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Abstract. A regional telemetric network of twelve digital broad-band seismic stations has been in
full operation since the beginning of 1999, in Greece, operated by the Institute of Geodynamics of the
National Observatory of Athens (GI-NOA). On 7 September 1999, a M; = 5.4 main shock occurred
just 18 kilometers to the north of the Greek capital Athens, causing severe damage and loss of life.
The broad band network recorded the seismic sequence and the main shock and 18 aftershocks were
selected in order to determine their seismic source parameters and scaling relations by the spectral
analysis method.

The results indicate a main shock seismic moment My = 5.7 x 1024 dyn-cm in general agreement
with that reported by other agencies and two different source models were used to determine the
respective fault radii and displacements for comparison and evaluation purposes.

In addition, by investigating source parameters for the aftershocks, it was found that the seis-
mic moment correlates very well with the earthquake magnitude (M} ) and corner frequency (Fc)
through the following relationships: Log My = 1.80M + 15.19 and Log My = —3.17F¢ + 22.09,
respectively. These results and scaling relations are in general agreement with those obtained by
other studies and in view of the fact that digital seismic instrumentation is now expanding in Greece,
these first results from spectral analysis of digital broad band data can be considered useful for future
relevant investigations.

Key words: Athens earthquake, spectral analysis, source parameters.

1. Introduction

The Greek National Seismographic network operated and maintained by GI-NOA
is currently composed of 12 digital stations (Figure 1) and will in the near future
be expanded to 20. Each station is equipped with a three component Lennartz
LE-3d/20 second sensor, a Teledyne S-13 vertical component sensor, a Teledyne
DR-24 digitizer with a sampling rate of 50 Hz and a GPS receiver. The data from
the two horizontal broad band channels and the verical short period component are
transmitted to the main data aquisition center in Athens by leased line telemetry, at
a baud rate of 19200. The data aquisition system employs a newly developed soft-
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Figure 1. The digital broad-band network operated by GI-NOA.

ware configuration whereby an STA/LTA criterion is used to detect seismic events
and archive the recorded waveforms. At the same time, an auto-pick algorithm
provides a quick estimate of the epicenter and magnitude of a triggered event if the
STA/LTA criterion is fulfilled at more than three stations.

This broad band network is part of the ORFEUS European broad band network
configuration and in the near future the data will be available to the scientific
community via Internet using the well known AUTODRM procedure.

On 7 September 1999 at 11:38 G.M.T an earthquake sequence begun 18 kilo-
meters north of Athens with a magnitude M; = 3.2 event, followed by 2 other
smaller shocks at 11:40 and 11:43 G.M.T both with M; = 2.5. The main shock
of the sequence occurred a few minutes later at 11:56 G.M.T with a magnitude
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M; = 5.4 that devestated the city of Athens, causing extensive damage to the
buildings in the north and western parts of the city, with a human toll of roughly
100,000 homeless and 143 deaths. The mostly damaged area was located in the
northwestern suburbs of the city and in total 100 buildings collapsed and 13,000
were considered beyond repair. The horizontal peak ground acceleration values for
the main shock mainly ranged between 0.075 and 0.50 g with the value of 0.31 g
being indicated as the most representative by Papadopoulos et al. (2000).

Ambraseys (1994) after a thorough investigation concludes that “The histor-
ical seismicity record of Athens appears to have been almost free of destructive
earthquakes” and a map of the nearby historical events from that study is shown in
Figure 2. In addition to that, the recent seismic history of the area since 1900 as
revealed by the earthquakes catalogs of Makropoulos et al. (1989) from 1900-1963
and the earthquake catalog of NOA from 1964—-1999, as seen in Figure 3, does not
indicate any previous significant seismic activity in the specific area where the main
shock was located.

Immediately after the event, GI-NOA installed an array of 40 portable digital
and analog stations in the vicinity of the main shock in order to monitor the af-
tershock activity. The spatial distribution of epicenters as determined Stavrakakis
et al. (1999), can be seen in Figure 4a and one clearly sees a WNW-ESE trend in
the epicentral distribution, which is in good agreement with the determined fault
plane solutions by Louvari and Kiratzi (2000), Papadopoulos et al. (2000) and
Tselentis and Zahradnic (2000) and also with geologic and seismotectonic field in-
vestigations by Pavlides et al. (1999, 2000) which indicates that the seismogenetic
structure consists of a normal fault striking 110°~130°N and dipping 50°-80°SW.

