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Abstract

From 1984 to 1989, we conducted 5 field experiments to study the seismotectonics of the Aegean area. We
installed for periods of 6-8 weeks a temporary network of portable stations (from 25 to 85) and recorded the local
seismicity. The intermediate depth seismicity confirms that the slab is dipping northward but is not symmetric,
it is dipping more shallowly for 200 km beneath the Peloponnese than beneath the Cyclades, no intermediate
depth earthquakes are observed beneath Epirus. The intermediate focal mechanisms shows T-axes plunging
northward but P-axes trnding the same as the Hellenic trench suggesting that gravity is not the only force acting
on the slab. Shallow seismicity is located mostly along the trench and does not define a small number of active
faults suggesting that most of the brittle deformation is taking place on multiple preexisting small faults. The Sea

of Crete is almost aseismic. Shallow fault plane solutions show a complex pattern. Reverse faulting, with P-axes

trending ENE, is observed along the trench, and normal

faulting is observed in a more internal position. The

T-axes of the normal faulting are trending N-S in Epirus or northern Peloponnese, NW-SE in southern

Peloponnese, and E-W in Crete. The non-uniform strain S

the Aegean is gravity spreading.

1. Introduction

Although the geodynamics of the Aegea is
probably the most complex of the Mediterranean
area, this region offers a laboratory for the study
of several different tectonic processes ranging
from localized subduction of oceanic lithosphere
and continental collision to widespread crustal
extension. Moreover, the close proximity of the
various styles of deformation makes the Aegean
region a particularly good laboratory for the
study of the interaction of these processes.

The Aegean region is located between the
European and the African plates, whose relative
motion is convergent in a N-S direction with a
velocity of about 1 cm/year. Yet the southern
edge of Aegean moves southwestward relative to
the African plate with a velocity of 7 to 10
cm/year (McKenzie, 1972, 1978; Le Pichon and
Angelier, 1979), while the interior of the region
undergoes rapid and large internal deformation.

uggests that one mechanism of internal deformation in

This rapid motion of the margin of Aegea is
responsible for the present-day lithospheric sub-
duction of the African plate beneath Aegea, but
the history of this subduction is not well known.
The length of the slab, as well as the timing of the
beginning of the subduction, are controversial.
For instance the maximum depth of the earth-
quakes is 180 km (Papazachos and Comninakis,
1971), but tomographic studies suggest that the
slab could be 600 km long (Spakman et al.,
1988). The shape of the subducted slab is also
disputed. For Papazachos (1973) it is symmetric
with an amphitheatrical shape, and Richter and
Strobach (1978) suggested that this conical shape
implies stretching along the strike and therefore
a possible tear within the slab. For Makropoulos
and Burton (1984), however, although the geo-
metry is complex, the slab deepens toward the
East. Several kinematical models have been pro-
posed to explain the geodynamics of this area.
For McKenzie (1972,1978), on the basis of focal
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mechanisms, the Aegean region moves south-
westward, relative to Africa with a uniform vel-
ocity along the arc, but for the Le Pichon and
Angelier (1979), on the basis of lateral variations
in the length of the slab, and the trends of the slip
vectors, the motion of the boundary between the
plates is decribed by a rotation around a nearly
pole, located near Keffalinia in western Greece.
These 2 interpretations require quite different
distributions and rates of deformation. within the
Aegean region. Paleomagnetic results (Kissel
and Laj, 1988) suggest that the Peloponnese, in
the western part of the arc, has rotated 25° clock-
wise since Miocene time, and that western Tur-
key, located on the east, has rotated 30° counter-
clockwise. Most of the information aboutinternal
deformation comes from tectonic observations
gathered troughout Aegea. Mercier et al. (1979)
and Angelier (1979) suggest that the strain is not
uniformly distributed within the Aegean. They
observe compression along the external part of
the arc, trending mostly perpendicular to the
trench, and extension in the internal part. This
extension is oriented N-S in northern Aegea or
around the Gulf of Corinth but E-W in the south-
ern part of the arc, around Crete or the Dode-
canese. Recently GPS measurements conducted
around the Peloponnese, in the western part of
Aegea (Billiris ef al., 1991), confirm this rapid
internal deformation.

