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The Corinth Rift, located in central Greece,
is one of the most seismically active
continental rifts in the world.
Since 2000, the Western Gulf of Corinth
(WGoC) is continuously monitored by local
stations of the Corinth Rift Laboratory (CRL)
network (https://doi.org/10.15778/RESIF.CL),
complemented by stations of the Hellenic
Unified Seismological Network (HUSN;
Evangelidis et al., 2021) and the Charles
University of Prague.
The tectonics of the WGoC is constituted of
roughly E-W normal faults, the largest of
which being north-dipping, rooting at depth
to a low angle dipping seismogenic zone
(Bernard et al., 1997).
The most recent damaging earthquake has
been the Ms=6.2 Aigion event that occurred
on 15 June 1995, attributed to rupture on a
low-angle, offshore blind fault (Bernard et
al., 1997).

Focal mechanisms of significant earthquakes in the WGoC: yellow after 
Bernard et al. (1997), red after NKUA-SL, blue after GI-NOA, green after 
Sokos et al. (2012)
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In this study we focus on seismicity in the
WGoC during 2013-2014, which can be
summarized in the following significant
episodes:
• May – November 2013: seismic swarm

near Helike (group #9, blue), divided in
three stages starting on 21 May, 14 July
and 26 October 2013, respectively,
including several events with 3.5 ≤ Mw ≤
3.7 (Kapetanidis et al., 2015; Kaviris et
al., 2017)

• October 2013 – September 2014:
Swarm in the offshore region of
Nafpaktos-Psathopyrgos (group #4,
green), culminating with an Mw=4.9
event on 21 September 2014.

• June 2014: aftershock sequence (group
#8, brown) following an Mw=4.5 event
on 8 June 2014.

• November 2014: aftershock sequence
(group #6, red) following an Mw=5.0
event on 7 November 2014 (Kaviris et
al., 2018).
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A dataset of over 9000 manually
analyzed events was employed.

Seismicity was divided into 9 groups,
according to their spatial clustering,
which were further processed individually.
Hypocenters of the broader region or
deeper than 15 km were placed in a 10th

“miscellaneous” group (gray).
Initial location was performed with the

HypoInverse code (Klein, 2002), using the
Rigo et al. (1996) velocity model for the
WGoC, except for the Helike 2013 swarm,
for which a custom model for that
sequence was used (Kapetanidis et al.,
2015)

Catalogue and cross-correlation
differential travel-time data were
employed to perform double-difference
relocation with the HypoDD algorithm
(Waldhauser, 2001), separately for each
group .

Initial Locations

After double-difference relocation
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A total of 8944 events were successfully
relocated.

Seismicity is mainly concentrated on a
low angle seismogenic weak layer at
depths between 6.5 and 10 km below the
gulf.

Several clusters indicate activation of
higher-angle faults, rooting at the low-
angle seismogenic layer.

Northernmost seismicity (groups #2 and
#5) indicates sparse activity on a shallow-
angle north-dipping plane with a roughly
constant background rate, associated with
a proposed growing immature
detachment (Lambotte et al., 2014)

The westernmost part of the Nafpaktos-
Psathopyrgos group #4 (green), mostly
activated after the 21 September 2014
Mw=4.9 event, is possibly associated with
the Rion-Patras SW-NE-trending dextral
oblique-normal fault zone.
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Inhomogeneities in the upper crust may cause
anisotropic effects to the velocity of seismic
shear-waves as they propagate through the
medium.

As an effect, shear-waves can be split in two
components: one that becomes polarized to a
vertical plane, oriented at a direction φ, which
promotes a faster propagation velocity (Sfast) and
a slower perpendicular component Sslow.

The two split shear-waves arrive at a station
with a time-delay td, which depends on the
degree of anisotropy and the length of the
seismic ray that has propagated through the
anisotropic medium.

Seismic anisotropy of the upper crust is
attributed either to the existence of fluid-filled
microcracks, whose geometrical characteristics
and alignment depend on the applied stress
field, or to the orientation of faults in the vicinity of
the receiver.

The study of shear-wave splitting parameters can provide information on the
direction of the maximum horizontal stress component, SHmax, in the region, which
affects the anisotropic properties of the medium through which the received
seismic rays have propagated.
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To measure the shear-wave splitting (SWS) parameters at a station, events
within the “shear-wave window” are selected, i.e. events whose seismic rays
have an angle of incidence at the surface of less than 45°, to avoid the
influence of converted pS phases which may be superimposed with the direct
S-waves arrival.

Signal-to-noise ratio (SNR>1.5) criteria are also imposed to ensure that the
processed S-waves are adequately clear.

