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ABSTRACT

For 10 regicns in southwestern Europe, & compaiison has been made between the surface-wave and P-wave tomogtraphy
results available in the literature. Starting from the P-wave models inferred by P-wave tomography, theoretical phase
velocities have been computed adjusting the ratic between P-wave and S-wave velocities in order to simultangously fit the
observed Rayleigh-wave phase velocities. The V,/V; ratio is an important variable that can be used to investigate the
nature of variations in the propagation velocity of seismic waves in the Earth’s interior. More specifically, it can be used to
discriminate between thermal and compositional influences on the velocities of seismic waves. In this sense, the largest value
in the distribution of the Vp/V; ratio that we have obtained in the maodelling is associated with a specific region in
north-central lialy where the presence of fluids at crustal level is well known.

1. Introduction

Knowledge of the elastic parameters of the
crust and the upper mantle represents a very
important tool both for an understanding and the
modelling of geodynamical processes in the Jitho-
sphere. In recent years, several tomographic
methods have been proposed for the interpreta-
tion of seismological measurements in tectoni-
cally complex areas.

In the Mediterranean region, tomographic
methods have been applied to P-waves {¢.g. Spak-
man, 1991; Babuika and Plomerovd, 1991) and
surface waves (c.g. Panza et al., 1980; Snicder,
1988; Yanovskaya et al., 1990): a comparison of
the results obtained with the two tomographic
methods can be a powerful tool for the assess-
ment of the V. /V; ratio. This can be very useful
in regions where the presence of fluids in non-
compacted sediments or highly fractured rocks

* Corresponding author.

has to be detected (O’Connel and Budianski,
1976).

2. Data

Phase velocity distribution maps, obtained by
means of surface-wave tomography (c.g.
Yanovskaya et al., 1990) have been considered at
the periods of T=25s, T=50 s and T=80 s
These periods are suitable for the resolution of
the average Moho depth, and of the subMoho
elastic properties, if a simple parametrization is
used for the first, say, 200 km of structure
(Knopoff and Panza, 1977),

At the period of 25 s (Fig. 1(a))} there is a quite
pronounced and broad minimum affecting most
of Jtaly and Corsica. The absolute minimum (3.55
km s7') is located near the Tyrrhenian side of
north-central ltaly and is related to a slow and
thinned lithosphere (about 50 km) overlying low-
velocity material from the asthenosphere, which
extends down to a depth of about 70 km

00319201 /93 /306.00 © 1993 ~ Elsevier Science Publishers B.V. All rights reserved
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() {Calcagnile and Panza, 1981). The vplift of the No map is given for the period of 80 s, since
asthenosphere is also in agreement with the high the variations in the Rayleigh-wave phase velocity
heat-flow values measured in that area (Della distribution do not generally exceed the noise
Vedova et al., 1991). level, as already pointed out by Yanovskaya et al.
43" 48° At the period of 50 s (Fig. 1{b)} most of the (1990). At this period, a value of 4.00 km s~ ' can
Italian peninsula is still affected by the broad be taken as representative of the whole area
. minimum, but there is no evidence of an absolute under investigation.
46 46 minimum near the Tyrrhenian side of North Cen- For the same area, the results of P-wave to-
tral Italy. In this area, the large increment of the mography obtained by Spakman (1991) are avail-
4 a phase velocity from 25 s to 50 s has been inter- able along several profiles. Spakman (1991} gives
preted as due to the presence of fast lithospheric results in the form of perturbations of the refer-
roots in the depth range 70-200 km (Calcagnile ence Jeffreys-Bullen (J-B) model (Bullen, 1979)
42° 4" and Panza, 1981; Panza et al., 1982; Suhadolc and used to compute the expected travel times.
Panza, 1988). The existence of a high-velocity
. . body has been also qualitatively confirmed by
40 40 Babuka and Plomerovd (1991) on the basis of 3. Method and computations
the inversion of teleseismic P-wave arrivals. In
8 18 Switzerland and southern Germany the relatively To compare the results of surface-wave tomog-
) low-phase velocity found can be associated with raphy (Yanovskaya et al., 1990} with the models
the Central European rift system, characterized given by P-wave tomography (Spakman, 1991), we
by a thinned lithosphere and low sublid S-wave have computed the phase velocities of the funda-
velocities (Panza et al., 1980). mental Rayleigh mode (Panza, 1983) for the 10
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TABLE 1
Average crustal model assumed for the 10 regions considered
No. Water Solid
h {km) k. (km) Vplkms™")
1 - 35 6.35
2 2.50 13 4.90
3 0.50 30 &10
4 2.00 20 5.00
5 - 25 6.10
6 - 30 5.10
7 - 35 6,00
8 - 40 6.20
¢ - 35 610
1 - 35 620

