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Abstract

Upper mantle flow beneath the French Massif Central is investigated using teleseismic shear wave splitting induced
by seismic anisotropy. About 25 three-component stations (short period, intermediate and broadband) were installed
during the period 1998^1999 in the southern Massif Central, from the Clermont Ferrand volcanic area to the
Mediterranean Sea. Teleseismic shear waves (SKS, SKKS and PKS) were used to determine the splitting parameters:
the fast polarization direction and the delay time. Delay times ranging between 0.7 and 1.5 s have been observed at
most of the sites. The azimuths of the fast split shear waves trend homogeneously NW^SE in the southern Massif
Central suggesting a homogeneous mantle flow beneath this area. The observed NW^SE direction differs from the
N100‡E Pyrenean anisotropy further south. It does not appear to be correlated to Hercynian structures nor to the
present-day motion of the plate but is well correlated to the Tertiary extension direction. We propose that the opening
of the western Mediterranean induced by the rotation of the Corsica^Sardinia lithospheric block and the roll-back to
the SE of the Tethys slab may have generated a large asthenospheric mantle flow beneath the southern Massif Central
and a deflection of the up going plume centered beneath the northern Massif Central toward the SE. ? 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The Massif Central (MC) in France is a portion
of the Hercynian belt that has been uplifted dur-

ing Cenozoic times. It represents one of the
largest volcanic provinces of western Europe
whose geological evolution has been related with
the Alpine orogeny [1] and the Cenozoic exten-
sional regime. The MC has been a¡ected, as the
whole of western Europe, by the Oligocene exten-
sion, which induced a thinning of the crust be-
neath the Limagne graben [2]. The recent vol-
canism led to a shallowing of the lithosphere^
asthenosphere transition to depths of about
50 km [3].
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Although the volcanic activity in the MC began
during Paleocene times on its periphery (Bour-
gogne, Causse, Bas Languedoc), the main vol-
canic activity occurred during Miocene and Plio-
cene times in the central part (Cantal, Mont
Dore). The maximum geographical spreading of
this volcanism occurred during the lower Pliocene
(between 7 and 4 Ma) [4]. Some of the volcanoes
were still active during Quaternary times (Vivar-
ais, Languedoc and Cha|“ne des Puys, for instance)
[5]. From late Miocene to present, an age progres-
sion has been described along three branches orig-
inating from the Cantal area where the oldest
(between 14 and 10 Ma) volcanism is observed,
whereas the most recent volcanism (younger than
1 Ma) is found in the Cha|“ne des Puys to the
north, in the Languedoc area to the south, and
in the Arde'che area to the southeast.

The anomalously high topography, the negative
Bouguer anomaly [6], the high heat £ow [7], the
surface wave attenuation [8] and the low P-wave
velocity anomaly [9,10] are all compatible with the
presence of hot material at upper mantle depths
beneath the MC. Numerical models [3,11] suggest
that the mantle temperature beneath the northern
MC is 100^200‡C higher than the surrounding
mantle. Although the texture analyses of mantle
xenoliths [12] suggested the presence of several
small scale asthenospheric diapirs intruding the
lithosphere, the size and extension of the mantle
intrusion(s) are still debated.

In 1991^1992, seismic stations were deployed in
the northern MC [9]. The resulting upper mantle
seismic tomography evidenced a large, low veloc-
ity body beneath the Cantal and Velay areas, visi-
ble down to about 250 km [9], interpreted as a
possible signature of the hot mantle plume from
which the MC volcanism originated [13]. Interest-
ingly, this tomographic image suggested that the
low velocity anomaly could have some vertical
and southward extent, but the design of this
1991^1992 experiment did not allow the charac-
terization of the extension of this low velocity
anomaly.

In order to enlarge this tomographic image at
the scale of the whole MC, we conducted a tem-
porary deployment of a seismic network in 1998^
1999. We installed 25 three-component seismic

stations on the southern part of the MC. Our
aim was to extend the 3-D velocity model not
only deeper but also southward to the Mediterra-
nean Sea and to make the connection with the
Pyrenean tomographic model [14]. This deploy-
ment should help to constrain the deep structures
of the mantle beneath the southern MC, to map
the lateral variations of the lithospheric thickness,
and to better constrain the lateral and vertical
extent of the mantle plume. Mapping the upper
mantle £ow from seismic anisotropy and teleseis-
mic shear wave splitting was another aim of this
seismic study that we present in this paper.

For the last decade, seismic anisotropy has been
used to study upper mantle tectonics [15,16].
Shear wave splitting is directly induced by seismic
anisotropy: a polarized shear wave crossing an
anisotropic medium is split into two perpendicu-
larly polarized waves that propagate at di¡erent
velocities. Two anisotropy parameters may be re-
trieved from three-component seismic records: the
di¡erence in arrival time (Nt) between the two split
shear waves, which depends on the thickness and
on the intrinsic anisotropy of the medium, and the
orientation of the split waves’ polarization planes
(the azimuth P for the fast wave), which is related
to the orientation of the structure.

