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Abstract

The Eastern Gulf of Corinth (EGoC) is one of the most seismically active areas in Greece. It is
monitored by local and regional seismic stations of the Hellenic Unified Seismic Network (HUSN). In
2020, a high-yield seismic sequence, lasting over five months, occurred at the Perachora peninsula.
This provided a unique opportunity to investigate the anisotropic properties of the upper crust in
the area, which lacks relevant studies. The sequence exhibited characteristics of a seismic swarm,
with the strongest event having a magnitude of 3.7. In the herein analysis, we use recordings from
suitable HUSN stations for two periods: (a) 2008 to 2019, a period of scarce seismicity, to identify
background anisotropy and (b) the 2020 seismic swarm period. We used a fully automated method to
measure shear-wave splitting properties. After considering a shear-wave window of 45° and several
quality criteria, we determined a complex state of anisotropy, with NE-SW directions of
polarization (@) prevailing pre-2020, while a dominant WNW-ESE orientation was observed
during the swarm (with secondary NE-SW and N-S trends). The spatial distribution of ¢ did not
offer any strong correlation with local faults. Additionally, ¢ seemed to rotate in 2015 and 2020,
with variations of normalized time-delays being present during the crisis. These observations,
along with indications regarding fluid diffusion during the swarm, led us to hypothesize that
shear-wave splitting in the EGoC is mainly driven by high pressure gradients. A better
understanding of pre-2020 seismicity and more local stations to record future seismicity would be
required to further specify the connection between fluid processes and seismic anisotropy in the

area.

Keywords: Seismic anisotropy; Shear-wave splitting; Eastern Gulf of Corinth;
Microcracks; Anisotropic Poro-Elasticity

1. Introduction

Shear-wave Splitting (SwS) is a phenomenon observed when a shear-wave enters an anisotropic medium and
splits, producing two orthogonally polarized waves, propagating with different velocities. SwS is well-established
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over a wide range of scales; from teleseismic waves travelling through the outer core and mantle [Savage and
Silver, 1993; Hatzfeld et al., 2001; Audoine et al., 2004; Evangelidis, 2017; Kaviris et al., 2018a; Chen et al., 2021] to
local recordings characterizing the upper crust [Paulssen, 2004; Peng and Ben-Zion, 2004; Li et al., 2015; Johnson
and Savage, 2012; Adelinet et al., 2016; Kaviris et al., 2021, 2020, 2018b; Karlowska et al., 2021] and, even, more
constrained settings such as mines [Wuestefeld et al., 2011] and laboratory experiments [Gao and Crampin, 2003;
Tillotson et al., 2012]. Splitting can be quantified by exploring two fundamental parameters: the polarization angle
() of the shear-wave travelling with the higher velocity (Sgs) and the time-delay (¢y) of the slower shear-wave’s
(Ss0w) arrival.

The mechanisms responsible for SwS can be diverse, based on the scale under investigation. The common
denominator is the pervasion of the rock volume that the shear-wave goes through by features of similar geometry.
Therefore, splitting can be the result of mantle flow [Abt and Fischer, 2008; Hammond et al., 2010], rock lamination
[Valcke et al., 2006], or oriented microcracks [Kaneshima et al., 1988] which is, probably, the most common source
of splitting in the upper crust. The latter hosts microscopic cracks and fractures that are filled with fluids, such
as meteoric water or hydrocarbons [Crampin and Atkinson, 1985]. Stress can have a significant effect on inherent
micro-defects within a rock mass (such as grain boundaries or intracrystalline cavities) and alter the morphology
and dynamics of the microcracks [Kranz, 1983]. The Anisotropic Poro-Elasticity (APE) model [Crampin and Zatsepin,
1997; Zatsepin and Crampin, 1997] argues the existence of fluid-saturated microcracks that are closely spaced and,
as the stress equilibrium shifts, eventually concatenate to form a larger fracture that leads to an earthquake. The
polarization of the Sg,; is oriented according to the maximum horizontal compressive stress component (0 gmay),
while the time-delay, which accumulates along the ray-path, is affected by crack density. A major component of this
model is the effect of fluid flow and diffusion along pressure gradients between cracks, causing orientations that
divert from the stress field [Crampin et al., 2004]. APE aimed to explain the physical mechanism that controls the
fluid-filled microcracks, earlier described by Extensive-Dilatancy Anisotropy (EDA) [Crampin et al., 1984; Crampin,
1987]. Furthermore, SwS measurements have reportedly been used to “stress-forecast” a M = 5.0 earthquake in
Iceland [Crampin et al., 1999].

