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Abstract

S-wave spectral analysis is applied to 174 strong motion acceleration records to obtain the source parameters of
27 aftershocks (3.1 <ML <4.3) of the May 13, 1995, My, 6.6, Kozani-Grevena (NW Greece) earthquake. The data
are derived from a temporary network, of three-component digital accelerographs, deployed within the strongly
affected area some days after the mainshock occurrence. Site effects were evident in the strong motion records at
3 out of the 4 stations used, and a correction was applied to account for the overestimation of seismic moment
due to amplification of the low-frequency part of the spectrum. The data from this analysis are complimented
with previously obtained source parameters for earthquakes in Greece, in order to study the applicability of the
empirical scaling relations used so far, towards smaller magnitudes. In general, a good correlation was observed
in most cases, validating the use of empirical relations that are applicable to the Aegean area. Empirical relations
are determined between seismic moment and seismic slip, as well as, between seismic moment and stress drop,
applicable to small magnitude earthquakes (M 1 <4.3). Stress drop values were found to be relatively small, ranging
from 2 to 41 bars, indicative of inter-plate environments. The values of f ¢ and of fiax Were found in good agreement
with relations based on observations from larger worldwide earthquakes.

the extracted values with regional or global relations
proposed for larger magnitude earthquakes. If self-
similarity law is valid for the study area then source
parameters of small earthquakes could be estimated
from a simple extrapolation of the relations that hold
for large earthquakes, otherwise local relations should

Introduction

On May 13, 1995, a destructive earthquake (M ,, 6.6)
occurred at northwestern Greece (Kozani prefecture)
and caused extensive damage in many villages and
in the two large towns of the area, Kozani and Gre-

vena. A few days after the mainshock, the Institute
of Engineering Seismology and Earthquake Engineer-
ing (ITSAK) installed a temporary network of three-
component digital accelerographs (SSA-1, 2) within
the meizoseismal area.

From a considerable number of aftershocks re-
corded on the local accelerometer network, only 27
(those that were recorded at more than three stations)
were chosen for an analysis of their source parameters.
The main purpose of this analysis was to examine the
validity of the self-similarity law of small-magnitude
earthquakes of the area, through a comparison of

be determined.

The source parameters were determined using
spectral analysis (Brune, 1970, 1971), which is a
method widely applied. In Greece, this method has
been repetitively applied, mainly for the estimation
of source parameters of microearthquakes (e.g., Bur-
ton et al, 1991; Melis et al., 1995; Chouliaras
and Stavrakakis, 1997). Comparison of the estimated
source parameters of small magnitude earthquakes
(3.1<sMp<4.3) with relevant parameters of larger
earthquakes (ML >4.0) is attempted and discussed.
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Figure 1. Regional map showing the May 13, 1995 Kozani mainshock (star), the epicenters of the 27 aftershocks analyzed (solid circles)
and the locations of the four accelerometer stations (triangles). The solid thick line represents surface ruptures observed after the mainshock

(Pavlides et al., 1995).

Data analysis

The original data set consists of 174 horizontal accel-
erograph components, as each one of the 27 selected
earthquakes was at least recorded at three stations.
These records are sampled at a rate of 200 Hz and
their bandwidth is 0.3 to 45 Hz. Local magnitudes
range from 3.1 to 4.3, while hypocentral distances are
between 4 km and 28 km. The values of M . presented
in this paper, are taken from the catalogue proposed by
Baba et al. (2000) towards a unified My, for the South
Balkan area. Figure 1 shows the epicentres of the
analysed earthquakes, as well as the epicentre of the
mainshock, its surface ruptures (Pavlides et al., 1995)
and the locations of the four accelerograph stations
used. Table 1 gives information on the earthquakes
used and lists the source parameters of the aftershocks
obtained in this study.

Following Brune (1970, 1971), the displacement
spectrum of ground motion of an earthquake can
be described by a straight line that fits the low-
frequency level of the spectrum, intersecting the high-
frequency asymptote at the corner frequency, fc. The

low-frequency asymptotic displacement, €2, is pro-
portional to seismic moment, Mo, while the corner
frequency, fc, is inversely proportional to the radius
of the circular fault considered by the model.

To apply the S-wave spectral analysis an appro-
priate time window of S-waves must be selected.
According to a large number of previous studies (e.g.,
Thatcher and Hanks, 1973; Modiano and Hatzfeld,
1982; Archuleta et al., 1982; Meuler and Cranswick,
1985: Del Pezzo et al.,, 1987; among others), for
hypocentral distances <40 km, as those of the 27
earthquakes used in this work and for magnitudes
within the examined range, the length of the chosen
time windows can vary from 1s-3.5s without practic-
ally changing the low-frequency level of the spectrum
or the choice of the corner frequencies. Tests (com-
parisons of spectra derived from the use of different
S-wave window lengths) conducted to our data, con-
firmed this deduction. As a result, the selected time
windows, for this study, started slightly before the S-
waves and their duration varied, from record to record,
from 2.5 s to 3.5 s, as we tried to encompass the



complete displacement pulse (Archuleta and Hartzell,
1981).

The displacement amplitude spectrum of each one
of the two horizontal components, at each recording
station, was computed by applying Fast Fourier Trans-
form (FFT) to the corresponding time window, and the
output of the Fourier transform was post- multiplied
by £=2 to obtain the displacement spectrum. The value
of ¢ was determined by eye fitting a straight line to
the low-frequency part of the spectrum.

The displacement spectra were not corrected for
the effect of whole path attenuation (Q), since this
effect is expected to be negligible (Archuleta et al.,
1982), especially at epicentral distances less than
50 km (Street et al., 1975).

