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Abstract

An anisotropic upper crust has been revealed in the W. Gulf of Corinth with
potentially changing properties. During 2013, a unique opportunity to conduct a
shear-wave analysis was presented, as a combination of the significantly increased
seismicity in the area, including a seismic swarm between May and August, and the
existence of local seismological networks. The Hellenic Unified Seismological
Network (HUSN) and the Corinth Rift Laboratory Network (CRLN) provided
invaluable data during the unrest period. While shear-waves travel through an
anisotropic medium, the splitting phenomenon takes place and, as a result, their
propagation is characterized by two discernible components: the fast (Sst) and the
slow (Ssiow) ONe, which arrives to the station in a subsequent temporal point. Modern
advances in seismology and geophysics have rendered shear-wave splitting a
valuable tool in determining properties of the anisotropic propagation media. One of
the predominant causes of this phenomenon is the existence of microcracks
throughout the upper crust. The current study presents results for 8 stations from 535
analyzed events that are in agreement with the anisotropy models of EDA and APE.
Keywords: seismic anisotropy, Gulf of Corinth, seismic swarm.

Hepiinym

Tic mponyobueves dvo dekaeties Eyel mapatnpnbei otL o ploiog otov A. KopivBioxo
Kolmo mopovoialer 10 paivouevo s avicotpomios pue OOVHTIKG UETOSOLLOUEVES
1010tnres. Koza to 2013, n exoniwon éviovng oeloukotntog, ooUmepIAauBovorévns
™m¢ ounvooelpads uetold Maiov kot Avyodotov, o€ cvvovaocuo ue Ty PPy TOTKOV
OELTUOAOYIKDV JIKTOWV, OTOTELECE EVODOUO. VIO TH O1eCoywyn THE TOPOLOOS UEAETHG.
To Eviaio EOviké Aiktvo Zeiouoypdpwv (EEAY) xor o Corinth Rift Laboratory
Network (CRLN) éyovv xataypdwer peyéro mhibog dedouévav otn didpreio
exonlwong tov porvouévov. Koatd tm 0100001 TV EYKOPOINV KOUATWY 0F EVO,
OVIGOTPOTIIKO UECO, AOUPAVEL YOPO. TO POIVOUEVO THG OYOONS, IE ATOTEAETUA 1] O1G.O00T]
OVTOV VL UTOPEL VO, YopoKTNPIeTar amd 000 OLaKPITEC COVIGTMOES: THY TOXEL0. (Stast)
Kol ] Spadeia (Ssiow), 1] OTOLO KATOYPAPETOL OTTO TOV GTOBUO O€ DOTEPN YPOVIKN TTIYUH.
Kvpio aitio tov porvouévov avtod amotedei n DmOpEn WIKPOPWYUDY OTOV OVOTEPO
@lo10. O1 odyypoves eCeAilelc 0T TELOUOAOYIO. KOL TN YEWPVOIKY EYOVY KOTOAOTHOEL TH
HEAETH THG OYOONS TWV EYKOPOIMV KOUGTWV ¢ Eva ToADTIUO epyoielo yia TOV
TPOTOLOPIGUO TV IOLOTHTWY OVIGOTPOTIIKWY uéowv. H mopodoa uelétn mapovaidler
amoteAéouaro yio. 8 orouods aro éva avvolo 535 avalvbéviwv celouwv, to. omoio
ovUPWVOLY e Tt poviéda ovicotporiog EDA xoi APE.

Aéeig KAg101d: oelouxy avicotpomio, Kopivbioxos Kolrog, ounvooeipd.
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1. Introduction

The Gulf of Corinth (GoC), located in Central Greece, is a key area for seismological studies in
Europe, due to the high local seismicity (Makropoulos and Burton, 1984; Papadimitriou et al., 2010)
and the existence of dense seismological networks, namely the regional Hellenic Unified
Seismological Network (HUSN), composed of stations operated by the Seismological Laboratories
of the National and Kapodistrian University of Athens and the University of Patras, the Department
of Geophysics of the Aristotle University of Thessaloniki and the Institute of Geodynamics of the
National Observatory of Athens, as well as the local Corinth Rift Laboratory Network (CRLN) with
stations in the broader Aigion area (Lyon-Caen et al., 2004). These two networks are complementary
to each other and enable the location of hypocentres with small uncertainties.

