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bstract

We present a new model for the shear and compressional wave velocity structure of the Mediterranean plate boundary region.
he model is obtained by a combined inversion of S and P data, where we solve in one single step for shear wave and bulk sound
elocity variations. The ratios between the types of seismic velocities inferred from the combined inversion constrain the origin of
eterogeneity. Our model is dominated by fast anomalies from subducted oceanic lithosphere. We found that only a slight amount
f bulk sound velocity heterogeneity is required to explain the combined set of P and S data. Thus, compressional wave velocity

nomalies are dominated by shear modulus heterogeneity and the ratio between bulk sound and shear wave velocity heterogeneity
uggests a predominantly thermal origin.
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. Introduction

The Mediterranean region contains the boundary
etween the African and the Eurasian plate. The plate
oundary runs from the Azores triple junction to the
riple junction with the Arabian plate. Present and past
eodynamics of this region are complex and highly het-
rogeneous. Tectonic reconstructions for the region are
rovided by Dercourt et al. (1986) or Stampfli and Borel
2002), for example.

Previous models for the 3D heterogeneity in seis-
ic velocity in the Mediterranean mantle are based on

rrival time data of P or S body waves (Spakman et

l., 1993; Piromallo and Morelli, 2003; Schmid et al.,
006; Bijwaard, 1999), dispersion measurements of sur-
ace waves (Panza et al., 1980; Pasyanos and Walter,
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2002) and the inversion of waveforms of regional S and
surface waves (Zielhuis and Nolet, 1994; Marone et al.,
2004).

Typically, the S velocity models derived from arrival
time data are not as well resolved as corresponding P
models because the S data coverage is different from
that for P due to the S data being fewer. These S data
also have larger uncertainties than P arrival times, allow-
ing P models to be better constrained. Wave train S
velocity models have longer lateral resolution lengths,
though better depth resolution in the shallow mantle,
than P models, which are derived from arrival times.
Wave train S models also have larger volumes of more
uniform data coverage compared to P velocity mod-
els. These differences between S and P models hinder

a quantitative comparison of P and S velocity models.
However, advances in delay-time estimation (VanDecar
and Crosson, 1990) and more recently in combining tele-
seismic S wave delay times with regional waveforms of
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S and surface waves in a joint tomographic inversion
(Schmid et al., 2006) is now producing S velocity images
of comparable sharpness to P velocity images, allowing
a more straightforward comparison of P and S velocity
models.

Combined inversions of P and S data would be advan-
tageous, since these can contribute to a deeper under-
standing on the nature of the velocity perturbations,
aiding the discrimination between thermal and compo-
sitional heterogeneity. P velocity depends on bulk mod-
ulus (K), shear modulus (μ) and density (ρ), S velocity
depends only on μ and ρ. It is not possible to extract
individual perturbations of μ, K and ρ based on travel
time data only. However, one can solve for perturbations
in the ratios μ/ρ and K/ρ. The square root of the former
is the shear wave velocity, while the square root of the
latter is termed bulk sound velocity, despite the fact that
no physical wave travels with this velocity.

On a global scale, joint inversions of P and S data
for bulk sound and shear wave velocity heterogeneity
were presented by Su and Dziewonski (1997), Kennett
et al. (1998), Masters et al. (2000), Antolik et al. (2003),
Gorbatov and Kennett (2003), Kennett and Gorbatov
(2004). While these studies agree in their main findings,
there are also some discrepancies. In the lower mantle, P
wave velocity heterogeneity can be explained predom-
inantly by variations in shear wave velocity with only
small variations bulk sound velocity. While all report
anti-correlation of bulk sound and shear wave velocity in
the lowermost mantle, they differ on the degree and sign
of correlation for the rest of the lower mantle. Kennett
et al. (1998), Gorbatov and Kennett (2003), Kennett and
Gorbatov (2004) further made the observation that stag-
nant slabs in the mid mantle show a pronounced fast
anomaly in the bulk sound velocity with only faint shear
wave velocity anomalies.

In this paper, we present the results of joint P and S
inversions for bulk sound speed and shear wave velocity
perturbations beneath the Mediterranean plate boundary
region.

