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Abstract

The three-dimensional velocity structure of the crust in the Aegean sea and the surrounding regions (34.0°N-
42.0°N, 19.0°E-29.0°E) is investigated by inversion of about 10000 residuals of arrival times of P-wave from
local events. The resulting velocity structure shows strong horizontal variations due to the complicated crustal
structure and the variations of crustal thickness. The northern part of the region generally shows high veloci-
ties. In the inner part of the volcanic arc (Southern Aegean area), relatively low velocities are observed, sug-
gesting a large-scale absorption of seismic energy as confirmed by the low seismicity of the region. A low ve-
locity zone was observed along the subduction zone of the region, up to a depth of 4 km. The existence of
such a zone could be due to granitic or other intrusions in the crust during the uplift of the region during Al-
pidic orogenesis.

Key words Greece — Aegean — tomography — As expected, an area of extensive deforma-
structure — velocity tion reveals high seismic activity. The Hellenic
arc shows remarkable features of island arc
such as the existence of intermediate-depth
earthquakes and volcanic activity.

There are several geophysical observations
showing that this region is in an anomalous
tectonic setting. A large positive anomaly of
gravity is observed in the Central Aegean sea,
while negative anomalies are observed in
Turkey and on the Greek mainland (Makris,

1. Introduction

The Aegean and surrounding region is an
area of extensive and complex deformations.
The predominant tectonic features (fig. 1) are:
i) the subduction of the African slab beneath
the European plate along the Hellenic arc at a
rate of about 1 cm/yr! in an approximately N-S 1976, 1978; Chailas et al., 1992)
direction, and ii) the right-lateral motion of the G’ e i 2 h b b d
North Anatolian fault and its continuation in the comagnetic anomalies have been observe
Northern Aegean sea (McKenzie, 1970, 1972, along the volcanic arc and in the Northern
1978; Papazachos and Comninakis, 1971; Dewey Aegean trench (Makrls., 1976). Heat flow data
and Sengor, 1979; Hashida er al., 1988; Ligdas 1nd1ca.te a heat flow with a mean value of 2.1
et al., 1990; Spakman ef al., 1988, 1993) HFU in the Northern and Central Aegean sea.

’ ’ v ’ ’ (Jongsma, 1974; Fytikas et al., 1985).
Crustal and upper mantle structure in the

Mailine addvess: Dr. G Drakatos. National Ob Eastern Mediterranean region has been studied
vatory of Athens Tnsiute of Geodynamics, PO, Box Y Many investigators, who mainly focused on
20048, 118-10 Athens, Greece; e-mail: g.drakat@egelados. the lithosphere-asthenosphere system and on
gein.noa.gr the upper mantle. The crustal thickness beneath
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the Aegean sea is estimated, through the analy-
sis of surface wave dispersion, to about 35 km,
under the Greek peninsula between 36 km to
42 km and under Macedonia and Southern Yu-
goslavia between 31 km and 47 km (Calcagnile
et al., 1982). The crustal thickness has also
been estimated by deep seismic soundings in
the range of 46 km beneath Peloponnesos to 26
km under the Central Aegean region (Makris,
1978).
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In the last decade, many investigators have
studied the Eastern Mediterranean area using
tomography techniques (Spakman, 1986, 1988:
Spakman et al., 1988, 1993; Hashida et al.,
1988; Ligdas et al., 1990; Wortel ef al., 1990;
Drakatos and Drakopoulos, 1991; De Jonge
et al., 1993; Papazachos, 1994; Papazachos ez al.,
1995). In all the above mentioned studies the
major features of the Aegean region have been
obtained.
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The resolution and the reliability of the to-
mographic results strongly depend upon the
degree of intersection of crossing rays. In the
present study local events (reported in the ISC
bulletin) in combination with a dense station
network have been used to achieve the maxi-
mum degree of crossing rays and to thoroughly
investigate the velocity anomalies in the crust
of the region.

