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Abstract

Accurate data concerning shallow (h < 60 km) earthquakes (M, > 4.5) that occurred in the broader Aegean area
are used to point out the presence of linear seismogenic structures (seismolineaments). The earthquake data
were analyzed by the use of a specific algorithm, and the directions of the best alignment of epicentres were
found. The algorithm is based on statistical criteria applied within a circular area with the aim of searching for
the best direction of alignment; this is then tested, to discriminate whether or not the pattern could stem from a
random distribution of epicentres, or whether it is effectively the result of a linear seismic structure; the proce-
dure is repeated to cover the whole area examined. The resulting lineaments can be regarded as individual tec-
tonic units, as they usually coincide with known active faults or fault systems. An interpretation is given of the
spatio-temporal evolution of the seismicity along the lineaments in terms of the asperity model.

Key words Aegean area — epicentre — seismo- consists of the outer sedimentary arc and the
lineament — faults interaction inner volcanic arc; and finally, the back-arc
Aegean area (Papazachos and Comninakis,

1969, 1971).
1. Introduction The basic seismotectonic features of the
area (fig. 1) can be summarized as follows (Pa-
The Aegean and the surrounding area is pazachos et al., 1991): a) thrust faulting along
considered to be one of the most seismically the coasts of Western Greece, Albania and
active regions of the world, since it constitutes southwestern ex-Yugoslavia as a result of the
one of the most rapidly deforming continental  continental collision between the Adriatic mi-
regions. The region is bounded on the north by croplate and the Greek mainland; b) thrust
stable continental blocks of the Eurasian plate, faulting along the convex side of the Hellenic
on the west by the Adriatic Sea, on the east by arc due to the subduction of the African
central Turkey, and on the south by oceanic oceanic lithosphere under the Aegean; ¢) a
material of the African plate. Since the strike-slip dextral fault zone in the northwest-
Miocene, the locus of subduction of the ern end of the Hellenic arc (Ionian Islands);
African plate beneath Eurasia, the present Hel- d) normal faults dominating the inner part of
lenic trench, has been migrating southwards the Aegean and the surroundings, except for
with respect to FEurasia. Briefly, the most Northwestern Anatolia and Northern Aegean
prominent features of tectonic origin are, from where strike-slip dextral faults are observed.
south to north: the Mediterranean ridge, a com- To explain these two last systems of faults a
pressional submarine accretionary prism of single model was proposed by Taymaz et al.
material that extends from the Ionian Sea to (1991) and discussed in Jackson (1993), in
Cyprus; the Hellenic trench with a maximum which the systems are the expression of the
water depth of 5 km; the Hellenic arc, which relative motion of two sets of fault-bounded
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Fig. 1. Schematic representation of the main tectonic features of the Aegean and surrounding area as derived
from tectonic data and focal mechanisms of shallow earthquakes; the numbers are the year of occurrence of

the corresponding event (from Papazachos et al., 1992).

blocks; in particular the strike-slip system ro-
tates slowly anti-clockwise while the normal
system, to west, is characterized by a faster
clockwise rotation.

Although the occurrence of strong shallow
(M, = 6.0) earthquakes in the area is rather fre-
quent (they occurred at a mean rate of one
such event per year), detailed mapping of sur-
face fault traces has been performed for a lim-
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ited number of them. This is because most of
these events have their foci in the sea area. To
obtain information concerning the orientation
of the major active tectonic lines, other indirect
methods have been developed and applied. Pa-
pazachos et al. (1992) used all the available in-
formation to determine the orientation of active
seismic faults.

In the present paper an attempt is made to
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apply a statistical method, initially introduced
by De Rubeis et al. (1991) for the territory of
Italy, with the purpose of mapping the most
significant and better estimated seismolinea-
ments, indicating the seismogenic structure, by
the use of accurate and complete data concern-
ing shallow earthquakes. The obtained results
are discussed in the framework of the regional
stress pattern.

