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The knowledge of the anisotropic properties beneath the Iberian Peninsula and Northern Morocco has been
dramatically improved since late 2007 with the analysis of the data provided by the dense Topolberia broad-
band seismic network, the increasing number of permanent stations operating in Morocco, Portugal and Spain,
and the contribution of smaller scale/higher resolution experiments. Results from the two first Topolberia
deployments have evidenced a spectacular rotation of the fast polarization direction (FPD) along the Gibraltar
Arc, interpreted as an evidence of mantle flow deflected around the high velocity slab beneath the Alboran
Sea, and a rather uniform N100°E FPD beneath the central Iberian Variscan Massif, consistent with global mantle
flow models taking into account contributions of surface plate motion, density variations and net lithosphere
rotation. The results from the last Iberarray deployment presented here, covering the northern part of the Iberian
Peninsula, also show a rather uniform FPD orientation close to N100°E, thus confirming the previous interpreta-
tion globally relating the anisotropic parameters to the LPO of mantle minerals generated by mantle flow at
asthenospheric depths. However, the degree of anisotropy varies significantly, from delay time values of around
0.5 s beneath NW Iberia to values reaching 2.0 s in its NE corner. The anisotropic parameters retrieved from single
events providing high quality data also show significant differences for stations located in the Variscan units of
NW Iberia, suggesting that the region includes multiple anisotropic layers or complex anisotropy systems.
These results allow to complete the map of the anisotropic properties of the westernmost Mediterranean region,
which can now be considered as one of best constrained regions worldwide, with more than 300 sites investigat-
ed over an area extending from the Bay of Biscay to the Sahara platform.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

can be related to the strain from the last significant tectonic episode
preserved in the subcrustal lithosphere, to dynamic flow in the astheno-

The investigation on the anisotropic properties of the uppermost
mantle is one of the best approaches to better understand the
geodynamic processes affecting this depth range. The origin of the
upper mantle anisotropy has been classically related to the strain-
induced lattice preferred orientation (LPO) of the mantle minerals, in
particular of olivine (e.g., Nicolas and Christensen, 1987) developed in
response to tectonic flow. Even if the relationship between deformation
and anisotropy properties is not straightforward, in tectonically active
areas (mid-ocean ridges, rifts, subduction zones) fast polarization
directions (FPDs) are expected to mark the direction of mantle flow,
while in zones without present-day large-scale tectonic activity, FPD
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sphere or to the combined effect of both mechanisms (Savage, 1999;
Silver, 1996; Vauchez et al., 2012).

Uppermost mantle anisotropy can be explored using different
seismic methodologies, including surface wave scattering, Pn tomogra-
phy, P wave travel-time azimuthal variation and shear-wave splitting,
the latter being widely accepted as the most fructiferous approach.
When traveling across an anisotropic medium, a shear wave will split
in two waves orthogonally polarized and traveling with different
velocities, which will arrive to the seismic station separated by a certain
time delay. As this delay is smaller than the period of the teleseismic
shear-waves, the polarization of these waves is not linear but shows a
characteristic ellipticity. SKS waves, which travel as compressional
waves through the external core and are converted again to shear
waves in the core mantle boundary (CMB) grossly beneath the station
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are widely used to investigate anisotropy, as their waypaths assure that
any anisotropic effect detected must be generated near vertically
beneath the receiver station, hence providing a good lateral resolution.
On the contrary, the method does not provide direct constrains on the
vertical position of the anisotropic zone. During the last decades a
large amount of contributions have analyzed SKS splitting in many
tectonic settings, from the oldest cratons to active subduction zones
(e.g., Long, 2013; Vinnik et al., 2012). As SKS waves have typical periods
of 5-10 s, they lay in the middle of the microseismic peak, the zone of
the seismic spectra with the largest background noise, mostly related
to the interaction of oceanic waves. This makes difficult to get clear
SKS arrivals, even for large magnitude events. Additionally, SKS waves
need to be isolated from other phases traveling with similar apparent
velocities, thus limiting the distance range of useful events to 85°-
120°. The first contributions in the 1980s and 1990s (Silver and Chan,
1988; Vinnik et al., 1989) were based in the data from the scarce
number of permanent broad band stations deployed worldwide. With
the availability of an increasing number of portable broad-band seis-
mometers, experiments focused on anisotropy started to be carried
out at local scale using dense deployments recording data during
weeks to months. Those studies have been typically focused in relatively
small areas or devoted to study larger regions by means of high density
linear profiles crossing their main structures. The EarthScope project,
started in 2005 in the United States, marked the beginning of a new
era in seismic exploration, as it involved the deployment of an homoge-
neous network of broad-band stations covering the contiguous USA
with a regular grid of about 70 km x 70 km. Regarding anisotropic
studies, the EarthScope project allowed to obtain very detailed results,
including, for example, the observation of toroidal flow around the
Juan de Fuca plate (Zandt and Humphreys, 2008). The Iberarray seismic
network, integrated in the large-scale Topolberia project (Diaz et al.,
2009), has allowed deploying a similar network in Iberia and northern
Morocco. Using more than 70 broad-band instruments and three
different deployments, and integrating the permanent stations in
the area, the experiment provided a final database holding more
than 300 sites, forming a 60 km x 60 km grid and covering a region of
approximately 600.000 km?. Therefore, the Topolberia network is one
of the first examples of high density regional scale seismic experiment
providing information on large scale regions with unprecedented
detail.

