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This study focuses on a series of small intraplate earthquakes that took place during May-August 2013
on the southwestern coast of the Corinth Rift (Central Greece), a few km southeast of Aigion city. The
Corinth Rift is one of the most seismically active parts of the Mediterranean. We analyzed more than
1500 events with 0.4 <M, <3.7, the major part of which was recorded by a dense local network. The
seismicity is densely clustered in a volume of dimensions ~4 x 2 x 6 km?3, aligned in a N110° direction
and at depths ranging between 6 and 12 km. Precisely relocated hypocenters and reliably constrained

ggg Vr‘:_zrcdss";varm focal mechanisms indicate north dipping planar faults with an average dip of ~60°. Stress inversion of
Spatiotemporal focal mechanisms implies that the dominant local stress field is extensional in a N5° direction, in good
Seismotectonics agreement with geodetic observations. The swarm evolved in two phases, with a spaFioteI.'npo.ral 'mig.ra-
Normal faulting tion of epicenters from the eastern toward the western part of the rupture zone, while slip distribution
Corinth Rift appears homogeneous over the eastern part and strongly inhomogeneous in the western part. These two

phases also produced different results in scaling relations such as the Gutenberg-Richter law, the Mod-
ified Omori Formula and the Epidemic Type of Aftershock Sequence model. Similar results from other
studies have been reported and correlated with a fluid driven mechanism, however further research is

required to strengthen this hypothesis for the purposes of this study.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The present study concerns the seismotectonic analysis of a
large sequence of small earthquakes that took place on the western
Corinth Rift in Central Greece, over a three month period in 2013.
The Corinth Rift is a prevailing extensional tectonic structure with
a length of 110km in a N120° direction and is classified as one of
the most seismically active areas in Europe (Fig. 1).

Crustal extension in the Corinth Rift has been attributed to a
combination of three major scale processes involving: the back arc
extension due to the Hellenic Trench subduction zone (Doutsos
et al., 1988), the propagation of the North Anatolian fault within
the Aegean (Armijo et al., 1996) and the gravitational collapse of
the overloaded crust after the Hellenides orogeny phase (Jolivet,
2001).

The Corinth Riftis a young tectonicrift (1-2 My) (Bell etal.,2009)
comprised of E-W striking normal faults that are located onshore
to the north and south and offshore in-between. The faulting is
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mainly composed of 10-20 km long en echelon segments, with dip
angles 50-70° with a southward dip on the northern shore and a
northward dip on the southern shore (Fig. 2) (Micarelli et al., 2003;
Moretti et al., 2003; McNeill et al., 2005a; Bell et al., 2008).

The deformation demonstrated by GPS surveys shows a very
high horizontal strain rate in a N-S direction, equal to about
10mmy~! in the eastern part of the Rift, 14mmy~! in the cen-
tral part and 15mmy~"! in the western part (Clarke et al., 1998;
Briole et al., 2000; Avallone et al., 2004). In addition, an uplift rate
of more than 1 mmy~! has been reported on the southern shore and
Holocene subsidence (1.3-2.5mmy~!) offshore (De Martini et al.,
2004; McNeill et al., 2005b, 2007; Palyvos et al., 2008). The E-W
increase in strain rates has not been constant during the Corinth
Rift’s history and the step-like increase in the amplitude of the
extension rate is related to shifts in the loci of maximum extension
(Bell et al., 2011), to reach the present day kinematic rates (Ford
et al.,, 2013). The rapid growth and offshore fault development in
the western part of the rift, has been suggested to be the result of
strain transfer between segments of the major sub-parallel faults
of western Heliki and Aigion (McNeill et al., 2007).

The syn-rift deformation within the western Corinth Rift has
been investigated by many researchers (McNeill et al., 2005a, 2007,
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Fig. 1. Map showing the main tectonic features of the Corinth Rift that includes epicenters of instrumentally recorded earthquakes with Ms > 4.0 (1900-2013, Makropoulos
et al,, 2012, NOAGI - http://bbnet.gein.noa.gr) and available focal mechanisms (1861-2013) from Papazachos and Papazachou (2003) NOAGI (http://bbnet.gein.noa.gr/HL/
database), Harvard (http://www.globalcmt.org), Vannucci and Gasperini (2004), Papadimitriou et al. (1994, 2002), Hatzfeld et al. (2000). Barbed lines are active faults (Armijo
et al., 1996). The white rectangle shows the position of the study area. The embedded map in the upper right corner of the panel shows the position of the study area within
the Greek territory.

