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Abstract

The analysis of local earthquakes recorded by the Cornet network and located in the Gulf of Corinth (Greece) has
revealed the existence of shear-wave splitting. The visual inspection technique is used to estimate the polarization direction
of the fast shear wave and the time delay between the two split shear waves. The selected earthquakes are located close to
one of the Cornet stations. Most of these earthquakes are recorded by only one station and their azimuth and angle of
incidence are estimated using the covariance matrix decomposition method combined with the P-wave polarization direction.
Polarigrams plotted for the horizontal components present a clear linear and almost constant polarization for each station,
independent of the azimuth of the earthquake, except for one station where different S;, polarization directions are
observed. The mean direction of the fast shear wave polarization at Paradeis station is 146°N, at Sofiko station 104°N and at
Villia station 142°N. At Desfina station, two different main S;, polarization directions were observed, one 143°N and the
other 55°N. The calculated time delays between the two split shear waves are higher for the stations located in the eastern
part of the Gulf. Comparing the mean S polarization direction with the direction of local faulting, we observe that they
are approximately parallel at Sofiko station, while at Villia station they are almost perpendicular. In general, the obtained
mean S;,, polarization directions at the Cornet stations are perpendicular to the direction of the extension of the Gulf which
is NNE-SSW and consistent with the extensive dilatancy anisotropy (EDA) model. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction regimes (Crampin, 1978; lannaccone and De

schamps, 1989; Kaneshima, 1990; Crampin and

Studies of local earthquakes performed worldwide
have revealed the existence of shear-wave splitting
in various sedimentary and crystalline geological
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Lovell, 1991; Coutant, 1996; Gamar and Bernard,
1997). Since the beginning, the shear-wave splitting
phenomenon has been related with the existence of
anisotropic medium. When an approximately vertical
shear wave propagates through effectively anisotropic
media, it splits into two components: the S, and
the Sy,,. These two shear waves have different
arrival times and nearly orthogonal polarizations.
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The observed time delay between the two split shear
waves defines the magnitude of anisotropy and is
related to the crack density, the crack aspect ratio
and the length of the ray path in the anisotropic
medium.

Various models have been proposed to explain the
observed seismic anisotropy: crystalline anisotropy
based on aligned anisotropic crystals (Babuska,
1984), lithological anisotropy based on aligned non-
spherical sediment grains (Crampin et a., 1984a),
PTL anisotropy that is based on periodic thin layer-
ing of isotropic materials (Postma, 1955; Levin,
1978; Helbig, 1984) and extensive dilatancy anisot-
ropy (EDA) based on aligned cracks and microc-
racks (Crampin, 1978). Many authors have inter-
preted crustal anisotropy in terms of cracks in many
different geological and tectonic environments.
Crampin et al. (1984b) and Crampin (1993) suggest
that cracks, fractures and pore spaces will preferen-
tially aign with the current stress field, parallel to
the maximum horizontal compressive stress. In some
cases the polarization direction of the S, wave is
not in agreement with the regional compressive stress
(Savage et d., 1989; Kaneshima, 1990). Other mod-
els were proposed in order to explain this fact, such
as microcracks reflecting a paleostress (Blenkinsop,
1990; Sachpazi and Hirn, 1991) or intrinsic anisotro-
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Fig. 1. Active normal faults of the area and epicenters located by Cornet network. The arrows present the extension of the Gulf of Corinth.
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py caused by rock fabric (Kern and Wenk, 1990).
Another possible explanation is the preferential crys-
tal orientation model. In this model, the solid is
homogeneously and continuously anisotropic down
to its smallest particle size (Brocher and Christensen,
1990; Aster and Shearer, 1992). Zatsepin and
Crampin (1995) proposed the anisotropic poroel astic-
ity (APE) model based on the effects of stress on
fluid-saturated cracked rock. The temporal changes
in the time delays between split shear waves, which
were observed, are successfully explained by the
APE model (Crampin and Zatsepin, 1997; Liu €t 4.,
1997). Verticaly oriented microcracks, parallel to
active faults, may also be responsible for shear-wave
splitting (Gledhill, 1991; Zhang and Schwartz, 1994;
Evans et a., 1995). In some cases, more than one of
the above mentioned models may contribute simulta-
neously to the observed anisotropy directions.

