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ABSTRACT

Shear-wave polarisation analysis has been performed on data
from the strong motion recorder installed in the area of
Kalamata. The recordings were obtained from an earthquake of
magnitude M =5.8 that occurred on the 13th September 1986 at the
northern part of the city and from its aftershocks. The analysis
performed on the 1 to 6 Hz bandpass filtered accelerograms
reveals a shear-wave splitting for the main event with a N15° E
direction axis representing the maximum shear-wave velocity and
a time delay between the two orthogonal axes NS and EW of
0.15sec. The direction of the linear polarisation of the
particle motion after correcting the records for the anisotropy
propagation effects is stable in time and fits the stress field
deduced from the focal mechanism of the main event. The same
analysis performed on the main aftershock shows a shear wave
splitting of 0.llsec and their aftershocks reveal that the
anisotropy effect is less pronounced. These results indicate that
monitoring of the behaviour of in situ stress field and its
associated anisotropy effects prior to an earthquake, is a
promising tool of earthquake prediction.
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ONEPIAMHVYH

TInv epyacia auth pereTdTalr n MSAwon Twv eYHAPoiwv HLPATWV
Tov nUpLou gelopol Touv €yLve Bépera Tng MEANg Tng Kalaudtag oTLg
13 ZemtepPpiov 1966, mabwc emiong malL TwWV HETAOELOUWVY ToL. Il
Tov onomd auTtd XpnoLpoToLRBnxavy oL opLlSVTILEG OCUVLOTWIES Twv
EMLTAYLVALOYPAPNUETWY Tov aTabpol Tng Kalaudtag. [Ipoxelp€vou va
TiepLoplotel 1N emidpaon TWv LVYPNAWY  CUXVOTHTWY E£QAPUSTTNME
Cwvomepatsd @lATpo elpoug l-6Hz. Tia tov nlpLo geiopd 1 pébodog
€deLfe Tn dLagopomolinon Tng TAXVTNTUG TWV YHAPC{WV HLUEATWV TOL
eixe oav amotéreagua xpovixn xabuvotépnon 0.15 devtepdrenta oTnyv
AN guvioTWoa o€ ax€on pe Tnv BN. Me Tnv avdiuan aftpoudiamig
ETEPOCUCXETLONG Pp€Onre STL O MUPLOG CTULUUTLECTLHSG GFovag €xel
&levBuvon N15°E. H SiLedbBuvon auTr oLpgwvel HE TRV AVTICTOLXN TOUL
HNXavLopoU yéveong Tou ceLlopoV. To gaLvSpuevo autéd anodidetal otnv
UTapEn avicOTPOTILHOU HECOU TOU CLVBEETAL ME LOYXULPN CUHTLECTLHN
Tdon. Avéloya QMOTEAECHATA BpEdnuav HaL YL TOV HUPLO PETACE LOUG.
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Avtifeta, o Babuds aviocotponiag mov Tpoéuve ard TNV AVAALON TwWV
HETQOE LOUDYV TOVS ATV TOAY ULHPSTEPOG. TA QUOTEAEOHATA QUTA Hag
obnyolv OTO OLUTMEPACHO STL N CLOTNUATIXNA  Tapaxorovdnon Tng
peTafoAine Tng avicotponiag umopei va amotei€oel TN Pdon TLa
Tpddpopa getopLud eaLvipeva.

INTRODUCTION

A large number of seismological observations world wide have
revealed the presence of the shear-wave splitting in the vicinity
of the area studied and provide a strong evidence of anisotropy
effects (Ando et al., 1983; Crampin, 1967; Iannaccone and
Deschamps, 1989). This phenomenon is usually attributed to the
presence of aligned cracks parallel to the maximum compressive
stress (Crampin, 1985). The unequal principal axes of a
deviatoric stress acting on a cracked rock produce a
redistribution of cracks that is necessarily anisotropic to
seismic waves. In this case, when a shear-wave propagates in an
anisotropic medium then this wave is decomposed in two quasi
shear-waves which have different velocities and orthogonal
directions of polarisation on the axes of anisotropy. The angle
of the seismic ray with respect to the axes of anisotropy
controls the time delay between the two phases (Crampin, 1985).

Booth et al., (1985), observed that the orientation of the
polarisation near the strike-slip North Anatolian Fault is
aligned in N100O°E direction. This orientation is similar to the
direction of the compressive stress field. The interpretation
given was that the shear-wave splitting is due to the stress-
aligned crack anisotropy. Similar results are obtained by Zollo
and Bernard (1989), when studied the Imperial Valley aftershock
that occurred on October 10, 1979. They observed that the fast
S polarisations are mainly oriented between NO°E and N25°E
directions and have a mean delay of 0.12 sec between the slow and
the fast S waves.