2. Method of analysis

A specific algorithm has been devised to
identify seismic structures and statistically dis-
criminate them from a random distribution of
points. In particular, two hypotheses have been
verified to recognize an alignment of epicen-
tres. First, a statistically significant distribution
of seismic events along a line; and second, a
relatively homogeneous distribution of the epi-
centres on the selected line, to avoid the trivial
case of an alignment constituted in reality by
events concentrated around one or two
points.

In the present analysis all epicentres inside
several circles of radius R have been consid-
ered and the two conditions mentioned above
have been tested, trying as alignments the di-
ameters of each circle with different direc-
tions.

The first condition is verified by calculating
the quantity

- (7)
7)) M

i=1
M 2.1)
where n is the number of epicentres consid-
ered, D; is the Euclidean distance between the
i" event and the examined line of alignment,
M; is the magnitude of that event and R is the
chosen radius of the circle in which the epicen-
tres lie (fig. 2). It can be seen that V decreases
as the events approach the line considered; V
can be thought of as the dispersion of the epi-
centres localizations around the tested line.
In order to statistically discriminate the
alignments from a random distribution of
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points, it is essential to fix a threshold for the V
value. To this end a random redistribution of
epicentres was conducted, calculating several
times the V values. It should be noted that such
an operation changed only the coordinates of
the events, leaving unaltered their magnitude;
this was done to ensure a representation of
seismicity as close to reality as possible from
the energetic viewpoint, considering that mag-
nitude plays an important weighting role in
calculating V. The resulting V population was
then ordered in function of the number of
events within each circle: for each class of
equal number of events a distribution of V val-
ues has been obtained; a limit V;,, was then
fixed in order to separate the 99% of the ele-
ments for each V distribution, the hypothesis
being that the remaining values (V < Viim) have
only 1% probability to stem from a random
distribution of epicentres. Figure 3 shows the
variation of Vy, for different numbers of ran-
dom epicentres, obtained with a smoothed cu-
bic spline interpolation of the experimental Viim
data calculated with the random catalogue.

Another factor that affects the choice of
valid alignments derives from the errors of lo-
calization and magnitude of earthquakes. From
the error propagation theory we have

2 X_D;M;0p,; 2
oy=A|l =———| +
R Z_M,
1 Z?:lDz'ZZ?:lMi*”ZleDizMi 2 2
+ = Oy
R’ (Zo1M;)?

(2.2)

The first term of the sum is referred to the
localization error ¢, while the second part rep-
resents the effect of the magnitude error Oy it
is easy to see that, essentially, the error on V
(oy) is small when the radius R is great com-
pared to o, (for the other symbols refer to
eq. (2.1).

Taking into account the V value with its re-
lated o0y, a seismic alignment was considered
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Fig. 2. Example of a circular area in which one test alignment is evidenced: D; represents the distance of one
epicentre to the alignment, as used in expression (2.1): each epicentre has its D; value which contributes to the
calculation of the V value. In each circular area, 18 diameters with different directions are tried, in order to re-
tain the lowest value that will be further statistically checked.

significant if the related V had at least an 84%
probability to lie under the respective random
threshold (fig. 3).

The second condition, concerning the ho-
mogeneity of the points along the selected line,
was verified using the y* test. The examined
line was divided into 5 equal segments and in-
side each of them the number 7, of the projec-
tions of the epicentres was calculated
(weighted by the magnitudes of the events);
the obtained frequency distribution was com-
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pared to a uniform distribution following the
statistical relation:

¥_ (Foj— Fu)’
Fu

xr=

(2.3)
where Fo (observed frequency) and Fu (uni-

form frequency) are defined as:

XM,
5

Fo, = 2 M, Fu= (2.4)
=1
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Fig. 3. The dashed line is the smoothed cubic
spline interpolation of the limit V values (not shown
in figure), stemming from a random distribution of
epicentres, in function of the number of events con-
tained in each circular area. Open and filled circles
represent some examples of V values calculated on
real situations, with their error bars of + loy; filled
circles correspond to significant V values, i.e. to be
accepted a V value must fall below the dashed limit,
the whole length of the error bar included.