The low-frequency level, €2, is connected to
seismic moment, M,, through the empirical relation
(Keilis-Borok, 1959):

3
My = FTPRE S,
kRgg
where o is density, R is the source-to-recorder dis-
tance, B is the shear wave velocity at the source, & is
a correction factor for free surface reflection and Rgy
is the S-wave radiation pattern coefficient. Usually, the
product kRgg is given a mean value of 0.85, which was
also adopted here.

Seismic moments were determined from means of
the logarithmic values obtained at different stations,
as proposed by Archuleta et al. (1982), following the
equation:

ey

1N
My = antilog{ﬁ 2 logMy; 2)
i=l

where N (= Number of stations x 2) is the number of
the components used and Mg; is the seismic moment
determined from (1), for the i'# record.

The spectral corner frequency, f., was determined
from the intersection of the high-frequency asymptote
with the low-frequency asymptote of the spectrum.
We followed the approach of Bour (1989), based on
the work of Andrews (1986), and we automatically
estimated the corner frequencies, f .. All values of f¢
were visually checked both on displacement and on
acceleration amplitude spectra of each S-wave time
window used. Average values of f; for each earth-
quake were determined by an equation analogous to
(2). This equation, as well as those used for the com-
putation of the seismic moment and corner frequency
error factors (EMg and Ef., correspondingly) are taken
from Archuleta et al. (1982).
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The average values of the corner frequency, f,
were used for estimating the radii of the seismic
sources, following the model of Brune (1970,1971).
According to this model, the radius, r, for a circular
fault rupture, is given by:

0.378
r=——
fe

where B is the S-wave velocity.

The average values of My and r, determined as de-
scribed above, were used for the estimation of average
stress drop, Aa, from the equation:

=T “
16r3
(Keilis-Borok, 1959) as well as for the estimation of
the average coseismic slip, s, over the circular fault
area from the equation:
T rrlu

3

Ao

&)

(Brune, 1968) where u is the rigidity modulus of the
fault material.

The cut-off frequency, fmax, was also determined
from the Fourier spectra of strong motion accelera-
tion recordings. fax is the frequency up to which
the acceleration spectrum is flat and above which a
spectral roll-off is observed (Hanks, 1979). This sharp
diminution of the acceleration spectrum is attributed
either to the source rupture process (Papageorgiou
and Aki, 1983; Aki, 1987; Papageorgiou, 1988)
or to the anelastic attenuation along the travel path
(Hanks, 1979) or to near-surface attenuation (Hanks,
1982; Anderson and Hough, 1984; Theodoulidis and
Bard, 1998). Thus, it has not been clear yet whether
fmax consists a source parameter or not. Neverthe-
less, it consists a parameter of great importance,
as it is directly related to engineering measures of
high-frequency ground motion (Papageorgiou, 1988).

The values of fiax Were automatically estimated
using the method of Bour (1989). This method in-
cludes semi-analytical and numerical estimations of
fmax based on the Brune’s model (1970, 1971) and
semi-analytical estimations based on the model of
Anderson and Hough (1984). The automatically es-
timated values of fi,.x were also checked visually on
the acceleration spectrum of each component used.

An example of the L, fc and fmax estimation
(Event 25 in Table 1) is given in Figure 2.
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Figure 2. An example of the Qg, fc and fiax estimation from the acceleration and displacement Fourier amplitude spectra, at four different
recording stations (Event 25 in Table 1, longitudinal component). The automatically estimated values of fyax based on Brune’s model (fmax())
and on the Anderson and Hough (1984) mode! (fmax(a—H)) are both shown. The selected values of fmax appear in bold letters.
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Table 1. List of earthquakes analysed in this study together with their epicentral coordinates, depth (h), local magnitude (M) and
number of recording stations (NS). Estimated average source parameters (seismic moment Mg and its error EMg, corner frequency fc
and its error Ef;, source radius, r and stress drop, Ao) are also listed. All epicentres and focal depths are determined by the Geophysical
Laboratory of the University of Thessaloniki. Local magnitudes, My, are taken from the catalogue proposed by Baba et al. (2000)

Event Date Or. Time  Lat. Long. h ML M, (103l EM, f; Ef r Ao NS
No ™) (E) (Km) (dyn-cm) (Hz) (Km)  (bars)

1 950523  05:51:59  40.17 2175 128 39 Sl 125 20 122 064 8 3
2 950524 16:18:55 40.08 2159 55 32 23 136 19 115 066 3 3
3 950524  17:34:27 4007 2159 66 38 124 136 16 129 077 12 3
4 950524 19:29:06 40.08 2159 60 3.1 1.7 L1017 149 074 2 3
5 950524 21:22:43  40.08 2154 68 3.2 1.6 119 23 123 055 4 3
6 950525 01:40:27 40.05 21.60 66 3.2 1.0 175 23 109 054 3 3
7 950525 04:05:44 3999 2152 65 35 3.1 1.18 22 117 057 7 3
8 950525 04:35:07 40.08 2157 7.6 32 22 142 24 121 053 6 3
9 950525 08:48:54 40.07 2168 87 3.3 1.8 144 21 1.13  0.60 4 4
10 950525 21:37:20  40.03  21.61 72 32 22 160 23 121 055 6 3
11 950525 23:12:16 40.12 2179 121 33 3.6 134 21 119 0.60 7 3
12 950527 05:52:56 40.01 2153 149 33 3.1 123 21 120 0.61 6 3
13 950530 06:21:06 4008 2147 13.1 33 26 135 22 103 057 6 3
14 950530 06:46:00 40.10 2148 99 38 28 155 21 128 059 6 3
15 950530 12:06:42 4005 2164 40 41 128 141 19 159 065 20 4
16 950530  14:30:02 3997 2155 62 40 122 119 18 133 071 15 3
17 950601 10:17:28 3998 2150 92 34 27 144 19  L12 065 4 3
18 950602 07:47:15 4002 2153 34 35 3.6 L1 17 145 075 4 3
19 950603  10:20:14 40.11 2158 66 38 34 .01 21 1.19  0.59 7 4
20 950606 00:46:52 40.16 2160 113 36 28 137 22 L13 057 7 3
21 950606 04:35:59 40.13 2158 65 42 259 142 16 122 079 23 4
22 950607 08:37:3¢ 4010 2157 34 39 67 1.80 20 113 064 11 3
23 950609  15:20:48 4012 2161 25 37 70 146 15 135 083 5 4
24 950611  17:20:10 4013 216l 15 38 45 129 18 127 070 6 3
25 950611  18:51:47 3995 2153 45 43 397 133 17 .17 075 41 4
26 950611 20:38:22 3995 2155 50 36 38 .13 1.9 116 065 6 3
27 950612  03:19:50 3995 2151 110 33 28 139 21 1.10 0.60 6 3

