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a b s t r a c t
Constraining mantle deformation beneath plate boundaries where plates interact with each other, such as
beneath active or halted mountain belts, is a particularly important objective of “mantle tectonics” that may
bring a depth extent to the Earth's surface observation. Such mantle deformation can be mapped at scale
lengths of several tens of kilometers through the analysis of seismological data and particularly by mapping
seismic anisotropy from the splitting analysis of vertically-propagating SKS waves that largely reflect the
strain-induced crystal preferred orientations of the rock-forming minerals within the upper mantle. In the
present study, we analyse data from approximately 50 broadband seismic stations covering the Western Alps
and we provide a coherent picture of upper mantle anisotropy beneath the belt. The large-scale anisotropy
pattern is characterized by fast split directions that closely follow the trend of the belt. Moreover, the
maximum anisotropy magnitude is not located beneath the internal zones of the belt but instead beneath
external units. All suggests that the anisotropy is likely dominated by sublithospheric mantle deformation. We
propose that the observed anisotropy pattern can be explained by recent or active mantle flow around the
Eurasian slab presently plunging beneath the inner parts of the Alps.
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1. Introduction

During the last decades, the mantle anisotropy pattern, as the
surface observable of mantle tectonics (Silver, 1996; Silver et al.,
1999), has been defined at an increasing resolution worldwide by
seismological data recorded by various permanent networks and
temporary deployments and depicted by both surface and bodywaves
(e.g., Debayle et al., 2005; Wüstefeld et al., 2009). The interaction
between lithospheric structures and mantle flow is still providing key
questions on mantle dynamics, particularly in continental areas
where strong deformation is expected to be frozen within the
lithosphere while overlying a present-day asthenospheric flow
induced by either plate motion or smaller-scale geodynamic process-
es. In the Western Alps, the number of permanent stations has
noticeably increased, and there is now a rather complete and
homogeneous instrumental coverage allowing the investigation of
mantle dynamic in this halted continental collision.
The present-day shape of the Mediterranean domain is largely
controlled by Cenozoic tectonics characterized by a succession of
opening of small-size oceanic domains in backarc situations within
the closing domain between Africa and Eurasia. The upper mantle
structure, depicted from tomographic inversions (Piromallo and
Morelli, 2003; Spakman et al., 1993; Wortel and Spakman, 2000), is
characterized by the presence of active or remnant slabs beneath the
Mediterranean basin. The associated mantle flow that reflects the
past and/or present dynamics appears to be controlled by the
activity of these numerous small-scale subductions (Faccenna et al.,
2001; Faccenna et al., 2004). Recent interpretations of anisotropy in
the Mediterranean domain (Jolivet et al., 2009; Lucente et al., 2006;
Schmid et al., 2004) suggest that toroidal flows (i.e., flows
characterized by vertical vorticity, opposite to the poloidal flow
characterized by downdip mantle motion) are likely dominant
features during the interaction between slabs and the surrounding
mantle (Funiciello et al., 2006; Piromallo et al., 2006; Schellart,
2008). Such flows have been described to occur around the
retreating slabs such as beneath the Calabrian arc (Baccheschi et
al., 2007), the Apennines (Margheriti et al., 1996; Plomerova et al.,
2006; Salimbeni et al., 2008), the Gibraltar arc (Buontempo et al.,
2008; Diaz et al., 2010), the Hellenic arc (Hatzfeld et al., 2001), and
probably the Carpathian arc (Ivan et al., 2008). In the vicinity of
these subductions, mantle flow is described as being dominated by
trench-normal directions on the backarc side and by trench-parallel
directions on the “ocean” side, i.e., primarily beneath the subducting
slab (Margheriti et al., 2003).
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In this study, we investigate the upper mantle anisotropy
beneath the Western Alps by measuring the splitting of tele-
seismic SKS core phases. These shear waves record large-scale
anisotropy produced by lattice-preferred orientations (LPO) of
rock-forming minerals and particularly of olivine that represents
the major upper mantle volume, which develop in response to
tectonic strain (Mainprice et al., 2000; Nicolas and Christensen,
1987; Savage, 1999; Silver and Chan, 1991). We present here our
results obtained on more than 50 seismic stations in the Western
Alps region (their location and network are listed in Supplemen-
tary Table S1) and discuss them in the geodynamic frame of the
Eurasia-Africa convergence, in terms of sublithospheric and
asthenospheric flow interacting with the subducting plate.
2. Method and data

