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In this paper, we present a detailed study of a shallow seismic swarmwhich took place in the area of Oichalia (SW
Peloponnesus), between August and December 2011. The seismic crisis started on 14/8/2011 with anMw = 4.8
earthquake andwas followedbymore than1600 events, several ofwhichhavingmagnitude over 4.0. The activity
was recorded by local temporary and regional permanent seismic stations. Thousands of records were collected
and routinely analyzed. P- and S-wave arrival timesweremanually picked and incorporated in theHYPOINVERSE
algorithm together with a new optimum local velocity model. Hypocentral solutions were improved by applying
a double-difference method. Focal mechanisms show that the activated fault zone is dominated by dip-slip nor-
mal faulting, trending NNW–SSE, with the average T-axes orientation being N70°E, consistent with regional
tectonics.
We have investigated towards stress triggering and fluid diffusion, by employing Coulomb stress transfer, spatio-
temporal and Frequency–Magnitude Distribution (FMD) analyses. The negligible Coulomb stress transfer and
seismicity rate changes that were calculated imply for a stress deficit in the broader study area, hence an external
triggeringmechanism is required to justify the observed pattern. The b-values increase towards the SSE, compat-
ible with the similarly directed migration of seismicity, showed that the Oichalia swarm could possibly be
adapted to an Epidemic Type Aftershock Sequence model (ETAS). Fluid diffusion is reflected in the spatio-
temporal hypocenter migration. Clustering analysis, combined with the temporal distribution of b-values, has
shown that the swarm evolved in three major phases, the first two being initiated by major events, which
were probably triggered externally due to fluid injection that brought the seismogenic volume into a critical
state, likely followed by afterslip. The last phase signified a relaxation period, with dispersed seismicity through-
out the area and the b-values gently diminishing towards unity.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The two most important types of earthquake clustering are
aftershock sequences and earthquake swarms. The first are associated
with a main shock, while the latter occur mainly in volcanic areas,
geothermal fields and ocean ridges (e.g. Wyss et al., 1997). Earthquake
swarms are typically not characterized by a dominant earthquake. It is
uncommon for swarms, not related to active volcanism, to take place
in intraplate regions, and when they occur they are often a result of
underlying aseismic deformation processes such as intrusion of fluids
that reduce the resistance of faults (Kisslinger, 1975; Noir et al., 1997;
Yamashita, 1999). Additionally, each event in a swarm is capable to
redistribute stress, which in turn influences the subsequent swarm
evolution, especially if the crust is in a critical state (Main, 1996),
providing a self-triggering mechanism. These processes are in general
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not directly observable. However, the analysis of the spatio-temporal
swarm characteristics, particularly the migration pattern, can remark-
ably aid to unfold the underlying mechanism.

In this work, we focus on a seismic swarm occurred in 2011 in
Oichalia (SW Peloponnesus) and present a high resolution image of its
hypocenters and their temporal evolution. The study area is one of the
most tectonically and seismically active intraplate areas of the Aegean
region (Fig. 1). This is due to its proximity to the Hellenic trench,
which is located several tens of km to the west, where the eastern
Mediterranean oceanic lithosphere subducts beneath the Aegean
microplate (Jackson and McKenzie, 1984; Le Pichon, 1983; McKenzie,
1972; Papazachos et al., 2000) at a rate of about 30 mm/yr (i.e. Nyst
and Thatcher, 2004). The convergent plate motion results in intense
deformation of the crust and the release of elastic energy by seismic
slip along large, roughly N–S trending faults (e.g. Armijo et al., 1992;
Pavlides, 1993; Roberts and Ganas, 2000; Taymaz et al., 1990). E–W
extensional deformation is reported in the area by seismological data
(e.g. Lyon-Caen et al., 1988), tectonics (e.g. Armijo et al., 1992) and
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Fig. 1. Seismotectonic map of Peloponnesus. The main tectonic features (continuous lines), are from Armijo et al. (1992) and Lyon-Caen et al. (1988). Barbed lines denote normal faults,
while stars represent epicenters of historical earthquakes that occurred before 1900 (Papazachos and Papazachou, 2003). Solid circles are instrumental earthquakeswith origin time after
the year 1900 (Ms ≥ 4.0,Makropoulos et al., 2012). Beach-ball diagrams are CMT solutions (1976–2012) for the largest events occurred in the broader area ofwestern Greece (Mw ≥ 5.0).
The size of epicenters and focal mechanisms is proportional to themagnitude. The seismological stations that have been used in thiswork for earthquake location and tomography studies
are represented by solid squares and triangles for temporary and permanent HUSN stations, respectively. The black rectangle indicates the study area. HUSN: Hellenic Unified Seismolog-
icalNetwork;NKUA:National andKapodistrianUniversity of Athens; NOA:National Observatory of Athens; UPSL: University of Patras Seismological Laboratory. Yellow arrows correspond
to velocity vectors relative to stable Eurasia calculated from CGPS measurements after Floyd et al. (2010). Red arrows denote velocity vectors relative to a stable Aegean reference frame
(Vernant et al., 2014).
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GPS observations (McClusky et al., 2000; Vernant et al., 2014). A
component of regional uplift is also present due to the 3–5 times higher
velocity of the overriding Aegean plate in comparison to the descending
plate of eastern Mediterranean (Ganas and Parsons, 2009).