The anisotropic analysis of the first Topolberia deployments, cover-
ing North Morocco and the Southern and central part of the Iberian
Peninsula, have already been published by Diaz et al. (2010) and Diaz
and Gallart (2014). The objective of this contribution is twofold;

firstly, we will present the anisotropic results derived from the data
recorded during the last Topolberia deployment, covering the northern
part of Iberia, from the Mediterranean Sea to the Atlantic passive margin
(Fig. 1). Secondly, the results from the three deployments will be
summarized in order to get, for the first time, a comprehensive image
of the anisotropic properties of the westernmost Mediterranean region.
In order to complete this image, we present also the anisotropic param-
eters derived from the analysis of broadband seismic stations in
Portugal, including permanent sites and the stations deployed in the
framework of the WILAS project, an independent experiment designed
to complete the Iberia coverage provided by Topolberia (see Custodio
et al.,, 2014 for details). The retrieval of the anisotropic properties
of this large area allows to further constraining the geodynamic inter-
pretation of the region.

2. Tectonic setting of northern Iberia

The northern part of the Iberian Peninsula has been affected by two
large compressional episodes, the Variscan and Alpine orogenies,
separated by a period of significant extensional deformation in the
Mesozoic.

The Variscan orogeny started with the closure of the Rheic Ocean
and the collision between Laurentia-Baltica-Avalonia and the continen-
tal margin of Gondwana during the Carboniferous, giving rise to the
building of the Pangea supercontinent (Matte, 1991). The western
part of northern Iberia is represented by the Variscan Iberian Massif,
one of the best-exposed sections of the Variscan belt in Europe, formed
mainly by granitoids and metasediments of Precambrian/Paleozoic ages
that remained tectonically stable (although locally affected by the
western termination of the Alpine orogeny) for the last 300 Ma
(Gibbons and Moreno, 2002). The geological trends of the Variscan
orogen in North-Iberia show an overall E-verging structure, later
complicated by the development of the Ibero-Armorican Arc (or
Cantabrian Orocline) in the latest Carboniferous (Gutiérrez Alonso
et al., 2012). This massif shows a well-established zonation, based on
structural, metamorphic and paleogeographic differences (Farias et al.,
1987; Julivert et al., 1972). The Cantabrian Zone is the most external
unit and represents the thin-skinned foreland fold-and-thrust belt
(Pérez-Estatin et al., 1988, 1994). To the west, the transition to the
hinterland zones is represented by the West Asturian-Leonese Zone
(WALZ), with westward-increasing metamorphism and internal
deformation (Martinez Catalan et al., 1990). Finally, the most internal
part of the orogen is located in the western end of northern Iberia and
is divided into the Central Iberian Zone (CIZ) and the Galicia-Tras-os-
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Fig. 1. Simplified geological map of north Iberia showing the locations of the investigated stations, including Topolberia and WILAS deployments and permanent sites.
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Montes Zone (GTMZ), corresponding respectively to autochthonous
units and a group of para-autochthonous and allochthonous units
including the suture units of the Variscan orogeny (Farias et al., 1987).
These areas are characterized by a widespread presence of granitic
rocks.

