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Abstract

In the south-eastern corner of the Tyrrhenian basin, in the central Mediterranean Sea, a tight alignment of earthquakes along a 
well-defined Benioff zone marks one of the narrowest active trenches worldwide, where one of the last fragment of the former 
Tethys ocean is consumed. Seismic tomography furnishes snapshot images of the present-day position of this slab, and seismic 
anisotropy allows to reconstruct the past kinematics of the subduction process. Using seismic anisotropy fast directions as a proxy 
for the present and past mantle flow, we look backward for the seismic traces of the slab motion through the western-central 
Mediterranean mantle, from the starting locus of subduction toward its present day position. The result of combining independent 
data sets provides a coherent pattern of anisotropy that illustrates an example of slab rollback from its initiation point to its present-
day position.
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1. Introduction

The Tyrrhenian basin (Fig. 1) is part of the tectonic

boundary between two slowly converging macro-

plates, Eurasia and Africa [1,2]. The protracted (from

Late Cretaceous) collision between the two continental
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macro-plates led to the existence of a wide belt of

crustal deformation that masks the actual plate margins,

resulting in a puzzling pattern of extensional basins of

newly formed oceanic crust, compressional arcuate

mountain belts, and subduction zones of remnant oce-

anic lithosphere [3–5]. In the general context of the N–

S convergence of Europe and Africa, which acts as

background force shaping the Mediterranean area, the

existence of differently oriented tectonic and physio-

graphic features and especially of large extensional

areas is somewhat enigmatic. Moreover, the time

scale of formation of some of these tectonic features,

like the Tyrrhenian basin and the Apennines, is by far

faster than the rate of convergence between Africa and

Eurasia [6,7], suggesting a predominant role played by



Fig. 1. Topographic map of the western-central Mediterranean region showing a reconstruction of the subduction evolution in the last 30 My.

Continuous white line with the sawtooth pattern represents the present-day location of the convergent boundary. The sawteeth point in the direction

of subduction or underthrusting. Dashed white lines approximately indicate past positions of the trench at three stages of its migration, according to

the paleotectonic reconstruction by [7,8]. The displacement trajectories related to back-arc extension (redrawn from [10]) are displayed by the black

line (numbers are million years).
forces independent of the Africa–Europe collision.

Reconstructing the geodynamic evolution of the west-

ern-central Mediterranean has been therefore challeng-

ing for various authors in the past decades [4]. From

the paper by Malinverno and Ryan [6], subduction

zone retreat and associated arc migration is taken into

account as a force driving extension of basins and

building of the tightly curved orogenic belt in the

western-central Mediterranean area. The opening of

the western-central Mediterranean (Fig. 1) mainly

took place in the last 30 Ma, with genesis of irregular

basins whose age becomes younger from west to east.

These extensional basins were closely related in time

and space to the back-arc region of the eastward
retreating Apennines–Maghrebides subduction zone

[7,8]. At present, subduction in the western-central

Mediterranean is indicated by the occurrence of deep

seismicity beneath the southern Tyrrhenian basin;

hypocenters are distributed along a continuous 200-

km-wide Benioff zone, dipping to the NW at about

708 down to a depth of about 500 km (Fig. 2) [9].

Paleogeographic reconstructions agree in considering

the narrow slab below the Calabrian Arc as a remnant

of a once wider subduction zone, responsible for the

back-arc opening of the Liguro-Provençal and the

Tyrrhenian basins, during the last 30 My [3,6–8,10].