The geology of Messinia is mostly composed of sedimentary rocks of
the alpine orogenesis (Fytrolakis, 1971; Mariolakos et al., 1994; Ladas
et al., 2004; Fig. 2). The nappe sequence consists of the Tripolis unit
and the Pindos unit. The Tripolis unit is composed of neritic carbonates
and flysch, outcropping mostly at the eastern part of Messinia. The
Pindos unit occupies mainly the eastern part of Messinia, forming a
classic nappe, which has overthrusted Tripolis from east to west. The
whole unit is intensively folded and faulted, forming successive thrusts
of Mesozoic and early Cenozoic motion, cut by neotectonic faults of
normal kinematics. The neotectonic (post-Miocene) structure of
Messinia is characterized by the presence of large grabens and horsts
bounded by wide fault zones, striking both N–S and E–W. The main
structures are (Fig. 1) (a) the Taygetos Mt horst, (b) the Kalamata
(Lower Messinia) graben, (c) the Kyparissia graben, (d) the Kyparrisia
Mts. horst, (d) the Vlahopoulo graben and (e) the Pylia Mts horst. The
pattern and growth of these neotectonic units are complicated because
of regional uplift, crustal block rotation and normal fault development
throughout the Quaternary (e.g. Armijo et al., 1992).

Historical and instrumental data show that earthquakes in Messinia
are both strong and destructive. The most damaging are the shallow
ones that are either the result of elastic deformation of the upper
(Aegean) plate, or are caused by plate convergence along the shallow
part of the Hellenic arc megathrust. The last major event in the
area was the 14/2/2008 Mw = 6.7 earthquake, offshore southern
Peloponnesus (Roumelioti et al., 2009). The most recent, onshore,
disastrous earthquake was the Ms = 6.0 event on 13 September 1986,
that occurred on a N–S striking, W-dipping normal fault, near the city
of Kalamata (Lyon-Caen et al., 1988).Moreover, twomoderate, onshore,
shallow earthquakes, took place in 2001 nearMeligalas (ML = 5.4) and
in 2004 near Kalamata (Mw = 5.4) (Figs. 1 and 2). Microseismicity
investigations in the Messinia basin (Hatzfeld et al., 1990; Papoulia
and Makris, 2004) have revealed the presence of several extensional
NNW–SSE trending and SW dipping active features. The distribution
of historical and instrumental foci and CMT solutions (1976–2010) of
events with Mw ≥ 5.0 is presented in Fig. 1. Velocity vectors after
Floyd et al. (2010) displayed in the same figure, show a movement of
Peloponnesus towards the SSW at a rate of about 30 mm/yr, relative
to a stable Eurasia.

During the period between August and December 2011, a seismic
swarm took place in the province of north Messinia, SW Peloponnesus
(Chouliaras et al., 2013; Ganas et al., 2012; Fig. 1). The pattern was
quite similar to the 8 May–20 September 1917 sequence, according to
the “Annales de l' Observatoire National d'Athènes” and like the living
memory of the local inhabitants recalled during an in situ survey



Fig. 2. Neotectonic map of SW Peloponnesus (after Ganas et al., 2012). 1: Holocene deposits, 2: Neogene–Quaternary continental deposits, 3: Neogene–Quaternary marine deposits, 4:
Lacustine deposits, 5: Pre-Neogene basement (Alpine units &Messinia conglomerates), 6: Thick lineswith ticks represent active fault zones. Stars: Epicenters ofmoderate, onshore shallow
earthquakes, on 2001 nearMeligalasML = 5.2 and on 2004 near KalamataML = 5.0. The 1986Ms = 6.0 shallow earthquake epicenter is also shownnear Kalamata. Location ofmapwith
respect to the Hellenic arc is shown in the lower inset box.
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conducted by our research group. The largest earthquakes that occurred
on 14/8/2011 (Mw = 4.8), 14/9/2011 (Mw = 4.6) and 10/10/2011
(Mw = 4.7) were slightly damaging to a number of houses and moder-
ately damaging to isolated cases of highly vulnerable old buildings
(adobe, unreinforced with manufactured stone units). A maximum
intensity VIwas assessed for the event on 14/8/2011 and the cumulative
maximum intensity was VI–VII following the major earthquake of
10/10/2011, according to the EMS-98 macroseismic scale (Grünthal,
1998). Those major shocks were accompanied by ground cracks in a
few cases, as well as a large number of subsequent events, several of
which withMw ≥ 3.5.

In order to acquire a high-resolution image of the 2011 swarm,
we analyzed the waveform data for 1615 events by manually picking
P- and S-wave arrival-times. At first, we calculated a local velocity
model that minimized location errors and temporal residuals and
employed it to acquire the initial solutions of hypocenters. We then
applied a relocation technique in order to provide more clustered
hypocenters and improve the general image of seismicity. We
proceeded with spatio-temporal analysis for the investigation of
possible patterns in the evolution of the seismic swarm. Focal
mechanisms were calculated using regional moment tensor inversion
for the strongest events and P-wave first motion polarities for a large
number of smaller events, which allowed for the estimation of the
geometry of the seismogenic structure. Lastly, we examined some
cases of possible earthquake triggering not only due to induced local
stress variations, as estimated by spatial mapping of b-values, but also
due to Coulomb stress transferred by significant events that occurred
in that area during the past decades.

2. Seismological data

The August–September part of the 2011 Oichalia swarmwas record-
ed by the regional broadband Hellenic Unified Seismological Network
(HUSN). This includes station ITM, situated about 7 km WSW of the
epicentral area. In order to improve the detectability of the seismic
swarm, the National and Kapodistrian University of Athens (NKUA)
and the Geodynamics Institute of the National Observatory of Athens
(GI-NOA) installed in common a local temporary network between 14
and 18 October 2011, complementary to HUSN. The portable network,
which remained operational until the end of January 2012, was com-
posed of three REFTEK-72A 24 bit digitizers equipped with Lennartz
3D-1 Hz sensors and four SMART-24 digitizers equipped with Lennartz
3D-20 sec sensors, with the latter transmitting data in real-time. The
combined acquisition layout recorded more than 2000 events. Auto-
matic P-wave arrival-time picking for the calculation of locations and
maximum amplitude measurements used for magnitude estimations
were performed in real-time, using analysis modules implemented in
the acquisition system SeisComP (Heinloo and Trabant, 2004).