After the end of the Variscan orogeny and the tightening of the Ibero-
Armorican Arc in the latest Carboniferous, a period of extensional
deformation related to the opening of the Central Atlantic lasted most
of the Mesozoic period. The West-Iberian margin and its conjugate,
the Newfoundland margin formed during two successive rifting events:
one in the Late Triassic to Early Jurassic, and a second and more impor-
tant one during Late Jurassic to Early Cretaceous, leading to seafloor
spreading of the southern North Atlantic (Ranero and Pérez-Gussinyé,
2010; Sutra et al,, 2013; Tucholke et al.,, 2007). Another rift arm
developed in the northern border of Iberia, which began to diverge
from Eurasia. Very deep basins were created in between, such as the
Parentis, Basque-Cantabrian and Mauléon basins. A bit further south,
the Iberian Basin developed in an intraplate context. In the western
part of North-Iberia, north of the present-day shoreline, extension lead
to the opening of the Bay of Biscay between the North-Iberian (or
Cantabrian) margin and its conjugate, the Armorican margin. Seafloor
spreading occurred in the western part of the bay during mid to Late
Cretaceous times (e.g. Sibuet et al., 2004).

Since the latest Cretaceous and during most of the Tertiary, the
northward drift of the African Plate forced the convergence between
Iberia and Eurasia as the western termination of the Alpine orogeny.
This event produced the inversion of the Mesozoic sedimentary basins
and the uplift of basement blocks and thrust sheets in the contact
zone, shortening the former passive margin and building up the
doubly-vergent Pyrenean-Cantabrian mountain belt (e.g. Alonso et al.,
1996; Boillot and Malod, 1988; Gallastegui et al., 2002; Mufioz, 1992;
Pedreira et al., 2007, 2015). The north-verging wedge of this orogen is
prolonged from the Pyrenees to the North-Iberian margin, crossing
the NE corner of the Basque-Cantabrian Basin. The south-verging
wedge continues through the Cantabrian Mountains, which include
the inverted Basque-Cantabrian Basin and parts of the Variscan Iberian
Massif to the west, uplifted along a major basement thrust (Alonso
et al., 1996). This E-W trending orogen is bounded by the Aquitanian
foreland basin to the north and by the Duero and Ebro foreland basins
to the south. The deep structure of northern Iberia has been recently im-
aged using tomographic methods by Chevrot et al. (2014). This new
teleseismic tomography seems to rule out the subduction of oceanic
lithosphere beneath the Pyrenean Chain, rather supporting the hypoth-
esis that the Pyrenees are the result of the tectonic inversion of a conti-
nental rift. The central part of the Iberian Peninsula is marked by the
Meseta, an uplifted plateau with a mean altitude of around 700 m, prob-
ably the highest in Europe, which still lacks for a fully accepted explan-
atory model, even if it has been related to a low velocity zone in the
upper mantle imaged by tomographic models (Carballo et al., 2015).
This Meseta is mainly occupied by the Duero basin to the north
and the Tagus basin to the south, separated by the Central Iberian
System, an ENE-WSW-oriented intraplate mountain range uplifted
as a crustal pop-up developed in the Variscan basement during the
Alpine orogeny (e.g. de Vicente et al., 2007 and references therein).
To the east, another Alpine-age mountain belt developed by the in-
version of the Mesozoic Iberian basin, also involving the Variscan
basement: the Iberian Chain (Guimera et al., 2004). This chain
links to the SE with the Catalan Coastal Ranges, another alpine
mountain system developed along the Mediterranean coast. Off-
shore, the Valencia Trough was opened during the Neogene clock-
wise rotation of the Balearic Islands, and it is considered to
represent the southwestern prolongation of the Provencal basin,

linked in turn to the counterclockwise rotation of the Corsica-Sardinia
block (Dewey et al., 1989). These basins were formed in a back-arc set-
tings on top of the western Mediterranean subducting slab, with a com-
plex evolution complicated by the northeastern prolongation of the
Betics compressional deformation along the Balearic Promontory
(Faccenna et al., 2014; Fontboté et al.,, 1990; Negredo et al., 1999).

