts with the
strong velocity gradients that are usually associated with
serpentinization, a process that vanishes gradually with depth, giving
rise to weakMoho reflections (eg. Dean et al., 2000). Since deformation
started approximately at the same time or even earlier in the off-shore
part of the belt than in the south-vergent part presently on-land, it
would be also difficult to explain how and why deformation jumped
from this weak zone of subduction that was easily accommodating the
convergence, to a new completely independent subduction zone devel-
oped in the thicker continental crust.

Addition of mafic melts in the base of the crust is another process
that is usually invoked to explain HVLC bodies. During the formation
of any passive margin, even if it is of the “magma-poor” type, the litho-
spheric mantle will experience some amount of partial melting as a re-
sult of decompression. The amount of melt generated and the moment
of appearance of this process with regard to serpentinization would
mostly depend on rifting velocity, mantle composition and mantle po-
tential temperature (Pérez-Gussinyé et al., 2006). Rifting velocities in
the Bay of Biscay are difficult to estimate due to the rotational opening
of the Bay and the disputed oceanic character and isochronism of the
M0-M3 anomalies (Bronner et al., 2011, 2012; Tucholke and Sibuet,
2012). The most recent and undisputed anomalies in the center of the
Bay (A33o-A34) indicate half-spreading rates of 6.5 mm/yr, whereas
lower rates of 3.3 mm/yr are calculated between A34 and M0 when
M0 is considered as an isochron of Aptian age (118 Ma) (Sibuet et al.,
2004). Numerical models predict that 2 to 4 km of melt thickness (de-
pending on the position along the margin) is produced by decompres-
sion for half-spreading velocities between 4.2 and 6 mm/yr, and that
this process occurs after mantle exhumation and its serpentinization
(Pérez-Gussinyé et al., 2006). We consider that the HVLC most likely
corresponds to stretched and thinned continental lower crust, mixed
with serpentinized upper mantle and later intruded by mafic magmas
generated by decompression melting. Some of these magmas found
their way to the surface and are found as basaltic clasts in the Early Cre-
taceous syn-rift conglomerates of the Le Danois Bank (Capdevila et al.,
1980), or forming volcanic edifices in the seafloor in nearby sections
of the Armorican margin (Thinon et al., 2003). In the adjacent Basque-
Cantabrian basin, magmatism led to a bathyal submarine volcanic sys-
tem of alkali basaltic character and to a strong hydrothermal activity
during the Albian to Santonian interval (Agirrezabala et al., 2013;
Azambre and Rossy, 1976; Castañares et al., 2001). Addition of mafic
magmas at the bottom of the crust and inside the serpentinized mantle
can explain both the seismic velocities and the presence of Moho-like
reflections, and this mechanism has been recently invoked to explain
the origin of the M0-M3 magnetic anomalies in the Newfoundland-
Iberia rift system (Bronner et al., 2011). On the other hand, completely
fresh peridotites are not expected beneath this level of gabbroic under-
plating, and the velocities of 7.7–7.9 km s−1 found beneath it can be
explained by remnants of the deeper and less altered part of the former-
ly serpentinized mantle.
6.6. A tentative evolutionary model

Our Model B is consistent with the tectonic evolution proposed by
Gallastegui (2000) and Gallastegui et al. (2002), implying about 96 km
of shortening during the Alpine orogeny, and a crustal root extended
down to depths of around 90 km. In the following we present an
alternative model of evolution that gives rise to a shallower crustal-
lithospheric root, compatible with the one considered in Model A. It is
based on the same model but with some modifications inspired in the
model of Sutra et al. (2013) for theWest IberianMargin. It also incorpo-
rates structural information provided by theMARCONI-1 profile and the
results described and discussed in the previous sections. Fig. 12 illus-
trates the new model, with comparison to the one proposed by
Gallastegui (2000).
During the Late Cretaceous, the North-Iberian margin was a wide
margin, the continental platform extending well to the south in the
present-day Duero basin, and the slope located in the present-day Le
Danois Bank. The initial thermal structure at the onset of rifting in the
Late Jurassic-Early Cretaceousmust have been relatively cold,with tem-
peratures at the Moho of 500–600 °C, as rifting affected the area ~150
Myr. after the Variscan orogenesis (Pérez-Gussinyé et al., 2003). During
the rifting stage, upper crustal normal faults soled out in a weak
decoupling horizon located in the middle crust, where temperatures
corresponding to the onset of quartz and plagioclase plasticities are
reached (300 °C and 450 °C, respectively) (Lavier and Manatschal,
2006; Sutra et al., 2013).