Recent tomographic investigations of the mantle be-

neath the Italian Peninsula [11,12] strongly support



Fig. 2. Tomographic section across the present-day southern Tyrrhenian slab, from the Gulf of Lion to Calabria [12]. Horizontal scale is in degrees

along the great circle through the section, vertical scale is in km (no vertical exaggeration). The topographic profile is superimposed (50� vertical

exaggeration). White dots are intermediate and deep earthquakes within 30 km of the cross section plane (from [9]).
these earlier paleogeographic reconstructions. A cross-

section from Calabria to the Gulf of Lion (Fig. 2)

evidences an almost continuous high-velocity body

extending from the surface below Calabria, with a

NW dip of 70–808, and then turning horizontally in

the transition zone. The estimated total length of the

high-velocity zone, interpreted as subducted litho-

sphere is ~1200–1400 km, measured from the base

of the lithosphere and including its lowermost flat

portion [10]. It is noteworthy that this is a robust

feature, as all tomographic studies performed in this

region, using different data sets and techniques [11–

13], obtained velocity models similar in both geome-

try and total length for the Tyrrhenian slab. According

to the various paleogeographic reconstructions and the

tomographic images (Fig. 2), the Tyrrhenian slab frag-

ment would have rolled back for 800–1000 km, from

the present-day south–east coasts of Spain and France

toward its current position in the southern Tyrrhenian.

In this paper, we present a compilation of published

and new upper mantle anisotropy measurements along
the possible route of the slab through the western-

central Mediterranean mantle, from the starting locus

of the subduction process to its present day position,

together with tomographic images of the upper mantle

velocity structure, to demonstrate how the retrograde

motion of the sinking slab would have driven a regional

flow in the mantle and influenced the evolution of the

western-central-Mediterranean.

2. Anisotropy and geodynamics in western-central

Mediterranean

It is broadly accepted that elastic anisotropy in the

Earth’s interior is related to the preferred orientation of

minerals in the flow or deformation direction. The

alignment of the crystals symmetry axes affects the

seismic wave propagation, causing differential velocity,

scattering and birefringence. For the upper mantle,

seismic anisotropy primarily results from elastic anisot-

ropy of olivine, which is the main and the most aniso-

tropic upper mantle mineral [14], and from preferred



orientation of its crystals induced by tectonic flow

[15,16]. Thus, quantifying seismic anisotropy in the

upper mantle may help to image the past–and therefore

bfrozen-inQ–or the present-day mantle flows. Upper

mantle seismic anisotropy is commonly measured by

using the splitting of teleseismic shear waves: a polar-

ized shear wave crossing an anisotropic medium is split

into two perpendicularly polarized waves that propa-

gate at different velocities, producing two measurable

quantities, the time delay yt between fast and slow

polarized S and the azimuth / of the fast wave polar-

ization plane. Petrophysical studies have shown that /
is a proxy for the orientation of the [100] axis of olivine

assumed to be statistically parallel to the flow direction

[14]. The delay time depends on the medium intrinsic

anisotropy, on the thickness of the anisotropic layer, on

the orientation of the ray path with respect to the elastic

matrix of the anisotropic medium, and on the vertical

coherence of the mantle fabric. The direct relationships

between splitting parameters and the crystallographic

fabric of mantle rocks have made shear wave splitting a

useful tool to investigate upper mantle deformation.

During the past two decades, splitting data have con-

firmed many predictions of mantle flow from plate

tectonics [16–18], especially in relatively simple tec-

tonic environments. Interestingly, mantle petrophysics

has also shown that mantle fabrics can be preserved for

very long periods of time, such as billion of years in the

case of craton’s roots (e.g. [19]), as no subsequent

thermal or tectonic events have affected the pre-existing

fabric. Combining the present-day upper mantle struc-

ture provided by seismic tomography with the flow

history derived by seismic anisotropy can be therefore

a fruitful way to reconstruct the geodynamic evolution

of the considered region.

We gather more than 500 seismic anisotropy mea-

surements resulting from analysis of core-phases SKS,

SKKS and PKS at 106 stations located in the western-

central Mediterranean area from the Pyrenees and Mas-

sif Central in the north-west, to the Calabrian arc in the

south-east (Fig. 3). This compilation of shear wave

splitting measurements is mainly derived from previous

studies limited to smaller areas and to temporary experi-

ments (red bars in Fig. 3 [20–25]). The reference papers

associated with the data are presented in the inset Fig.