3. Data acquisition and processing

The third Iberarray deployment started in fall 2010 and was fully
operational as of spring 2011. Most of the stations remained active
until the end of the project, in summer 2013, hence providing more
than two years of available data. Data from the permanent networks
have been analyzed for the period 2010-2013, thus gathering about
3 years of teleseismic recordings. This has resulted in a dataset comprising
98 stations to be added to the nearly 200 sites previously investigated
by Diaz et al. (2009) and Diaz and Gallart (2014). using data from the
first and second Topolberia deployments. All the earthquakes with
magnitude greater than 6.0-6.2 and epicentral distances ranging be-
tween 90° and 130° have been inspected and up to 79 events have final-
ly provided useful anisotropic measurements.

To inspect this large amount of data we have benefited from the
SplitLab software (Wiistefeld et al., 2008), that provides a useful tool
to measure the splitting parameters and manage the resulting database.
Consistently with Diaz and Gallart (2014), we have favored the method
based on the search for a maximum correlation between the two quasi-
shear waves as it is less sensitive to possible mis-orientations of the seis-
mometer horizontal components than the methods based on the mini-
mization of the transverse component energy (Tian et al., 2011).

Standard quality criteria are used, based on i) a good signal-to-noise
ratio allowing clear phase identifications and ii) the retrieval of a linear
particle motion consistent with the event back azimuth once the
anisotropic effect has been corrected. According to these criteria, the
measurements were classified into three categories (good, fair, poor)
and only those in the first two classes were retained (Fig. 2).

As SKS waves have a dominant period ranging from 5 to 10 s, it is
difficult to get accurate measurements of small delay times. As a general
rule, only the events with delay times greater than 0.4 s are classified as
anisotropic. Events resulting in smaller delay times are classified as
showing no evidence of anisotropy and usually referred as “nulls”.
Assuming hexagonal symmetry and a horizontal symmetry axis, only
those events with back azimuth close to one of the principal axes are
expected to result in nulls. Therefore, the identification of signal without
evidences of anisotropy along a significant azimuthal range needs to be
interpreted carefully. However, if the signal to noise ratio is small, the
amplitude of the background seismic noise can mask the arrival of the
quasi-shear waves, leading to the observation of a large number of
apparent nulls. To avoid classifying noisy events with unstable measure-
ments as nulls, we have only retained those measurements providing
delay times smaller than 0.25 s and discarded those with delay times
between 0.25 s and 0.4 s. This resulted in a total of 870 non-null and
318 null measurements. For most of the stations we have retained 8
to 20 observations, with a mean value of 13 valid measurements per
station.

The anisotropy beneath Portugal has been analyzed using data from
permanent broad-band stations and from the WILAS experiment,
involving the deployment of a dense array of temporary stations
(Custodio et al., 2014). The portable stations were active during a period
of nearly 2 years, from July 2010 to June 2012, to overlap with the 2nd
and 3rd Topolberia deployments. WILAS also provided the necessary
framework for data-sharing between all other broad-band seismic
networks operating in Portugal. For the permanent stations, a larger

Fig. 2. Example of the splitting parameters obtained using the SplitLab software. a) Example of a good quality non-null measurement at station E114, located in the Iberian Chain, showing a
FPD oriented N114°E and &t = 0.9 s. b) Example of a good quality event at station CCAS, located close to the northern Mediterranean shoreline, showing a much larger 6t = 1.8 sand a
similar N100°E oriented FPD. ¢) Example of “null” measurement at station E153, located in the Cantabrian zone, for an event with N25°E back azimuth.
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Fig. 3. Anisotropic parameters retrieved from our dataset overprinting a simplified tectonic map of the region. The results are presented in the projected location of the piercing point at a
depth of 200 km. Bars are oriented along the FPD and their length is proportional to the measured 6t. Thin black lines represent event without splitting evidence (nulls) and are oriented

following the back azimuthal direction.

time period, extending from 2008 to 2012 has been analyzed. In the
particular case of the MTE station, located in central-north Portugal, in
the western part of the Iberian Massif, we have benefited from the
previous contribution by Morais (2012), who inspected the 1997-
2004 period. The analysis of the Portuguese stations was performed
using the approach of Vinnik et al. (1989). In this method the SKS
waveforms, chosen to maximize azimuthal coverage, are first stacked
to minimize noise effects as well as the bias introduced by the strongest
events. The transverse component of SKS and similar phases is synthe-
sized from the observed radial component for a number of different
anisotropic models. The optimum model is obtained by minimizing
the difference between the synthetic and observed transverse compo-
nent, using a penalty function.