The brittle, uppermost mantle is affected by concave downward
faults, also rooted in the mid-crustal detachment. These faults may
force the localization of ductile shear in the lower crust, which is
thinned and disrupted (Fig. 12a). The discontinuity of the lower crust
in the transition from the continental platform to the slope (or between
the proximal and necking domains, in more recent terminology, eg.
Tugend et al. (2014)) is the main difference with the model of
Gallastegui (2000), and is the one that allows us to propose a shallower
crustal root in later stages.

When stretching factors reach values of β = 3–5, the whole crust is
cold enough to become brittle (Pérez-Gussinyé and Reston, 2001), and
the normal faults can exhume lower crustal rocks that are eroded and
resedimented in Early Cretaceous syn-rift conglomerates in the distal
part of the continental slope (Capdevila et al., 1980). These faults provide
paths also for the seawater to enter into the mantle and serpentinize it
(Pérez-Gussinyé and Reston, 2001). Serpentinites are rheologically
very weak (Escartín et al., 2001) and constitute the seaward continua-
tion of the decoupling horizon. The Upper Cretaceous post-rift succes-
sion is very thin all along the margin (≤800 m), indicating that thermal
subsidence was small. This must be related to the upwelling of hot as-
thenosphere and ascent of the hot products of decompression melting
that affected the margin from Albian to Santonian times, the bulk of
them produced after serpentinization, according to numerical modeling
predictions (Pérez-Gussinyé et al., 2006). We interpret that these gab-
broicmelts intruded into the upper part of the serpentinizedmantle cre-
ating theHVLC and a new seismicMoho at their base, in the contactwith
less hydratedmantlewith velocities of 7.8–7.9 kms−1. Note that in order
to explain the great volume of hydrated mantle presently observed
above the crustal root, and since we preclude significant water input
from the subducting lower crust, wemust consider that serpentinization
locally reached depths close to 30 km, probably around faults affecting
the brittle upper mantle (Fig. 12a). Although these great depths are not
common, serpentinization down to 40 km depth has been proposed in
other continental margins (Jiménez-Munt et al., 2010) and are support-
ed by geochemical studies in ophiolites (Li and Lee, 2006). An alternative
explanationwould be that the zone of magmatic underplatingmay have
been more restricted in the axis of the bay, being separated from the
hyperthinned crustal domain by a band of serpentinized upper mantle
(inset in Fig. 12a). This band could have been underthrusted in an
early stage of compressional deformation between the Late Cretaceous
and the Early Eocene, until the new and relatively hot gabbroic lower
crust found resistance to be underthrust and stacked against the thinned
lower continental crust.

The paucity of thermal subsidence lasted until the main phase of
compressional deformation started in the middle Eocene (Fig. 12b), in-
dicating that complete thermal relaxationwas not attained at that time,
and the buoyancy of the new transitional crust would probably prevent
it to sink into the mantle in a southward-directed subduction zone. In-
stead, the weak decoupling horizon located on top of the new HVLC
would favor its underthrusting toward the south. It is well known that
the décollements developed on top of serpentinized mantle are long-
livedweakness zones that can even be enhanced by an increase in tem-
perature (ie. heating from the gabbroic intrusions). Partial dehydration
of the serpentinized mantle is possible, but would not have a significant
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influence, since the presence of only 10% of serpentinite reduces the
strength of the altered peridotite to that of nearly pure serpentinite
(Escartín et al., 2001). Complete dehydration would require tempera-
tures of 600 °C at 1–2 GPa, and even if serpentine minerals are
dehydrated, talc is stable to ~800 °C at the same pressures, and has
very low coefficients of friction (Lundin and Doré, 2011).