Results and comparisons

Estimation of seismic moment, M ,

In order to invert a displacement spectrum for source
parameters, one must know or make reasonable as-
sumptions about the attenuation factor Q, the elastic
parameters of the medium and the site effects at the
recording station (Scherbaum, 1994). The basic prob-
lem that we had to deal with was the elimination of
site effects, since most of the recordings were ob-
tained at sites that could hardly be characterized as
rock-sites. Indeed, after an initial estimation of M o,
following the method described above, we observed
a systematic difference in the values obtained for the
same earthquake, at different stations. For example,

Table 2. Information on the four recording sites. Shear
wave velocities are taken from Pitilakis et al. (1996)

Recording site ~ Vs3g (m/sec)  PGVimax/PGAmax
Chromio 640 289
Karpero - 428
Kentro 320 404
Knidi 1040 19.7

the values obtained from the displacement spectra in
Karpero were always larger compared to the corres-
ponding values of the other three stations. On the other
hand, the values of Mg obtained from the recordings of
Knidi station were always the lowest.
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After examining the available geological and geo-
technical information on the epicentral area (Pitilakis
et al,, 1996), we attributed these differences to site
effects. For example, the values of shear-wave velo-
city averaged over the top 30 m, near the recording
sites (Table 2) are indicative of the existence of rock-
site characteristics only under the station of Knidi.
Indeed, except from the geotechnical indications, the
accelerograms in Knidi are characterized by short
durations and enrichment in high frequencies. Fur-
thermore, an application of the horizontal-to-vertical
spectral ratio technique (Theodoulidis et al., 1998)
revealed that Karpero, Chromio and Kentro favour res-
onance between 0.5 Hz and 2.5 Hz, which implies
thicker and/or softer soil deposits under these stations,
while Knidi favours resonance at much higher fre-
quencies (2.5 Hz-8.0 Hz). In addition, the ratio of
horizontal peak ground velocity to horizontal peak
ground acceleration (PGVmax /PGAmax, in Table 2) ex-
hibits considerably lower values in Knidi compared to
the other three stations. This could also be an indica-
tion of the existence of rock-site conditions in Knidi,
if we assume that the variation of this ratio with local
geological conditions, estimated by Seed et al. (1976)
for moderate magnitude earthquakes, holds also for
small earthquakes.

In order to check the difference in the level of the
estimated seismic moment, we plotted the values of
log(Mg) against My, for each station separately (Fig-
ure 3). It appears that data can be described by a
general equation of the form:

log Mo = aMy, + bstarion ©®

The slope, a, of the least squares’ fit at the four
data sets appears to be practically the same and al-
most equal to 1, while there is an obvious difference
in the values of parameter b gaion- A slope equal to
1 is also theoretically expected for earthquakes with
corner frequencies greater than the cut-off frequency
of the Wood-Anderson seismograph (1.25 Hz) (Ran-
dall, 1973; Archuleta et al,, 1982; Fletcher et al.,
1984).

We assumed a common slope for all stations, fixed
at the value of 1, recalculated the values of the para-
meter b and extracted a mean b gaion for each site.
The initial values of log(Mg) obtained in Karpero,
Chromio and Kentro were reduced by the difference
bgtation-bPKnidi. The values of log(Mp) before the cor-
rection for site effect (open squares) are plotted in
Figure 3, together with the reduced values accounting
for the amplification of the low-frequency part of the

Table 3. Values of fiyax obtained from the mean of the two
horizontal components at the different stations

fmax
Event No Chromio  Kentro  Karpero  Knidi
i 11.0 6.0 7.8
2 6.9 6.9 9.5
3 59 74 94
4 54 8.6 95
5 8.4 9.5 1.7
6 9.2 8.3 8.8
7 83 7.9 10.0
8 7.1 8.2 8.8
9 9.5 10 8.3 9.3
10 9.1 9.8 1.0
11 6.9 9.3 12.0
12 10.0 10.0 10.5
13 8.4 79 10.4
14 7.6 7.5 9.7
15 9.8 7.8 6.3 9.5
16 7.6 6.4 13.7
17 7.8 7.1 8.8
18 8.5 6.9 11.0
19 12.0 64 75 9.3
20 10.5 7.6 10.6
21 8.5 4.5 4.5 8.3
22 10.0 6.7 93
23 8.9 7.3 7.5 10.0
24 10.0 8.0 12.0
25 73 7.4 64 9.8
26 84 6.5 9.3
27 8.8 8.9 1.3

spectrum (solid squares). The final mean values of the
seismic moment, M g, of the 27 earthquakes (Table 1)
were estimated from equation (2). A least squares’ fit
to the reduced data from all stations yields a relation

of the form: log(Mp) = (0.994+0.04)M + (18.1£0.15).
This relation holds for earthquakes with magnitudes

less than 4.3.