The number of classes has been fixed to 5
as a good compromise between a sufficient
number of events available inside each class
and a high number of classes. Only the align-
ments satisfying the y* test with a confidence
limit better than 1% were retained.

3. Application in the broader Aegean area

The method described above has been ap-
plied in the broader Aegean area using a
complete and homogeneous catalogue of shal-
low earthquakes (h < 60 km) with magnitudes
M, < 4.5. The focal parameters of these events
which occurred during the time period 1970-
1984, were redetermined by Karakostas
(1988), with the purpose to achieve an im-
proved accuracy by this determination. The im-

943

provement was significant, especially for the
focal depths. According to these data, the mean
focal depth is about 5 km in the main part of
continental Greece and in Western Turkey, 10
km in the Aegean and 20 km along the Hel-
lenic arc.

The total number of earthquake sample is
1739, including 30 earthquakes with magnitude
M; > 6.0. Figure 4 is a map of the area under
study depicting the shallow seismicity of the
period 1970-1987. We can see from this map
that, except for the larger earthquakes and their
associated sequences, the activity is distributed
throughout the whole territory.

The analysis was conducted, in more detail,
by superposing on the area under investigation
a regular grid with a side length of 5 km. Sev-
eral circles were considered centered on each
node, with radii varying from 20 to 60 km
(step of 5 km). Inside each circle, eighteen dif-
ferent orientations were tested (varying in all
directions with a step of 10 degrees) as possi-
ble alignments. In particular, for each direction
the values of the two parameters V and %’ were
calculated as described above using the local-
izations of the epicentres lying inside the cir-
cle; significant lines were retained and drawn
together. Figure 5 shows the results obtained
by the performed analysis.

Along the coastline of Southern ex-Yu-
goslavia, Albania and Western Greece the di-
rection of the epicentres delineation (linea-
ments 1 and 2 in fig. 5) has a NW-SE strike
and follows the zone of thrust faulting pro-
duced by the convergence taking place in
this area. In Cephalonia Island (lineament 3 in
fig. 5) the strike-slip faulting trending NE-SW
is well defined.

In W. Peloponnese the NW-SE trend of the
defined lineament (5 in fig. 5) is in accordance
with the faults defined by fault plane solutions
and the distribution of the aftershocks of recent
strong (M, 2 5.2) main shocks (Karakostas ef
al., 1993a,b, 1994).

Along the Hellenic arc, the lineaments (6,7,
8 and 9, in fig. 5) run parallel to it. The N-S
trending structures between Crete and Kar-
pathos Islands (middle portion of lineament
8), as well as between Karpathos and Rodos Is-
lands (lineament 9) are in good agreement with
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the results of Jongsma and Mascle (1981) who
investigated this area by seismic reflection pro-
filing.

In the mainland of Greece, where the pre-
dominant stress field is extensional, the direc-
tion of the lineaments defined (numbered 10,
11, 12, 13, in fig. 5) is not the same in all the
cases. The N-S trend in Albania follows the N-
S faulting produced by the E-W extension, tak-
ing place along the transitional zone running
between the external compressional zone and

the N-S extensional zone in the back-arc
Aegean area. In Northern Greece, where NE-
SW normal faulting is reported (Panagiotopou-
los et al., 1993), the defined line 11 is in good
agreement with this direction.

In N. Aegean the seismicity is clearly con-
centrated along the NE-SW trending strike-slip
faults (lineaments 18, 19, 20 and 21; fig. 5).

The lineaments so determined can be con-
sidered as individual tectonic units, as they co-
incide, in most of the cases, with known active

Fig. 4. Shallow seismicity (h < 60 km) in the broader Aegean area during the time period 1970-1984 (data

are taken from Karakostas, 1988).
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Fig. 5. Seismic alignments determined in the broader Aegean area, by the use of seismicity data for the

period 1970-1984.

faults or fault zones. A good agreement is
found with the results of Nikolaev and
Varushenko (1993) who used microearthquake
data for the time period 1978-1989, to con-
struct a map of seismolineaments with eight
preselected orientations and then inferred the
regional tectonic stress field.

