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ABSTRACT

In the present study source parameters and their scaling
relationships are estimated and compared from earthquakes of two
areas 1n Central Greece, the Northern Sporades and the
Pagassitikos gqulf. The events, divided into two groups, were
recorded by the digital 1local network VOLNET, and had small
magnitudes, the second group comprising of aftershocks of the
M=5.7 April 30, 1985 main shock. The assessed values of source
parameters (seismic moment, source radius, stress drop and fault
slip) and the local magnitudes were compared for the two data
sets. The analysis showed that the use of seismic moment in
relationships with the other source parameters has a better
correlation than the magnitude. The relationship between seismic
moment and magnitude for the small Pagassitikos aftershocks was
found to be in good agreement with the assessed relationship for
large earthquakes. The values of stress drop and fault slip were
generally low, especially for the aftershocks, when compared to
those of the same magnitude for the N.Sporades events. It is
concluded that, if the source parameters of small earthquakes of
a broader area are determined after a careful delineation of the
seismic zones in a small scale, they are able to provide valuable
information concerning the seismotectonic regime of the area and
the behaviour of the fault zones in future large earthguakes.

SAXMATIKH ANAAYZH ZEIZIMON THEX KENTPIKHE EAAAAAY I'IA TON
NMPOZATOPIZMO TON IMAPAMETPON THYX ZEXZMIKHEZ IHTHZE
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OEPIAMHVYH

ZTn HeEAETn auTtrh uToAoy(JoVvTIalL Ol PACHATLHEG TMAPAPETPOL TNG
ceLopLnAg TNYHNg nat oL Ox€0elg HETALU TOUG, MAL OLYMPILvVOVTAL
ceLopol Twv B.Imopddwv uar Touv MNayaontixod udéimou. OL oeLopol
nataypdpnuav and to Ttomiud dintvo VOLNET, el{xav HLMpd PHeYEBN nal
xwp loTnuav ce 80o opddeg, avdioya He Tn B£€on TOU EMLHEVIPOU TOULG.
0L oeiLcpoil 1Tng deltepng opdadag nTav HETAoELOUOl TOU MUPLOL
ogLopoV tng 30 AmpiLiiov 1985 (M=5.7). Ol @aopaTI(HEG TAPEAUETEOL
TOU LMOAOYLOTNUAV (CELOULMUN POTH, MTWON TAONG, aMTiva MNYHAS ML
oAi{olnon tou prhyYpatog}) cvYHPlBnuav HeTAEld TOVG MAL HE TO TOTMLHUS

248

WYnoeiakA BiBAI0BAKN OgdppaoTos - TuAua MewAoyiag. A.lM.O.



HEvyeBog. ATS Tnv avdivon Tpogxvps STL n XPHAON TNg CelLauLxrAG POTAG
OTLG OX€deig We TLG UMSAOLTEG TOpapETpousg Oivel nardtepn
guvoxétion and to pEyebog. H ox€on ocsLopinig pomnAg uat peyebBovg
YLO TOUG HETHOELOWOUS HLupol HevéBouvg otov MayaanTtixd ocLHewvEL
HE Tn ox€on yLa peydiouvg oslopodg Tou €xet BN Ppedei. OL TLpEg
Tneg Trong Tdong xnat oilofnong fArav yeviud puupég, LOIlwg aurdg
TWV MHETATELOHWY, J&tav auyxpibnuav pe TLg avrtiotorxeg (diLov
peYEOOLG oCelLoudv  Twv B.Zmopddwv. Zuumepaivetar STt v ot
PACHATLHMEG TAPEUETPOL HLMPWY OCELOHWYV Hiag eLPUTEPNG TEPLOXNAS
TMPocdLopLloTodv HeTd OMS TMPOTERTIHS XWPLOHS Twv gt LapLudv Jwvwv
oe punpr ®A(Hoanra, pTopoUv va ddocouv MOAUTLHEG TANpogopleg yvia To
OELOHOTENTOVIHS HABECTWG TNG MEPLOXNAG MAL YLA TN CLUUTEPLPOPA TWV
pnZtyevwv Cwvwv oe HEAAOVTLHOVG HEYAAOUG CELOHOUG.

INTRODUCTION

It is well known that in a tectonic regime the strain energy
release that causes shallow seismicity is associated with
movement along faults. The ‘size’ of these earthquakes is
therefore controlled by the effective stress on the fault, the
strength of the fault material and the dimensions of the
dislocation producing the event. All the aforementioned can be
assessed by spectral analysis of the records, from which the key
parameters constant spectral amplitude, @, and corner fregquency,
f., can be obtained. The constant spectral amplitude is obtained
from the displacement spectrum which, when plotted on a log-log
plot, corresponds to lower frequencies and decays linearly with
log frequency at higher frequencies, whilst f, is defined by the
intersection of the low period spectral level and the high
frequency asymptote. The values of @, and f, are used as input
for the estimation of the source parameters, i.e. the seismic
moment, My, the source radius, r, the stress drop, Ao, and the
fault slip, s, through worldwide accepted formulas.