3. This data set includes only good quality, non-null,

single event measurements computed using the Silver

and Chan [26] algorithm. We added some new unpub-

lished data (blue bars in Fig. 3) which consist of 30

high quality splitting measurements resulting from the

analysis of the 1999–2003 recordings available at

MAHO station, in the Balearic Islands, and of the
2004 recordings at six seismic stations (INGV net-

works) located in southern Italy (Table 1). All the

new data are from M N6.0 earthquakes with epicentral

distance between 888 and 1028. These new measure-

ments provide anisotropic parameters in the otherwise

unsampled Liguro-Provençal basin (MAHO) and also

improve the coverage above the present day location of

the slab, in the southern Tyrrhenian.

We choose to project each individual splitting mea-

surement at the 150 km depth piercing point along the

incoming ray (Fig. 3), in order to separate the measure-

ments from different back azimuths and incidence

angles [27]. The choice of this particular depth for the

measurements projection is mainly based on considera-

tions involving the variations of the anisotropy para-

meters and the amplitudes of the Fresnel zones at

various depths for the analyzed SKS waves periods

(see [23]). The delay times in the whole area range

from 0.5 to 2.7 s, with an average value of about 1.5 s,

which corresponds to an anisotropic layer about 150–

200 km thick with about 5% anisotropy [15]. Such

deformation is probably underestimated at some places

since petrophysical analyses of upper mantle nodules

brought up at the surface by recent volcanism occurring

in central Italy [28] show strong olivine preferred

orientations generating strong shear wave anisotropies

(Vs anisotropy from 7.3% to 13.4%). Due to the ab-

sence of ocean bottom stations in the studied area, the

coverage is uneven, leaving the oceanic basins (Liguro-

Provençal and Tyrrhenian) unsampled. Nevertheless,

the regions crucial to our interpretation are fairly sam-

pled, thanks to islands stations, and we do not expect

strong and sudden variations inside the basins, which

are likely stable environments.

The ensemble of the fast direction bars on the map

(Fig. 3) provides a comprehensive picture of the

mantle deformation in the western-central Mediterra-

nean. In the last 30 My time frame, the geodynamics

of this region has been dominated by a succession of

two main fast and short rifting episodes (accompanied

by the creation of new small oceanic basins) and

drifting phases (with progressive migration of conti-

nental lithosphere blocks) [7,8,10], driven by the re-

treat of the Apennines-Maghrebides subduction zone

(cf. Fig. 1).

In the following, we compare the main phases of the

Tertiary tectonic evolution in the western-central Medi-

terranean area [6–8,10] with the observed seismic an-

isotropy along the trajectory that the Tyrrhenian slab is

supposed to have drawn during its rollback motion.

Moving from West to East we identify three main areas

characterized by consistent anisotropy patterns and we



Fig. 3. Compilation of shear wave splitting measurements superimposed on a shaded relief map of the western-central Mediterranean. Measurements are represented by solid red bars (previously

published) and solid blue bars (new ones) oriented parallel to the fast polarization directions, with length proportional to the delay time. Each measurement is plotted at the surface projection of the

150 km depth seismic ray piercing point. The inset shows the distribution of seismic stations used in this study and the related references of the previously published anisotropy measurements:

1: [20,21], 2: [22], 3: [25], 4: [23], 5: [24].



Table 1

New splitting measurements

Station Earthquake Anisotropic parameters

Code Lat Lon Date Time Mag Delta (8) Baz (8) / (8) D/ (8) ys (s) Dys (s)

