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SUMMARY

We performed shear wave splitting analysis on 203 permanent (French RLPB, CEA and Cat-
alonian networks) and temporary (PYROPE and IberArray experiments) broad-band stations
around the Pyrenees. These measurements considerably enhance the spatial resolution and
coverage of seismic anisotropy in that region. In particular, we characterize with different
shear wave splitting analysis methods the small-scale variations of splitting parameters ¢ and
8t along three dense transects crossing the western and central Pyrenees with an interstation
spacing of about 7 km. While we find a relatively coherent seismic anisotropy pattern in the
Pyrenean domain, we observe abrupt changes of splitting parameters in the Aquitaine Basin
and delay times along the Pyrenees. We moreover observe coherent fast directions despite
complex lithospheric structures in Iberia and the Massif Central. This suggests that two main
sources of anisotropy are required to interpret seismic anisotropy in this region: (i) lithospheric
fabrics in the Aquitaine Basin (probably frozen-in Hercynian anisotropy) and in the Pyrenees
(early and late Pyrenean dynamics); (ii) asthenospheric mantle flow beneath the entire region
(imprint of the western Mediterranean dynamics since the Oligocene).

Key words: Mantle processes; Europe; Body waves; Broad-band seismometers; Seismic

anisotropy; Dynamics of lithosphere and mantle.

1 INTRODUCTION

The Pyrenees formed between the Aptian (120 Ma) and the Eocene
(40 Ma) as a consequence of the convergent motion of Iberia rel-
ative to Eurasia. The first stage of formation of the Pyrenees is
related to the opening of the North Atlantic oceanic domain during
the Early Cretaceous. The position of Iberia at that time, in par-
ticular after the magnetic anomaly MO (125 Ma), is nevertheless
poorly constrained, the motion of Iberia—and notably the opening
of the Bay of Biscay—occurred during the superchron 34 (from
125 to 85 Ma). Consequently, no magnetic anomaly can be used for
kinematic reconstructions during that period. Three main kinematic
reconstructions for the movement of Iberia have been proposed (see
Barnett-Moore et al. 2016, and references therein for a review).
In brief: (i) 300 km of left-lateral strike-slip motion (Le Pichon &
Sibuet 1971; Choukroune & Mattauer 1978; Olivet 1996); (ii) the
opening, between Iberia and Eurasia, of a 300-400 km wide oceanic
basin that was later closed by the subduction of the Iberian litho-
sphere beneath Eurasia (Srivastava et al. 1990, 2000; Sibuet et al.
2004; Vissers & Meijer 2012); (iii) a transtensional and extensional
motion (Jammes et al. 2009). On the other hand, there is a consensus
to start the initiation of the Pyrenean collision around 85 Ma. The
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continuation of the compression up to mid Eocene times (40 Ma)
finally caused the uplift of the belt.

Different domains can be defined to describe the structure of the
Pyrenees (Choukroune 1992, see Fig. 1a): (1) the Pyrenean Axial
Zone (PAZ) represents the thickened Iberian crust composed of de-
formed Hercynian crystalline massifs (Vissers 1992), (2) the North
Pyrenean Zone (NPZ) localized to the north of the North Pyrenean
Fault (NPF) is the zone where the largest deformations are observed
and corresponds to the remnants of the extended continental domain
that lay between Iberia and Eurasia before the collision, and (3) the
North Pyrenean Front Thrust (NPFT) and South Pyrenean Front
Thrust (SPFT), which overthrust the Aquitaine and Ebro foreland
basins, respectively.

Seismic anisotropy is mostly related to rock microfracturing and
layering in the upper crust (e.g. Crampin 1984) or with lattice-
preferred orientation of anisotropic minerals at greater depth such
as in the lower crust (Barruol & Mainprice 1993), or in the up-
per mantle (e.g. Mainprice & Silver 1993). Seismic anisotropy in
the upper-mantle results primarily from elastic anisotropy of rock-
forming minerals—particularly olivine—which develop preferred
orientations in response to tectonic stress and flow (e.g. Nicolas
& Christensen 1987; Mainprice et al. 2000). Seismic anisotropy
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Figure 1. (a) Map presenting the main structural domains of the Pyrenees region. PAZ: Pyrenean Axial Zone; NPF: North Pyrenean Fault; NPFT: North
Pyrenean Frontal Thrust; SH: Sillon Houillier; SPFT: South Pyrenean Frontal Thrust. (b) Localization map of the 203 broad-band stations analysed in this
study with the names of the stations cited in the text. (c) Backazimuthal coverage obtained for SKS-waves at the FR.CFF station (Clermont-Ferrand, France).
Red circles represent earthquakes with M,, > 6.0 that occurred at epicentral distances ranged between 90 and 120° between 11/2011 and 06/2015.



900 M. Bonnin et al.

is thus a powerful tool for mapping upper-mantle deformation and
for studying the dynamics of the lithosphere/asthenosphere system.
Shear wave splitting is a direct manifestation of birefringence: when
a shear wave propagates through an anisotropic medium it splits
into two orthogonally polarized quasi-shear waves with different
velocities. Two parameters can be measured to quantify the bire-
fringence of shear waves (generally from records of core-refracted
shear waves such as SKS): (1) the delay (67) between the two split
quasi-shear waves that depends both on the thickness and on the
intrinsic anisotropy of the medium and (2) the orientation of the po-
larization plane of the faster shear wave (¢), which is related to the
orientation of the pervasive fabric in the anisotropic structure (fo-
liation and lineation) or to fluid-filled microcracks at upper crustal
levels.