Seismic anisotropy in the upper mantle is
broadly assumed to result from intrinsic elastic
anisotropy of rock-forming minerals [17] and
from their preferred orientations developed in re-
sponse to tectonic £ow. Olivine, which represents
the main upper mantle constituent and which is
the most anisotropic upper mantle mineral phase,
controls upper mantle anisotropy [18,19]. Since
shear wave splitting is a direct result of anisotro-
py, and hence of rock deformation, it is possible
by measuring this splitting to investigate upper
mantle structure in relation to plate tectonics.
We present in this paper observations of splitting
of teleseismic shear waves recorded on the south-
ern £ank of the MC. We also discuss the possible
upper mantle fabric in light of the various tectonic
events that could have played a role: the motion
of the Eurasian plate, the Hercynian orogeny, the
hotspot emplacement, and the Tertiary extension
related to the opening of the western Mediterra-
nean.
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2. Data and results

Teleseismic events were recorded by three-com-
ponent seismic stations mainly from the French

LITHOSCOPE network. The main station de-
ployment occurred between October 1998 and
August 1999. Table 1 lists the station locations
presented in Fig. 1. We began the experiment

Table 1
Station location and mean anisotropy parameters

Station Latitude Longitude P cP Nt cNt Number of
measurements

Quality

(‡N) (‡E) (‡) (‡) (s) (s)

ALB 43.895 2.456 88 16 1.45 0.02 2 g+f+p
^ ^ ^ ^ 0 g

CLR 43.882 3.323 138 15 0.89 0.10 10 g+f+p
130 14 0.96 0.09 8 g

CNG 44.400 3.226 137 5 1.03 0.19 3 g+f+p
126 5 0.61 0.20 1 g

COU 43.479 2.723 141 13 0.95 0.25 6 g+f+p
96 8 0.70 0.20 1 g

DIO 43.931 4.299 116 5 1.34 0.07 6 g+f+p
116 6 1.36 0.04 2 g

ENS 43.310 3.110 111 5 0.96 0.18 2 g+f+p
121 12 0.70 0.21 1 g

GUZ 43.741 3.935 106 5 1.16 0.16 4 g+f+p
99 6 1.11 0.01 2 g

LUC 44.656 3.890 74 24 1.54 0.16 5 g+f+p
^ ^ ^ ^ 0 g

MIR 44.144 2.172 129 9 1.22 0.09 5 g+f+p
124 5 1.03 0.26 2 g

MMJ 43.706 4.664 110 4 0.70 0.04 6 g+f+p
95 12 0.64 0.22 1 g

PDS 44.322 2.724 131 3 1.02 0.08 11 g+f+p
134 4 0.95 0.03 6 g

RAB 43.830 1.716 82 40 0.78 0.21 4 g+f+p
^ ^ ^ ^ 0 g

RMZ 44.400 4.496 121 9 0.72 0.16 5 g+f+p
101 7 0.60 0.14 2 g

SAI 43.362 2.172 16 14 1.26 0.23 6 g+f+p
52 15 0.79 0.27 2 g

BOPU 42.870 2.876 112 5 1.58 0.11 8 g+f+p
116 6 1.43 0.10 4 g

BLRC 44.286 3.767 133 6 0.78 0.14 6 g+f+p
125 7 0.61 0.11 4 g

CFF 45.762 3.102 142 6 1.79 0.70 1 g+f+p
^ ^ ^ ^ 0 g

St08 45.359 2.801 122 10 0.90 0.20 1 g+f+p
122 10 0.90 0.20 1 g

St09 44.860 3.833 145 4 1.15 0.12 1 g+f+p
145 4 1.15 0.12 1 g

St11 44.781 2.126 116 16 1.10 0.40 1 g+f+p
116 16 1.10 0.40 1 g

ARBF 43.492 5.333 94 7 1.29 0.15 4 g
95 7 1.31 0.12 6 g+f+p

Station location and mean splitting parameters calculated with all the results (g+f+p) or with the only good measurements (g).
The number and quality of individual splitting measurements from which the average values are calculated is tabulated.
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for three months with short period (1 s) sensors
recording at 31.25 samples per second. We re-
placed these sensors in January 1999 by inter-
mediate period sensors (5 s Lennartz) that re-
corded at the same rate up to August 1999.
Two broadband stations from the French ‘Re¤seau
Large Bande Mobile’ equipped with Streickeisen
STS-2 seismometers were installed in May 1999
and remained in the ¢eld at PDS and SAI up to
January 2000. Two other broadband stations
from Leeds University (Mars88 equipped with
Guralp CMG3) ran from October 1998 to August
2000 at BLRC and BOPU. Continuous recording
allowed us to select and extract teleseismic events
at convenient distances and magnitudes suitable
for SKS, SKKS and PKS splitting measurements.
In order to avoid noise contamination of the split-
ting measurements, we kept only events character-
ized by signal to noise ratio of the SKS phase
higher than 2. From the whole data set of tele-
seismic events located at a distance greater than
85‡ and of magnitude greater than 5.8, about 60

events were suitable for shear wave splitting mea-
surements (Background Data Set1, Table 2). Of
these events, less than 20 were recorded during
the main experiment (January^August 1999).
The event origins and locations (Background
Data Set1, Table 2) are taken from the US Geo-
logical Survey (USGS) Preliminary Determination
of Epicenters, and the phase arrivals were com-
puted using the IASP91 Earth reference model
[20].

