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Abstract

An objective regionalization of the Mediterranean basin is derived from a tomographic study based on the fun-
damental mode of Rayleigh waves. The database is formed by seismic wavetrains recorded at very-broadband
stations belonging to MEDNET and other cooperative stations, located in the Mediterranean area. The data
treatment consists of application of spectral filtering techniques aimed to determine path-averaged group ve-
locities, computation of local group velocity maps for some periods and classification of the studied area in
several homogeneous regions according to Principal Component Analysis (PCA) and Average Linkage (AL)
algorithms. Finally, the group velocity dispersion curves representing each homogeneous region are compared
and possible correlation between these regions and seismotectonic and structural characteristics are dis-
cussed.

Key words Mediterranean  basin  — Rayleigh aimed at improving the knowledge of the elas-
W.a;es ~ local group velocities — clustering algo-  (ic and anelastic structure of the crust and up-
rithms '

per mantle in this region.

Whereas the teleseismic events will con-
tribute in the future to improve this knowledge,
we focus at present on Rayleigh wave funda-
mental mode group velocities derived from re-
gional events. Figure 2 shows the potential epi-
centre-station paths corresponding to regional
events of the period 1990-1993 with surface-
wave magnitudes between 4.5 and 6.5. The
study is specially aimed at obtaining an objec-
tive regionalization of the Mediterranean basin
in terms of local group velocity maps for pe-
riods ranging from 10 s to 60 s. This region-

alization is obtained without any a priori seis-
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Catalunya, ETSAB, Avenida Diagonal 649, 03028 Bar- teristics related to the different homogeneous
celona, Spain; e-mail: MARTINEZ@FA.UPC.ES regions obtained are also discussed.

1. Introduction

The set of regional and teleseismic events
recorded from 1990 to 1993 at very-broadband
stations belonging to MEDNET (Giardini et al.,
1992) and other cooperative networks, located
in the Mediterranean area (fig. 1), supplies a
database to attempt a complete surface wave
tomographic study of the Mediterranean basin,
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Fig. 1. Location of broadband stations belonging to the MEDNET and other cooperative stations located in the
Mediterranean region.
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Fig. 2. Potential epicentre-station paths corresponding to regional events of the period 1990-1993 with sur-
face-wave magnitudes between 4.5 and 6.5.
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Figure 3 shows the process leading to the
determination of empirical path averaged phase
and group velocities, by means of a sequential
application of different filtering techniques:
Multiple Filtering (MFT), Time Variable Filter-
ing (TVF) and Wiener deconvolution. Empiri-
cal path averaged attenuation coefficients can
be easily obtained by simply applying MFT. A
better understanding of the global objectives
concerning the analysis of teleseismic and re-

g processes leading to path averaged phase and group velocities
ajectories between pairs of stations along the same great circle con-

gional events is shown in fig. 4 which de-
scribes procedures for obtaining elastic struc-
tures from surface-wave dispersion data. The
same scheme applies to attenuation coeffi-
cients.

The procedure leading to the regionalization
of the studied area is the same as that used
by Lana et al. (1997) on a tomographic study
of the Iberian peninsula. According to figs. 3
and 4, this procedure consists of: 1) filtering of
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Fig. 4. Schematic description of the methodology
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the seismic wavetrains and evaluating the
corresponding path-averaged group velocities;
2) mapping of local group velocities at several
periods on the basis of the above mentioned
averaged velocities; 3) classification of the
area in several homogeneous regions by means
of the Principal Component Analysis (PCA)
and Average Linkage (AL) algorithms; 4) com-
putation of group velocity dispersion curves re-
lated to each homogeneous region and discus-
sion of possible correlations among the differ-
ent regions and seismotectonic characteristics.
Each of these points is developed and dis-
cussed in the following sections.

In short, the mapping and regionalization pro-
cess shown at present establishes the basis for a
detailed exploration of the shear velocity struc-
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ture of the Mediterranean basin from the view-
point of surface-wave tomography and for a pos-
terior comparison with crust and upper mantle
models obtained by body wave tomography.

