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Abstract
On April 2007, an earthquake swarm occurred in the vicinity of Trichonis Lake,
western Greece. The seismic activity started on April 10th, 2007 after the occurrence
of three moderate size earthquakes MW 5.0-5.2. We performed shear wave splitting
measurements on seismic events recorded during the first week of the seismic
activity by a portable network of 8 stations that was installed in the area by the
University of Patras Seismological Laboratory. We were able to take measurements
from 5 stations as the seismicity was concentrated mostly at the eastern part of the
lake. Two splitting parameters were measured through the data processing, the
time-delays between the fast and slow shear wave components and the polarization
directions of the fast components. In general, the data analysis revealed the
presence of shear wave anisotropy in the study area. The average value of
normalized time-delays was calculated at 6.9 ±1.1 ms/km while the fast polarization
directions had an average of 130o ±14o. The mean fast polarization directions were
consistent with what is expected concerning the local stress field, as it was subparallel to the strike of the major faults at the eastern part of the lake and almost
perpendicular to the direction of extension. Therefore, the findings can be
interpreted by an anisotropic volume of stress-aligned micro-cracks within the
upper crust according to the extensive dilatancy anisotropy model.
Key words: shear wave splitting, seismic anisotropy, stress field, wave propagation
Περίληψη
Τον Απρίλιο 2007, μία ακολουθία σεισμών εκδηλώθηκε στην Λίμνη Τριχωνίδα, στη
Δυτική Ελλάδα. Η σεισμική δραστηριότητα ξεκίνησε στις 10 Απριλίου 2007 αμέσως
μετά την εκδήλωση τριών σεισμών με μεγέθη MW 5.0-5.2. Στην παρούσα εργασία
πραγματοποιήσαμε μετρήσεις ανισοτροπίας S κυμάτων για τις πρώτες επτά ημέρες της
σεισμικής δραστηριότητας, χρησιμοποιώντας τις καταγραφές ενός φορητού δικτύου 8
σεισμογράφων που εγκαταστάθηκε στην περιοχή από το Εργαστήριο Σεισμολογίας του
Πανεπιστημίου Πατρών. Κατορθώσαμε να πάρουμε τις απαραίτητες μετρήσεις από 5
σταθμούς του δικτύου καθώς η σεισμικότητα ήταν συγκεντρωμένη κυρίως στο

ανατολικό τμήμα της λίμνης. Οι παράμετροι που μετρήθηκαν από την ανάλυση των
δεδομένων είναι δύο, οι χρόνοι καθυστέρησης μεταξύ της γρήγορης και της αργής
φάσης των S κυμάτων, και η διεύθυνση πόλωσης της ταχύτερης φάσης. Σε γενικές
γραμμές, η ανάλυση των δεδομένων έδειξε την ύπαρξη ανισοτροπίας στην περιοχή
μελέτης. Η μέση τιμή των κανονικοποιημένων χρόνων καθυστέρησης υπολογίστηκε
στα 6.9 ±1.1 ms/km ενώ η μέση διεύθυνση πόλωσης της γρήγορης φάσης
υπολογίστηκε στις 130o ±14o. Η διεύθυνση πόλωσης ήταν σε γενικές γραμμές
σύμφωνη με αυτό το οποίο αναμενόταν στην περιοχή λαμβάνοντας υπόψη τα
χαρακτηριστικά του τοπικού πεδίου των τάσεων, καθώς είναι υπο-παράλληλη με την
διεύθυνση των κύριων ρηγμάτων στο ανατολικό τμήμα της λίμνης και περίπου κάθετη
στη διεύθυνση εφελκυσμού που παρουσιάζει η περιοχή. Συνεπώς, τα αποτελέσματα
της παρούσας μελέτης μπορούν να ερμηνευτούν από την ύπαρξη μικρο-ρωγμών,
μικρο-διαρρήξεων στον ανώτερο φλοιό, κατάλληλα προσανατολισμένων σύμφωνα με
το πεδίο των τάσεων της περιοχής.
Λέξεις κλειδιά: Ανισοτροπία εγκαρσίων κυμάτων, σεισμική ανισοτροπία, πεδίο
τάσεων, διάδοση κυμάτων