In our study, we investigate SwS in the Eastern Gulf of Corinth (EGoC). Contrary to its western counterpart, where
shear-wave splitting, and its relation to local faults and stresses, has been extensively documented [Bouin et al.,
1996; Bernard et al., 1997; Giannopoulos et al., 2015; Kaviris et al., 2017; Kaviris et al., 2017, 2018b; Kapetanidis et al.,
2021], similar studies in the EGoC are sparse [Papadimitriou et al., 1999; Kaviris, 2003; Kaviris et al., 2014]. This is
a direct consequence of the relatively mild seismicity in the area, as well as the availability and geometry of local
seismic stations. The EGoC has witnessed the occurrence of strong and destructive earthquakes during both historic
and modern times [Makropoulos et al., 2012; Stucchi et al., 2013; Ambraseys, 2015], but only few seismic swarms
have been recorded [Mesimeri et al., 2018; Michas et al., 2022]. The strongest events of the past century were the
ones that occurred in 1981, since dubbed the Alkyonides earthquakes [Papazachos et al., 1984], which concern a
series of M > 6.0 shocks during a period of few weeks. These events led to increased interest in the area, as they
decimated the region around the nearby town of Loutraki and affected Athens, the capital of Greece [Papanastassiou,
2002]. The roughly WNW-ESE and NW-SE faults, such as Pisia (Figure 1a) and Schinos, have been associated with the
1981 seismicity, with the two being suggested as the causative faults of the first two M > 6.0 events [Taymaz et al.,
1991; Hubert et al., 1996]. The Pisia fault has witnessed similarly strong earthquakes in the earlier Holocene, with
significant slip rates [Mechernich et al., 2018]. Nevertheless, Jackson et al. [1982] located the first event offshore,
in an area NW of the Perachora fault. Highly segmented fault systems with a general NW-SE to WNW-ESE and
ENE-WSW orientation have been identified [Vita-Finzi and King, 1985], which feature a low earthquake productivity
rate [Hatzfeld et al., 2000]. Focal mechanisms in the area (Figure 1a) follow fault geometry and indicate normal
kinematics, therefore supporting a general WNW-ESE to NW-SE o4, Orientation [Kapetanidis and Kassaras, 2019;
Kassaras et al., 2020]. However, there are exceptions of tectonic structures with differing orientations, as in the
case of the offshore Perachora (Figure 1a) and Heraion faults [e.g. Michas et al., 2015]. The strong tectonic footprint
in the Gulf of Corinth has been a shaping factor for infrastructure and the urban environment since the antiquity
[Marriner and Morhange, 2007]. Geologically, the alpine basement of the Perachora peninsula consists of Triassic
to Lower Jurassic limestones with an overlying series of volcanic and sedimentary rocks (Upper Jurassic) capped by
two flysch deposits, one in the Lower and one in the Upper Cretaceous. Pliocene deep-water marls are overlain by
shallower Pleistocene deposits [I[GME, 1984].

Generally, seismicity in the broader EGoC has been mild, with few seismic sequences at crustal depths. Since
2008, seismicity around the Perachora peninsula has been sparse, with the largest event of M, = 5.1 (Fig. 1b), located
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Figure 1. (a) Main tectonic features of the Eastern Gulf of Corinth. Beachballs show focal mechanisms for earthquakes
of M>5.0 that occurred after 1981 (blue) (after [Kapetanidis and Kassaras, 2019], apart from the 2012 event
from [Mesimeri et al., 2018]) and the three strongest events of the 2020 crisis (red) [Michas et al., 2022]. The
regional maximum horizontal compressive stress component (oymayx) is also shown (black arrows) [Kapetanidis
and Kassaras, 2019]. The black rectangle delineates the area in (b) and the yellow square shows the locations of
Perachora and Loutraki towns. Faults (brown lines) after [Michas et al., 2015]. Faults important to the current
study are named and marked by bold black lines; Heraion (HrF), Lechaio (LcF), Loutraki (LtF), North Xylocastro
(NXF, two branches), Perachora (PchF), Pisia (PisF), Schinos (SchF), Strava (StrF) and Vrachati (VrF). Inset: the
location of the region in (a) (yellow rectangle). (b) Earthquake locations of events in the vicinity of Loutraki that
occurred before (squares) and during (circles) 2020-2021. Stars show M > 4.0 events (with the largest marking
the 2012 M,, = 5.1 earthquake), while the sites of broadband seismometers (triangles) and an accelerometer
(inverted triangle) are also exhibited. Faults as in (a).

~20 km NW of Loutraki at a depth of 16 km, being a rather rare case of a strong event [Mesimeri et al., 2018]. Starting
in April 2020, an uncommon seismic crisis was recorded in the EGoC (Fig. 1b), extending approximately 20 km NW
of Loutraki [Michas et al., 2022]. Initial activity was sparse and shallow (~ 6 km depth), located at the eastern part
of the peninsula (east of HP.LTK). Seismicity started migrated west/northwest in May 2020, with an accelerated
rate of ~3.3 events per day and increasing depths. On June 234, a M,, = 3.7 event occurred with a focal mechanism
indicating a NW-dipping plane (Fig. 1a), perpendicular to the seismicity migration direction and the nearby faults
(e.g. the western edge of Pisia). As seismicity propagated further west during July-August, the foci kept deepening.
The inferred pore-fluid pressure diffusion front had a typical hydraulic diffusivity of 2.8 m2/s and a slow constant
velocity of 0.22 km/day over 50 days [Michas et al., 2022]. Seismicity during that period was bounded by Vrachati
Fault (in the south) and likely occurred along a NW-dipping blind fault. A strong M;, = 3.9 event preceded the crisis on
March 3'9and a M;, = 4.2 earthquake occurred on September 11th, revitalizing the activity in the area for a few weeks.
However, neither of these two events was located in the immediate vicinity of the Perachora sequence (Figure 1).
Even though the main migrating bulk of seismicity lasted between April and late August, activity was modest, but
decaying, for the rest of the year and the first trimester of 2021. The 2020 outburst offers a unique opportunity to
investigate shear-wave splitting in the area.