2. Filtering process

The first step of the data treatment consists
of the application of spectral filtering tech-
niques to each seismic record to isolate the
fundamental mode of Rayleigh waves and,
posteriorly, to compute path averaged group
velocities. The most usual filtering procedure
is the Multiple Filtering Technique (MFT)
(Dziewonski and Hales, 1972; Herrmann,
1973) which directly gives us averaged group
velocities for each epicentre-station path. A re-
finement of this process can be obtained by the
sequential application of MFT, TVF (Cara,
1973) and again MFT. Although the discrepan-
cies on group velocities obtained by both
methods use to be almost negligible, the se-
quential application of the filtering techniques
tends to enlarge the period range of empirical
group velocities.

This aspect is illustrated in fig. 5, where the
dispersion curve corresponding to a wavetrain
recorded at the station VSL is shown. The epi-
centre is located at 40.87°N and 28.88°E, the
epicentral distance is 1664.9 km and the Mj
magnitude is 5.9. By applying MFT empirical
group velocities (open squares) up to 58 s are
obtained. By sequential application of MFT,
TVF and again MFT, the dispersion curve ob-
tained (solid line) provides reliable group ve-
locities up to 70 s. Figure 6a,b depicts a part of
the seismic wavetrain, corrected by the instru-
mental response, (a) before and (b) after the
filtering process. One may observe the well de-
fined surface wavetrain of the fundamental mode
with peaks and troughs coinciding with the origi-
nal record and the suppression of the high fre-
quency component by the filtering process.

In spite of the good quality of the database,
a non negligible number of records were dis-
carded after the filtering process due to some
unrealistic group velocity values obtained.
With respect to the period range, in some
cases, the sequential application of the filtering
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techniques gives us velocity values for the
5-80 s period range. Nevertheless, only for the
10-60 s period range is the path coverage al-
most the same. We have to bear in mind that at
short periods (less than about 10 s) it is diffi-
cult to isolate the surface-wave fundamental
mode. In addition, depending on the epicentral
distance, not all the analyzed records can give
information for long periods. Consequently, the
computation of local velocity maps was made for
46 different periods ranging from 10 to 60 s.

3. Mapping of local velocities

The computation of maps of local group ve-
locities for the different periods analyzed has
been extensively studied for many years, the
use of spherical harmonic functions being a
very common procedure to describe local
group velocities in terms of latitude and longi-
tude. This method is especially indicated in
studies concerning the whole Earth’s surface
(Sato and Santo, 1969; Nakanishi and Ander-
son, 1982; Dziewonski, 1984) but it has also
been applied to parts of the Earth’s surface as
the Indian ocean (Lana and Carbonell, 1987).
The effects of Gibbs’ phenomena on the result-
ing maps have to be carefully taken into ac-
count in these cases. If we try to map smaller
regions, the above mentioned phenomena can
absolutely distort the maps obtained and spher-
ical harmonic developments have to be dis-
carded in these cases. A possible solution
comes from the Backus-Gilbert formulation
(Backus and Gilbert, 1968; Backus and Gilbert,
1970) and Yanovskaya’s methodology (Yanov-
skaya, 1984) that have been successfully applied,
for instance, to tomographic studies for the
Iberian peninsula (Nikolova et al., 1996).

Following the approximation of geometrical
optics, we can express the Epicentre (E) — Sta-
tion (S) group travel time, #;, empirically de-
duced in terms of the quotient between the epi-
central distance and the path-averaged group
velocity, as

t _[SV(x, v ds 3.1)
E

where ds is a differential element of the seis-

48

mic path and V(x,y) is an unknown function
describing the local group velocity. If we as-
sume a preliminary function describing the lo-
cal group velocities, V;, the problem is reduced
to determine

oV(x,y)

Ve 3.2)

m(x, y) =

where 6V (x,y) are the unknown variations on
V,. According to the Backus-Gilbert approach,
the expected value of m(x,y) will be the linear
combination

