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SUMMARY

Twenty nine well recorded earthquakes from the volcanic islands
of Nisyros and Santorini during 1995-1996 have been chasen for
spectral analysis in order to determine theilr seismic source
parameters. The results indicate that the Nisyros data set arnd
the Santorini events until the end of 1995 follow scaling
relations similar to those of other seismic regions. However most
of the 1996 data set for Santorini and in particular the May 27
1996 sgeismic  sequence, exhibit unique seismic source
characteristics when compared to the rest of the data set. This
result may be assoc1ated. with very recent geodetic results
showing that a caldera inflation episode occured on the island
reaching a maximum in March 1996.

INTRODUCTION

One of the main geophysical properties of the Hellenic arc is a
well defined Benioff zone due to the underthrusting of the
African lithosphere Dbeneath the Aegean!. This Benioff zone is
dipping at about 40° from the convex to the concave part of the
arc and the maximum depth is around 190 km. The Volcanic arc of
the south Aegean (figure 1) associated with this subduction is
comprised of three Quarternary volcanoes namely Santorini,
Nisyros and Methana and solfatara and fumarole fields in Sousaki
and Milos?.

Along this volcanic arc a selsmogenetlc layer at a depth of 20
km overlies an aseismic layer down to a depth of 120 km. Below
this aseismic layer lies another seismic layer to a depth of 180
km. The distribution of intermediate earthquakes in this layer
define the top surface of the Benioff zoned. Epicentres of strong
shallow and intermediate earthquakes have been grouped into five
well defined clusters each corresponding to the five volcanic
centres mentioned above*.

In August 1995 an increase in the seismic energy release was
observed in the volcanic islands of Santorini and Nisyros. The
largest of these events occured in April 1996 when a =5.0
intermediate depth earthquake tock place in Nisyrcs while in May
1996 a shallow depth seismic sequence with a M=4.2 main shock
took place in Santorini.

Digital seismological data for the period 1995-1996, concerning
‘seismic events in Nisyros and Santorini, have been recorded by
two short period digital networks operated by the Institute of
Geodynamics of the National Observatory of Athens. One is the
"Lenet" network configured with eight Lennartz MARS88/MC stations
in different locations around Greece and the other is the "Sanet”
network configured with eight Teledyne stations in Santorini and
the surrounding regicn (figure 2). Both networks are operated on
trigger mode using the classic LTA/STA criterion and
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communication of the remote stations with the host computer in
Athens is achieved via dial-up public telephone lines.

It is the purpose of this study to perform spectral analysis on
the P and S wave data from 29 well recorded seismic events during
1995-1996 from Nisyros and Santorini inorder to determine their
gource parameterg and to further examine the seismic moment
versus magnitude and seismic moment versus souce size relations.

METHODOLOGY

Source parameter determination from spectral analysis of P or §
wave data has been the focus of many studies and good examples
include the pioneer works of Keilis-Borok®, Hanks and Wyss®,
Thacher and Hanks’. ’

The analysis procedure used in this study employs the PITSA
signal processing toolbox® and it involves Fourier gpectral
analysis of selected time windows in the displacement trace which
is always corrected for the appropriate instrument response. A
Fourier analysis is performed on a time window that contains
noise and in addition to this a Fourier spectral analysis is
performed on a window of same duration containing, in the case
of a vertical component seismometer, a P-wave and in the case of
a horizontal component seismometer, the S-wave of the transverse
component. The noise spectra are then used to correct the P and
S wave spectra and after this interactive spectral fitting is
performed using a Brune source model®!® and the nonlinear
Marquardt-Levenberg inversion to recover the spectral
parameters using a constant value for the whole path absorption
factor Q. This inversion problem is described in detail by
Scherbaum!?.

The characteristics of the source for a seismic event are
determined from the two parameters of the P or § wave log-
displacement spectra. These parameters are the long period
spectral level Qo, and the spectral corner frequency fc.

A general feature of all dislocation models is that the long
period level Qo is proporticnal to the seismic moment and that
the corner frequency f£c is inversely proportional to the source
dimension, r.