2.Data and Methods

To investigate the state of crustal anisotropy beneath Loutraki, we used an event catalog compiled from three
sources: (a) the Seismological Laboratory of the National and Kapodistrian University of Athens (SL-NKUA), for
the period between 2008 and 2019, (b) the Geodynamic Institute of the National Observatory of Athens (GI-NOA),
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for the same period, and (c) the relocated catalogue of Michas et al. [2022], for the 2020-2021 seismic crisis at the
Perachora peninsula. The catalog included hypocentral locations, local magnitudes (M) and manually determined
arrival times for 991 earthquakes with Mj, between 0.6 and 4.9 (the M,, of the September 2012 event, being equal
to 5.1, was estimated by Mesimeri et al. [2018]). Waveforms for these events were obtained from the European
Integrated Data Archive (EIDA) node at GI-NOA (EIDA@NOA), which hosts data recorded by Greek infrastructure
[Evangelidis et al., 2021], such as the Hellenic Unified Seismic Network (HUSN). The study period begins in 2008,
as this year also marks the unification of the various Greek seismic networks into HUSN, improving the quality of
earthquake hypocenter solutions and offering publicly available waveform data. We found metadata for four sensors
in the area, according to EIDA@NOA. A velocimeter (LOUT) and accelerometer (LTRS) installed by SL-NKUA (HA
network, https://doi.org/10.7914/SN/HA) and a joint velocimeter-accelerometer installation by the University of
Patras (LTK, HP network, https://doi.org/10.7914/SN/HP), all belonging to the wider HUSN. Unfortunately, access to
waveforms recorded by station HERA (velocimeter of the HL network, https://doi.org/10.7914/SN/HL) was restricted.
Velocity waveform recordings were retrieved for 991 events. We applied a basic preprocessing scheme after retrieving
the data, by removing the trend and mean of the signal. Data acquisition and preprocessing was executed with ObsPy
[Beyreuther et al., 2010; Krischer et al., 2015]. We also performed a search for instances of missing arrival times in
our catalogue, despite waveform data being available. To this purpose, we employed the deep-learning PhaseNet
algorithm [Zhu and Beroza, 2019], using the pre-trained model provided by the authors. We only considered arrivals
characterized by a 0.70 probability of being a shear-wave. This yielded automatic arrival-time picks for 78 out of
the 991 events, in stations HP.LTK and HA.LOUT. To further increase the number of candidate arrivals, we used the
EQCorrscan software [Chamberlain et al., 2018] to detect suitable signals using template-matching (for details see
Appendix A). A total of 4,908 additional candidates were obtained, focusing on signals detected at station HP.LTK. It
is noted that the hypocentral solutions and phase travel times of the templates were assigned to the corresponding
detections, as it was often the case that the signal to noise ratio was not adequate to establish a single-event location
solution for them.

The angle of incidence is a critical quantity for shear-wave splitting studies, as it is used in data selection.
Considering the latter, the concept of the shear-wave window has been established since the 1980s [Evans, 1984;
Booth and Crampin, 1985]. Shear-waves that arrive at the station with incident angles (i) larger than a critical value
could be contaminated by the sP phase, i.e. a headwave occurring at the Earth’s surface [Nuttli, 1961]. This critical
angle can be calculated when the V,,/V; ratio of the surficial layer is known [Evans, 1984]. In our case, the V,/V; ratio
was determined as 1.76 [Michas et al., 2022] and, thus, the critical angle is equal to 35°. However, the existence of a
surficial low velocity layer (e.g. sediments) could warp ray paths to steeper incidence angles and permit a broader
window of 45° [Booth and Crampin, 1985; Crampin and Chastin, 2003; Cochran et al., 2006; Giannopoulos et al.,
2015; Savage et al., 2016; Sharma et al., 2017; Zhang et al., 2018; Gao et al., 2019; Pastori et al., 2019; Kaviris et al.,
2020; Kapetanidis et al., 2021]. We adopted the broader 45° window, as geological mapping indicates that station
HP.LTK is located on top of alluvial sediments and, possibly, a layer of flysch, while HA.LOUT and HA.LTRS are
installed on sediments [IGME, 1984].

To determine the angles of incidence, we used the velocity model of Michas et al. [2022], which was estimated
using local earthquakes of the 2020 Perachora crisis. Surficial layers implied by IGME [1984] were omitted, as it was
not possible to know their seismic velocities. We estimated the incidence angles of all direct shear-wave arrivals
using the Pyrocko software [Heimann et al., 2017]. This led to 917 arrivals, in all stations, for events of the original
catalogue, within the shear-wave window. In particular, the majority (597) belong to HP.LTK, while 328 suitable
arrivals were found in HA.LOUT and 32 in HA.LTRS. For template-matching detections, 2,965 additional arrivals
were found at HP.LTK, 102 at HA.LOUT and 2 at HA.LTRS. In total, 4,006 event-station pairs were eligible for analysis,
according to the shear-wave window.

As a final preparatory step, we analyzed teleseismic P-wave recordings at HP.LTK and HA.LOUT to identify
possible sensor misorientations, between 2008 and 2021, using the method of Braunmiller et al. [2020]. The algorithm
aims to minimize P-wave energy in the transverse component, after rotating waveforms in trial backazimuths,
for multiple earthquakes. A statistical analysis is then performed on the results to determine the azimuth of the
horizontal component. For this test, we used events at epicentral distances ranging from 30° to 100° with a minimum
magnitude of 6.0. Event information was retrieved from the FDSN service of the Incorporated Research Institutions
for Seismology (IRIS). A bandpass filter of 0.1-1.0 Hz was applied to waveforms, before the analysis. This technique
could not be used to identify the orientation at HA.LTRS, as the station is equipped with an accelerometer, suitable
for strong motions. Out of 726 candidate events, 167 measurements were eligible in HP.LTK. At station HA.LOUT,
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118 measurements were retrieved from 503 earthquakes. The analysis yielded no significant issues with the sensor’s
orientation at HP.LTK, with its value being NO°E + 4°, confirming the results of Evangelidis et al. [2021]. On the other
hand, the azimuth of the north-south component at HA.LOUT was found to be N350°E + 5° (i.e. rotated 5° to 15°
counterclockwise), in contradiction with the results of Evangelidis et al. [2021] who found a clockwise rotation of
over 20°. This odd difference is discussed further later on, along with ¢ results at the station.