The underthrusting of the remnants of the lower continental crust of
the margin and the new HVLC below this horizon promoted the devel-
opment of north-directed thrust sheets on top of it, shortening the
continental platform and raising and steepening the continental slope
(Fig. 12b). This “deformed area” (Gallastegui et al., 2002) involves sed-
iments and basement rocks from all crustal levels. At the same time,
the underthrusting of this lower crustal layer was accompanied by its
indentation into the thicker part of the margin, splitting the Iberian
crust along the former extensional detachment. This forced the begin-
ning of an incipient subduction of the Iberian lower crust to the north
(note that in the model by Gallastegui (2000) the root was already sig-
nificant at this stage), and the uplift and subaerial exposure of the

Image of Fig. 12
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former continental platform. Around ~40Ma the continental sediments
of the Oviedo basin were deposited onlaping southward over a
karstified Cretaceous paleorelief (Alonso et al., 1996; Truyols and
García Ramos, 1991). The lower crustal indentor progressed toward
the south during the Oligocene (Fig. 12c), rising in the hangingwall of
the former extensional detachment that bounded the syn-rift Mesozoic
basin, and uplifting and exhuming the Variscan basement (Alonso et al.,
1996). The Late Eocene-Oligoce age for the main exhumation phase of
the Variscan basement along this transect is also corroborated by
thermochronology studies (Fillon, 2012). The weak hydrated mantle
beneath the lower crust of themargin was not able to indent and there-
fore began to be accreted against the subducting Iberian crust.

At some time between the Oligocene and the Early Miocene, the
lower crustal wedge from the margin indented along a weakness hori-
zon between the upper and middle crust of Iberia, perhaps following
the sole thrust of the Variscan fold and thrust belt on top of the Precam-
brian basement (Pérez-Estaún et al., 1994). Since the Burdigalian (lower
Miocene) deformation essentially came to an end (Alvarez-Marrón
et al., 1997), and the mountain belt entered into an erosional phase.

The proposed evolutionary model allows us to explain several fea-
tures of the present-day structure (Fig. 12d), such as the presence of
high velocities in the lower crust of the North-Iberian margin gradually
changing to “normal” lower crustal velocities toward the south, the high
reflectivity character of the lower crust beneath the platform (Gallart
et al., 1997) (generated by the gabbroic sills), the presence of a seismic
Moho below the HVLC, and the low seismic velocities observed in the
mantle beneath this Moho. Although a proper section balancing was
not carried out, the dimensions of the crustal root and the southernmost
position of the lower crustal indenting wedge beneath the mountain
front allow us to infer a minimum shortening for the crust of ~98 km,
approximately the same value proposed by Gallastegui (2000).

7. Conclusions

We present a seismically-constrained model of the lithospheric
structure across the Cantabrian Mountains and the North-Iberian Mar-
gin that is able to explain the gravity anomalies, geoid undulations, sur-
face heat flow and elevation over the area, as well as the lower crustal
and upper mantle seismic velocities. The overall structure is the result
of the Alpine compression acting on the Mesozoic passive continental
margin. The lower crust from the necking and hyperthinned domains
is interpreted to be indented southward into the proximal domain, forc-
ing the shortening, uplift and exhumation of the former continental
platform and the subduction to the north of the lower half of the
crust. Two possible solutions are tested for the maximum depth extent
of the Iberian crustal root: inModel A, it is limited to 60 km (only ~7 km
more than the maximum depth the seismic experiments were able to
resolve) and in Model B, it is extended down to ~90 km, as suggested
in previous restored reconstructions (Gallastegui, 2000). The main re-
sults of this modeling can be summarized as follows:

1. From the geophysical point of view, bothmodels A and B are feasible,
but Model A is favored because it does not require to extrapolate the
crustal root down to depths unconstrained by the seismic experi-
ments, and its shallower lithospheric root fits slightly better with
available tomographic results.

2. The Iberian lower crust is assumed to change its composition
from dominantly felsic in the south to intermediate and hydrated
(2 wt. %) in the area that will form the crustal root. The deepest
part of the root is eclogitized, but it keeps all the water in the struc-
ture of hydrated minerals in the case of model A, and releases a
small amount in the case of Model B (a maximum of ~0.8 wt% in
thedeepest part). Partialmelt in the subducting lower crust is not ex-
pected, or itmay occur in negligible amounts. If anymeltwas formed,
it would be far from the critical percentage necessary to migrate and
rise.
3. Low seismic velocities beneath the Bay of Biscay Moho and in the
mantle wedge above the crustal root are explained by the addition
of 1–2 wt% of water percolated from the seafloor during the forma-
tion of the margin in the Mesozoic. Water input from dehydration
reactions in the subducting lower crust is ruled out in Model A and
very minor in Model B (less than ~12% of the required water to hy-
drate the overlying mantle wedge with 1 wt % of water).