Bell et al., 2008, 2009; Taylor et al., 2011; Beckers et al., 2015). low-angle detachment zone with a dip 15-20° has been suggested
An interesting discussion concerns the role of low-angle faults and to be located offshore at depths between 6 and 9 km, in order to
detachments in the western Corinth Rift and their association with accommodate the measured strain rates (Rigo et al., 1996; Bernard
the steeply dipping faults that are observed on and off shore. A et al,, 1997; Briole et al., 2000). On the other hand, the absence of
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Fig. 2. Tectonic framework of the Aigion area. The onshore faults were provided by the KRIPIS research project and the faults offshore are after Bell et al. (2009). Double
arrows denote the principal components of the strain tensor e (in blue) and e (in red), after Chousianitis et al. (2015). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Map of the seismological stations used in this study. Red solid triangles denote permanent stations. Yellow triangles denote stations of the temporary network. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a detachment zone is indicated by geological data across the west-
ern part of the rift, which implies that the summed deformation
due to the major faults is consistent with the measured geodetic
rates. Therefore, a distributed deformation across isolated steeply
dipping multiple faults has been suggested to explain the exhibited
configuration (McNeill et al., 2005a; Bell et al., 2008, 2009).

A long history of large and catastrophic earthquakes occurred
in the western part of the Corinth Rift near the city of Aigion and
a plethora of references exist on the seismogenic processes of the
region. The first bibliographic reference on the seismicity of this
area is by Aristotle in his treatise of earth sciences titled ‘Meteo-
rologica’ (350 B.C.), whereby he describes in detail the great 373
B.C. earthquake and the associated tsunami which destroyed the
ancient city of Heliki. Since then, several large earthquakes have
been reported for this area in: 23, 61, 1748, 1817, 1861, 1888,
1965 and 1995. Some of these large earthquakes as the 373 B.C,
1748,1861 and 1995 have also generated tsunamis (Schmidt, 1879;
Papazachos and Papazachou, 2003).

The largest recent earthquake in this area of magnitude Ms =6.2,
occurred on June 15th 1995 causing significant damage to the city
of Aigion and 22 human casualties. This earthquake occurred on the
northern shore of the Corinth Rift, across from the city of Aigion and
has been associated with a north-dipping shallow fault (Bernard
etal., 1997). This major earthquake gave rise to significant scientific
interest for this area and since then, many collaborative projects
have thoroughly investigated the western part of the Rift (Lyon-
Caen et al., 2004; Bernard et al., 2006; Bourouis and Cornet, 2009).

On May 21st, 2013, a seismic sequence begun on the southern
shore of the western part of the Corinth Rift, a few kilometers to
the southeast of the city of Aigion. The sequence produced a cluster
of more than 1500 recorded earthquakes with 0.4 <M <3.7 that
caused cumulative structural damage mainly limited to old build-
ings. The largest event of the sequence with M =3.7 occurred on
May 31st, 2013. Shortly after the initiation of this activity, a dense
local network of seismic stations was installed by the National
Observatory of Athens (NOA) and the Seismological Laboratory of
University of Athens (SLU0A), in order to improve the detectability
of the Hellenic Unified Seismological Network (HUSN) (Mignan and
Chouliaras, 2014).

In this investigation of the 2013 seismic sequence, we proceeded
to analyze the waveform data by manually picking P- and S-wave
arrival-times and calculated an optimum 1D velocity model that
was subsequently considered in the relocation procedure. In addi-
tion, focal mechanisms using P-wave polarities were determined

and were inverted to obtain the stress tensor and the stress field
distribution. Further on, the existing spatiotemporal seismicity pat-
terns of the sequence were investigated by the hydraulic diffusivity
model (Shapiro et al., 1997), the Frequency-Magnitude Distribution
(FMD) (Gutenberg and Richter, 1944), the Modified Omori For-
mula (MOF) (Utsu et al., 1995) and the Epidemic Type Aftershock
Sequence (ETAS) model (Ogata, 1988).

2. Data analysis and results

Nine portable seismographic stations were installed shortly
after the initiation of the seismic sequence on June 4th 2013
and remained in operation until September 3rd 2013 (Fig. 3).
Five REFTEK-72A/24-bit and four Geotech-SMART24, digitizers
equipped with 3 Lennartz LE3D/1s, 4 Lennartz LE3D/20s and 2
Guralp CMG40T/1s seismometers, were appropriately installed
with an average interstation spacing of ~2.3 km. The real-time data
was transmitted to Athens by GPRS telemetry for online processing
and archiving by the HUSN.

2.1. Waveform analysis

In total, more than 1500 earthquakes with an adequate signal-
to-noise ratio and magnitudes M =0.4-3.7 were detected during
the recording period, providing for 22,120 P-wave and 15,260 S-
wave arrival data.