We analyzed recordings of the 4,006 eligible event-station pairs with the Pytheas software [Spingos et al., 2020]
that offers a fully automated processing scheme. We selected the popular Eigenvalue method [Silver and Chan, 1991]
combined with cluster analysis [Teanby et al., 2004]. In summary, the algorithm performs a shear-wave splitting
measurement over a range of candidate signal windows, by rotating the horizontal traces to trial ¢ values between
NO°E and N179°E, correcting for a candidate time-delay (in our parameterization, between 0 ms and 350 ms) and
then estimating the covariance matrix of the two corrected waveforms. The splitting parameters pair that best
minimizes the second eigenvalue of the covariance matrix is considered as the optimal. Then, after acquiring one
pair for different signal windows, a cluster analysis algorithm searches for the optimal cluster and measurement,
in the space defined by ¢ and t;. The software also automatically grades each observation, by considering several
factors: (a) the errors of ¢ and t; and (b) the correlation coefficient of the unsplit waveforms. A score is calculated
from these factors and a grade (with “A” being best and “E” being worst) is assigned. Moreover, if the polarization of
the corrected shear-wave is sub-parallel or sub-perpendicular to ¢, the measurement is considered null, as in those
cases it cannot be decided whether the medium is isotropic or if the initial shear-wave polarization was the same
as that of the fast or the slow shear wave polarization direction [Wiistefeld and Bokelmann, 2007]. Additionally,
measurements with t;=0 ms are also considered null. These two tests are performed at the end of the grading
algorithm, to measurements initially characterized “A”, “B”, “C” or “D”. During the analysis, arrivals with a low
Signal-to-Noise Ratio (SNR) are rejected. Filtering is also automated, with the range of the applied bandpass filter
being determined by trying different frequency bandwidths and searching for the one that best removes noise,
modified after the algorithm first introduced by Savage et al. [2010]. The complete parameterization used in our
analysis is provided in Appendix B.

3. Results

After rejecting shear-wave arrivals due to low SNR and cases of failed splitting estimation, we obtained a
catalogue of 3,646 shear-wave splitting measurements. Grading yielded 43 “A”, 536 “B”, 778 “C”, 100 “D”, 2,149 “E”
and 40 null measurements. The high number of lower quality (“D” and “E”) observations is due to the application
of quality estimators (see Appendix B) and the low amplitudes of detections from template-matching. All 40 null
measurements were observed at HP.LTK (see Appendix C). Hereafter, we only used “A”, “B” and “C” quality parameters.
Out of the three stations, HP.LTK presented the highest number of results with 1,311 accepted measurements.
HA.LOUT offered 46 observations of quality “B” and “C”, while the 2 measurements at HA.LTRS were both rejected
(grade “E”). A summary of the average values for the two eligible stations are shown in Table 1. The normalized
time-delays (t,) were obtained after dividing each t; with the corresponding hypocentral distance. To calculate their
errors, we used the formula proposed by Del Pezzo et al. [2004] shown in Eq. (1):

Sty = JR-Z&cd + R™4t25R 2 )

where R is the hypocentral distance, §t, the time-delay estimation error and 6R the error of the hypocentral distance.
As opposed to Del Pezzo et al. [2004], we did not use fixed values for §t; and R, as we utilized the errors associated
with each observation. It is noted that for the determination of splitting parameter errors Pytheas uses the revisited
formulations of Walsh et al. [2013].

At HP.LTK, the polarization direction of the fast shear-wave shows a variety of measurements, with a clear
dominant NW-SE orientation (Fig. 2a). However, we can also observe two significant concentrations of measurements
striking ENE-WSW and N-S. The mean value (N105°E) is clearly affected, with the median of the sample being
N111°E (closer to the main concentration seen in Figure 2a).
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Parameter HP.LTK HA.LOUT
N 1,311 46
oxop(°) 105+43 164+ 50
tq+ o¢q (Ms) 129+ 70 157480
t, + o, (ms/km) 15+ 10 11+6

Table 1. Average value and respective standard deviation (o) for the polarization direction of the fast shear-wave (¢),
the time-delay (t;) and the normalized time-delay (t,) at each station. The number of eligible observations (N)

is also shown.

Figure 2. Rose diagram for results at HP.LTK (a) and HA.LOUT (b). Angles are binned every 5°. F indicates the interval of
the grid. The blue line shows the mean direction of ¢ at each station.

On the other hand, HA.LOUT presents a dominant direction at NNW-SSE (Figure 2b). There are differing
observations present, but they do not form a large concentration. In both cases, ¢ values in the rose diagrams are
controlled by the results of the analyzed template-matching detections. In HP.LTK, 1,097 of the observations belong
to detections (with 214 coming from original locations), while in HA.LOUT, only 3 out of the 46 measurements
resulted from cases of initial hypocenters. Therefore, even though our broader dataset has considered events from
2008, there is strong bias towards the 2020-2021 era due to the dominance of the detections. Moreover, there is
an ambiguity in the orientation of HA.LOUT. As explained earlier, the sensor could be misoriented either ~10°
counterclockwise (according to our analysis) or ~20° clockwise (according to Evangelidis et al. [2021]). We have
not corrected ¢ values for either case, due to the ambiguity and will consider this in interpreting the results. It is
noted that the correction of Evangelidis et al. [2021] would result in a mean ¢ of ~N144°E, closer to the NW-SE
direction of HP.LTK.

