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S U M M A R Y
We estimate radial anisotropy along the Tethyan margin by jointly fitting regional S and Love
waveform trains and fundamental-mode Love-wave group velocities. About 3600 wave trains
with S and Love waves and 5700 Love-wave group velocity dispersion curves are jointly
inverted for SH-velocity perturbations from a pre-existing, 3-D SV -velocity model. These
perturbations are predominantly positive (SH faster than SV ) and consistent with PREM,
but our model also shows significant lateral variation in radial anisotropy that appears to be
correlated with tectonic environment. SH waves travel faster than SV wave beneath backarc
basins, oceans and orogenic belts such as the Tyrrhenian and Pannonian basins, the Ionian
Sea, the Alps, the Apennines, the Dinarides and the Caucasus. The Algero-Provençal basin,
however, is underlain by faster SV velocity. Faster SV velocity of radial anisotropy is also
detected within cratons such as the East European platform and the Arabian shield. Beneath
hotspots we detect a change in radial anisotropic polarity with depth, which may be caused
by transition between the lattice-preferred orientation from horizontal deformation in the
asthenosphere and the shape-preferred orientation from vertically oriented melt channels in
the lithosphere. We also find significant portion of radial anisotropy within subducting slabs
depends on the slab’s dip angle.

Keywords: Body waves; Surface waves and free oscillations; Seismic anisotropy; Seismic
tomography; Asia; Europe.

1 I N T RO D U C T I O N

The uppermost mantle is widely observed to have significant seismic
anisotropy (Dziewoński & Anderson 1981; Silver 1996; Panning &
Romanowicz 2006), which is generally thought to be caused by the
lattice preferred orientation (LPO) of dominant upper mantle min-
erals, olivine and pyroxene (Estey & Douglas 1986). LPO is related
to strain by tectonic stress or asthenospheric flow, and so seismic
anisotropy can characterize traces of past tectonics or current man-
tle flow in the Earth, implying the evolution of tectonic regimes and
mantle convection.

Much of the research into the Earth’s anisotropy has been focused
on azimuthal anisotropy from shear wave splitting (e.g. Silver &
Chan 1991; Silver 1996; Savage 1999), including studies that fo-
cused on a significant part of the Tethyan margin (Schmid et al.
2004; Lucente et al. 2006). Other studies have concentrated on es-
timating radial anisotropy, globally (Montagner & Tanimoto 1991;
Ekström & Dziewoński 1998; Plomerová et al. 2002; Gung et al.
2003; Panning & Romanowicz 2006) and on smaller, continental
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scales (e.g. Marone et al. 2004a; Sebai et al. 2006; Marone et al.
2007). Radial anisotropy provides information on mantle dynam-
ics because the direction of mantle flow, water or melt content and
mantle rheology determine the orientation of fast S-velocity axes.
Mantle flow can result in different orientation of fast S-velocity
axes. For example, in case of normal dry olivine, horizontal mantle
flows induce faster SH velocity, while vertical flows result in faster
SV velocity (Karato et al. 2008).

We estimate radial anisotropy along the Tethyan margin which
includes Europe, the Mediterranean Sea, northern Africa, the Mid-
dle East and central Asia. Tectonic features in the study area are
indicated in Fig. 1. Chang et al. (2010) estimated a 3-D SV -velocity
model for this region by jointly inverting teleseismic S and SKS
arrival times, regional S and Rayleigh waveform fits, fundamental-
mode Rayleigh-wave group velocities and independent Moho depth
constraints. This SV -velocity model can also explain part of our
SH data, but only 28 per cent of misfit variance for S and Love
wave trains and 38 per cent for Love-wave group velocities. This
variance is with respect to wave trains and group velocities pre-
dicted by the regional 1-D model MEAN (Marone et al. 2004b). We
thus inverted our SH data, which consists of regional S and Love
wave trains and fundamental-mode Love-wave group velocities, for
radially anisotropic anomalies with respect to the 3-D isotropic
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Figure 1. Topographic map and main tectonic features for the Tethyan margin. Thick solid lines indicate plate boundaries, which are from Bird (2003). AegS,
Aegean Sea; Af, Afar; Alp, Alps; Ana, Anatolian plateau; AP, Arabian platform; APB, Algero-Provençal basin; ArS, Arabian Sea; AS, Arabian shield; AtlM,
Atlas Mts; BaS, Baltic shield; BS, Black Sea; Cal, Calabrian arc; Cc, Caucasus; CS, Caspian Sea; De, Deccan traps; Df, Darfur;Din, Dinarides; EEP, East
European platform; GA, Gulf of Aden; Hel, Hellenic arc; Him, Himalayas; HK, Hindu Kush; Hn, Hellenides; Ho, Hoggar; IP, Iranian plateau; IS, Ionian Sea;
Lut, Lut block; Mg, Maghrebides; PB, Pannonian basin; PG, Persian Gulf; Pyr, Pyrenees; RS, Red Sea; Tib, Tibesti; TS, Tyrrhenian Sea; UM, Ural Mts; WAC,
West African craton; Zag, Zagros belt.