A frequently-used technique for investigating upper mantle anisot-
ropy below seismic stations is to measure the splitting of teleseismic
shear waves such as SKS core phases (see examples in Supplementary
Fig. S1). The measured splitting parameters are the delay time (δt)
between the two splitwaves, related to the strengthof anisotropyand to
thepath lengthwithin the anisotropicmedium, aswell as the azimuth of
the fast split wave polarization (ϕ), related to the orientation of the
pervasive fabric (foliation and lineation) crossed by thewave. Despite a
poor vertical resolution, vertically-propagating SKS waves are well-
suited for investigating upper mantle strain with a lateral resolution of
few tens of kilometers since their Fresnel zones have radii of 40 to 60 km
at depth of 100 and 200 km respectively (e.g., Alsina and Snieder, 1995;
Margheriti et al., 2003). Tomake a systematic mapping of upper mantle
anisotropy from SKS splitting in the Western Alps, we used data from
various permanent and temporary networks (Fig. 1 and Table 1): 1) the
Swiss permanent digital network SDSN (http://www.seismo.ethz.ch/)
that provided data from 23 broadband stations for the period 2006–
2008 (red diamonds) which are available at Orfeus data center (http://
www.orfeus-eu.org/), 2) the Italian RSNI (Regional Seismic network of
Northern Italy) that provided data for 5 broadband stations (green
squares) for the period 2006 to 2008 (http://www.dipteris.unige.it/
geofisica/), 3) the French RLBP (Réseau Large Bande Permanent) that
provided data for 10 broadband stations (black circles) for the period
2000–2009 (http://websismo.unice.fr/), 4) the temporary deployment
of 11 broadband stations (“Alpes” experiment, PI H. Pedersen) indicated
by red triangles, that were recording during the period 2004–2007
(http://bdsis.obs.ujf-grenoble.fr/). We also integrate in this work
previous SKS splitting measurements performed on data from the
RosAlp network (Barruol et al., 2004) marked by blue diamonds, from
the temporary TRACK experiment in the FrenchMassif Central (Barruol
and Granet, 2002) indicated by white triangles, and from the Geoscope
station SSB (Barruol and Hoffmann, 1999) indicated by a green circle.

Distinct, high signal-to-noise ratio SKS phases, were extracted and
analysed for events with magnitude (Mw) larger than 6.0 occurring at
epicentral distance in the range 85° to 120°. The splitting parameters,
i.e., the azimuth of the fast axis polarization ϕ and the delay time δt
between the fast and slow components of the two split shear waves
were obtained by using the SplitLab software (Wüstefeld et al., 2008)
and the minimum eigenvalue method (Silver and Chan, 1991). These
individual ϕ and δt results are listed in Supplementary Table S2. A set
of splitting examples is shown in Supplementary Fig. S1 to illustrate
the quality of the measurements but also the continuous rotation of
the fast split shear waves around the Alpine belt. In most cases,
seismograms have been band-pass filtered, typically between 0.02
and 0.2 Hz, to remove high frequency and long period signals. The
influence of the frequency content of the SKS phases has been
systematically investigated by testing a set of 10 different bandpass
filters of variouswidthswithout evidencing any frequency-dependent
behaviour of the splitting parameters.
Systematic investigation of SKS splitting at the stations from the
various seismic networks in the Western Alps provided approximate-
ly 2000 individual SKS splitting measurements, from which 1200
display evidence of clear splitting. Among those, 644 were of good
quality, 429 of fair quality and 125 of poor quality (all these non-null
measurements are listed in Supplementary Table S2). 800 events
provided “null” splitting measurements, i.e., were devoid of any
energy of the SKS phase on the transverse component and therefore of
any detectable splitting, 355 of which were of high quality.

The quality of each individual measurement is determined by two
independent methods: i) An automatic quality factor (QF) calculated
within SplitLab (Wüstefeld et al., 2008) that characterizes the
differences between results obtained from the rotation-correlation
and eigenvalue splitting techniques (Wuestefeld et al., 2010) and that
varies between −1.0 (perfect null) to +1.0 (perfect splitting). ii) A
“manual” quality factor for each measurement (good, fair, or poor), as
defined in a previous publication (Barruol et al., 1997) and depending
on the user evaluation of the signal-to-noise ratio of the initial
waveform, of the correlation between the fast and slow shear waves,
of the linearization of the polarization on the transverse component,
and of the linear pattern of the particle motion in the horizontal plane
after correction and the size of the 95% confidence area. In the present
study, the two techniques show very good agreements: manually-
qualified good measurements have generally high QF. For instance,
among our 644 good measurements, 80% have automatic QF larger
than 0.5 and only 8% have negative QF. We observed in a few cases
apparent contradiction between automatic and manual quality. For
example, PCP station is characterized by a large number of good
measurements with negative QF. As explained below, PCP likely
resides above a complex structure that may generate some waveform
complexity and that may be the source of this apparent contradiction.