Previous analyses of SKS splitting in the Pyrenean domain re-
vealed relatively homogeneous N100°E fast polarization directions
(Barruol & Souriau 1995; Barruol et al. 1998), that is, close to paral-
lel to the strike of the belt. They were interpreted as resulting from
the strike-slip deformation associated with the rotation of Iberia
and/or to the pure shear deformation caused by the N/S collision
between Iberia and Europe. Anisotropy was thus mostly believed
to be localized within the lithosphere. More recently Diaz et al.
(2015), using data from the Topo-Iberia deployment, showed that
those N100°E fast azimuths are observed throughout the Iberian
peninsula and Barruol ef al. (2004, 2011) found an anti-clockwise
rotation of the directions of anisotropy from close to N150°E in the
northern French Massif Central to close to E/W directions along
the Mediterranean coast. Diaz et al. (2015) interpreted their obser-
vations by a global NE directed asthenospheric flow while Barruol
et al. (2004, 2011) by mantle flow caused by the Tyrrhenian slab
retreat toward the E-SE since the Oligocene (~35 Ma). The dense
data set now available in the region, which covers the entire belt
and—for the first time—its northern foreland, offers a new oppor-
tunity to investigate the lateral variations of splitting parameters
along and across the Pyrenean belt and to extend our maps of seis-
mic anisotropy toward the northwestern edge of the Mediterranean
basin.

After a presentation of the data and methods used in this work,
we describe the individual and, more specifically, the average split-
ting parameters pattern observed. We then propose geodynamic
interpretations of the observed anisotropy in that region.

2 DATA AND METHOD

We analysed an extensive data set of 203 broad-band stations with
an overall spacing of about 60 km (Fig. 1b).

We used 131 temporary stations from the PYROPE deployment
(X7 code). Among this network, stations PW01 to PW28 and PCO1
to PC26 form the western and central transect, respectively, while
PEOI to PE22 and PFO1 to PF15 form the southern and northern
eastern transect, respectively (see Supporting Information Fig. S1
for the detail of the transects). PYOI to PY96 stations form the
PYOPE backbone. We also used 47 temporary stations from the
northern leg of the IberArray experiment (IB code). The station
coverage is further enhanced by 16 stations of the French permanent
broad-band network (FR code), 2 stations from the CEA permanent
network (RD code) and 7 stations from the Catalonian permanent
network (CA code, Xarxa Sismica de Catalunya). In the central and
western Pyrenees, station spacing is locally reduced to about 7 km
along three dense transects.

To observe distinct SKS phases with high signal-to-noise ratio
(SNR hereafter), we systematically select events with magnitude

(M,,) larger than 6.0 occurring at epicentral distances between 90°
and 120°. At each station, we inspected between 30 and 350 events
fitting our criteria, depending on their recording duration (from 1 to
7 yr). Event origin times and locations were taken from the CMT
catalogue (Dziewonski & Anderson 1981; Ekstrom et al. 2012). The
theoretical arrival times of SKS phase were computed in the IASP91
Earth reference model (Kennett & Engdahl 1991). Supporting In-
formation Table S1 summarizes the deployment periods (or selected
time-range for permanent stations), the number of requested events
and the number of measurements performed at each station.

Shear wave splitting is known to be extremely sensitive to the
SNR (e.g. Restivo & Helffrich 1999; Monteiller & Chevrot 2010),
and the data selection procedure thus cannot be easily automatized.
We thus use a semi-automatic scheme that allows us to carefully
look at seismograms, discard noisy signals, choose the appropriate
analysis window and filter the records to optimize the SNR (ze-
rophase 2-poles Butterworth filters with various combinations of
corner frequencies—typically between 0.01 and 0.4 Hz). This pro-
cedure has been implemented with the SplitLab software (Wiistefeld
et al. 2008, http://splitting.gm.univ-montp2.{r).

For each selected event we measure the splitting parameters,
that is, the azimuth of the fast shear wave polarization (¢) and the
delay time (87) between the fast and slow quasi-shear waves. We
use two of the single-event analysis techniques available in Split-
Lab: rotation/correlation (Bowman & Ando 1987), and minimum
energy (Silver & Chan 1991, SC hereafter). Using different single-
event analysis techniques is useful for checking the reliability of the
measurements (Wiistefeld & Bokelmann 2007) and for assigning a
quality factor to each measurement. The rotation/correlation is used
only for quality check and the results obtained with this method will
not be further discussed. The assigned quality depends on several
parameters: (1) the SNR of the initial waveform, (2) the correlation
between the fast and slow quasi-shear waves, (3) the linear pattern
of particle motion in the horizontal plane after correction, (4) the
size of the 95 per cent confidence region and (5) the similarity
between the results obtained with the different analysis methods.
‘Good’ measurements—such as the one shown in Fig. 2—satisfy
the following conditions: high SNR, good correlation between fast
and slow quasi-shear waves, linear particle motion, small confi-
dence region and good correlation between the results coming from
the two analysis methods. The SKS record shown in Fig. 2 has a
strong energy on the transverse component (T), and the elliptical
particle motion in the T-Q plane normal to the ray is close to linear
after anisotropy correction. ‘Fair’ measurements meet at least four
criteria; the other ones are ‘poor’ measurements.