However, in order to obtain a logMg /M|, relation
that holds for a wide range of magnitudes for earth-
quakes in Greece, we collected the data for 190 earth-
quakes. These events are listed in the Appendix. The
seismic moments have been independently determined
mainly by inversion of body or surface waves. Figure 4
shows a plot of log(Mg) of these earthquakes (black
dots) versus My (taken from Baba et al., 2000). The
logMo/My pairs for the data set used here are plotted
in Figure 4 as open squares. The linear trend is evident,
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Figure 3. Upper part: Seismic moment, Mg versus My for the magnitude range (3.1 to 4.3), for each station separately. The open squares
correspond to Mg values before the correction for site effect, while the black squares correspond to Mg values after accounting for the
amplification of the low-frequency part of the spectrum, due to the site effect. All observations have been normalized according to the station
of Knidi, which is considered as rock. Dashed and straight lines represent the least squares’ fit to the data before and after the correction,
correspondingly. Lower part: Least squares’ fit to all the data. The slope of the line is close to 1 as it is theoretically expected.

at least for ML >4.0. Thus, applying a least squares’
fit to the data with M >4.0, and assuming a slope
of 1.5 (Kanamori and Anderson, 1975; Margaris and
Papazachos, 1999) we defined the following relation
between logMo/My.:

logMo = 1.5M + (16.52+ 0.33) @)

The relatively larger value of constant b compared to
analogous relations proposed for other regions in the

world (e.g., b =15.8 in Aki, 1969; b = 16.0 in Thacher
and Hanks, 1973), is probably due to an incorrect cal-
ibration of the Wood-Anderson seismograph in Athens
(Papazachos et al., 1997; Margaris and Papazachos,
1999).

The least squares’ fit to the data (for ML>4.0) is
shown as a solid line, while the extrapolation of this
relation towards smaller magnitudes is shown as a
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Figure 4. Seismic moment, My, versus M (according to Baba et al., 2000) for the magnitude range (3.1 to 6.5) for earthquakes in the Aegean
Sea and the surrounding area. Solid circles represent observations from 190 earthquakes (listed in the Appendix) while squares are the data
from the 27 earthquakes of the present study. The continuous line represents the least squares’ fit to the data with M >4.0. Its extrapolation

towards smaller magnitudes is shown as a dashed line.

dashed line. It appears that our data are quite well de-
scribed by the extrapolation of the relation that holds
for larger earthquakes. Nevertheless, a change of slope
might exist around M 4.0, indicating a pattern ana-
logous to that observed for earthquakes in California
(Fletcher, 1984). However more data are needed to
obtain more convincing conclusions.

Moment versus f and fax

The average values of f. and individual values of
fmax, against seismic moment are shown in Figure 5.
Straight lines indicate the f; -Mj relation as proposed
by Aki (1967), and the fax — M, relation describing
observed pairs of corresponding values by Papageor-
giou and Aki (1983) and Irikura and Yokoi (1984).
It appears that our data adequately fit both relations.
Earthquakes with Mg< ~ 4 x 10%! dyn-cm show a

deviating trend from the My -f; line by exhibiting an
apparently constant f.. Such a phenomenon has been
widely observed and interpreted as a source effect
(Bakun et al., 1976; Chouet et al., 1978; Archuleta
etal., 1982).

In Figure 5 it is observed that the recordings at the
stations of Knidi and Chromio exhibit larger values
of fmax than the corresponding records in Kentro and
Karpero. These differences can either be attributed to
near surface attenuation or to amplification phenom-
ena, since Knidi and Chromio both favor amplifica-
tions at frequencies higher than ~10 Hz (Theodoulidis
et al., 1998). Correlation between f max and resonant
peaks at the recording stations was also observed by
Theodoulidis and Bard (1998) during an analysis of
data from larger Greek earthquakes.
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to observed pairs of Mg-fmax by Papageorgiou and Aki (1983) and Irikura and Yokoi (1984). Our data adequately fit these relations.

Moment versus source radius, r

In Figure 6, the average My is plotted against the av-
erage source radius, r. Lines of constant stress drop,
determined from equation (4), are also shown in this
figure. It appears that source radius is varying very
slowly within the examined range of seismic moment.
Even though it is hard to claim constant value, the
decrease of source radius with decreasing seismic mo-
mentis very slow and clearly different from the scaling
relation predicted for constant stress drop. The correl-
ation between seismic moment and source radius is
relatively poor and thus a link through a relationship
is hard to be defined.

Moment versus stress drop, Ao

In Figure 7, the values of log(M ) are plotted against
the values of log( Ao). The data exhibit a quite strong
correlation between seismic moment and stress drop

(R 83%). A least square’s fit to the data yields the
relation:

log(Mo) =
(1.18 £ 0.11)log(Ac) + (20.63 £ 0.09)
(10?' <Mo < 10%3dyn-cm) ®)

Stress drop decreases as seismic moment decreases.
This is also indicated in the previous figure (Fig-
ure 6), where the observations intersect the constant
stress drop lines. Archuleta et al. (1982) noticed a
similar decrease of stress drop for small magnitude
earthquakes (Mo<1.0 x 10*! dyn-cm). In our case,
this decrease appears throughout the entire examined
range of seismic moments (up to Mg ~4.0 x 1022
dyn-cm). Furthermore, the values of stress drop con-
sistent with our data are relatively low, ranging from
2 bars to 30 bars (only one earthquake of My, = 4.3
appears to have Ao >30 bars). This confirms the low
stress drop character of Greek earthquakes, mentioned
by many researchers in the past (Kiratzi et al., 1985).
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Figure 6. Seismic moment versus source radius. Lines of constant stress drop determined from equation (4) are also indicated.