Most individual splitting measurements (Back-
ground Data Set1, Table 3) were performed on
earthquakes occurring at distances in the range
85^120‡. We measured the shear wave splitting
using the Silver and Chan [21] algorithm. This
method determines the anisotropy parameters, P
and Nt, that best minimizes energy on the trans-
verse component of the seismogram for a selected
time window. For each, we report the split phase

Fig. 1. Map of the station locations. The continuous line represents the contour of the Hercynian basement and the dashed line
the ‘Sillon Houiller’. The Cenozoic volcanic ¢elds are in black. The black squares (station MC) indicate stations with splitting
measurements [25,27]. White squares represent short period (1 s) three-component stations from the GFZ Potsdam. Due to the
short time of installation, anisotropy measurements were only possible at stations St08, St09 and St11. CFF and ARBF are Re-
NaSS broadband stations. SSB is a geoscope station. The black circles represent short, then intermediate period (1, then 5 s, re-
spectively) three-component stations, whereas diamonds represent broadband stations.

1 http://www.elsevier.com/locate.epsl
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on which we performed the measurement, the
splitting parameters (P, Nt) with their 1c uncer-
tainty, determined from the 95% con¢dence inter-
val in the (P^Nt) domain, and the backazimuth of
the event. We ascribe a quality factor (good, fair,
or poor) to the measurements, depending on the
signal to noise ratio of the initial phase, the recti-
linear polarization of the particle motion in the
horizontal plane after anisotropy correction, and
the waveform correlation between the fast and
slow split shear waves. We present in Fig. 2 three
examples of splitting measurements recorded by
short (CLR), intermediate (GUZ) and broadband
(PDS) sensors. We generally used the SKS phase,
but for some events, we used the whole
SKS+SKKS-wave train. For a few events occur-
ring at epicentral distances between 130 and 140‡,
we successfully measured the splitting of PKS
phases. We also deduced direct S-wave splitting
for two events: for S-wave from event 99098 oc-
curring at an epicentral distance of 80‡, we con-
sidered this event deep enough (562 km) to as-
sume that no splitting occurred on the source
side of the seismic path. The result obtained
from this S phase is fully consistent with the ani-
sotropy parameters deduced from SKS splitting
measurements. We also used event 99028 occur-
ring at a depth of 66 km and at an epicentral
distance of about 83‡. The measurements were

made on the whole S+SKS-wave train, the two
phases arriving almost simultaneously at this dis-
tance. Although the S and SKS rays do not sam-
ple exactly the same mantle (they are 24 km apart
at 150 km depth), the quality of the measurements
at the southern stations and their similarity to the
SKS splitting parameters led us to consider that
this particular splitting measurement should pri-
marily re£ect the anisotropy beneath the station

C

Fig. 2. Examples of splitting measurements at three stations
equipped with di¡erent sensors: SKKS phase for event
98271 at CLR, with a short period (1 s) sensor, SKS phase
for event 99024 at GUZ with an intermediate period sensor
(5 s), SKS phase for event 99315 at PDS with a broadband
sensor. For each station we show two upper traces: the ini-
tial radial (a) and transverse (b) components (energy on the
transverse component). Two lower traces (c and d): the radi-
al and transverse traces corrected for anisotropy (there is no
longer energy on the transverse component). The shaded
area gives the time window on which the splitting measure-
ment is done and the dashed lines represent the predicted
phase arrival times (IASP91 model). The four diagrams on
the right plot the fast and slow split shear waves (continuous
and dashed line, respectively) raw (e) and corrected (f) for
the best-calculated delay time. Particle motions in the hori-
zontal plane are shown below, also uncorrected (g) and cor-
rected (h) for the anisotropy: the elliptical particle motion
becomes rectilinear when the anisotropy is corrected.
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and not a source side anisotropy. This S+SKS
splitting measurement was the only one done at
three stations from the northern group (St08, St09
and St11, reported in Table 1) that were running
for a short time. We considered that the quality of
these data is good enough to keep measurement
and to have some con¢dence in the results, but
they are only weakly representative of the region
and we shall not discuss the results together with
the southern stations.

The individual results of shear wave splitting
are plotted in Fig. 3 in polar diagrams. The azi-
muths of the fast split shear wave together with

the delay time is plotted on the left panel of such
pairs of ¢gures, whereas the backazimuths for
which no splitting were detected are plotted on
the right. These are called ‘null’ measurements
and indicate either that there is no anisotropy
beneath the station or that the initial polarization
direction of the SKS-wave is parallel to the fast or
slow direction in the anisotropic layer. Black lines
represent the best-constrained results whereas the
gray lines represent measurements of lower qual-
ity. Good splitting measurements were observed
at almost all sites except four. For three of them
(ALB, LUC and RAB), this is likely related to a

Fig. 3. For each station are presented the splitting (left) and the backazimuth for which no splitting is observed (right). For the
splitting measurements, the trend of each segment represents the azimuth P of the fast split shear wave and its length is propor-
tional to the delay time Nt (up to 3.0 s). Black lines correspond to well-constrained results, dark gray lines to fair and dashed
lines to poorly constrained results (Background Data Set1, Table A3).

C

Fig. 4. Map of the SKS splitting measurements at the surface (a), and projected along the rays at 100 km (b) and at 200 km
depths (c). As in Fig. 3, the black measurements are the best constrained, and the gray measurements represent measurements of
lower quality.
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lack of data, since very few nulls are observed
during the same period. On the other hand, for
the permanent station CFF at Clermont Ferrand,
the absence of splitting observation could be re-
lated to the absence of anisotropy along the ver-
tical direction beneath the station, since numerous
nulls of good quality are observed. From system-
atic analyses of more than 10 years of data at the
geoscope station SSB further east, Barruol and
Ho¡mann [22] observed only two positive split-
ting results (arriving at the same backazimuth)
and a large number of nulls, suggesting a mostly
isotropic structure beneath the station. This ap-
parent isotropy along the vertical direction may
result either from vertically oriented olivine a-
axis, or from large scale heterogeneities, or from
the presence of two anisotropic layers with per-
pendicularly oriented fast axes or simply from
absence of deformation of the medium [22]. As
shown below, measurements of olivine and ortho-
pyroxene crystal lattice preferred orientation of
peridotite nodules sampled in the northern MC
[23] do not favor this last hypothesis.