The moment tensor solution for the main shock as determined by the U.S.G.S,
indicates a fault azimuth of 123°, a dip of 55°, a seismic moment of 7.8 x
10?* dyn cm with My, = 5.9, while the Harvard CMT solution gives approximately
similar results, with an azimuth of 114°, a dip of 47° and a seismic moment of 1.15
x 10% dyn cm with Mp = 5.8.

The results of the present study concerning the seismic moment and fault di-
mensions of the main shock and 18 of the largest aftershocks, are found to be in
good agreement with other relevant investigations and results.

2. Data and Analysis

The digital broad band data from the GI-NOA seismographic network were used
to determine the earthquake source parameters and scaling relations, of the main
shock and of 18 well recorded aftershocks, with magnitudes greater than M; = 3.5,
by the spectral analysis method.

The earthquakes used in this study are listed in Table 1, together with their
parameters as listed in the GI-NOA bulletins. The coordinates of the main shock
are the relocated ones as described in Papadopoulos et al. (2000) and focal mech-
anisms were determined in the same study for events 1, 7, 8, 10, 11, 14-19 on
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Figure 2. Historical seismicity near Athens (after Ambraseys (1994)).

Table 1 and are shown here in Figure 4b. Figure 5 shows an example of the seismic
recordings of the two horizontal components of the broad band sensors of an M}
= 4.4 aftershock as recorded by the GI-NOA broad band network (event No. 9
in Table 1). As one can see from the recordings of the stations PRK, VLS and
VAM there are short disruptions in the telemetry communication causing short data
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Figure 4a. Main shock and aftershock distribution of the Athens earthquake. Red and blue
stars indicate preliminary and relocated epicenter for the main shock. Numbers in brackets
indicate number of eartrhquakes for the specific magnitude range.
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Figure 4b. Focal mechanisms of the main shock and 38 aftershocks after Papadopoulos et al.
(2000).

disruptions and for this reason in our analysis we were very cautious to choose high
quality waveforms for the spectral analysis procedure.

Source parameter determination from spectral analysis of P or S wave data has
been the focus of many studies and good examples include the works of Keilis-
Borok (1959), Hanks and Wyss (1972), Thatcher and Hanks (1973) and for the
Greek area the recent work of Chouliaras and Stavrakakis (1997) summarises the
results.

The characteristics of the source for a seismic event are determined from the two
parameters of the S wave log-displacement spectra. These parameters are the long
period spectral level €2y, and the spectral corner frequency F¢ (Aki and Richards,
1980).

The analysis procedure used in this study employs the PITSA signal processing
toolbox (Scherbaum and Johnston, 1993) and it involves spectral analysis of selec-
ted time windows of the S-wave (depending on the S— P arrival time window of the
individual trace). In doing this we proceeded to rotate the E-W and N-S recordings
which were corrected for the appropriate instrument response, appropriately into
radial and tranverse components.

The discrete Fourier spectrum (DTF) is modelled by a Brune source spectrum
(Brune, 1970, 1971) and an attenuation operator using a Marquardt-Levenberg non
linear inversion technique (Press et al., 1988). As to the noise estimate required for
the Chi-square minimization, this is obtained from a single noise window prior to
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Table I. List of earthquakes used in this study together with their epicent-
ral coordinates (°N, °E), and local magnitudes (M}), from the GI-NOA
monthly bulletin.