The first step in the waveform analysis involved the accurate
location of the events by the reduction of hypocentral uncertainties
through the determination of an accurate velocity model for this
area. We applied the method of Kissling et al. (1994) and the VELEST
algorithm (Kissling, 1995), with input travel times calculated by
the Hypoinverse procedure (Klein, 2000) using two suggested 1D
velocity models for this area (Papadimitriou et al., 1994; Rigo et al.,
1996). The resulting optimum velocity model and the respective
hypocentral uncertainties are summarized in Tables 1a and 1b. The
HypoDD relocation procedure (Waldhauser and Ellsworth, 2000,
2002) and the optimum velocity model of Table 1a were further
employed in order to improve the hypocentral solutions, using
phase and waveform data. Cross-correlation of the vertical compo-
nents was performed using a nearest-neighbor linkage algorithm
of the closest stations and events with similar waveforms were
grouped together in multiplets, considering a threshold similar-
ity value deduced from the empirical rule of Kapetanidis et al.
(2010). In total 98% of events were successfully relocated with a
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Fig. 4. Top: Spatial distribution of the 2013 cluster (A) located with Hypoinverse and (B) relocated with HypoDD. Bottom: vertical distribution of the seismicity along profiles
aa’ and bb’ shown in panels A and B, respectively. Yellow triangles denote the stations of the temporary network. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1a
The proposed minimum 1D velocity model using two local velocity models (Papadimitriou et al., 1994; Rigo et al., 1996).
VplVs Papadimitriou et al. (1994) This study Rigo et al. (1996) This study (final model)
Layer 1.84 1.80 1.80 1.73
Ceiling depth (km) P-wave velocity (km/s) P-wave velocity (km/s) Ceiling depth (km) P-wave velocity (km/s) P-wave velocity (km/s)
1 0 5.10 4.4 0.0 4.8 4.28
2 4 5.80 5.87 4.0 5.2 4.52
3 12 6.10 6.11 7.2 5.8 5.55
4 30 7.30 7.26 8.2 6.1 6.01
5 104 6.3 6.35
6 15.0 6.5 6.54
7 30.0 7.0 7.02
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Fig. 5. (A) Map of relocated hypocenters for which focal mechanisms were com-
puted, color coded by the faulting type, according to Zoback’s (1992) classification
scheme. (B) Vertical distribution of the faulting types along aa’ profile shown in
panel A. The embedded histogram in panel B shows the multitude of each faulting

type.

spatial uncertainty in their relative locations of the order of a few
tens of meters. The HypoDD results demonstrate significant clus-
tering of the seismic events when compared to those obtained by
the Hypoinverse procedure. This spatial confinement of the swarm
is observed onshore, in a volume with dimensions ~4 x 2 x 6 km?3,
striking ~N110° and at a depth range between 6 and 12 km (Fig. 4).
Subsequent to the relocation procedure, we proceeded to
determine 666 fault plane solutions using the recorded P-wave
first-motion polarities. In addition to the data from the portable
seismic network, we also incorporated measurements from the
HUSN stations and our solutions were constrained by at least 10
P-wave polarities. This analysis resolved the nodal planes of the
focal mechanisms with an uncertainty of less than 10°. Fig. 5A and B
presents the spatial distribution of the focal mechanisms in the pla-
nar and cross-section view, respectively, using to the classification
of Zoback (1992). These results demonstrate that normal faulting
mainly dominates in the entire seismogenic volume. In addition to
this, we also observe another significant sample of events located at
the western part of the seismogenic zone, which is found to exhibit
oblique slip and reverse faulting. Overall, the average focal mech-
anism for the area indicates the nodal plane strikes to be N88° and
N287° with average dip values of 32° and 61°, respectively.
Cross-sections in a N20° direction, perpendicular to the
inferred strike of the seismogenic zone, depict a simple geometry,
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1<M. <2,(C) M >2.Black dashed lines denote active faults observed at the surface
that have been projected in depth with a dip of 60°. The red dashed line denotes the
inferred activated seismogenic zone. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

consisting of north-dipping planar faults with an average dip of
~60°, at depths between 6 and 12 km (Fig. 6). This geometry is
compatible with the activation of the network of minor normal
faults located in-between the Pyrgaki-Mamousia and Heliki faults
as suggested by Moretti et al. (2003). In Fig. 6A-C we note a pos-
sible activation of the Heliki fault at a depth between 6 and 8 km
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Table 1b
Summary of location errors for the models of this table.
Location error Dataset C
Papadimitriou et al. (1994) This study Rigo et al. (1996) This study
Mean RMS (s) 0.16 0.15 0.14 0.14
Median RMS (s) 0.16 0.15 0.14 0.13
Mean ERH (km) 0.70 0.68 0.69 0.67
Median ERH (km) 0.70 0.65 0.70 0.60
Mean ERZ (km) 0.65 0.67 0.63 0.63
Median ERZ (km) 0.60 0.60 0.60 0.60

for several events, with no evidence for activity on the Pyrgaki-
Mamousia fault.