SV -velocity model. In essence we use the 3-D SV -velocity model
as a reference model for the inversion of our SH data for radial
anisotropy. We describe the methodology and data sets of the joint
inversion and perform resolution tests to investigate the resolving
power of the joint inversion. Finally, we apply the joint inversion
to observed data sets to produce a radial anisotropic model for the
Tethyan margin and interpret characteristics of the estimated radial
anisotropy.

2 M E T H O D

The average SH velocity in the uppermost mantle has been ob-
served roughly 0.2 km s−1 faster than SV velocity beneath both
oceanic and continental lithosphere (Hess 1964; Bamford 1973,
1977). Global 1-D model PREM (Dziewoński & Anderson 1981)
included such an anisotropic layer to 220 km depth. Interestingly,
3-D models of SV and SH velocity are remarkably well correlated
down to regional scales (Gung et al. 2003). This suggests that a
3-D SV -velocity model would be an excellent reference model for
estimating radial anisotropy, if we consider SH velocity deviations
from the 3-D SV reference model to represent radial anisotropy. In
a previous paper (Chang et al. 2010), we estimated an SV -velocity
mantle model for the Tethyan margin by jointly inverting teleseis-
mic S and SKS arrival times, regional S and Rayleigh waveform
fits, fundamental-mode Rayleigh-wave group velocities and inde-
pendent Moho depth constraints. Indeed, this SV velocity model
explains 30–40 per cent of our SH and Love data sets. Here, we
use the transverse components of the same data set to resolve the
SH-velocity structure. We adopted the 3-D SV -velocity model as
a reference model, and inverted regional S and Love waveform
fits and fundamental-mode Love-wave group velocity residuals to

estimate SH-velocity perturbations relative to the 3-D SV-velocity
model. These imaged SH-velocity perturbations are thus a direct,
approximation of radial anisotropy.

We use the same model parametrization as used for constructing
the SV -velocity model of Chang et al. (2010). This parametriza-
tion includes a set of spherical shells of gridpoints to support the
SH-velocity distribution at various depths, and the gridpoints are
derived through triangular tesselation of a sphere (Baumgardner &
Frederickson 1985; Wang & Dahlen 1995). The SH velocities are
defined through linear interpolation between these grid nodes. The
horizontal distance between our gridpoints is ∼100 km on the sur-
face. The centre of our grid is located at 35◦N/22.5◦E and extends
70◦ in all directions. Further details may be found in Chang et al.
(2010).

SH velocities can be estimated by solving the equation,

GSH mSH = dSH , (1)

where GSH is the sensitivity kernel of multimode Love-wave data
to SH velocity, dSH is the SH data vector consisting of waveform
fitting constraints and group velocity residuals relative to predictions
from 1-D reference model MEAN (Marone et al. 2004b), and mSH

are SH velocity perturbations relative to the MEAN. In this study,
sensitivity kernels vary in the depth dimension and from path to
path, but they do not vary along a path. Recasting eq. (1) in terms
that includes the 3-D reference SV -velocity model gives,

dSH = GSH mSH = GSH (mSV + �β SH ) = dV H + �dSH , (2)

where mSV represents the 3-D reference SV -velocity model relative
to the 1-D reference model MEAN, �β SH is SH velocity pertur-
bation relative to the 3-D SV velocity model, and dV H are the data
predicted by mSV using the Love-wave data coverage and corre-
sponding sensitivity from GSH . Therefore, subtracting dV H from
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Radial anisotropy along the Tethyan margin 1015

dSH , we have the following equation:

GSH �β SH = �dSH . (3)

GSH and �dSH are represented in detail as follows:

GSH =
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(4)

where Arw is a sensitivity kernel matrix that consists of linear con-
straints along ray paths estimated by partitioned waveform inversion
(Nolet 1990; Van der Lee & Nolet 1997). Matrix component, AU,
represents partial derivatives of group velocity with respect to the
SH-velocity perturbations, and drw

phase and dU
phase are data vectors for

regional waveform fits and group velocities from dphase, respectively.
To weight each datum according to its quality, we scaled equations
associated with each datum by the inverse of the corresponding
measurement error (uncertainty). Weights wrw and wU are for data
sets of regional waveform fits and group velocities, respectively,
and those are used to ensure that each data set obtains significant
variance reduction. Components I, Fh and Fv represent the damp-
ing, horizontal and vertical flattening operators with weights wi (i =
1, 2, 3), respectively. Flattening operators are differentials between
two lateral or vertical contiguous gridpoints (Constable et al. 1987;
VanDecar 1991).

The SH-velocity perturbations, �β SH , are obtained by solving
eq. (3) with the iterative algorithm LSQR (Paige & Saunders 1982a,
b) and represent velocity differences between SH and SV velocities,
thereby indicating radial anisotropy.

3 DATA

We fit S and Love waveforms from 3584 seismograms, which sample
the Mediterranean Sea, Europe, the Middle East, central and south-
ern Asia, northern Africa, the Red Sea and part of the East European
platform. For the Mediterranean region, we adopted waveform fit
data from Marone et al. (2004a). The great-circle wave propagation
paths for these seismograms with locations of events and stations
are shown in Fig. 2(a). The frequency content of the waveforms
generally falls within the range of 0.006 and 0.1 Hz.

Love-wave group velocities were measured on transverse broad-
band displacement seismograms filtered by a narrow band Gaussian
filter centred over many different periods. We use Love-wave group
velocities from previous research (Pasyanos & Nyblade 2007). The
number of total fundamental-mode Love-wave group–velocity dis-
persion curves reaches to 5676. The period for group velocities
ranges from 7 to 100 s. Data coverage for the group velocity data
set is better than that for the waveform fits as shown in Fig. 2(b),
because source mechanisms are not required for the measurement
of dispersion curves. Our 3-D reference model also includes a later-
ally varying Moho depth. These Moho depths were constrained by
SV -velocity data (regional S waveform fits and fundamental-mode
Rayleigh-wave group velocities) as well as receiver functions, seis-
mic refraction/reflection experiments and gravity surveys (Marone
et al. 2003; Chang et al. 2010).

4 E R RO R A N D R E S O LU T I O N

4.1 Crustal correction

Crustal correction is essential in surface wave tomography because
even long-period surface waves are sensitive to crustal structure
(Panning & Romanowicz 2006; Marone & Romanowicz 2007;
Bozdağ & Trampert 2008). Therefore, it is not appropriate to ap-
proximate the effect of crustal structure with linear correction based
on a single reference model. We calculate sensitivity kernels for re-
gional waveforms and fundamental-mode Love-wave group veloc-
ities with non-linear crustal correction based on several reference
models. A reference model is chosen for each ray path according
to average Moho and water layer along the path based on previous
research on the study region (Marone et al. 2003) or CRUST2.0
(Bassin et al. 2000).

Although the SH sensitivity kernels include sensitivity to Moho
depth, which is needed to predict the effect of the 3-D reference
Moho depth on the SH data, we do not allow the Moho from our
3-D reference model to change during the inversion of the residual
SH data.

4.2 Resolution tests

To assess the resolving power of our SH data and joint inversion for
radial anisotropy, we performed a resolution test with ±200 m s−1

cylindrical anomalies with radii of 3◦ (Fig. 3). We calculate synthetic
data by multiplying the kernel matrices in eq. (4) with the test
model and adding Gaussian random noise with a standard deviation
in proportion to the estimated uncertainty of our data. Anomalies
are well resolved down to 150 km depth, but below 200 km only
anomalies beneath the eastern Mediterranean and the Middle East
are resolved with amplitudes comparable to the original model.
Weights in the joint inversion for S and Love waveform fits and
Love-wave group velocities are set to 1.6 and 2.0, respectively. After
numerous trials in tests, we set these values to recover anomalies
well for the uppermost mantle and to allow each data set to achieve
significant variance reduction.