In addition to these measurements, we observe ‘nulls’, that is,
event-station pairs devoid of energy on the transverse component,
suggesting that the SKS-wave has not been split. This may happen in
four different cases (e.g. Savage 1999): (1) the medium is isotropic
(or close to), (2) the fast axis is vertical, (3) the existence of two
anisotropic layers with orthogonal symmetry axes and with simi-
lar delay times, (4) the incoming wave is polarized parallel to the
slow or fast polarization direction. The first three cases will lead to
null measurements at all the azimuths and cannot be distinguished
from shear wave splitting observations alone. We also ascribe qual-
ity to these measurements using different criteria: the presence of
energy on the transverse component, the SNR, and the linearity of
the particle motion. ‘Good’ nulls are characterized by high SNR
on the radial component and no energy on the transverse compo-
nent (see Fig. 3); ‘fair’ measurements correspond to cases where
the transverse component amplitude is insufficient to measure split-
ting. ‘Nulls’ measurements are generally discarded in studies that
use single-event analysis methods as they do not contribute to the
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Event: 22-Jul-2013 (203) 07:01 -46.04N 34.83E 10km Mw=6.3
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Figure 2. Example of a ‘good” splitting measurement. Top left: radial (solid) and transverse (dashed) components of the seismogram of the event of the 22nd of
July 2013 recorded at station FR.ATE. Shaded zone represents the analysis window. Top right: Information on the event used and on the results obtained from
the different analysis methods. Middle: diagnostic windows for the rotation-correlation method (Bowman & Ando 1987). Bottom: diagnostic windows for the
Silver & Chan (1991) method. From left to right: fast and shifted slow shear waves; corrected radial (Q) and transverse (T) components of the seismograms;
particle motion before and after the anisotropy removal; error surfaces. ‘s’ and ‘d’ mean solid and dashed, respectively.

arithmetical average of individual splitting measurements. How-
ever, they can provide useful constraints on the average ¢ and 6z at
a particular station especially for temporary deployments for which
good quality records of SKS-waves can be scarce. This motivated
our choice to also consider the multi-event methods developed by
Chevrot (2000, SI for Splitting Intensity hereafter) and Wolfe &
Silver (1998, WS hereafter) as they both take into account ‘nulls’
in their estimation of averaged splitting parameters.

The multichannel method (Chevrot 2000; Chevrot et al. 2004)
fits the backazimuthal dependence of splitting intensity with a si-
nusoid whose phase and amplitude give the mean ¢ and &¢, re-
spectively (see Fig. 4a). Splitting intensities are estimated only for
the ‘good’ and ‘fair’ nulls and non-nulls measurements analysed
with the single-event approaches and using the same analysis win-
dow and bandpass filters. For consistency, as advocated in Mon-
teiller & Chevrot (2010), we then stack the individual splitting
intensities within 10° backazimuthal bins and compute their aver-
age and standard deviation using a bootstrap algorithm (Efron &
Tibshirani 1991). The Wolfe & Silver (1998) technique stacks the
‘good’ and ‘fair’ nulls and non-nulls individual transverse energy
maps obtained from the SC analyses to find the global minimum
that corresponds to the mean ¢ and §¢ (see Fig. 4b). The individual
energy maps are normalized by their minimum value prior to stack-
ing in order to account for their respective SNR. Previous studies

have shown that both approaches produce equivalent results (Long
& van der Hilst 2005; Monteiller & Chevrot 2010), a result that is
confirmed by our study (see Figs 4c—d). However, the splitting in-
tensity requires at least three backazimuthal bins to be used, which
may be problematic for temporary stations when the deployment is
very short. In such situations WS is a good alternative to get robust
estimates of ¢ and 6¢.

3 RESULTS

3.1 Individual splitting measurements

Fig. 5 summarizes our individual shear wave splitting measurements
with the SC method. It shows that, at the regional scale, splitting
parameters do not demonstrate clear evidence for widespread back-
azimuthal dependence, and thus do not a priori indicate the presence
of regional scale vertical or lateral complexities in the anisotropic
structures, such as layered anisotropy (Savage & Silver 1993;
Silver & Savage 1994) or anisotropy with dipping axes of sym-
metry (Babuska et al. 1993; Sileny & Plomerova 1996). The ‘good’
measurements, in particular, globally point to relatively well defined
directions and delay times. This is clearly observed on the stereo-
graphic projections of the ‘good’ and ‘fair’ splitting measurements
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Figure 3. Example of a ‘good’ null for the event of the 25th of March 2012

at each station (Supporting Information Fig. S1), which suggests
that the occasional dispersion of measurements is mainly caused
by the lower quality of the ‘fair’ measurements. Nevertheless, at a
few stations such as TRBF (Supporting Information Fig. S1), mea-
surements suggest some degree of azimuthal dependence. However
there is no clear evidence for a 7 /2 periodicity that would indi-
cate the presence of layered anisotropy (Savage & Silver 1993).
On the other hand, we should point out that backazimuthal cover-
age is rather poor at most stations (Fig. 1c¢) and that complex 3D
anisotropic structures would be hard to evidence with the currently
available data, even if present. Note also that the large splitting
delays 7 > 2.5 s observed at some sites always correspond to mea-
surements made with events whose backazimuth are close to the
null directions—for which SC method is unstable. SI and WS ap-
proaches are however not penalized by these data. We obtained few
robust splitting measurements at numerous stations of the PYROPE
deployment, especially in the Aquitaine Basin and along the French
Atlantic coast (solid circle on Fig. 5a).

Fig. 5(b) shows the backazimuthal distribution of events that lead
to ‘nulls’ splitting measurements. A large majority of these direc-
tions are compatible with the splitting measurements shown above.
Indeed, ‘nulls’ are generally observed when SKS-waves sample the
fast or slow directions of anisotropy in the medium, causing ‘nulls’
directions parallel or perpendicular to the averaged ¢ directions.
No station appears to generate ‘nulls’ for every incoming direc-
tions, which would indicate the presence of an isotropic mantle
underneath the station. However, the sparse backazimuthal cover-

recorded at station FR.MONQ. See Fig. 2 for the details of the different panels.

age available in this region (see Fig. 1b) provides only few events
in the northwestern and southeastern quadrants.

3.2 Average splitting parameters

Since we observe little evidence for a complex 3D distribution of
anisotropy, from now on we will focus on the average, or apparent,
values of splitting parameters. At most sites, and especially at the
permanent stations, SI and WS techniques generally give similar
results both in direction and amplitude, as can be seen in Fig. 6.
This is a clear indication of the robustness of the average splitting
parameters at those sites, as the two methods are independent. An
illustration is given on Figs 4(c)—(d) for which average splitting
parameters for station ATE from SI (solid line) and WS (dashed
line) are shown. Average splitting parameters at each station can be
found in Supporting Information Table S2.