Data from some of the Portuguese stations has also been investigated
using the SplitLab program to validate the consistency of the results
obtained by both approaches, giving typical differences in FPD of around
10°/15° and hence allowing the integration of the results.

Even if SKS measurements do not provide direct constrains on the
vertical position of the anisotropic zone, it is widely accepted that
most of the anisotropy comes from the upper mantle, even if it remains
unclear whether anisotropy is confined to the uppermost mantle or
continues through the transition zone (Savage, 1999). Therefore we
have chosen to present the individual results in Fig. 3 located on the
vertical of their piercing points at a representative depth fixed of
200 km. Supplementary Table 1 provides a complete list of each mea-
surement and Supplementary Table 2 shows the geographical coordi-
nates and the mean FPD and delay time (6t) for each analyzed station.

The inferred FPD values are quite uniform across northern Iberia,
with mean orientations close to N100°E, and are generally consistent
with the scarce data previously available, arising from short-term
deployments in the Pyrenees (Barruol et al., 1998), the Cantabrian
Mountains and Galicia (Diaz et al., 2006). Stations in the Pyrenean
Range and NE Iberia show a slightly different FPD, closer to a WNW-
ESE direction, even if it is difficult to assess the validity of this variation.
On the contrary, the &t values show a clear E-W change, with values
below 0.6 s in the western part of Iberia, mean values of around 1.0 s
in the central part, the Pyrenees and the Ebro basin and reaching values
close to 2.0 s near the coast of the Mediterranean Sea. The number of
null measurements is also inhomogeneous, with an increased number
in the western sites and also for stations close to the Central System. It
is important to note that most of the retained nulls have common
back azimuthal directions.

Most of the investigated stations show azimuthal dependence on its
anisotropic properties. Fig. 4a illustrates this dependence for some repre-
sentative stations. It can be observed that FPDs are close to EW for events
with NE back azimuth and shift clockwise with the back azimuth. In the
third quadrant, we found an equivalent variation, with FPD close to EW
for SW back azimuths and shifting to N130°E as back azimuth approaches
to W. This figure also shows the change in 6t along an EW transect. How-
ever we must point out that the azimuthally dependent FPD variation re-
mains moderate, as it spans on a 30-40° range. Such kind of dependence
is typically explained by the presence of multiple anisotropic layers at dif-
ferent depth ranges (e.g. Silver and Savage, 1994). Since the usual earth-
quake distribution around the planet does not allow to cover the second
and forth quadrants with a satisfactory number of events, it becomes
very difficult to get a good back azimuthal coverage allowing to infer a re-
alistic model to explain those second order variations.

Fig. 4b documents the differential anisotropic parameters observed
in the western part of northern Iberia, by presenting the anisotropic
parameters retrieved for 2 events with back azimuths close to SW and
E directions. The first case shows rather uniform results, with FPD
close to EW for most of the stations in northern Iberia, except those
located in western area and some of those along the Duero basin and
the Iberian Chain, where “nulls” are consistently detected. The event
with E back azimuth provides clearly different results. Most of the
stations give now null measurements, consistently with an anisotropic
model with an EW oriented FPD. On the other hand, stations located
in the NW corner of the Iberian Peninsula consistently show for the
same event a non-null, N130°E oriented FPD.