The seismic moment, associated to long period spectral
level, is widely used to measure the ‘size’ of an earthquake, and
has helped to improve understanding the contribution of
earthquakes to the tectonic slip. Although in the beginning Aki
(1966), used surface waves to determine this parameter, much
emphasis has since been placed on the easier-to-handle body waves
(e.g. Brune, 1970), and the trend continued with the stress drop
measurement of minor earthquakes. The latter method is followed
in the present study. The source radius 1is estimated from f_,
whereas the stress drop produced by the event and the mean slip
of the fault are determined from the assessed values of M, and r.

The present study, aiming at a more detailed description of
the seismotectonic regime in the area of Northern Sporades -
Volos - Almiros {(Central CGreece) seismic zone by determining the
above mentioned source parameters, is motivated by the existence
of high quality digital data recorded by the seismic network,
VOLNET, during January 1983 - April 1985.

The above area 1is characterized by high seismicity and
shallow earthquakes (figure 1). In the 20th century three major
earthquakes with magnitudes over 6.4 (1954, 1957, 1980) occurred
in the area, and caused major damage and death toll.
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Seismotectonic studies suggest that the predominant stress field
in the area is extensional in the direction N-S, with normal
faults (Drakopoulos and Delibasis, 1982). More specifically,
north of Almiros basin lies a highly faulted zone with main
direction ENE, and 50 km length (Papazachos et al., 1983). It is
believed that the Nea Ankhialos fault that was activated and
caused the 1980 earthquake (M=6.4) belongs to the same zone.
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Fig.l. Map of epicentres for earthquakes with M >4.0 of the
studied area during the period 1900-1987 (Ma}ropoulos et
al., 1989).

Thus, as seen below, spectral analysis is performed to the
records from earthquakes in the above mentioned area and the
source parameters are determined in an attempt to contribute
towards a better understanding of the general pattern of the
area’'s stress regime. Furthermore, relationships among them are
established and their significance is discussed.

DATA
The data used in this study were obtained from the regional
seismic network, the so-called VOLos NETwork (VOLNET), the
configuration of which is shown in figure 2, and cover the period

January 1983 - April 1985. This network was installed by the
University of Athens and the British Geological Survey in 1982.
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It includes one central 3-component station in northern Evia,
VSI, and 8 satellite stations, covering the Volos - Almiros -
Atalanti area, radio-linked to the central station, and equipped
with Willmore MKIII 1.5 sec period and 0.7 damping selsmometers.
The seismic channels and radic time are recorded analogue on
magnetic tape at the central station VSI. For data reduction, the
tapes are digitized for a time window around events at 50 samples
per second, which limits the range of frequencies sampled
faithfully to 0-25 Hz. This sampling frequency is quite adequate,
since the 24 db/oct low pass filter of the seismometers has a
corner frequency at 16 Hz.
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Fig.2. The seismological stations of VOLNET and the epiceutral
distribution of the sample earthguakes.

P- and S-waves arrivals are measured to locate the events
using the program HYPO71 (Lee and Lahr, 1975), and the
velocity-depth model used follows Makris’ results from seismic
refraction surveys in Evia (Makris, 1977). Magnitudes analogous
to M, are determined by converting the ground velocity to
displacement on an eguivalent Wood-Anderson response (Lee and
Lahr, 1975) and then following the procedure laid down by Richter
(1958). The whole procedure is described in the VOLNET bulletins.

The events recorded during the period January 1983 - April
1985 were mostly shallow, with small magnitudes. In the area of
Pagassitikos gulf two clusters are clearly defined, i.e. the
western cluster, which is near the coast and Almiros town, and
the eastern cluster, where the 1980 earthquake was located. Both
clusters are characterized by shallow earthquakes (around 10 km
depth). As far as the Northern Sporades seismicity is concerned,
it is characterized by spatial dispersion.
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In April 30 1985, VOLNET recorded a shallow (39.24°N,
22.82°E, depth of focus 14.9 km, M =5.7) earthquake, with a small
number of foreshocks and hundreds ‘of aftershocks. The sufficient
azimuthal coverage of the network with regard to the epicentral
area allowed the location parameters of the sequence to be
accurately determined, with the epicentres of the aftershocks
concentrated in the western cluster, near the town of Almiros.