Event Date Time (G.M.T) Lat. Long. My,
No. °N)  (°E)
1 7 September 1999 11 56 50.5 38.08 2358 54
2 7 September 1999 13 05 48.5 38.14 23.61 4.1
3 7 September 1999 1320 3.7 38.17 23.67 35
4 7 September 1999 1443 8.8 3821 2372 35
5 7 September 1999 15 3533.3 38.01 2348 39
6 7 September 1999 1542 52.3 38.07 2345 35
7 7 September 1999 17 19 21.1 38.17 23.61 3.8
8 7 September 1999 20 32 26.7 38.17 2355 4.1
9 7 September 1999 20 44 55.0 38.19 2372 44
10 8 September 1999 03 21 31.7 38.19 2371 37
11 8 September 1999 03 35 20.6 38.02 2355 37
12 8 September 1999 0537 8.6 3840 2323 35
13 8 September 1999 0823 8.5 3824 2347 3.6
14 8 September 1999 1255 0.4 38.19 23.64 4.0
15 8 September 1999 13 18 21.3 38.10 2373 37
16 8 September 1999 16 50 37.5 38.28 2381 3.6
17 8 September 1999 16 54 8.0 3822 2370 4.0
18 10 September 1999 14 49 56.7 38.14 2371 37
19 12 September 1999 06 17 41.8 3824 2375 37

the P-wave arrival, using the same window length and tapering parameters as for
the signal window.

The starting model parameters for the inversion are obtained interactively using
the spectral fitting tool of the PITSA program by Scherbaum and Johnson (1993).
Details of the fitting procedure can be found in Scherbaum (1990).

In this procedure, a whole path Q model with a constant Q = 200 was chosen
and 2y and F¢ were adjusted accordingly in the inversion procedure. The choice of
the Q value is based on the mean value found in the study of Hashida et al. (1988)
and which was also used in a similar study to this one, by Chouliaras and Stavraka-
kis (1997), in which the results were found to be in good agreement with the results
from macroseismic surveys in the epicentral regions of some large events (Kozani
and Aigio) as well as in this case for the Athens earthquake (Louvari and Kiratzi,
2000). As it was discussed in the study of Chouliaras and Stavrakakis (1997), there
is a tradeoff between Q and F¢ (high Q-low F¢, and vice versa), however there is
a less pronounced effect of the Q value on the determined seismic moment M.
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Figure 5. Recording of the two horizontal components (N, E) of an Mj = 4.4 aftershock
(event No. 9 in Table 1).

A general feature of all dislocation models is that the long period level €2
is proportional to the seismic moment M, and that the corner frequency FC is
inversely proportional to the source dimension, 7.

Following Keilis-Borok (1959):

(4mpViQoR)
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Figure 6a. Recording of the radial component of the rotated E-W and N-S recordings of a
ML=3.5 aftershock at the ITM station (event No. 6 in Table 1 and its respective S-wave FFT
spectrum.

where p = 2.64 g/cm? is the density of the medium, R is the hypocentral distance
between the source and the receiver, Vg = 3.3 km/sec is the S-wave velocity, k
is the free surface operator = 2 and Rqqe = 0.63 is the average radiation pattern
coefficient. Logarithmic weighted averages over all records have been computed
(Archuletta et al., 1982) to obtain mean low frequency spectral levels and seismic
moments.

The main shock source radius has been computed using the corner frequency FC
obtained from the spectral fitting method, also by weighted logarithmic averages
(Archuletta et al., 1982) based on the models of Brune (1970, 1971) and Madariaga
(1976):

0.37Vs

C

2

Brune model rp =

0.21Vy

o 3)

Madariaga model ry; =
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Figure 6b. Spectral fitting result of the radial component from the event shown in Figure 6a.
The noise window is trace 1, FFT spectra of the S-wave and it’s fitted curve are traces 2 and
3, respectively and the spectral fitting result is trace 4.
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Table I1. List of the spectral analysis results that concern seismic moment (Mp, in
dyn cm), corner frequency (F¢, in Hz), fault radii (rg, 37, in Km), stress drops (Aop,
Aoy, in bars) and displacement (Up, Uy, in cm). Subscripts B and M refer to the
Brune and the Madariaga models, respectively.