2.2. Stress inversion

Using the computed focal mechanisms of the 2013 sequence and
data from a similar sequence which occurred in this area in 1991
(Papadimitriou et al., 1994), we performed a Formal Stress Inver-
sion (FSI) using the MSATSI algorithm (Hardebeck and Michael,
2006; Martinez-Garzon et al., 2014). The combination of these two
datasets provided 826 focal mechanisms for the inversion and the
results are presented in Appendix A and in Fig. Al. Overall the
inversion results indicate a rather homogeneous stress field and
it is further observed that: the o3/T-axis is almost horizontal, indi-
cating extension in N5° direction, the o/P-axis indicating almost
vertical compression and the intermediate o,/B-axis is found to
have a strike N95° with a plunge of W15°.

Further on, the spatial stress distribution was mapped by the 2D
FSI method. The study area was divided in 60 equal rectangles with
dimensions 0.005° x 0.005° (Fig. A2 in Appendix A) and the inver-
sion was performed using at least 10 focal mechanisms for each

rectangle, by adopting solutions lying within the 95% confidence
interval as determined by the bootstrapping method (Hardebeck
and Michael, 2006). These results are presented in Fig. 7 whereby
Fig. 7A and C shows a dominant normal type of faulting with a
horizontal o3 component (T-axis) and a nearly vertical P-axis for
the majority of the grid points. This is consistent with the focal
mechanism pattern which was described earlier and also shows a
significant heterogeneity at the western part of the activated zone.
This heterogeneity is as expressed by the variance of the orientation
and plunge of the o7 and o, components (P- and B-axes, respec-
tively) and also by the lower values of R (stress ratio), which are
different in the western part of the seismogenic area in compari-
son to the eastern part as presented in Fig. 7B and D. In addition it
is found that the 1991 and 2013 seismic activities have provided
similar results regarding the heterogeneity across the western part
of the fault zone.

2.3. Spatiotemporal patterns

The time histogram of Fig. 8A demonstrates the presence of the
two seismicity phases A and B. Phase A, from May 21st until July
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12th (2013.382-2013.529) and Phase B, from July 13th until the
end of August (2013.530-2013.675). The main peaks of seismicity
for each phase are found to occur on May 21st-22nd (2013.285)
with 160 seismic events and July 13th-14th (2013.53) with 280
events, respectively. Following this, we use a gray scale to express
the number of days since the initiation of the seismic activity (May
21st) and in Fig. 8B and C we map the spatial and temporal varia-
tion of the seismic activity in planar and in a cross-sectional view,
respectively. These results clearly indicate that the seismic activ-
ity was initiated in phase A at the eastern part of the seismogenic
zone (lighter gray) and migrated westwards where it is found to be
entirely confined in phase B (darker gray).

The temporal evolution of the seismicity and also the temporal
evolution of the focal mechanisms and their respective stress field
variance of the 2013 sequence are examined in Fig. 9. We have used
the ZMAP software (Wiemer, 2001), for overlapping time windows,
each containing 100 samples and plotted the temporal evolution of
the 2013 cumulative seismicity (black curve) and the stress field

variance (blue curve) obtained by the focal mechanism inversion.
From this result it is clearly observed that that the largest stress
variance of the order of 14%, corresponds to the intermediate period
(2013.53) between phase A and B. A secondary peak of 12% variance
is also observed toward the middle of phase B (2013.57), just prior
to the decrease in the cumulative seismicity. The focal mechanisms
of the largest events with M >3 are shown to exhibit a homoge-
neous pattern of ~E-W normal faulting during phase A, while phase
B is found to exhibit an inhomogeneous pattern.

Results from the statistical analysis of earthquake catalogs and
laboratory experiments have demonstrated that the slope of the
frequency-magnitude distribution of the Gutenberg and Richter
(1944) law, namely the “b-value”, is inversely proportional to the
applied stress while on a larger scale the b-value is a constant,
approaching the value of 1 (Kagan, 1999; Schorlemmer et al., 2005;
Goebel et al., 2013). It has also been demonstrated that prior to
large earthquakes the b-value decreases because of the increase in
confining pressure. In volcanic swarms and aftershock sequences
the b-values are higher because of the high heterogeneity of smaller
fractures, and in intraplate seismic swarms the b-values are lower
as a result of the increase in the pore pressure due to crustal
fluid intrusion (Hainzl and Ogata, 2005; Ibs-von Seht et al., 2008;
Nanjo et al., 2012). The majority of the above-mentioned temporal
seismicity patterns and results have produced a variety of scal-
ing relationships such as the Frequency-Magnitude Distribution
(FMD), the Modified Omori Formula (MOF) and the Epidemic Type
Aftershock Sequence model (ETAS), in order to detect and identify
temporal variations of seismicity associated with different physi-
cal processes in the Earth’s crust (Ishimoto and lida, 1939; Ogata,
1988; Utsu et al.,, 1995).