3. Anisotropy pattern beneath the Western Alps

The observed fast azimuths ϕ show clear spatial coherence, and a
pattern approximately parallel to the curvature of the Alpine belt. The
directions of these 644 good-quality measurements plotted as a
function of latitude (Fig. 2) show indeed ϕ trending from EW to
N120°E in the south and ϕ trending N030°E to N070°E in the north,
with a smooth and continuous variation between the two areas,
despite a small gap in the instrumental coverage between latitudes
45.2 and 45.8°N. Looking in more details at the individual splitting
measurements obtained at each station and presented as stereo-
graphic projections or projected on a map at 0 and 150 km depth
(Fig. 3 and Supplementary Figs. S2, S3, S4 and S5) allows visualizing
the SKS waves sampling region, that depends on the seismic event
backazimuth. The south-eastern France anisotropy pattern including
the Corsica station SMPL is characterized by ϕ trending close to EW at
the Italian border, as described in an earlier study (Barruol et al.,
2004), and by a gradual clockwise rotation toward NW–SE directions
for stations in the external domains of the belt and toward the French
Massif Central. Some SE France stations (STET is the best example)
display evidence of backazimuthal variations of the splitting para-
meters (Barruol et al., 2004) with NE incoming events providing
smaller δt and ϕ closer to EW compared to the SW incoming events
that provide larger δt and ϕ trending SE–NW. These variations are
clearly visible on the stereographic projections on the supplementary
Fig. S2 and may suggest dipping structures or several layers of
anisotropy, but are also consistent with lateral heterogeneities. The
presence of a slab in the upper mantle beneath the Po plain, as
evidenced by tomographic studies (Lippitsch et al., 2003; Piromallo
and Faccenna, 2004) may represent such large-scale heterogeneity.

The 2004–2007 temporary deployment of seismological stations
along an EW transect from the internal Alps to the Massif Central (red
triangle on Figs. 1 and 3) filled a gap between SE France and the Swiss
networks. It provides additional evidence for this NW–SE trend (at
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Fig. 1. Map of the location of broad-band stations used for this study (listed Table 1). The various temporary and permanent seismic networks (listed supplementary Table S1) are
indicated by different symbols: red diamond: SDSN (Swiss Digital Seismic Network), green square: RSNI (regional Seismic Network of Northern Italy), black circle: RLBP (Réseau
Large Bande Permanent), red triangle: Alps experiment, blue diamond: RosAlp network, green circle,: Geoscope, white triangle: TRACK stations (Barruol and Granet, 2002).
station VAT for instance with ϕ=−41°E), and confirms a northward
gradual clockwise rotation of ϕ from EW in the South to NS in the
French northern Alps, previously documented by two stations from
the RosAlp network (Barruol et al., 2004) (OGGM and OGSI).

Further north, stations from the Swiss seismological network
complete this gradual clockwise ϕ rotation (Fig. 3 and Supplementary
Fig. S3 and S4). The pattern is characterized by smooth and
continuous variations in fast directions from NS-trending ϕ in the
Western Switzerland, compatible with the pattern previously ob-
served in France at OGGM and OGSI, to N060°E trending ϕ in the
easternmost part of Switzerland, consistent with the observations
further east along the TRANSALP profile on a transect between Austria
and the Adriatic sea (Kummerow and Kind, 2006). This pattern
appears consistently for individual events from the entire network
(Fig. 3), and similarly in the mean anisotropic parameters presented
in Fig. 4 calculated from the good quality measurements. Swiss
stations do not show clear evidence of backazimuthal variation of
these parameters in the SKS period ranges (i.e., between 5 and 20 s),
yet the azimuthal coverage is uneven. The seismic rays are mostly
incident within the NE and SW quadrant.

The fast azimuth's ϕ pattern we observe from SKS wave splitting is
therefore dominated by an orogen-parallel preferred orientation. This
might appear as in contradiction with the study from Fry et al. (2010)
who used short period Rayleigh waves generated by ambient noise
and who evidenced a layered azimuthal anisotropy beneath the Alps
characterized by a belt-parallel fast direction at short period and a
belt-perpendicular anisotropy at longer period attributed respectively
to lower crustal and uppermost mantle anisotropy. These two studies
can be reconciled by considering the difference in the depth extent:
ambient noise tomography provides well resolved information down
to 28 s period Rayleigh waves (i.e., mostly sensitive in the 20–70 km
depth range), whereas SKS waves with a typical period of 10 s are
sensitive to pervasive structures of much larger scale (80 km) and
integrate the deformation-induced anisotropy along the vertical ray



Table 1
Station locations (sorted alphabetically) and mean shear wave splitting parameters
calculated at each station using the good quality measurements. The number of events
used is also indicated.