The earthquakes studied here are separated into two groups,
the first containing N.Sporades earthquakes and the second
aftershocks of the 1985 earthquake. The selection criteria are
the following:

I. First group

* epicentral locations in the vicinity of VOLNET
¥ excellent recording quality

¥ recorded by more than five stations

¥ low RMS values

II. Second group

* excellent recording quality

*

recorded by at least three stations (including the central
3-component station)
g low RMS values

The final data sets for further spectral analysis processing
and source parameters relationships contain 67 and 117 events for
the two groups respectively. For many of the N.Sporades events
the spectral analysis was performed by Condon {1985). The events
of this group, located at the NE side of the network, had
epicentral error values between 1.2-19.5 km.

METHODOLOGY AND ANALYSIS

The determination of the source parameters presumes a
theoretical model of fault rupture, which will produce
relationships between source parameters and spectra. The most
applicable models are those of Brune (1970, 1971} and Madariaga
(1976). The former assumes a constant stress at any point
immediately, before and after the rupture. The latter considers
that the effective stress (i.e. the difference between tectonic
and frictional stress) on the fault at any time depends on the
preceding movement on the fault. Both models provide a
quantitative link between the fault and the seismic record and
an indication of the physical processes occuring within a
tectonic region.

Since P-wave analysis was carried out in this study,
Madariaga’s dynamic model of source dislocation was used for the
inversion of seismic spectra to produce source parameters. This
model considers particle velocity and stress separately from the
slip wvelocity on the fault. By making the rfar field
approximation’ i.e. the epicentral distance R>>r, the source
radius, the following relationships between the spectral
parameters (Q fc} and various source parameters (My,r,D0,s) can
be deduced:
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The seismic moment, M, calculated for each value of the low
period spectral level, is obtained by the formula (1) and assumes
that small earthquakes can be approximated by circular faults of
radius r. The events of this study were found close to the VOLNET
stations, and therefore no correction was thcught necessary for
anelastic attenuation. In this formula, since all the events are
shallow, p, i1.e. the crustal density, is taken egual to 2.7
gr/em’, a the specific value of the P-wave velocity for each
VOLNET station and for each event is assigned according to the
event’s focal depth and P-wave travel time (from Makris, 1977),
R is the hypocentral distance and R, is the correction for the
radiation pattern, which was taken here to be cylindrical, with
an average value of 0.6.

Since the errors associated with the interpretation of Q
and f. on a log-log plot are lognormally distributed, for
earthguakes with more than one interpreted values of the low
period spectral level the seismic moment 1is taken as the
logarithmic mean.

The source radius, r, is calculated directly from the P-wave
corner frequency f,, from equation (2) for P-waves, which assumes
a rupture velocity 0.9 for propagation of the crack tip, where
B=2/3a. Similar to the seismic moment, the mean source radius is
taken as the logarithmic mean.

The mean stress drop, Ao, is calculated from the logarithmic
means of seismic moment and source radius by the formula (3) and
the average displacement, s, of the fault, is taken from equation
(4), where the rigidity modulus of the fault material p=3*1010
Nm?. Errors are again carried forward by the uncertainty in
moment and radius, similar to erzors in stress drop.

The step-by-step procedure followed can be described as:

# Collect all the digital data for analysis.

3 Locate the events (HYPO71) and select those for spectral
analysis according to the selection scrutiny already
described. )

* Compute the 75% of the P-wave train to define the two time
windows at each station (figure 3a), long enough for the
FFT to adequately define the amplitude of all frequencies
in the spectrum, but without contaminating it by S-wave
arrivals. The position and length of the windows were
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obtained using a series of relevant programs provided by
the british Geological Survey (BGS). The window length was
identical before and after the P-arrival. The first window
was used to analyse the present noise levels and remove
this effect from the spectrum obtained from the second
window. Their length was chosen as 75% of the difference
between the observed P-arrival time and the theoretical (if
there 1is no observed value) S-wave arrival time from
Makris’ (1977) crustal model, as suggested by Main (1985),
using the distance of each VOLNET station from the
epicentre, so as to avoid any possible early S-wave energqgy.
Obtain an FFT of the digital velocity seismogram record at
each station for the signal and noise.

Correct to displacement spectrum via the instrument
response correction.
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Frequency - Hz

Fig.3. An example of spectral analysis of an earthquake: a.

original digital wvelocity seismogram containing the
preevent noise and the P-wave train and indicating the 75%
window of noise and P-wave train b. log-log displacement
spectrum of corrected seismogram (after noise correction
and smoothing), indicating the spectral level estimation
(y-axis, in 107 m*sec) and the corner frequency (x-axis, in
Hz) (after Burton et al., 1991).