MAHO 39.8959 4.2665 14/08/1999 00:16:52 6.5 102 88 �85 2 2.5 0.5

MAHO 39.8959 4.2665 28/012000 14:21:07 6.6 91 26 �74 7 2.7 1.4

MAHO 39.8959 4.2665 04/06/2000 16:28:26 6.8 99 89 �85 8 2.7 1.0

MAHO 39.8959 4.2665 07/06/2000 23:45:26 6.5 99 89 �79 8 1.3 0.5

MAHO 39.8959 4.2665 18/06/2000 14:44:13 6.8 101 99 13 20 1.4 0.7

MAHO 39.8959 4.2665 24/03/2001 06:27:53 6.5 92 41 �70 8 1.3 0.4

MAHO 39.8959 4.2665 25/05/2001 00:40:50 6.6 90 25 �59 20 1.7 0.9

MAHO 39.8959 4.2665 02/12/2001 13:01:53 6.5 92 32 �78 6 1.7 0.4

MAHO 39.8959 4.2665 18/12/2001 04:02:58 6.8 94 54 71 17 1.6 0.8

MAHO 39.8959 4.2665 26/03/2002 03:45:48 6.6 96 53 76 10 1.0 0.3

MAHO 39.8959 4.2665 18/06/2002 13:56:22 6.6 99 238 �77 10 0.7 0.2

MAHO 39.8959 4.2665 27/06/2002 05:50:35 6.9 102 89 null

MAHO 39.8959 4.2665 03/10/2002 16:08:29 6.5 91 302 �66 12 2.5 0.3

MAHO 39.8959 4.2665 15/11/2002 19:58:31 6.6 102 202 �89 10 0.7 0.2

MAHO 39.8959 4.2665 27/01/2003 17:56:25 6.5 90 159 52 6 1.4 0.2

MAHO 39.8959 4.2665 17/03/2003 16:36:17 6.8 89 4 null

GRI 38.8221 16.4200 25/07/2004 14:35:19 6.8 90 93 39 11 1.3 0.8

GRI 38.8221 16.4200 17/03/2004 03:21:07 6.3 97 249 16 7 2.3 0.2

VENT 40.7948 13.4216 17/03/2004 03:21:07 6.3 97 247 �86 5 2.0 0.2

VENT 40.7948 13.4216 19/05/2004 07:04:11 6.1 91 61 �69 6 1.7 1.1

VENT 40.7948 13.4216 29/06/2004 07:01:30 6.3 93 285 79 6 1.7 0.4

VENT 40.7948 13.4216 25/07/2004 14:35:19 6.8 90 91 �58 4 2.3 0.2

TIP 39.1794 16.7583 29/05/2004 20:56:09 6.6 91 43 2 10 1.4 0.2

TIP 39.1794 16.7583 22/07/2004 09:45:14 6.1 89 56 18 16 1.9 0.9

TIP 39.1794 16.7583 25/07/2004 14:35:19 6.8 90 94 31 4 1.3 0.1

TIP 39.1794 16.7583 07/08/2004 09:30:16 6.3 88 2 null

SOI 38.0732 16.0542 19/05/2004 07:04:11 6.1 91 63 36 9 2.0 1.2

SOI 38.0732 16.0542 25/07/2004 14:35:19 6.8 90 93 37 9 1.1 0.3

CUC 39.9938 15.8155 29/05/2004 20:56:09 6.6 91 42 �5 6 2.3 0.6

CUC 39.9938 15.8155 19/05/2004 07:04:11 6.1 91 63 �16 5 2.5 0.8

CUC 39.9938 15.8155 25/07/2004 14:35:19 6.8 90 93 null

CUC 39.9938 15.8155 07/08/2004 09:30:16 6.3 88 1 null

CEL 38.2603 15.8939 29/05/2004 20:56:09 6.6 91 42 1 18 2.2 0.9

CEL 38.2603 15.8939 22/07/2004 09:45:14 6.1 89 56 10 10 1.4 0.3

CEL 38.2603 15.8939 25/07/2004 14:35:19 6.8 90 93 25 3 1.4 0.2

The five null measurements are not plotted in the figures.
interpret these features as related to different sequential

phases of the Tertiary tectonic evolution of the region.