To identify and demonstrate spatial patterns of ¢, we adopted a simple spatial averaging algorithm. First, TauP
[Crotwell et al., 1999] was used to generate ray pierce points between the focus and the respective recording station,
every 0.5 km of depth. Then, for each pierce point, the measured ¢ value was assigned, as well as the distance the
ray travelled up to that point. For a grid with nodes spaced every 0.025° (for either latitude or longitude), the pierce
points that belonged to the respective cell were retrieved. To acquire the mean ¢ we used the weighted averaging
formula shown in Eq. (2), proposed by Johnson et al. [2011]:

no n
o =tan-12 (Zr:l sin(@;) * wye -1 cos(@;) * Wrc) @)

(p =
¢ Z?:l W]'C ' Z?:l WTC
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where r and c are the identifiers for each ray and grid cell, and w is the weighting function. We used 1/d? to weight
¢, with d being the distance between the station and the node. Grid cells with less than 5 pierce points were rejected.
The standard deviation and error were also estimated. Nodes with a deviation over 30° and an error over 10° were
considered ambiguous [Johnson et al., 2011]. We preferred to calculate averages for each station independently,
because of the significant differences between the two. The number of observations at HP.LTK (1,311) is ~30 times
greater than the one at HA.LOUT (46), which would eliminate any possible patterns existing at the latter. Moreover,
there is the uncertainty about the orientation of HA.LOUT.

We observe significant differences between the western and southern edges of the grid and the nodes closer to
the stations (Fig. 3). Averages in the south are mostly oriented either NE-SW (for HP.LTK) or NW-SE (for HA.LOUT).
For HP.LTK, averages at the center and east of the area show a general ENE-WSW to E-W orientation, while at the
northwestern edge a clear NE-SW direction is present. WNW-ESE to NW-SE observations (which coincide with the
dominant ¢ seen in the rose diagram of Figure 2a) are mostly present to the northeastern edge, but can also be
observed north of the station mixed with other directions. Averaging results for HA.LOUT are more limited due to
the lack of measurements, but indicate NNW-SSE directions offshore that gradually shift to NW-SE closer to the
station. The latter averages are very similar to observations at HP.LTK. In Figure 3, the two grid nodes to the south
of HA.LOUT exhibit the same direction from measurements of either station (which causes the HA.LOUT vector to
be drawn right above the HP.LTK one).

The distribution of time-delays (Figure 4) at HP.LTK shows a significant concentration between 100 and 130 ms,
with similar decreases on either side. There are very few observations towards the limit imposed by the software
parameterization (i.e. 350 ms). It is clear that t; does not follow a normal distribution, when considering the
average and standard deviation of Table 1. Similarly, normalized time-delays (Figure 4b) show an increase between
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Figure 3. Spatial averaging for nodes (black squares) spaced every 0.025°, for results obtained at HP.LTK (black lines) and
HA.LOUT (dark red lines). Dashed lines show averages with a standard deviation over 30° and an error larger
than 10°. The vector length at each station (yellow triangles) is proportionate to the average t, (see legend).
Epicenters that provided at least one splitting measurement are marked by red circles (for original locations) or
red diamonds (for templates). Faults (brown lines) after Michas et al. [2015].
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14 and 18 ms/km and a steady decrease of observations towards the extreme end (> 30 ms/km). Understandably, t,,
is greatly affected by the location of the epicenter and the focal depth. In the case of the EGoC, the sparsity of the
network has an adverse effect on the quality of event solutions and, especially, the depth [Michas et al., 2022]. In
addition, detections from template-matching could not be located and their source details depend on the quality
of the template solution. These characteristics of the catalogue introduce significant qualitative uncertainties in t,,.
The limited number of results at HA.LOUT does not permit a similar evaluation of the distribution of time-delays.
Nevertheless, due to its furthest location from epicenters, HA.LOUT features high t; observations (with ~1/5 of
them being over 250 ms), which then translate to modest t,, (only 1 measurement exceeds 20 ms/km).

oSy @ ®

0 100 200 300 0 20 40 60
ty (ms) ty (Z5)

Figure 4. Distribution of time-delays (a) and normalized time-delays (b) for station HP.LTK. The black line shows the fitted
normal distribution for these parameters. t; is binned by 10 ms (1 sample) and ¢, by 1 ms/km. N is the count of
observations per bin.

4. Discussion
4.1 Spatial patterns of ¢ in the EGoC

The study area of the eastern edge of the Gulf of Corinth is characterized by extension in a, grossly, NNE-SSW
direction [Jackson et al., 1982; Roberts and Koukouvelas, 1996; Sachpazi et al., 2003]. Stress inversion from regional
focal mechanisms has shown that the maximum horizontal compressive stress component (ogma) iS Oriented
parallel to the greater rift structure, i.e. approximately WNW-ESE [Kapetanidis and Kassaras, 2019; Kassaras et al.,
2020]. Theoretically, if the crust around Loutraki and Perachora is permeated by fluid-filled microcracks, it is
expected that they align to this direction, in response to the applied stress field [Crampin et al., 1984; Crampin,
1987; Crampin and Chastin, 2003; Crampin and Peacock, 2005], which, in turn, would be reflected in the rose
diagram of Fig. 2. In HP.LTK, we see that this is the direction that prevails, even though there is a strong presence
of ENE-WSW and NNE-SSW observations. On the contrary, the main direction at HA.LOUT deviates significantly
from the orientation of a;;,4y. If we consider the ~20° clockwise sensor drift of Evangelidis et al. [2021], the ¢ values
better fit with the regional stress field (as the average ¢ would be N144°E). The well-constrained N350°E + 5°
seismometer orientation that we found would rotate the results the other way, closer to N-S (N174°E). While the
former correction suits splitting interpretation better, we cannot confidently reject the latter case and, therefore,
did not apply any correction to our data observations. This is an open question that could be definitively answered
in the future, by field measurements of the true north.