Moment versus slip, s

Average displacement, s, as a function of seismic mo-

ment, is shown in Figure 8. The linear trend is evident,

as expected since the radius, r, in equation (5) was

found to be nearly constant for this range of mag-
nitudes. A linear least squares’ fit to the data gave the
relation:

log(Mo) =
(1.25 £ 0.005)log(s) + (21.87 & 0.001)
(102! <Mo< 10?3dyn.cm) ®)

with a correlation coefficient of 0.92. This relation is
applicable only for the moment range that is defined
and extrapolation to larger moment should not be
applied.

10

Discussion and conclusions

The S-wave spectral analysis of Brune (1970, 1971),
has been applied to 174 strong motion records, in order
to determine the source parameters of 27 aftershocks
of the May 13, 1995, Kozani-Grevena earthquake (M,
6.6). The magnitudes of these earthquakes are in the
range of 3.1<Mp<4.3.

Site effects at three out of the four stations used
were evident, and a correction was applied to account
for the amplification of the low-frequency part of the
spectrum at these stations. The effect of the recording
site can be a problem especially when strong motion
records are used, since accelerographs are usually de-
ployed in urban areas, mostly settled in sedimentary
basins (e.g. river valleys). On the other hand, tra-
ditional techniques for the estimation of site-effects
(e.g. Borcherdt, 1970; Langston, 1979; Nakamura,
1989) are not always effective, either because they use
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reference-site recordings which reveal high-frequency
resonance that can affect the choice of corner fre-
quencies, or because they do not give reliable res-
ults throughout the entire frequency-range of interest
(Bard, 1997). The correction proposed in this study
can be applied for an approximate determination of
the overestimation of Mg due to site-effects, in cases
where data from a reference rock-site are also avail-
able. This correction is statistically estimated from the
values of My, that are related to the low-frequency part
of the spectrum, obtained at different stations and thus
it does not affect the choice of corner frequencies.

A logMp/My, relation has been determined us-
ing previously published data from 190 earthquakes,
which occurred in the Aegean Sea and the surrounding
area. A relation of the form:

logMp = 1.5M + 16.51

was found to hold for earthquakes with M > 4.0.

An extrapolation of this relation towards smaller mag-
nitudes satisfactorily describes the data of the present
study. Thus, this equation can be applied to earth-

H

quakes in Greece with magnitude M 1> 3.0. Neverthe-
less, one could claim a change of slope around ML =
4.0. A least squares’ fit to the data of the present study
results in a slope ~1, which could be indicative of a
departure from the self-similarity law. However, such
a conclusion cannot be ensured by the present data as
they concern a specific region and the examined mag-
nitude range is relatively short. More earthquakes with
local magnitude 3-5, or even smaller, from different
seismogenic regions, should be analyzed and com-
prised, in order to extract a safe conclusion about the
relation between log(M o) and My, at small magnitudes.
Correlation between log(M g)-log{Ac) and log(Mg)
— log(s) was found to be quite high, while radius, r,
appears to decrease very slowly as seismic moment
decreases. If this implied minimum source dimension
really exists, as proposed by Aki (1984) and is not
due to the incapability of surface instruments to detect
very high frequency (f>fmax) waves because of strong
attenuation, then close to the minimum source radius,
Ao also decreases without limit as M ¢ decreases. In
terms of scaling laws, this is expressed as a difference
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in stress drop between the analyzed small earthquakes
and larger earthquakes.

The corner frequency-moment relation of Aki
(1967) adequately fits our data, thus this relation
is applicable to the Aegean area as well. This de-
scription is much more accurate for earthquakes
with Mp>4x 102! dyn-cm, as corner frequencies that
correspond to smaller seismic moments revealed a
roughly constant value. Finally, the determined values
of fmax Were found to be in good agreement with pre-
vious observations, which included data from larger
earthquakes (Papageorgiou and Aki, 1983; Irikura and
Yokoi, 1984). Small but systematic differences were
observed between the values obtained at different sta-
tions. These differences can either due to near surface
attenuation or resonant peaks at high frequencies at the
recording sites.

The empirical scaling relations determined here are
only applicable for the magnitude ranges that they
were defined (for My <4.0). We now comprise a data-
base for the earthquakes in Greece to systematically
work on applicability of scaling relations to different
magnitude ranges.

12

It should be also mentioned that this work could be
useful in strong motion simulation methods that use
scaling-laws between small and large earthquakes (e.g.
the Empirical Green’s Function method). For example,
it appears that scaling laws that are based on the as-
sumption of constant stress-drop can not be used in the
area of Kozani, at least if an earthquake of magnitude
My <4.0 is to be treated as an empirical Green’s func-
tion. Revised relations should be used to encounter
differences between small and large earthquakes.
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Appendix

Parameters of the events with 4.0 < M| <6.5 used to determine the My-M relation applicable to Greece.