Far the solid layers, a density of 2.6 gom™* was considered;
h is the crusial thickness and No. is the region identification
number.

regions shown in Fig. 2. We have selected these
10 regions in such a way that, on the basis of
P-wave tomography, the approximation with
one-dimensional layered models is acceptable.

The representative crustal models (Table 1)
have been determined from the available DSS
data (e.g. Mostaanpour, 1984; Buness et al., 1990,
De Voogt et al.. 1993) whereas for the upper
mantle, the P-wave velocity distribution given by
P-wave tomography has been used.

A flow chart describing the procedure adopted
for the comparison is given in Fig. 3.

To compute the phase velocities of Rayleigh
waves, to be compared with the values deduced
from surface-wave tomography, the values of the
density and of the S-wave velocities are neces-
sary. In the crust an average density equal to 2.6
g cm™* has been chosen, wheteas in the mantle
the density distribution of the Jeffreys—Bullen
model, used by Spakman (1991) as a reference
model, has been assumed. For the first set of
computations, the crustal S-wave velocities have
been obtained from P-wave velocities in the hy-
pothesis of Poissonian solid. In the mantle, the
distribution of the ratio between P- and S-wave
velocities (Vp/Vg) given in the Jeffreys-Bullen
model has been assumed. The Rayleigh-wave
phase velocities computed for these starting mod-
els, shown in Fig. 4, are given in Table 2. For the
same 10 regions, the Rayleigh-wave phase veloci-
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ties obtained from surface-wave tomography are
listed in Table 3.

It can be seen that only in region 4, without
any adjustment of the initiat parameters, the dis-
persion values obtained from surface-wave to-
mography are fitted within the average experi-
mental error, about 0.06 km s~', with which
phase velocities can be actually determined {cg.
Biswas and Knopoff, 1974). In the other regions,
to obtain an agreement within the experimental
errors the Vp/V; value must be modified. We
decided to keep as a reference the P-wave veloc-
ity distribution obtained by P-wave tomography.
Therefore, if the computed phase velocities are
exceeding the surface-wave tomography esti-
mates, the Vp/¥5 ratio is increased with respect
to the starting models. In the opposite situation
the Vp/V, value must be decreased. The depth

ENITIAL DEFINITION OfF
LAYERED STRUCTURAL
ODELS

(LAYER THICKNESS AND
P-WAVE VELOCIFY}

+ Crusl [rom DSS daia
+ Upper mantie Jrom P.wave
tomography

PO

ENITIAL DEFINITION OF v

Crun. Vg= %‘;

+ Upper manile 51 from )-8
<

loop for T=25x, T=S00% wnd T=Rik

COMPUTATEON OF
THEORETICAE. RAYLEYGH
WAVES PHASE VELOCITIFS

I R

CTOMPARISON WITH DATA

SELECTION OF A NEW
VALUE FOR V< IN THE
PROPER LAYER(S)

TOMOGRAPHY

1
1

J

b

|

1

i

I

I

: FROM SURFACE WAVE
|

|

I

!