Remove noise from signal and smooth to obtain a final
spectrum. This procedure greatly assists the eye fit of two
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straight lines for the ; and f. measurement (figure 3b).

¥* Copy the event’s magnltude, Eocal depth, and for each
VOLNET station the hypocentral distance, R, and travel
time, t.

* Fit by eye a theoretical Q, to the Fourier Transform of the

displacement spectrum an£ an f, at the point where the

spectral density begins to decline (figure 3b).

* Discard the events for which measurements of 9, and f. were
impossible and list the remaining, from which the Source
parameters will be determined (54 and 102 events, tables 1
and 2 for each group of earthquakes respectively and figure
2).

* Convert to source parameters using the equations (1)-(4)}
(tables 1 and 2 for each group respectively, table 2
containing the events with ML>1.7).

The average reading errors in @, and f, (figure 4d) were
approximately #*40% and #25% respectively (e.g. fig. 3). The
calculation of seismic moment and source radius taking the
logarithmic mean of their values from all stations, decreased the
additional random uncertainties that would arise for these
parameters from equations (1) and (2), and led to standard
deviations of the order of about 10% of the log-value of the
parameters. Additional errors due to the crustal density value
used and to the uncertainties in focal depth, velocity model and
radiation pattern assumption should also be taken into
consideration. Consequently these errors influence the obtained
values of stress drop and fault slip. Of course the source
parameters are highly model dependent, and this could also effect
how the errors are quantified.

In order to determine the relationship between seismic
moment, source radius, etc. and local magnitude, the wvarious
parameters were plotted on log-log scale (figures 4-9).

RESULTS AND DISCUSSION

The earthquakes analysed in the present study are all small
events, with local magnitudes ranging between 1.7-3.7 and 1.1-2.9
for the two examined groups, respectively. Previous studies on
source parameters determination and moment-magnitude
relationships carried out for Greek earthquakes (e.g. Kiratzi et
al., 1985, Main, 1985, Tselentis et al., 1988) mainly involve
major earthquakes, but it would be unwise to apply such
relationships to earthquakes of smaller magnitudes. Therefore the
only way to estimate the source parameters of small earthquakes
is through spectral analysis. However, an investigation of the
scaling properties between the smaller and the larger events
would prove fruitful since, if some properties of the numerous,
more frequent small events prove to be related to those of the
rare larger events, then this has profound implications for the
estimation of the seismogenic slip rate and the seismic hazard
of an area.

Por the 1983-1984 N.Sporades earthquakes the obtained values
of <Q;,f.> do not show any large or systematic differences at
each sta ion, at least within the error limits. Similar results
were obtained by Condon (1985). On the contrary, for the 1985
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aftershocks, significant differences for the same event at each
VOLNET station were found. Since the aftershocks are all
concentrated in a more or less limited epicentral area, these
differences may be attributed to the different attenuation of the
media through which the seismic waves travel from the foci to the
azimuthally surrounding stations, which may cause damping of
higher frequencies (ray path attenuation). They may also be due
to the preference of surface geological conditions of the
recording station to a specific frequency band, which can cause
site amplification (site effect).

Table 1. List of 1983-1984 N.Sporades events for which spectral
analysis was performed and obtained values of source
parameters (MAG: local magnitude, M, in 102 Nm, r in m, Do
in bars, s in mm}.