Date (y/m/d)  Origin time  Lat. (°N) Long. (°E) h(Km) My Mg (dyn-cm) Reference
640411 16:00:43 40.30 24.80 1.0 52  3.20e24 1
640429 04:21:05 39.20 23.70 20.0 55  2.20e24 I
641006 14:31:23.0 40.30 28.20 14.0 6.4 1.10e26 1,2
650309 17:57:54.0  39.30 23.80 7.0 59  1.60e25 1,2
650405 03:12:55 37.70 22.00 34.0 5.6 1.50e25 1
650427 14:09:06.0 35.60 23.50 13.0 59 1.04e25 1,3
650613 20:01:51.0 37.80 29.30 2.0 52  8.20e24 1
650706 03:18:42.0 38.40 22.40 10.0 6.2 1.63e25 4,5,6
651220 00:08:16 40.20 24.80 33.0 52  5.30e24 1
660205 02:01:45.0  39.10 21.70 11.0 5.9 14825 6,7
660509 00:42:53.0 34.40 26.40 16.0 54  2.20e24 8
661029 02:39:25.0 38.90 21.10 15.0 56  5.05e24 1,6
670501 07:09:02.0 39.50 21.20 10.0 58 1.12e25 6,7
671130 07:23:50.0 41.40 20.40 9.0 6.1 8.60e25 1,6
680530 17:40:26 35.40 27.90 27.0 56  1.20e25 1
681205 07:52:11 36.60 26.90 31.0 5.6 1.80e25 1
690114 23:12:06 36.10 29.20 22.0 6.0  5.30e25 1
690323 21:08:42.0  39.10 28.50 8.0 5.8  9.80e24 9
690325 13:21:34.0 39.20 28.40 8.0 5.7 1.85¢25 9,10
690328 01:48:29.0 38.50 28.50 8.0 62  3.50e25 9, 11
690612 15:13:31.0 34.40 25.00 19.0 56  9.90e24 58
690708 08:09:13.0 37.50 20.30 10.0 57  5.60e24 6,12
700408 13:50:28.7 38.30 22.60 9.0 54 1.45e25 3,4,5
700416 10:42:23.7 3897 29.92 8.0 53 2.70e24 9
700419 13:29:37.9 39.00 29.80 9.0 5.6 1.94e25 9
700423 09:01:27 39.10 28.60 28.0 54  3.80e24 1
710512 06:25:13.0  37.57 29.70 12.0 5.8  6.00e24 13
710512 12:57:22.7 37.60 29.60 12.0 56  2.50e24 13
710525 05:43:27.7 39.07 29.67 6.0 57  7.60e24 9,14
720504 21:39:57.0  35.10 23.60 40.0 6.1  2.60e25 8,15
720917 14:07:15.0 38.30 20.30 8.0 5.8 1.31e25 512,15
731104 15:52:13.9 38.90 20.51 23.0 54  6.10e24 1
731129 10:57:44.0 35.20 23.80 18.5 55  6.40e24 58
750327 05:15:08.4 40.34 26.14 15.0 57 2.83e25 2,5
760511 16:59:45.0 37.40 20.40 13.0 5.9  2.08e25 6, 12
770818 09:27:41.0 35.30 23.50 38.0 52  2.00e24 8
770911 23:19:19.0 34.90 23.00 19.0 59  2.49e25 58
780523 23:34:12.3 40.70 23.30 8.0 54 6.20e24 6, 16
780620 20:03:24.0 40.73 23.25 7.0 6.0  4.25e25 10,11, 16,17, 18
790409 02:10:21.1 41.90 19.03 9.0 5.0 1.73e24 19
790415 14:43:07.9 4222 18.69 8.0 57  4.10e24 6,20
790515 06:59:23.0 34.60 24.50 35.0 54 3.90e24 8
790524 17:23:20.0 42.15 18.71 6.0 59 1.63e25 4,6
790614 11:44:45.8 38.80 26.60 8.0 55 6.70e24 2,21
790615 11:34:17.0 34.90 24.20 40.0 5.1 3.50e24 8
790616 18:42:00 38.80 26.60 15.0 4.8 1.20e24 21
790718 13:12:03 39.70 28.70 15.0 52 1.15¢24 21
790723 11:41 35.50 26.40 11.0 5.1 3.20e24 21
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Date (y/m/d)  Origintime Lat. (°N) Long.(°E) h(Km) Mg Mg (dyn.cm) Reference
800502 05:31:09.6  36.35 29.39 22.0 53 3.34e24 19
800709 02:11:57.0  39.28 23.11 10.0 6.0  8.67e25 21
800710 19:39:02.5  39.28 23.01 15.0 5.0  3.08e24 21
800811 09:15:58.3  39.27 22.66 17.0 4.7  7.46e23 21
810224 20:53:37.0  38.16 22.88 8.6 6.3 9.76e25 11,21
810225 02:35:54.0  38.10 23.05 6.7 59  3.50e25 11,21
810304 21:58:07.0  38.18 23.23 7.0 5.8  2.70e25 2,21
810307 11:34:439  38.19 23.32 15.0 5.1 1.47e24 21
810310 15:16:18.1 39.31 20.74 7.0 53  1.54e24 19,21
810624 18:41:27.7  37.87 20.12 53 52  8.65¢23 21
810628 17:20:23.0  37.81 20.06 14.0 5.5  2.44e24 19, 21
811219 14:10:51.0  39.20 25.20 6.0 64  2.2de26 21,22
811227 17:39:14.5  38.90 24.90 6.0 6.0  3.82e25 2,21
811229 08:00:45.0  38.80 24.77 10.0 54  1.37e24 21
820118 19:27:25.0  39.80 24.40 7.0 6.1  7.97e25 2,21
820622 03:04:294  37.16 21.27 40.0 5.7  1.86e24 21
820817 22:22:200 3370 22.90 39.0 57 3.00e25 8
821116 23:41:214 4090 19.60 17.0 53 245e24 6,21
830117 12:41:31.0  38.10 20.20 11.0 6.2 2.22e26 12,21
830119 00:02:14.0  38.20 20.30 9.1 55 4.79%24 19,21
830131 15:27:01.2  38.18 20.39 12.0 53 1.82e24 19,21
830221 00:13:07.6  37.89 20.10 26.0 5.1 9.73e23 21
830323 23:51:06.3 3833 20.22 15.0 5.7  2.23e25 1
830324 04:17:31.7  38.09 20.29 18.0 5.1 1.44e24 19, 21
830514 23:13:479  38.44 20.33 13.0 5.0 19724 19
830705 12:01:27.0 4032 27.22 10.0 59 88724 4,21
830714 02:54:19.6  35.67 21.81 17.0 52  1.10e24 19,21
830826 12:52:09.8  40.51 23.92 14.0 45 641e23 21
831010 10:17:00.7  40.23 26.80 11.0 54  1.48e24 19,21
831021 20:34:49.1 40.13 29.38 14.0 5.1 1.64e24 21
840211 08:02:51.0  38.37 22.10 3.0 5.1 3.3524 19,21
840506 09:12:02.3  38.77 25.64 9.0 49  1.71e24 19,21
840617 07:48:02.6  38.86 25.72 23.0 53 6.24e23 21
840621 10:43:46.0  35.40 23.30 39.0 59  1.70e2s 8,21
840709 18:57:09.7  40.69 21.82 10.0 49  7.5%23 21
850116 23:35:59.1 40.67 19.22 17.0 50  7.50e23 19
850421 08:49:40.8  35.68 22.20 36.0 5.1 9.97e23 21
850430 18:14:12.7  39.30 22.80 11.0 53  3.00e24 2,21
850523 16:02:22.7  36.60 22.22 39.0 4.7  8.70e23 21
850907 10:20:50.0  37.50 21.20 29.0 52 1.55e24 19,21
850927 16:39:43.0 3450 26.60 38.0 5.0  4.40e24 8,21
850928 14:50:16.6  41.59 22.22 20.0 47 89723 21
851109 23:30:42.3 4124 23.93 18.0 49  7.5523 21
851121 21:57:145 4170 19.30 8.0 53  5.55e24 19,21
860303 01:24:05.7 4195 20.27 23.0 4.8  3.23e23 21
860325 01:41:35.7  38.40 25.10 6.0 52  2.75e24 19,21
860329 18:36:38.3 38.37 25.17 14.0 53 1.25¢24 19
860522 19:52:19.5 3451 26.59 30.0 4.8  2.16e24 21
860608 04:55:01.6  36.07 21.51 29.0 46 59923 21
860913 17:24:350  37.10 22.20 8.0 55 8.16e24 6,21