The extended study of the GoC by multiple researchers in the past has provided valuable insight
about the tectonic processes that dominate the region. The gulf is characterized as a complex
asymmetric half-graben (Armijo et al., 1996). The normal fault systems in the area strike
approximately E - W, causing the uplift of the southern shore of the gulf and the extension in a
general NNE - SSW direction (Fig. 1), while dipping northward (Hatzfeld et al., 2000). However,
there are south dipping antithetic faults of lesser significance to the tectonic evolution of the area
(Bell et al., 2009), located at the northern part of the gulf and offshore. A detachment zone with
normal faulting characteristics and a 15° northward dip has been observed beneath the gulf at
approximately 10 km depth (Rigo et al., 1996).

Seismicity in the study area (Fig. 1) reveals a plethora of strong earthquakes since the pre-
instrumental era (Galanopoulos, 1936, 1960; Papazachos and Papazachou, 2003; Kouskouna and
Makropoulos, 2004).This trend that also continued in the modern period of seismology, since 1900,
has led to the occurrence of several large earthquakes (M, > 6.0, Makropoulos et al., 2012), such as
the Galaxidi earthquake (Hatzfeld et al., 1996). One of the most well-known seismic events of the
recent decades is the 15 June 1995 (Ms=6.2) Aigion earthquake (Bernard et al., 1997a). Since the
occurrence of the Aigion event, the seismic energy in the Western GoC (WGoC) is mainly expressed
by the generation of seismic swarms and not specific strong events (Lyon-Caen et al., 2004;
Duverger et al., 2015; Kapetanidis et al., 2015). The two strongest events of this period were located
at the northern part of the GoC, close to Efpalio city, in 2010, both with a magnitude of My, = 5.1
(Kapetanidis and Papadimitriou, 2011; Ganas et al., 2013).

Seismic anisotropy is the variation of seismic velocity in different propagation directions. When shear-
waves enter an anisotropic medium, they split into two distinct components, presenting discernible
seismic velocities. The phenomenon has been attributed to several causes, such as the lattice preferred
orientation of minerals in sedimentary rocks (Valcke et al., 2006) or in accordance with the orientation
of sedimentary grains (Crampin et al., 1984). In settings dominated by tectonic processes, it can be
interpreted by the Extensive Dilatancy Anisotropy (EDA) model, according to which fluid-saturated
microcracks, oriented parallel to the maximum horizontal compressive stress component, exist in the
rockmass and control the anisotropy direction (Crampin, 1978). The evolution of EDA is the
Anisotropic Poro-Elasticity (APE) model, which incorporates pore fluid pressure in understanding the
mechanisms that govern seismic anisotropy in the upper crust (Crampin and Zatsepin, 1997).
Microcrack-controlled anisotropy has been observed in both volcanic and tectonic environments, such
as Iceland (Crampin et al., 1999), Greece (Papadimitriou et al., 1999, 2010; Kaviris et al., 2008, 2014,
2015), Italy (Bianco et al., 2006) and U.S.A. (Liu et al., 2008).
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In the framework of the current study, an anisotropy analysis was conducted in the WGoC during
2013, including the period of the Helike seismic swarm (Chouliaras et al., 2015; Kapetanidis et al.,
2015). The data were recorded by stations belonging to both the HUSN and the CRLN. The manual
processing of waveforms utilized the polarigram (Bernard and Zollo, 1989) and hodogram methods,
leading to the measurement of two shear-wave splitting parameters: the polarization direction of the
shear-wave component with the higher velocity (Stst) and the time—delay between the arrival of the
Stast and the slow component (Ssiow).
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Figure 1 - Seismotectonic Map of the WGoC. Focal mechanisms are published in the webpage
of the Department of Geophysics of the University of Athens. Squares represent epicentres of
historical events (Papazachos and Papazachou, 2003), whereas circles correspond to
earthquakes that occurred since 1900 (Makropoulos et al., 2012). The arrows present the
direction of extension of the gulf. Fault traces have been digitized in the Seismological
Laboratory of the University of Athens (Karakonstantis and Papadimitriou, 2010).