Local studies in other areas of the EGoC have shown a prevalence of NW-SE polarizations, mostly agreeable
with oy;,4x, With one exception of a second ¢ direction, oriented NE-SW [Papadimitriou et al., 1999; Kaviris, 2003;
Kaviris et al., 2014]. In the Western Gulf of Corinth, there have been observations of odd NE-SW polarization
directions, but most polarizations are compatible with op,. [€.g. Giannopoulos et al., 2015; Kaviris et al., 2017].



SwS patterns in Perachora

Similar cases of disassociation of ¢ with the local stress field have been reported to other areas, where the role
of local faults in controlling the polarization direction has been recognized [Cochran et al., 2003, 2006; Liu et al.,
2008; Gao et al., 2011, 2019; Sharma et al., 2017; Kaviris et al., 2021]. Therefore, disagreements between ¢ and
the regional stress are reported even in some cases where more than one dominant polarization direction are
observed at the same station. In our case, there seems to be a spatial (but not azimuthal) variation, with average ¢
strongly deviating at the edge of the area, while otherwise being constrained in a WNW-ESE to ENE-WSW range.
There is some correlation with existing structures, as in the cases of the Heraion and Strava faults. However, there
is no clear alignment with faults in the rest of the area and there are cases where ¢ is perpendicular to the nearby
fault, as in the south (Lechaio and Vrachati faults) and the western edge of the North Xylocastro fault. Considering
station averages, the NW-SE direction at HA.LOUT agrees with the nearby Loutraki fault (even more so if the
correction of Evangelidis et al. [2021] is applied). HP.LTK on the other hand is surrounded by diverse faults such as
the ~E-W-striking Schinos and the complex Pisia faults. The absence of a strong connection between the spatial
distribution of ¢ and local faults leads us to believe that stress or pressure gradients, as modelled by APE, are the
main controlling factors of anisotropy in the area. The main direction of Sy, polarization in HP.LTK and (potentially)
HA.LOUT is almost parallel to o,y

4.2 Temporal variations before the crisis

We then attempted to identify temporal patterns of splitting parameters, associated with the occurrence of
significant earthquakes. Time-delays have long been hypothesized to function as a proxy of stress concentration
and release, in a rock volume [Peacock et al., 1988; Crampin, 1998; Gao and Crampin, 2003; Crampin et al., 2008].
Accumulation of tectonic stress affects the crustal microcracks by shifting their aspect-ratio and opening new ones.
As stress increases, it may reach a critical threshold where cracks coalesce, leading to the eventual earthquake. This
behavior has been modelled by the Anisotropic Poro-Elasticity (APE) and was also supported by empirical data
[Crampin and Zatsepin, 1997; Zatsepin and Crampin, 1997], suggesting a physical background to possible “stress-
forecast” strong events [Crampin, 2011; Crampin et al., 2013]. Therefore, we would expect an abrupt change in the
polarization direction of the Sg,; (due to the shift in aspect-ratio) before an earthquake (a so-called 90°-flip), while
the event would be preceded by a long period of time-delay increase and a short time of decrease, respective to
stress accumulation and release (due to coalescence). Volcanic regimes, where magma and other hot fluids circulate
causing violent eruptions, have been a natural laboratory for shear-wave splitting, as temporal and spatial variations
of ¢ (including 90°-flips) and t; have been well-recorded to function as precursors [Bianco et al., 2006; Bianco and
Zaccarelli, 2009; Liu et al., 2014]. On the other hand, shear-wave splitting as a mean of earthquake prediction has
come under scrutiny. Crampin et al. [1999] documented a successful stress-forecast of a M = 5.0 shock, with a 2-week
lead time. However, their claim has been debated by Seher and Main [2004], who offered a statistical evaluation of
the alleged forecast and reported significant uncertainties, even though they did not reach a firm conclusion, citing
the high scatter of observations, possibly due to different ray paths. Other authors have identified variations of
time-delays that were apparently random and did not coincide with the occurrence of an earthquake [Peng and Ben-
Zion, 2004; Kaviris et al., 2017]. Regardless, the feat of Crampin et al. [1999] has not been repeated, as only posterior
reports of inferred accumulation and relaxation sequences before a strong earthquake have been mentioned in
literature [Gao and Crampin, 2004, 2006; Polat et al., 2012; Crampin et al., 2015; Kaviris et al., 2018b, 2018c, 2021].
In tectonic regimes, 90°-flips were reported by Padhy and Crampin [2006], interpreted as the existence of high pore
pressure in the sampled rock volume, and have also been connected to wastewater injections [Nolte et al., 2017].

Concerning the temporal variations of splitting parameters, we attempted to identify abrupt changes that might
be associated with significant events. We did not distinguish between Band-1 and Band-2 ray paths [Crampin et al.,
1999], as the scatter in ¢ poses a great challenge in determining the true orientation of the crack plane and, in the
case of pre-2020 measurements, the number of observations is already low. Following, temporal variations are
examined in two periods: (a) between 2008 and 2019 and (b) during the 2020-2021 crisis. We focus on station HP.LTK,
as HA.LOUT features only 3 measurements pre-2020. Finally, temporal variations were examined on daily-averaged
data, to partially account for the expected high scatter in time-delays [Crampin et al., 2004]. For 2008-2019, the 80
observations at HP.LTK correspond to 71 days.