The seismicity, which can account only for
15% of the total deformation (Jackson and
McKenzie, 1988), clearly defines the Hellenic
arc from Corfu to Rhodos. Earthquakes deepen
toward the center of the arc and are associated
with the subducted slab. Shallow seismicity is
spread over most of the Aegean. In the northern
Aegean Sea it can be related to the North Aegean
trough. Within continental Greece we observe
clusters of earthquakes as in Epirus, in the Gulf
of Corinth, or around Volos, but the seismicity is
not related unambiguously to single active faults.
Brittle deformation seems to be spread over wide
areas.

Most of the reliable fault plane solutions have
been determined using polarities recorded in sta-
tions from the World-Wide Standardized Seis-
mograph Network, which requires the study of
earthquakes of magnitude greater than 5.5 (e.g.,
McKenzie, 1972, 1978). In a few cases the solu-

tions were determined using body wave modell-
ing (e.g., Taymaz et al., 1990, 1991).

Because the regional seismological network
installed in Greece is neither very dense (there are
only 4 stations on islands in the Aegean Sea) nor
very sensitive (due to the microseismic noise of
the sea), for earthquakes of magnitude smaller
than 5.5 the control on focal depths is not very
good, without which itis not possible to compute
reliable focal mechanisms.

The installation of a dense local seismological
network (with a spacing between stations of
about the same order as the depth of the earth-
quakes) above a region allows one to study very
accurately seismicity and fault plane solutions,
but such networks are diffucult to maintain.
Therefore it is necessary to record only for short
periods of time, during which, in general, earth-
quakes only of small magnitude occur. The in-
stallation of a dense network of several tens of
stations during a short period of time (several
weeks) over a specific area allows one to locate,
generally with an accuracy better than 10 km,
several hundreds of earthquakes of magnitude
ranging between 2 and 5, and to compute several
tens of focal mechanisms.

The dimension of the fault for an earthquake
of magnitude 6 is of the order of 10 kilometers,
but that for an earthquake of magnitude 3 is only
a few hundred meters. Small earthquakes do not
rupture the whole brittle part of the crust, and
preexisting faults can be of significant import-
ance in determining where and how such earth-
quakes occur.

To improve the image of the brittle deforma-
tion given by earthquakes within the Aegean, in
collaboration with the Aristotelian University of
Thessaloniki, the University of Athens and the
Observatory of Athens, we have conducted a
systematic investigation of the seismicity of this
region. From 1984 to 1989 we installed networks
of portable seismological stations (from 25 to 85)
for a period of 6-7 weeks in different parts of
Greece.

2. Data

In 1984 and 1985 we investigated Chalkidiki,
in 1986 the Peloponnese and its surrounding area,
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in 1988 the Hellenic arc, and in 1989 Epirus (fig.
1). Most of the instruments that we installed were
Sprengnether MEQ-800 smoked paper instru-
ments connected to a 1 Hz vertical seismometer.
The recorders were run at 60 mm/mn and visited
every 2 days for maintainance and to check the
clock against an external radio time signal. Dur-
ing each experiment we gathered between 400
and 1000 records and recorded from 350 to 1200
earthquakes. We will describe briefly the proce-
dure that we use to check the accuracy of our
locations.

2.1. TheV,/Vsratio

First, we costruct Wadati plots (S — P arrival
time differences versus P arrival times) for earth-
quakes having more than 5 S-wave arrival ti-
mes. The slope of such a plot gives a value of
(V1 Vs—=1), which is independent of the earth-
quake origin time. With five points on such a plot,
however, we observe a large scatter in the values
of the slope. We then calculate the mean of the
individual values of V), IVs. Second, we plot the
differences in P arrival times versus the dif-
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Fig. 1. Map of the temporary stations that were installed from 1984 to 1989 within the Aegean.
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ference in S arrival times for different pairs of
stations for all the earthquakes. This method pro-
vides more data and therefore smoother results
than studies of individual earthquakes. We ob-
serve spatial variations of the V,, /V ratio ranging
from 1.74=0.04 in the Mygdonian graben to
1.797+0.003 for the Gulf of Corinth. This vari-
ation in the V), /V; ratio is not very large and
therefore does not introduce important biases in
locations when a mean value is used for the whole
Aegean.