SKS splitting has a poor vertical resolution be-
cause the splitting of a teleseismic shear wave ob-
served at the Earth’s surface may be acquired
anywhere along the ray between the station and
the core^mantle boundary. It is, however, broadly
accepted from seismological and petrophysical ar-
guments that most of the anisotropy lies within
the uppermost 400 km of the Earth. There are
some qualitative arguments that can help to ver-
tically locate the anisotropy within the uppermost
mantle. At a given site, for instance, homogene-
ous anisotropy parameters deduced from events
with di¡erent backazimuths strongly favor super-
¢cial and homogeneous mantle deformation. We
observe such homogeneity at the central stations
and this could suggest a shallow (i.e., above
200 km) anisotropy. The lithosphere is relatively
thin beneath the northern MC (6 60 km), and
probably less than 80 km thick beneath the south-
ern MC, so part of the recorded anisotropy may
therefore lie within the asthenospheric upper man-
tle. Alternatively, the scattering of the anisotropy
parameters observed at few southwestern stations
(particularly at RAB and SAI) suggests either
some super¢cial (i.e., 6 100 km deep) heteroge-

neous structure beneath the station (lateral varia-
tions, for instance) or the presence of several
layers of anisotropy that may induce some back-
azimuthal variations in the anisotropy parameters
[24].

In order to test the extent of the upper mantle
deformation, i.e., the large scale stability of the
anisotropy parameters, and whether scattering at
a given station re£ects lateral structure variation
or more complex structures such as the presence
of several anisotropic layers, we present in Fig. 4
anisotropy maps on which each individual split-
ting measurement is projected at a given depth
along the incoming ray. This representation is
both helpful, since it plots the splitting parameters
at the place where it could have been partially
acquired, but also imperfect because it plots a
¢nal, integrated splitting at a depth where split-
ting was perhaps not fully completed. The indi-
vidual splitting measurements (Background Data
Set1, Table 3) are projected at the surface (Fig.
4a), at 100 (Fig. 4b) and 200 km depth (Fig. 4c).
These maps ¢rst show that the lateral mantle sam-
pling is homogeneous despite the relatively sparse
network density (about 50 km between stations)
and the sparse backazimuthal coverage. Events
mainly arrived from the NE and the SW. Second,
except for some lower quality events, the homo-
geneous NW^SE trend in the central part of the
network is particularly striking in the 100 and
200 km depth maps and suggests a uniform and
pervasive structure beneath this area. This ‘chan-
nel’ structure appears to be at least 400 km long
(and in fact much longer when incorporating the
individual measurements made at the northern
stations St08, St09 and St11 and the reprocessed
data at the northern MC stations [25]) and about
200 km wide. Third, the scattering observed at
SAI and RAB appears from these projections to
be compatible with variations in the lateral struc-
ture at mantle depth. At SAI, for instance, the
three measurements with roughly N^S trending
P (events 99095, 99130 and 99323) sample the
same upper mantle, whereas the two NE^SW
trending P (events 99024 and 99345) sample a
mantle area slightly o¡set to the NE. At RAB,
the absence of good measurements weakens the
conclusions, but the two N^S P measurements
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(events 99093 and 98281) sample mantle anisotro-
py SW from the station, whereas the N110‡E
trending P (event 99098) integrates anisotropy
NE from the station. Although the small number
of splitting measurements at these sites does not
allow to test the presence of several anisotropic
layers, the results from these southwestern sta-
tions are compatible with lateral heterogeneities
in the upper mantle.

Despite the small data set related to the short
interval of the network deployment, the overall
coherency of the results at most stations allows
us to calculate the mean splitting parameters at
each site. We used the averaging method pre-
sented by Silver and Chan [21] that weights each
individual measurement by its 95% con¢dence in-
terval (reported in Background Data Set1,
Table 3), so that poorly constrained results have
a smaller contribution to the mean result than the
best-constrained measurements. To check the con-
sistency of the results, we determined the mean
splitting parameters (P, Nt) using two sets of
data: (1) the whole set of non null measurements,
and (2) the good non null measurements only
(Table 1). A ¢rst group of four stations (CFF,
ALB, LUC, RAB), devoid of good splitting mea-
surements, does not allow further discussion of
the di¡erence between the mean anisotropy deter-
mined from the two sets of data. For a second
group of stations (i.e., PDS, CLR, CNG, DIO,
ENS, GUZ, BOPU, BLRC, MIR, ARBF), the
mean azimuth P (ranging between N094‡ at
ARBF and N138‡ at CLR) obtained from the
two di¡erent data sets are consistent within
Z 10‡. Such a coherency is primarily observed in
a NW^SE trending corridor. However, mean de-
lay times at some sites may display variations
larger than 0.2 s, depending on the quality of
the data taken into account. This occurs particu-
larly at stations where very few good measure-
ments are observed (e.g., CNG, MIR, ENS).
The third group of stations shows larger di¡er-
ences (s 10‡ in P and s 0.1 s in Nt) in both ani-
sotropy parameters deduced from the two data
sets. This re£ects a stronger scattering in the split-
ting observations. These stations are located on
the southwestern (e.g., SAI, COU, RAB) and

northeastern part of the network (e.g., RMZ,
LUC).