In terms of ¢, observations for the overall period between 2008 and 2019 (Figure 5b) indicate a NE-SW trend
with significant scattering through the years. In fact, the main direction of ¢ seems to be oriented NE-SW, almost
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perpendicular to the NW-SE direction acquired from the whole dataset (Figure 2a). There is a significant rotation in ¢
from ~N105°E (starting 2008) to ~N60°E (from approximately November 2014). According to the sensor orientation
analysis detailed earlier, we did not find any changes in the seismometer’s azimuth. Additionally, available metadata
for HP.LTK do not document a change of sensors during 2014. Therefore, we can exclude misorientation as the cause
of this change. Spatial dependence can also be excluded, as the epicenters of the 2008-2019 splitting observations
are located in the area roughly formed by the significant earthquakes (black stars) in Figure 5c (also see Figure 1b).
Temporally, the rotation of ¢ preceded the occurrence of a My, = 3.2 event on the 22" of February 2015, located
~12 km NW of HP.LTK at a depth of 11 km (small red star in Fig. 5¢). According to APE, changes in pressure gradients
resulting from fluid-related processes have an explicit effect on microcracks and, consequently, shear-wave splitting.
As the M, =3.2 event occurred in the immediate vicinity of the station, we hypothesize that an increase in pore
pressure could cause the ¢ changes seen. Seemingly, there is an increase of normalized time-delays in the period
right before the sudden change in ¢, which is followed by a decrease. According to its location, the My, = 3.2
earthquake is likely the result of a rupture on a NE-SW oriented fault patch (whether on the eastern edge of a
North Xylocastro fault branch or on the Perachora fault, as shown in Fig. 5c). The beginning of the alleged increase
of t, is on December 2013 and the start of the NE-SW-oriented ¢ is on October-November 2014. Fluid migration
along a NE-SW pressure gradient could explain the shift in ¢, the increase in t,, and the occurrence of the My, = 3.2
event, possibly followed by gradual stress relaxation. Kim and Kim [2022] reported fast polarizations aligned to
fluid flow, near gas production wells (i.e. a better monitored environment), evidencing the behavior modelled by
APE. Unfortunately, the lack of a dense local network and, hence, the small number of detected earthquakes cannot
establish whether these observations belong to a long-lasting pore-pressure diffusion episode, as the 15-month-
long one observed in the western part of the Gulf during 2013-2014 [Kapetanidis et al., 2021]. There does not seem
to be any significant change in splitting related to the February 2012 M, =4.2 earthquake located ~24 km SW of
HP.LTK or the September 2012 M,, = 5.1 event (25 km NW of the station). The period between 2008 and 2010 features
a plethora of My, > 3.0 earthquakes NW of the station (black stars in Fig. 5c), but the lack of observations does not
permit us to identify any related patterns.
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Figure 5. (a) Temporal variations of (from top to bottom) monthly seismicity, ¢, t; and t, between 2008 and 2019 (daily
average splitting parameters for HP.LTK). Each observation is accompanied by its respective error. The red dashed
line indicates a 9-point moving average. Vertical solid lines denote the occurrence of significant earthquakes
(Mg, > 3.0). The period of changes in SwS is shaded. (b) Rose diagram for measurements at HP.LTK between 2008
and 2019 (notation as in Fig. 2). (c) Map showing the significant earthquakes of (a) as black stars. The 2012
M, =4.2 and the 2015 M;, = 3.2 earthquakes are shown as red stars. Brown lines show the named faults of Figure 3.
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4.3 Temporal variations during the crisis

The 1,231 observations in HP.LTK during 2020-2021 correspond to 125 daily averages. The seismicity outburst
started in mid to late April 2020 (accompanied by the occurrence of a My, = 3.2 event, Figure 6a). The number of
earthquakes was reduced significantly after September 2020. Michas et al. [2022] identified earthquake migration
along a N103°E axis between April and August. Vertically, seismicity deepened as migration progressed. Michas et al.
[2022] suggest that it was triggered by fluid overpressures and evolved due to pore pressure gradients along local
faults. Temporal variations of ¢ show a radical shift from N-S to NE-SW directions between March and April 2020 to
approximately WNW-ESE in May. Then, there is great scatter in the dataset, with a strong presence of both WNW-
ESE and NE-SW observations (Figure 6a). Time-delays show an increasing trend, starting on April. Variations of t,,
directly contrast this, with an increase between March and the start of May followed by a month-long decrease and,
then, a small increase in June followed by a clear decrease between the end of the month and September (possibly
October). The apparent contradiction between t; and t,, can be explained by the increasing hypocentral distances,
as seismicity migrated away from HP.LTK and in greater depths. As t; is assumed to be accumulated along the path,
it is expected for its values to be highest when sources are the furthest from the station.
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Figure 6. (a) Temporal variations of (from top to bottom) seismicity (bins every 3 days), ¢, t; and t,, between January 2020
and June 2021 (daily average splitting parameters for HP.LTK). (b) Rose diagram for measurements at HP.LTK
for the same period. (c) Map showing the significant earthquakes of (a) as black stars. The April M = 3.2, May
M, = 3.2 and June My, = 3.7 earthquakes are shown as red stars. Notation as in Fig. 5.

The shift in Sg directions coincided with the first t, increase, the occurrence of the late April My = 3.1 event
~2 km east of HP.LTK (Fig. 6¢) and the beginning of the crisis. Nevertheless, the t, increase started earlier, within
March, and reached its peak (~36 ms/km) four days before the earthquake. Polarization direction abruptly shifted
approximately 5 days later, while t, were decreasing and seismicity was migrating west of HP.LTK. A group of ¢
values roughly ranging between N90°E and N120°E and the t,, decrease lasted until the occurrence of a My, = 3.2
event ~6 km NW of the station on May 30t. From then on, there is high scatter in ¢ valuesand t,, increases until the
June 23" My = 3.7 event, located ~3 km NW of HP.LTK. Onwards, the ¢ scatter becomes more pronounced, while
there’s a well-defined t,, decrease. A new burst of seismicity (accompanied by a M, = 4.2 earthquake ~21 km NE) in
September does not seem to have any effect on splitting.