2.2. The velocity structure

We never know the real velocity structure in
which the earthquakes have occurred. Although
refraction profiles have been shotin some regions
of the Aegean (Makris, 1978), only a few profiles
are reversed, and thus they do not offer strong
constraints. Travel times for P, phases (Panagio-
topoulos and Papazachos, 1985) show some vari-
ations in the crustal thickness between the Pelo-
ponnese and the Sea of Crete, both overlying an
upper mantle with a velocity of about 7.7 km/s,
but they provide no constraints on the velocity
within the crust. Thus we have tried to find a more
refined velocity structure, for each of the regions
in which we have worked. Toward this end, and
for every region, we select a few events, recorded
by more than 8 to 15 stations. We first plot travel
times versus the epicentral distance, but because
there is a trade-off between the location and the
travel time, these plots are useful only for deriv-
ing a rough mean velocity structure in the crust
and upper mantle. Then, we locate the selected
events using several hundred velocity structures
beginning with a one-layered structure and
increasing to 3 layers for the crust. By using
reductions in the variance of arrival times as a
guide, we select better structures and refine them.
We consider the velocity structure that mi-
nimizes the residuals as the best (for our set of
data).

2.3. The accuracy of the locations

The most difficult part of the work is deter-
mining how well located the earthquakes are.

There are 2 main causes of mislocation. The first
due to uncertainties in the measured arrival times.
These derive from errors in locations of the sta-
tion, clock corrections, readings of arrival times,
etc. This noise, assumed to be random, can be
estimated from the covariance matrix in the loca-
tion program, which gives us parameters as RMS
(Root Mean Square), ERH and ERZ (respec-
tively, horizontal and vertical uncertainties). In
general, these quantities decrease with increasing
numbers of arrival times, but occasionally, a
small number of arrival times yields a small
RMS. To guarantee against, including locations
that seem reliable but may not be, we use only
these earthquakes located by a minimum number
of stations (usually more than 8, including 1 §
wave) and with estimated uncertainties in loca-
tion (ERH and ERZ) smaller than a given value
(generally 10 or 20 km).

The second source of error, which is more
difficult to estimate, arises from an inaccurate
velocity structure or V), / Vi ratio. Because we
never know the exact location of an event, it is
not possible to conduct realistic tests. Moreover,
because of peculiarities in the geometry of the
network, there can be large systematic biases
arising from random noise. In order to reduce
errors arising from an inappropriate velocity
structure, we locate all the earthquakes that
passed the statistical tests within a set of different
but plausible velocity structures. Then, we keep
only those whose epicenters and depths do not
differ by more than a certain value (also usually
10 to 20 km). We consider these values to be the
uncertainties in the locations.

The critical values that we adopt for ERH and
ERZ, or for the value of the critical shift in
location are functions of the problem that we
want to study: for small-scale tectonics we need
an accuracy of 5 km, whereas for large-scale
geodynamics an accuracy of 20 km may be suf-
ficient. Generally, following these rules, we keep
about only half of the earthquakes that we can
locate using more than 8 P and 1 S waves.

2.4. The focal mechanisms

Most of the reliable focal mechanisms for
earthquakes in the Aegean region have been com-
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puted with teleseismic data recorded by long
period instruments. The main limitation of these
techniques comes from the minimum magnitude
needed (m, > 5.5) to record clear signals at
teleseismic distances (greater than 30°). Using
short-period records to determine P-wave first
motions at teleseismic distances is always risky
because of the complexity of the signal for ray
path travelling through the upper mantle. The
same difficulty can arise with a local network if
most ray paths are refracted. And in regions
where the seismic acticity is moderate, as in
Greece, there are not many reliable solutions. To
overcome it we tried to use mostly direct waves.
To accomplish this and to obtain reliable po-
larities homogeneously distributed on the focal
sphere, it is necessary to have some stations at
epicentral distances smaller than the depths of the

1984-89,

z<40 km,

earthquakes. For shallow seismicity the spacing
between stations must be 10 to 15 km or less.

3. Seismicity

In this paper we will summarize results al-
ready presented in detail elsewhere (Hatzfeld er
al., 1987, 1989, 1990, 1992; Christodoulou, 1986;
Pedotti, 1988; Besnard, 1991). We located a total
number of 3416 earthquakes from the 5 experi-
ments that we conducted for a total duration of
196 days. The smallest magnitude is —0.2, in the
Mygdonian graben, and the largest is 5.2, close
to the Matapan trench. This pattern of seismicity
is not really representative of the amount of
brittle deformation occurring in the whole area
because of the inhomogenous distribution of sta-
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Fig. 2. Seismicity map of the 2564 earthquakes that pass the selection criteria and are thought to be located
better than 20 km. Earthquakes do not define single active faults but are spread over most of the Aegean. Most
of the earthquakes are located along the Hellenic trench and the Sea of Crete is almost aseismic.
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tions that we used to locate the earthquakes dur-
ing each of the field studies. Applying the criteria
described above, we may draw a map of 2564
earthquakes located with uncertainties less than
20 km (fig. 2). We can use this map to discuss the
places where we recorded earthquakes, but be-
cause the duration of each experiment was short,
and because we did not cover the whole Aegean,
we cannot draw conclusions concerning the lack
of seismicity in some areas.