In the central area of our network, the mean
azimuth P of the fast split shear wave is homoge-
neously aligned along a NW^SE trending corridor
(Fig. 5). More precisely, P trends NW^SE in the
northwestern part of the network and rotates
slightly to almost E^W in the southeastern part
of the network. Along this corridor, the mean Nt
deduced from the good splitting observations
(Table 1) are not characterized by such smooth
variations as the azimuths’ P : the northern sta-
tions (PDS, CNG, CLR and BLRC) display small
Nt (in the range 0.61^0.95 s), whereas southern
stations (GUZ, DIO and ARBF) display much
higher Nt (in the range 1.11^1.36 s). MMJ, in
the Rho“ne valley, has much lower Nt (0.64 s)
than surrounding stations. The southernmost sta-
tion BOPU (P=N116‡E, Nt=1.43) is character-
ized by similar parameters to those observed in
the Pyrenees [26] : a high Nt and P trending
roughly parallel to the Pyrenean belt.

Fig. 5. Map of the mean splitting parameters calculated from
the good measurements at each station from the southern
MC and the Pyrenees [26]. There is no result at some sites
(RAB, ALB, LUC), since they are devoid of good SKS split-
ting measurements. Also plotted are the good quality split-
ting measurements in the northern MC [25]. The stars indi-
cate the absence of anisotropy observed at SSB [22] and
CFF.
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3. Discussion: the origin of the anisotropy

In order to discuss the nature of the mantle
deformation from which the observed splitting
originated, we present in Fig. 5 our measurements
together with anisotropy measurements from two
other studies performed in the northern MC [25]
and in the Pyrenees [26].

From data recorded by a few three-component
stations that were running during the 1991^1992
seismic experiment, some anisotropy measure-
ments were performed by Granet et al. [27] and
more recently reprocessed by Babuska et al. [25].
Although the results are deduced from a single
event, one of the major ¢ndings of this study is
a strong variation in the anisotropy parameters
obtained at stations located on both sides of the
N^S trending ‘Sillon Houiller’, which was an ac-
tive fault during the Variscan orogeny. Stations
on the western side of the fault are characterized
by P trending N100‡E, whereas stations lying on
its eastern side are characterized by P trending
roughly N^S. These observations led the authors
to conclude that the anisotropy beneath the
northern MC is most likely located in the upper-
most mantle and that the ‘Sillon Houiller’ could
represent a major lithospheric boundary.

Further south in the Pyrenees, seismic anisotro-
py measurements [26] displayed a homogeneous
pattern characterized by relatively strong delay
times (generally above 1.0 and often above 1.3 s)
and P trending parallel to the belt (i.e., N100‡E).
The small scale delay time variations observed in
the central part of the belt [28], but also the cor-
relation of P with the Hercynian and Pyrenean
tectonic structures [26], favor an anisotropy lo-
cated primarily within the lithosphere. Geological
and geophysical arguments also suggest that the
resulting mantle deformation could re£ect Pyre-
nean structures in the internal part of the belt
but Hercynian structures beneath its external
parts.

Our new measurements from the southern MC
appear to be statistically di¡erent from those ob-
tained in the Pyrenees: the azimuths’ P are ori-
ented more NW^SE rather than N100‡E in the
Pyrenees and the Nts are statistically lower than
1.0 s, particularly for the northern stations. We

now draw inferences about the source regions of
anisotropy and the processes that generate mantle
deformation fabrics through a comparison of ani-
sotropy signatures expected from these processes
and observed splitting parameters.

3.1. Plate motion-related asthenospheric £ow

At the scale of southern France, seismic aniso-
tropy is characterized by distinct patterns (Pyre-
nees, northern MC, southern MC), suggesting
either di¡erent sources of anisotropy and/or dif-
ferent tectonic processes or histories. Small scale
variations in the anisotropy parameters are found
in each pattern, suggesting a near surface origin
of anisotropy. Although it is not possible to to-
tally reject such a hypothesis, our observations are
hardly compatible with an anisotropy primarily
induced by an asthenospheric £ow related to the
present-day plate motion. The hypothesis explains
neither the general trend of P, which is expected
to trend NE^SW for Eurasia [29], nor the short
scale variation in anisotropy parameters across
lithospheric boundaries (across the North Pyre-
nean Fault or the ‘Sillon Houiller’), nor the strong
variations between the large Nt observed in the
Pyrenees and the smaller Nt in the northern MC.

3.2. Hercynian, lithospheric fabric

The Hercynian belt outcropping in the southern
MC is made of metamorphic terranes intruded by
granitic bodies. This area is composed of crustal
scale, south verging nappes, described by Matte
[30] as the southern external domains of the belt.
Although the surface geology at the scale of the
southern MC displays strong heterogeneities both
from composition (gneiss, schists, granites, T) and
from the trend of the various units, the azimuths
of the nappes’ displacement trend roughly from
N180‡ to N200‡E [30]. One could argue that
this structural pattern outcropping in the Hercy-
nian crustal basement could be related to a uni-
form and pervasive upper mantle fabric. We wish
to show, however, that there are strong arguments
against this assumption.