On September 13, 1986 an earthquake of magnitude M_=5.8
(ISC) and focal depth h=42 km occurred near the Kalamata city
(southern Peloponnesus, Greece) without any foreshock activity.
The earthquake was followed by a large number of aftershocks,
located by a dense portable seismographic network (Lyon-Caen et
al., 1988; Papazachos et al., 1988). The spatial distribution of
the aftershocks and the waveform analysis performed until now,
indicate a normal fault of N-S direction and E-W extension
(Papadimitriou, 1988).

In this study, the strong motions caused by the main event
and its aftershocks, recorded by the Kalamata accelerographic
station are analysed by the S-wave polarisation method in order
to identify the possible existence of anisotropy and its
variability within the sequence.

DATA
The strong motion accelerographic station (SMA-1) installed
in the city of Kalamata was triggered and recorded the seismic

waves during the earthquake that occurred on 13 September 1986,
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a few kilometres north of the city. On September 15, 1986 the
station was also triggered by the main aftershock located under
the city. Five more records were obtained during this period. The
location, magnitude and origin time of each one of them is
tabulated in Table 1, and their spatial distribution is shown
in figure 1. From this fiqure it can be seen that four
aftershocks are located very close to the main event and one
aftershock is located close to the main aftershock.

Each one of the seismic signals was digitised at a rate of
100 sample/sec and for a duration of 10 seconds. In order to
obtain a clear representation of the seismic waves a bandpass
filter is applied on the frequency range of 1 to 6 Hz.

Table 1. List of events
DATE TIME ML LAT. LONG.
1. 13.09.1986 17:24:34.3 5.5 37.09 22.11
2. 13.09.1986 18:30:35.4 3.3 37.08 22.09
3. 13.09.1986 22:40:12.1 3.6 37.08 22.10
4, 14.09.1986 00:29:28.7 3.3 37.09 22.10
5. 14.09.1986 22:48:41.8 3.4 37.10 2.2 .09
6. 15.09.1986 11:41:27.9 4.8 37.06 22.11
7. 15.09.1986 12:47:33.6 3.6 37.06 22510
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Fig.l. Map showing epicenters of the seven earthquakes listen in
table 1.
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METHODOLOGY

The method consists of analysing the S-polarisation vector
recorded at the station, estimating the time delay and the
principal axis of anisotropy by a cross correlation function and
relating it to the focal mechanism. In order to obtain a clear
polarisation diagram, the horizontal traces have to be rotated in
the NS and EW directions and filtered at different frequency bands.

The three dimensional ground motion vectors «can be
parameterized by a modulus and a direction (polarisation unit
vector), both being generally a function of time (Booth and
Crampin, 1985; Bernard and Zollo, 1989). In the case of near field
records like the ones studied in the present work, theoretical
tests and data analysis suggest that when the angle of incidence
is within the so-called "shear wave window" and a frequency range,
the S-wave polarisation is not significantly perturbed by the
velocity structure or by the free surface and thus it 1is not
altered along a given ray path (Aki and Richards, 1980).

Figure 2 shows the horizontal NS, EW traces as well as the
vertical 2 trace of the main event. From the horizontal traces it
is clear that the S waves arrive about 2 sec after the beginning
of the traces. It also can be observed that the horizontal NS
component is faster than the EW one. This anomaly of the S-waves
travel time is also clear at the bottom of figure 2, where the
polarisation vector is plotted as a function of time. The non-
linearly polarised vector in figure 2 does not correspond to the
direct S wave which was radiated by a point source. This anomaly
is interpreted as an anisotropy effect.

ANALYSIS AND RESULTS

Crampin (1978) showed that when a shear-wave propagates in an
anisotropy medium then this wave is decomposed in two guasi shear-
waves (gsl and gs2) which have different velocities and orthogonal
directions of polarisation on the axis of anisotropy. The angle of
the seismic ray with respect to the axis of anisotropy controls the
time delay between the two phases. Cross-correlation between
orthogonal rotated components will give a maximum time delay at the
rotation angle corresponding to the polarisation directions of the
fast and slow split shear-waves. In the present case we rotate the
horizontal traces between 0° and 90° with a step of 1° in order to
find the direction of the principal axis of anisotropy using a
cross correlation function. The time delay associated with the
particular maximum value, is the measure of the different arrival
times between the two horizontal traces found by the cross
correlation method.