The examination of fig. 2 shows that seis-
micity is spread over most of the Aegean area,
but most earthquakes are located along the Hel-
lenic trench from Corfu to Rhodos. Along the arc
the earthquakes are located North of the trench
and very few reliably located earthquakes are
located south of it. It is therefore likely that the
Hellenic trench (and not the Mediterranean ridge)
is the locus of convergence between Africa and
Aegea. Earthquakes are spread over wider areas
in Epirus or in Peloponnese (located in continen-
tal Greece) than they are around the Hellenic
trench. This diffuse seismicity could be associ-
ated with a difference in the type of convergence
observed South and North of the Ionian islands.
The convergence rate would be higher South of
the Tonian islands where we observe active sub-
duction, the convergence between Apulia and
Aegea would be slower, perhaps because of the
collision-type tectonics associated with the buoy-
ancy of the continental Apulian lithosphere. The
sea of Crete is almost free of earthquakes. This
lack of seismic activity is surprising, because this
area is supposed to be undergoing important ex-
tensional strain beginning in Pliocene time (Le
Pichon and Angelier, 1979).

The seismicity reveals no clear evidence of
individual faults, but we observe clusters of
earthquakes from places to places, such as around
the Tonian islands where strong earthquakes of
magnitude greater than 6 have occurred in the
past 20 years, and near the Gulf of Patras and the
Gulf of Corinth where tectonic observations sug-
gest active faulting. We observe also seismic
activity around the Kythira strait, located be-
tween the Peloponnese and Crete, which has not
experienced any strong earthquake since the last
century and is thought to be a seismic gap (Am-
braseys, 1981). Therefore it is likely that the
brittle part of the deformation (as far as small

earthquakes are concerned) is not localized on
single major active faults, but instead is distribu-
ted on many small faults along the Hellenic arc.
To determine the shape of the subduction zone
beneath the Aegean we investigated the locations
of subcrustal earthquakes. According to Makris
(1978) the thickness of the crust is about 40 km
in the Peloponnese and in the Hellenic arc, and
considerably less in the Sea of Crete. Of the 101
earthquakes located at depths greater than 40 km,
only 85 were assigned uncertainties less than 20
km (fig. 3). Amount these, 16 events occurred
deeper than 80 km and therefore can be related
without ambiguity to the subducted slab. All
earthquakes deeper than 40 km are located in the
inner part of the Hellenic arc, beneath the Pelo-
ponnese, the Cyclades, and the Dodecanese is-
lands. We observe no subcrustal earthquakes be-
neath the Ionian islands or the Epirus, and hence
we find no indication of rapid active subduction
in this area. Very little activity deeper than 80 km
is located in the middle of the arc beneath the
Cyclades, and most of the seismicity is observed
either beneath the Peloponnese or within a very
dense cluster located beneath the Dodecanese
islands. Moreover, the earthquakes located deeper
than 80 km suggest that the slab does not dip at
the same angle at both ends of the arc: beneath
the Peloponnese we observe a shallow (about
15°) dipping zone toward the NE for 200 km, and
farther NE a steeper (about 30°) slab. This wide
zone with a very gentle dip is not common for
subduction zones and could probably be explained
by the important amount of deformation which is
observed in the overriding lithosphere above the
slab, around the Gulf of Corinth and Attiki. Beneath
the Dodecanese, we observe a steeper slab, starting
at 100 km only from the Pliny trench and dipping
toward the NW. Thus the 100 km isodepth con-
tour is not parallel to the Hellenic trench, and the
nature of subduction at the ends of the arc are
different from one another. Sections across Epirus,
the Peloponnese and the Dodecanese islands (fig.
4) show clear difference in the seismicity.
Crustal seismicity is observed within the
whole crust from the surface to the Moho. Al-
though most of the earthquakes are located within
the upper part of the crust, there is also activity
in the lower crust. Therefore the brittle-ductile
transition is not clearly defined, at least by earth-
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1984-1983, all events, z>40 km, rms<0.5, nt>8, erx<20 km
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Fig. 3. Seismicity map of the earthquakes located deeper than 40 km. The isodepth contour of the earthquakes

located deeper than 100 km is not parallel to the trench.

quakes of this range of magnitude. This is par-
ticularly clear for the section across the Pelopon-
nese, which represents the transition between the
active subduction zone located further south and
the collision- type tectonics located further north.