First, the Hercynian basement is hidden in
many places by Mesozoic or Cenozoic sedimenta-
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ry covers. More than half of our stations were not
directly installed on Hercynian basement but, in-
stead, on more recent sedimentary covers (Fig. 1),
particularly beneath the southeastern part of our
network. Analyzing geometrical relationships be-
tween Hercynian structures and the observed ani-
sotropy in this part of our network is therefore
impossible.

Second, there is no consensus on the expected
upper mantle £ow in such nappe tectonic context.
Silver [15,31] proposed that during a lithospheric
collision, olivine a-axes could orient normal to the
maximum compressive direction. The resulting
fast anisotropy axis should be oriented normal
to the convergence direction, i.e., roughly NW^
SE to E^W [30], which could be consistent with
our observed P pattern. On the other hand, one
could consider that olivine a-axes should orient
parallel to the shear direction and hence parallel
to the convergence direction. In this context, ol-
ivine a-axes should be therefore oriented roughly
N^S to NE, i.e., without any relationship to our
observations. Comparing our observations to tec-
tonic predictions is hence highly speculative.

Third, in nappe tectonic contexts, one can ex-
pect large o¡sets between an outcropping crustal
deformation and, if existing, the related mantle
deformation at depth. This o¡set depends on the
crustal thickness and on the dip of the crustal
deformation zone. Although the exact geometry
of the MC sutures in the lower crust and upper
mantle remains speculative, a 30‡ angle as pre-
sented by Matte [30] on MC crustal scale cross-
section would mean that the outcropping Hercy-
nian deformation at a given site could be related
to a mantle deformation located 50^100 km fur-
ther north (assuming crustal and lithospheric
thicknesses of 30 and 60 km). This prevents any
relationship between outcropping geological
structures and seismic anisotropy.

Fourth, the Tertiary thermal events (the plume
emplacement and the rifting of the Gulf of Lion)
may have mechanically and thermally thinned the
preexisting lithosphere and, therefore, part of the
Hercynian fabric may have been erased.

In summary, the discussion of the upper mantle
Hercynian fabric beneath the southern MC is
highly speculative. The lack of evidence favoring

a clear Hercynian signature in the recorded aniso-
tropy does not mean that there is no Hercynian
anisotropy, but that predicting an anisotropy pat-
tern at upper mantle depth from the outcropping
Hercynian geology is hazardous.

3.3. Plume passive spreading asthenospheric £ow

Upper mantle seismic velocity anomalies asso-
ciated with a hot spot are rather well imaged [32].
Nevertheless, the associated upper mantle £ow
patterns and related anisotropy patterns are
poorly known. Splitting measurements performed
at oceanic stations located on hotspot-related vol-
canoes yield at most sites an absence of detectable
anisotropy [22,23] or, at other sites, fast split
shear waves polarized parallel to the absolute
plate motion [22,33]. In all these studies, the re-
striction to a single station did not allow the ge-
ometry of the mantle £ow pattern, relative to the
plume interaction with the asthenosphere^litho-
sphere system, to be tested. The seismic network
deployed in Iceland could have allowed this, but
SKS splitting measurements [34] display a com-
plex pattern that could result from the interaction
between the Iceland plume and the mid-Atlantic
ridge. More recently, ocean bottom seismometers
were deployed around Hawaii to test such plume
e¡ect on the upper mantle £ow [35]. Despite a
small number of splitting measurements, the au-
thors proposed that the anisotropy pattern is con-
sistent with a superposition of a radial pattern,
the expected plume e¡ect [36], and a linear pattern
induced by the plate motion, generating a ‘para-
bolic asthenospheric £ow’.

In the case of the MC, and assuming a £at
lithosphere^asthenosphere boundary, the expected
£ow pattern related to the only plume should be
primarily radial since the plate velocity is ex-
tremely low, of the order of few mm/yr [29]. How-
ever, this assumption is likely incorrect : the pres-
ence of various lithospheric blocks in the
Hercynian belt [37] but also the presence of the
neighboring Alpine and Pyrenean roots show that
the bottom of the lithosphere is not £at at the
regional scale and therefore that the plume-related
asthenospheric £ow could be strongly controlled
by such topography. The absence of seismic ani-
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sotropy at some northern MC stations (CFF, for
instance), together with the small delay times ob-
served in the northern MC, could indicate either
steeply dipping mantle lineations [36] or upper
mantle structures perturbated at the vertical of
the plume upwelling. Our NW^SE trending aniso-
tropy in the southern MC could be also consistent
with a radial £ow pattern around the plume cen-
ter, but we explain below that the plume upwell-
ing has likely been de£ected toward the SE by the
Tertiary extensive episode that a¡ected the Gulf
of Lion.

3.4. Tertiary, extension-related, asthenospheric
£ow

At the end of Eocene times (Priabonian) and in
the early Oligocene (Rupelian), western Europe
su¡ered an extensive episode that generated the
so-called European Cenozoic rift system (ECRIS),
trending N^S and marked by the Rhine graben,
the Bresse and Limagne graben, the Ales basin in
Languedoc and the Valencia trough in NE Spain.
The extension direction of this Oligocene episode
is about E^W in France. Its origin remains de-
bated but could be in£uenced by a lithosphere
buckling generated by the Alpine tectonic [38].