2. Data and Method

The local seismological stations of HUSN and CRLN enabled the recording of a great amount of
data and the highly precise location of the selected events. A total of 535 events that occurred during
2013 in the W. GoC were utilized, having focal depths between 6 km and 12 km. Location errors
were very satisfactory, having mean values equal to 0.6 km for the horizontal (ERH) and 0.9 km for
the vertical (ERZ) one, while mean RMS was equal to 0.13 sec. Hypocenters of events belonging to
the May - August seismic swarm were adopted by Kapetanidis et al. (2015). The earthquakes
selected for the study meet certain strict criteria. Each event is located within the shear-wave window
with an angle of incidence equal to or less than 45°, to avoid interaction with the free surface (Booth
and Crampin, 1985). Furthermore, the shear-wave amplitude of the vertical component is smaller
than that of the horizontal ones, preventing converted or scattered phases. The utilized waveforms
presented a high Signal-to-Noise Ratio (SNR) in order to exhibit clear and impulsive phases,
minimizing the possibility of false S-wave arrival identification (Kaviris, 2003).

The current study was conducted using visual technigues to provide more accurate and verified results.
Polarigrams and hodograms were applied to estimate the shear-wave splitting parameters. Events that
exhibit highly elliptic polarization are rejected (Papadimitriou et al., 1999; Kaviris et al., 2010).
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Figure 2 - (a) Original traces (top) of an earthquake recorded at KALE station, filtered
traces (middle up), polarigram (middle down) and hodogram (bottom) in the N-E plane
where the polarization direction of the fast shear-wave is measured, as indicated by the
black arrow. (b) Traces rotated to the fast and slow directions, filtered waveforms of the
rotated traces, polarization vector and hodogram in the fast/slow plane where the time-delay
is measured (indicated by the two red vertical lines).

In Fig. 2a, an example of an event that meets the selection criteria and was used in the anisotropy
study is presented. A band-pass Butterworth filter in the frequency range of 1 Hz - 20 Hz was applied
on the original waveform. The event occurred on 4/8/2013 18:04:48 GMT, with an azimuth equal
to 292° and an angle of incidence equal to 13°, within the shear-wave window. The selected
waveforms were recorded by KALE station, located in the town of Kallithea, near the northern coast
of the GoC. This station belongs to the Seismological Laboratory of the National and Kapodistrian
University of Athens, as a part of HUSN, and is characterized by small epicentral distances for
events located at the northern coasts of the GoC and offshore. Both the polarigram and hodogram
of the N-E plane are presented, where the shear-wave splitting phenomenon can be clearly observed,
as evidenced by the different S-wave arrival times in the two horizontal components. The fast shear-
wave polarization direction, measured clockwise from the north, is found equal to N105°E and is
also confirmed by the hodogram, where the particle motion in the above direction is evident.
Hodograms can be utilized for the accurate measurement of the polarization direction when the fast
axis coincides with the polarigram’s horizontal axis (i.e. the polarization direction is ~N90°E).

Then, the seismograms are rotated to the fast and slow direction. The obtained waveforms and
particle motion diagrams are presented in Fig. 2b. As observed, the polarization vector of the fast
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component is perpendicular to the slow component axis and thus confirms the measurement
performed during the previous step. In order to estimate the time delay, the fast component
waveform is temporally moved towards the slow one, until the arrivals of the shear-wave in the two
components coincide. In this case, the time delay is equal to 100 ms and represents the magnitude
of anisotropy.

3. Results

The seismological network in WGoC is one of the densest in Greece, the other being in Santorini
(Kaviris et al., 2015; Papadimitriou et al., 2015). Nevertheless, certain stations could not be used
for the present anisotropy analysis. For instance, certain stations of the CRLN, while located near
the seismic swarm’s epicentres, are installed in boreholes and, thus, the orientation of the
seismometers is unknown. Time periods with no or very few events, in several stations, are either
due to operational problems or lack of seismicity within the shear-wave window. This is observed,
for example, in the LAKA station, where there is a significant amount of anisotropy measurements
from May until early November, including the Helike seismic swarm, while in the first four months
of 2013 the number of results is limited to 3. Another significant problem that led to a broad
exclusion of waveforms from the analysis was the low SNR, which rendered the arrival of shear-
waves ambiguous.