4. Focal mechanisms

We computed a total of 391 focal mechanisms
of earthquakes recorded during the 5 experi-
ments. All of them are based on a minimum of 8
polarities and a maximum azimuthal gap be-
tween stations with P-wave first motion of 180°.

4.1. Depths greater than 70 km

Figure 5 shows the 14 mechanisms which are
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thought to be related to the subducted slab. The
7 solutions located beneath the Dodecanese is-
lands are very similar to one another and are
characterized by T-axes plunging steeply NNE
and P- axes nearly horizontal and trending N-S
to NNE-SSW.

The 5 solutions located beneath the northern
Peloponnese and the sea of Crete are also simi-
lar to one another, and they show also T-axes
dipping steeply, but the P-axes trend NNW.
Therefore the T-axes plunge nearly down-dip in
the subduction zone, as is common for interme-
diate depth earthquakes at subduction zones, but
the P-axes trend roughly horizontal and paral-
lel to the local strike of the Hellenic trench
along the arc. Commonly, P-axes of intermediate
depth earthquakes are oriented perpendicular
to the downgoing slab, the P-axes parallel to
the seismic zone imply that the downgoing slab
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Fig. 4. Cross-sections across the Epirus, the Peloponnese and the Dodecanese islands. There is no intermedi-

ate depth seismicity beneath Epirus. There is an important difference of the subduction geometry between the
Peloponnese and the Dodecanese islands.
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Fig. 5. Focal mechanisms of the earthquakes deeper than 80 km. The T-axes are plunging downdip the slab,
but P-axes are trending the same as the Hellenic trench suggesting that the slab is put under stress by more than

only gravitational forces.

is put under stress by more than just gravita-
tional forces. The solutions for 2 earthquakes
located south of Peloponnese and beneath Crete
are more typical of those observed in subduc-
tion zones: the T-axes are aligned downdip and
the P-axes are perpendicular to the slab. It is
likely that these events are also located within the
slab.
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4.2, Depth shallower than 40 km

Figure 6 shows the complex pattern observed
from the Albanian border to Turkey. In Macedo-
nia, northern Aegea, Evvia, Attiki, and beneath
the eastern Dodecanese, fault plane solutions are
dominated by extension trending roughly N-S.
These mechanisms are consistent with those
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Fig. 6. Focal mechanisms of the crustal earthquakes. In an external position we observe reverse faulting, but
in an internal position we observe mostly normal faulting.

computed for moderate earthquakes (M~6) in
Macedonia (Soufleris and Stewart, 1981) and in
northern Aegea (McKenzie, 1978; Lyberis and
Deschamps, 1982; Taymaz et al., 1991). In west-
ern continental Greece (Epirus, Ionian islands,
western Peloponnese) we observe reverse fault-
ing with P-axes trending NE-SW to E-W, as
observed by McKenzie (1978) and Anderson and
Jackson (1987). Around the Ionian islands, the

pattern is more complex, and there are also some
strike-slip mechanisms with P-axes trending
NW-SE. This could be due to the presence of a
strike-slip transfer zone west of the islands (Scor-
dilis ez al., 1985; Papadimitriou, 1988).

In a more internal position, within the Aegean
area, normal faulting is predominant. T-axes
trend N-S from the Albanian border to the center
of the Peloponnese, but T-axes vary fromNW-SE
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in the southern Peloponnese and in the Kythira
strait to E-W in Crete.

A plot of the P- and T-axes (fig. 7) shows
clearly that P-axes trend roughly NE-SW along
all the Hellenic trench, suggesting that the direc-
tion of convergence between Aegea and the Af-
rican plate is almost constant all along the bound-
ary, regardless of its orientation. In contrast the
T-axes vary from N-S, in northern Epirus, to E-W
in Crete, suggesting that the orientation of the
strain pattern is not uniform within the Aegean.