These results allow to complete the high resolution exploration of
anisotropy beneath Iberia resulting from the analysis of the Topolberia
project Diaz et al., 2009, Diaz and Gallart, 2014). Fig. 5 summarizes
this information by presenting a complete map of the anisotropic pa-
rameters in the westernmost Mediterranean region, extending from
the Sahara platform to the Bay of Biscay and covering the whole Iberian
Peninsula. Prior results included in the SKS splitting data base
(Wiistefeld et al., 2009, http://splitting.gm.univ-montp2.fr) are also in-
cluded in the map. In order to get a more accurate view of the variations
in the anisotropic parameters across the investigated region, we have
located each individual measurement in the vertical of its piercing
point at a depth of 200 km and built a continuous map using the nearest
neighbor gridding algorithm included in the GMT package (Wessel and
Smith, 1998). The resulting maps are presented in Fig. 6 and will be
discussed in the next section.
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Fig. 4.a) Individual anisotropic measurements for a selected group of representative stations along an E-W profile. For each station, the bars representing FPD are displayed around a circle
following its back azimuthal direction. b) Anisotropic parameters for 2 selected events reaching northern Iberia along different back azimuthal directions at all the stations providing useful
results. Bars are oriented along the FPD and their length is proportional to the measured 6t. Red bars are for “good” quality measurements while orange bars stand for “fair” results. “Null”

measurements are represented by thin black lines oriented along the back azimuth.

4. Geodynamic interpretation

In order to interpret geodynamically the anisotropic parameters, a
good knowledge of the mechanism responsible for the anisotropy is
needed. It has been established that the crust contribution to the delay
times observed between split SKS waves is limited to few tens of second
and hence that most of the anisotropy comes from the upper mantle,
even if it remains unclear whether anisotropy is confined to the upper
200 km or it continues through the transition zone (Savage, 1999;
Yuan and Beghein, 2013). It is also widely accepted that anisotropy in
the mantle is mostly related to the lattice preferred orientation (LPO)
of the minerals, in particular olivine, which is the major constituent of

the upper mantle (Nicolas and Christensen, 1987). Laboratory experi-
ments have shown that the fast propagation axes in peridotites aligns
with the direction of maximum shear, although factors such as temper-
ature, melt fraction or presence of water result in changes in the olivine
fabric and its relationship with deformation (Long and Becker, 2010).
For most kinds of finite strain, FPDs are thus expected to be parallel to
the extension direction (Silver and Chan, 1988). In tectonically active
areas the present-day mantle flow can explain the peridotite LPO.
Vinnik et al. (1992) proposed that the passive motion of the lithosphere
over the asthenospheric mantle will result in FPD oriented parallel
to the absolute plate motion. Recent global flow models have shown
that the effect of lateral heterogeneity in viscosity, which induce net
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results presented by Miller et al. (2013).

lithosphere rotation, and the presence of density-driven flow need also
to be taken into consideration (Becker, 2008; Conrad and Behn, 2010;
Kreemer, 2009). Under those hypotheses FPD would not be directly
related to the absolute plate motion (APM), but will be oriented along
the mantle flow direction resulting from the interaction of those
processes. If the anisotropy is located in the subcrustal lithosphere, its
origin can be related to the last tectonic event affecting the region,
which would result in FPD subparallel to major structures, such
as plate boundaries or mountains belts. This kind of mechanism has
often been invoked to explain anisotropic observations in tectonically
passive areas.

The general E-W orientation of the FPD in northern Iberia,
indistinctly observed in areas of the Iberian Variscan massif almost
undeformed since ~300 Ma and in areas in the north and east
overprinted by the Alpine orogeny (Pyrenean—Cantabrian belt), suggest
that the general anisotropic pattern is not related to lithospheric
“frozen-in” anisotropy acquired in any of these two orogenic events.
The clear difference between the FPD retrieved beneath the Central
Iberian Massif, close to N100°E, and the surface expression of the arcu-
ate Variscan belt, with tectonic lineaments oriented close to NW-SE in
the southern part of Iberia and shifting smoothly to N-S in NW Iberia
(Matte, 1991) provides further evidences against a main lithospheric
origin of the observed anisotropy (Diaz and Gallart, 2014). If the