Concerning the spatial distribution of the analyzed events, the degree of azimuthal coverage for each
station, as presented by the equal-area projections of Fig. 3, is predominantly controlled by the
location of seismicity and, most importantly, by the existence of various seismic clusters. Stations
that provide results in almost all azimuths are EFP and PSAR. Northern stations (i.e. KALE, SERG,
TRIZ and VVK) present major azimuthal gaps to the north, as a result of lower seismic activity in
their vicinity at the respective azimuthal range. For the southern stations, a more complex
explanation is required. While events exist in regions where azimuthal gaps are observed in the SW
part of the study area, their angles of incidence are in most cases greater than 45°, outside the shear-
wave window. As a result, ROD3 presents lack of events to the south. In addition, LAKA is almost
dominated by results in the epicentral area of the seismic swarm, which is consistent with the
temporal distribution of the analyzed events in this station (i.e. most results are concentrated during
the period between May and November). Almost all stations present a narrow range of fast shear-
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Figure 3 - Polar equal-area projections of the upper hemisphere for the Stast polarization
directions for each station. The length of the bars is proportional to the time delay of each event.
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wave polarization directions and, as a consequence, small respective mean error values. In all
stations the majority of determined Sr.s: polarization directions are within £30° off the equivalent
mean direction.

Overall, a set of 643 results was obtained by 535 events, in 8 stations (Fig. 4). All stations present
mean polarization directions (Fig. 4) almost parallel to the regional topographic depression that
characterizes the GoC, consistent with its direction of extension, independent of each event’s
azimuth. Specifically, the northern stations, i.e. EFP, KALE, PSAR, TRIZ and VVK present mean
directions equal to N91°E, N99°E, N98°E, N118°E and N101°E, respectively, while in stations
LAKA and ROD3, located near the south coast of the WGoC, the determined mean directions are
equal to N123°E and N107°E, respectively. One exception concerns SERG, located off the northern
coast, where the corresponding mean direction is N56°E. A sum of the statistical parameters of the
results per station is presented in Table 1. Mean directions of polarization and their corresponding
errors have been calculated using circular statistics (Berens, 2009).

Table 1 — Summary of shear-wave splitting analysis’ results per station. Mean errors are also

provided.
. Mean Direction of Mean Direction of Mean Time Mean Time

Station | pojarization (N°E) | Polarization Error () | Delay (ms) | Delay Error (ms)

EFP 91 5 84 4
KALE 99 5 80 4
LAKA 123 5 70 5
PSAR 98 3 88 3
ROD3 107 4 83 5
SERG 56 3 58 3
TRIZ 118 3 61 2
VVK 101 6 58 4

Time delays can be an indicator of the magnitude of anisotropy and, thus, increased time delay
values correspond to stronger anisotropy in the propagation medium and vice versa. Based on the
mean time delay, the distinction of two groups is possible. Stations EFP, KALE, LAKA, PSAR and
ROD3 present mean time delays between 70 ms and 90 ms (84ms, 80 ms, 70ms, 88ms and 83ms,
respectively) while stations SERG, TRIZ and VVK are characterized by values of approximately 60
ms (58 ms, 61ms and 58 ms, respectively). Nevertheless, the differences between the two groups are
not significant (the maximum mean time delay has a difference of 30 ms from the minimum) and
the spatial distribution does not provide any correlation with the observed mean time delays.

4. Discussion

During 2013, a period of extended significant unrest was observed in the broader area of the WGoC,
featuring an intense seismic swarm located off the coast of Aigion between May and August
(Chouliaras et al., 2015; Kapetanidis et al., 2015). The total annual seismicity presents a curved
distribution from Rio - Antirion in the west to Antikyra in the east, roughly delineated by the
epicentres in Fig. 4. In the mainland of Peloponnese, a scattered population of events is present with
a general linear NW — SE distribution. The largest event in the area was the M,, = 3.9 earthquake on
28 April 2013 04:49:56.78 (GMT). The focal depths of these events mainly range between 8 km and
10 km. The provision of a multitude of earthquakes and the dense nature of the local seismological
networks, namely HUSN and CRLN, were critical factors in the selection of this area for the study
of local crustal anisotropy.