During a later stage, manual picking of P- and S-wave arrival-times
andmeasurement of signal durationwere performed for events record-
ed by at least six stations and 1615 earthquakes were successfully
located using the HYPOINVERSE software (Klein, 1989), considering a

image of Fig.�2
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regional velocity model for the broader area of Peloponnesus (Hatzfeld
et al., 1990) (Table 1). A subset of best-located events was used to
extract an optimum local velocity model (Table 1) by applying the
hypocentral location uncertainty minimization technique (Crosson,
1976) (Table 2). The new model yields reduced vertical (ERZ) and
Root Mean Square (RMS) error values, while the mean horizontal
location error (ERH) was slightly increased (Table 2, Fig. 3). The latter
is mainly associated with a small number of events with ERH N 2 km
(30 events with average ERH ≈ 6.3 km for the Hatzfeld et al. (1990)
model towards 35 events with average ERH ≈ 9 km for the new
model). However, the median ERH value for both models is similar
(~0.73 km).

Regarding the spatial distribution, the new model provides denser
clustering of the observations and a much different depth distribution
(Figs. 4 and 5). The regional model tends to attract many of the
shallower events of the southern part towards the surface, which is
clearly an artifact, as evidenced by the large vertical location errors.
The statistics for solutions of events before (47.4% of the data set) and
after October 14th (52.6%), when the first temporary local stations
were installed, are also presented in Table 2. As expected, the vertical
location errors are greatly reduced in period #2, being constrained by
the additional available local phase readings. Other than that, the
median RMS remains the same (0.200 s), and the depth distribution is
slightly shallower, mostly because it has also migrated to the southern
portion of the activated zone. The northern cluster that was activated
on 12th November 2011 (see Section 3.1) remains deeper than the
rest of the events in the south, similarly to its counterpart at the
beginning of the sequence.

3. Methods

3.1. Multiplet analysis/relocation procedure

The precision of the hypocentral distribution was further improved
by applying the relocation algorithm HypoDD (Waldhauser and
Ellsworth, 2000). This method uses the assumption that when the
distance between two events' foci ismuch smaller than their (common)
hypocentral distance from a station then their ray-paths are approxi-
mately the same and their travel-time differences can be attributed
to the distance between the two foci. The algorithm operates by
minimizing the double-differences between observed and calculated
travel-times of P- or S-waves of neighboring events at the same station,
allowing for corrections of relative hypocentral positions by reducing
uncertainties caused by deviations between modeled and real velocity
structure. Furthermore, cross-correlation differential travel-time data
can also be incorporated into the relocation procedure, providing
information onwaveform similarity between strongly correlated events
and taking into account their arrival-time reading consistency errors
(Kapetanidis and Papadimitriou, 2011). The data between the two
periods (before and after the installation of the temporary local
Table 1
The 1-D velocity model from Hatzfeld et al. (1990) and the new optimal velocity model.

Hatzfeld et al. (1990)

Vp/Vs ratio 1.773

Layer P-wave velocity (km/s) Ceiling depth (k

1 5.8 0.0
2 6.0 10.0
3 6.4 20.0
4 8.0 40.0
5 – –

6 – –

7 – –

8 – –
network) intertwine because both include observed travel-times
from the HUSN network (catalog links). The same is true for cross-
correlation links, mostly on the closest permanent station, ITM. The
relocation procedure can manage to correct the focal positions for all
events using data from both periods, as there is common ground.
Systematic location errors caused by either network geometry may
also be decreased for the same reason.

The full waveform signals (both P- and S-wave as well as the
waveform coda) of the band-pass filtered vertical component record-
ings of all events with available waveform data from several stations
were cross-correlated to construct a combined matrix by keeping
the maximum correlation value for each pair of events. The local,
permanent station ITM was particularly useful for this purpose, as it is
only 7 km away from the epicentral distribution, thus providing
adequate cross-correlation data for the whole period of study. The
temporary local stations installed between 14 and 20 October 2011,
helped with the association of smaller events to the already established
multiplets. Following, nearest-neighbor linkage was applied using a
correlation threshold that was selected by the empirical assumption
(Kapetanidis et al., 2010) that the optimal value, Cth, is the one which
maximizes the difference between the size of the largest multiplet and
the sumof clustered events (where “size” refers to the number of events
contained in a multiplet). The calculated correlation threshold was
Cth = 0.75 which resulted in 998 events contained in 223 multiplets
(with two or more events). A sum of 406 events belongs to the 19
largest multiplets of size ≥10, with more than half of them included
in multiplets of size ≥20. The location and temporal characteristics of
the largest multiplets are discussed in Section 3.3.

Following, another cross-correlation procedure was applied for
every combination of pairs of events in each multiplet, performed
on P- or S-waves separately on each station,with initialwaveform align-
ment on their observed arrival-times. In each case, both the cross-
correlation maximum and its corresponding time-lag were registered
for each of the 3 components and weighted mean values were calculat-
ed according to the waveform type analyzed in each case (P or S). The
consistency between time-lag measurements and the type of compo-
nent was also taken into consideration, as the P-waves are more
distinctly recorded on the vertical component while the horizontal
ones are more important for S-waves. This information along with the
catalog travel-times, arrival-time pick weights and the custom velocity
model that was used for the initial locations is then passed as input
data to the HypoDD algorithm.