Elm(x, )l =Xa@ s (3.3)

where g; are some unknown functions and ¢
the discrepancies between the experimental
travel time and the time corresponding to the
starting model V,. This unknown function is
related to the data kernels, G;, and the averag-
ing function, A, by means of

Zai (x0, ¥0) G; (x, y, X¢, Yo) = A (X, ¥, X0 ¥p)-
’ (3.4)

The functions a; have to be determined under
the constraint that the corresponding averaging
function A must be as close as possible to a
delta function. On this way, according to

Elm (o ) = | [ m Ay, 20 30)dxdy
' (3.5)

the expected value of m(x,y) will be very close
to the real unknown m(x,y). According to
Nikolova et al. (1996), the closer A (x, Yy, Xg, Yo)
is to a delta function, the smaller the resolving
power value of a point of coordinates (xg, Yp).
Consequently, great resolving values are re-
lated to poorly solved local velocities and they
strongly depend on velocities of the neighbour-
ing points. On the contrary, small resolving
values are linked to well solved velocities,
which will be almost independent of the neigh-
bouring values.
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4. Objective regionalization

Algorithms devoted to objective regional-
ization (Kalkstein et al., 1987; Fernéandez Mills
et al., 1994; Periago et al., 1991) are very com-
mon in climatology, but they are not so usual
in seismology. Some examples of seismotec-
tonic or tomographic applications can be found
in Lana and Ferndndez Mills (1992) or Lana
et al. (1997). A common regionalization
method applied to tomographic problems has
been the «pure-path» method or combination
of spherical harmonic developments and
«pure-path» method (Yu and Mitchell, 1979;
Nishimura and Forsyth, 1985). The latter
method could be useful for domains including
oceanic ridges and neighbouring areas where a
preliminary division in terms of structural
crustal age is reasonable. Nevertheless, for
other kind of regions as continental domains or
small basins, it is much more difficult to use
correctly a priori seismotectonic and structural
information with the aim of obtaining a region-
alization. A possible solution in these cases
comes from an objective regionalization made
only in terms of the tomographic results and a
quest for possible correlation among the seismo-
tectonic available data and the regions obtained.

The first algorithm used in the present study
is the Principal Component Analysis (PCA)
(Preisendorfer, 1988)) that simplifies the clas-
sification and removes redundancies among the
different variables to be classified (local group
velocities for different periods). Some applica-
tions of this procedure can be found in seis-
mology (Michelini and Bolt, 1986; Posadas
et al., 1993) mainly devoted to seismotectonic
aspects. The procedure is based on computation
of eigenvalues and eigenvectors of the data co-
variance matrix, C, which represents covariances
among all the different periods analyzed.

From now on, the original variables (46 pe-
riods) are substituted by the most relevant Princi-
pal Components (PC) which are computed by

X=AY 4.1

A = VD" 4.2)

where X represents the original variables, Y
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the principal components, A is the factor load-
ing matrix, V the eigenvector matrix and D the
diagonal eigenvalue matrix. Remembering that
each PC explains a percentage of data vari-
ance, the usual procedure is to consider only
components related to eigenvalues greater than
1, or in other words, components explaining at
least as variance as an original variable. Taking
into account that another problem is the possi-
bility of computing degenerated eigenvalues
(North er al., 1992), the usual solution is to
choose only PC related to non-degenerated
eigenvalues greater than 1 (Ferndndez Mills
and Lana, 1994).