As mentioned previously, the Aigion seismic sequence in 2013
produced a catalog of 1500 events with M; =0.4-3.7, from May
21st until September 3rd, 2013. This earthquake catalog is ana-
lyzed with the ZMAP software (Weimer, 2001) to determine the
temporal variation of the FMD, the MOF and the ETAS model param-
eters. Fig. 11A shows the FMD and its first derivative (upper and
lower curves, respectively) whereby the crosshair at the derivative
maximum indicates the catalog’s homogeneity, expressed as the
magnitude of completeness (Mc), as defined by Wiemer and Wyss
(2000).Our dataindicate an Mc= 1.1 whichis a significant improve-
ment in the detectability for seismic events due to the installation
of the additional local network, when compared to the Mc ~2.5-3,
derived from the HUSN network distribution of permanent seismic
stations in the broader region (Mignan and Chouliaras, 2014). Fur-
ther on the slope of the FMD is determined by the weighted least
squares method (dashed line), indicating arather low b-value = 0.85
(£0.03).

Using Mc = 1.1 as alower magnitude threshold and starting from
May 21st, the cumulative and non-cumulative time series for the
first 80 days of the seismic sequence are presented in Fig. 10B.
Two distinct phases are clearly identified, whereby the first phase
A is characterized by a ~50 day stepwise pattern of successive
quiescence/activation sub-periods, followed by the second phase
B which was initiated on July 13th and is shown to produce a
smoother pattern of energy release. The two phases identified by
the two different seismicity patterns are also evident when com-
paring their respective FMD and b-values in Fig. 10Cand D, whereby
a b-value=0.89 is determined for the first phase (A)and ab=0.77 is
determined for the second phase (B). In view of the inverse relation
of the b-value to the stress level (Schorlemmer et al., 2005; Goebel
et al., 2013), the decrease in the b-values between the two phases
indicates an increase in stress and a migration from a low stress
(higher b-values) in phase A to a higher stress (lower b-values) in
phase B.

Next in our temporal analysis, we employ the SASeis software in
which a likelihood maximization of the MOF and the ETAS model
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parameters is performed (Utsu and Ogata, 1997). Since we have
identified two different phases of seismic activity in the 2013
sequence, we have produced MOF and ETAS fit and prediction mod-
els for the entire sequence in Fig. 11 as well as for each phase
separately in Fig. 12.

Fig 11A and B presents the MOF and ETAS results respectively,
taking into account the entire seismic sequence. The black line indi-
cates the cumulative number of seismic events and the dashed line
indicates the model’s fit and prediction. We point out that mu=0
has been chosen because we assume that the background seismic
activity is null in the short period that is considered and that the
stress field change is due to the largest (M =3.7) shock near the
beginning of the sequence. The first and second dotted lines, per-
pendicular to the time axis, represent the modeling fitting period
(T=2 days), while the model’s prediction period is between the
second and third dotted lines. A comparison of the two figures
indicates a poor fit of the Omori-Utsu model in Fig. 11A while the
ETAS model in Fig. 11B is found to predict the entire sequence more
accurately.

Separate MOF and ETAS model results for the first period (phase
A) and second period (phase B) phases are presented in Fig 12A-D,
respectively. A comparison of the results from the first period
(phase A) starting on May 21st, indicates a poor fit of the Omori-
Utsu model (Fig. 12A) while the ETAS model (Fig. 12B) is found
to provide a more accurate prediction. In contrast to this, for the
second period (phase B), starting on July 13th, a better fit of the
Omori-Utsu model is obtained (Fig. 12C), while the ETAS model
(Fig. 12D) is found to have a poorer fit.

Interestingly, the alpha value =0.48 which is a measure of the
efficiency of a shock in generating an aftershock activity relative
to its magnitude (Ogata and Zhuang, 2006), is within the range
0.35-0.85 that has been observed in earthquake swarm activity
associated with a fluid driven mechanism in Japan (Ogata, 1992)
and Vogtland/NW Bohemia (Hainzl and Ogata, 2005), while non-
swarm activity is generally characterized by higher alpha values,
in the range 1.2-3.1.

We consider the possibility for a fluid driven mechanism for
the 2013 sequence and this issue is further investigated with
the approach of Shapiro et al. (1997) through the spatiotemporal

analysis presented in Appendix B. The envelopes in Fig. B1 corre-
spond to the distance of the seismicity front relative to the two
phase (A and B) initiation times (May 21st for phase A and July
13th for phase B), assuming a hydraulic diffusivity of 0.21 m2s~!
and 0.196 m? s~1, respectively. These hydraulic diffusivity values
are compatible with the ones found by Pacchiani and Lyon-Caen
(2010)who proposed a fluid driven causative mechanism to explain
the pattern of upward migration of seismicity that was observed
during the seismicity swarm in 2001, which took place ~3-4 km
south of the city of Aigion.