The parameterization of the configuration files for HypoDD was
determined by trial-and-error, aimed to achieve smoothly stepped
relocation with minimal event rejection and small origin shift. The
HypoDD procedure was divided in 4 sets with 10 steps in total. The
sets begin with low a priori weight on the cross-correlation data (CC)
and high weight on catalog data (CT). Then, on the later stages, the CC
weights gradually increase with decreasing CT weights. At the same
time, stronger re-weighting thresholds are being applied on distance
This study

1.770

m) P-wave velocity (km/s) Ceiling depth (km)

4.5 0.0
5.1 4.0
6.1 10.0
6.5 21.0
7.1 31.0
7.6 46.0
7.9 60.0
8.2 75.0



Table 2
Statistics of location/RMS errors and depth distribution comparing the two models. Period #1 consists of events that occurred before the installation of the first temporary local stations
(October 14th 2011), while period #2 consists of the events that occurred after October 14th.

Model Hatzfeld et al. (1990) This study (all events) This study (period #1) This study (period #2)

Mean RMS 0.227 0.224 0.242 0.207
Median RMS 0.200 0.200 0.200 0.200
Mean ERH 0.867 0.947 1.049 0.855
Mean ERH b 2 km 0.763 0.763 – –

Median ERH 0.729 0.727 0.700 0.744
Median ERH b 2 km 0.725 0.721 – –

#evt with ERH N 2 km 30 35 – –

Mean ERZ 2.588 1.160 1.639 0.731
Median ERZ 1.240 0.560 0.700 0.440
Mean depth 7.050 8.670 8.874 8.481
Median depth 7.080 8.820 8.950 8.680
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between linked event-pairs and residuals on both types of data. This
achieves a crude relocation of the whole distribution in the first sets
and refined relocation concentrated on multiplets at the later sets.

Startingwith 1516 sufficiently linked events, 1480were successfully
relocated, representing 91.6% of the full catalog. The mean origin shift
was ~22 m, which is important, as it shows that there is only minimal
systematic shift of the hypocenters and that the events' locations were
mostly concentrated closer to themain body of the original distribution
or to their cluster's centroid. This result is displayed in Figs. 6B and 7B in
comparison to the initial locations (Figs. 6A and 7A).

The 3D distribution of the relocated events has been divided into 6
spatial clusters (labeled as shown in Figs. 6B and 7B) usingward linkage,
which works better with Euclidean distances. This discrimination
makes it easier to understand how the events in each group were
relocated, but will also be helpful during the description of the spatio-
temporal distribution that is discussed in Section 3.3. The number of
events in each cluster is 179, 205, 149, 584, 190 and 173 for clusters
#1 to #6 respectively. Concentrations within individual clusters during
the relocation procedure are mainly due to strongly correlated events
that form multiplets. A least-squares best-fit plane has been calculated
from the 3D distribution of the relocated hypocenters, striking N177°E
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Fig. 3. Distribution A) of depths with the velocity model of Hatzfeld et al. (1990), B) with the ne
Hatzfeld et al. (1990), D)with the newmodel calculated in this paper, E) of vertical location errors
with a dip angle ~W18°. The cross-sections of Fig. 7, which are almost
parallel to the strike of the aforementioned plane, also indicate that
the seismicity tends to be deeper in the North than in the South,
although this does not imply that the fault is dipping NNW. The total
length of the spatial distribution is ~18 km in the NNW–SSE direction.

Furthermore, the major Mw = 4.8 event of 14 August 2011 which
started the sequence, is located at a gap in the spatial distribution
between clusters #1 and #2 in the northern tip and has been classified
to the latter one. The gap around the major event is consistent with
the rupture of an asperity that caused redistribution of stress in its
neighboring region, triggering clusters #1 and #2. Other identifiable
gaps are separating clusters #2 and #4 from the slightly shallower #3
and #5 respectively, but these can't be directly associated with a
major shock. Some smaller sub-clusters belonging to #4 also seem to
be more detached from the main body of the cluster. However, follow-
ing the current clustering hierarchy, a threshold constructing at least 10
spatial clusters would be required for their partition, which was not
deemed necessary for the description of the seismic swarm activity.

Fig. 8 shows cross-sections of the relocated hypocenters at azimuth
N75°E, almost perpendicular to the main direction of the swarm's
distribution, at three partially overlapping segments. The low dip angle
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Fig. 4. Epicenters of 1615 located earthquakes A) with the regional velocity model by Hatzfeld et al. (1990) and B) with the new local model calculated in this paper. The common color-
scale represents variability in depth,with the gradient between 6 and 11 km corresponding to the approximate range of depths calculated using the newvelocitymodel. The line drawn at
N165°E azimuth, centered at 37.2018°N, 22.0148°E (white diamond) is used for the cross-sections of Fig. 5. The star denotes the major event of 14 August 2011. Local stations are repre-
sented by triangles.
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of the fault is more prominent in its deeper portion, as seen at the
northernmost segment (b1–b2). In the middle cross-section (c1–c2) the
shallower cluster #5 tends to connect to the rest of the distribution at a
higher angle, almost 45°. It is evident from the comparison between
the parallel (Fig. 7) and perpendicular cross-sections (Fig. 8) that the
distribution is becoming shallower primarily towards ENE rather than
SSE, which is consistent with a low-angle fault striking SSE–NNW and
dipping WSW.