b

|

1

I

I

Fig. 3. Fiow chart of the procedure followed for the compari-
son of the two 10mographic data sets.
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range where these variations are applied is of
course controlled by the extent of the discrepan-
cies at the different periods. As a result, a new
distribution of ¥ with depth is obtained.
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The size of the structural detail: given by
P-wave tomography (see Fig. 4) is much smaller
than the resolution allowed by surface-wave to-
mography. For this reason the perturbations to
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the V/¥ values have been applied considering
a simplified mode! made up of few layers (dotted
lines in Fig. 5). The uppermost layer is represen-
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tative of the crust, and the remaining two to three
layers are used to parametrize the upper mantle
(Fig. 5). Density distribution has not been modi-
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Fig. 5. V' / ¥, distribution with depth. Thin lines correspond to the initial models shown in Fig. 4. Dotted lincs represent the used
discretization of the initmal distribution. consistent with the resolving power of surface-waves. Thick lines indicate the distribution
necessary to explain simultaneously the results given by P-wave and surface-wave tomography.
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TABLE 2

Rayleigh-wave phase velocities {km 5~ 1) computed for the
starting models of Fig. 4

No. Theoretical phase velocitics
T=25s T=5s T=80s

1 17 404 415 .
2 an 397 4,10
3 ATs 400 411
4 362 in 406
5 378 397 409
] i 403 4.12
7 361 3% 412
-] 3.57 393 4.07
9 Iod 1% 4.11

10 in 4,00 412

No. is the region identification number.

fied since its infiluence on surface-wave propaga-
tion is negligible compared with the influence of
P- and S-wave velocities.

The short-period data (25 s}, which are partic-
ularly sensitive to crustal properties, are repro-
duced in most of the regions without any adjust-
ment of the Vp/V, ratio, and only in regions 3
and 5 are high (1.8 + 1.9) V,/¥; values in the
crust required to fit the data.

Rayleigh waves with longer periods (50 s and
80 s) sample the upper mantle. Therefore, when
necessary, to get the required agreement between

TABLE 3

Rayleigh-wave phase velocity values (km s~ ') for the 10
regions considered {see Fig. 2}

No. Surface-waves lomography
T=25s T=50s T=80s

1 375 4.00 400
2 n 393 400
3 158 187 4.00
4 3.64 395 4.00
5 1583 383 400
6 370 393 4.00
7 3.60 3.88 4.00
B 358 185 4.00
9 357 386 400
10 368 3N 4.00

No. is the region identification number. The dispersion values
were derived from Yanovskaya et al, (1990).
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TABLE 4

Theoretical values of Rayleigh-wave phase velocities (km s~ '}
computed using the P-wave velocity model of Fig. 4 and the
S-wave velocity model obtained from it adopting the My /15
distribution of Fig. 5

No. Theoretical phase velocities
Tw25s T=50s Tu80s

1 374 395 405
2 3.7 N 4.0t
3 162 189 4.0§
4 162 39z 4.06
5 3.61 385 400
] 370 392 4.03
7 3159 392 4.04
8 355 386 4.01
9 359 3189 4.02

10 3.69 392 4m

No. is the region identification number.

observed and computed values the V /b distri-
bution given by the Jeffreys—Bullen model must
be modified. An overall good agreement between
the theoretical phase velocities (Table 4) and the
vaiues obtained from surface-wave tomography is
obtained assuming in the upper mantle {down to
a depth of 200 km) V,/V values in the range
1.80 -~ 1.87 (Fig. 5). In fact, using the Vp/Vg
distribution shown in Fig. § (thick lines), the
differences between the dispersion values ob-
tained from surface-wave tomography and from
theoretical computations are within +0.06 km
s~', which can be considered a representative
value for the experimental error affecting phase
velocity measurements (Biswas and Knopoff,
1974).

4. Discussion and conclusions

The purpose of this work is to find out whether
reasonable values of the ¥, /¥ ratio are compat-
ible with the resuits given by P-wave and surface-
wave tomography, We do not intend to perform a
systematic search for possible values, so we have
used a trial-and-error procedure rather than a
linear inversion.

A major problem we have encountered is the
absence of error bars associated with published
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tomographic data, but we can assume that errors
are at least comparable with the smallest details
given in the maps. Thercfore, our results about
the V. /Vg ratio have only the meaning of aver-
age values and indicate the gross three-dimen-
sional variation of the ratio. The significance of
small variations of Vp/Vg can be hardly ad-
dressed at present, and only variations of several
per cent contain real information.