g
Q
=

N DATE ORIGIN LAT N LONG E DEPTH o] r AC s
183 113 J 6 8.1) 38-16.60 22-53.10 14.26 3.0 9.6 244.5 1.0 0.86
2 83 114 224 33.06 39-11.05 24-26.17 5.00 3.2 22.6 270.6 5.0 J.28
383 21 15 9 47.63 38-36.10 23-33.16 14.09% 2.7 4.4 261.3 1.1 0.68
4 83 227 146 21.12 39-01.77 24-57.06 0.94 3.2 4.2 209.7 2.0 1.02
5 83 227 352 23.50 39-29.82 23-26.91 11.14 3.1 76.2 455.4 3.3 3.90
6 82 319 1012 57.30 39-04.94 23-14.03 16,97 1.9 9.3 282.5 1.8 1.24
7 83 325 3 0 16.05 38~47.66 23-27.87 14,43 2.1 5.8 180.1 4.4 1.90
8 81 48 133 34.86 138-26.91 23-43.01 11.16 2.5 27-.4 411.7 1.7 1.72
9 81 411 236 39.88 139-38.17 24-43.45 0.64 1.2 8.6 16%2.0 7.8 3.21
10 83 417 526 19.65 38-36.61 24-33.72 5.00 2.7 3.3 226.5 1.2 0.68
11 83 419 2139 52.57 39-29.88 24-39.08 1.231 1.5 30.8 229.1 11.2 6.22
12 83 524 1740 25.25 38-41.55 24-29.13 5.00 3.5 29.6 463.7 1.2 1.46
13 83 618 2324 55.80 138-05.63 23-08.24 3.62 2.5 3.6 293.1 0.6 0.44
14 83 7 5 2343 16.18 19-50,95 24-21.53 3.80 3.3 17.9 284.2 3.4 2.135
15 83 710 1255 14.56 19-10.32 24-15.13 5.00 2.6 21.6 242.0 6.7 3.92
16 83 8 6 1937 49.84 39-42.02 24-22.63 6.29 2.3 63.3 259.6 15.8 9.96
17 83 8 6 20 6 136.91 239-35.68 24-57.14 5.00 2.5 67.9 431.8 i K 4 3.86
18 83 8 6 2121 8.66 139-48.99 24-~34.64 1.88 3.4 33.8 235.4 11.2 6.47
19 81 8 7 3 1 54.94 39-41.31 24-37.74 0.62 3.0 15.7 213.6 7.0 1.64
20 83 8 7 1421 11.80 139-45.78 24-28.52 0.55 2.8 9.1 237.8 2-9 1.70
21 83 8 7 1831 26.40 139-124.82 24-41.60 0.30 3.2 2.6 167.6 2.5 1.00
22 83 8 8 1849 25.89 39-50.65 24-26.78 0.57 1.2 8.6 166.8 8.1 3.26
23 81 817 138 44.65 39-24.01 24-03.10 11.34 3.7 7.1 299.2 1.2 0.84
24 83 817 936 31.47 39-22.67 21-49.29 6.93 2.4 2.1 126.2 4.6 1.41
25 83 822 6 1 46.29 19-51.16 24-19.37 7.45 1.1 28.7 286.9 5.3 3.70
26 83 824 1142 1.06 39-37.89 23~56.13 9.66 2.6 3.0 240.2 1.0 0.56
27 83 827 2249 7.84 139-49.73 24-17.16 7.87 3.3 55.7 265.7 13.0 8.37
28 8310 7 225 51.93 39-50.12 24-14.74 5.00 3.3 110.3 286.6 20.5 14.25
29 811010 15 4 40.02 38-22.44 24-44.84 0.99 2.6 6.2 240.6 1.9 1.13
30 831013 755 21.59 39-44.97 24-12.49 9.85 2.9 22.5 251.0 6.2 3.79
31 831029 17 0 48.23 39-130.48 24-17.79 1.96 2.9 41.2 270.1 9.1 5.99
32 8312 8 1347 7.60 39-12.25 23-45.19 0,312 2.3 2.7 130.9 5.3 1.69
33 84 1 6 1138 41.32 139-00.33 24-56.01 0.57 3.2 249 A71-2 2.5 1.04
34 84 2 5 2311 16.57 39-51.45 24-16.01 5.00 2.1 81.5 306.7 12.4 9.19
35 84 3 3 1729 50.01 39-10.92 23-51.62 0.88 1.7 1.7 122.1 4.2 1.2
16 84 314 3 8 37.76 39-48.54 24-27.96 2.62 2.6 4.7 263.8 1.1 0.72
37 84 4 2 830 1.47 39-09.37 24-18.19 2.15 2.1 12.9 157.0 14.6 5.55
38 84 421 2358 16.60 40-01.54 24-22.84 0.24 3.0 5.1 187.1 3.4 1.53
39 84 5 2 1649 49.05 38-45.68 24-52.89 0.87 2.8 2.0 126.2 4.4 1.34
40 84 S5 7 2053 57.10 39-04.11 24-26.48 5,79 2.3 5.1 178.6 3.9 1.69
41 84 531 721 38.99 139-07.65 24-29.36 5.00 3.0 6.6 201.1 3.6 1.74
42 84 & 6 120 10.31 38-44.04 24-44.99 0.87 2.9 1.8 152.6 2.2 0.82
43 84 6 6 1752 6.15 40~00.69 24-28.03 0.20 3.1 5.3 216.5 2.3 1.21
44 84 710 1918 4.99 139-10.76 24-30.24 5.00 2.6 2.4 147.6 3.3 117
45 84 715 1038 49.52 38-17.03 24-35.45 0.92 2.8 2.5 160.7 26 1.02
46 84 725 2344 7.62 138-~37.71 24-38.94 0.10 2.8 3.6 264.9 0.9 0.55
47 84 815 541 6.71 139-34.10 23-29.08 13.39 2.6 10.1 292.5 1.8 1.25
48 84 831 17 5 132.91 39-03.26 24-17.55 6.54 2.9 72.0 294.5 12.3 8.80
49 84 9 6 052 17.37 38-42.07 24-59.65 0.83 3.1 4.3 187.9 2.8 1.28
50 84 919 22 9 31.98 139-18.93 23-53.19 14.37 2.7 1.3 159.0 1.4 0.35
51 84 920 19 4 27.76 39-16.81 24-15.68 11.10 2.9 5.3 162.0 .5 2.14
52 841120 855 33.04 38~41.45 24-51.39 4.9%90 2.8 10.5 203.9 5.4 2.69
53 8412 1 1818 46.43 19-30.31 23-42.81 0.16 3.1 1.5 146.8 2.1 0.75
54 841223 2238 57.18 38-43.35 24-53.31 1.19 3.4 16.8 309.7 5.4 4.07