Concerning the accuracy and location errors of the relocated hypo-
centers, the covariance matrix of the conjugate gradients method
(LSQR), which is used for large systems such as the Oichalia earthquake
swarm that is being studied in this work, tends to grossly under-
estimate errors (Waldhauser, 2001). For this reason, it is important
that error assessment is done by applying statistical resampling
methods such as jackknife and bootstrap (Efron, 1982; Efron and
Tibshirani, 1993), following the approach suggested by Waldhauser
and Ellsworth (2000).

In order to examine the influence of the stations' distribution to
the relocation results we performed a jackknife test, repeating the
relocation procedure after removing one station at a time. Only the 7
stations of the local network were considered, along with station ITM
−15

−10

−5

0

−10 −5 0 5 10

−10 −5 0 5 10

NNW SSE

Cross−Section at Azimu

Distance along cr

D
ep

th
 (

km
)

A

Fig. 5. Cross-section of the 1615 located earthquakes at N165°E direction (NNW–SSE), centered
1990) and (B) with the new local model calculated in this paper. The star denotes the major e
of the HUSN network (8 repetitions of relocation in total), as these are
the closest and most important ones. For each relocation on the
resampled data the difference in the relocated hypocenter of every
event was measured relative to its corresponding locus derived from
the relocation performed with all stations.

Ellipsoids are calculated for both the epicentral and 3D distributions,
bounding the 95% confidence interval for all observations (all events for
all resampled relocation results). The length of the projection of the
ellipsoids' semi-axes as well as the mean, median and standard devia-
tion values of the difference in horizontal (dx for E–W and dy for N–S
orientation) and vertical (dz) positions are registered in Table 3 for
the whole period of study and, also, for each of the two periods (before
and after the installation of the local network) separately.

The influence of station ITM was also examined. Statistics labeled
“no ITM” in Table 3 were calculated for observations of events which
were successfully relocated in all 8 repetitions of the relocation
procedure, as described above (each repetition includes the elimination
of one of the 7 local stations or station ITM), thus these errors include
the case where ITM has been removed. Statistics labeled “with ITM”

have been calculated for only 7 repetitions of relocation, with elimina-
tion of the 7 local stations, one at a time, but always retaining the data
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Fig. 6. Epicenters of the seismic swarm sequence A) before and B) after relocation with HypoDD. Colors and numbers (Panel B only) correspond to 6 major spatial clusters that could be
distinguished. The profile line a1–a2, drawn at N165°E azimuth, is used for the cross-sections of Fig. 7, while the lines b1–b2, c1–c2 and d1–d2, drawn at N75°E azimuth, perpendicular to the
main axis of the swarm's distribution, are used for the cross-sections of Fig. 8. The star denotes the major event of 14 August 2011. Local stations are represented by triangles.
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from station ITM, which is crucial especially for the first period (before
the installation of the local network).

The mean relative location error values range roughly between 35
and 150 m for the horizontal offsets and 50 m–185 m for the vertical
offset, while the median values, which, contrary to the mean ones are
not influenced by outliers, are much smaller, of the order of a few tens
of meters. Standard deviations are of the order of a few hundreds of
meters, in most cases, while the 95% confidence interval (c.i.) is about
2.4 times larger than the standard deviation. Events of period #1 (before
14 October 2013) seem to be less influenced by the station geometry,
especially in the “with ITM” case, which purely shows the influence of
the temporary local stations. This is expected, as the data of period #1
are only indirectly linked with the local stations (with events of period
#2) through links available from station ITM and other regional stations.
In general, events of period #2 seem to be more affected by the local
station geometry. Station ITM plays an important role, for both the
horizontal and vertical distributions, especially for period #1 (i.e. 95%
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c.i. for dz reaches about 2 km for the “no ITM” case) and for the linkage
between events of the two periods. There is a small bias favoring an
E–W orientation, which, being almost perpendicular to the main
direction of the swarm's spatial distribution, does not affect the general
results.

A similar jackknife technique was used to measure the influence of
each event. Multiple relocation procedures were applied by removing
one event at a time and measuring the location differences
(Waldhauser and Ellsworth, 2000; Waldhauser and Richards, 2004).
The events' influence, as expected for the relatively large system of
~1500 events of this study, is small. The absolute mean values are of
the order of a few meters, with standard deviation of a few tens of
meters and 95% c.i. reaching a maximum of 260 m for the vertical axis
in period #1. The dx and dy values are almost similar, indicating no
bias in any particular horizontal direction. They are also similar
in both periods, while dz values are larger for period #1, apparently
affected by the absence of direct data from local stations. The small
−15

−10

−5

0

−15

−10

−5

0
−5 0 5

−10 −5 0 5 10

Distance along cross−section (km)

After Relocation

1

2

3

4

5

6

NNW SSE

a1 a2

B

themain direction of the seismicity distribution, centered at 37.2018°N, 22.0148°E (central
epresent the 6 spatial clusters that were discriminated and correspond to the same color/

image of Fig.�7


−5 0 5

WSW ENE

Distance along cross−section profile (km)

Perpendicular Cross−Sections at Azimuth N75°E (WSW−ENE)

D
ep

th
 (

km
)

−5 0 5

WSW ENE
−15

−10

−5

0

−15

−10

−5

0

−15

−10

−5

0

−15

−10

−5

0
−5 0 5

−5 0 5 −5 0 5−5 0 5

WSW ENE

1

2 3

4

4
5 5

6

b1 b2 c1 c2 d1 d2

Fig. 8. Cross-section of the relocated hypocenters of the swarm sequence at N75°E direction (NNW–SSE), perpendicular to the main direction of the seismicity distribution, along profile
lines shown in Fig. 6B: (b1–b2) Northern segment, centered at 37.2452°N, 22.0002°E (northernwhite diamond in Fig. 6B), (c1–c2)middle segment, centered at 37.2018°N, 22.0148°E (mid-
dle white diamond in Fig. 6B), (d1–d2) Southern segment, centered at 37.1584°N, 22.0294°E (southernwhite diamond in Fig. 6B). Colors and numbers represent the 6 spatial clusters that
were discriminated and correspond to the same color/number labels as shown in Fig. 6. The width of each of the cross-sections is ±4 km, with about 2 km overlap. The star denotes the
major event of 14 August 2011.