1. Introduction
Shear wave splitting (SWS) is a phenomenon in which S waves are separated into two components
with different polarization directions and propagation velocities. This occurs during S wave
propagation through an anisotropic medium (Crampin and Chastin 2003; Crampin and Peacock
2005). The two splitting parameters that can be measured through shear wave data processing are
the polarization direction φ of the fast component of the shear waves, and the time-delay dt
between the two components. Various models have been proposed to interpret the observed
seismic anisotropy in the upper crust. The most widely accepted physical model, which is known
as the extensive dilatancy anisotropy (EDA) model (Crampin 1978, 1993, Crampin et al. 1984),
explains the principal cause of the local SWS phenomenon as S wave propagation through stressaligned, micro-cracks with orientations parallel/sub-parallel to the direction of the horizontal
compression.
On April 2007, an earthquake sequence occurred at the eastern part of Trichonis Lake. The
sequence initiated with small events on April 8th, 2007. Two days later three moderate size events
MW 5.0-5.2 occurred within a time interval of 8 hours (April 10 th at 03:17, 07:15 and 10:41 GMT,
hereafter called 'T1', 'T2' and 'T3', respectively), and then the seismic activity continued for about
one month with smaller events. The major events and the spatiotemporal evolution of the 2007
earthquake swarm in Trichonis Lake was thoroughly studied by Kassaras et al. (2014), Sokos et al.
(2010), Kiratzi et al. (2008) and Evangelidis et al. (2008). More specifically, according to Kiratzi
et al. (2008), the earthquakes of the seismic swarm indicated a NNW-SSE strike of an activated
structure, parallel to the eastern banks of Trichonis Lake, dipping to the NE and characterized by
mainly normal faulting. The April 2007 earthquake swarm did not rupture the well documented EW striking Trichonis normal fault that bounds the southern shore, but it was due to rupture of a
NW-SE normal fault that intersects at a ~45o angle to the Trichonis Fault (see Fig. 1). However,
this observation is in contraction with the recent study of Kassaras et al. (2014), according to
which, a sub-parallel structure situated approximately 3 km SW of the aforementioned NW-SE
normal fault, striking ~N310o and dipping ~NE60o, with a length of ~15 km and a width of >10
km, most probably hosted the three largest events of the April 2007 seismic swarm (see fig. 21 of
Kassaras et al. 2014). Onshore, it has a dip-slip normal fault character becoming progressively leftlateral strike-slip and reverse/thrust toward the NNW, beneath the lake, according to the previous
study.

Figure 1: Map of the study area in Trichonis Lake. Seismic stations used for the shear wave
splitting measurements are shown as triangles. The seismic events (colored circles) from
which the valid seismic results were obtained, the three major events (T 1, T2 and T3 as stars)
of the Trichonis earthquake sequence, major cities (squares) and major faults of Trichonis
graben (Doutsos et al. 1987; Lekkas and Papanikolaou 1997) are also shown. The depths of
the events are color coded according to the color scale (bottom-right). The diameters of the
circles are proportional to the magnitudes. AFZ: Agrinio Fault Zone; TF: Trichonis Fault.

In the present work, we first study the possible existence of shear wave anisotropy in the upper
crust around the epicentral area of the 2007 Trichonis Lake earthquake swarm and then we
interpret and discuss the measured parameters in relation with the local and the regional stress
fields.

2. Data and Methodology
The University of Patras Seismological Laboratory (UPSL, http://seismo.geology.upatras.gr/)
deployed a portable network of 8 stations in the study area (see Fig. 1) for twenty days (April 11th
2007 - May 1st 2007) soon after the April 10th three strongest events of the Trichonis earthquake
swarm. Each station was equipped with three-component 4-Hz SIG borehole sensor, a 24-bit Earth
Data recorder and a Global Positioning System (GPS) unit. The instruments have flat transfer
function for velocity in the frequency range from 0.5 Hz to 50 Hz. Recording was continuous with
a sampling frequency of 100 sps.
For the purpose of this study, we used waveform data recorded during the first week of the seismic
activity, from April 11th to April 18th. The hypocentral locations were determined using the
HYPOINVERSE software (Klein, 2002). The velocity model adopted was the one proposed by
Rigo et al. (1996) for the neighbouring area of the western Gulf of Corinth and the magnitudes
were computed using the coda duration method (Lee et al. 1972). The hypocentral location process
resulted in a dataset of 77 earthquakes as the input of the splitting analysis, with focal depths
ranging from 3km to 11km and magnitudes from 1.7 to 2.7. The calculated mean location
uncertainties were, RMS=0.13 s, ERZ=0.95 km and ERH=0.67 km.
The estimation of the splitting parameters was performed using a cross-correlation method (Ando
et al. 1983). The seismograms were interpolated to 200 samples s −1, integrated to displacement and