To assess vertical resolution of the joint inversion, checkerboard
tests are performed for several vertical cross-sections (Fig. 4).
All cross-sections generally show good resolution at depths above
120 km, and some sections (B-b and part of D-d and E-e) present
fair depth resolution down to 250–300 km. Section A-a appears
least well resolved, but the polarity change of radial anisotropy is
resolved.

4.3 Errors in methodology

In this study, an SH velocity model is estimated based on a prede-
termined 3-D SV velocity model as a reference, and the difference
between SV and SH velocities is interpreted as radial anisotropy.
Because SH body waves and higher mode Love waves also have
sensitivity to SV velocity, a joint inversion of SV , SH , Rayleigh
and Love waves for SV and SH velocities as well as anisotropic

parameter ξ = (
V 2

SH

V 2
SV

) is a theoretically sounder approach to the esti-

mation of radial anisotropy. In practice, however, the error we make
by separately inverting SH and Love data is very small, because
our data set is dominated by fundamental-mode Love waves and
regional body waves and higher modes are only included if they
have zero sensitivity to the lower mantle structure, thus strongly
limiting the distances over which the SH wave path are near-vertical.
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Figure 2. Great-circle wave paths for data sets utilized in the joint inversion. Great-circle paths for (a) regional waveforms and for (b) 30-sec period Love
waves are shown in black lines. Events and stations are indicated in white circles and grey triangles, respectively.
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Radial anisotropy along the Tethyan margin 1017

Figure 3. Resolution test results for the joint inversion. True model with
±200 m s−1 cylindrical anisotropic anomalies is shown on the top and results
at 75, 100, 150, 200 and 250 km depths are shown subsequently. Regions
not covered by data set are in grey.

Furthermore, separate inversions for SV and SH velocities give
high correlation above 0.9 with simultaneous inversion of isotropic
S and anisotropic parameter, ξ , for the upper mantle in Panning
& Romanowicz (2006). The result of our inversion is shown in
Fig. 5(a).

However, because we have inverted the SH and Love wave data
separately, and with different sensitivities, from the SV and Rayleigh
data, the possibility exists that our SH velocity model contains an
isotropic component that went previously undetected by the SV and
Rayleigh data. To remove this undetected isotropic part we divide
the anisotropic model �β SH into two parts as follows,

�β SH = �β SH−i + �β SH−a, (5)

where �β SH−i represents the isotropic part undetected by SV waves,
that is, a portion of �β SH that exists in the model nullspace of the
SV -velocity model (Chang et al. 2010). The other part, �β SH−a , is
the remaining minimal anisotropic structure. By definition, �β SH−i

satisfy the following equation:

GSV �β SH−i = 0, (6)

where GSV is SV sensitivity kernels used in Chang et al. (2010),
because �β SH−i is in the model nullspace from GSV . To obtain
�β SH−i and �β SH−a , we invert the following equation:

GSV �β SH = GSV (�β SH−i + �β SH−a) = GSV �β SH−a = dSV H .

(7)

We already have the sensitivity kernel, GSV , and we can calculate
the virtual data vector, dSV H , by multiplying GSV with �β SH . The
same regularization and weighting factors in the resolution tests
aforementioned are applied to this inversion to get �β SH−a .

The inversion results of �β SH−i and �β SH−a are shown in
Figs 5(b) and 6(a), respectively, at various depths. The isotropic
part, �β SH−i , does not have a significant amplitude and the remain-
ing anisotropic model �β SH−a is 65 per cent correlated with and
smoother than the anisotropic model �β SH (Fig. 5a).