The Aigion Municipal Authority provided us with geochemical
data for the 2013 sequence as described in Appendix B. In Fig. B2
we observe a systematic decrease of the acidity indices (pH values)
of table water samplings from 2 aquifers before the 2013 seismic
swarm. Unfortunately the sampling frequency of the acidity indices
could not provide us with more detailed results during the 2013
sequence, however we point out that in a previous study from
a nearby borehole (AIG-10), Doan and Cornet (2007) interpreted
thermal anomalies as the interaction of meteoric water circulating
through the area’s normal faults with a high thermal field.

3. Discussion

In view of the large and catastrophic earthquakes that have
occurred in the past, the Corinth Rift has been the site of many
scientific investigations and comprises a ‘natural’ laboratory for
geoscientists. Within this context, we studied the most recent seis-
mic crisis which occurred in this region during May-July 2013. This
sequence did not produce a large main shock but rather more than
1500 events of small magnitudes (0.4 <M <3.7) during its three-
month duration. Shortly after the initiation of the sequence, a dense
network of 9 local seismic stations was installed in the immediate
area, significantly enhancing the detection of seismic events and
lowering the magnitude of completeness to Mc=1.1 compared to
the previous Mc 2.5-3 for this area, as determined by Mignan and
Chouliaras (2014) for the HUSN network of permanent seismic sta-
tions. This detection increase mainly involving small magnitude
events has provided a valuable data set to investigate in this study
the associated seismotectonics and the spatiotemporal seismicity
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patterns in order to provide insight regarding the possible physical
mechanism that triggered the 2013 seismic sequence.

Robust analyses using the waveform dataset recorded by
the HUSN and the local network demonstrate that the 2013
seismogenic zone involves a rather small seismogenic volume
(~4 x 2 x 6km3) comprised of 60° north-dipping normal faulting
striking in a N110° direction, located on the southern shore of the
Corinth Rift at a depth range ~6-12 km (Fig. 13). The fault plane
geometry and the resulting stress tensor inversion indicates a pre-
dominant N5° horizontal extension in agreement with the observed
strain from GPS results (Clarke et al., 1998; Briole et al., 2000;
Avallone et al., 2004) capable of producing according to orthog-
onality dip slip normal faulting that strikes in a N275° direction.
(Micarelli et al., 2003; Moretti et al., 2003; McNeill et al., 2005a;
Bell et al., 2008).
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The north-dipping nodal planes of the 826 focal mechanisms
used in this study have an average strike of N287°, a value that is
compatible with the major faults direction across the western part
of the rift and also consistent with extension obliquity of ov=12°,
which represents orthogonal/low obliquity rifting.

No evidence for a shallow-dipping seismicity zone is revealed
by our results and no earthquake is observed at the uppermost part
of the crust, in agreement with Rigo et al. (1996), Bernard et al.
(2006) and Lambotte et al. (2014). Onshore, the upper limit of the
seismogenic layer is observed ~1-2 km deeper than offshore. The
alignment of hypocenters and the arrangement of the nodal planes
of the determined focal mechanisms do not show the presence of
a major detachment fault in the area of our investigations.

The faulting pattern in Fig. 13 fits the geometry of the seismic-
ity clusters and the onshore seismicity distribution of the 1991
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Fig. 12. (A) MOF and (B) ETAS results, for the first period of the seismic sequence (C) MOF and (D) ETAS results, for the second period of the seismic sequence with Mc > 1.1.
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(Rigo et al., 1996), the 2001 (Lyon-Caen et al., 2004) and the 2013
seismicity sequences. An offshore deep seismicity cluster aligned
in a sub-horizontal sense is likely correlated with the lower seis-
micity cut-off boundary, rather than a shallow dipping fault as
suggested by Taylor et al. (2011). These results are also in agree-
ment with Hatzfeld et al. (2000) who attribute the seismicity in
the western Corinth Rift to the interaction between steeply dip-
ping antithetic faults interacting with the brittle-ductile transition
zone. This faulting geometry supports the observed northward tilt
of basin sediments (De Martini et al., 2004) and it is further com-
patible with findings from high-resolution seismic reflection and
multi-beam bathymetric data (McNeill etal.,2005a; Bell et al., 2008,
2009).

Lithospheric-scale analog models of continental extension, ver-
ified for the Western and Eastern branches of the East African Rift,
have suggested a two-stage deformation, whereby fault-bounded
basins in an initial stage of rifting evolve in a later stage to regions
of faulting and lithospheric thinning within the rift floor, with
trend, architecture and kinematics controlled by the angle of rift-
ing with respect to the extension axis (Corti, 2012). Similar results
concerning a two-stage deformation pattern were also derived by
numerical modeling (Van Wijk, 2005). Ziegler and Cloetingh (2004)
describe a typical evolution of narrow orthogonal continental rifts
in the Main Ethiopian Rift (Corti, 2009), as systems of long faults
showing almost pure dip-slip displacement, perpendicular to the
regional extension and often having large vertical throw. Progres-
sive deformation is suggested to lead to faulting migration from
the rift boundaries to the rift floor with the activation of new
high-angle normal faults, whereas boundary faults are progres-
sively deactivated. This is the case for the southern marginal faults
of Mamousia-Pyrgaki fault (Doumena, Kerpini) (Fig. 2) which pro-
duced an impressive relief south of Aigion and presently they are
considered inactive (e.g. Collier and Jones, 2003).