2. Inversion method

The inversion was performed using the pro-
gressive scheme proposed by Thurber (1983).
Detailed description of the method and several
assumptions used are given in Thurber (1983).
Here, we will briefly review them, following
Eberhart-Phillips (1986).

The method performs an iterative simulta-
neous inversion for 3D velocity structure and
hypocenter parameters, using travel time resid-
uals from local earthquakes. The velocity of
the medium is parameterized by assigning ve-
locity values at the intersections (grid points)
of a nonuniform, three-dimensional grid. The
spacing within the grid is selected by trying to
have enough ray paths near each grid point so
that its velocity may be well resolved. The ve-
locity value at an arbitrary location within the
model is given by the interpolation of the ve-
locity values of the continuous nodes. As a ray
tracing technique, the approximate ray tracing
proposed by Thurber (1983) is used. This tech-
nique selects the ray paths as the arc with the
fastest travel time out of a suite of circular arcs
connecting the source and receiver. But this
technique limits the application of the inver-
sion when it is used for regional purposes and
is not expected to perform well for station to
source distances greater than 30 km (Thurber,
1983) or for areas in the order of 100 km
(Eberhart-Phillips, 1986).

Therefore to decrease the travel time error
resulting from the application of the approxi-
mate ray tracing and to limit the CPU time re-
quired in travel time computation, the two-
point 3D raytracing algorithm (Prothero et al.,
1988) is used. This method relies on the direct
minimization of the travel time by distorting
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the ray path from a starting path in a system-
atic way, until the smallest travel time value is
found. Prothero et al. (1988) performed several
tests and they proved that their algorithm has
many advantages over other ray tracers.

3. Data selection and model configuration

The resolution and the reliability of the to-
mographic results strongly depend upon the
degree of intersection of crossing rays. This
presumes a dense station network with good
distribution all over the investigated area.
However, the particular geography of Greece
with its very long and intricate coastlines and
the numerous islands hampers this task. In or-
der to overcome these difficulties, a «quality
sensitive» spatial filtering technique was devel-
oped. The aim of this technique is to select
from the total events located at the study area
an evenly distributed data set that includes the
larger (recorded at more stations), more recent
(better quality and accuracy of seismic parame-
ters) and deeper (longer rays, penetrating more
at the study area) events. For this purpose the
list of all the events located at the study area is
sorted in decreasing order of number of phases,
time and depth. The first event in the list is
considered the centre of a cylinder with spe-
cific dimensions. The list of events is pro-
cessed sequentially and all the events lying
within this cylinder are removed. When this
step is completed, the second event in the list
is considered the centre of a new cylinder and
the whole procedure is repeated to the last
event. Therefore, in each cylindrical volume
the largest, most recent and deepest event is se-
lected. The r.m.s. time residual for this data se-
lection is computed and the whole procedure
can be repeated with new dimensions of the
cylinder until a satisfactory low r.m.s. value
and a suitable number of events is reached. It
should be noted that the dimensions of the
cylinder should always be less than the grid
node spacing in order to secure that at least
one event is located in each block determined
by eight adjacent grid nodes. The same tech-
nique was also presented successfully by Louis
et al. (1995) and by Alessandrini et al. (1995).
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The source of the data used is the catalogue
of the ISC, for the time period 1964 to 1992,
Originally, 16780 events were extracted inde-
pendent of numbers of phases, depth and date.
Then, in order to achieve an even distribution
of events, the final data set was selected, fol-
lowing the procedure mentioned above and us-

ing as radius of the cylindrical volume 50 km
and height 20 km.