Pigure 3a shows the variation of the cross correlation
function versus azimuth, while figure 3b shows the same function
versus time. In the first figure it can be seen that the direction
of the principal axis of anisotropy is N15°E whereas the second
figure shows that the maximum time delay has the value of 0.15 sec.
Thus, the direction of the maximum velocity is NI15°E and the
perpendicular direction N105°E corresponds to the minimum velocity,
while the observed time delay is attributed to the anisotropic
propagation of the S waves. The direction of the principal axis of
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Fig.2. Traces of the main event and their filtering. At the bottcocm
the polarisation vector is plotted versus time.

anisotropy found (N15°E) is 1in good agreement with the focal
mechanism solution (strike=210° , dip=46° and rake=-75°), obtained
by modelling teleseismic body waves (Papadimitriou, 1988},
indicating a compressive stress field in N19°E direction, as well
as with the direction of the observed fault N20°E. When we remove
the time delay, the resulted linearity of the polarisatiocon vector
(see fiqure 4) and the theoretical polarisation produced by the
mainshock at the station of Kalamata (Bernard and Zollo, 1990)
confirms the existence of anisotropy of the medium.
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Fig.4. Corrected filtering traces of the main event. At the bottom
the polorisation vector is plotted versus time.

Using the same procedure, figure 5 shows the filtered traces
and the corrected polarisation vectors of four aftershocks close
to the main event. These polarisations have a more E-W direction
(except the first one that has NE-SW direction) than the main
event. The calculated time lag of the first event is 0.02 sec, the
second 0.05, the third 0.01 and the last one 0.02, values much
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smaller than the observed one for the main event. This abrupt
change is attributed to the stress field relaxation.

Figure 6 shows the main aftershock traces as well as the
variation of the polarisation vector. In this:-case we also observe
a non linear polarised vector. Applying the above technique we
obtained a direction of compressive stress field N32°E and a time
lag O0.11lsec illustrated in figure 7a and 7b respectively. When the
time lag is removed a linearized polarisation vector is obtained
as it can be seen in figure 8. Finally, figure 9 shows the traces
of the aftershock located close to the main aftershock and the
direction of the polarisation vector. In this case a stable
polarisation vector with no anisotropy effect 1is observed.
Concerning the directions of polarisation of these events, they are
in agreement with the one of the main event, indicating similar
focal mechanism solutions. However it 1s necessary to generate
synthetic seismograms to verify the above assumption.

CONCLUSIONS

The polarisation analysis of the shear-wave strong motion
records obtained from the Kalamata, 1986 earthquake sequence shows
that for the main event and the main aftershock substantial shear-
wave splitting exists, while their aftershocks are characterised
by a much smaller splitting. This is attributed to the existence
of an anisotropic medium associated with a strong compressive
stress field most probably growing during the preparatory phase,
while after the release of the stress the cracks healed and hence
the medium became less anisotropic.

Previous work (Crampin, 1987) has shown that the polarisation
of the faster split shear waves 1s aligned parallel to the
principal axis of compressive stress. From the azimuthal cross
correlation analysis of the horizontal components of the main event
the direction of this axis is found to be N15°E. This is in good
agreement with the compressive axis obtained from the focal
mechanism analysis of the main event as it can be seen in figure
10. However the N32°E direction of the principal axis of the
compressive stress found for the case of the main aftershock, show
a small clockwise rotation in relation to the one of the main
event.

The observed strong anisotropic effects during the main events
and their dramatic decrease during the aftershock activity found
in this work, coupled with the plausible hypothesis that during
the preparatory phase the medium should become more and more
anisotropic due to the progressively increasing stress field
causing crack widening, leads to the conclusion that studies like
the present one may provide an additional and promising technique
for monitoring earthquake precursors.
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Fig.5. Corrected filtering traces of the aftershocks and

corresponding polarisation vecror versus time.
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Fig.6. Traces of the main aftershock and their filtering. At the
bottom the polarisation vector is plotted versus time.
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Fig.7. a.Cross-correlation variation versus azimuth and b.versus
time.
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Fig.8. Corrected filtering traces of the main aftershock. At the
bottom the polarisation vector is plotted versus time.
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Fig.9. Corrected filtering trace and at the bottom the polarisation
\ vector is plotted versus time.
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Fig.10. Map showing epicenters of the seven earthguakes listed in
table 1. The lower hemisphere’s focal mechanism of the main
event is plotted and the heavy line is the observed surface
rupture.
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