The changes preceding the April 25t My = 3.1 event (and the start of the crisis) do not seem to agree with literature.
Normalized time-delays for small earthquakes (M < 4.0) have been reported before, but the stress accumulation and
relaxation periods are much shorter, in the order of hours or days, as seen in the summary provided by Crampin et al.
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[2013]. In our case, the increase lasts for a month and the decrease takes place in five days. Additionally, significant
¢ changes have not been reported as precursory phenomena for tectonic earthquakes, except for Padhy and Crampin
[2006]. However, we observe a significant change in our case. The ~NE-SW polarization directions observed in
December 2014 (Figure 5a) are similar to the ones seen between March and May 2020. The first trimester of 2020
(January-March) presents highly scattered ¢. Unfortunately, there are either too few scattered observations (after
2015), or none at all (in the last semester of 2019), which makes connecting the two periods hardly possible. Data
of the 2020-2021 group lead us to reconsider the hypothesis of a NE-SW migrating fluid front in 2014-2015. We
propose two possible scenarios.

In the first, shear-wave splitting during 2014-2015 was indeed related to a lesser fluid migration episode along a
NE-SW pressure gradient, which led to either low seismicity or mostly weak earthquakes that occurred well within
the gulf, beyond the detectability of the regional network (which explains the lack of events in the catalogue). The
period before April 2020 is also witnessing such an episode, which is then followed by the major (and more violent)
crisis, with fluids migrating WNW-ESE.

According to the second scenario, anisotropy in the area is generally controlled by the offshore NE-SW-trending
faults (e.g. the major Perachora fault). In this case, minor pressure gradients are the cause of scatter in ¢ before the
crisis, while after April 2020 the major diffusion episode is the controlling factor of shear-wave splitting.

The complexity of interpreting anisotropy in the EGoC arises from the similarity of directions between different
candidate factors. The prevalent WNW-ESE to NW-SE ¢ are comparable to opyqy, fault strikes in the immediate
vicinity of HP.LTK (e.g. Pisia) and the implied high pressure gradient associated with the 2020 seismicity, all of
which have the same direction. If the Sz, polarization was the result of the effect of local faults, it would not change
significantly over time, considering the similarity in the backazimuths of the various events. Moreover, the fault
systems closer to the station should have imposed their orientation on ¢, as in other cases where structurally-
controlled anisotropy is observed [e.g. Li and Peng, 2017; Gao et al., 2019; Pastori et al., 2019; Shi et al., 2020;
Ortega-Romo, 2021]. Finally, we found no convincing evidence of spatial correlation between faults and spatially
averaged polarizations (Figure 3). Changes in ¢ controlled by oy, could be associated with 90°-flips, when the
medium reaches fracture criticality, as modelled by APE. However, a strong presence of the direction perpendicular
to the dominant WNW-ESE (~N20°E) is noticeably absent (Figures 2, 5b and 6b), while highly scattered ¢ values are
commonly present. High pressure gradients have been shown to cause unconformable observations of ¢ [e.g. Kim
and Kim, 2022]. Therefore, we favor the first scenario of diffusion episodes of different intensity and directivity as
the driving force behind anisotropy in the EGoC. During 2020, increases and decreases of t, mark three sub-episodes
of fluid migration, highlighted by the occurrence of M > 3.0 earthquakes. However, there seem to be narrow spatial
constraints, as only events in epicentral distances of less than 12 km had a detectable footprint on shear-wave
splitting. The two strong My, = 4.2 earthquakes (in 2012 and 2020) and the much stronger M,, = 5.1 event of 2012,
that occurred over 20 km away, had no effect on observations.

5. Conclusions

Analysis of 13 years of earthquakes in the Eastern Gulf of Corinth, recorded by broadband stations HP.LTK and
HA.LOUT, located near Loutraki, led to the identification of a complex shear-wave splitting regime. After considering
the limit of the shear-wave window and other criteria, eligible observations revealed a dominant NW-SE direction
with a strong secondary NE-SW and a N-S orientation also present. Spatial averaging did not reveal any clear
links between local structures and these directions. However, significant temporal patterns of both ¢ and t, were
discovered, related to four events, in HP.LTK; (a) a My, = 3.2 earthquake on February 2015, (b) a M, = 3.1 earthquake
on April 2020, (c) a My, = 3.2 event on May 2020 and (d) a My, = 3.7 earthquake on June 2020. All these events were
located at a maximum epicentral distance of 12 km, while the strongest events in the catalogue (on February 2012
and September 2020, both M = 4.2, and on September 2012 with M,, = 5.1) had no effect on splitting. We suggest that
anisotropy in the area is controlled by pressure gradients related to episodic fluid diffusion, as the 2020 variations
follow seismicity changes and a well-defined NW-SE seismicity migration front. However, the existence of a long
NE-SW pressure gradient during 2014-2015 can only be theorized, as there is no evidence from seismicity. The spatial
independence of ¢ and the temporal changes in splitting parameters ruled out structurally-controlled anisotropy,
while the existence of a prevalent NE-SW direction before the 2020 shows that the dominant ¢ being parallel to
OHmax, during the crisis, could be coincidental. SwS in the EGoC seems to be more complex than in the Western Gulf
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of Corinth. In the latter, ¢ directions generally agree with either o4, o1 local faulting [e.g. Giannopoulos et al.,
2015; Kaviris et al., 2017, 2018; Kapetanidis et al., 2021].

Template-matching was critical in increasing available arrivals at HP.LTK, during the 2020 outburst. A detailed
seismotectonic study (possibly integrating template-matching) for 2014 and 2015 could reveal additional
earthquakes and permit the analysis of seismicity to determine whether fluids played a role in the upper crust
anisotropy during that period.
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