– Around the Liguro-Provençal area (Fig. 3) the split-

ting measurements evidence a smoothly rotating

direction pattern, in clear continuity from the south-

ern Massif Central (/ ~NW–SE) through the Gulf of

Lion, in SE France, to the Balearic Islands, where /
display a more ENE–WSW direction, to the Corsica-

Sardinia block where fast directions / become de-

finitively E–W [25]. We relate this feature to the

formation of the Liguro-Provençal basin, which took

place since Oligocene (30 Ma) through a rifting

episode along the present location of Gulf of Lion

induced by the subduction of African oceanic litho-

sphere under the European margin [10]. The rollback
of the slab induced a back-arc extension accompa-

nied by a relatively fast (3–4 cm/yr) [29] episode of

oceanic spreading and by a 308 counter-clockwise

rotation of the Corsica-Sardinia-Calabria block on

the hangingwall of the subduction [7]. The south-

eastward migration of subduction in this phase,

which lasted to about 16 Ma [30], has left clear

traces of flow in the asthenospheric mantle around

the Liguro-Provençal basin [22].

– In the whole Tyrrhenian domain, the anisotropy fast

directions display W–E prevalent directions and

maintain this constant orientation from the Sardinia-

Corsica block to the western coast of the Italian

peninsula (Fig. 3). This trend can be associated

with the new extensional episode which began in

the Tortonian (~10 Ma), after the termination of the



drifting and oceanic spreading in the Liguro-Proven-

çal area marked by the end of the Corsica-Sardinia

block rotation [30]. This second lithospheric rifting

separated Calabria from the Corsica-Sardinia block

causing the opening of the southern Tyrrhenian basin

in a roughly W–E direction [29]. The frozen mantle

flow direction retrieved from seismic anisotropy

closely matches the direction of maximum extension

in the basin (Fig. 1) and evidences the primary role of

the rollback motion of what is now the remnant of the

African oceanic lithosphere—the Tyrrhenian slab.

– Approaching the Apennines, the fast splitting axes

abruptly change direction and become parallel to the

mountain belt, following its curvature from NNW–

SSE in the north, to N–S and to NE–SW in the

farther south Calabria (Fig. 3). We interpret this

complicate mantle flow pattern in the light of the

most recent stage of the subduction evolution. After

the drifting and the arching of the Calabria block to

the present-day position, the final tectonic episodes,

which led to the exposure of the accretionary wedge

and to the present configuration of the Apenninic

belt, are likely governed by the occurrence of a slab

fragmentation processes in response to the heteroge-

neous nature (continental or oceanic) of the litho-

sphere entering in the mantle along the Apenninic

margin [10]. These processes resulted in the forma-

tion of the narrow slab beneath the southern Tyrrhe-

nian [10,31], where the long route of subduction

across the Mediterranean mantle reached its current

destination.

3. Anisotropy vs. tomography: a time-integrated

history of subduction in the western-central

Mediterranean

By integrating independent data sets that were

already published and that converge toward similar

interpretations [22–25] we obtain a coherent pattern

of anisotropy that illustrates an example of slab roll-

back from its initiation point to its present-day posi-

tion. A further crucial step is the comparison between

complementary data such as P-wave velocity anoma-

lies that may give information on where the slab and

the deep lithospheric roots are located (a snapshot on

the present-day mantle structure) and SKS splitting

that provide a mapping of the upper mantle strain (a

time-integrated history of mantle flow); such a com-

parison can corroborate the hypothesis that the evolu-

tion of the subduction process and the development of

the mantle circulation in the western-central Mediter-

ranean are tightly bound. To this scope we superim-
pose the splitting measurements to the tomographic

image [12] of the study area at 150 km depth (Fig. 4).

At this depth, subduction appears to be fragmented:

remnant of the once continuous slab (fast velocity

anomalies) are clearly detected beneath the northern

Apennines, the Calabrian arc, and the Maghrebides.