As previously evidenced by Diaz et al. (2015), ¢ directions are
relatively homogeneous in Spain (thick black bars on Fig. 6), most
stations showing fast directions close to N100°E (Fig. 7a). In con-
trast, the splitting delays are less homogeneous (Fig. 7b): relatively
high (>1.2 s) delays are observed along the Mediterranean coast,
while average values between 0.6 and 1.0 s are observed everywhere
else.

The Pyrenean domain (between the SPFT and the NPFT) is also
characterized by relatively homogeneous N100°E fast directions.
This pattern (blue bars on Fig. 6) previously recognized in Barruol
et al. (1998) is also clearly expressed in the three dense transects
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deployed in the western and central parts of the belt. This direction
is close to the strike of the Pyrenees. Interestingly, no variation
of the fast directions can be detected when crossing the SPFT or
the NPE Delay times are relatively high (~1 s in average) and
display important variations only along the strike of the Pyrenees.
We detect the largest 8¢ in the Basque country, to the west, and along
the Mediterranean coast, to the east (>1 s, Fig. 7b). On the other
hand, the central part of the belt, and particularly the eastern part
of the Axial Zone, presents the lowest values (0.6s < 8¢ < 0.9 s).
One should note, however, that the blue patch observed in Fig. 7(b)
is produced by only two stations at the border of this zone, with no
station in its centre.

Important changes in the splitting pattern occur north of the Pyre-
nees, in the Aquitaine Basin. Indeed, at a latitude of approximately
43.5°N, fast directions rotate from N100°E to close to N60°E (Figs 6
and 7a). Fig. 7(a) shows that most stations in the Aquitaine Basin
present fast directions that strongly differ from those observed in the
Pyrenean domain, Iberia or Massif Central (blue patch on Fig. 7a).

The change is particularly dramatic along the easternmost transect
(stations PEO1 to PE22 and PFO1 to PF15) between stations PF05
and PFO7 which are separated by only 15 km. On the other hand, this
transition is less clear on the two other transects. Along the western-
most transect (stations PW01 to PW29), in particular, we observe no
significant change in the splitting parameters. However we were not
able to obtain measurement at 9 of the 10 northernmost stations of
this transect (see Supporting Information Table S2) where the tran-
sition likely occurs. Indeed, station PY15, localized 20 km north
of PWO1, presents an N60°E fast polarization direction. While no
significant change in ¢ occurs along the central transect (stations
PCO1 to PC28), delay times slightly decrease north of the NPFT,
and then sharply drop north of latitude 43.5°N. Surprisingly, the fast
directions observed at the northernmost stations of this transect are
in disagreement with the only station (AUC) previously analysed
in the Aquitaine Basin by Barruol & Souriau (1995). This station
which showed a N46°E fast direction and a delay time of 1.2 s
was however obtained from a single ‘poorly constrained’ splitting
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Figure 5. Map presenting the individual splitting measurements at analysed
stations. (a) Individual splitting parameters with ¢ directions parallel to the
bars and 8¢ proportional to the length of the bars; green bars account for the
‘good’ splitting measurement while orange ones account for the “fair” split-
ting measurements—‘poor’ are not presented nor discussed. Circles indicate
the position of the analysed stations; open white circles indicate stations with
at least one non-null measurements; solid circles indicate stations where we
do not obtain any ‘good’ or ‘fair’ splitting measurements. (b) Backazimuth
of the events that were estimated as ‘good’ and ‘fair’ nulls.

measurement (Barruol & Souriau 1995). From Fig. 7(b), it is also
clear that shear wave splitting in the Aquitaine Basin is characterized
by relatively small delay times (typically between 0.4 s < 6¢ < 0.6 s)
with even nulls observed in the vicinity of the Sillon Houiller (SH
hereafter). In the NW Aquitaine Basin, however, fast directions ro-
tate back to close to N100°E and delay times rise up to ~1 s, that
is, close to the values observed in Iberia or along the Pyrenees.

To the east of the network, in the Massif Central, splitting pa-
rameters present a quite coherent pattern. Fast directions tend to
rotate from the North to the South from N—45°E to N—70°E, as
evidenced by the colour gradient in Fig. 7(a). Delay times range
between 0.6 and 1.0 s, with no clear N-S variations of their inten-
sity. This shear wave splitting pattern is relatively consistent with
results by Barruol & Granet (2002, purple bars on Fig. 6). Station
CFF, to the North, has a fast direction at a high angle from the fast

Figure 6. Map of apparent splitting parameters in the Pyrenean domain.
Red: averaging performed with SI method (this study); gold: averaging per-
formed with WS technique (this study); blue: measurements from Barruol
et al. (1998); thin black: measurements from Babuska ez al. (2002); purple:
measurements from Barruol & Granet (2002) and Barruol et al. (2004);
thick black: measurements from Diaz et al. (1998) and Diaz et al. (2015).

polarizations directions of Babuska et al. (2002, thin black bars on
Fig. 6). Note that all Babuska ef al. (2002) splitting parameters and
some of the Barruol & Granet (2002) come from a single event.

4 DISCUSSION

4.1 On the use of single- and multi-events shear wave
splitting analysis techniques

The main input of this study comes from shear wave splitting mea-
surements obtained with different analysis methods to constrain
anisotropy beneath the Pyrenean domain. This is obviously not the
first attempt to combine different techniques (Long & van der Hilst
2005; Bonnin et al. 2012; Rasendra et al. 2014; Kong et al. 2015,
for the most recent ones), but it is the first time it is performed on
such a large data set.