Station Lat.
(°N)

Lon.
(°E)

ϕ
(°)

Error_ϕ
(°)

δt
(s)

Error_δt
(s)

Number of
measurements

ABR 44.795 6.924 −53.40 17.29 1.80 0.46 6
AIGLE 46.342 6.953 11.47 9.57 1.86 0.22 14
ANTF 43.564 7.123 90.72 7.89 1.12 0.23 16
ARBF 43.492 5.332 100.58 6.65 1.09 0.11 29
BALST 47.336 7.695 37.82 15.45 1.66 0.47 5
BERNI 46.413 10.022 54.61 10.11 1.12 0.04 2
BLB 44.835 7.263 −20.84 26.70 0.90 0.31 7
BRANT 46.938 6.473 33.24 21.98 0.96 0.65 4
CALF 43.753 6.922 107.18 3.44 1.24 0.10 62
DAVOX 46.781 9.880 60.90 9.75 1.04 0.25 9
DIX 46.080 7.408 20.85 5.69 1.38 0.22 14
EMV 46.063 6.899 1.17 10.74 1.50 0.24 17
ESCA 43.831 7.374 100.28 4.56 1.25 0.21 19
FIR 44.794 6.002 −54.60 7.84 1.54 0.12 10
FUSIO 46.455 8.663 44.65 7.59 1.00 0.20 13
GIMEL 46.535 6.266 7.25 9.58 1.22 0.22 11
GUA 45.023 5.626 −38.07 35.50 1.36 0.78 5
HASLI 46.757 8.151 35.37 9.69 1.58 0.26 15
ISO 44.184 7.050 −57.76 33.00 1.47 1.14 3
LAU 45.036 6.401 −52.15 17.10 1.61 0.33 3
LEPF 43.523 5.702 −67.81 11.73 1.08 0.39 7
LIENZ 47.295 9.493 52.94 10.18 1.44 0.19 17
LLS 46.847 9.008 43.95 4.11 1.34 0.13 15
MMK 46.051 7.964 28.85 18.47 1.23 0.38 9
MUGIO 45.922 9.042 55.36 10.01 0.96 0.52 7
MUO 46.968 8.637 44.45 7.63 1.34 0.19 12
NON 44.738 5.554 −42.28 31.80 1.45 1.37 3
OGAG 44.786 6.538 −43.01 5.19 1.49 0.54 6
OGDI 44.108 6.225 100.42 9.47 1.32 0.23 17
PCP 44.541 8.545 86.76 12.00 1.14 0.25 19
PLONS 47.049 9.381 59.93 5.88 1.42 0.13 18
PRI 44.716 4.567 −26.83 19.21 1.20 0.55 1
RORO 44.112 8.066 42.88 24.37 1.04 0.49 2
RSP 45.148 7.265 −31.87 22.78 0.69 0.23 7
RUSF 43.941 5.484 109.65 5.26 1.22 0.17 20
SAOF 43.986 7.553 105.87 4.60 1.26 0.12 32
SLE 47.764 8.492 57.33 6.82 1.58 0.31 7
SMPL 42.094 9.285 101.03 3.98 1.44 0.09 36
STET 44.259 6.929 120.95 4.97 1.53 0.16 50
STV 44.245 7.326 −62.98 9.35 1.60 0.35 5
SULZ 47.527 8.112 45.80 11.72 1.88 0.29 5
TORNY 46.774 6.959 21.65 13.35 1.39 0.56 4
VAL 44.858 6.479 −37.65 6.07 1.60 0.52 1
VAT 45.271 5.423 −41.10 12.19 1.39 0.46 7
VDL 46.483 9.450 53.23 10.68 1.21 0.40 9
VIN 44.919 5.139 −36.87 18.20 1.64 0.38 1
WILA 47.415 8.908 60.19 8.88 1.68 0.15 8
WIMIS 46.665 7.624 24.09 7.89 1.39 0.16 18
ZUR 47.369 8.589 52.39 14.21 1.57 0.51 5
path, i.e., across lithospheric and sublithospheric widespread
structures.

Delay times δt from the 644 good quality splitting observations are
characterized by a mean value close to 1.4 s and a standard deviation
of 0.4 s (Fig. 2). 33% of the measurements are characterized by δt
larger than 1.5 s, suggesting rather strong anisotropy magnitude or
long anisotropic paths beneath the stations. The results we obtain do
not show particularly large δt at stations in the internal domains of the
Alps, where one could have expected a concentration of Alpine
deformation, as for instance at MUGIO (δt=0.96 s) or at RSP
(δt=0.69 s), both from 7 good measurements (Table 1). Instead, we
observe rather high δt at stations that are clearly in the external
domains of the belt, as for instance in the Provence area, at RUSF
(δt=1.22 s from 20 good measurements), at AIGLE in the Jura massif
(δt=1.86 s from 14 good events), and at WILA in the Swiss molasse
basin (δt=1.68 s from 8 good splitting). Such behaviour is well visible
when the delay times are plotted as a function of distance to the
internal zone of the Alps. Fig. 5 shows the mean δt values as a function
of distance between the stations and the boundary between the
Apulian and Eurasian plate (schematized by the red line on the insert
map). This diagram clearly shows that we do not observe δt that
gradually decrease from large values at the internal stations toward
the external domains of the belt. Instead, we observe relatively small
δt ranging between 0.8 and 1.2 s at stations close to that boundary in
the internal domain of the belt, and increasing δt (larger than 1.4 s) for
stations located at larger distances from this boundary (between 50
and 200 km), as shown by the mean delay time line calculated along a
50 km moving window (Fig. 5). Interestingly, the delay times appear
to decrease again at distance larger than 200 km, which is also
confirmed by the small δt observed further west in the Massif Central
area (Barruol and Granet, 2002). Although only a small number of
stations are installed in the internal domain of the belt and on its
Apulian side, which may bias the overall pattern, the robust finding is
that SKS splitting at stations in the external domains of the Alps
require large anisotropy magnitudes or long anisotropic paths
beneath areas where only the upper crust is affected by moderate
Alpine deformation such as nappes and folded sedimentary covers. As
discussed below and taking into account petrophysical constraints,
such large delay times are hardly compatible with a lithospheric
anisotropy but suggest a dominant sublithospheric deformation. The
point located at approximately 100 km east from the plate boundary
presented in Fig. 5 corresponds to station PCP. As discussed below,
this station cannot be considered as being installed in the internal
zone of the Alps but is located in the transition region between the
Alpine and Apennine belts, above an upper mantle that has likely
suffered large transpressional deformation during the Tyrrhenian slab
rollback.