16



235

Date (y/m/d)  Origintime Lat. (°N) Long.(°E} h(Km) Mp My (dyncm) Reference

861002 10:12:39.8 34.63 28.36 10.0 49  8.95e23 21
861011 09:00:12.3 3791 28.53 9.0 5.5  3.76e24 19,21
870227 23:34:53.8 38.42 20.36 13.0 54  4.36e24 19,21
870412 02:47:18.3 35.43 23.43 33.0 49  5.90e23 21
870610 14:50:11.2 37.17 21.39 27.0 50 1.25¢24 19,21
880109 01:02:47.3 41.16 19.68 30.0 5.1  6.9924 19,21
880424 20:49:35.1 40.90 28.11 19.0 5.1 1.04e24 21
880518 05:17:42.2 38.36 20.42 23.0 5.3 1.10e24 19,21
880905 20:03:23.8 34.51 26.65 12.0 47  8.83e23 21
881016 12:34:06.3 37.95 20.90 29.0 55 74724 21
881120 21:01:05.8 35.29 28.67 10.0 50 1.6le24 21
890224 00:40:349 3776 29.44 17.0 49  l.1le24 21
890317 05:42:51.8 34.64 25.59 17.0 49  4.06e24 21
890319 05:36:59.2 39.27 23.51 10.0 5.6 1.44e24 21
890328 13:29:11.2 34.06 24.68 33.0 49  2.16e24 21
890427 23:06:52.6 37.10 28.20 7.0 5.0  1.56e24 19,21
890428 13:30:19.8 37.06 28.01 10.0 5.1 1.74e24 19,21
890607 19:45:53.6  38.05 21.63 25.0 4.7  6.95¢23 21
890614 18:06:37.6  34.30 26.10 10.0 4.8  2.29¢24 21
890820 18:32:30.8 37.26 21.14 22.0 54 5.40e24 19,21
890824 02:13:14.2 37.94 20.14 16.0 52 7.70e23 19,21
890905 06:52:30.0  40.20 25.16 10.0 49  1.54e24 21
900616 02:16:20.0  39.18 20.54 7.0 5.5  2.50e24 19,21
900709 11:22:164 3490 26.60 9.0 5.0 1.14e24 19,21
900718 11:29:25.5 37.04 29.51 14.0 53  1.81e24 19,21
901221 06:57:43.0 4091 22.36 16.0 57  1.70e25 6,21
910319 12:09:23.4 34.80 26.30 12.0 53  25le24 19,21
910626 11:43:33.9 38.34 21.04 22.0 4.7  7.80e23 19,21
911018 14:04:54.1 35.76 28.64 33.0 4.8  4.49¢23 21
920123 04:24:18.7 38.40 20.57 9.0 5.0  2.96e24 19,21
920320 05:37:25.7 36.65 24.51 15.0 4.8  6.80e23 21
920430 11:44:400  35.10 26.60 7.0 56 54le24 19,21
920723 20:12:44.9 39.81 24.40 8.0 5.0 1.41e24 19,21
921106 20:06:02.3 38.02 26.97 6.0 56 1.09e25 19
921106 19:08:08.9  38.08 26.95 17.0 56  1.41e25 21
921118 21:10:42.8 38.34 22.44 7.4 53 6.30e24 21,23
930305 06:55:08.7 37.15 21.44 37.0 5.1 7.58e23 21
930326 11:58:18.4 37.66 21.30 15.0 50 1.61e24 21
930613 23:26:40.9 39.28 20.49 9.0 54  1.08e24 19,21
930714 12:31:49.2 38.17 21.77 19.0 5.1 2.52e24 19,21
931104 05:18:36.6  38.39 21.99 10.0 4.8  1.13e24 21
940111 07:22:51.8 35.83 21.83 14.0 54  1.6le24 19,21
940128 15:45:25.9 38.67 27.48 14.0 53 1.37e24 19,21
940225 02:30:49.5 38.76 20.56 9.0 53 1.76e24 19,21
940416 23:09:34.1 37.36 20.63 22.0 53 2.0924 19,21
940524 02:05:39.3 38.83 26.49 10.0 5.6  2.22e24 19,21
950404 17:10:09.8  40.62 23.68 7.0 4.1 6.14e22 24
950503 21:36:54.3 4058 23.68 13.0 43  1.30e23 24
950503 21:43:274 40,62 23.67 20.0 45  1.13e23 24
950504 00:34:10.7 40.54 23.63 12.0 50  6.80e23 19,24
950513 08:47:15.0  40.13 21.67 12.0 6.1 1.25¢26 19,21,24
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Date (y/m/d)  Origintime Lat. (°N) Long.(°E) h(Km) M Mp(dyncm) Reference