In this paper, we present evidence for the exis-
tence of shear-wave anisotropy in the Corinthian
Gulf (Greece) using short-period recordings of local
earthquakes. It is important to estimate the anisotro-
py as it is related to the strain field of the medium
and therefore to geodynamics. The correction of the
observed anisotropy is also important in order to
recover the polarization information due to the source
(Zollo and Bernard, 1989).
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2. Data acquisition and methodology

The Cornet seismological permanent network has
been installed since 1995 around the eastern Gulf of
Corinth (Greece), which is an area characterized by
high seismic activity (Papadimitriou et al., 1996).
This network consists of five digital telemetric
Lennartz stations with L4 and Le-3D (1 Hz) seis
mometers, recording with a sampling rate of 125
samples/s. More than 1500 earthquakes were
recorded by the Cornet network during 1996 with
magnitudes less than 4.0 (M;) and hypocentral
depths located in the crust. Fig. 1 shows the best
located earthquakes for this period using HYPO71
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program (Lee and Lahr, 1975). More than 300 earth-
quakes are well located within the network.

The shear-wave splitting phenomenon has been
observed during the analysis of the Cornet data set.
The data set used in this study is comprised of 126
microearthquakes, 36 of which were located using
HY PO71 program and 90 were recorded by only one
station. All these events are located close to one of
the Cornet stations and were selected to have inci-
dent angles smaller than the critical angle in order to
avoid the S to P converted phases (Booth and
Crampin, 1985). The selected events have clear and
impulsive S-wave arrival phases on the horizontal
components. In addition the amplitude of the S-wave
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Fig. 2. (&) Three component seismograms of an earthquake recorded at Sofiko station. The origina traces are presented at the top of the
figure. At the bottom the polarization vector is presented in the east-up, north-up and north—east planes, respectively. The vector is oriented
almost parallel to the horizontal components. In the north—east plane the polarization directions of the fast (S;) and the slow (S,) shear
waves are indicated. (b) The original seismograms of (a) are rotated parallel and orthogonal to the polarization direction of the fast shear
waves and the obtained waveforms are presented at the top of the figure. At the bottom, the polarization vector is presented in the fast—slow

plane where the time delay is measured.
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phase on the vertical component is smaller than on
the horizontal ones.

A visual inspection and a plot of the particle
motion in the three planes of projection were used to
select the events that match the criteria mentioned
above. Some of the selected recordings were filtered
using a band-pass filter in the frequency range of 1
to 15 Hz in order to obtain a better representation of
the waveform. The representation used in the present
study in order to determine the polarization direction
of the S, and the time delay between the two split
shear waves is the polarization vector as a function
of time (polarigram), as proposed by Bernard and
Zollo (1989). Fig. 2 shows an example of an event
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located close to the Sofiko station, where the compo-
nents E-Z and N—Z are plotted. It is evident that the
polarization vector is oriented almost parallel to the
horizontal component (east and north, respectively),
showing that the vertical component has smaller
amplitudes than the horizontal ones. This fact indi-
cates that the shear waves are propagating approxi-
mately vertically through the anisotropic media.

In the same figure, the polarigram of the north—
east plane is aso presented. In this representation,
the shear-wave splitting is evident. The angle be-
tween the north and the fast axis direction is the
polarization direction, which is equal to 120°N. Then,
the seismograms are rotated in the fast and slow
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Fig. 3. (&) Three component seismograms of an earthquake recorded at Sofiko station. The original traces are presented at the top of the
figure. In the middle the polarization vector is presented in the north—east plane where the polarization directions of the fast and the slow
shear waves are indicated. At the bottom, the polarization vector of the rotated waveforms is presented in the fast—slow plane where the
time delay is measured. (b) Same as (a) for another earthquake with different polarization direction of the fast shear wave.
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direction and the obtained polarigram is presented in
Fig. 2b. In this figure, the obtained polarization
vector is oriented amost parallel to the fast compo-
nent. The measured time delay is equal to 0.040 s,
represents the magnitude of the anisotropy and is
removed in order to obtain the polarization direction
of the source. In cases where the direction of the fast
axis was not clear in the polarigram, the hodogram
representation was also used.