Following Keilis-Borok®
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where p=2.64 g/cm® is the density of the medium, R is the
hypocentral distance between the source and the receiver, V, ; are

the P or S wave velocities near the source with V, = 6 km/seC and
Vs = 3.3 km/sec, k is the free surface operator = 2 and

R, = 0.5 is the average radiation pattern coefficient.
Lo@grithmic weighted averages over all records have been

computed ¥ to obtain mean long period spectral levels and
seismic moments.

Source radii have been computed using the corner frequencies
fe also by weighted logarithmic averages based on the models

of“@?unngO and Madariagal
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Brune model r = 0.37 sz> (2)
_ fc@&)
Madariaga model r = 0.32 Vs = 0.21 Vs (3)
£cg, Lo

Stress drops (Ac) and average displacement on the fault plane
(<u>) have been computed from the mean. values of moments and
source radii of P and S waves accordingly’®!

0.44 Mo
Ao = ————— (4)
73
Mo
<U> = = (5) .
omp ol
where pu = 3 X 1oH dyne tm is the rigidity of the medium.

RESULTS AND DISCUSSION

Table 1 lists the seismic events considered in this study
together with their epicentral coordinates and magnitudes as
determined from the monthly bulletins of the National Observatory
of Athens. ,

The Nisyros data include four intermediate and twelve shallow
earthguakes with M =3.6-5.0 while the Santorini data set has one
intermediate event and twelve shallow events with M=3.3-4.2. In
Figure 2 we note that most of the Nisyros events are distributed
along a E-W direction between Kos and Nisyros (figure 3) while
the Santorini events cluster to the NE of the island (figure 4).
Figure 5 shows a sample recording of a M =5.0 event from Nisyros
from the Lenet network showing very good signal to noise ratio
and good detectability even by distant stations. Figure 6 shows
the P wave displacement trace of a M =4.2 event from Santorini as
recorded by a Sanet station on the island and the resulting
displacement spectrum indicating a constant backround level and
a clear corner freqguency.

Table 2 lists the seismic moments, corner frequencies, source
radii, average dispalcaments and stress drops for the events
under study, for two different source models namely Brune's and
Madariaga's. As expected from seismic source theory Madariaga's
model results in smaller source dimensions and larger average
displacements and stress drops in comparison to the results from
Brune's source model.

Figure 7 shows the moment versus magnitude relation and the
moment versus corner frequency relation for our two data sets.
The Nisyros data show a tendency for a linear moment-magnitude
relation similar to other seismic regions from Greece % but the
Santorini data show great deviations.

In the moment-corner frequency data also on figure 7 the Nisyros
and some of the Santorini data show a tendency for a decrease in
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seismic moment with corner frequency which is also in agreement
with other seismic regions in Greece but a group of seven events
from the Santorini data set (54%) have a constant corner
frequency around 2.5 Hz irrespective of seismic moment. Such a
behaviour can be due to fresh ruptures that nucleate in regions
of high stress and stop gradually when encountering low stress
zones~' . This type o0f physical model could be justified in a
volcanic area Dby the presence of a heterogensous stress
distribution in the seismogenetic volume. A similar result has
been cbserved for the microearthquakes in the Phlegraean Fields
volcanic area in Southern Italy?®.

For Santorini 1in particular, all the events from the May 27 1956
seismic sequence and one event from February 18 1996 have a
constant source radius irrespective of the seismic energy they
release, unlike tectonic earthquakes. This anomaloug behaviocur
in the seismic source dimension for these earthquakes may be
related to volcanic processes since continucus gecdetic
measurements on Santorini since 1994 show that a minor and slow
episode o©f caldera inflation by about 4-6 cm occured in the
beginning of 1996 and reached a maximum in March 1996

In the 1light of these «recent results a more . thorough
multidisciplinary investigation is regquired inorder to intepret
the observations regarding the volcano of Santorini.
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Figure 1 : Map of Greece (upper) and map of the volcances in the
Hellenic volcanic arc {lower).
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Figure 2
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Table 1:

Date

1895
1995
1995
1995
1995
1995
1995
1995
1996
1996
19%¢
1996
1996
1896
1986
1996

1985
1995
1995
1985

1996°

1996
1996
1996
1996
1596
1996
1996
1996

AUG
oCT
NOv
NOV
FEB
MAR
MAY
MAY
MAY
MAY
MAY
MAY
MAY

Catalog of earthquakes used in this study

22
11
21
25
27
30

18
18
21
27

15
21

Time (GMT)
NISYROS
05 34 18.8 36
08 12 59.3 36.
23 52 44.2 36.
09 16 39.9 36
13 26 5.2 36.
11 49 35.6 36.
20 53 24.5 36
07 49 8.4 36
15 14 36.3 36.
20 51 23.8 36.
20 03 6.5 36
07 04 13.8 36.
15 39 11.6 36.
21 41 51.8 36.
06 02 24.4 36
14 52 20.6 36
SANTORINI
02 30 11.s6 36
05 37 49.4 36
17 06 24.6 36.
17 10 12.4 36.
21 30 52.1 36.
00 03 52.0 36
07 55 32.3 36
12 36 .7 36.
14 25 35.0 36.
14 35 48.1 36.
14 56 47.6 36.
16 51 53.6 36.
.3

19

Lat N

Lon E

Z (km)

33
27
29

I20
17

10
18
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Figure 3 : Epicentres of the earthquakes analysed in this study
from Nisyros.

26. 6 27.1 27.86

{ ) ’ Depth(km)
36. 74 _ 63 [j[] z;{:i::::\35.7 o < 35

. O 35 <and< 758
£ o oS
oU |

L] [] w=5.0
% [1 M=4.0
1 M=3.0
D [ 0 M=2.0
0 30
k
36. 2 " rf::sfs.z m
26. 6 27.1 27.86
NISIROS 16 Events

Scale 1710600000



1233

Figure 4 : Epicentres of the earthguakes analysed in this study
from Santorini.
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Table 2:
Mo is seismic moment,
Ds is the stress drop and U is the average displacement. Subscripts B

Seismic source parameters from spectral analysis.
Fc is the cormer frequency, R is the fault radius,

and M correspond to Brune and Madariaga models.

No Ml
1 4.
2 3.
3 4.
4 3
5 4
6 4
7 3
8 3
9 3
10 3.
11 3
12 3
13 5
14 3
15 3
16 4
1 3
2 3
3 3
4 3
5 3
6 3
7 3.
8 3.
S 4
10 3
11 4
12 3
13 3

SNWONUITE OUIR O N0 W b

NOOOWIJTnUWwoo O W

Mo (dyne.cm)

(dyne.cm)

NNNMNMEROMDWWRWDURIRWURE RO

N~NORPNMNNBP WWPR WU N

.2930e+024
.0292e+023
.5173e+024
.9987e+022
.0876e+022°
.79%6e+024
.145%e+022
.0584e+022
.0876e+022
.0876e+022
.0584e+022
.2335e+022
.999%6e+024
.0584e+023
.0584e+023
.0584e+023

.7053e+023
.145%e+022
.0876e+022
.3526e+023
.0876e+022
.0876e+022
.0252e+023
.0584e+023
.1466e+022
.0821e+022
.7632e+021
.2043e+021
.7053e+021

Fc
(Hz)

OFPMOMRPPRRHRORHOMO

NMNONNMNMNMNOONPREO
ootV WYUIo N KW

Rb Rm
(km) (km)
Nigiros
3.17 1.51
2.02 0.96
2.47 1.17
1.85 0.88
2.22 1.06
2.78 1.32
2.22 1.06
1.70 0.81
1.85 0.88
1.85 0.88
1.85 0.88
2.22 1.06
4.44 2.11
1.85 0.88
2.22 1.08
2.78 1.32
Santorini
2.47 1.17
2.02 0.96
1.85 0.88
2.22 1.06
0.85 0.42
2.47 1.17
2.78 1.32
0.88 0.42
0.88 0.42
0.88 0.42
0.88 0.42
0.88 0.42
0.88 0.42

Dsb
(bar)

~1

S

o w
BOPROWRNNENJIR B & UTW

PN
HbaphOAaWONMNOOLUINND N

Dsm
(bar)

Ub
(cm)
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Figure 5 Digital recording by the Lenet network from a M =5.0
event from Nisyros. .
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Figure 6 : P-wave displacement trace (1) from the Sanet station
AKR in Santorini for a M =4.2 event in Santorini and
the resulting P-wave displacement spectrum (2).
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