The seismic moment values determined in the present study
range between 0.1-11*10" Nm and 0.1-23.4*%10!2 Nm for the two data
sets respectively (tables 1 and 2). The fault radii ranged
between 110-550 m for both data sets, but their average value was
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larger for the N.Sporades events. Conseguently the stress drop
and fault slip values calculated for the first data set were
significantly larger than the values of the second. The observed
differences can be explained by the fact that the first data set
generally contains larger magnitude earthquakes.

Table 2. List of 1985 Pagassitikos aftershocks with ML>1.7, for
which spectral analysis was performed and obtained values
of source parameters (MAG: local magnitude, M, in 10'? Nm,
r in m, Ao in bars, s in mm).

N DATE OR1GIN LAT N LONG E DEPTH MAG Mo r Ag s
2 85 430 1924 10.18 39-17.21 22-49.91 25.63 1.8 1.2 152.4 1.5 0.57
5 85 430 1944 351.84 29-08.55 22-39.06 5.00 1.7 0.5 173.2 0.4 0.29
6 85 430 20 O 13.89 39-15.41 22-50.69 13.56 2.5 9.3 237.3 3.0 1.72
7 85 430 20 2 15,46 39-15.18 22-49.48 13.61 2.3 3.7 188.0 2.4 1.16
8 85 430 20 7 56.50 19-11.34 22-47.38 9.88 2.0 1.1 252.5 0.3 0.20
9 85 430 2013 50.59 19-11.60 22-41,71 13.76 1.7 1.7 1%81.6 1.0 0.34
10 85 430 2020 34.06 15-14.40 22~49.51 19.04 1.7 0.7 168.7 0.6 0.38
13 85 430 2047 24.83 39-15.45 22-51.29 9.09 2.3 1.6 169.4 1.4 0.862
14 85 430 2056 29.79 39-14.14 22-49.71 9.96 2.4 4.2 136.1 0.5 0.41
15 85 430 21 5 13.01 39-12.72 22-45.81 15.82 2.2 2.3 189.8 1.5 0.75
17 85 430 2119 28.3) 19~15.06 22-17.76 5.00 1.9 1.1 137.8 1.8 0.63
18 85 430 2146 15.76 39-12.90 22-16.32 9.50 2.2 1.7 181.7 1.2 0.53
21 85 430 22 7 34.71 39-16.88 22-52.65 8.86 2.5 6.3 188.4 4.1 1.90
22 85 430 2220 20.69 39-13.91 22-50.56 12.38 1.9 2.5 192.1 1.5 0.76
25 85 430 2252 43.80 19-14.77 22-47.07 18.64 2.4 2.3 159.9 2.5 0.94
26 85 430 2355 18.62 39-13.68 22-50.07 9.82 1.9 0.4 158.1 0.4 0.21
27 85 5 1 055 14.15 39-13.91 22-50.27 9.09 2.1 3.4 216.9 1.5 0.89
32 85 5 1 244 18.95 39-14.64 22-51,.50 12.95 2.0 1.3 183.0 0.9 0.45
33 855 1 3 7 15.21 39-11.3S 22-47.13 15.62 2.1 6.0 190.3 3.8 1.82
35 8551 43) 43.59 39-12.61 22-46.21 9.08 2.2 1.2 207.5 0.6 0.30
38 85 51 S 2 29.82 3%-18.05 22-53.15 18.05 2.5 7.3 266.1 1.7 1.11
19 85 5 1 518 15.5) 39-13.34 22-51.26 9.65 2.7 15.3 375.3 1.3 0.45
40 85 5 1 633 17.65 39~12.96 22-48.53 7.93 2.0 1.2 171.7 1.0 0.48
41 85 5 1 714 52.00 39-14.02 22-50.232 14.12 2.3 3.2 207.7 1.6 0.86
42 85 51 738 11.71 19-14.63 22~39.92 12.29 1.9 1.7 3J01.8 0.3 0.29
44 85 5 1 751 40.08 39-16.56 22-53.15 10.71 2.3 2.1 192.5 1.3 0.64
45 85 5 1 8 2 9.38 39-14.52 22-50.09 9.07 1.8 2.0 205.4 1.0 0.50
46 85 5 1 8 5 8.31 39-14.50 22-49.77 17.38 1.7 1.3 144.4 1.9 0.79
47 85 5 1 810 39.82 15-15.19 22-48.40 12.86 2.1 23.4 412.0 1.5 0.13
48 85 5 1 820 17.07 39-15.33 22-50.44 18.08 1.9 1.2 206.6 0.6 0.36
49 85 5 1 B29 26.84 29-13.07 22-47.36 11.64 2.3 3.7 242.0 1.1 0.77