Classical ‘single-event’ techniques (e.g. Bowman & Ando 1987;
Silver & Chan 1991), allow us to measure splitting parameters
on individual traces and thus to characterize their azimuthal vari-
ation which can indicate the presence of layered anisotropy (e.g.
Savage & Silver 1993) or of a dipping symmetry axis (e.g. Babuska
et al. 1993). In such cases, more detailed investigations can then
be performed to retrieve two-layer models of anisotropy (Silver &
Savage 1994) or the angle of dipping of the symmetry axis (e.g.
Sileny & Plomerova 1996; Hartog & Schwartz 2000). If the hy-
pothesis of a single anisotropy layer with horizontal symmetry axes
is approximately valid, arithmetic averaging of ‘individual’ splitting
parameters can lead to biased estimates, especially concerning ¢ an-
gles. In that case, it is more appropriate to compute average splitting
parameters with multi-events approaches. The WS stacking tech-
nique is straightforward to perform from SC analysis, as it stacks
the ‘nulls’ and ‘non-nulls’ individual energy maps to find a global
minimum that corresponds to the average ¢ and §¢. Bonnin et al.
(2012) showed from a synthetic experiment that SI and WS give
the same average splitting parameters in the case of a single layer
with horizontal symmetry axis but that significant differences can
be observed in the case of complex anisotropic structures at depth.
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Figure 7. (a) Spatial variations of ¢ (¢ interpolated on a 0.2 x 0.2 degree grid). (b) spatial variations of 8¢ (8¢ interpolated on a 0.2 x 0.2 degree grid). (c)
P-wave tomographic model of Chevrot et al. (2014) at 135 km depth. (d) Bouguer anomaly in the Pyrenean domain (from WGM2012, Bonvalot et al. 2012;
Bonvalot 2012). Black bars represent splitting parameters of Fig. 6. Thick black lines represent the main discontinuities (NPE, NPFT, SPFT and SH) presented

on Fig. 1.

As a consequence, a correspondence of SI and WS results should
give us a good confidence in the presence of simple anisotropic
structure beneath the station.

As shown in Fig. 6, we generally obtain good to excellent agree-
ment between the average splitting parameters from SI and WS
methods. This strongly suggests the absence of widespread com-
plexities in the structure of anisotropy beneath the network and
validates our choice to focus on the average splitting parameters.
The average splitting parameters obtained in this study are also
generally coherent with the previous shear wave splitting measure-
ments in the region (Barruol et al. 1998; Barruol & Granet 2002;
Diaz et al. 2015, blue, purple and thick black bars, respectively, on
Fig. 6). This demonstrates the robustness of the splitting parameters
obtained in the region and the reproducibility of the results from
three different analysis techniques.

4.2 Sources of the observed seismic anisotropy

We wish to show now that the abrupt variations of splitting param-
eters, in some regions, and the presence of coherent directions of
fast polarization despite complex lithospheric structures, in others,
suggest that two main sources of anisotropy are required to fully
explain our results: (1) the lithosphere, for the Aquitaine basin and,
to some extent, for the Pyrenees; (2) the asthenosphere, in Iberia,
in the Massif Central and also in the Pyrenees.

We will present the arguments for such inferences by comparing
finite strain pattern expected from the different geodynamical events
that affected the Pyrenean domain with observed average splitting
parameters.

4.2.1 Hercynian orogeny

Hercynian orogeny (~300 Ma), deeply affected the lithosphere of
present-day Iberia and western Europe (Matte 1991). This major tec-
tonic event has produced crystallographic fabrics in the uppermost
mantle and generated crustal to lithospheric scale discontinuities
that led to the individualization of lithospheric blocks. In zones that
were relatively preserved from more recent tectonic reworking, we
can thus expect that the lithosphere has preserved the imprints of
this event. Within the Pyrenean domain, Iberia (to the south of the
SPFT) and the Aquitaine basin are such zones.

In Iberia, Hercynian deformation caused the development of a
NW/SE direction of extension that can still be observed at the sur-
face (Matte 1991, 2001). This direction is, however, at high angle
from average ¢ measured (close to E/W, Fig. 6 and Diaz et al.
2015). Seismic anisotropy thus cannot be satisfactorily explained
by ‘frozen-in’ Hercynian anisotropy preserved in the uppermost
mantle of Iberia. This leads us, as previously suggested by Diaz
et al. (2015), to localize seismic anisotropy at larger depths, in the
asthenosphere, and thus to discard Hercynian orogeny as the domi-
nant origin of the present day anisotropy. It is however noteworthy
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that Diaz et al. (2015) detect local deviations from this coherent
pattern (e.g. Galicia-Tras-os-Montes zone) and that an azimuthal
dependence of the splitting parameters is occasionally observed.
This suggests a contribution of anisotropy in the Iberian lithosphere.
In any case, upper-mantle xenoliths in central Spain show that the
lithospheric mantle in this part of Iberia is anisotropic (Puelles et al.
2016).

The abrupt change observed in the shear wave splitting pattern,
just northwards of the NPFT in the Aquitaine Basin (Figs 6 and 7)
points, on the other hand, to a dominant contribution of the litho-
sphere. In the eastern part of the basin, the NE/SW fast directions
(Fig. 6) are relatively consistent with the Hercynian foliations ob-
served in the Montagne Noire (southernmost Massif Central, e.g.
Nicolas et al. 1977). To the north-west, however, Hercynian lin-
eations are parallel to the southern Armorican shear zones oriented
NWI/SE (e.g. Matte 2001) and are thus not consistent with our ob-
servations (close to E/W fast directions, Fig. 6). Finally, because of
the thick Mesozoic and Cenozoic sedimentary cover, we have little
information on the directions of lineation in the central Aquitaine
Basin. We thus cannot rule out the possibility that NE/SW Hercy-
nian lineations, which could explain our observations, exist in this
part of the basin.