anisotropic pattern is due to present-day mantle flow, the FPD is
expected to be parallel to the mantle flow direction. The first candidate
to define the direction of the dominant mantle flow is the APM vector,
derived from geodetic models. The APM direction in Iberia depends on
the global plate models used; those assuming no net rotation, deter-
mined solely from the relative motions between plates, give an absolute
plate motion vector oriented close to NE (N50°E) beneath Iberia. This
result has been recently confirmed by the results from continuous GPS
monitoring obtained in the mainframe of the Topolberia project
(Garate et al., 2014). Models obtained within a hot spot based reference
frame, and thus assuming net rotation of the tectonic plates, result in a
nearly opposite direction, close to WSW (N238°E) (http://www.unavco.
org/community_science/science-support/crustal_motion/dxdt/model.
html). Neither of those directions can explain the observed FPD (Fig. 7).
The viscous mantle flow model presented by Conrad and Behn (2010),
taking into consideration the contributions to global flow of plate
tectonics, mantle density heterogeneity and net lithosphere rotation,
results in a flow field at upper mantle depths (200-400 km) oriented
E-W beneath central Iberia, which is compatible with our splitting
measurements. It is important to note that the FPD observed beneath
northern Iberia may provide further constrains into the mantle dynamics
models for the Mediterranean region. The Fig. 12 in Faccenna et al.
(2014) shows that the modification of the upper mantle structure to
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Fig. 6. Gridded maps of the fast polarization directions (a) and the delay times (b) beneath the investigated area. Each measurement is located in the vertical of its piercing point at 200 km

and the grid is interpolated using a standard nearest neighbor algorithm.

take into account the Tyrrhenian and Hellenic slabs regions improve the
agreement between FPD observations and predictions beneath those
regions, but results in a clearly worse adjustment beneath central and
northern Iberia, suggesting than further improvements are still needed.

Within this broad picture, the imprint of Variscan and Alpine orog-
enies can, however, modulate the anisotropic pattern and potentially
explain some small-scale anomalies. The FPD retrieved for stations
located in the Iberian Massif are clearly different from the crustal
expression of the Variscan orogeny, with structures oriented close to
NW-SE in the southern part of Iberia and shifting smoothly to N-S in
NW Iberia following the arcuate Variscan belt (Matte, 1991). However,
there is a striking coincidence between the locus of Variscan syn-
kinematic, I-type granitoids in NW Iberia, and a zone characterized by
a slightly more WNW-ESE orientation of FPD, with small 6t and a
large number of nulls. This introduces the possibility that some
“frozen-in” anisotropy in the innermost part of the Variscan orogen
contribute to the disorganization of the general asthenospheric E-W
anisotropy. This will result in a two-layered anisotropic model involving
lithospheric and asthenospheric contributions, at least beneath this
zone, even if the characterization of such a model is beyond the objec-
tives of this contribution.

Beneath the Pyrenees and the Cantabrian Mountains, a roughly E-W
orogenic belt, the imprint of the Alpine deformation may also contribute
partially to the E-W oriented FPD (Barruol et al., 1998; Diaz et al., 2002).
However, this contribution must be small, because no significant differ-
ences are observed between the anisotropic parameters obtained at
stations located in the core of the Pyrenean-Cantabrian mountain belt
and those located in its foreland basins. In the central part of Iberia,
the Meso-Tertiary zones reworked by the Alpine orogeny, their tertiary
foreland basins and the undisturbed Variscan Iberian Massif show also
similar anisotropic parameters, suggesting a common mechanism of
the observed anisotropy related to present-day asthenospheric flow.

The FPD results presented by Barruol et al. (2004) for eastern Alps
and southern France show a smooth pattern with a major NW-SE
component. These results were interpreted as resulting from a regional

asthenospheric flow induced by the sinking of Apenninic slab and the
subsequent rotation of the Corsica-Sardinia block. The northeast area
of the Iberian Peninsula shows higher than average 6t values, suggesting
that the anisotropy beneath this area is still influenced by the regional
flow proposed by Barruol et al. (2004).