Therefore, the final data set consists of 308
events (9949 first P-wave arrivals) locat-
ed within the area between 34.0°N-42.0°N,
19.0°E-29.0°E (fig 2). Each event was rec-
orded by at least ten stations. The maximum
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Fig. 2. Epicenter and station distributions are shown.
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P-wave crustal tomography of Greece with use of an accurate two-point ray tracer

Fig. 3. 3D view of event distribution and of the grids of nodes.

depth of the events is 80 km. The method used
allows us to include in the data set events
and stations which are not located inside the
investigated area (tomography box). Therefore,
there are several ray paths penetrating the pe-
ripheral nodes of the grid and increasing the
resolution and the stability of the results. The
89 recording stations used in this study are lo-
cated in the same area (fig, 2).
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The P-wave wvelocity field is modeled
through a 3D grid of nodes. Four horizontal
grids were set at different depths. Bach grid
consisted of 80 nodes (10 along the latitude
and 8 along the longitude) with a horizontal
spacing of 70 km and 95 km, respectively. Fig-
ure 3 shows the three-dimensional distribution
of the events and the four grids of nodes. The
starting P-wave velocity model is almost the
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same as that used in the Institute of Geody-
namics of Athens for the determination of local
events and is shown in table I, which summa-
rizes the model configuration.

4. Tomography results

In order to check the stability of the solution
and to detect slight variations of the velocity to
the horizontal direction, after the first inversion
the whole grid configuration was shifted to the
NE, by 40 km. The inversion procedure was
performed again.

So, in figs. 4a-d the results of the inversion
are shown, in terms of velocity distribution to
each node and after superposition of the two
grids. Table II shows the resolution matrix of
the results. As shown the values are very high,
and not only in the «central» nodes. This is due
to the very good epicenter distribution. As
mentioned before, the method allows us to in-
clude in the analysis some events and stations
out of the investigated area. Therefore, there are
several rays crossing the peripheral nodes. But as
shown comparing fig. 2 and figs. 4a-d, the pe-
ripheral nodes are not included in the results.

In the first grid (fig. 4a) of nodes (depth =
10 km) low velocities are predominant. In par-
ticular, low velocities appear in the Southern
Aegean region, in the Northwestern and North-
eastern Peloponnesos region, along the upper
crust of Western Turkey and in the western
part of Epirus and Peloponnesos. Northern
Greece shows high velocities (6.1-6.5 km/s).
Typical, upper crust velocities are also ob-
served in the Epirus, Peloponnesos, Crete and
Rhodes.

At a depth of 20 km (fig. 4b), along the sub-
duction zone unexpected low velocities are
predominant, as an extension of the low veloci-
ties which were determined in the first layer.
This low velocity zone along the Hellenic
trench regions appears to extend also in the
third layer (fig. 4c) and seems to corresponds
very well to African and Eurasian plate bound-
aries in the region.

At the same time, high velocities were de-
tected «around» the Aegean sea region except
for a low velocity spot at Ikaria region (fig. 4b).
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Table I. Data and inversion parameters.

Study region 34.0°N-42.0°N 19.0°E-29.0°E

Structure model 4 horizontal node layers in 10,

20, 40 and 60 km

Number of nodes 10x8 x4
EW NS Z
Horizontal distance:
between nodes 70 km-95 km

Velocity model 6.0, 6.8, 7.0, 9.0 km/s

Number

of earthquakes 308
Number

of observations 9949

At a depth of 40 km (fig. 4c) high velocities
are predominant in the investigated region.
There is a gradual increase in the velocities
from west to east and from north to south,
which coincide very well with the boundaries
of the subduction (Hellenic trench).

Finally, at a depth of 60 km (fig. 4d), typi-
cal upper mantle velocities are shown. Along
the subduction zone, high velocity values are
predominant as in the northwestern part of
Greece. In this layer, the relatively low veloci-
ties in the Central Aegean region should be
mentioned.

5. Discussion and conclusions

The first layer roughly corresponds to the
sedimentary and the upper crustal layer. So
the low velocity regions in Western Turkey
(fig. 4a) nearly correspond to the distribution
of Neogene-Quaternary grabens of Ikaria and
Kerme (fig. 1). The influence of the Ikaria
graben could also explain the low velocity spot
(~ 6.2 km s7") in the second layer.