50 85 5 1 834 50.36 39-14.70 22-50.55 14.23 2.5 7.7 249.3 2.2 1.3l
53 85 5 1 1146 24.70 19-14.75 22-50,93 9,92 1.7 1.1 156.5 1.2 0.59
55 85 5 1 1333 32.64 19~16.05 22~51.07 7.78 2.9 17.4 444.6 0.9 0.95
56 85 5 1 1359 39.43 39-15.92 22-47.01 19.62 1.7 1.0 227.0 0.4 0.2)
57 85 5 1 1432 2.95 39-15.38 22-53.15 10.0% 2.2 5.) 282.0 1.0 0.76
58 85 5 1 1442 13.30 39-16.11 22-50.15 15.96 2.7 8.5 186.4 5.7 2.69
60 85 5 1 15 7 54.79 39-13.13 22-47.47 6.32 2.2 2.0 183.4 1.4 0.61
61 85 5 1 1514 14.44 39-13.86 22-47.86 8,37 2.5 6.7 270.3 1.5 1.00
65 85 51 1815 16.19 39-13.01 22-46.34 18.55 1.7 1.4 223.2 0.5 0.32
69 85 5 L 1956 51.99 39-11.89 22-50.45 9.5% 1.9 0.8 225.0 0.3 0.22
70 85 5 1 2001 58.69 39-13.43 22-43.68 12.12 2.2 3.5 23¢.8 1.2 0.76
73 85 5 1 2029 S3.34 39-15.58 22-50.76 7.44 2.6 6.7 251.2 1.8 1.15
75 85 5 1 2122 57.62 39-12.22 22-44.56 10.00 1.7 0.7 21%.5 0.3 0.19
77 85 5 1 2235 20.34 39-17.60 22-49.14 17.63 2.4 7.6 325.) 1.0 0.82
78 85 51 23 1 47.62 39-15.31 22-48.71 17.67 1.9 1.8 2%1.7 0.3 0.25
79 85 5 2 016 41.27 39-18.70 22-42.37 20.55 2.3 2.2 258.2 0.6 0.33
80 85 5 2 122 4.30 39-14.40 22-51.86 0.66 2.1 0.8 142.5 1.2 0.4S
81 85 5 2 130 44.55 239-15.17 22-54.22 13.78 2.2 3.3 213.6 1.5 0.81
87 85 5 2 820 40.11 29-15.25 22~44.43 5.00 1.8 1.1 363.1 0.1 0.12
92 85 5 2 1056 42.18 39-18.67 22-41.21 18.39 1.7 1.2 249.0 0.3 0.26
94 85 5 2 1151 54.20 39-16.48 22-52,49 18.78 1.8 1.3 134.5 2.3 0.89
96 85 5 2 1552 38.34 39-15.55 22-53.50 9.57 1.7 0.9 316.8 0.1 0.12
97 85 5 2 17 7 6.96 39-15.48 22-51.47 9.25 2.0 1.1 150.6 1.4 0.54
99 85 5 3 017 24.16 39-14.89 22-51.12 13.08 1.8 0.5 137.6 0.8 0.3%
100 85 5 3 5 8§ 30.67 39-14.15 22~50.53 9.70 1.7 1.0 198.2 0.6 0.31
101 85 5 3 647 54.05 39-15.82 22-52.686 9.67 1.7 0.3 165.7 0.3 0.14
102 85 5 3 1047 55.16 39-13.58 22-50.14 7.45 2.4 4.8 222.3 1.9 1.08

The small magnitude earthquakes showed low stress drops and
small average slips, and even lower are the stress drops of the
analysed aftershocks. Gagnepain-Beyneix (1985) found low values
of Do for events below the order of 10! Nm of seismic moment,
and decreasing Do between foreshocks and aftershocks. This was
also observed in the present study, by comparing the values of
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Ao and s inferred from events of the same magnitude but belonging
to the two different data sets, with the aftershocks having
systematically lower Ac and s values (table 3).
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Fig.4. Moment-magnitude relationship for a) N.Sporades events b)
1985 aftershocks in Pagassitikos gulf
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Fig.5. Moment-source radius relationship for a) N.Sporades events
b) 1985 aftershocks in Pagassitikos gqulf
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Table 3. Calculated mean values of stress drop and fault slip
for events of the same magnitude from the two data sets.