then band-pass filtered between 1 Hz and 10 Hz. The measurement window for each waveform
was defined in the following way: the start of the window was fixed 0.05s before the S-wave
arrival while the endpoint was adjusted until the value of cross-correlation coefficient C between
the fast and slow components was maximized. According to the cross-correlation method, both
horizontal seismograms are rotated in the horizontal plane at 1° increment of azimuth from -90° to
90°. Then, for each azimuth, the cross-correlation coefficient C is calculated between the two
orthogonal seismograms, for a range of time-delays in a selected time window. When the absolute
value of C reaches a maximum, the corresponding values of azimuth and time are chosen as the
fast polarization direction and the time-delay between the separated shear waves, respectively. The
measurement’s uncertainty is estimated using a t-test at a 95% confidence level on the values of C
as described by Kuo et al. (1994). We accept as valid the splitting measurements which conform to
the following criteria: (a) the C value is larger than 0.80, (b) the signal-to-noise ratio is larger than
2.5, (c) the change of the measured dt is less than 0.02 s when the window size is varied by ±0.02
s, and (d) the change of the measured φ is less than 10° when the window size is varied by ±0.02 s.
An example of a valid splitting measurement is shown in Fig. 2. The recordings, from which we
calculated the splitting parameters, are derived from seismic events all located within the effective
shear-wave window (Crampin and Gao 2006) of every station (incidence angle ≤45o).

Figure 2: An example of a valid splitting measurement of the shear waves recorded at the
GAV station for an event that occurred in April 16, 2007. Upper panel: Contour diagram of
the cross-correlation coefficient in the (φ, dt) space. The preferred solution of (φ, dt)
corresponding to the maximum value (dot) is shown within the 95% confidence region
(dotted line). Lower panel: Superposition of the horizontal components (upper traces), and
the corrected fast and slow components (lower traces) once the splitting effects have been
removed. Particle motions are shown to the right of each subpanel.

3. Results
After the shear wave analysis we obtained 121 valid splitting measurements derived from 77
seismic events. Specifically, we obtained 46 valid measurements from GAV station, 16 from
MAK, 25 from MRT, 31 from PET and only 3 measurements from PAR station. Zero
measurements were obtained from stations GAU, ZGR and AVO as none of the analyzed seismic
events was located within the effective shear wave window of these stations. Fig. 3 presents rose
diagrams of the measured fast shear wave polarization directions. A first overview of the results
using the complete data set shows the following: the time-delays, which were normalized
according to the hypocentral distances, varied between 4.6 ±1.2 ms/km at PET station, and 10.7
±0.7 ms/km at MRT station, with a mean value of 6.9 ±1.5 ms/km. The fast polarization directions
varied between an average E-W directions at PAR station and an average of a N-S direction at
MRT station, exhibiting a mean of 130o ±14o (NW-SE). Table 1 gives a summary of the average
values of the splitting parameters measured per seismic station.

Figure 3: Map of the study area showing rose diagrams of the measured fast shear wave
polarization directions. Seismic stations, major cities and major fault traces are also
presented as in Fig. 1.

Table 1. Summary of the average values of the shear wave splitting parameters measured
per seismic station.
Nobs

φo

dt (ms km-1)

dt (ms)

GAV

46

149 ±11

6.7 ±0.8

57 ±11

MAK

16

104 ±17

6.9 ±1.5

57 ±15

MRT

25

177 ±15

10.7 ±0.7

106 ±8

PAR

3

91 ±8

5.3 ± 1.3

43 ±10

PET

31

134 ±18

4.6 ±1.2

42 ±10

Station

Note: Nobs denote the number of observations per station, ϕ is the mean of the fast polarization
directions based on directional statistics, dt (ms km-1) is the average time delays normalized
according to the hypocentral distance and dt (ms) is the average absolute time delays.

4. Interpretation and Discussion
The active graben (Doutsos et al. 1987) in the broader area of Trichonis Lake is considered as one
of the key areas for the study of the regional seismotectonic processes of western Greece, as it lies
between other active structures, e.g. the Corinth, Patras and Amvrakikos gulfs, in an almost
parallel direction to them. Various multidisciplinary observations around Trichonis Lake, indicate
an approximately on-going N-S direction of extension in the area (see Introduction section).
The majority of the epicenters of the 2007 swarm were concentrated mostly within the eastern part
of the lake, which is bounded by two NNW-ESE trending normal faults (Kiratzi et al. 2008) (see
Fig. 4). According to Kiratzi et al. (2008) the focal mechanisms of the 2007 swarm indicate mostly
normal faulting along NNW-SSE trending planes. The parameters of the resulting average
mechanism for all the 2007 events as well as of the three major events are presented in Table 2.