2. Theory

2.1. Travel time inversion

Classic teleseismic traveltime inversion (for a detailed
treatment of the subject the reader is referred to Spakman

et al. (1993), for example) is based on the traveltime
equation, which is given by

δt ≈ −
∫

L0

1

v0

δv

v0
dl (1)
netary Interiors 159 (2006) 213–224

Discretization leads to a linear system of equations,

Am = d (2)

where m is a vector with the unknown quantities, i.e.
the spatial distribution of seismic velocity or its recip-
rocal, slowness. Vector d contains the measured data,
i.e. arrival time delays, and matrix A contains the par-
tial derivatives that relate m to d. In our application
m consists of velocity perturbations, source relocation,
source time adjustments and station statics. The veloc-
ity perturbations are linearly interpolated within trian-
gles on spherical shells, as in Van der Lee and Nolet
(1997).

To better localize velocity heterogeneity, we further
add information from regional waveform data manner
as described in Schmid et al. (2006), who demonstrated
that the joint inversion of regional waveform data and
phase arrival time data leads to a better constrained and
resolved model, since the two complement each other
optimally. The teleseismic body wave arrival time data
have limited resolution in the depth direction at shal-
low levels (depths < 300 km) due to the nearly vertical
direction of incidence. The regional waveform data on
the other hand, start to loose resolution with increasing
depth (>500 km). The purpose of the combined data set
thus is to correct the teleseismic arrival time data for the
shallow structure.

2.2. Separation into bulk and shear modulus
perturbations

Compressional wave speed α is defined as

α =
√

K + (4/3)μ

ρ
(3)

while shear wave speed β is given by

β =
√

μ

ρ
(4)

Thus, perturbations in shear modulus will affect the
travel times of both P and S waves, while perturbations
in the bulk modulus only affect P travel times.

The bulk sound speed, Φ, is defined as

Φ =
√

K =
√

α2 − 4
β2 (5)
ρ 3

Adding small perturbations,

Φ → Φ + δΦ; α → α + δα; β → β + δβ (6)
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nd inserting these new values in Eq. (5) and neglecting
econd order terms gives:

δΦ = αδα − 4

3
βδβ (7)

r

α = Φ

α
δΦ + 4β

3α
δβ (8)

To invert for the the P structure, we solve a system of
quations that contains lines of the type,
i1δα1 + Ai2δα2 + · · · + Aijδαj + · · · = δti (9)

The delay time for event i is a sum of the partial deriva-
ives times the velocity perturbations at each node or
ell j.

Fig. 1. Maps of P and S velocity heterogenei
netary Interiors 159 (2006) 213–224 215

We can now insert Eq. (8) into the linear system of
Eq. (9),

Aijδαj = Aij

(
Φj

αj

δΦj + 4βj

3αj

δβj

)
(10)

so that after some rearrangement the system becomes,

i1

(
Φ1

α1

)
δΦ1 + Ai2

(
Φ2

α2

)
δΦ2+ · · ·

+ Ai1

(
4β1

3α1

)
δβ1+Ai2

(
4β2

3α2

)
δβ2 · · ·
(11)

where Aij(Φj/αj) = A′
Φij and Aij(4βj/3αj) = A′

βij .
The model vector now contains twice as many ele-
ments as when only inverting for P. Completing the

ty obtained from separate inversions.
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system of equations with the equations for S arrival times
yields:

(
Aβ 0

A′
β A′

Φ

)(
mβ

mΦ

)
=
(

dS

dP

)
(12)

The system is mixed-determined and we add regu-
larization equations (norm damping and first-difference
damping) (VanDecar, 1991). We solve the system itera-
tively using conjugate gradients.

3. Data

We use relative arrival time data (Schmid et al.,
2004), measured by using the multi channel cross-
correlation method (MCCC) of VanDecar and Crosson
(1990) applied to seismograms from MIDSEA (Van
der Lee et al., 2001) and permanent stations in the
Mediterranean region. Measuring by cross-correlation
significantly increasing the number of useful S arrivals
compared to traditional travel-time picking. To approx-
imately equalize the number of S to that of P mea-
surements, we measured S delay times through cross-
correlating the S arrivals in a larger time window than
used for P. Unlike Kennett et al. (1998), we do not
restrict the data selection to common P and S ray-paths.
We measured about ∼3000 delay times for each P and
S. The P and S body wave coverage is very similar
(Schmid et al., 2004), since the station setting is iden-
tical and there is an overlap in the events that were
analyzed.