In Languedoc and SE France, the extension
continued during the late Oligocene and the whole
Miocene. From sedimentological analyses, Se¤r-
anne et al. [39] showed that this extensional event
around the Gulf of Lion is tectonically distinct
from the ECRIS event. The corresponding exten-
sion directions are orientated NW^SE in the
southern MC [39]. This regional extension is in-
terpreted as back-arc spreading episodes, induced
by the roll-back of the Tethys slab subducting at
that time toward the northwest beneath the Cor-
sica^Sardinia lithospheric block. We wish to show
that this slab retreat may have induced a NW^SE
regional asthenospheric £ow that may be pre-
served since that time and that could dominate
the present-day observed anisotropy. We present
a summarized chronology of the events occurring
in this area taken from Se¤ranne et al. [39] and
Faccenna et al. [40].

From 80 to 30 Ma, the general tectonic regime
of the western Mediterranean is dominated by the

northward motion of Africa inducing the closure
of the Tethys ocean through the subduction of its
oceanic part beneath the Eurasian active margin.
At Oligocene times, the collision of the Adriatic
promontory with Eurasia induced important
changes in the geodynamic evolution of the west-
ern Mediterranean that can be described as a suc-
cession of two rifting events followed by the cre-
ation of two oceanic basins. (i) From 30 to 22 Ma
occurred the rifting of the Gulf of Lion, i.e., the
extension of the lithosphere located between the
Languedoc and the Corsica^Sardinia block in its
pre-rotation situation. This NW^SE extension is
attributed to the early stage of the slab roll-back.
(ii) It was followed between 22 and 17 Ma by the
drifting of the Corsica^Sardinia lithospheric
block. This rotation induced by the sinking of
the slab in the upper mantle is accompanied by
the creation of new oceanic lithosphere in the
Liguro^ProvencLal basin. (iii) From 17 to 10 Ma
occurred the rifting of the Corsica^Sardinia lith-
ospheric block. (iv) This rifting is followed from
10 Ma to present by the escape of the Calabrian
block, and the creation of the oceanic Tyrrhenian
basin induced by the second episode of slab sink-
ing. (v) In the present-day situation, the subduc-
tion of the African oceanic lithosphere is located
beneath Calabria. The slab itself is well imaged in
the tomographic model, down to 600 km depth
[41]. It appears to lie horizontally in the transition
zone beneath Sardinia [42], suggesting its inability
to fall into the lower mantle.

In this general context, we propose that the
episode of broad lithospheric extension that cre-
ated the Gulf of Lion, and particularly, the fol-
lowing stage of slab sinking southeast from the
Corsica^Sardinia block and the related opening
of the Liguro^ProvencLal oceanic basin may have
induced a pressure gradient within the astheno-
sphere. This may have moved to the SE the low
viscosity plume that was upwelling beneath the
northern MC. The plume could have been de-
£ected toward the SE and therefore, the upper
mantle beneath the southern MC may have been
a¡ected by a regional scale asthenospheric £ow.
Furthermore, the lithosphere beneath the south-
ern MC may have su¡ered a mechanical and ther-
mal thinning. To illustrate this, we present in
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Fig. 6 some schematic NW^SE cross-section be-
tween the MC and the present-day Calabria, at
the upper mantle scale.

The West European rifting ends 30 Myr ago
(Fig. 6a). At that time the rifting of the Gulf of
Lion begins, induced by the ¢rst sinking of the
Tethys slab beneath the Corsica^Sardinia block.
This rifting is followed between 22 and 17 Ma
(Fig. 6b) by the rotation of this lithospheric block
and the creation of the Liguro^ProvencLal oceanic
lithosphere. This rotation ends at 17 Ma and is
followed by the break-up of the Sardinia block
(Fig. 6c). A regional mantle £ow is needed during
this period in order to ¢ll the space left behind the
sinking slab. We propose that the slab retreat to
the SE may have pulled the mantle from the NW.
The presence beneath the MC of a hot, low vis-
cous mantle material could explain why such a
£ow arriving from the northwest would have
been mechanically easier than pulling mantle lat-
erally (the slab was likely at that time a long and
continuous structure) or from below (implying
likely a crossing of the transition zone). Further-
more, this NW^SE asthenospheric channeled £ow
could also have been partially controlled by the
neighboring Alpine and Pyrenean lithospheric
roots. The absence of more recent tectonic or
thermal events in the southern MC may explain
why this asthenospheric £ow could be preserved
in the upper mantle. The beginning of the max-
imum intensity in the MC volcanism is roughly
synchronous with the end of the Corsica rotation.
This is perhaps not fortuitous; the southeastward
asthenospheric £ow beneath the southern MC
may have de£ected the ascending plume and,
therefore, as the suction ended, the mantle plume

may have freely continued its upward motion and
generated the peak in the volcanic activity of the
northern MC.