N.Sporades Pagassitikos

MAG AC s AC s

1 7 4.2 1.23 0.6 0.35
1.9 1.8 1.24 0.5 0.39
2.1 9.5 3.72 2.0 0.83
2:3 4.6 1.69 1.4 .73
2.4 4.6 1.41 1 <5 0.81
2.5 1.1 1.08 2.5 1.41
2.6 2.6 1.46 1 .8 1.15
2.7 1.2 0.64 3.5 1.57
2.9 Zel 4.31 0.9 C.95
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Fig.8. Magnitude-source radius relationship for a) N.Sporades
events b)1985 aftershocks in Pagassitikos gulf.

The linear relationship between logM; and local magnitude
for the events of the two groups studied here is shown in figure
4a,b. The theoretical line, for earthquakes with magnitude less
than 6.0, gives a gradient of 1.0 (Kanamori and Anderson, 1975).
However, Tselentis et al., (1988) for Greek earthquakes with
M>5.0 in the western Hellenic arc, estimated a gradient of
B=1.16, which is considered to be in a fairly good agreement with
the least squares results for the aftershock data {(figure 4b) and
shows that a correlation between large and small earthquakes
might be possible. The N.Sporades data are very scattered (figure
4a), and the obtained value of B is considered very low.

For the moment-radius relationship, it is known that the
corner frequencies of large magnitude events are lower than the
small, and therefore according to equation (2) smaller radii are
expected for the small magnitude events. The sensitivity of the
recording system allows corner frequencies of up to 16 Hz to be
measured, but in fact the highest f. measured for the aftershocks
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did not exceed 11 Hz, and it corresponds to a minimum radius of
125 m.
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Fig.9. Magnitude-stress drop relationship for a) N.Sporades
events b) 1985 aftershocks in Pagassitikos gulf

Additionally, since ho > M, > M, larger magnitude events
correspond to higher values of stress drop. Therefore the
N.Sporades events fall within values of stress drop of 1 and 100
bars, whilst the Pagassitikos aftershocks, which presented lower
values of M;, fall within 0.1 and 10 bars (figure 5a,b). In spite
of the scatter, the moment-radius relationship shows a consistent
pattern for both data sets.

The log-log plots of seismic moment vs. stress drop (figure
6a,b) show that, according to equation (3), their relationship
is linear with gradient 1 and the events of both data sets fall
within the values of source radius between 100 and 500 m. An
almost similar pattern as in figure 5a,b emerges again.

The log-log relationship between moment-fault slip is
plotted in fiqure 7a,b. The data fall again within 100 and 500
m source radii for both data sets, its gradient is 1, as implied
from equation (4), and the data are following the same consistent
pattern as in the above relationships, with considerably smaller
scatter. Therefore, observed links between M and r are now found
to be significantly weaker than those between M, and s.

The seismic moment is related to magnitude through the
formula M= =10M%¥  from which relationships between source
parameters and magnltude can be extracted. In figures 8a,b and
9a,b, magnitude vs. logr and logho respectively are plotted. The
comparison of these figures to figures 5a,b and 6a,b reveals that
the first ones show a greater scatter, a fact which indicates
that the seismic moment is more capable to describe the ‘size’
of an earthquake instead of the magnitude.

Summarizing, the relationships applied for the N.Sporades
events and the Pagassitikos aftershocks showed similarities as
far as their trend and the range of constant fault radius are
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concerned. However, the fact that for the same magnitude they
showed significant differences in the actual values of stress
drop and fault slip, shows that most probably a different
tectonic process is taking place in the two areas. Therefore the
earthquakes of these relatively close to each other areas should
not be considered as one data set, since combining their data
would only serve to increase the scatter and hence to conceal
details concerning their tectonic regime. BAs far as the
Pagassitikos sequence 1is concerned, a study of the source
parameters relationship between foreshocks and aftershocks is
expected to produce more quantitative results.

In conclusion, the results of this study stress the fact
that the careful delineation of seismic zones 1is of great
importance in revealing specific tectonic characteristics, thus
leading to a more realistic aseismic design and hazard
assessment.
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