Obviously, a direct analysis of the relationship be-

tween subduction and anisotropy parameters is possi-

ble only in areas where splitting measurements (green

bars on Fig. 4) are present and concurrently tomogra-

phy is able to retrieve the subduction signatures. Thus

it is straightforward to observe that fast directions map

return flow trajectories just around the western edge of

the present-day Tyrrhenian slab, depicting a ring

around Sicily [24] and reproducing the results of

laboratory experiments in the case of trench migration

and rollback sinking of oceanic plates [32]. In north-

ern Apennines, the location of fast velocity perturba-

tion reflects a sudden change in the splitting

directions, from trench-perpendicular in the fore slab

to trench-parallel in the retro slab mantle [23]. These

observations demonstrate that the plate-to-plate inter-

action at the trench has crucial repercussions in the

mantle flow pattern, as the main changes in the an-

isotropy directions and delays occur in correspondence

of the recently (central Apennines) and currently

(northern Apennines and Calabrian arc) subducting

lithosphere as seen by tomography [11,12].

To obtain an evenly spaced representation of the

mantle strain and to highlight large-scale patterns in

the study area, we interpolate the fast splitting direc-

tions using a smoothing algorithm [33] which averages

at least five neighbour measurements on a searching

radius (A) over a regular grid, using a tricubic distance

weight function. We first apply it to a 0.58 (lat)�0.58
(lon) grid with A=60 km, roughly corresponding to the

radius of the Fresnel zone of SKS waves (T=10 s) at

150 km depth. This allows us to filter out local, short-

scale perturbations within the observed fast orientations

and to highlight their general trend in well-sampled

regions (black solid bars in Fig. 4). We then obtain a

simplified picture of the anisotropy directions, rotating

from E–W below the Pyrenees, to NW–SE in the

Massif Central and south-eastern France, to N–S be-

neath the western Alps. The anisotropy pattern in the

southern Massif Central and in the south-eastern France

is hardly compatible with lithospheric structures related

to the Hercynian orogeny [22], as evidenced for the

Pyrenees [20,21], but rather suggests that the south-

eastward rollback of the slab has indeed affected the

mantle flow, possibly channelled and deflected by the

deep lithospheric roots of the Alps [25]. The continuity



Fig. 4. Comparison between P-wave velocity anomalies at 150 km depth [12] and SKS splitting measurements of Fig. 3 (green bars) in the western-

central Mediterranean area: tomography reveals the mantle deep structures and anisotropy marks the mantle strain. A continuous representation of

the horizontal mantle deformation pattern in the study region has been obtained by smoothing the raw splitting data beneath well sampled areas

(solid black bars) and extrapolating fast directions beneath the marine basins (empty bars). We use a power distance weight function [33] over a 60-

km radius on a grid of 0.58 (lat)�0.58 (lon) in the first case, and over a 250-km radius on a grid of 28 (lat)�28 (lon) for the extrapolated directions.
of trench-parallel splitting pattern is enhanced all along

the Apennines, where it possibly reflects the presence

of strained material in the sublithospheric mantle as a

consequence of pressure induced by the slab retrograde
Fig. 5. Three-dimensional cartoons showing the Tyrrhenian subduction (blue

(d). See text for interpretation. Coastlines are yellow. Red arrows represent th

symbolizes the hot mantle plume upwelling beneath the Massif Central (

subduction. Dashed areas are old (thicker hatching) and new formed (light

lithosphere. The Corsica-Sardinia and Calabria blocks are small squares fille

the subducting slab is considered to be continuous up to the surface, while it i

oriented through the 3D drawings, an inset showing exactly the same map u

orientation (N towards top). Red arrows on the insets sketch the horizontal
motion (i.e. [32,34]). Clearly, the occurrence of pre-

existing frozen anisotropies in the thinned Apennine

lithosphere and in the Adriatic-Ionian subducting lith-

ospheric mantle [35], or alternative mechanisms in
areas) at various stages of its evolution, from 30 Ma (a) to the present

e 3D mantle flow induced by the slab rollback process. Light red arrow

France) during Miocene time. Blue arrow indicates the direction of

er hatching) oceanic basins. Bricks-like fillings stand for continental

d. Line with the sawtooth pattern indicate trench which is black where

s grey where slab is assumed to be detached. To get the reader properly

sed for the top layer of each block diagram, is plotted with the usual

asthenospheric flow.