4. Assuming a composition typical for “tecton” garnet subcontinental
lithosphericmantle (Griffin et al., 2009), the thickness of the thermal
lithosphere varies from 125–145 km south of the Cantabrian
Mountains, to 170 km beneath the crustal root (205 km in
Model B) and 135–140 km beneath the central part of the Bay of
Biscay. More enriched compositions such as those of some Pyrenean
mantle xenoliths (Griffin et al., 2009; Le Roux et al., 2007) or the
Primitive Upper Mantle of Jagoutz et al. (1979) were tested in
Model A and allow a reduction of the lithospheric thickness of only
~5 km.

5. The upper mantle is interpreted to be serpentinized during the for-
mation of the margin in the Mesozoic and later intruded by decom-
pression melts generating a gabbroic underplating and a new
seismic Moho at its base. We emphasize that the role of magmatism
in ocean-continent transitionsmay be significant even in “non-volca-
nic margins”. During the Alpine convergence, these petrophysical
transformations promoted the underthrusting and indentation to
the south of the lower crust from the necking and hyperthinned do-
mains (with the new gabbroic additions). This process is genetically
linked to the uplift of the CantabrianMountains and the formation of
a crustal root down to at least ~60 km depth, with an estimated
crustal shortening of ~98 km.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.04.018.
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Supplementary Information 

S1. Geophysical constraints on the crustal structure 

The crustal structure of the model is constrained by a wide range of geological 

and geophysical data, such as oil exploration wells, isobath maps, commercial seismic 

lines, and deep seismic reflection and refraction/wide-angle reflection profiles. 

Starting from top to bottom, the architecture of the Mesozoic-Cenozoic basins is 

relatively well constrained due to the large number of oil exploration data (seismic lines 

and wells) available in this region. The geometry of the off-shore Le Danois basin was 

taken from Gallastegui et al. (2002) and Cadenas (2013), and the base of the Duero 

basin is based on published isobath maps constrained by a network of seismic profiles 

and wells (Gallastegui, 2000, Heredia et al., 2010). Only the southernmost part of the 

Duero basin, where there are no data available, has been slightly modified from those 

maps to fit the Bouguer anomalies. 

The northern limit of the Duero Basin is marked by the southern frontal structure 

of the Cantabrian Mountains, which has been clearly imaged by several commercial 

seismic lines down to ~2 s two-way travel time (TWTT) (Gallastegui, 2000). The 

ESCIN-2 seismic reflection profile across the central Cantabrian Mountains (Pulgar et 

al., 1996; 1997) provides a clear image of this structure down to 5-6 s TWTT, where it 



roots into a flat horizontal level (Figure 3 of main article). Beneath this level, a wedge-

shaped area with strong subhorizontal reflectors is clearly identified, thinning towards 

the South (orange shaded in Figure 3, upper left panel). The reflectivity of the crust 

beneath 6 s TWTT is highly variable, but it is clearly subhorizontal beneath the Duero 

basin, and North-dipping from the mountain front to the North (blue shaded in Figure 

3), beneath the wedge-shaped area of strong subhorizontal reflectors. Note that the blue 

shaded zone in Figure 3 must correspond to the middle and lower crust of Iberia, 

according to the information provided by the seismic refraction profile 5 (Figure 3, 

lower panel). 

The Iberian Moho is identified at 11.5-12 s TWTT beneath the Duero basin, and 

starts dipping towards the North beneath the Cantabrian Mountains, down to ~15 s 

TWTT in the northern end of the profile (located 30 km South of the coastline). 

Normal-incidence ray-tracing modeling carried out by Gallastegui (2000) locate the 

Moho at 34 km depth beneath the Duero Basin and at 42 km depth in the northernmost 

point sampled by the reflections, which due to its dipping attitude, corresponds to a 

point at ~17 km to the South of the northern edge of the profile. However, the wide-

angle reflections recorded by 7 land stations deployed in a N-S line during the 

acquisition of the marine ESCIN-4 profile (see location in Figure 2) provided clear 

evidence for the continuity of the Iberian Moho down to at least ~53 km. As 

documented by Pulgar et al. (1996), Gallart et al. (1997) and Fernández-Viejo et al. 