We use a modified iasp91 (Kennett and Engdahl,
1991) as background model, which has a thinner crust
and lower velocities in the uppermost mantle in order to
reflect the regionally averaged structure of the Eurasia-
Africa plate boundary region (Marone et al., 2003).

We augmented the teleseismic delay time data set
with the regional waveform data set assembled by
Marone et al. (2004) and used in Schmid et al. (2006). It
consists of regional Rayleigh waveform fits, including
fundamental and higher modes, for 1136 seismograms,
yielding a total number of 8714 surface-wave con-
straints. Since the sensitivity of the regional waveforms

to the compressional wave velocity is rather weak and
practically confined to the crust, we neglect it. The
inclusion of regional waveform data, which are predom-
inantly sensitive to the shear modulus, does tighten the
depth distribution of the anomalies but does not affect
the relation between bulk and shear heterogeneity we
infer.
Fig. 2. Correlation matrix ρ between S and P models obtained from
separate inversions. We use ρxy = cov(x, y)/σxσy , where x and y are
the depths in the P and S models, respectively, for which the correlation
is calculated.

4. Results

4.1. Inversion of P and S data separately

Fig. 1 shows depth sections for separate, independent
S and P inversions, using only the teleseismic arrival
time data. The imaged patterns for P and S anomalies
correlate (Fig. 2), which is expected since the P and S
delay times are correlated as well (Schmid et al., 2004).
Despite the great similarity of the two patterns, there
are some notable differences. For example, beneath
Cyprus a fast anomaly is present in the S model that
is absent in the P model. Another example is the deep
slow P anomaly under the Ionian sea, which is also
present in the S images, but with a weaker amplitude.
The initial weighted variance is about the same for the
P and S phase arrival time data. While Mediterranean
S delays are larger than P delays (by a factor of about
3.1 (Schmid et al., 2004)), the measurement error for S
arrivals is also larger by about the same factor. Since we
scale the system of equations by the measurement error,
the initial variances are similar for the P and S data sets.
The variance reduction achieved is around ∼92% for
the P data and ∼95% for the S data.
4.2. Joint P and S inversions

Before discussing the results of the combined P and
S inversion, we show the results of several tests of the



C. Schmid et al. / Physics of the Earth and Planetary Interiors 159 (2006) 213–224 217

F n. The
a

d
m
d
d
a
c
p

m

•
•

•

F
v

ig. 3. Outcome of a resolution test for the combined P and S inversio
nomalies are present.

ata’s resolving power. In addition to allowing an assess-
ent of each data set’s resolving power, the tests further

emonstrates the strengths of a joint inversion of S and P
ata, as well as how strong the coupling is between shear
nd bulk sound heterogeneity. The tests also help us to
hoose appropriate values for weights and regularization
arameters used in the inversion.

The resolving power for the following hypothetical

odels were tested:

δβ ± 0.2 km/s and δΦ = 0 km/s
δβ and δΦ ± 0.2 km/s, δβ and δΦ correlated

ig. 4. Same as Fig. 3, except that bulk sound anomalies are now present as
elocity anomalies.
input model only consists of shear velocity anomalies, no bulk sound

δβ ± 0.2 km/s and δΦ ± 0.2 km/s, δβ and δΦ anti-
correlated

We use a harmonic input pattern. Fig. 3 shows the
results of the first test, where the input pattern consists
solely of shear velocity anomalies without the presence
of bulk sound velocity anomalies. The amount of erro-
neous mapping of shear wave velocity anomalies into

bulk sound velocity anomalies is small. In Fig. 4 we
add a bulk sound velocity anomaly pattern of the same
strength and location as that of the shear wave velocity
anomalies. The resolution test shows that the anomaly

well in the input model. These are of the same strength as the shear
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ain of t
Fig. 5. Same as Fig. 4, shear velocity and bulk sound anomalies are ag
input pattern are co-located with bulk minima.

pattern is retrieved for both velocities, but the anomaly
strength is better resolved for shear than for bulk hetero-
geneity. Finally, Fig. 5 shows the same test as in Fig. 4,
except that the bulk velocity pattern that is input is anti-
correlated with the shear velocity pattern. Even though
the amplitudes of the recovered anomalies are strongly
reduced compared to the correlated case, both patterns
are resolved. However, the completely anti-correlated
case is not realistic, because it predicts negligible P delay
times (since dμ and dK would tend to cancel each other
out), while we observe significant ones.