Events presenting an angle of incidence less than 45° in at least one station, inside the shear-wave
window, were initially selected. Additional distinction of suitable events occurred during the
analysis, since it required visual inspection of each waveform. Rejection of events during this
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procedure is a result of vague shear-wave arrivals or elliptic polarization of the fast shear-wave due
to noise. The final number of produced results is equal to 643, for 8 stations, derived from 535
earthquakes.

The existence of an anisotropic layer beneath the WGoC is observed. The mean polarization
direction of almost all stations (Fig. 4) is parallel to the regional faults’ strike (Armijo et al., 1996;
Rigo et al., 1996; Bell et al., 2009) and perpendicular to the extension of the neotectonic structure,
as measured by GPS studies (Chousianitis et al., 2013). From the above, it is evident that the
maximum horizontal compressive stress axis is trending at an approximately WNW - ESE direction.
The previous observations can be explained by the EDA model, where the anisotropy direction is
parallel to the strike of the rockmass’ microcracks (Crampin, 1978). Nevertheless, deviations from
the mean direction can be associated with migration of pore fluids, as mentioned in the APE model
(Zatsepin and Crampin, 1997). Similar variations have been observed in the area of Villia, located
in the eastern part of the GoC (Kaviris et al., 2014).

Previous studies in the area (Bouin et al., 1996; Bernard et al., 1997b; Kaviris et al., 2008, 2010;
Giannopoulos et al., 2015) have produced results, concerning the mean anisotropy direction, similar
to the ones in the current study. An important exception is the mean polarization direction in PSAR
station by Bouin et al. (1996), where its value was found equal to N70°E and N60°E, for 1991 and
1992, respectively, employing an automatic measurement procedure, while the current study
obtained a measurement equal to N98°E, in agreement with the N105°E direction found by Kaviris
et al. (2008), who utilized the same visual inspection method as the current study. Results from
station VK are presented for the first time.

385 s — —  ——

30ms

38.3 /v
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Figure 4 - Mean Srast polarization directions at 8 stations at the WGoC. The arrows
correspond to the direction of extension of the gulf. Epicentres of the 535 used events are also
presented.

The above observations are evidence of no major variations in the direction of the fast shear-wave,
and consequently the orientation of the microcracks, during the past decades. Notable deviations can
be explained by the different measurement method of each research team. It is no coincidence that
most differences can be found between results derived from automatic methods and non-automatic
(as in the case of our study). Lesser deviations of results can be attributed to the APE model. As
expected, no 90°-flips (Crampin et al., 2013) were observed in the temporal distribution of the
polarization direction in any station, being a characteristic of volcanic settings under critical
conditions (Bianco et al., 2006).
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Time delays present two main groups of stations, but these do not correlate with any suggestable
spatial distribution of anisotropy. In comparison to older studies, our analysis provided varied
differences. For instance, the mean time delay value measured in 2013 in the area of Psaromyta
(PSAR station) is far higher, equal to 88 ms, than the ones observed by Bouin et al. (1996), which
were 38 ms for 1991 and 54 ms for 1992. The opposite is observed for LAKA station, where Kaviris
et al. (2008, 2010) found time delay ranges (24 - 104 ms and 10 - 130 ms, respectively) similar to
those derived by the current study.

While the direction of anisotropy is shown to be a somewhat stable feature of microcracks contained
in the rockmass beneath the WGoC, the magnitude of anisotropy, represented by time delays, can
be altered tremendously. Such variations have been observed in smaller periods of time (Crampin et
al., 1999), than the ones presented in the comparison of results between the current study and
previous one. Additional analysis of daily measurements of time delays can provide further insight
to the processes of stress accumulation and relaxation. This can be achieved by utilizing normalized
time delays, which will be the scope of further research on the presented data.
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