The Cornet network has also recorded numerous
microearthquakes in only one station where the
shear-wave splitting is also evident. The azimuth and
the angle of incidence for these events were esti-
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mated using the methodology of Kanasewich (1981)
for the first P-wave window, as well as the polariza-
tion of the first P-wave mation recorded in the three
components. The Kanasewich method is based on
the covariance matrix decomposition where the
eigenvalues were calculated by diagonalization of
the matrix. By the calculation of the eigenvector that
corresponds to the maximum eigenvalue, we can
evauate the angle of incidence and the azimuth.
Nevertheless, the results obtained by the above
method depend on the selection of the P-wave win-
dow and, therefore, they are not always reliable. For
that reason al the values of the azimuth and of the
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Fig. 4. (&) Three component seismograms of an earthquake recorded at Paradeisi station. The original traces are presented at the top of the
figure. In the middle the polarization vector is presented in the north—east plane where the polarization directions of the fast and the slow
shear waves are indicated. At the bottom, the polarization vector of the rotated waveforms is presented in the fast—slow plane where the
time delay is measured. (b) Same as (a) for another earthquake with different polarization direction of the fast shear wave.
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angle of incidence were compared with the ones
obtained by the P-wave polarization. This compari-
son showed that even though the P-wave polarization
was often unstable in the beginning of the first
motion, it was consistent with the values obtained by
the Kanasewich method close to the maximum of the
first P-wave motion. In this study, we only used the
events that had similar results from both methods.
Only 5% of the initially selected events were re-
jected.

Bouin et al. (1996) performed a study on the
western Corinthian Gulf, using the Kanasewich tech-
nique for the measurement of the direction of the fast
Swave polarization. Aster et a. (1990) used an

960106 16.22desf

automatic method to measure the fast S-wave polar-
ization but Liu et al. (1997) claim that this method
introduced significant errors in time delays and that
there is no automatic technique that can reliably
measure shear-wave splitting above local earth-
quakes. The measurement of the time delay between
the two split shear waves can also be obtained using
the classical cross-correlation method (Bowman and
Ando, 1987; Papadimitriou et a., 1993; Zhang and
Schwartz, 1994). This method was used in some
cases in this study, but the results were not aways
reliable. For these reasons, in this study we essen-
tialy used the standard visual method mentioned
above.
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Fig. 5. (@ Three component seismograms of an earthquake recorded at Desfina station. The original traces are presented at the top of the
figure. In the middle the polarization vector is presented in the north—east plane where the polarization directions of the fast and the slow
shear waves are indicated. At the bottom, the polarization vector of the rotated waveforms is presented in the fast—slow plane where the
time delay is measured. (b) Same as (a) for another earthquake with different polarization direction of the fast shear wave.
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3. Results

In this study, the selected local earthquakes are
located close to one of the stations of the Cornet
network in order to fulfill the selection criteria
Events recorded by only one station were also used.
Their magnitudes are M, < 2.6 and the depth varia-
tion is between surface and 29 km. In general, the
recorded events in the Gulf of Corinth and the
surrounding areas show evidence for the existence of
shear-wave splitting. Using the methodology men-
tioned above, we present the results of the shear
wave polarization directions that refer to the Sofiko,
Paradeisi, Desfina and Villia stations, respectively.
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Fig. 3a and b present two typica earthquakes
recorded by the Sofiko station where no filter was
used, as the shear-wave splitting was evident. For the
first event (Fig. 3a), the orientation of the S is
88°N and the time delay is dt =0.128 s. The S;4
polarization direction in the second event (Fig. 3b) is
95°N and the time delay is dt =0.144 s. In both
examples, the direction of anisotropy is approxi-
mately east—west and the calculated values of the
time delays are high. Another set of earthquakes
recorded in Sofiko indicates an anisotropy direction
close to 120°N (Fig. 2a).