Mp My Fc rp ™ Aop Aoy Up Upy
(dyncm) (Hz) (km) (km) (bars) (bars) (cm) (cm)

1 54 566E+24 0.13 939 533 3.01 1644 6.81 21.14
2 41 433E+22 085 144 082 643 35.16 223 6.92
3 35 147E+21 153 080 045 127 6.96 0.25 0.76
4 35 129E+21 1.80 0.68 039 1.82 9.95 0.30 0.92
5 39 1.88E+22 120 1.02 058 7.85 4295 1.93 5.98
6 35 138E+21 1.67 073 041 1.55 850 0.27 0.85
7 38 1.08E+22 090 136 0.77 1.90 1041  0.62 1.93
8 41 451E+22 075 1.63 092 4.60 25.15 1.81 5.61
9 44 597E+22 063 194 1.10 3.61 19.74  1.69 5.24
10 3.7 6.79E+21 095 129 073 141 7.70  0.44 1.35
11 37 1.89E+22 0.85 144 082 281 15.35  0.97 3.02
12 35 140E+21 163 075 043 147 8.02 0.26 0.82
13 3.6 574E+21 181 0.67 038 823 45.00 1.34 4.16
14 4.0 458E+22 0.78 157 089 525 28.73 198 6.16
15 3.7 287E+22 0.87 140 0.80 4.57 2499 155 4.80
16 3.6 321E+21 155 079 045 2.89 15.80  0.55 1.70
17 40 470E+22 0.82 149 085 6.26 3426 225 6.99
18 3.7 1.55E+22 0.86 142 0.81 2.38 13.03 0.82 2.53
19 3.7 6.33E+21 092 133 075 1.19 6.52 0.38 1.18

Stress drop (Ao) and average displacement on the fault plane ({u)) has been com-
puted from the mean values of seismic moments and source radii of the § wave
spectra according to: (Keilis-Borok, 1959; Brune, 1968).

0.44M,
°= @
My
(u) = m, )

where 11 = 3 x 10'© N m~2 is the shear modulus.

3. Results and Discussion

Figure 6a shows an example of the rotated radial component component of the 20
sec sensor for a M; = 3.5 aftershock (event 6 in Table 1) that occurred a few hours
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after the main shock, recorded by the ITM seismic station, together with the FFT
displacement spectrum of the S wave, whereby one is called upon to use an eyeball
method to determine the long period level(€2¢) and the corner frequency(F¢).

For comparison purposes, Figure 6b shows the displacement spectrum of the
same radial component and the spectral fitting inversion technique which gives an
unbiased estimate of the corner frequency (F¢) and the long period level (£2p).

Table 2 lists the results from the spectral fitting inversion method that concern
the determination of seismic moment and corner frequency, as well as stress drop
and displacement using the models of Brune and Madariaga, for the main shock
and the 18 largest aftershocks. In comparing the results for the M; = 5.4 main
shock to other independant results and observations we note the following:

(i) The determined seismic moment of 5.66 x 10?4 dyn-cm is comparable to those
published by other agencies (Harvard USGS, as well as to the recent results of
Louvari and Kiratzi (2000).

(i1) The determined fault radius according to Brune’s model is g = 9.39 km. This
is a reasonable result when compared to the aftershock distribution and to mac-
roseismic evidence (Papadopoulos et al., 2000; Tselentis and Zahradnik, 2000;
Pavlides, 1999, 2000) while Madariaga’s model with ry; = 5.33 km seems to
give lower bounds for the source size.

(iii) The low stress drop of the main shock may be another characteristic of
earthquakes in Greece that were identified as complex multiple events by Stav-
rakakis et al. (1986, 1987) and Chouliaras and Stavrakakis (1997) and for the
Athens earthquake by Tselentis and Zahradnik (2000).
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(iv) The determined displacement according to the Brune model is U, = 6.81 cm,
and this is close to the empirical relations of Papazachos (1994) and other field
observations (Pavlides, 1999, 2000), while Madariaga’s model appears to give
upper bounds for the displacement of this particular event.

The results of this study, concerning scaling relations between seismic moment

and the corner frequency and seismic moment and local magnitude are shown in

Figures 7 and 8, respectively. The determined relations are:

Log My = —3.17 Log F¢ +22.09 (6)
and
Log My = 1.80M + 15.2. (7

When comparing the two relations of this study with those from previous investig-
ations, as summarised in Chouliaras and Stavrakakis (1997), we see that they are in
good agreement. The present results, even though from a limited data sample give
reasonable source parameters for the investigated events and this is promising for
relevant studies that concern Greece.
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