5. Conclusion

In areas where the geodynamics is complex
and where the seismic activity is only moderate,
as it is for the Mediterranean, the information
provided by large earthquakes recorded teleseis-
mically is limited. It is therefore difficult and
presumptuous to infer a pattern of tectonics from
a sparse sample of earthquakes and fault plane
solutions. The use of dense temporary networks
of seismological stations can help overcome this
difficulty by recording a significantly greater
number of earthquakes, if nevertheless during a
short period of time. Because of the denser dis-
tribution of ray paths in dip and azimuth, the
earthquakes will be generally located with a
greater accuracy than those recorded teleseimi-
cally. However, other types of difficulties arise.
The duration of the observation is very short
(several weeks) compared to the return period of
big earthquakes, and therefore the image of the
brittle deformation is very discontinuous. Conse-
quently the lack of activity during such short
periods is not significant. Moreover the energy
released by the earthquakes cannot be used to
quantify the rate or amount of deformation, be-
cause the earthquakes are of small magnitude.
Moreover, because these earthquakes do not
rupture the whole brittle part of the crust, the
preexisting faulting, inherited from previous tec-
tonic episodes, can be of fundamental import-
ance. In order to make a significant interpretation
of the results gathered during such small-scale
experiments, it is necessary to take some precau-
tions. One single earthquake, or one cluster of
earthquakes (which generally follow a bigger
shock) may not be related to regional strain, but
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might instead be unrepresentative of the regional
strain. Thus it is necessary to smooth the obser-
vations in space, and to interpret only results over
an area whose dimensions are similar to those of
faults associated with large earthquakes (usually
several km). The information provided by both
big and small earthquakes should be consistent.
With such precautions, small earthquakes can
give valuable information related to geodynami-
cal processes, and complementary to that pro-
vided by big earthquakes.

In the Aegean our observations give some
constraints concerning the geodynamics of this
area. The subduction zone is not symmetrical,
and the slab at shallow depth dips gently and
steepens further from the trench. The shape of the
slab is contorted, and the intermediate depth fault
plane solutions show that the subducted slab is
deformed not only by gravity forces, but also by
horizontal compression. Taymaz et al. (1990)
suggested a similar observation, using a more
sophisticated technique of body waves modell-
ing, which slightly modified the focal depth and
fault plane solutions of some earthquakes studied
previously. The use of small earthquakes extends
the observations over the whole Hellenic arc. The
difference in dip of the subducted slabis probably
related to the important amount of internal defor-
mation observed above the slab. It is plausible
that the 200 km length of the shallow dipping slab
beneath the Peloponnese is mainly due to the
convergence between Africa and Aegea (of about
(5+7) cm/y) since only Smy and that this high
rate is a consequence of the important extension
observed within the Aegean for the last 10 my.
The step portion of the slab might define the
amount of lithosphere subducted into the asthe-
nosphere and due to the convergence between
Africa and Europa at a rate of only about 2 cm/y.
This slow, but long-term convergence between
Europe and Africa might account for both the 100
km of length of the seismic zone, and the 600 km
of length of the high-velocity anomaly observed
by tomography, which are not related to the same
duration of time.

The shallow seismicity is mostly located
along the trench, where the relative convergence
between the 2 plates is localized. Because of the
sea, we could not install stations above the trench
and determine precisely the depth of these earth-
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Fig. 7. Map of the horizontal projection of the P- and T-axes, with plunge less than 45°. P-axes are trending
ENE-WSW to NE-SW along the arc, but T-axes trend N-S in the northem Aegean, Epirus and northern
Peloponnese, NW-SE in southern Peloponnese and E-W in Crete.
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quakes. Shallow seismicity is also observed
throughout continental Greece, mostly in Epirus
and Peloponnese. These earthquakes do not
define a small number of active faults, suggesting
that continental convergence can be accommo-
dated by a relatively important amount of defor-
mation on multiple preexisting small faults.
Moreover earthquakes are observed from the sur-
face to the Moho and are not confined only to the
upper «brittle» part of it. This could be due to
high strain rates near the boundary between the 2
plates. Crete and the Sea of Crete are almost
aseismic, however, which is surprising conside-
ring the active tectonics observed at the surface
(Angelier, 1979) and the important amount of
total deformation. This deformation apparently is
mostly horizontal stretching and therefore may
modify the geotherm and the brittle-ductile tran-
sition sufficiently to render earthquakes rare.
Fault plane solutions of shallow earthquakes
show a complex pattern. Reverse faulting is as-
sociated with the trench, and the directions of
P-axes are roughly trending ENE to NE along the
whole arc, as they are for moderate earthquakes.
This confirms the direction of relative motion
between the Aegean arc and Africa. We were
unable to see any variation in the trend of the slip
vectors, from West to East, to test the suggestion
of south-westward translation of McKenzie
(1978), or of rotation of Le Pichon and Angelier
(1979). Behind the trench, in an internal position,
we observe horizontal extension. T-axes trend
roughly N-S in the Aegean sea, as in the Gulf of
Patras, the Gulf of Corinth and the Dodecanese
islands, which is consistent with the tectonic
extension observed at the surface in the Aegean.
Along the arc, in an internal position (Epirus,
Peloponnese, Crete), extension is also predomi-
nant, but 7-axes trend NNW-SSE in Epirus, NW-
SE in southern Peloponnese, and E-W in Crete.
The strain, therefore, is not uniform, and the
extension is roughly perpendicular to the trend of
the arc. This rotation in the trend of T-axes,
consistent with neotectonic observations (Mer-
cier et al., 1987, Angelier, 1979) or paleomag-
netic rotations (Kissel and Lay, 1988), suggests
that one mechanism of internal deformation ob-
served in the Aegean is gravity spreading, which
could be associated with the rollback of the li-
thospheric slab. Because of the conservation of