The regionalization process is made accord-
ing to the Average Linkage (AL) algorithm
(Kalkstein er al., 1987). At the beginning of
the process, each point of the domain is an ho-
mogeneous region. In each step of the algo-
rithm, we have to search for all possible pairs
to be fused, choosing the fusion linked to the
minimum value of a similarity index L;, given
by

Lyj=Dj+V+V; (4.3)

and computed in terms of PC values, where Dy
is the distance between centroids of regions {
and j, V; and V; are the intragroup variances. If
we repeated the process of fusion indefinitely
without other criteria, we would arrive at a
useless solution with all the points classified in
a single region. Nevertheless, looking at the
evolution of the minimum value of L; for each
step, when a sharp increase of this index is de-
tected, we can assume that the algorithm at-
tempts to merge to very dissimilar areas. The
best configuration of homogeneous areas will
be then the one corresponding to the last at-
tempted fusion before the sharp change.

5. Application

The Mediterranean area is included in a
quite complex plate boundary between Eurasia
and Africa. As a general pattern, the region is
made up of blocks trapped between both
plates, with the seismicity governed by the
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Fig. 7a. Map of local group velocity (km/s) for 10 s.
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Fig. 7b. Map of local group velocity (km/s) for 20 s.
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Fig. 7d. Map of local group velocity (km/s) for 40 s.
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Fig. 7e. Map of local group velocity (km/s) for 50 s.
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Fig. 7f. Map of local group velocity (km/s) for 60 s.
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convergence of them and with predominance
of subduction (Aegean arc, Calabrian arc) and
collision (Alps) mechanisms. Intermediate
cases from subduction to collision, as the
Apenninic chain or the Betic Cordillera, also
have to be considered. The seismic activity is
mainly concentrated towards the East (Aegean
arc), but it is also remarkable in the Alps, the
Italian peninsula, North Africa, Alboran sea
and Adriatic area. A lower seismic activity is
detected on Southern Spain, linked to the Betic
system. A classic detailed revision of the seis-
motectonics of the region can be found, for in-
stance, in McKenzie (1972), and a more recent
tectonic description is given by Philip (1988).
Examples of transition from subduction to col-
lision are given by Bousquet and Philip
(1986).

A previous classification of the region in
terms of seismotectonic characteristics would
be difficult. First of all, we must stress that the
relatively simple description cited here does
not take into consideration more detailed tec-
tonic characteristics. On the other hand, the
shallowest elastic structure of the Mediter-
ranean basin can present small scale changes.
As an example, whereas Corsica, Sardinia,
Tunisia (Banda et al, 1985), the North
Balearic basin (Banda er al., 1980), the Albo-
ran sea (Hatzfeld, 1978) and the Sardinia chan-
nel (Martinez and Lana, 1991) have a conti-
nental character, very close zones as the Lig-
urian sea (Finetti and Morelli, 1973) and the
Southern Balearic basin (Banda et al., 1980)
have an oceanic structure. We also have to re-
member that for the range of analyzed periods
the corresponding local group velocity curves
are modelled by elastic structures with depths
clearly exceeding the Moho discontinuity and
reaching up to 150-200 km. Consequently, to
attempt an objective regionalization only in
terms of surface-wave velocities seems to be a
better procedure than a priori classification in
terms of more shallow structures and tectonic
elements.

With respect to the mapping of local veloci-
ties, fig. 7a-f summarizes six examples, chosen
from the 10-60 s period range. The main char-
acteristics are the changes of local velocities
detected throughout the Mediterranean basin.
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The most remarkable feature is the strong N-S
gradient detected on the eastern part, especially
for 10, 20, 30 and 40 s. Figures 8 and 9 show
an example of local velocity uncertainties at
30 s and an example of resolving power for the
same period, respectively. With respect to this
last figure, it has to be emphasized that the
highest resolving powers (poorly solved local
velocities) are located in regions not densely
covered by the set of epicentre-station paths.
At the same time, the concept of resolving
power helps us to define the elements (small
cells of the basin) to be classified according to
their group velocities. If we consider as reason-
able values resolving powers less than 125 km,
we can define an averaged local group velocity
for each cell of 1° size. Consequently, the ob-
jective regionalization tries to classify into ho-
mogeneous groups only the cells associated
with well solved local velocities. Cells linked
to poorly solved areas are discarded for the re-
gionalization process.