Fig. 5 (continued).
generating seismic anisotropy, such as in high stress or

high water content environment [36], cannot be com-

pletely ruled out.
We further apply the smoothing on a larger grid of

28(lat)�28(lon), with A=250 km to extrapolate split-

ting directions (empty bars in Fig. 4) in areas where we



have no observations to constrain the model, namely in

the inner parts of the marine basins where the signature

of the extensional tectonics should be dominant and fast

direction should image the bfrozen-inQ or the present-

day mantle flows. Although such large-scale extrapola-

tion cannot compensate the lack of measurements be-

neath the ocean basins, it provides a flow model that

could be tested in the future for instance by deploying

OBS. Overall, the extrapolated (empty bars) mantle

flow configuration in the western-central Mediterranean

basin, together with the smoothed measurements pat-

tern (solid bars) in the surrounding areas, follow the

displacement trajectories related to back-arc extension

(see Fig. 1) [10], suggesting that the opening of the

basins and the mantle flow detected by anisotropy can

be regarded as the manifestations of an unique phenom-

enon: the sinking and the rollback of the subducting

Tyrrhenian slab.

4. Toward a 3D interpretative model of mantle flow

in the western-central Mediterranean

In the framework where we move our interpreta-

tions, i.e. that seismic anisotropy is representative of

the upper mantle flow, the compilation of such a com-

prehensive map of fast split shear waves orientation in

the western-central Mediterranean and the translation of

the anisotropic strength and orientation into a regional

map of shallow-mantle convective motions rises impor-

tant considerations and offers possible answers to some

debated questions: What drives geodynamics in west-

ern-central Mediterranean? What determines the direc-

tion and intensity of mantle flow in this area? Why,

while Europe and Africa slowly converge in N–S di-

rection, newly formed oceanic basins open in a roughly

W–E direction and at much faster rates than the two

macro-plates approaching motion?

Besides local scale variations, the map of the anisot-

ropy parameters in western-central Mediterranean (Fig.

3) shows an overall coherent pattern which is hardly

compatible with an asthenospheric flow primarily relat-

ed to the protracted (from late Cretaceous) motion of

Africa toward the Eurasian plate, likely resulting in a

general N–S trend of fast directions /. As matter of fact,

over the past 80 My, Africa has been slowly converging

toward stable Eurasia–at about 1–2 cm yr�1 on aver-

age – on a NNE path until about 40 Ma, then on a

northerly path, and finally rotating to a N208W conver-

gence, causing the orogenic Alpine build-up as well as

the consumption of most of the former Tethys ocean

[29]. Instead, the geometry of mantle flow retrieved by

seismic anisotropy suggests a straightforward relation-
ship between anisotropy and subduction in this area: the

dynamics of the Tyrrhenian slab seem to have governed

the regional mantle circulation, leaving clear traces of its

motion all along its retreating route.

The sinking of the slab and its progressive migration

toward its current position may have induced a NW–SE

pressure gradient within the asthenosphere responsible

for the observed mantle flow beneath the whole west-

ern-central Mediterranean area. In other words a chan-

nelled asthenospheric flow from NW would have been

pulled by the southeastward rollback of the slab in

order to fill the space left behind the subducting and

retreating lithosphere. Such a flow has likely been

preserved in the upper mantle and may dominate the

present-day observed anisotropy [22], given that no

other relevant tectonic and/or thermal episode – at the

same strength and spatial scale – occurred in the subse-

quent time [37].

Since mass conservation requires that mantle dis-

placed from the ocean side of the plate moves toward

the edges, either around or beneath the sinking plate,

and since these two options would not evenly suit the

Tyrrhenian slab whole evolution, we need to explain the

origin of the mantle material strained in the rollback

direction during its various stages. To do this we com-

bine the interpretation given in previous papers for the

seismic anisotropy pattern around the Liguro-Provençal

[22,25] and the Tyrrhenian [23,24] areas with the recent

results of laboratory model on three dimensional mantle

circulation in case of rollback subduction [32,38] in the

following scenario:

At the initiation time of the first rifting-drifting

episode (Fig. 5a), which led to the opening of the

Liguro-Provençal basin (30 Ma), the western Mediter-

ranean subduction zone was probably continuous and

extended for about 1500 km from the Gibraltar region

to the western Alps [7,8,10]. In this phase, it’s unlikely

that material coming from around the edge of the slab

could have reached the loci where we have mapped the

seismic anisotropy. As shown by Kincaid and Griffiths

[32], during these early stages of subduction, material

from the ocean side of the plate can move under the

plate’s tip. Alternatively, it has been proposed by Bar-

ruol and Granet [22] that the hot and low viscous

ascending mantle beneath the Massif Central, related

to the plume upwelling [39], could have been pulled

and deflected toward the SE between the Pyrenean and

Alpine lithospheric roots by the rollback suction and

could therefore explain the anisotropy pattern observed

in southern France. Such asthenospheric flow beneath

southern France is not in contradiction with an Hercy-

nian, lithospheric, anisotropy beneath the Pyrenees



[20,21]. As already proposed by Barruol et al. [21],

both the Hercynian structure and the extension-related

Tertiary deformation may be present in the upper man-

tle, particularly in the eastern part of the belt. Obviously

the plume upwelling may have locally enhanced the

transfer of material from below the slab (Fig. 5a,b) and

amplified the shearing effect exerted by the rollback

suction on the upper mantle.

The end of this first extensional phase (16–15 Ma)

coincides with, and is possibly caused by, the slab

arrival at the 660 km discontinuity (Fig. 5b) [29].

Around 12–10 Ma, the locus of extension jumps south-

ward to the Tyrrhenian basin, and the second rifting–

drifting episode begins (Fig. 5c). From this moment

onward, the transfer of mantle material from beneath is

prevented by the slab lying flat on the upper–lower

mantle discontinuity (cfr. Fig. 2), and the unique

wedge feeding mechanism becomes the flow of mate-

rial from around the edges of the plate [32,38]. At the

same time, the eastward retreat of the slab to its current

position beneath the Calabrian arc (Fig. 5d) can be

achieved only if the plate is deformed enough (creating

an arc and opening slab windows) to permit the lateral

escape of sub-slab material [10,38]. As a matter of fact,

the narrow lateral extent of the present-day Tyrrhenian

subduction, as defined by seismicity [9] and imaged by

tomography [11–13], argues for the occurrence of epi-

sodes of lateral slab fragmentation that governed the

last evolutionary stages of the western Mediterranean

subduction zone. Slab windows opened along the Sicily

channel and below the southern Apennines, respective-

ly to the south [10] and north [40] of the current

southern Tyrrhenian slab. This created two natural path-

ways for the mantle material to go from behind the slab,

around the edges of the plate and toward the inner

Tyrrhenian basin (Fig. 5c,d). The reliability of this

mantle circulation mechanism is proved by the ob-

served anisotropy around the present-day Calabrian

slab [24], which matches models of return flow trajec-

tories obtained in laboratory experiments in case of

retreating, laterally unconstrained, slab [32,38].

We have then obtained a picture of the western-

central Mediterranean as a plate convergent environ-

ment where the gravity-controlled sinking of a cold,

denser oceanic slab into the subduction zone and its

rollback have to be considered as the major force acting

in the system in the last 30 My, responsible for the

stretching of the overriding plate and the formation of

new oceanic lithospheres.

By reconciling the anisotropy observations with the

tomographic geometry of the Tyrrhenian slab, we gain

insights into the mantle circulation in the area, which
seems to have developed in a regional convective cell

driven by a rollback process and evolved in a regime of

restricted mantle circulation. Therefore, we identify in

the feedback mechanism between subduction and trig-

gered mantle flow the principal cause of the fast tec-

tonic evolution in the western-central Mediterranean

system.

The data we show add another piece to the puzzling

geodynamic history of the Mediterranean area: the

hypothesis that western-central Mediterranean was

mainly shaped by the southeastern migration of the

slab, proposed by many authors on the bases of various

kinds of geological and geophysical observables, finds

here a further strong supporting evidence.
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