The SH, which has been shown to separate lithospheric blocks
with different seismic anisotropy (Granet et al. 1998; Babuska et al.
2002) and seismic velocities (Chevrot ef al. 2014, Fig. 7c), could
nevertheless provide some information on the Hercynian flow di-
rections in the lithosphere. In the vicinity of large strike-slip faults
in orogenic context one can expect the lithospheric lineations to
orient close to parallel to the strike of the fault, as observed for
instance in the Himalaya (McNamara ef al. 1994). From Figs 7(a)—
(c) we do see that fast directions in the Aquitaine Basin slightly
rotate from the West to the East and tend to orient parallel to the
strike of the SH. This could suggest that ¢ in this region represents
preserved Hercynian flow directions. It is also striking that not only
the directions of ¢ change along the Aquitaine Basin but the delay
times decrease. This decrease is particularly dramatic in the vicin-
ity of the SH (see Fig. 7b). The ‘nulls’ observed in this zone are
however only apparent, as surface waves tomographies show that
Aquitanian upper-mantle is anisotropic (Zhu et al. 2015; Nita et al.
2016). Some vertical or lateral complex anisotropy structures thus
probably affect the average splitting parameters causing the small to
null 6z as, (i) the presence of strongly dipping anisotropy symmetry
axis (Babuska et al. 1993) in the lithosphere west of the SH, as
evidenced in the northern Massif Central (60° from the horizontal,
Babuska et al. 2002), (ii) the sampling by SKS-waves on both sides
of the SH of two lithospheric blocks with significantly different
seismic anisotropy characteristics (Babuska et al. 2002), or (iii) the
presence of two anisotropy layers (one in the lithosphere, the other
in the asthenosphere) with orthogonal symmetry axes. The form-
ers should however be associated with backazimuthal dependence
of the splitting parameters, which is not clearly observed. On the
other hand, the latter require sufficiently large delay times (probably
>1 s) in the lithosphere to ‘erase’ the W-NW/E-SE fast directions
inferred in the asthenosphere from surface waves (Zhu et al. 2015;
Nita ez al. 2016). This is possible but unlikely given the information
we have from the surrounding regions.

4.2.2 Ib/Eu relative motion before collision

The opening of the North Atlantic ocean and of the Bay of Biscay
during the Early Cretaceous is a key geodynamic event in the Pyre-

nean domain. Three competing scenarios/models were proposed
to describe the relative motion of Iberia with respect to Eurasia
during that period (Barnett-Moore ef al. 2016). In a first scenario
(M), Iberia moved close to 300 km along a left-lateral strike-slip
shear-zone (the North Pyrenean Fault) with respect to Europe from
Aptian to Campanian (Le Pichon & Sibuet 1971; Choukroune &
Mattauer 1978; Olivet 1996). The inverted Cretacous basins ob-
served along the Pyrenees (Mauléon and Saint-Gaudens basins
for instance) were interpreted as pull-apart basins (Choukroune &
Mattauer 1978). In a second scenario (M;) derived from the fit
of the MO magnetic anomaly between Iberia and Newfoundland,
Iberia is separated from Eurasia at M0 time by a 300400 km wide
Neo-Tethys oceanic basin that was later closed by the ‘scissor-
like’ opening of the Bay of Biscay (Srivastava et al. 1990, 2000;
Sibuet et al. 2004; Vissers & Meijer 2012). This scenario predicts
a subduction of an oceanic domain beneath Eurasia, and explains
the Cretaceous basins by backarc extension on the Eurasian plate
(Sibuet et al. 2004) or slab detachment (Vissers & Meijer 2012).
The last scenario (M3, Jammes et al. 2009) proposes that most of the
eastward Ib/Eu motion was accommodated by extension between
Newfoundland and Iberian margins from Late Jurassic to Early
Cretaceous. This motion caused transtensional deformation in the
Pyrenean domain and was followed by an N/S stretching between
Iberia and Eurasia—generating the Cretaceous basins observed in
the belt—and later by collision during the opening of the Bay of
Biscay. Given that the Pyrenees orogeny and opening of the western
Mediterranean basin followed these events, it is likely that fabrics
acquired during that period were later erased. Discriminating be-
tween those models from the interpretation of seismic anisotropy is
thus challenging.

The consistency of average ¢ along the Pyrenees is in good
agreement with M, (Barruol ez al. 1998). This model predicts fast
directions oriented along the strike of the NPF. Strike-slip plate
boundaries are indeed expected to generate olivine crystallographic
fabrics that are strongly anisotropic for vertically propagating shear
waves (Tommasi ef al. 1999). This geodynamical context is how-
ever not necessarily sufficient to explain alone the lateral extent of
present-day seismic anisotropy beneath the Pyrenees. Shear wave
splitting observations at active strike-slip plate boundaries show
that this pattern can be relatively narrow (50 km maximum on both
sides of the San Andreas fault branches, Bonnin ez al. 2010) or even
not observed at all (across the North Anatolian fault, for instance,
Sandvol et al. 2003; Biryol et al. 2010; Paul et al. 2014). In addition
this model would also predict a strongest anisotropy along the NPE,
which is not observed.

It is more difficult to define the anisotropy pattern predicted by
M,. If a Neo-Tethys oceanic domain did subduct beneath Eura-
sia, the width of the trench should have been quite limited (a
few hundred kilometres maximum). In that case complex toroidal
and poloidal mantle flow should have occurred (Funiciello et al.
2006). The fast directions associated to this flow strongly depend
on the geometry and the kinematics of the system (e.g. Faccenda &
Capitanio 2013). Moreover, the slab detachment proposed in this
model at the closure of the oceanic domain, should then have de-
stroyed the mantle fabrics that would have developed when sub-
duction was active. The relatively simple seismic anisotropy pattern
observed beneath the Pyrenees is thus difficult to reconcile with this
scenario.