The same procedure is followed for the Paradeisi
station where two typical examples are shown

961015 01.28vill

N N
: ‘E/\/\N\/\/\/\/\
JZ\A/\/\/\/\[\I\/\/\/\’\/\/ z
960 10,00 10.40 940 9.80 10.20
TIME IN SECONDS TIME IN SECONDS
POLAR!SATION VECTOR
E ,r‘,&‘g W"Q'W’
. St r

9.60 10.00
TIME IN SECONDS

POLAR]SATION VECTOR

9.40 9.80
TIME IN SECONDS

10 20

POLARISATION IVECTOR

\

=S il \§; ,@\,}‘

F T
_!;.,EW.“.‘._,,,“..://;‘,_.m,/l N \v\\\b,f‘k’ v

9.60 10.00 10.40
TIME IN SECONDS

9.40 5.80 10.20
TIME IN SECONDS

Fig. 6. () Three component seismograms of an earthquake recorded at Villia station. The original traces are presented at the top of the
figure. In the middle the polarization vector is presented in the north—east plane where the polarization directions of the fast and the slow
shear waves are indicated. At the bottom, the polarization vector of the rotated waveforms is presented in the fast—slow plane where the
time delay is measured. (b) Same as (a) for another earthquake with different polarization direction of the fast shear wave.
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(Fig. 4a and b). The measured S, polarization
direction of the event presented in Fig. 4ais 140°N,
while the one of the second event (Fig. 4b) is 165°N.
In order to estimate the time delay, the waveforms of
each event are rotated to their respective S, polar-
ization direction. Both events present a time delay
between the two split shear waves dt = 0.080 s.
These two directions are the main axes of anisotropy
observed in the Paradeis station.

The most complicated site is Desfina station where
various S, polarization directions are observed.
Nevertheless, there are two dominant directions. The
first one is between 20°N and 90°N and the second
between 135°N and 160°N. In Fig. 5a and b, two
representative examples are presented with S;, di-
rections 65°N and 140°N, respectively. These two
directions are almost orthogonal. The time delay of
the first event is dt=0.072 s and of the second
dt =0.024 s. Finally, two earthquakes recorded by
the Villia station are presented in Fig. 6a and b. The
S« Polarization direction of the first example (Fig.
6a) is 156°N and the calculated time delay is dt =
0.136 s. In the second example (Fig. 6b) the S,
polarization direction is 125°N and the time delay is
dt=0.176 s.

Fig. 7 presents the S, polarization directions on
equal-area projections of the upper hemisphere for
each station. The outer circle defines the S-wave
window and represents an angle of incidence of 45°.
The selected events are both located earthquakes and
events recorded by only one station. The azimuth
and the angle of incidence of each event are esti-
mated using the Kanasewich methodology and the
P-wave polarization. The length of the bars is pro-
portional to the time delay between the fast and slow
shear waves. The values of the time delays at Sofiko
station vary between 0.024 and 0.152 s, while the
polarization directions of the fast shear wave vary
between 78°N and 126°N. The coherence of the fast
shear wave polarizations at Sofiko station, irrespec-
tive of the azimuth of each event, is consistent with
shear-wave splitting due to the seismic wave propa
gation through an anisotropic medium. The same
observation is evident for the Paradeis and Villia
stations. The values of the time delays at Paradeisi
station vary between 0.024 and 0.096 s, while at
Villia station between 0.040 and 0.184 s. The polar-
ization directions of the fast shear wave at Paradeisi

Desf

Fig. 7. Polar equal-area projections on the upper hemisphere of
the fast shear wave polarizations measured at each station for both
located and unlocated events. The length of the bars is propor-
tional to the time delay of each event and the circle represents an
angle of incidence equal to 45°.

station vary between 125°N and 165°N, while at
Villia station between 125°N and 163°N. Desfina
station gives more complicated results as the shear
wave polarizations present two different and quasi-
perpendicular main directions. The values of the time
delays at Desfina station vary between 0.024 and
0.096 s, while the polarization directions of the fast
shear wave vary between 20°N and 160°N. Compar-
ing the calculated time delays, we observe that they
have higher values in the stations situated in the
eastern part of the Gulf (Sofiko and Villia).

The S, polarization directions at each station are
presented in Fig. 8 using equal-area rose diagrams.
The mean direction at Sofiko station is 104°N. At
Paradeisi station, we observe two directions of ani-
sotropy with a mean value equal to 146°N, while at
Villia station there are three directions with a mean
value equal to 142°N. Findly, at Desfina station
various directions of anisotropy are observed. How-
ever, two main directions can be distinguished, one
approximately 55°N and the second 143°N.