107I. Kassaras et al. / Tectonophysics 614 (2014) 100–127
relative errors measured in this test indicate that each event is well
linked with many of its neighbors, thus it is not affected by the elimina-
tion of a single neighbor (Wilcock, 2012).

The influence of the initial hypocentral locations (starting model) to
the results was estimated with a bootstrap method, by performing
multiple relocation procedures after perturbing the initial locations by
Table 3
Relative error estimates for the relocation results using statistical resampling. “Per.” stands for “
and dz (for projections in the E–W, N–S and Z axis, respectively) are the difference of the reloca
details in the text.

Test Per. Offset (m) Abs. mean (m

Stations (no ITM) ALL dx 110
dy 110
dz 185

P1 dx 50
dy 50
dz 80

P2 dx 150
dy 150
dz 170

Stations (with ITM) ALL dx 85
dy 85
dz 100

P1 dx 35
dy 35
dz 50

P2 dx 130
dy 130
dz 145

Events ALL dx 3
dy 3
dz 6

P1 dx 3
dy 3
dz 7

P2 dx 3
dy 3
dz 6

Robustness ALL dx 35
dy 35
dz 90

P1 dx 30
dy 30
dz 90

P2 dx 40
dy 35
dz 90
a small random amount, within the limits of the absolute location
error. Random numbers are selected from a normal distribution, gener-
ated between roughly−1 and+1,multiplied by the estimated location
error (ERX, ERY, ERZ) on each of the 3 axes for each event separately and
added to its catalog location. This procedure was repeated 300 times
and the corresponding statistical values were calculated for the whole
period”, P1 and P2 are for before and after 14 October 2013, respectively. The offset dx, dy
ted positions for the resampled data in comparison to the original relocation results. More

) abs. median (m) St. dev. (m) 95% c.i. (m)

35 260 640
35 250 610
45 580 1420
20 100 245
20 110 270
30 770 2160
60 330 815
60 315 770
60 370 1050
30 230 565
30 215 525
35 250 705
15 65 165
15 65 160
25 150 415
50 310 760
50 285 700
55 315 895
0.9 13 35
0.8 13 35
1.0 65 185
0.9 10 30
0.9 15 40
1.0 90 260
0.8 15 35
0.8 15 35
1.0 25 75

20 85 215
20 70 165
45 200 565
20 55 140
20 60 145
40 225 630
25 105 260
25 75 185
50 175 505



Table 4
Catalog of Moment Tensor solutions for the 18 largest earthquakes of the swarm. The hypocentral locations are HypoDD solutions. Asterisks in the rank column denote NOAMT solutions.

Rank Origin time Lon (°) Lat (°) MT depth (km) HypoDD depth (km) Mw Strike (°) Dip (°) Rake (°) Misfit CLVD (%)

1 2011 08 14 01:05 21.9806 37.2356 13 8.25 4.8 150 39 −75 A 23.8
2 2011 08 16 01:14 21.9773 37.2520 5 9.48 3.6 153 31 −91 C 10.8
3 2011 08 19 16:33 21.9988 37.2152 7 9.32 3.7 140 20 −80 C 8.4
4* 2011 08 22 08:50 21.9896 37.2284 10 7.47 4.1 168 41 −83 B 32.1
5 2011 08 23 05:22 21.9850 37.2200 7 9.37 4.0 182 48 −62 B 3.0
6 2011 09 14 03:35 22.0314 37.1680 10 8.81 4.6 184 40 −44 B 22.3
7 2011 09 15 07:54 22.0140 37.2043 10 8.67 3.7 170 45 −95 C 1.5
8 2011 09 15 08:16 22.0068 37.2173 8 8.25 3.9 180 40 −35 C 12.2
9 2011 10 07 04:29 22.0627 37.2158 12 8.25 3.9 190 65 −80 B 6.8
10 2011 10 07 11:32 22.0400 37.2021 12 8.60 3.8 230 15 −100 C 18.8
11* 2011 10 10 01:20 22.0474 37.1894 9 8.36 4.3 174 50 −62 B 20.7
12* 2011 10 10 04:49 22.0502 37.2046 11 8.69 4.3 190 30 −50 B 7.9
13 2011 10 10 19:07 22.0417 37.1883 11 11.1 4.7 195 31 −90 C 3.9
14 2011 10 10 19:15 22.0494 37.1937 9 6.19 3.8 169 31 −96 B 15.2
15 2011 10 10 21:17 22.0290 37.2129 15 8.25 3.9 180 55 −45 C 14.8
16* 2011 10 11 01:10 22.0132 37.1955 4 8.53 4.0 176 32 −62 C 14.8
17 2011 10 15 22:06 22.0715 37.1732 5 5.00 3.9 158 22 −87 B 16.3
18 2011 11 12 18:28 21.9804 37.2303 4 9.88 4.1 177 37 −56 B 17.5
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set of observations. As shown in Table 3, the test of robustness against
variation of initial conditions (starting model) resulted in mean
horizontal and vertical relative location errors of less than 40 m and
95 m, respectively. The 95% confidence intervals show that themajority
of observations lie within ~200 m horizontally and ~550 m vertically,
again with a small bias towards the E–W direction.