Beneath Northern Greece generally high ve-
locities are predominant (fig. 5). The appear-
ance of high velocities in the region of the
North Aegean trench is a remarkable fact, as
was also pointed out by Christodoulou and
Hatzfeld (1988). They interpreted this fact as
the result of the crust thinning, due to a large
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Fig. da,b. The results of the inversion are presented in terms of velocity variations for each grid of nodes.
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Fig. 4e,d. The results of the inversion are presented in terms of velocity variations for cach grid of nodes.
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Table II. The resolution matrix is shown.

Resolution matrix

n «—Z

w7

wn «—Z

»n —2Z

E—->W 10 km

1 2 3 4 5 6 7 8 9 10
1 - - - 0.187 0.412 0.551 0.561 0.484 0.413 0.361
2 - 0.215 0.536 0.773 0.891 0.909 0.896 0.902 0.883 0.842
31 0.125 0.644 0.867 0.937 0.951 0.948 0.945 0.941 0.945 0.925
4| 0.594 0.898 0.947 0.954 0.957 0.950 0.947 0.940 0.928 0.918
51 0.857 0.953 0.967 0.964 0.960 0.954 0.948 0.936 0.936 0.904
6| 0.924 0.966 0.957 0.965 0.953 0.952 0.945 0.934 0.925 0.896
71 0.948 0.957 0.964 0.950 0.950 0.940 0.923 0.911 0.912 0.901
8| 0.880 0.884 0.843 0.830 0.851 0.802 0.787 0.803 0.746 0.675
E—->W 20 km

1 2 3 4 5 6 7 8 9 10
1 - - - 0.014 0.189 0.446 0.472 0.449 0.212 0.247
2 - - - 0.324 0.581 0.751 0.668 0.572 0.649 0.509
3 - 0.259 0.744 0.744 0.660 0.324 0.494 0.547 0.551 0.825
4| 0.626 0.884 0.889 - 0.782 0.060 0.526 0.425 0.522 0.671
51 0.766 0.890 0.809 0.854 0.772 0.409 0.202 0.344 0.555 0.643
6| 0.874 0.896 0.855 0.831 0.840 0.618 0.715 0.747 0.389 0.643
71 0932 0.912 0.858 0.905 0.864 0.611 0.533 0.511 0.759 0.850
81| 0.939 0.847 0.848 0.886 0.781 0.595 0.636 0.501 0.586 0.751
E—->W 40 km

1 2 3 4 5 6 7 8 9 10
1 - - - - 0.261 0.455 0.204 0.312 0.202 -
2 - - - 0.298 0.614 0.623 0.650 0.550 0.440 0.576
3 - 0.211 0.673 0.693 0.676 0.741 0.730 0.729 0.666 0.764
4] 0611 0.791 0.819 0.892 0.848 0.873 0.773 0.847 0.902 0.888
51 0.631 0.744 0.856 0.933 0.868 0.831 0.785 0.918 0.863 0.907
6| 0.829 0.825 0.935 0.961 0.943 0.859 0.851 0.855 0.887 0.913
71 0.851 0.902 0.948 0.964 0.925 0.884 0.825 0.808 0.854 0.907
81 0.729 0.917 0.935 0.921 0.898 0.876 0.688 0.685 0.766 0.840
E—->W 60 km

1 2 3 4 5 6 7 8 9 10
1 - - - 0.187 0.412 0.551 0.561 0.484 0.413 0.361
2 — 0.215 0.536 0.773 0.891 0.909 0.896 0.902 0.883 0.842
31 0.125 0.644 0.867 0.937 0.951 0.948 0.945 0.941 0.945 0.925
41 0.59% 0.898 0.947 0.954 0.957 0.950 0.947 0.940 0.928 0.918
51 0.857 0.953 0.967 0.964 0.960 0.954 0.948 0.936 0.936 0.904
6| 0924 0.966 0.957 0.965 0.953 0.952 0.945 0.934 0.925 0.896
71 0.948 0.957 0.964 0.950 0.950 0.940 0.923 0.911 0.912 0.901
8| 0.880 0.884 0.843 0.830 0.851 0.802 0.787 0.803 0.746 0.675
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Fig. 5. 3D view of the velocity resulls is shown.
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scale extension which occurs in the region (Ly-
beris and Deschamps, 1982).