It is evident from these tests, that it is more difficult to
resolve the velocity patterns if they are not correlated or
even anti-correlated. Thus, with the given data, we lack
the ability to reliably to resolve independent variations
on small scales (100 km).

We use the following strategy to find the preferred
joint P and S model. First we settled on a damping value
for the shear component of our model through studying a
series of inversions in which we suppressed anomalies in

the bulk sound velocity. By looking at the trade-off curve
between model-norm and variance reduction, the damp-
ing value for the shear velocity model was obtained.
This results in a model where δΦ is basically zero and
he same strength but are anti-correlated, maxima in the shear velocity

the P anomalies are simply a linear function of the S
anomalies. This pure shear anomaly model results in a
variance reduction slightly lower than in the individual
inversions of P and S data. Thus, without taking into
account perturbations in the bulk sound velocity, we can
find a good fit to both data sets. We then settled on a
damping value for the bulk component of our model by
studying a series of inversions in which we allowed for
shear and bulk sound velocity heterogeneity. The damp-
ing value for shear velocity anomalies was fixed to the
value obtained from the preferred pure shear velocity
model. Again, we choose the damping (for bulk sound
anomalies) for the preferred model in such a manner that
the trade-off between data fit and model norm is opti-
mized (see Fig. 6). Then, fixing the value of bulk sound
damping to the one found in this series of inversions, we
ran another series where we again varied shear velocity
damping. However, we found that the preferred value
of shear velocity damping needs not to be readjusted. It
turns out that we can apply higher values of damping for

bulk sound velocities than what is needed for shear wave
velocities.

Variance reduction is about the same as in the individ-
ual inversions. Note that the applied smoothness regu-
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Fig. 6. Root mean square (rms) vs. variance reduction for different values of damping for the bulk sound velocity for: (a) S data and shear velocity
s ity dam
s ht of th
w

l
a
t
f

tructure and (b) P data and bulk sound velocity structure. Shear veloc
ound damping at 8). Using lower values for bulk damping (to the rig
hile using higher values for damping lead to a decreased data fit.
arization in the combined model is of the same strength
s in the individual inversions. Fig. 7 shows the model
hat we obtained without including the regional wave-
orm data. The preferred model further includes this data

Fig. 7. Depth sections of the preferred joint model w
ping is kept constant (at 2), black dots give the preferred model (bulk
e black dots) gives a larger rms without no improvement in data fit,
set and depth sections are shown in Fig. 8 while cross-
sections are shown in Fig. 9. While the overall resolving
power improves through inclusion of the regional wave-
form data, we verified that the main conclusions do not

ithout usage of the regional waveform data.
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depend on their inclusion and are thus unrelated to data
coverage issues.

The large scale P and S velocity heterogeneity
obtained from the joint inversion (Figs. 7 and 8 ) is
very similar to that derived in individual inversions
(Fig. 1). At smaller scales, some differences become
apparent. For example, the slow anomaly south-east
of Sicily appears much weaker in the images from S
phase arrival time data than in the P images. Yet when
jointly inverting the combined data-set, it also appears
in the shear wave velocity images. Thus, this feature
was only badly resolved by the teleseismic arrival time
data of S, perhaps because of wavefront healing after
passage through the low-velocity anomaly. A feature
that is absent in the combined inversion is the slow
anomaly seen in the S teleseismic arrival time image
beneath Spain from 500 to 650 km. On the other hand,
the fast material seen in the S image at 650 km beneath
Cyprus and the northeasternmost corner of the Mediter-
ranean sea still shows up in the combined inversion.
However at 300 km, the combined inversion is closer
to the P image and the anomaly is less broad than in the
S image.

As mentioned above, already without allowing for
bulk sound heterogeneity, an acceptable fit to the data is
possible. So it is no surprise that the preferred joint P
and S model requires merely small bulk sound velocity
anomalies.

Because they appear to be relatively small, bulk sound
velocity anomalies are harder to detect than shear-wave
velocity anomalies. Furthermore, bulk sound veloc-
ity is not a quantity for which independent data exist
and whatever we infer about its structure is affected
by the trade-off with shear velocity. Thus, by plac-
ing firmer bounds on anomalous shear structure we
reduce this trade-off and thus better constrain anomalous
bulk sound structure. We better constrain shear struc-
ture through the joint inversion of teleseismic arrival
times, regional body and surface wave forms, and Moho
depth.