The mean values of the anisotropy direction of
each station are presented in Fig. 9. The mean
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polarization directions at Paradeisi, Villia and Des
fina (one of the two main directions) stations are
very similar, close to 145°N, while the one measured
at Sofiko station is more east—west. These observa
tions are consistent with the genera NNE-SSW
direction of extension of the Gulf of Corinth and,
therefore, in agreement with the EDA model. The
second mean polarization direction (55°N) observed
in Desfina station differs significantly from the ori-
entation of the maximum compressive axis calcu-
lated above. Bouin et d. (1996) aso detected in the
western part of the Gulf of Corinth two main direc-
tions of fast S-wave polarization: one oriented
105°N—-120°N, the other 55°N—75°N which are simi-
lar to the results of our study. Karnassopoulou (1996)
also measured two different S;,, polarization direc-
tions at the same site, in Almiros area (Central
Greece). One of these directions was in agreement
with the main direction of extension of the area,
while the second one was attributed to the local
stress field. The possibility of the presence of two
anisotropic layers of different properties or of one in
which there are microcracks oriented in two different
directions could explain the observation of different
S« Polarization directions at Desfina station. An-
other explanation of this discrepancy could be that
the first mean direction (143°N) is in agreement with
the extension of the Corinthian Gulf, while the sec-
ond one (55°N) is due to the rotation of the direction

Sofi

Fig. 8. Rose diagrams of the fast shear wave polarization direc-
tions at al the sites.
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Fig. 9. Mean S, polarization directions at the Cornet stations.
The thick bars centered at each station represent the directions that
are consistent with the extension of the Gulf and the thin one is
the second mean S;,, polarization direction calculated at Desfina
station.

of stress caused by active local faults. It should be
noted that most of the selected recordings of Desfina
station have not been recorded by the other Cornet
stations and this fact imposes limitations to the inter-
pretation of the results.

4, Discussion

The analysis of the data recorded by the Cornet
network revealed the existence of an anisotropic
upper crust around the Gulf of Corinth. Shear-wave
splitting was observed for the majority of the recorded
events (more than 300). Most of the events located in
the Gulf exhibit shear-wave splitting, but they do not
fulfill the selection criteria. The Gulf of Corinth is an
area characterized by norma faulting (Fig. 1) and a
NNE-SSW direction of extension (Jackson et al.,
1982; Papadimitriou et al., 1994; Hatzfeld et al.,
1996; Rigo et al., 1996). The polarization directions
calculated at Paradeisi and Sofiko stations are almost
perpendicular to this direction of extension. In this
case, the observed shear-wave splitting can be ex-
plained by the existence of fluid-filled cracks prefer-
entially oriented parallel to the local maximum hori-
zontal compressive stress of the area. Shear waves
traveling through these cracks split into two orthogo-
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nal components and the fast component is polarized
parallel to the orientation of the cracks. This explana
tion is consistent to the EDA model.

The directions of polarization calculated at Des-
fina station are the most complicated ones. Two
different main directions were observed. The first
one is approximately the same (143°N) with the
main direction observed at the other stations. The
second direction (55°N) is almost perpendicular to
the first one and is differentiated with the stress field
of the area. This direction has also been observed at
different sites western of Desfina station and has
been explained by the existence of active local faults
that rotate the direction of stress (Bouin et al., 1996).
The results of our study provoke further investiga
tion in order to explain the observation of different
polarization directions at Desfina station, as several
different models (mentioned above) could explain
this observation.

The mean S, polarization direction that is calcu-
lated at Villia station is in agreement with the ones
observed at the southern stations of the network
(Sofiko and Paradeisi). This direction is differenti-
ated from the direction of the observed surface faults
of the area, which is approximately E-W (Jackson et
al., 1982), but it is still in agreement with the stress
field of the region. On the other hand, the mean
polarization direction measured at Sofiko station is
in agreement with the observed surface faults of the
area. In general, the EDA model can explain the
crack anisotropy distributions in the eastern part of
the Gulf of Corinth.
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