Table I illustrates the PCA results for our
application. We can deduce a strong redun-
dancy among the original variables because
only three non-degenerated PC explain 94% of
data variance. On the following regionalization
procedure, the 46 group velocities belonging to
the 10-60 s period range, associated with each
cell, are substituted by the corresponding 3 fac-
tor scores (values of the 3 PC at each cell).

Table II shows the evolution of the mini-
mum value of the similarity index obtained
along the AL process. We can easily detect a
sharp increase when a fusion from 6 to 5 areas
is attempted. Consequently, from the viewpoint
of the local group velocities of Rayleigh waves
fundamental mode, we can divide the Mediter-
ranean basin into six homogeneous regions.
The schematic distribution of these regions is
depicted in fig. 10, where areas designated «0»
correspond to cells that have not been consid-
ered in the regionalization process. The classi-
fication obtained suggests, as maps of fig. 7
did, the possibility of remarkable structural
variations.

Figure 11a-c depicts the group velocity dis-
persion curves linked to each homogeneous re-
gion. Squares and dashed lines represent the
averaged group velocity and the corresponding
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Fig. 8. Isolines of uncertainties (km/s) on local group velocities for a period of 30 s.

Fig. 9. Resolving power (km) for a reference period of 30 s.
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Table 1. Principal components, explained variance
and cumulative ratio of explained variance.

_—

o, Bl
1 32.2345 0.7008
2 9.1519 0.8997
3 1.9128 0.9413
4 0.9193 0.9613
5 0.7269 0.9971
6 0.3317 0.9843
7 0.2237 0.9891
8 0.1774 0.9930
9 0.0736 0.9946

10 0.0557 0.9958
11 0.0424 0.9967
44 0.0000 1.0000
45 0.0000 1.0000
46 0.0000 1.0000

Table II. Evolution of the similarity index with the
number of the remaining groups.

_——

Groups L@,j)
19 1.3593
18 1.4451
17 1.4579
16 1.4789
15 1.4994
14 1.5174
13 1.5302
12 1.5862
11 1.7323
10 2.2160

9 2.4600
8 2.8803
7 3.0413
6 3.2280
5 4.1882
4 4.1902
3 5.8382
2 7.1531
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error band for each period, respectively. Very
remarkable differences can be observed, for in-
stance, between regions 2 and 5 and regions 3
and 5. On the contrary, the contiguous regions
I and 2 show similar patterns, especially for
periods greater than 20 s.

The main characteristics of the six homoge-
neous regions are the following:

— Regions 1 and 2 correspond to the more
active seismic area of the basin. The first one
includes a SE-NW narrow band from the
Egyptian coast to Greece. It is noteworthy that
a part of the Aegean arc belongs to this region
and the rest to the second one, which also in-
cludes much of Turkey. These regions are
characterized by the lowest averaged group ve-
locities, according to fig. 11a. Specifically, the
area with the lowest local group velocities be-
longs to cluster 2.

— Region 3 includes Tunisia, Sicily and part
of the central basin. The seismicity in this area
is more moderate than in the preceding ones
and relevant activity is only detected in Sicily
and the western part of the African coast. The
averaged group velocities shown in fig. 11b are
greater than the corresponding values in re-
gions 1 and 2 and smaller than velocities repre-
senting clusters 4 and 5 for periods less than
30-35 s.

— Region 4, delimited by zones number 1, 6
and 2, forms a narrow band where the seismic-
ity is relevant. It includes parts of ex-Yu-
goslavia, Bulgaria and Turkey. A small area,
near the Alboran sea, also belongs to this clus-
ter. The representative group velocities, to-
gether with those associated to clusters 5 and
6, are the highest in the Mediterranean basin.

— Region 5 includes much of the Western
Mediterranean basin and a small part of North
Africa. The seismic activity is moderate in this
area and the averaged group velocities ob-
tained are higher than those corresponding to
clusters 4 and 6.