5 R E S U LT S A N D D I S C U S S I O N

Results for radial anisotropy are shown at various depths along
with the 3-D reference SV -velocity model in Fig. 6. Compared to
1-D model MEAN, this 3-D SV -velocity model (Fig. 6b) explains
87 per cent of the regional SV waveform variance (Chang et al.
2010), 72 per cent of the Rayleigh wave group velocity variance
(Chang et al. 2010), 28 per cent of the regional SH waveform
variance and 38 per cent of the Love-wave group velocity variance.
The final SH-velocity model (Fig. 6a) explains an additional 60 per
cent of the regional SH waveform variance and an additional 16 per
cent of the Love-wave group velocity variance. General trends in
our results are consistent with those found by Marone et al. (2004a)
for the Mediterranean region.

5.1 Depth dependence of radial anisotropy

Babuška et al. (1998) observed depth dependence of radial
anisotropy at different tectonic environments using data from the
anisotropic upper mantle model by Montagner & Tanimoto (1991).
They categorized the depth dependence of radial anisotropy per-
turbed from the reference anisotropy model, ACY400 (Montagner
& Anderson 1989), into roughly three groups. First, SH velocity is
faster than SV velocity beneath Phanerozoic orogenic belts with two
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Figure 4. Checkerboard tests for vertical cross-sections. Vertical cross-sections are presented for (a) the true model, (b) beneath Afar, (c) beneath the Zagros
belt and the Lut block, (d) from the Algero-Provençal basin to around Crete, (e) beneath the northern Apennines and the Pannonian basin and (f) perpendicular
to the Hellenic arc. Moho depth and surface topography are shown in black solid lines. Topography is exaggerated 10 times. Great-circle paths corresponding
to cross-sections are indicated on the left-top map. White circles on the great-circle paths correspond to ticks shown in the cross-sections.

peaks around 75 and 250 km depth. Second, SH velocity is faster
than SV velocity beneath oceans shows a peak at ∼70 km depth
and reaches down to ∼200 km depth. Third, faster SV velocity is
observed down to 150–200 km depth in cratons.

Our results (Fig. 6a) generally coincide with Babuška et al.’s,
with some exceptions. Faster SH velocity is accordingly observed
down to 250 km depth beneath orogenic belts such as the Alps, the
Dinarides and the Caucasus, which corresponds to the first group of
Babuška et al. (1998), but we cannot resolve whether the faster SH
velocity around 250 km is a peak or not. Silver (1996) suggested
that faster SH velocity beneath the Phanerozoic orogenic belts may
be caused by frozen-in fossil anisotropy formed by transpressional
deformation during continental collision.

Faster SH velocity which corresponds to the second group of
Babuška et al. is found beneath the Ionian Sea down to around
100–150 km depth with a peak amplitude a depth of 75 km. This is
typical radial anisotropy of oceanic lithosphere in Babuška et al.’s
categories, and is supported by Marone et al. (2004b) and Chang
et al. (2010) who confirmed the origin of this region to be oceanic
lithosphere, because of its thin crust and relatively high-velocity
lithosphere. This radial anisotropy may be caused by olivine LPO
frozen in the lithosphere and current horizontal flow in the astheno-
sphere.

Our results also show faster SV velocity in cratons such as the
East European platform and the Arabian shield. Faster SV velocity

in stable craton such as the East European platform may be attributed
to the remnant fabric of palaeosubduction from past oceanic litho-
sphere. However, faster SV velocity within the Arabian shield may
be caused by buoyancy-driven, vertical strain, because this region
has experienced rifting since the Miocene, causing high topography
(Almond 1986; Bohannon et al. 1989). On the other hand, beneath
the Arabian platform SH velocity is faster than SV velocity. This
lateral change in radial anisotropy beneath the Arabian Peninsula
is similar to that found by Tkalčić et al. (2006). Faster SV velocity
is also observed beneath the Algero-Provençal basin, Afar and the
Lut block in Iran, and we discuss these anomalies below. Faster
SV velocity beneath North Africa is not interpreted due to limited
resolution (Fig. 3).