5. Discussion

The model we obtained shows well-known features
such as the Hellenic and the Calabrian subduction
zones. These have been extensively discussed in earlier
tomographic studies (e.g. Spakman et al. (1993),

Piromallo and Morelli (2003), Marone et al. (2004),
Schmid et al. (2006)), thus we focus our discussion on
the relation between bulk sound and shear wave velocity
perturbations.
Fig. 10. Layer averages of the ratios given in Eq. (14) (dashed line)
and Eq. (13) (solid line).

In order to quantify their contributions, we calculate
the bulk sound to shear wave velocity heterogeneity,

rΦβ = δΦ/Φ0

δβ/β0
= δ ln Φ

δ ln β
(13)

and the shear wave to compressional wave velocity het-
erogeneity,

rβα = δβ/β0

δα/α0
= δ ln β

δ ln α
(14)

These ratios allow to draw some conclusions on the
underlying cause of an anomaly, e.g. whether it is of
thermal or compositional origin. Fig. 10 shows the
layer averages of these quantities. rβα is around 1.8
in the uppermost 1000 km and appears to increase to
about 2.2 below 1200 km. These values of rβα are
in good agreement to those given in Masters et al.
(2000), Kennett and Gorbatov (2004), Su and Dziewon-
ski (1997).

rΦβ varies between 0.2 and 0.4, higher values in the
upper parts of the model. The strength of the bulk sound
anomalies appears to decrease with depth, and P anoma-
lies can thus be explained predominantly by variations
in the shear wave velocity. No evidence is found for
large scale anti-correlation between bulk sound and shear
wave velocity variations, and the regions where rΦβ is
large, are restricted to zones of poor ray coverage. How-
ever, the observed values of the average ratio of rΦβ

may be biased by the abundance of fast anomalies and

may thus not be valid for slow anomalies. Indeed, the
slow shear wave velocity feature south-east of Sicily,
finds only little expression as a bulk sound anomaly.
However, a synthetic test (Fig. 11) indicates that due
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ig. 11. Resolution test with a realistic input model. Top row shows
ound velocity structure are identical, except that the amplitudes of th

o its small amplitude, the bulk sound anomaly is on
he brink of being resolvable. Thus, the absence of this
ow velocity anomaly in the bulk sound velocity is not
ignificant.

Although we cannot exclude compositional het-
rogeneity playing a role in this region, the observed
nomalies are well in agreement with a predominantly
hermal cause. Cammarano et al. (2003) list the tempera-
ure sensitivities of α, β and Φ. They obtained the values
y forward calculating seismic velocity as a function
f pressure and temperature for various compositions
sing anharmonic data for each mineral phase. They
lso include the important effect of anelasticity (Karato,
993). The temperature sensitivity (in % velocity
erturbation per Kelvin) of shear wave velocity is about
wice as large as the sensitivity of compressional wave
elocity, which in turn is again twice as large as that
or the bulk sound velocity. The highest values that we
bserve for dlnα are around 2% and 1.5% at depths of
00 and 650 km, respectively. The percentage values
or dlnβ are about twice as large (4% and 3%) at these
epths, while those for Φ are around 1% and less.
sing the values given by Cammarano et al. (2003)

or the 1300 ◦C adiabat, these perturbations correspond
o temperatures around 300–400 K cooler than the

diabat. The low velocity anomaly southeast of Sicily
as somewhat smaller amplitudes, that correspond to
emperatures about 200 K warmer than the surrounding

antle.
t model, the result is shown in the bottom row. Shear wave and bulk
are reduced by a factor of 2, corresponding to an rΦβ of about ∼0.4.

6. Conclusions and discussion

P and S velocity variations have similar patterns
beneath the Mediterranean region. Least-structure mod-
els for bulk sound and shear wave velocity heterogene-
ity show that bulk and shear anomalies are correlated
down to 1400 km and that significant bulk sound velocity
anomalies are not required by the data. The correlation
and proportion between shear and bulk heterogeneity
in the least-structure models indicates that the simplest
(least-structure) explanation of our data agrees with an
origin that is dominantly but not necessarily exclusively
thermal in nature.

The transition zone beneath the Mediterranean region
appears to be 300–400 K cooler than the global average,
with the exception of that beneath the Ionian sea, which
could be up to 200 K warmer. The joint inversion of P and
S data allows for a better resolved model than individual
inversions can achieve.
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