volume, the principal strain would be longitudi-
nal extension near the boundary, and radial ex-
tension far from the boundary (Merle, 1989).

Acknowledgments

This work is the result of several field experi-
ments conducted in collaboration with the Geo-
physical Departement of Athens and the Seismo-
logical Laboratory of Thessaloniki and supported
by the Stimulation Contracts #121 and #353 of
EEC. We would like to thank all the observers
who helped us in maintaining the seismological
stations, K. Makropoulos and P. Hatzdimitriou
for taking in charge part of the organization of the
experiments. We benefited of interesting dis-
cussions with J. Jackson, J.L. Mercier, P. Molnar,
B. Papazachos. P. Molnar reviewed several ver-
sions of the manuscript.

REFERENCES

AMBRASEYS, N.N. (1981): On the long term seismicity of the
Ellenic arc, Boll. Geof. Teor. Appl., XXIII, 355-359.
ANDERSON, H.J. and J.A. JACKSON (1987): Active tectonics of
the Adriatic region, Geophys. J. R. Astron. Soc., 91,

937-983.

ANGELIER, J. (1979): Néotectonique de 1’arc égéen, Soc. Géol.
du Nord, 3, 418.

BESNARD, M. (1991): Sismotectonique de I’arc égéen, résul-
tats d’une campagne de microsismicité, Thése de 1’U-
niversité J. Fourier, Grenoble.

BiLLIRIS, H. et al. (1991): Geodetic determination of the strain
of Greece in the interval 1900 to 1988, Nature, 350,
124-129.

CHRISTODOULOU, A.A. (1986): Etude sismotectonique et in-
version tridimensionnelle en Gréce du Nord, These de
3eme cycle de 1’Université de Grenoble I.

HATzFELD, D., A.A. CHRISTODOULOU, D. SCORDILIS, D. PA-
NAGIOTOPOULOS and P.M. HATzIDIMITRIOU (1987): A
microearthquake study of the Mygdonian graben (North-
ern Greece), Earth Planet. Sci. Lett., 81, 379- 396,

HaTzreLD, D., G. PEDOTTI, P. HATzIDIMITRIOU, D. PANAGIO-
TOPOULOS, M. SCORDILIS, I. DrAKOPOULOS, K. MAKRO-
POULOS, N. DELIBASSIS, I. LATOUSAKIS, J. BASKOUTAS and
M. FROGNEUX (1989): The Hellenic subduction beneath
the Peloponnese, First results of a microearthquake study,
Earth Planet. Sci. Lett., 93, 283-291.

HatzreLD, D., G. PEDOTTI, P. HATZIDIMITRIOU and K. Mak-
ROPOULOS (1990): The strain pattern in the western Hel-
lenic arc deduced from a microearthquake survey,
Geophys. J. Int., 101,181-202.

HATZFELD, D., M. BESNARD, K. MAKROPOULOS, P. HATZIDIMI-
TRIOU, D. PANAGIOTOPOULOS, G. KARAKAISIS, A. DE-

227



Denis Hatzfeld

scHamps and H. LYON-CAEN (1992): Subcrustal micro-
earthquake seismicity and fault plane solutions beneath
the Hellenic arc, J. Geophys. Res. (submitted).

JACKSON, J.A. and D. McKENzIE (1988): The relationship
between plate motions and seismic moment tensor, and
the rates of active deformation in the Mediterranean and
the Middle East, Geophys. J., 93, 45-73.