5.2 Radial anisotropy beneath hotspots

Beneath Afar, faster SV velocity is detected down to about 120 km
depth, and then faster SH velocity is juxtaposed with weak ampli-
tude below 120 km depth (Fig. 7a). This juxtaposition horizontally
extends to about 1000 km. This anisotropy distribution with differ-
ent polarity beneath Afar corresponds to a large low SV -velocity
anomaly thought to be caused by the Afar mantle plume. Despite
diminished resolving power on line A-a (Fig. 4b), resolution tests
show that boundary of polarity change beneath Afar can be resolved
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Radial anisotropy along the Tethyan margin 1019

Figure 5. Inversion results of radial anisotropy and the isotropic part in the inversion results are presented at 75, 100, 150, 200 and 250 km depth. (a) This part
indicates the joint inversion results (�βSH ) obtained from the inversion in eq. (3). (b) This part represents isotropic structure in the inversion results (�βSH−i )
obtained from eqs (5)–(7).

by our data. Moreover, Sicilia et al. (2008) also observed this bound-
ary at around 120–150 km depth from their simultaneous inversion
of S velocity and anisotropy with good surface wave coverage for
Afar. A similar anisotropic feature was reported beneath a region
near Iceland with a boundary at around 100 km depth (Gaherty
2001).

Karato et al. (2008) considered different types of olivine LPO
associated with the same direction of mantle flow to explain this
polarity change of radial anisotropy. If the deep mantle plume con-
tains several times more water than in the asthenosphere, the olivine
LPO in the mantle plume is likely to be C-type characterized by the
[001] axis subparallel to the shear direction and the (100) plane sub-
parallel to the shear plane. For C-type olivine LPO, SV velocity is
faster than SH velocity for horizontal flow and SH velocity is weakly
faster than SV velocity for vertical flow. Thus, fast SH velocity be-
low ∼120 km would actually represent vertical mantle flow there.

Because of assumed water contents and high temperature (100–
200 K over typical temperature) in mantle plumes, dehydration by
partial melt occurs relatively deep (∼100–200 km). Dry A-type with
the [100](010) slip system or E-type with the [100](001) slip system
thus form if all partial melt is migrated to the surface without any
interaction with nearby materials. The effect of A- or E-type olivine
LPO on radial anisotropy is opposite to that of C-type olivine LPO
on radial anisotropy, so the fast SV velocity above ∼120 km would
indicate vertical mantle flow. In conclusion, the polarity change of
radial anisotropy at ∼120 km depth could represent a dehydration
front of the upwelling plume material and a transition from C-type
fabric below the front to A or E-type above the front, indicating con-
sistent vertical mantle flow through the whole upper mantle beneath
Afar.

However, Karato et al.’s argument is possible only if the deep
mantle plume contains several times more water than in the
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1020 S.-J. Chang et al.

Figure 6. Anisotropic structure (�βSH−a) (a) obtained from the inversion results with eqs (5)–(7) at 75, 100, 150, 200 and 250 km depth are presented with
the reference SV -velocity model (b). Contours of 66 m s−1 are drawn at 100 km depth in the anisotropic model. Regions not covered by data set are in grey.

asthenosphere and all partial melt is migrated to the surface without
any interaction with nearby materials. We alternatively propose a
hypothesis with ‘relatively dry’ mantle plume, which would con-
tain A- or E-type olivine LPO. In this case, a change of radial
anisotropy simply indicates a change in the direction of mantle
flow: faster SH velocity would mean horizontal flow, while faster
SV velocity would indicate vertical flow. Therefore, the transition at
∼120 km depth would approximately correspond to a lithosphere-
asthenosphere boundary (LAB) and may represent a boundary be-
tween A or E-type LPO from horizontal deformation of plumehead
in the asthenosphere to shape-preferred orientation (SPO) due to
vertically oriented melt channels in the lithosphere. The vertical
melt channels may connect low-velocity anomalies in the astheno-
sphere beneath Afar (Fig. 7a) with volcanism spread over the surface
since about 30 Ma (Camp & Roobol, 1992). The boundary depth
of ∼120 km is similar to the estimated LAB of 100–110 km by

Rychert & Shearer (2009) using Ps converted phases, implying a
relationship between the boundary of polarity change and LAB. The
maximum amplitude of radial anisotropy in the lithosphere beneath
Afar is about 250 m s−1 of faster SV velocity, which is about one
third of the anisotropy inferred for S wave travelling through a re-
gion with a 10 per cent density of aligned cracks or films (Kendall,
1994). Webb and Forsyth (1998) also document the dramatic effect
of as little as 1 per cent melt aligned in thin films on S velocity (up
to 40 per cent change).