In the Southern Aegean region, relatively
low velocities were observed in all layers
(fig. 4a-d). This region coincides with the inner
part of the volcanic arc (fig. 1). At a depth of
60 km (fig. 4d) the low velocity region in the
Southern Aegean region is quite clear, suggest-
ing a large-scale absorption of seismic energy
in the region. The distribution of macroseismic
intensities in the Central Aegean sea suggests a
high attenuation in the inner part of the vol-
canic arc (Drakopoulos, 1978). Based on atten-
uation of S-waves, Delibasis (1982) supports
the existence of magmatic material immedi-
ately beneath holes. A high viscosity zone ex-
ists in the area, which corresponds well to the
aseismic region of the Aegean sea. The high
attenuation zone exists beneath the isodepth of
100 km, while beneath the volcanic arc this
zone appears immediately beneath the Moho
(Tassos, 1984). This is also supported by the
low Q-value in the region, which is about
50-60 (Tassos, 1984; Hashida et al., 1988).

Beneath the Dinarides-Hellenides Mountain
Chain, DHMC hereinafter according to Pa-
pazachos et al. (1995) (Albania, Peloponnesos,
Crete, Rhodes, Southwestern Turkey), typical
crustal velocities are determined up to a depth
of 40 km. The higher velocities in the inner
part of these regions are due to the crust thin-
ning (Makris, 1976).

At a depth of 40 km (fig. 4c) a sharp veloc-
ity contrast is observed. Along the DHMC the
crust is about 35-40 km thick and the velocity
values obtained correspond to typical crustal
velocities. But in the Aegean region the crustal
thickness is less than 30 km, therefore the ob-
served velocity values are higher (upper mantle
velocities).

Finally, a low velocity zone was determined
along the subduction zone, up to a depth of
40 km. The existence of low velocities along a
subduction zone is a surprising feature and the
most important information of this study. Ac-
cording to Papazachos et al. (1995), the exis-
tence of such a velocity under this area (thicker
crust-higher mountain chain) shows a possible
connection with Alpidic orogenesis. Similar
crustal low velocity layers at these depths have

35

been reported for many other mountain chains
(Swiss geotraverse, Buchi and Trumphy, 1976).

A connection seems to exist between the low
velocity layer and areas of crustal thickening and
vertical uplift like mountain chain. Landisman
et al. (1971) and Muller (1977) suggest that the
low velocity layer is due to granitic or other in-
trusions in the crust during this uplift.

Figure 5 shows a 3D view of velocity distri-
bution, with the same color scale of the veloc-
ity for all layers. It can be shown that in the
upper crust the velocity distribution «follows»
the thickness of the crust. The low velocity zone
along the Hellenic trench is also very well
shown. This situation changes beneath the crust
in the fourth layer, where typical higher velocity
values are determined along the subduction
zone.

This paper was an attempt to thoroughly in-
vestigate the velocity anomalies in the crust of
a tectonically complicated area. The very high
resolution values support a unique, stable and
reliable velocity solution. A straight compari-
son between the results of this study and those
of previous work is not possible, because of
the different Earth structure sampling. In some
of them the crust is treated as one layer and in
others as a part of the first layer (Spakman,
1988; Spakman er al., 1988, 1993; Hashida
et al., 1988; Drakatos 1989; Ligdas et al.,
1990; Drakatos and Drakopoulos, 1991). How-
ever, the velocity anomalies for the first layer
of their models roughly correspond to the pre-
sent results. Moreover, the results of this study
fit well with the gravity anomalies over Greece
(Lagios et al., 1995).
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