4. Temporal evolution of the seismicity
along the lineaments

In order to investigate the time evolution of
seismic activity along the found linear struc-

945

tures, several spatio-temporal diagrams have
been produced. Some authors used such dia-
grams as a useful tool to analyze or simply
show seismic activity (Matsumura, 1984; Lay
and Kanamori, 1981). In the present study a
seismic catalogue of the region was used
(Comninakis and Papazachos, 1986) starting
from the year 1950 and with magnitude larger
than 4.5 and the earthquakes with a distance
less than 20 km from each alignment were
plotted (fig. 6a-d). The vertical axis in each
figure represents time and the horizontal axis
represents position along the lineament. Each
event is characterized by the distance along the
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Fig. 6a-d. Space-time plots of the earthquakes related to the alignments 2 (a), 3 (b), 21 (c), 19 (d). The origin
position of the alignment (in abscissa) is marked in fig. 5 by the identification number of the structure.
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Fig. 7a-c. Earthquake sequences generated with the model of Lay and Kanamori (1981) for variable subfault
interaction parameter. a): no subfault interaction; b): moderate subfault interaction; c): strong subfault interac-

tion (redrawn from Lay and Kanamori, 1981).

line measured from one of the edges of the
alignment; the time since 1950 is expressed in
days.

From the space-time plots of the earth-
quakes related to each lineament, the behaviour
of the seismic activity is examined and inter-
preted in terms of the asperity model (Lay and
Kanamori, 1981). Figure 7a-c shows some rep-
resentative earthquake sequences generated by
this model in which the interaction parameter
between subfaults is varied, but the initial ran-
dom strength distribution is not. In fig. 7a there
is no interaction between subfaults. This pat-
tern was produced with only a small range of
strengths of the different subfaults, yet cluster-
ing of events seldom occurs. Even a small in-
teraction between subfaults produces a
markedly greater tendency for sub-zone fail-
ures to cluster in time as shown in fig. 7b,
though well-separated subfaults show little ob-
vious interaction. Notice that a given length of
fault often experiences ruptures spanning only
one or two sub-zones, but occasionally a very
long rupture occurs. A very strong subfault in-
teraction produces the pattern shown in fig. 7c.
There is regular occurrence of great earth-
quakes rupturing a large portion or the entire
length of the fault.

The spatio-temporal diagrams built for the
alignments located with our statistical method,
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can be divided in the three shown categories
(a, b, ¢) with different level of subfault interac-
tion. From this classification comes out that in
all the alignments from 1 to 9, that are situated
in zones dominated by a compressional stress
field, the events are quite independent and
clustering rarely occurs (fig. 6a,b); this be-
haviour is proper of the sequences displayed in
fig. 7a,b (type b is more evident in alignments
1, 3 and 5). On the other side, the alignments
of the N. Aegean (numbers 18, 19, 20, 21),
running parallel to the strike-slip faults, present
a marked clustering of the events in time
(fig. 6¢,d): each alignment shows periods of
activity along all the structure, alternated with
periods of quiescence. The subfault interaction
in this case should be very strong or there is
not dishomogeneity segmenting the faults, like
the model in fig. 7c.

5. Conclusions

Despite the complexity of the seismotec-
tonic conditions in the broader Aegean area
and the resulting complexity of the earthquake
spatial distribution, it has been possible to de-
termine certain lineaments along which seis-
micity seems to gravitate. The method used to
assess the alignments is based on statistical
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tests that guarantee the objectivity of the re-
sults. These lineaments can be regarded as in-
dividual tectonic units; in fact they usually co-
incide with known active faults or fault sys-
tems. Their direction well agrees with the di-
rection of the known active faults in the stud-
ied area, as they were previously defined (Pa-
pazachos et al., 1992), in particular along the
trust zones (subduction and continental colli-
sion) and in the N. Aegean zone of strike-slip
faulting.

The analysis of the spatio-temporal evolu-
tion of the seismicity along the alignments al-
lows the distinction between homogeneous
alignments (with strong interaction between
subfaults) and alignments probably constituted
by systems of subfaults with poor interaction.
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