We also observe a similar juxtaposition of faster SV and SH ve-
locities at around 120 km depth for a wide area beneath the Lut
block (Fig. 7b), which may imply that there is a transition from
LPO due to horizontal flow in the asthenosphere to SPO from
vertical melt channels in the lithoshpere based on our hypothe-
sis. This observation may support the existence of a mantle plume
here, which Chang et al. (2010) proposed based on a plume-like
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Radial anisotropy along the Tethyan margin 1021

Figure 7. Vertical cross-section maps of radial anisotropy (�βSH−a) and the reference SV -velocity model profiles beneath Afar (a), beneath the Zagros belt
and the Lut block (b), from the Algero-Provençal basin to around Crete (c), beneath the northern Apennines and the Pannonian basin (d) and perpendicular to
the Hellenic arc (e). Cross-sections of radial anisotropy are presented on the top and ones of the SV -velocity model are illustrated on the bottom. The same
scales as in (a) are applied to (b)–(e). Moho depth and surface topography are shown in black solid lines. Moho depth distribution is adopted from Chang et al.
(2010). Topography is exaggerated 10 times. Grey open circles represent events. Regions not covered by data sets are in grey. Great-circle paths corresponding
to cross-sections are indicated on the left-top map. White circles on the great-circle paths correspond to ticks shown in the cross-sections.

low-velocity anomaly imaged in the SV -velocity model down to at
least the mantle transition zone. Conclusively, the juxtaposition of
faster SV and SH velocities are observed beneath Iceland, Afar and
the Lut block which are known as or thought to be regions intruded
by mantle plumes, so this peculiar feature of radial anisotropy may
be typical to mantle plumes.

5.3 Radial anisotropy beneath backarc basins

Cross-sections of radial anisotropy beneath backarc basins, the
Algero-Provençal and the Tyrrhenian basins in the western Mediter-
ranean Sea and the Pannonian basin near the Carpathians, are pre-
sented in Figs 7(c) and (d). The characteristics of anisotropy for
backarc basins are quite different from those for the hotspots. The

backarc basin mantle is dominated by faster SH velocity, which may
represent dominant horizontal flow beneath the backarc basins.

However, features of radial anisotropy are a little different be-
tween the two backarc basins in the western Mediterranean Sea.
Although SH velocity is dominantly faster than SV velocity be-
neath the Tyrrhenian basin, anisotropy underneath the Algero-
Provençal basin shows that SV velocity is faster than SH velocity for
80–120 km depth.

This difference may be caused by different tectonic processes for
the two basins. As the Calabrian slab which began to subduct about
35 Ma ago has retreated to the current position, mantle flow pushed
by the slab roll back has moved to the backarc region to fill the space
left behind the retreating slab. Because the slab did not reach to the
transition zone when the Algero-Provençal basin opened, the mantle
flow moved below the slab’s tip (Lucente et al. 2006). Therefore, the
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observed faster SV velocity beneath Algero-Provençal basin may
be the preserved vertical mantle flow since the opening of the basin.
In the other hand, when the Tyrrhenian basin opened, mantle flow
could not move below the slab’s tip, because the flattened slab within
the mantle transition zone hampered the movement of mantle flow
below the slab. Instead, formation of the Tyrrhenian basin may be
achieved by horizontal mantle flow through slab windows beneath
central Italy and west of Sicily (Lucente et al. 2006; Lucente &
Margheriti 2008), which has resulted in faster SH velocity beneath
this basin.

5.4 Anisotropy around subduction zones

Much of the world’s most intricate anisotropy occurs in subduction
zones. Compilations and studies of subduction zone anisotropy have
generally focused on splitting of near-vertically travelling shear
waves (e.g. Russo & Silver 1994; Kaneshima & Silver 1995; Fischer
et al. 1998; Long & Silver, 2008), which are most sensitive to
azimuthal anisotropy related to horizontal mantle flow in the backarc
or subslab mantle but less to radial anisotropy within the dipping
slab itself.