(1998), the northernmost stations (located very close to the coastline) only recorded one 

strong reflection, identified as the reflection at the Moho (PmP) beneath the Cantabrian 

margin (and continuing about 10-15 km inland), whereas stations to the South also 

imaged another strong reflection produced in a deeper, North-dipping discontinuity, 

interpreted to be the subducting Iberian Moho (Supplementary Figure 1a). Ray-tracing 



modeling locates the “Cantabrian Moho” at 30 km depth beneath the coastline, uprising 

to ~16-18 beneath the abyssal plain. The “Iberian” Moho, on the other hand, is located 

at 48-53 km depth, some 15-20 km to the South of the coastline. 

Wide-angle recordings of the off-shore MARCONI-1 seismic profile, located 

approximately along the studied transect (Figure 2), also provided similar results (Ruiz, 

2007; Ruiz et al., in prep.). Again, the maximum depth of the subducted crust could not 

be resolved. However, ocean bottom seismometers and wide-angle recordings on land 

provided valuable constraints on the crustal thickness in the margin and on the velocity 

of P-waves traveling through the upper mantle (Pn phase, Supplementary Figure 1b and 

c). The resulting velocities of 7.70-7.90 km s-1 are too low to be caused by 

compositional or realistic thermal anomalies, and the easiest way to explain them is 

considering that the upper mantle is partly hydrated/serpentinized. 

Unfortunately, due to the geometry of the seismic deployment, it was also not 

possible to obtain a good image of the internal structure of the crust in a wide strip 

beneath the coastline. Gravity data, however, provide additional constraints. The fact 

that the Bouguer anomaly increases continuously from the Duero Basin to the North 

over the crustal root suggests that some dense material must be present in the thickened 

part of the crust; otherwise the extra crustal thickness would create a regional minimum 

in the gravity anomaly map. 2D and 3D gravity models (Fernández-Viejo et al., 1998; 

Gallastegui, 2000; Pedreira et al., 2007) have shown that the anomaly can be easily fit 

assuming typical lower crustal densities for the wedge-shaped area of strong 

subhorizontal reflections observed in the northern part of the ESCIN-2 profile. This 

“indenter” is located at depths that are also compatible with a relative increment in the 

P-wave velocity along an E-W trending seismic refraction/wide-angle reflection profile 

(Fernández-Viejo et al., 2000; Pedreira et al., 2003, 2007). All these geophysical 



signatures (strong reflectivity, high density and relatively high seismic velocities) point 

to a lower crustal composition for this wedge. The aforementioned constraints indicate 

that it can be easily associated with the lower crust of the Cantabrian margin 

(Gallastegui, 2000), which would be indented into the Iberian crust, forcing its 

northward subduction. This requires a detachment level on top of the lower crust of the 

Cantabrian margin, which would also explain the stacking of sedimentary units forming 

accretionary prism-like structures at the foot of the continental slope (Fernández-Viejo 

et al., 2012). 

 

S2. Differences in crustal densities with regard to the previous model of Pedreira et 

al. (2007) 

The density structure of the crust was taken mainly from the previous 3D model 

published by Pedreira et al. (2007). There are, however, some differences that will be 

described and discussed here. 

Due to the limited vertical resolution of the code, the sedimentary layer in the 

Duero basin includes now the Cenozoic and the thin Mesozoic layer beneath it. The 

density of this cover varies from North to South. In the North, direct measurements in 

samples of both the Cenozoic and the Mesozoic gave an average value of 2460 kg m-3 

(Evers, 1967). We have also included a body of dense conglomerates ahead of the 

mountain front with a density of 2600 kg m-3. To the South, the more fine-grained 

sediments and the reduced thickness of the Mesozoic layers yield a lower average 

density, which we estimate to be ~2300 kg m-3 from the density-log of the Olmos-1 well 

(Location in Figure 2) (Gómez Ortiz et al., 2005). 



The density of the pre-Mesozoic upper crust has been increased from 2670 to 

2720 kg m-3. This was a requirement during the trial-and-error fitting of more 

observables than in the previous model, and it is justified because even though ~2670 

kg m-3 is a good average of density determinations in samples collected at the surface 

(see Pedreira et al. (2007) and references therein), an increase in density with pressure 

at depth in the upper crust is to be expected, as pores and fractures close. The new value 

is also still within the dispersion range of experimental P-wave to density conversions. 

The density of the middle crust was also slightly increased from 2840 to 2860 kg m-3.  

 

S3. Choice of thermal properties for the crust 

S3.1. Thermal conductivities  

Some measurements of thermal conductivities are available for the sediments of 

the Tertiary basins along oil exploration wells, summarized by Fernàndez et al. (1998). 