KisseL, C. and C. LAJ (1988): The tertiary geodynamical
evolution of the Aegean arc; a paleomagnetic reconstruc-
tion, Tectonophysics, 146, 183-201.

LE PicHON, X. and J. ANGELIER (1979): The Hellenic arc and
trench system: a key to neotectonic evolution of the
Eastern Mediterranean region, Tectonophysics, 60, 1-42.

LyBERIS, N. and A. DESCHAMPS (1982): Sismotectonique du
fossé Nord Egéen: relation avec la faille Nord-Anato-
lienne, C. R. Acad. Sci. Paris, 295, 625-628.

MAKRIS, J. (1978): The crust and upper mantle structure of
the Aegean region from deep seismic soundings, Tecto-
nophysics, 46, 269-284.

MAKROPOULOS, K. and P.W. BURTON (1984): Greek tectonics
and seismicity, Tectonophysics, 106, 275-304.

MCcKENZIE, D.P. (1972): Active tectonics of the Mediter-
ranean region, Geophys. J. R. Astron. Soc., 30, 109-185.

MCKENZIE, D.P. (1978): Active tectonics of the Alpine-Hi-
malayan belt: the Aegean Sea and surrounding regions,
Geophys. J. R. Astron. Soc., 55, 217-254.

MERCIER, J.L., N. DELIBASIS, A. GAUTIER, J.J. JARRIGE, F.
LEMEILLE, H. PHILIP, M. SEBRIER and D. SOREL (1979):
La néotectonique de I’ Arc Egéen, Rev. Géol. Dyn. Géogr.
Phys., 21, 67-92.

MERCIER, J.L., D. SOREL and K. SIMEAKIS (1987): Changes in
the state of stress in the overriding plate of a subduction
zone: the Aegean Arc from the Pliocene to the Present,
Ann. Tect., 1,20-39.

MERLE, O. (1989): Strain models within spreading nappes,
Tectonophysics, 165, 57-71.

PanacioTopouLos, D.G. and B.C. PapazachHos (1985):
Travel times of Pn waves in the Aegean and surrounding
area, Geophys. J. R. Astron. Soc., 80, 165-176.

PAPADIMITRIOU, P. (1988): Etude de la structure du manteau
supérieur de I’Europe et modélisation des ondes de volu-
me engendrées par les séismes égéens, These de I’Univer-
sité de Paris VIIL.

PAPAZACHOS, B.C. (1973): Distribution of seismic foci in the
Mediterranean and surrounding area and its tectonic im-
plication, Geophys. J. R. Astron. Soc., 33, 419-428.

PaPAZACHOS, B.C. and P.E. COMNINAKIS (1971): Geophysical
and tectonic features of the Aegean arc, J. Geophys. Res.,
76, 8517-8533.

PepotTl, G. (1988): Etude sismotectonique du Péloponnese
et réponse sismique d’une vallée sédimentaire en Grece
duNord, These de 1’Université Joseph Fourier, Grenoble.

RICHTER, 1. and K. STROBACH (1978): Benioff zones of the
Aegean arc, in «Alps, Apeninnes, Hellenides», Inter-
Union Comm. Geodyn. Sci. Rep., 38, 410-414.

SCORDILIS, E., G. KARAKAISIS, B. KARACOSTAS, D. PANAGIO-
TOPOULOS, P. COMNINAKIS and B. PAPAZACHOS (1985):
Evidence for transform faulting in the Ionian Sea: the
Cephalonia Island earthquake sequence of 1983, Pure
Appl. Geophys., 123, 388-397.

SourLERIS, C. and G.S. STEWART (1981): A source study of
the Thessaloniki (Northern Greece) 1978 earthquake se-
quence, Geophys. J. R. Astron.Soc., 67, 343-358.

SPAKMAN, W., M.J.R. WORTEL and N.S. VLAAR (1988): The
Hellenic subduction zone: a tomographic image and its
geodynamical implications, Geoph. Res. Lett., 15, 60-63.

TayMAZ, T., J.A. JACKSON and R. WESTAWAY (1990): Earth-
quake mechanisms in the Hellenic Trench near Crete,
Geophys. J. Int., 102, 695-732.

TaYMAZ, T., J.A. JACKSON and D. McKENZIE (1991): Active
tectonics of the North and Central Aegean Sea, Geophys.
J. Int., 106, 433-490.

228