Due to low obliquity (15° <« <45°), narrow rifting deformation
in the upper crust responds to both the far-field extension direc-
tion and the local stress reorientation imposed by the obliquity of
the weak zone, resulting in en echelon, oblique boundary faults that
follow the trend of the weak zone. This configuration is compatible
with en echelon faults in the southern margin of the Corinth Rift. A
possible assumption to explain these en echelon faults is the oblig-
uity increase to the east, which is an intriguing aspect for future

researchin the presence of data availability. In view of the above, we
suggest that the geometry and kinematics of typical, narrow, almost
orthogonal rifting, inferred from the stress inversion, explains our
implications for steeply dipping normal faults down to the depth
of the brittle-ductile zone and that detachment zones proposed for
the area are unlikely to exist. Such an arrangement can likely be
explained by a continuum flow in brittle-ductile rheology because
of which the development of normal faults along detachments does
not require listric faulting (Neumann and Zuber, 1995).

The statistical analysis of the 2013 sequence using 1500 events
of small magnitudes (0.4 <M <3.7) has provided interesting
results concerning the spatial and temporal patterns that have
emerged by the use of different methods. The presence of two sep-
arate seismicity phases in time and also in space, to the eastern and
the western parts of the seismicity cluster, have been analyzed.

The 2013 seismic sequence began on the eastern part of the
seismogenic zone, with normal faulting and a burst-type seismic-
ity phase. After a brief period of quiescence, a second seismicity
phase started in the western part of the zone, involving mainly
normal but also strike-slip and reverse faulting as well. The quies-
cence period between the two cycles exhibits a large variance in
the stress field, possibly indicates different physical mechanisms
for the two phases.

The difference in the stress patterns of the two phases is also
reflected in the different results in the FMD, MOF and ETAS mod-
els associated with each of the two phases that compose the 2013
seismicity cluster. In view of the inverse relationship between
stress and the b-value, the results of this study show that the 2013
seismicity migrated from a low-stress zone with relatively larger b-
values (b=0.89) in the east during phase A to a high-stress zone of
lower b-values (b=0.77) to the west in phase B. Such a pattern can
be related to triggering by fluids diffusion (Hainzl and Ogata, 2005)
and/or the evolution of the Rift from east to west, in agreement
with Armijo et al. (1996), Clarke et al. (1998), Nyst and Thatcher
(2004).

The burst type of seismicity of the first phase is best modeled
with the epidemic transfer of stress according to the ETAS model.
The determined alpha value, which is a measure of the efficiency
of a shock in generating an aftershock activity relative to its mag-
nitude has a low value (0.48) characteristic of ‘swarm’ activity, in
contrast to higher alpha values produced by non-swarm activity



G. Chouliaras et al. / Journal of Geodynamics 90 (2015) 42-57 53

in the range 1.2-3.1 (Hainzl and Ogata, 2005, Ogata, 1992). To the
contrary, the second phase is best-modeled with the MOF decay
law, indicating that the activity is mainly generated by the stronger
events at the beginning of the phase.

The overall low b-value (<1) and ETAS prediction model of the
2013 sequence indicate high and localized stress, which is a known
factor responsible for the generation of earthquake swarms (Mogi,
1963) as well as epidemic transfer of energy. Similarily low b-values
have also been observed in other earthquake swarms in continental
rifts (Ibs-von Seht et al., 2008).

It has been proposed that microearthquakes can be trig-
gered along pre-existing fault zones by small increases in pore
pressure especially at depths approaching the brittle-ductile tran-
sition (Zoback and Harjes, 1997). Recent seismicity sequences at
the Corinth Rift without a large main shock, namely ‘seismicity
swarms’, have been proposed to be driven by such a fluid diffu-
sion model (Bourouis and Cornet, 2009; Pacchiani and Lyon-Caen,
2010).