Six wells in the Tertiary sediments of the Duero foreland basin and 7 wells in the 

Mesozoic-Tertiary sediments of the North Iberian margin provided average values of 

2.53 and 2.50 W m-1 K-1, respectively. 

For the pre-Mesozoic upper crust, measurements are limited to 10 water and 

mining exploration wells in the Cantabrian and West Asturian-Leonese zones, providing 

a mean of 2.47 W m-1 K-1 for the upper ≤300 m (Fernández et al., 1998). 

Deeper in the crust, uncertainties in the determination of the thermal conductivity 

greatly increase due to its dependence on composition, temperature and, to a minor 

extent, pressure. We made rough estimates on the average temperature of each crustal 

level based on the observed surface heat flow to calculate the conductivities, and then 

we used this information and other thermal properties to calculate the geotherm and 



check for consistency. Experimental work at atmospheric pressures suggests that values 

between 1.80-2.20 W m-1 K-1 are appropriate for the temperatures and lithologies 

expected for the base of the upper crust (~275-300 ºC) (Vosteen and Schellschmidt, 

2003). This number should increase, however, when taking into account the effect of 

pressure, which can rise the conductivity by ~10% at 0.5 GPa (Clauser and Huenges, 

1995). We therefore assumed a thermal conductivity of 2.40 W m-1 K-1 for the pre-

Mesozoic upper crust. According to the above-mentioned references and taking into 

account the combined effects of temperature and pressure, average values of 2.10 and 

2.00 W m-1 K-1 were chosen for the middle and lower crust, respectively.  

 

S3.2. Radiogenic heat production 

Radiogenic heat production is assumed to be constant within each body of the 

model (Table 1). Cenozoic and Mesozoic sediments are assigned a volumetric heat 

production of 1.2 µW/m3, which is the value determined by Brunet (1994) for sediments 

of this age in the eastern part of the Bay of Biscay. 

For the pre-Mesozoic upper crust, we gathered heat production data determined in 

samples from the area (Fernández et al., 1998). The average value for three different 

lithologies of the Cantabrian Zone is 1.37 µW/m3. The West Asturian-Leonese and 

Central Iberian zones, which are also present in the modeled transect beneath the 

sediments of the Duero basin (following the Cantabrian Orocline), yielded slightly 

higher values. Schists of the West Asturian-Leonese Zone provided an average value of 

1.5 µW/m3, whereas granites of this zone (very scarce, and more abundant in the 

vicinity of the Central Iberian Zone) yielded an average of 2.33 µW/m3. The more 

granitic basement of the Central Iberian Zone, on the other hand, provided values of 



2.45 µW/m3 for the Spanish Central System and 2.36 µW/m3 for the Toledo Mountains 

to the south (Jiménez-Díaz et al., 2012). Since we don’t expect a large volumetric 

abundance of granitoids along the modeled transect, we have finally adopted the value 

of 1.65 µW/m3, which represents a global upper crustal average according to Rudnick 

and Gao (2003). 

For the middle crust, in absence of other sources of information, we have also 

chosen the worldwide average value proposed by Rudnick and Gao (2003), which is 

1.00 µW/m3. 

The lower crust was already divided in different bodies according to their relative 

proportions of felsic to mafic constituents (see section 4.3 of main article), which also 

control the relative abundance of heat-producing elements. Vilà et al. (2010) present an 

exhaustive analysis of heat production in many common lithological types and provide 

globally averaged values for lower crustal rocks of felsic-intermediate and mafic 

compositions, which are 0.50 and 0.15 µW/m3, respectively. We have chosen values of 

0.40 µW/m3 for the southern part of the Iberian lower crust (ie. 70% felsic, 30% mafic) 

and 0.33 µW/m3 for the subducting part located northwards (ie. 50% felsic-50% mafic). 

This last value was used as well for the European lower crust, except for the dense 

segment located beneath the thinnest part of the continental margin (HVLC), which is 

assumed to be essentially mafic and therefore a value of 0.15 µW/m3 was used for it.  
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Supplementary Figure 2. Same as Figure 5 but showing the fitting of observables for Model A 
extended 300 km farther north to incorporate the conjugate Armorican margin. (Continuation of 
Model B from 470 to 770 km is exactly the same as in this figure, with comparable fittings).
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