In scenarios M; and M;, the Pyrenees should be predominantly
cylindrical, that is, with predominantly homogeneous structures
along the belt. It is however clear from Fig. 7(b) and from seis-
mic tomography (Chevrot et al. 2014, Fig. 7¢) that the Pyrenees are



rather characterized by along strike structural heterogeneities. This
division of the belt in several lithospheric ‘domains’ is, interestingly,
relatively consistent with M3. In that scenario, transform faults that
are close to perpendicular to the strike of the belt accommodate the
strike-slip component of the Ib/Eu motion and individualize litho-
spheric blocks. These faults could correspond to reactivated Her-
cynian structures and one of these faults could have been the SH
(Jammes et al. 2009). The slight variations of 57 along the Pyrenees,
which occur along NE/SW boundaries, could mark the presence of
these lithospheric blocks, inherited from the opening of the Bay of
Biscay. On the other hand, the N100°E directions of polarization
observed along the Pyrenees, are not in agreement with the N/S to
NE/SW directions of extension expected from M;. Note that these
directions could nevertheless be consistent with average ¢ in the
Aquitaine Basin.

4.2.3 Pyrenean orogeny

The Pyrenean collision, which spread over Campanian to Eocene,
impacted terrains spatially limited between the southern and north-
ern Pyrenean Frontal Thrusts. The dynamics of mountain building
is known to cause anisotropy to orient along the strike of the belt
(Vauchez & Nicolas 1991) and can thus well explain the fast po-
larization directions observed along the Pyrenees (Barruol et al.
1998). The development of a pervasive deformation from the sur-
face down to the asthenospheric mantle in that context, can also
partly explain the slightly higher §¢ measured in some parts of the
Pyrenean range (Fig. 7b) in comparison to surrounding regions. In
addition, the Pyrenean collision was the first tectonic event since
the Hercynian orogeny able to produce a coherent anisotropy in the
NPZ and the PAZ.

Vauchez & Barruol (1996) and Barruol ef al. (1998) however
noted that this process efficiently generates anisotropy only in the
most central part of a belt and cannot a priori account for seis-
mic anisotropy in its near foreland (beneath PAZ and SPFT for
instance). They consequently proposed that seismic anisotropy off
the Pyrenean axis originates from inherited Hercynian fabrics.

In light of shear wave splitting results in Iberia (this study and
Diaz et al. 2015) which show consistent fast polarization directions
across a vast region, we however suggest that anisotropy south
of the axial zone is better explained by deformation localized at
asthenospheric depths, in relation with the most recent tectonic
history of the region.

4.2.4 Recent geodynamical events

Hercynian orogeny, Ib/Eu relative motion from Early to Late Creta-
ceous and Pyrenean collision cannot fully account for the observed
seismic anisotropy in the entire Pyrenean domain. In particular, it
cannot explain the consistency of average ¢ throughout Iberia and
the Pyrenees and seismic anisotropy beneath the Massif Central.

Based on shear wave splitting measurements from Morocco (Diaz
et al. 2010) to central (Diaz & Gallart 2014) and northern Spain,
Diaz et al. (2015) noted that the coherent fast directions observed
in the North then rotate, in the South, around a fast P-wave anomaly
observed beneath the Alboran basin (Bezada et al. 2013; Bonnin
et al. 2014). They conclude that seismic anisotropy in Iberia can be
explained by a global asthenospheric flow moving to the NE (Conrad
& Behn 2010) that is deviated by the presence of a lithospheric slab
beneath the Alboran Sea. This flow can locally be explained by
the Cenozoic and present-day geodynamics of the Mediterranean
domain (Faccenna & Becker 2010; Faccenna et al. 2014).
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The climax of the Pyrenean orogeny during Late Eocene was
followed, at the Oligocene, by a dramatic change in the tectonic of
western Europe (Faccenna er al. 2014). At that period (from 35 to
5 Ma) the roll-back of the Tyrrhenian slab caused the opening of
the Algero-Provencal oceanic basin and, in the last million years,
the opening of the Tyrrhenian Sea (Faccenna et al. 2014). At the
same time, in the eastern Mediterranean domain, the roll-back of
the Hellenic slab caused the extreme stretching of the European
continental lithosphere and led to the opening of the Aegean Sea
(Faccenna et al. 2014). Shear wave splitting analysis in the Aegean
domain (Hatzfeld et al. 2001; Paul et al. 2014) and in Anatolia
(Sandvol et al. 2003; Biryol et al. 2010; Paul e al. 2014) evidenced
that fast polarization directions are consistent throughout this re-
gion and globally point toward the Hellenic trench. Biryol et al.
(2010) and Paul et al. (2014) proposed that, despite the important
distance to the trench, the coherent NE/SW trending ¢—that is not
consistent with surface geology—is related to the asthenospheric
flow associated to the roll-back of the Hellenic trench.

It is thus reasonable to consider that a similar process—the
roll-back of the Tyrrhenian slab—Ied to the same consequences—
an asthenospheric mantle flow over several hundred kilometres.
Barruol & Granet (2002) and Barruol ef al. (2004) previously in-
voked the asthenospheric flow associated to the Tyrrhenian slab
roll-back as a possible source of seismic anisotropy beneath the
Massif Central and the French Riviera. This scenario efficiently ac-
counts for the N/S rotation of fast directions (Fig. 6) in the Massif
Central (Barruol & Granet 2002) and along the western Alps (Bar-
ruol et al. 2004, 2011), and for the migration to the south of a part of
the Massif Central Cenozoic volcanism (Barruol & Granet 2002).
To the west, in the southern Pyrenean domain, this large-scale as-
thenospheric flow could explain the large-scale coherence of fast di-
rections. It can also explain why the relatively constant delay times
in central Iberia tend to increase along the Mediterranean coast
(Fig. 7b), where the lithosphere is the thinnest (Fig. 7d). Azimuthal
anisotropy inferred from surface waves in the asthenospheric man-
tle of western Europe and western Mediterranean basin (Zhu et al.
2015; Nita et al. 2016), with fast directions coherent from central
Iberia to the Corsica-Sardinia block, supports this assumption. If
seismic anisotropy in Iberia originates from the deformation caused
by the opening of the western Mediterranean basin, it could also
explain why average ¢ remains constant across the Pyrenees.