The present-day situation (Fig. 6d) shows the
Tethys slab lying in the transition zone after more
than 900 km of retreat, as imaged by seismic to-
mography [41,42]. The Calabria is separated from

C

Fig. 6. Schematic upper mantle cross-section adapted from
Se¤ranne [39], trending NW^SE from the northern MC to the
present-day Calabria location. See text for interpretation.
The question mark at the base of the plume indicates the ab-
sence of argument for making this plume originate in the
transition zone or arriving from the lower mantle. We pro-
pose that the upper mantle seismic anisotropy observed in
the southern MC is located in the sublithospheric mantle
and was generated by an asthenospheric mantle £ow induced
by the retreat and sinking of the Tethys slab beneath the
Corsica^Sardinia block.
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its original Corsica^Sardinia lithospheric block by
the Tyrrhenian oceanic domain. The opening of
this oceanic basin occurred after 10 Ma and is
related to a second episode of slab sinking. An
asthenospheric mantle £ow may have been in-
duced by this event but could likely be of local
extent since this sinking slab was narrow [43,44]
and no longer part of a laterally continuous struc-
ture. The mantle £ow induced by the present-day
slab roll-back likely has no direct in£uence on the
asthenosphere beneath the southern MC. The
southward migration of the MC volcanism occur-
ring these last 2 Myr could therefore re£ect a
passive plume spreading. The mantle deformation
related to this ¢nal £ow could superimpose on the
previous one and could not be distinguished.

The lithospheric thickness is a key point in the
discussion of the origin of the anisotropy beneath
the southern MC. In the northern MC, the large
negative Bouguer anomaly, the low seismic veloc-
ities observed by seismic tomography [9], and the
high heat £ows [7] all support a thin (6 60 km)
lithosphere. In the south, despite the lack of quan-
titative data on the lithospheric thickness beneath
our network, the Tertiary extension may have af-
fected the lithosphere around the Gulf of Lion,
¢rst mechanically during the rifting episode that
began 30 Myr ago and second, thermally during
the slab roll-back episode and the asthenospheric
£ow related to the plume de£ection. The base of
the Hercynian lithosphere could have been ther-
mally eroded during this Cenozoic episode. The
N^S elongated shape of the negative Bouguer
anomaly is compatible with this hypothesis. The
presence of two anisotropic layers, characterized
by a lower asthenospheric layer and an upper
Hercynian lithospheric layer cannot be ruled out
but is not clearly demanded by our observa-
tions.

The thickness of the anisotropic layer that can
explain our observed delay times depends on the
intrinsic amplitude of anisotropy and therefore on
the £ow strength. Upper mantle nodules brought
up at the surface by the volcanic activity provide
a way to investigate their deformation fabrics,
and therefore their seismic properties. The aver-
age S-wave anisotropy deduced from more than a
hundred upper mantle nodules from various geo-

dynamic environments [19] is about 5.0% around
the Z structural direction (i.e., normal to the fo-
liation plane, corresponding to the vertical direc-
tion in our case if we assume our hypothetic as-
thenospheric £ow is dominated by horizontal
foliations), requiring an anisotropic layer about
100 km thick to explain our 1.0 s delay times.
This thickness can be considered as a lower
bound, since these petrophysical measurements
do not take into account variations in the struc-
tural orientation nor variations in the rock com-
position that can lower the overall seismic aniso-
tropy. A regional analysis of upper mantle
nodules [23] gives interesting insights. Seismic ani-
sotropy calculated from olivine and orthopyrox-
ene crystallographic preferred orientations on 10
peridotite nodules sampled in the MC volcanic
rocks shows S-wave anisotropies ranging between
1.4 and 5.3% [23]. Interestingly, low anisotropies
(6 3%) are found in samples from the northern
MC, extracted above the highest temperature
anomalies [3] deduced from the seismic tomogra-
phy [9]. This could suggest that the lithospheric
fabric could have been partially erased by the
temperature increase and perhaps by the £uid cir-
culation related to the plume emplacement [37].
Such low anisotropy could explain the absence
of splitting at some northern stations like CFF.
On the periphery of this anomaly, and particu-
larly in the southern MC, upper mantle nodules
S-wave anisotropy is in the range 3^5%, suggest-
ing that the anisotropic layer could be 100^
150 km thick. The larger delay times observed
at our southernmost stations are also compatible
with a stronger £ow related to the close vicinity of
the sinking slab, and the smaller Nt at the north-
ern stations could represent more di¡use mantle
£ow.

4. Conclusions

We have mapped upper mantle seismic aniso-
tropy beneath the southern MC. Despite a rather
small data set related to a short array deploy-
ment, we observe a consistent anisotropy pattern
throughout this region, with contrasting charac-
teristics compared to the neighboring Pyrenean
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pattern. Our observations suggest the presence of
a NW^SE trending upper mantle £ow in the cen-
tral part of the network, i.e., between the north
MC main volcanic area and the Mediterranean
shore. The homogeneity of the results in this
area does not favor a complex structure, such
as, for instance, several anisotropic layers, but
more a simple ‘channel’ structure. We propose
that this channel could be the trace of a recent
asthenospheric £ow arriving from the NW and
that could have ¢lled the space left behind the
sinking Tethys slab that induced the Corsica^Sar-
dinia rotation between 22 and 17 Ma. We also
propose that this asthenospheric £ow could have
de£ected the plume ascending beneath the north-
ern MC and could have thermally eroded the bot-
tom of the lithosphere, erasing part of the Hercy-
nian lithospheric preexisting fabric. The absence
of subsequent tectonic and/or thermal event (ex-
cept a possible recent passive plume spreading)
may explain why such an asthenospheric structure
may still be visible in the upper mantle. In such an
interpretation, the slight P rotation from NW^SE
in the northern MC to almost E^W in SE France
is not explained but could reveal an e¡ect of the
Alpine collision. The complex anisotropy signa-
ture in the southwestern part of our network
may be explained by the presence of lateral aniso-
tropy variations, since this area could represent
the southwestern boundary of this channel.
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