4. Conclusions

A detailed seismotectonic study of a seismicity sequence com-
posed of 1500 small earthquakes with (M <3.7) that occurred
in 2013, onshore in the southwestern coast of the Corinth Rift is
presented. Robust hypocentral solutions and reliable focal mecha-
nisms imply for the activation of a seismogenic zone of dimensions
of ~4 x 2 x 6km?3 that lies at a depth range between 6 and 12 km,
on a N110° striking and 60° north-dipping normal fault, located
between the Mamousia-Pirgaki and Heliki faults. Two clusters of
seismicity are distinguished and a westward epicentral migration
is demonstrated, from a region of low stress to a region of high
stress. During this process, a significant variance in the stress field
is observed with a homogeneous stress field in the eastern part of
the cluster and an inhomogeneous field to the western part of the
cluster. Overall, the exhibited low b-values are attributed to high
stresses while the sequence may be best modeled by the epidemic
transfer of stresses described by the ETAS model. The involvement
of fluids in this particular process, although considered, could not
be adequately resolved.
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Appendix A.
A.1. Stress inversion

A Formal Stress Inversion (FSI) (Hardebeck and Michael, 2006)
of 826 focal mechanisms concerning the 1991 and 2013 seis-
mic sequences has been performed using the MSATSI algorithm
(Martinez-Garzon et al., 2014). The stereonets presented in Fig. Al
indicate the lower hemisphere projection of the inverted principal
stress components. A 2D FSI was performed to determine the spa-
tial distribution of the best-fit stress tensor within equal sub-areas
of 0.005° x 0.005°, lying within a 95% confidence interval of 500
bootstrap solutions. Fig. A2 presents the gridding of the area and
the distribution of the focal mechanisms.

Appendix B.
B.1. Spatiotemporal evolution of the swarm

The spatiotemporal model in Fig. B1 presents the projection of
epicenters on a line that passes through the middle of the spatial
sequence at N110° E azimuth (aa’ profile shown in Fig. 8B) with
respect to the time from origin time (May 21st, X-axis). The vertical
axis represents the relative distance of each event from a refer-
ence point (Y,) on the projection line. Two reference points, Y,A
and Y,B were considered, each representing the location of the first

(b)

Fig. Al. (a) Stereonet showing the orientation and plunge of P- (pressure) and T- (tension) axes for 826 reliable focal mechanisms. (b) Average stress field pattern derived
from the inversion of 826 focal mechanisms regarding the seismicity clusters in 1991 and 2013. The uncertainties were determined assuming 95% confidence intervals.
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significant event of each phase. Y,A corresponds to a M =2.5 event
that occurred on May 21st, assumed as the origin time of the swarm
(to) and Y,B corresponds to a My =2.6 event that occurred on July
13th, at the start of phase B. Regarding the first part of the swarm
(phase A), during the first 10 days, the seismicity front slightly prop-
agated for almost 0.5 km to the west, while the eastern segment
remained active for a distance of about 1.8 km. On day 13, the seis-
micity front propagated another ~1.5 km to the west and reached at
distance 3 km west of the starting point (Y,A). At the same time, the
eastern patch was inactive. On day ~15 the western patch became
inactive and the rupture gradually migrated to the east until day
50, when seismicity was entirely confined at the eastern segment.
It is worth mentioning that the migration diminished after day 25
(~June 17th). Between days 50-52 in the X-axis a period of total
quiescence is observed and on day 52 (July 13th) phase B starts
with the apparent seismicity shifting toward the western part (Y,B).
The outbreak of phase B, strongly clustered both in time and space,
lasted ~17 days and it is confined on the western part, having a
total length of 2 km. Interestingly, the pattern between days 0-15
is repeated between days 16-75, magnified by ~400% in time, but
not in space.

We investigated the evolution of the 2013 activity following
the approach of Shapiro et al. (1997) in order to accommodate the
depiction of a possible fluid driven mechanism. The envelopes in
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Fig. B1 correspond to the distance of the seismicity front r=r(t) (Eq.
(1)) relative to the phase initiation times (t — to)

r(t) = \/4nD(t — to) + Yo (1)

corresponding to May 21st for phase A and July 13th for phase B,
assuming a hydraulic diffusivity of 0.21m?s~! and 0.196m2s!,
respectively. These hydraulic diffusivity values are compatible with
the ones found by Pacchiani and Lyon-Caen (2010) for the 2001
swarm which took place a few km south of Aigion.

B.2. Geochemical data analysis

The available geochemical data for this study were provided by
the Aigion Municipal Authority and contain the results on the pH
values of water analyses from various aquifers and artesian wells
located at several positions in and around the activated area. Unfor-
tunately, the water sampling frequency, which was once per month
before the initiation of the 2013 seismic activity, was reduced to
once every three months after June 2013.

Fig. B2 summarizes the results and clearly illustrates two types
of water sources based on the measured pH values. Samples taken
west of Heliki exhibit significantly and systematically lower pH val-
ues with respect to water samples taken east of Heliki (Fig. B2A).
This is most likely due to the two different water sources, the Seli-
nous and Kerinitis rivers which supply the aquifers of the western
and eastern areas, respectively. The most important observation
is an overall decrease of pH for both water sources prior to the
initiation of the seismic activity. This reduction of the pH values
initiated at ~2012.72 and continued with almost a linear trend
until ~2013.4, which is the time of the initiation of the swarm on
May 21st. Data becomes available again at 2013.8 (end of October
2013) which shows pH values similar to those measured prior to
the initiation of the 2013 swarm.
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