Table 2. Parameters of the resulting average mechanism for all the events of the April 2007
seismic swarm in Trichonis Lake, as well as for the three major seismic events.
Nodal plane 1

Nodal plane 2

P axis

T axis

Strike o

Dip o

Rake o

Strike o

Dip o

Rake o

az o

pl o

az o

pl o

Swarm
average

325

52

-58

99

48

-124

298

65

33

2

T1

325

59

-72

113

35

-117

274

70

42

12

T2

317

60

-67

97

37

-124

271

67

31

12

T3

325

64

-65

98

35

-131

275

62

37

16

Note: Parameters as presented in Kiratzi et al. (2008). az and pl denote the azimuths and plunges of
P- and T-axis, respectively. T1, T2 and T3 denote the three largest events of the seismic swarm that
occurred on April 10th at 03:17, 07:15 and 10:41 GMT, respectively.

The resulting average source parameters of the 2007 events, as well as the source parameters of the
three strongest events of the swarm, indicated an approximately NE-SW extension which is almost
perpendicular to the observed NW-SE (130o ±14o) fast polarization directions determined in this
study (see Fig. 4). We suggest that the observed ~NW-SE fast shear wave polarization direction is
caused by stress-aligned micro-cracks, oriented parallel or sub-parallel to the trend of faulting at
the eastern part of the lake and perpendicular to the direction of the extension. The observed
direction of φ seems to be in a good agreement with the presence of a secondary local NE-SW
extension at the eastern part of the lake, within the prevailing N-S regional extension.
As it was mentioned before, according to Kiratzi et al. (2008), the April 2007 earthquake swarm
did not rupture the well documented E-W striking Trichonis normal fault (TF) that bounds the
southern shore, but it is due to rupture of a NW-SE normal fault that strikes at a ~45o angle to the
Trichonis Fault. The fast polarization directions that were measured at GAV station are
characterized by two main trends, one with a ~NNW-SSE direction and a second one with a
~WNW-ESE direction (see Fig. 3). The observed fast polarization directions at GAV station seem
to be affected by the presence of the aforementioned two structures, as the station is located above
their junction. In this case, φ is possibly reflecting the orientation of two main groups of microcracks, with orientations parallel to the trend of the two faults.

Figure 4: Map of the study area presenting the mean values of the fast polarization
directions that were measured at each station (black arrows). The direction of regional
extension (green arrows) is after Bernard et al. (2006). The beachballs refer to the focal
mechanisms for the three strongest events (T1, T2 and T3) of April 10th 2007, with MW 5.0-5.2,
as determined by Kiratzi et al. (2008). The red arrows represent the orientation of the T-axis
(azimuth=33o) of the resulting average mechanism for all the 2007 events, as determined by
the previous study also. Seismic stations, major cities and major fault traces are also
presented as in Fig. 1.
Fast polarization directions measured at different stations show in some cases an up to 90 o-flip
from the observed NW-SE (130o ±14o) mean direction (see Fig. 3). Such cases of up to 90 o-flip
above small earthquakes in the vicinity of seismogenic faults has been reported in several studies
(e.g. Crampin et al. 2002) that have indicated a key role for over-pressured fluids in the splitting
parameters. The presence of over-pressured fluids in the epicentral area of the 2007 seismic swarm
and the possible involvement of fluids circulation in depth was suggested by Kassaras et al. (2014)
as an additional possible scenario for the observed strong stress heterogeneity of the study area.
We suggest that the cause of the observed deviations between the fast polarization directions was a
possible migration of fluids through the fractured damage zone which possibly allowed local
rotations of the principal stress axis. This suggestion could also explain to some extent, the
differences between the average normalized time-delay values per station (see Table 1). These
differences were likely to reflect different saturation levels of the stress-aligned micro-crack
systems.
It is noteworthy to mention the mean fast polarization direction that was measured at PAR station,
despite the fact that we were able to take only 3 valid measurements at this station. PAR station is
located at the north shore of the lake, northwest from the area of the studied seismicity and the
epicenters of the three strongest events. Fast polarization directions show a mean value of 91 o±8o,
parallel to the strike of the Agrinio Fault Zone. The φ measured at PAR station is in agreement
with the regional stress field, being perpendicular to the direction of the extension of the broader
area. The observed fast polarization directions at this station were not affected by the presence of
the secondary local stress field at the eastern part of the lake.

5. Conclusions
The results presented in this study can be summarized as follows:
(i) the data analysis revealed the existence of an anisotropic upper crust at the eastern part of
Trichonis Lake, as shear wave splitting processes were observed in all stations at which a valid
splitting measurement was feasible.
(ii) fast polarization directions presented a general NW-SE orientation (130o ±14o), which is in
agreement with the presence of a local extensional stress field at the eastern part of Trichonis
Lake.
(iii) shear wave splitting at the study area was most probably caused by stress aligned fluid-filled
micro-cracks and micro-fractures that were oriented parallel or sub-parallel to the trend of faulting.
(iv) the results of this work confirm in some extent the NW-SE trend of the activated fault zone at
the eastern part of the lake according to previous studies.
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