As explained above, approximately 800 events do not show any
evidence of splitting, and are characterized by a lack of energy on the
transverse component of the SKS phase. This may be due to: i) a real
absence of anisotropy along the ray path, ii) an initial polarization of
the SKS wave parallel to the fast or slow direction in the anisotropic
layer, iii) a structure with two anisotropic layers with perpendicular
fast anisotropy axes and similar intrinsic delay times or iv) mantle
heterogeneities of wavelengths shorter than the SKS wave. The
backazimuths of the good quality nulls are plotted at each station on
supplementary Fig. S6. Their general trend parallel or perpendicular to
the non null splitting directions strongly suggest that these SKS waves
were initially polarized at the core–mantle boundary parallel to the
fast or slow direction in the anisotropic layer.
4. Discussion

4.1. Anisotropy and deep structure of the Western Alps

The shape of the Moho discontinuity described in a recent
compilation (Tesauro et al., 2008) integrating seismic reflexion and
refraction profiles across the Alps (Thouvenot et al., 2007; Waldhau-
ser et al., 1998) shows an eastward and southward dipping European
Moho beneath the French and the Swiss Alps respectively, with
depths of 40 to 45 km whereas the westernmost part of the Apulian
plate is characterized by a much shallower crust–mantle boundary
(20 km). The associated Bouguer gravity anomaly (Fig. 4a), closely
related to the crustal thickness variations, shows on one hand a large-
scale and arc-shaped negative anomaly beneath the internal and
external parts of the belt, where the Moho is deeper than normal, and
on the other hand a strong positive anomaly beneath the western part
of the Apulian plate where the crust is thinner than normal and
beneath the Ivrea body where high density rocks are close to the
surface (Masson et al., 1999). At the scale of the Western Alps, and as
shown in Fig. 4a, the SKS fast directions we observe closely fit the
contours of the Bouguer gravity anomaly and thus the Moho depth
(Stehly et al., 2009; Tesauro et al., 2008). This pattern suggests some



Fig. 3.Map of the high-quality individual fast split shear waves projected at the 150 km piercing depth point of the respective rays. The azimuth of each line indicates the trend of ϕ
and the length of each segment is proportional to the amplitude of the measured δt. The dashed red line indicates the rough location of the Apulian plate boundary.
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Fig. 4. a) Map of the Bouguer gravity anomaly with the mean splitting parameters plotted at each station. The mean values (listed Table 1) are calculated from the good quality
measurements shown in Fig. 3 (listed in supplementary Table S2). b) Map of mean SKS wave splitting at the stations determined in this study, together with the P-wave tomographic
model. Integrating slices between 100 and 200 km depth (Piromallo and Morelli, 2003), the model shows the fast velocity body beneath the Po plain.
relationship between the physical effects that control mantle
deformation and crustal thickness.

Deeper lithospheric structures of the Western Alps are character-
ized by the presence of a fast seismic velocity body in the upper
mantle (see Fig. 4b) that also closely parallels the curvature of the
Alpine topography (Lippitsch et al., 2003; Piromallo and Faccenna,
2004; Piromallo and Morelli, 2003). This high-velocity anomaly is
clear at 100 and 200 km and vanishes at a depth of 300 km. It is
interpreted as the Eurasian lithospheric slab dipping in the mantle
beneath the belt (Lippitsch et al., 2003). Considering that the Alpine
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by the red line in the map on the right and by the dashed red line in Fig. 3. The red curve re
clearly shows that themaximum anisotropy affecting the vertically-propagating SKS waves is
of the belt, suggesting that the anisotropy is likely to lie beneath the lithosphere.
subduction may have absorbed at least 500 km of convergence, the
high velocity body lying in the transition zone beneath the Alps
(Piromallo and Faccenna, 2004) has also been proposed to represent
the remaining part of the cold lithosphere that may have detached
about 35 Ma ago from the Alpine slab.