In the present study, we apply an automated shear-wave splitting analysis
with the open-source Pytheas software (Spingos et al., 2020).

Band-pass filter is applied to the velocity recordings prior to processing, to
remove long-period and high-frequency noise, enhancing the SNR.

A quality grade (A to E) is assigned to each SWS measurement, according
to the resulting errors of φ and td, and, optionally, to the correlation coefficient
between the two horizontal components after the removal of the anisotropic
effect. This permits the rejection of potentially erroneous measurements.

In addition, SWS measurements whose φ direction is either nearly
perpendicular or parallel to the polarization direction p of the corrected
shear-wave are discarded (“null” events), as in those cases neither the Sfast
polarization direction nor the time-delay td can be safely determined
(Wüstefeld and Bokelmann, 2007).

https://github.com/ispingos/pytheas-splitting

https://github.com/ispingos/pytheas-splitting
https://github.com/ispingos/pytheas-splitting
https://github.com/ispingos/pytheas-splitting
https://github.com/ispingos/pytheas-splitting
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In the presented example, a Shear-wave Splitting measurement was performed with the Pytheas software 
(Spingos et al., 2020), following the abovementioned 3 steps.

Step #1: Measuring of the Sfast
polarization direction (φ=N103°E)

Step #2: Rotating to the Sfast/Sslow (FS) co-
ordinate system, measuring the time-delay 
(td=70ms) and shifting Sslow by td

Step #3: Rotating waves back to the N-S/E-W 
co-ordinate system and measuring the 
source polarization direction (p=N154°E) 
after the anisotropy correction

φ=N103°E

p=N154°E

particle motion

particle motion
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The Sfast polarization direction, φ, is determined
along with the time-delay between Sfast and Sslow,
td, by means of the Eigenvalue (EV) method (Silver
and Chan, 1991).

Supposing linear polarization of the S-waves at
the receiver, the eigenvector corresponding to
the major eigenvalue λ1 should describe the fast S-
wave signal, whereas the other eigenvector
represents noise and λ2 the respective noise
magnitude.

The best combination of φ and td is decided by
the global minimum of the minor eigenvalue λ2
(contours diagram on the right).

Calculations are performed in a selected
waveform window highlighted in green.
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The optimal S-wave window is determined using
Cluster Analysis (Teanby et al., 2004), as
implemented by the Pytheas software (Spingos et
al., 2020).

A series of different window lengths, based on
the picked S-wave arrival-time, are tried out. The φ
and td solution pairs for different windows are
examined and the most constrained cluster with
the smaller errors is selected.

Following the automatic filtering algorithm of
Savage et al. (2010), a range of predefined band-
pass Butterworth filters are tested in each case
and the one that yields the highest SNR is
selected.

A subset of the automatic measurements was
verified by manual SWS analysis in order to
calibrate the parameters of the procedure.
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The Sfast polarization
direction (φ) measurements
at each station are
presented in the form of
rose diagrams.

In most cases there is a
strong preference for a
main φ orientation in a
general E-W direction.

A small number of
measurements can be
detected where φ is
significantly different from its
dominant value.
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The φ, td measurements,
along with the respective
azimuth and angle of
incidence, are presented
in the form of equal-area
projections for each
station (triangle at the
center). The bar length is
proportional to td and
oriented according to φ.

In some cases, a spatial
dependence for a subset
of the measured φ values
can be observed,
although the majority of
orientations are consistent
with the dominantφ.
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• In total, 746 events provided 832
valid measurements with A, B or C
quality grade in the 7 selected
stations.

• 2244 candidate events were also
examined, providing 5368
measurements which, however,
were rejected, as they either
yielded a low quality grade (D or
E) or were found to be null (φ
direction sub-parallel or sub-
perpendicular to the direction p
of the corrected shear-wave).

• Mean Sfast-Sslow time-delays td
range 62-135 ms.

• Normalized time-delays tn range
5.1-9.3 ms/km.

Station Ν td (ms) δtd (ms) tn (ms/km) Δtn (ms/km)

AGRP 27 88.7 11.7 72.2 9.1 5 0.6

AIOA 104 79.4 7.7 62.4 3.7 5.2 0.3

LAKA 102 134.7 5.9 117.5 5.1 8.1 0.3

PSAR 287 99.9 4.8 134.5 3.8 9.3 0.3

SERG 87 58.4 7.5 86 6.1 6.6 0.5

TRIZ 101 96.7 5.8 101.1 5.5 8.5 0.5

ZIRI 124 106.2 7.3 106.5 5.2 8.1 0.4
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Changes in the temporal characteristics of the shear-wave
splitting parameters can be related to subtle alterations in the
local stress-field or to the diffusion of fluids through the
microcrack network, according to the Anisotropic Poro-
Elasticity (APE) model (Crampin & Zatsepin, 1997).