As this event is relatively recent and was not followed by any
thermal or tectonic event, and considering the fact that the abso-
lute velocities of the lithospheres are low in the region (Gripp &
Gordon 2002), it is likely that the asthenospheric mantle preserved
the imprint of this event. Faccenna & Becker (2010) and Faccenna
et al. (2014) furthermore show that although they are now quite
spatially limited, lithospheric slabs in western Mediterranean (in
particular the Calabrian slab) still control the upper-mantle flows in
the region. As directions of flow in the upper-mantle did not signifi-
cantly change since 5 Ma it can also explain why seismic anisotropy
generated by the opening of the western Mediterranean basin could
have been preserved until today.

4.3 Summary

We argue that two dominant sources of anisotropy are required to
fully explain the seismic anisotropy pattern of the Pyrenean domain:

(i) A spatially coherent asthenospheric flow related to the recent
geodynamics of the western Mediterranean that can account for the
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homogeneity of ¢ throughout Iberia, the Pyrenees and southeastern
France.

(i1) Lithospheric fabrics that can explain the sharp lateral vari-
ations of splitting parameters in the Aquitaine basin and to some
extent along the Pyrenees. In the Aquitaine Basin seismic anisotropy
is probably inherited from the Hercynian orogeny, while the appar-
ent partitioning of the Pyrenees likely results from the Mesozoic
evolution of the Ib/Eu relative motions.

A striking feature of the Pyrenean domain however remains that
seismic anisotropy beneath the southern Aquitaine Basin (below
N45°N) is significantly different from what is observed in the sur-
rounding regions. This raises the issue of the origin of this speci-
ficity. In particular, if northern Iberia, Massif Central and the Pyre-
nees were affected by the asthenospheric flow, why not the Aquitaine
Basin? A possible solution is to invoke the presence of two layers
of anisotropy: an Hercynian lithospheric fabric interfering with the
‘regional’ asthenospheric flow with perpendicular symmetry axes.
This could notably explain the observed decrease in the delay times
(Fig. 7b). However, we were not able to fully investigate this pos-
sibility due to the relatively short operating time of the stations
installed in the basin.

The extent of the French permanent broad-band network in the
Aquitaine Basin in the following years should provide further con-
straints on seismic anisotropy in that region.

S CONCLUSIONS

We analysed with different methods shear wave splitting beneath
203 temporary and permanent broad-band stations in France and
Spain. The combined PyrOPE and IberArray experiments allow us
to present a shear wave splitting map that covers the entire Pyrenees
including its southern and northern forelands and that evidences two
seismic anisotropy patterns in that region. Different hypothesis have
been proposed in the past to explain the seismic anisotropy pattern
beneath the Pyrenean domain: (1) vertically coherent deformation
from the surface to the asthenosphere during the Alpine orogeny
and (2) global-scale asthenospheric mantle flow. Our results, which
encompass the Aquitaine Basin and the Massif Central, suggest that
both sources are required to fully explain the seismic anisotropy
pattern.

The consistency of fast directions throughout most parts of the
study region (Iberia, Pyrenees, Massif Central) can be explained by
asthenospheric flow associated with the retreat of the Tyrrhenian
slab in the last 35 Myr. This is in good agreement with the geody-
namic models of the western Mediterranen and with fast directions
of azimuthal anisotropy beneath the Liguro- and Algero-Provengal
basins.

Beneath the Aquitaine Basin, the origin of seismic anisotropy re-
mains unclear. Splitting parameters are clearly different from those
in northern Iberia, Pyrenees and Massif Central and seem to be
related to the transition between Iberian and European lithospheres
north of the NPZ. Seismic anisotropy beneath the Aquitaine Basin
probably results from the contribution of both frozen-in Hercynian
fabrics in the lithosphere and asthenospheric flow.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. Detail of the three PYROPE transects with the name of
all the stations.

Figure S2. Stereographic projections of the ‘good’ and ‘fair’ split-
ting measurements performed at each station. Each individual SKS
splitting measurement is projected along its backazimuth and incli-
nation, the orientation of each segment representing the azimuth
¢ and the length of the bar the delay time éz. The inner cir-
cle represents an inclination of 5°, the dashed circle an inclina-
tion of 10° and the external circle an inclination of 15°. On the
first page are only the permanent stations (CA, FR and RD net-
works); on the other ones all the temporary stations (IB and X7
networks).

Table S1. Information on the data set analysed at each station.
Net.: network code; Station: station code; ¢: latitude of the sta-
tion; 0: longitude of the station; Time range: operating period
of the station; #;: number of events downloaded; #,: number of
measurements.

Table S2. Apparent and average splitting parameters by stations.
Net: network code; Sta: station code; ¢: latitude; 6: longitude; ¢:
apparent fast polarization; 8¢: apparent delay time; #,: number of
bins used for the multichannel analysis; g: number of ‘good’ non-
null measurements; f: number of ‘fair’ non-null measurements; n:
number of ‘nulls’. SI: results from multichannel analysis (Chevrot
2000); WS: results from the Wolfe & Silver (1998) stacking ap-
proach; Mean SC: arithmetic mean of non-nulls single-events from
Silver & Chan (1991) method.
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