Using the depth resolution of surface waves and our dense wave
path coverage (Fig. 4), we estimated radial anisotropy also within
dipping slabs. Within our study area, major subducting slabs are
found beneath the Apennines, the Calabrian arc, the Hellenic arc
and the Zagros belt. The distribution of radial anisotropy for these
subducting slabs is shown in Fig. 7. Beneath the Calabrian arc
(Fig. 7c), high SV -velocity anomalies are aligned with the event dis-
tribution in the bottom panel indicating the location of the Calabrian
slab, which corresponds to faster SV velocity below 150–200 km in
the middle panel. Faster SV velocity is also detected at 150–200+
km beneath regions where steeply dipping slabs exist such as the
Zagros belt and the Hellenic arc in Figs 7(b) and (e). However,
at shallower depths than 150–200 km where the slabs are dipping
gently, faster SH velocity is observed (Figs 7b,c and e) as in radial
anisotropy of oceanic lithosphere by Babuška et al. (1998). Within
the Apenninic slab which has gentle dipping down to about 300 km
depth faster SH velocity is also observed (Fig. 7d).

This dependence of radial anisotropy on the dip of slab may
indicate that frozen-in fossil anisotropy with faster SH velocity in
oceanic lithosphere is preserved to considerable depth in the upper
mantle after subduction, which is consistent with experiments with
dipping olivine by Maupin & Park (2007). This dependence also
can be explained by serpentine deformation in the mantle wedge
(Katayama et al. 2009), because the fast a axis of serpentine aligns
along the slab.

5.5 Strength of anisotropy

Our results (Figs 6 and 7) show that our study region is dominated
by faster SH velocity than SV velocity (βSH > βSV ). The region
where βSH − βSV > 66 m s−1 (1.5 per cent) is outlined in black
on the 100-km depth map (Fig. 6a). The depth dependence of the
average anisotropy within this region is plotted in Fig. 8, along with
PREM (Dziewoński & Anderson 1981), which shows that there is
remarkable agreement between the radial anisotropy in this region
and PREM.

6 C O N C LU S I O N S

We estimated radial anisotropy beneath the Tethyan margin by
jointly inverting regional S and Love waveform trains and funda-

Figure 8. Average 1-D anisotropic structures. Anisotropic models from
PREM (Dziewoński & Anderson 1981) and our study are shown in dashed
and solid lines, respectively. The area considered in our study is defined by
radial anisotropy >66 m s−1 (1.5 per cent of the reference model MEAN)
at 100 km depth shown in Fig. 6a.

mental Love-wave group velocities relative to the 3-D SV -velocity
model by Chang et al. (2010). Faster SV velocity is generally de-
tected in cratons such as the East European platform and the Arabian
shield, while faster SH velocity is found beneath oceans and oro-
genic belts such as the Ionian Sea, the Alps, the Apennines, the
Dinarides and the Caucasus. These features are generally consistent
with Babuška et al. (1998)’s analysis and we have discussed the
possible causes for the anisotropy in each of these tectonic environ-
ments.

A change of the polarity of radial anisotropy with depth is found
for wide low-velocity areas beneath Afar and the Lut block in Iran.
This feature may indicate the lithosphere-asthenosphere boundary,
where transition occurs between LPO from horizontal deformation
of plumehead in the asthenosphere and SPO from vertical melt
channels in the lithosphere.

The two backarc basins in the western Mediterranean Sea exhibit
different patterns of anisotropic features: faster SV and SH velocity
beneath the Algero-Provençal and Tyrrhenian basins, respectively.
This difference in radial anisotropy may indicate different tectonic
environments for each basin, because the opening of the Algero-
Provençal basin may have been caused by vertical mantle flow
travelling below slab’s tip while the opening of the Tyrrhenian basin
may have been complete by horizontal flow through slab windows
(Lucente et al. 2006).

Finally, we infer that anisotropy within oceanic lithosphere can
be preserved to considerable depth during subduction. Near the
surface, where the slab is still predominantly subhorizontal, we find
typical faster SH velocity, down to about 150–200 km. Deeper,
where slabs dip more steeply such as under the Calabrian arc, the
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Hellenic arc and the Zagros belt, the same anisotropy now manifests
itself as faster SV velocity.
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Babuška, V., Montagner, J.-P., Plomerová, J. & Girardin, N., 1998. Age-
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