This upper mantle high-velocity body still partly connected to the
Eurasian plate is located beneath the outermost part of the Apulian
plate, i.e., beneath the western and northern part of the Po plain and
fits the curvature of the belt beneath SE France and southern
Switzerland. The vertical tomographic sections across the Western
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s. Each black dot represents the weighted mean δt value calculated at each station from
nd the boundary between the Eurasian and Apulian plates within the Alpine belt, shown
presents variations of the average δt calculated on 50 km long windows. This diagram
not located beneath the Alpine internal domains but instead beneath the external parts



Alps (Lippitsch et al., 2003; Piromallo and Faccenna, 2004; Piromallo
and Morelli, 2003) show that the “Eurasian” high velocity anomaly is
steeply dipping beneath the Po plain, implying that most of the
seismic stations used in the present study are located in a fore-arc
situation, above the gently eastward dipping Eurasian lithosphere. In
summary, the mantle flow pattern beneath the Western Alps shows a
good correlation with the overall trend of the belt and its crustal
structures but also appears to wrap the high velocity anomaly in the
upper mantle, inducing therefore ambiguities with respect to the
origin of the anisotropy.

4.2. Lithospheric vs. asthenospheric deformation beneath the Alps

The large-scale correlation of ϕ i) with the belt curvature (Fig. 2),
ii) with the belt topographic heights (Fig. 1), iii) with the Moho depth
(Tesauro et al., 2008) and iv) with the Bouguer gravimetric anomaly
(Fig. 4a) may at first suggest a close relationship between anisotropy
and lithospheric structures.

The first possible origin of lithospheric anisotropy may correspond
to ancient, pre-Alpine structures. It can reasonably be ruled out by two
arguments though: i) although Hercynian structures, such as
pervasive foliations and lineations or shear zones, are poorly defined
in the Alps (Matte, 1986), they mainly appear at high angle to the
observed anisotropic trend: for instance vertical foliations and shear
zones are oriented NS in the Maures Massif in SE France (Vauchez and
Bufalo, 1988) where the observed ϕ are close to N100°E and they do
not follow the Alpine curvature. ii) Anisotropy observed at the Corsica
station SMPL is trending N100°E on average, i.e., parallel to the
observations performed in the Provence area, although it is well
established that the Corsica–Sardinia bloc suffered a 45° counter-
clockwise rotation relative to stable Eurasia sinceMiocene (Ferrandini
et al., 2003; Gattacceca et al., 2007; Maffione et al., 2008). If the
anisotropy was lithospheric and inherited from Hercynian orogeny, ϕ
should be trending N145°E in the original Corsica–Sardinia position
and therefore at large angle from the very homogeneous SE France
regional trend.

The second possible origin for a lithospheric anisotropy could
reside in a dominating Alpine deformation. This hypothesis is also
unlikely since we observe large δt (N1.5 s) at the numerous stations
located in the external parts of the belt where a pervasive Alpine
deformation within the underlying lithosphere is not expected.
However, a lithospheric anisotropy cannot be completely ruled out
and is likely present to some degree in the internal zones of the belt, at
least in the lower crust and uppermost mantle, as suggested by
ambient noise and Rayleigh wave azimuthal anisotropy analyses (Fry
et al., 2010). It is however important to note that our present SKS
splitting study is facing an important geometric bias inducing
observational limitations sincemost of ourWestern Alps observations
are originating from the forearc side of the subduction: assuming an
eastward dipping subduction beneath the Western Alps, the deep
deformation induced by the Alpine subduction and collision processes
is expected to lie beneath the Western and Northern part of the Po
plain, where only few seismic stations are installed. This geometric
bias is presented on the schematic cross section Fig. 6 and shows that
the collision-induced deformation may be therefore hard to detect
and to quantify in the present-day recording system geometry.

The overall anisotropy pattern characterized by an almost
continuous 180° rotation of ϕ closely related to the high velocity
body in the upper mantle (Fig. 4b) may reflect a sublithospheric
mantle flow around the Eurasian slab acting as a keel relative to the
surrounding mantle. Such flow was already investigated by analog
model of subduction rollback (e.g., Buttles and Olson, 1998; Funiciello
et al., 2006) as well as by numerical modelling (e.g., Piromallo et al.,
2006). As SKS waves sample the lithosphere at rather small incidence
angles (around 10°, as seen on Fig. S2), only stations located in the
most internal domains of the belt could record seismic rays that
crossed the steeply dipping lithospheric Eurasian slab beneath the
Apulian plate. Interestingly, these internal stations are characterized
by the smallest delay times, ranging between 0.8 and 1.2 s on average
(Fig. 6) that can be explained using the anisotropic signature of a
steeply dipping slab if the lineation in the downgoing slab is also
steeply dipping. An incident SKS wave will therefore propagate close
to the lineation, i.e., along weakly anisotropic directions (Mainprice et
al., 2000). As a consequence, small splitting delays observed in the
most internal domains of the belt can be explained by the nearly
vertical slab. On the contrary, beneath the external parts of the belt,
i.e., at distance of 50 to 150 km from the internal zones, we observe
the largest δt (ranging between 1.4 and 1.8 s, with a mean value
around 1.5 s) that cannot be explained by crustal anisotropy alone nor
by lithospheric Alpine strain that is likely not widespread enough but
restricted to upper crustal and to discrete strain zones. This suggests
instead that an important part of the anisotropy observed by SKS
splitting probably lies in the sublithospheric mantle as schematically
suggested by Fig. 6: to explain 1.5 s delay time, and considering
anisotropy magnitude between 3 to 5% (typical values observed in
real mantle rocks (Ben Ismail and Mainprice, 1998; Mainprice et al.,
2000)), one requires indeed anisotropic paths between 225 and
135 km long, respectively, i.e., much larger than the actual litho-
spheric thickness of the Eurasian plate in this area, evaluated by body
and surface waves to be in the range 80 to 100 km (e.g., Lippitsch et
al., 2003; Pedersen et al., 2003).