950508 05:11:09.1 38.32 22.14 21.0 40 3.51e22 24
950513 18:06:01.2  40.19 2173 11.0 4.5 1.78e23 24
950514 02:47:00.6  40.12 21.61 5.0 45  1.74e23 24
950514 05:59:17.0  40.08 21.58 5.0 43 1.86e23 24
950514 09:45:42.0  40.15 21.76 5.0 43 1.39e22 24
950514 21:31:13.1 40.06 21.70 5.0 43 1.38e22 24
950515 04:13:57.3 40.06 21.68 5.0 5.0  6.08e23 24
950516 23:00:41.9  40.03 21.63 5.0 43 1.27¢23 24
950516 23:57:28.6  40.09 21.70 5.0 46 58923 24
950517 04:14:26.3  40.07 21.69 5.0 5.1 8.65¢23 24
950519 06:48:50.4  40.10 21.62 5.0 48  3.63e23 24
950528 19:56:41.0  38.38 21.96 5.0 4.1 5.40e22 24
950530 12:06:42 40.05 21.64 4.0 4.1 1.28¢22 25
950530 14:30:02 39.97 21.55 6.2 40  1.22e22 25
950606 04:35:59 40.13 21.58 6.5 42 25922 25
950611 18:51:48.6 39.99 21.67 5.0 43 4.26e22 24,25
950615 00:15:49.1 38.36 22.23 7.2 56 50225 21,24
950615 00:30:52.9 38.33 21.93 5.0 52 8.40e23 24
950615 04:51:20.8 38.26 22.15 19.0 4.1  6.86e22 24
950619 03:54:00.3  40.07 21.89 5.0 44  1.43e23 24
950705 18:24:38.1 38.38 22.10 5.0 42  9.87e22 24
950710 18:12:39.0 38.40 22.08 17.0 4.0  1.94e22 24
950717 23:18:16.3  40.14 21.61 7.0 49  3.79e23 24
950718 07:42:55.0  40.14 21.63 5.0 4.3 7.18e22 24
950719 18:23:15.8  40.11 21.71 7.0 45  1.83e23 24
951210 03:27:49.6  34.76 23.99 24.0 4.8  7.40e23 19
960201 17:57:55.9 3770 19.78 5.0 52  3.05e24 19
960402 07:59:25.6  37.89 26.88 15 5.0  1.14e24 19
960726 18:55:50.4  40.05 20.68 1 49  6.14e23 19
970516 07:00:49.7  41.02 20.33 5 5.5 1.15e24 19
970727 10:07:52.3 35.28 21.00 40 52  1.0le24 19
971013 13:39:39.2 36.41 22.18 6 5.6  3.14e25 19
971105 12:22:584 3491 24.02 15 47  6.93e23 19
971105 21:10:28.3 38.34 2231 3 49  1.0%24 19
971114 21:38:52.7 38.80 25.87 25 5.4  4.04e24 19
971118 13:07:36.9 37.26 20.49 5 6.1  6.46e25 19
980110 19:21:54.3 37.12 20.73 5 52 1.03e24 19
980429 03:30:37.1 35.99 21.98 5 5.5 1.31e24 19
980501 04:00:08.1 37.20 20.43 5 48  5.07¢23 19
981006 12:27:43.3 37.19 21.13 5 52 7.79¢23 19
990907 11:56:50.5 38.15 23.62 30 54 92224 19

1. North (1977), 2. Taymaz et al. (1991), 3. Liotier (1989), 4. Papadimitriou (1988), 5. loannidou (1989),
6. Baker et al. (1997), 7. Anderson and Jackson (1987), 8. Taymaz et al. (1990), 9. Eyidogan and Jackson
(1985), 10. Jackson and McKenzie (1984), 11. Braunmiller and Nabelek (1996), 12. Papadimitriou (1993),
13. Taymaz and Price (1992), 14. Kiratzi (1991), 15. Kiratzi and Langston (1989), 16. Bezzeghoud (1987),
17. Kulhanek and Meyer (1983), 18. Barker and Langston (1981), 19. Louvari (2000), 20. Boore et al.
(1981), 21. CMT Harvard determinations, 22. Kiratzi et al. (1990), 23. Hatzfeld et al. (1996), 24. Chouliaras
and Stavrakakis (1997), 25. This study.
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