The regional variations of the distribution with
depth of V,./V; deduced in our analysis indicate
different pliysical conditions in the crust and in
the upper mantle, even if we cannot completely
exclude the presence of systematic errors in the
body-wave wnd/or in the surface-wave data sets,
The presence of sytematic errors, however, could
only influence the absclute value of the retrieved
Vp/Vy ratios, but relative discrepancies in the
results obtained for the analysed regions are any-
way meanit gful. This is particularly evident in the
case of the adjacent areas 5 and 9, where the
retrieved V. /V; distributions are very different
in the crust, well in agreement with the different
geological settings of the two neighbouring re-
gions.

At crustal level, the very high value of Ve/Vs
in region 5, which is necessary to explain the
relevant minimum in the observed phase velocity
map at 25 s, is well consistent with the large
thermal perturbation associated with the ten-
sional tectonic regime in that area (Della Vedova
et al, 1991). The presence of ascending deep
mantle fluids reaching the crust, responsibie for
the anomaly, is confirmed by magmatologic stud-
ies (e.g. Locardi, 1986), and actually region 5
contains also the geothermal area of Larderello,
where hot fluids are reaching the surface.

In the upper mantle, as a general feature, the
Vp/Vs values obtained (Fig. 5) are larger than in
the reference Jeffreys-Bullen model This fact
may possibly indicate the presence of some bias
associated with the choice of the reference model
used in P-wave tomography.

For the asthenosphere, the Fp/V, values ob-
tained in this paper are in good agreement with
the values estimated by Panza et al. (1980) com-
paring their results based on surface-wave disper-
sion measurements with the P-wave velocities
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given by Bistricsany (1974), who analysed first
arrivals from shallow-focus earthquakes.

In Central Europe, where the coverage of the
profiles used in surface—wave tomography is suf-
ficiently good, it has been noted by Yanovskaya
et al. (1990) that Rayleigh-wave phase velocities
show a dependence on the azimuth of the profile
along which they are measured, A possible inter-
pretation in terms of anisotropy was suggested.
As a test, they introduced a correction for
anisotropy in their tomographic algorithm, but
the corrected patterns of lateral phase velocity
distribution just siightly differ from the ones ob-
tained for the isotropic model. Therefore, it looks
as though like anisotropy plays just a secondary
role and that different phase velocities along the
different profiles can be well explained in terms
of wave propagation in laterally heterogeneous
media. In principle, both lateral heterogeneities
and anisotropy should be taken into account, but
with the presently available dispersion data for
the area, it scems impossible to separate the two
effects.

It has been noted in several cases {e.g. Cara et
al., 1980; Wiciandt et al., 1987) that models ex-
plaining Rayleigh-wave dispersion curves are in-
compatible with Love-wave phase velocity mea-
surements. To explain this inconsistency in terms
of anisotropy, a strongly coherent orientation of
minerals is required along the different paths.
This is not likely te happen in continental areas,
where the geological and tectonic processes very
often lead to a non-homogeneous distribution of
rocks and to rather complex structures, for which
it is difficult to imagine any large-scale co-
herency. In such a case, it is very difficult to
separate the effects of anisotropy from those of
lateral heterogeneities just on the basis of seismic
tomography, and also geological and petrologica,
data have to be taken into account.

In this paper, modifying the reference Ve/Vs
distribution of the Jeffreys—Bullen model, we have
simultancously satisfied P-wave and Rayleigh-
wave observations at different periods. There-
fore, within the resolving power of the available
data for the investigated region, it seems unnec-
essary to invoke the presence of relevant
anisotropic phenomena in the upper mantle.
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The perturbation of the V,/V; distribution
should be used in the case where structural mod-
cls explaining the observed Rayleigh-wave disper-
sion curves are not compatible with Love-wave
data. If, after the Vp/V; perturbation has been
applied to make Love- and Rayleigh-wave data
sets consistent, the adjusted models are also com-
patible with available images given by P-wave
tomography, then the conclusion can be drawn
that anisotropy is not relevant in the region inves-
tigated. On the contrary, anomalies that cannot
be explained through a perturbation of the ¥, /V;
ratio, very probably must be interpreted in terms
of anisotropy.
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