To explain both the amplitude and the trend of the anisotropy
deduced from vertically travelling SKS waves, we therefore propose
that the orogen-parallel anisotropy pattern beneath the external
domains of the Alpine belt is generated by a pervasive asthenospheric
fabric controlled by the shape of the subducting European lithosphere.

4.3. Age and origin of the observed anisotropy

If one accepts that part of the observed anisotropy may reflect an
asthenospheric flow around the Alpine subduction, an important
question concerns the age of that deformation and therefore, the
active or past nature of the involved tectonic processes. The observed
anisotropy pattern may indeed represent an active flow around the
moving Alpine roots or may be simply preserved in the upper mantle
since the last important tectonic and/or thermal episode. Although
seismic anisotropy alone cannot distinguish between the two
possibilities, some arguments may be discussed in that light.

Upper mantle seismic anisotropy beneath SE France was already
interpreted as asthenospheric flow induced by the early stage of the
Neogene Tyrrhenian slab rollback (Barruol and Granet, 2002; Barruol
et al., 2004) that could have been made easier by the presence of hot
mantle material rising beneath the Massif Central and feeding the
Neogene to Quaternary volcanic activity in the Massif Central (e.g.,
Dautria et al., 2010). If this interpretation is still valid and would
favour the idea of mantle strained at asthenospheric depth and
preserved since Neogene, an alternative (and perhaps complementa-
ry) interpretation is to consider that the observed anisotropy pattern
could correspond to asthenospheric material flowing around the
Alpine lithospheric keel formed by the Eurasian lithospheric slab
dipping in the mantle (Fig. 7a). Such flow may be induced by either
the Eurasian plate motion and/or by some more regional active
mantle flow within the upper mantle. The Eurasian plate motion that
may drag the slab is unfortunately poorly defined since this plate is
one of the slowest on Earth. In a no-net rotation frame (e.g., Kreemer
et al., 2003), the Eurasian plate motion is characterized by a vector
trending toward N050°E and by slow velocities (20 to 25 mm/yr). In
the hotspot reference frame, the Eurasian plate moves at a much
slower velocity (10 to 20 mm/yr, for HS2- and HS3-Nuvel1A,
respectively (Gripp and Gordon, 1990, 2002)) and toward azimuth
close to N240°E. Our observed anisotropy ϕ pattern fits closely the
northern, western, and southern sides of the arc-shaped lithospheric
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Fig. 6. Schematic cross section of the Alpine subduction, with three examples of seismic stations in the internal and external part of the belt, and their respective Fresnel zones in the
upper mantle. The red curve represents the averaged δt and is plotted with respect to the cross section scale to enhance the variation of the delay times as a function of the distance to
the boundary between Eurasia and Apulia. The dotted ellipse schematically represents the zone where higher anisotropy observed is supposed to be located.
slab in the upper mantle. This pattern is poorly compatible with a NE-
trending plate motion that should align mantle lineations and fast
split directions along NE-SW directions beneath the fore-arc side of
the subduction, which is not observed. The ϕ pattern described in this
study is more consistent with the hotspot-referenced plate motions,
i.e., with a westward or south-westward plate motion vector that
should explain a passive mantle flow around the slab. This plate
motion direction is also compatible with the anisotropy pattern
observed byWalker et al. (2005) around the Eifel hotspot in Germany
and interpreted as an interaction between amantle upwelling and the
Eurasian plate motion toward WSW direction. Even though the trend
of ϕ is compatible with a model of plate drag toward the SW and a
passive asthenosphere (hypothesis illustrated Fig. 7a), the strength
and broadness of the observed δt illustrated in Figs. 5 and 6 suggest a
rather strong flow, which may be not consistent with the slow
(b20 mm/yr) Eurasian plate motion. An alternative – and likely non
exclusive – explanation to a present-day passive asthenospheric flow
around the slab is therefore to infer a regional active flow that may
have various origins: i) the subducting European lithosphere appears
discontinuous beneath theWestern Alps (Lippitsch et al., 2003) in the
seismic tomographies and could suggest the detachment of the
European slab at approximately 110–150 km depth, that could be
presently freely falling in the upper mantle, inducing flow around it
(schematized Fig. 7b). ii) The westward retreat of the Eurasian slab
could be forced by the toroidal flow expelled by the Apennine slab
rollback (hypothesis schematized Fig. 7c) (Funiciello et al., 2006;
Piromallo et al., 2006; Vignaroli et al., 2008). The contemporaneous
bending of the Western Alps and the rotation of the Corsica–Sardinia
lithospheric blocks deduced from paleomagnetic data (e.g., Maffione
et al., 2008) strongly suggest close relationships between the built up
of the Alps and Apennines, in particular through the two opposite and
contemporary rollbacks. As suggested by Jolivet et al. (2009), the
Neogene eastward retreat of the Apennine slab may have simulta-
neously induced a suction effect of the asthenospheric mantle lying
beneath the fore-arc side of the Alpine subduction and a forced
westward return flow on the back-arc side of the Alpine subduction,
i.e., beneath the Po plain. This hypothesis could be tested by
investigating the anisotropy pattern above the backarc side of the
Alpine subduction, across the Po plain in Northern Italy, where one
could expect subduction-perpendicular trending ϕ, i.e., EW-trending
fast directions.