3.2. Fault plane solutions

Moment tensor solutions have been calculated for 14 events using
local and regional data. Additionally, 128 focal mechanisms of smaller
events were determined by first motion polarities. Four fault plane
solutions registered in the NOA MT catalog were also considered.

Broadband waveform data from the Hellenic Unified Seismological
Network (HUSN) were collected and analyzed in order to determine
the source parameters of the largest events of the Oichalia swarm. The
source parameters of 14 earthquakes with magnitudes Mw ≥ 3.6 were
calculated based onmoment tensor inversion using regionalwaveforms
(epicentral distances less than 3°). Typically, the use of at least four
stations well distributed azimuthally and within an epicentral radius,
less than 200 km, is quite capable for this purpose. The data preparation
includes bandpass filtering between 0.05 Hz and 0.7 Hz, deconvolution
of the instrumental response, integration to displacement and rotation
of the horizontal components towards the back azimuth. Following,
the signal was inverted using the reflectivity method of Kennett (1983)
as implemented by Randall (1994) in order to determine Green's Func-
tions. Initially, iterative inversions were performed, considering a crude
depth interval of 5 km and the relative misfit functions were computed.
In a second stage, inversions were performed at a finer interval of
1–2 kmaround the depthwhere the lowestmisfit was exhibited. During
the analysis, various 1D velocity models were used, depending on the
geographic location of stations (i.e. Drakatos et al., 2002; Haslinger
et al., 1999; Karagianni et al., 2005; Novotny et al., 2001; Papazachos
and Nolet, 1997).

The quality of the results of moment tensor solutions was evaluated
by considering the average misfit and the percentage of Compensated
Linear Vector Dipole (CLVD). For each of the determined focal mecha-
nisms, a quality code represented by letters A–D (best–worst) was
adapted for the minimum misfit. The MT inversion solutions are listed
in Table 4. The hypocentral parameters adopted for the MT fault plane
solutions are those obtained from the relocation procedure, as described
in the previous section.

The local network geometry and station spacing allowed the deter-
mination of fault plane solutions using P-wave first-motion polarities.
Concerning the recordings of the local network, P-wave onset directions
were manually observed and registered. First-motion polarity observa-
tions available from the HUSN were also incorporated. Following, equal
area projections of the lower hemisphere were constructed. Focal
mechanism solutions were constrained by at least six P-wave first
motions. Take-off angles were computed based on the new seismic
velocity model (Table 1). The quality of the polarity readings and the
azimuthal coverage on the focal sphere were also taken into consider-
ation. The first-motion patterns can be adequately modeled by pure
double-couple (DC) sources, although the data points are not dense
enough to exclude the presence of a significant non-DC source compo-
nent. The quality of the focal mechanism solutions varies considerably
from moderately to well constrained, depending on the data coverage
of the focal sphere. Among numerous solutions that were determined,
a total of 128 were adopted, with ~10° uncertainty for the nodal planes
(Table 5).

The results are illustrated in Fig. 9. As it can be observed, themajority
of focal mechanisms exhibit normal faulting in almost N–S direction,
compatible with superficial fault traces (Armijo et al., 1992) and inferred
from seismicity (Lyon-Caen et al., 1988) and GPS data (Nyst and
Thatcher, 2004). As expected, the larger magnitude MT solutions
(Mw ≥ 3.6), which represent a larger scale of deformation across the
fault surface, exhibit relatively homogeneous distribution of the nodal
planes, striking N ~ 175° and dipping W ~ 37° at an average depth of
8.5 km. The smaller magnitude P-wave first motion polarity solutions,
despite their implication for a quite similar dip-slip normal faulting in a
N ~ 163° direction with an average W ~ 47° dip, present significant
heterogeneity towards the south, where several strike-slip and a few
reverse focal mechanisms are also observed. Cross-sections performed
perpendicular and parallel to the activated structure (Fig. 10) imply for
a low angle normal dip-slip fault plane, striking roughly N160°E and
dipping WSW32°. This is partly incompatible with the ~18° WSW
dipping of the hypocenter distribution (Figs. 8 and 10), but may corre-
spond to a rupture towards a shallower section of the fault, e.g. a contin-
uation of the segment corresponding to the spatial cluster #5 towards
NNW, which is distributed at a higher dip angle (Fig. 8, cross-section
c1–c2). The implied geometry of the activated fault zone, is also consis-
tent with the CMT fault planes of the co-located Mw = 5.4, 16/9/2001
and the Mw = 5.4, 3/1/2004 events (striking N130° and N211°, respec-
tively), which are listed in Table 6. It is probable that more than one
structures are involved, interacting with each other, forming a complex
fault network which is compatible with the tectonic graben of Oichalia.
Intraplate swarms are generally explained as the consequence of a very
heterogeneous stress field and a weakened crust that lacks a single
well-developed fault and is incapable of sustaining higher strain
(Horálek and Fischer, 2008). This pattern is consistent with the one



Table 5
Catalog of P-wave first motion polarity solutions. The hypocentral locations are HypoDD solutions.