— Region 6 includes remarkable seismic
areas as the Italian peninsula, the Adriatic area
and a part of Bulgaria, Turkey and the Black
sea. Some similarities on the averaged group
velocities can be observed between regions 6
and 4 only from 20 to 50 s.

— The remaining zones, indicated with
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Fig. 10. Schematic description of the objective regionalization of the Mediterranean basin.

number O and discarded due to their low den-
sity of seismic paths and high resolving power,
include alpine areas as the Pyrenees and a
large part of the North Africa coast from Mo-
rocco to the Gulf of Sirte.

6. Discussion and conclusions

The results obtained up to now provide an
objective regionalization of the Mediterranean
basin in terms of local group velocities belong-
ing to the fundamental mode of the Rayleigh
waves, without a priori seismotectonic consid-
erations. These results have to be completed in
the near future by the application of inversion
algorithms to the group velocity data to obtain
shear velocity structures for each homogeneous
region. Another interesting possibility consists
of defining well solved local velocity groups
(Nikolova et al., 1997) from maps computed at
several periods. After that, we can obtain as
many dispersion curves as well solved points
on the maps. Posteriorly, a new application of
the inversion algorithms will lead us to a more
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detailed description of the crust and upper
mantle elastic structure of the Mediterranean
basin.

An examination of local velocity maps sug-
gests that lateral changes in the elastic struc-
ture have to be remarkable. Nevertheless, these
lateral changes would have to be confirmed by
the inversion of local dispersion curves. As an
example, a transition from oceanic to continen-
tal structures is suggested by the strong veloc-
ity gradient for 10, 20, 30 and 40 s from the
Egyptian coast to Turkey, affecting regions 2,
4 and 6. Another interesting feature, perhaps
the most remarkable, is the low local velocity
area obtained for the SE end of the Mediter-
ranean basin. The preliminary results in terms
of shear Q structure obtained by Rocamora
et al. (1990) and the present local velocity deter-
mination may indicate the existence of a rifting
process under the mentioned area. Another
area that must be studied in depth from the
viewpoint of the local velocities is region num-
ber 5, which is formed in part of oceanic and
in part of continental crustal structures accord-
ing to other seismological data.
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Fig. 11a-c. Averaged dispersion curves for (a) regions 1-2, (b) regions 3-4 and (c) regions 5-6. Open squares
design averaged group velocities for each period. Dashed lines represent uncertainty bands on group velocities
for each period.
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Although the Iberian peninsula has been re-
cently studied with the same methodology
(Lana et al., 1997) and it has been possible to
broadly link each region to a single tectonic
area (Hercinic, Alpine or Neogene), it appears
to be more difficult to establish this link in the
present case. We have to bear in mind that the
seismotectonic structure of the Iberian penin-
sula is less complex than those of the Mediter-
ranean basin. An illustrative example is the
Aegean arc, which does not form part of a sin-
gle region but is shared by clusters 1 and 2.
The seismotectonic complexity of this highly
active area has been discussed on the basis of
seismicity features and stress pattern in the
lithosphere (e.g. Papadopoulos er al., 1986).
Possibly, linkages between seismotectonic ar-
eas and elastic structures will be obtained at a
smaller scale after the systematic inversion of
local dispersion curves.

Finally, we stress some aspects linked to the
highest analyzed period and the improvement
on the path coverage of the tomographic prob-
lem. Due to the dimensions of the Mediter-
ranean basin, the analyzed periods can hardly
ever exceed 70 s and in the near future we only
can attempt a description of the crust, and pos-
sibly only the first kilometres beneath the as-
thenosphere. This relative shortcoming can be
balanced by a very detailed description of the
lateral changes of the elastic structure, which
could be achieved by obtaining better resolving
powers and smaller cells linked to well solved
local velocities. This improvement implies ob-
taining a more dense path coverage. To this
purpose, in the near future it is planned to add
new seismic paths from teleseismic surface
wavetrains recorded at pairs of stations located
along the same great circle as the correspond-
ing epicentre.
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