Interestingly, the strong variation of SKS splitting parameters at
PCP station in the Voltri massif in the Ligurian Alps (Fig. 3 and
Supplementary Fig. S3) is correlated with event backazimuth and can

image of Fig.�6


Fig. 7. Schematic bloc diagrams with roughly EW and NS cross sections presenting
hypothetical processes that could explain the belt-parallel mantle flow beneath the
Western Alps. a) The toroidal flow may be induced by the keel effect of the European
slabmoving in the direction of the absolute platemotion (APM) of the Eurasian plate. b)
The belt-parallel anisotropy may result from the detachment of the sinking European
slab, inducing a mantle flow around it. c) Anisotropic pattern may result from the
interaction between the rollbacks of the European and Apennines slabs.
represent the various impacts from the above hypotheses. It lies in a
particularly interesting transitional domain between the Alps and the
Apennines that has been described as having accommodated
strong≈EW extension due to the oppositemigrations of the eastward
dipping Alpine slab and westward-dipping and eastward-retreating
Tyrrhenian slabs during Cenozoic times (Jolivet et al., 2009; Vignaroli
et al., 2008). The strong variation of splitting measurements (Fig. 3
and Supplementary Figs. S2 and S5) observed at PCP is correlatedwith
event backazimuth: i) events arriving at PCP from the SW provide ϕ
ranging between EW to N110°E, i.e., with a signature very similar to
stations further west in SE France (Barruol et al., 2004) that could
represent the asthenospheric anisotropy beneath the Eurasian slab in
SE France, ii) events arriving at PCP from the east show N110°E
trending ϕ, similar to what is observed further east in the Apennines
(Plomerova et al., 2006; Salimbeni et al., 2008) and that could
correspond to the anisotropy beneath the Apennine slab, and iii)
events arriving at PCP in the NE quadrant show≈N060°E trending ϕ,
that could represent the present-day toroidal flow escaping from
behind the retreating Apennine slab or a past, Neogene, vertical strike
slip deformation induced by the relative motion between the two
subductions of opposite polarities.
5. Conclusions

Systematic SKS splitting measurements at the Western Alps
broadband stations provide a coherent picture of upper mantle flow
beneath this halted orogen. The anisotropy pattern is characterized by
a dominant belt-parallel fast split directions and by strong delay times
beneath the external units of the belt. We propose that this pattern is
dominated by sublithospheric mantle flow induced by present or
recent relative motion between the subducting Eurasian lithosphere
and the surrounding asthenospheric mantle. The issue relative to the
active and/or past nature of the asthenospheric flow cannot be solved
by anisotropy alone since both should generate similar signature. The
clear SKS anisotropy pattern mimicking the shape of the Alpine
mountain belt, the build-up of which has ended, suggests that mantle
strain may be preserved as long as subsequent thermal or tectonic
event does not reactivate it. In the larger frame of the Mediterranean
tectonics, this work proposes a new arc-shapedmantle flow beneath a
continental collision, controlled by the interaction between retreating
slabs and the sublithospheric mantle, as what has been observed
beneath Calabria (Baccheschi et al., 2007; Civello and Margheriti,
2004), the Apennines (Margheriti et al., 1996, 2003; Plomerova et al.,
2006; Salimbeni et al., 2007), Gibraltar arc (Buontempo et al., 2008;
Diaz et al., 2010), and the Aegean (Hatzfeld et al., 2001; Schmid et al.,
2004). This confirms that large-scale tectonics induced by slab
displacements within the upper mantle is a dominant process that
shaped the whole Mediterranean area.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2010.12.040.
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