The Sfast-Sslow time-delays, td, depend on the length of the
seismic ray that propagates through the anisotropic medium. To
take this effect into account, normalized time-delays tn=td/R are
calculated, where R is the hypocentral distance.

Patterns of temporal variations in tn have been attributed to
the preparatory stage of significant earthquakes, e.g. before
the 1986 Ms=6.0 earthquake in North Palm Springs, southern
California (Crampin et al., 1990), before an M=5 event in 1998 in
SW Iceland (Figure on the left; Crampin et al., 1999) or before
an M=4.9 event in northern Iceland in 2002 (Gao and Crampin,
2006). A gradual increase in tn has been associated with the
accumulation of tectonic stress in the area prior to the
occurrence of an earthquake.

Example of stress-forecast using tn
variations from Crampin et al. (1999)



Temporal Variations of Time-delays - Results
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A histogram with the number of events
per day is displayed on top, where the
initiation of significant seismic episodes is
marked, along with the respective cluster
number (C#).

The bottom panels show the temporal
variation of normalized time-delays, tn, at
stations SERG and TRIZ. Colored circles
indicate quality grade (A-C). The bold red
line is the smoothed moving average in 3-
point windows and the dashed red line the
respective standard error of the mean.
Stars at the bottom indicate the
occurrence of significant earthquakes with
Mw≥5.0 (red), 4.5≤Mw<5.0 (green) or
4.0≤Mw<4.5 (blue).
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The measurements are refined by
selecting those whose ray-paths belong to
“Band-1”. This is defined as the double-
leafed solid angle between 15° and 45° on
either side of the micro-crack plane
(Crampin et al., 1999), whereas those
within ±15° from the crack plane belong to
“Band-2”.

Time-delays grouped in “Band-1” are
considered to be sensitive to changes in
the aspect-ratio of microcracks, whereas
“Band-2” measurements are more
dependent on the density of microcracks
(Crampin et al., 1999).



Temporal Variations of Time-delays - Results
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To detect possible linear correlations in
the temporal changes of time-delays, we
apply a series of linear regressions in sliding
windows of variable lengths.

In the bottom panels, bold solid lines
correspond to linear regressions for which
the Student’s t-test for statistical
significance yields a p<0.05 for the
probability of zero slope, whereas dotted
lines are for p>0.05. The color corresponds
to the linear correlation coefficient.

There are some indications for gradual
increase of tn at SERG before the
beginning of the Helike swarm (February-
May 2013). Reducing tn values are
observed at both SERG and TRIZ during a
swarm initiated between Nafpaktos-
Psathopyrgos in July-October 2014 and
before the Mw=5.0 event on 7 November
2014.



Temporal Variations of Time-delays - Results
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The results of the present study, derived by a fully
automatic processing method, are compared with
manual SWS measurements of previous studies in the
WGoC (Kaviris et al., 2017, 2018).

Average φ directions are consistent, as shown in the
rose diagrams on the right. This suggests that the
automatic method manages to extract the dominant φ
direction successfully.

Furthermore, as the automatic method is free of
potential analyst biases, it also confirms the integrity of
the manually derived measurements by visual
inspection of polarigrams and hodograms (Kaviris et al.,
2017, 2018).

(This study) (Kaviris et al., 2018)
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Likewise, comparable temporal
variations of tn were observed for
stations ZIRI and SERG by Kaviris et
al. (2018), where a weak decrease
pattern was observed before the 7
November 2014 event.

Figure from Kaviris et al. (2018)
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• The mean polarization directions
are consistent with either the
horizontal compressive stress (SHmax)
which in the WGoC is in a roughly
E-W direction (e.g. Kapetanidis &
Kassaras, 2019) or with the
orientation of local faults.

• A secondary φ direction is mainly
observed in southern stations,
which tend to be oriented WNW-
ESE (e.g. LAKA, ZIRI).

• The Sfast polarization direction at
station SERG is NE-SW, consistent
with previous results from manual
SWS measurements (e.g. Kaviris et
al. 2017, 2018), possibly related to
local structures.



Conclusions 
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• Temporal variations of normalized
time-delays tn can be detected,
albeit with significant degree of
scattering.

• Possible relation of temporal
changes of tn with subtle variations
of the stress-field or due to the
diffusion of fluids may be considered
only after the application of more
strict selection criteria.

• These criteria include exclusion of
Band-2 measurements, considered
to be less sensitive to stress-changes,
exclusion of measurements with φ
values significantly different from the
dominant direction, and selections
by clusters to exclude possible
spatial dependence in the observed
variations.
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