Moving south, we retrieve the interpretation presented by Diaz and
Gallart (2014). The reader is addressed to this contribution for a detailed
discussion, but we include here a short summary of their main points for
completeness. The arcuate variation in the FPD along the Gibraltar Arc,
already pointed by Buontempo et al. (2008) using a limited set of data,
is explained by the deflection of the global mantle flow around the fast
velocity slab depicted by tomography beneath the Alboran Sea
(Bezada et al., 2013; Bonnin et al., 2014). This deflection will also
explain the progressive FPD shift observed in southern Iberia, from
NE-SW in the West to ENE-WSW in the eastern part, as well as the
abrupt change in FPD in the northern coast of Morocco at about 3°W
(Alhoceima region). As the global mantle flow of Conrad and Behn
(2010) does not take into consideration the presence of the Alboran
slab, a large discrepancy between the model and the actual FPD is
observed beneath this region (Fig. 7). It is worthy to note that evidences
of similar mantle flow have been documented beneath other areas of the
Mediterranean region, particularly beneath the Calabrian Arc
(Baccheschi et al,, 2011) or the Aegean (Evangelidis et al., 2011). Differ-
ent authors (Faccenna et al., 2014; Jolivet et al., 2009) have indeed
proposed that the presence of asthenospheric flow around small-scale
subducted slabs is a characteristic feature of Mediterranean basins. The
large number of nulls extending over a large back azimuthal range in
SW Portugal and eastern Morocco suggest the presence of mantle flow
with a predominant vertical component. This is consistent with models
based in potential fields showing large variations in the lithospheric
thickness beneath those areas (Fullea et al., 2010; Jiménez-Munt et al.,,
2011), with S-wave velocity models obtained from joint inversion of
Ps and Sp receiver functions (Morais et al., 2015), and with the small-
scale, edge-driven convective cells, proposed by Missenard and Cadoux
(2011) to account for Cenozoic volcanic activity in the Atlas.
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5. Conclusions

The last Topolberia deployment covers the northern part of the
Iberian Peninsula, from the eastern Pyrenees to the most hinterland
parts of the Variscan belt. The results show an average fast velocity
direction close to E-W. The origin of this anisotropy is globally related
to the LPO of mantle minerals generated by mantle flow at astheno-
spheric depths. Delay times of around 1.0 s-1.5 s are observed in most
of the stations, but lower values, not exceeding 0.8 s, are measured in
the Galicia-Tras-os-Montes zone. We interpret that this zone, corre-
sponding to the core of the Variscan deformation, may have a secondary
lithospheric anisotropic layer overprinting the general asthenospheric
flow. Sites located near the Mediterranean coast exhibit a clearly higher
delay time, close to 2.0 s. This can be related to a regional asthenospheric
flow beneath the Ligurian induced by the sinking of the Apenninic slab.
The presence of an azimuthal dependence of the splitting parameters is
also confirmed by the new data, denoting a complex distribution at
depth of the anisotropic features. However, the limited back azimuthal
coverage does not allow to investigate the properties of two-layered
anisotropic models which could explain satisfactorily the observed
patterns. Even if data from short term experiments in the Pyrenees
and northern Iberia have previously given a first insight on the

anisotropic properties of this region, the analysis of the new dataset
provides a much better coverage and resolution, emphasizing the
regional variations of the anisotropic properties, as the clearly distinct
FPD beneath NW Iberia or the relevant variations in delay time across
northern Iberia (Fig. 6b).

From a more general point of view, the results presented here allow
to complete the map of the anisotropical features of the westernmost
Mediterranean region, which can now be considered as one of the
world regions with better anisotropic constraints, with more than 300
sites investigated over an area exceeding 600.000 km?. The new results
tend to confirm the previous interpretation presented by Diaz and
Gallart (2014), globally relating the anisotropic parameters to the LPO
of mantle minerals generated by mantle flow at asthenospheric depths.
The E-W oriented FPD are compatible with mantle flow models taking
into consideration the combined effect of relative plate motions, mantle
density heterogeneity and net lithosphere rotation (e.g., Conrad and
Behn, 2010). However, the new results confirm also that the anisotropic
properties show significant regional variations, which can be related to
major geodynamical processes. Hence, the arcuate variation of the FPDs
following the Gibraltar Arc is interpreted to result from the mantle flow
deflection around the fast velocity slab extending down to 600 km.
The small degree of anisotropy and the large number of observations
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without evidences of anisotropy beneath SW Iberia, the High Atlas and
the northern rim of the West African Craton have been interpreted as
suggesting the presence of vertical mantle flow associated to edge-
driven convective cells triggered by large variations of the lithospheric
thickness.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2015.03.007.
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