Rank Origin Time Lat. (°) Lon. (°) Depth (km) ML Strike (°) Dip (°) Rake (°)

1 2011 10 23 11:58 37.2329 22.0045 3.5 2.0 200 74 −60
2 2011 10 23 22:23 37.1918 21.9799 7.9 1.8 154 50 −2
3 2011 10 23 22:54 37.1760 22.0132 6.4 1.3 289 60 −125
4 2011 10 23 22:57 37.1754 22.0166 6.5 1.8 289 70 −110
5 2011 10 24 01:19 37.2005 22.0107 5.9 1.5 159 50 −90
6 2011 10 24 02:48 37.1862 21.9934 6.5 1.6 159 50 −2
7 2011 10 24 05:48 37.1761 22.0701 9.2 2.5 224 35 −35
8 2011 10 24 21:59 37.1872 22.0329 9.0 1.4 35 70 −35
9 2011 10 25 00:14 37.1576 22.0269 3.8 1.5 5 20 −90
10 2011 10 25 01:16 37.1774 22.0316 3.7 1.9 140 35 −80
11 2011 10 25 02:48 37.1632 22.0387 3.7 2.1 164 45 −50
12 2011 10 25 10:11 37.2335 22.0283 1.6 2.4 144 45 −75
13 2011 10 25 18:12 37.1943 21.9960 6.9 2.3 154 45 −70
14 2011 10 25 19:26 37.1859 22.0647 4.4 1.8 82 79 −160
15 2011 10 25 21:36 37.2052 22.0108 4.4 2.0 169 60 −110
16 2011 10 26 10:07 37.1655 22.0395 3.8 1.8 159 25 −70
17 2011 10 26 12:13 37.1605 22.0040 8.1 2.4 174 67 −110
18 2011 10 26 19:11 37.2169 22.0334 1.6 3.3 159 86 −70
19 2011 10 26 22:02 37.1774 22.0471 0.2 1.7 200 45 −100
20 2011 10 26 22:23 37.1605 22.0140 2.0 2.6 159 45 −90
21 2011 10 27 01:19 37.1547 22.0013 7.2 2.2 144 45 −110
22 2011 10 27 01:31 37.1845 22.0272 4.4 1.5 95 79 −70
23 2011 10 27 02:40 37.1877 22.0124 3.4 1.7 174 60 −50
24 2011 10 27 04:52 37.2190 22.0409 1.4 2.5 235 30 −150
25 2011 10 28 00:06 37.1672 22.0288 6.8 2.2 4 19 −90
26 2011 10 28 00:09 37.1705 22.0512 3.5 1.9 144 30 −70
27 2011 10 28 07:03 37.1609 22.0004 7.6 2.6 164 54 −110
28 2011 10 28 08:11 37.1595 22.0043 7.2 3.0 275 15 −90
29 2011 10 28 08:41 37.1611 22.0176 6.1 2.3 154 60 −110
30 2011 10 28 09:46 37.1595 22.0065 6.1 2.6 157 45 −110
31 2011 10 28 10:13 37.1633 21.9991 8.5 2.6 157 50 −110
32 2011 10 28 22:06 37.1991 22.0196 3.3 1.9 144 60 −65
33 2011 10 29 06:33 37.1960 22.0058 4.8 1.8 144 50 −65
34 2011 10 29 14:36 37.1742 22.0201 6.0 2.1 157 59 −110
35 2011 10 29 17:43 37.2021 22.0132 3.5 1.9 149 62 −110
36 2011 10 29 19:51 37.1642 22.0083 6.3 2.4 30 45 −125
37 2011 10 30 01:35 37.1701 22.0358 3.5 1.5 159 39 125
38 2011 10 30 01:51 37.1724 22.0164 4.1 2.3 30 50 −120
39 2011 10 30 02:25 37.1957 22.0114 5.7 0.4 140 45 −65
40 2011 10 30 04:10 37.2370 21.9711 14.8 1.4 140 45 −65
41 2011 10 30 08:14 37.1593 22.0668 0.9 2.4 159 70 −60
42 2011 10 30 10:33 37.1541 22.0362 3.2 2.0 159 30 −35
43 2011 10 30 10:51 37.2133 21.9849 7.4 1.9 214 54 −35
44 2011 10 30 14:55 37.1635 22.0285 6.4 1.8 214 50 −90
45 2011 10 30 19:40 37.1693 22.0189 7.5 2.3 190 19 −90
46 2011 10 30 20:09 37.1756 22.0355 4.7 1.6 169 67 −50
47 2011 10 31 12:58 37.1734 22.0484 0.9 1.7 159 45 −110
48 2011 10 31 16:32 37.2023 22.0148 4.7 0.9 164 65 −35
49 2011 10 31 18:07 37.1758 22.0340 5.5 1.5 115 35 −90
50 2011 10 31 21:06 37.2114 22.0090 5.8 1.3 115 54 −90
51 2011 10 31 21:33 37.2104 22.0118 2.2 1.1 109 60 −90
52 2011 10 31 22:18 37.1821 22.0430 3.8 1.5 159 84 −90
53 2011 10 31 23:08 37.1956 22.0176 6.2 1.5 115 54 −90
54 2011 10 31 23:24 37.2003 22.0399 3.0 1.7 159 50 −65
55 2011 10 31 23:35 37.1627 22.0185 4.0 1.0 140 39 −120
56 2011 11 01 00:42 37.2056 22.0128 3.8 0.6 169 50 −60
57 2011 11 01 02:28 37.2022 22.0111 2.2 0.8 169 65 −60
58 2011 11 01 06:43 37.1967 22.0219 3.1 1.0 169 65 −60
59 2011 11 01 11:31 37.1664 22.0019 3.9 1.7 180 54 −55
60 2011 11 01 13:08 37.1696 22.0105 4.6 1.4 309 86 −90
61 2011 11 01 13:26 37.1944 22.0213 7.8 1.4 169 65 −60
62 2011 11 01 17:42 37.1906 22.0328 3.9 1.2 169 45 −70
63 2011 11 01 19:52 37.1820 21.9938 4.6 1.3 169 45 −60
64 2011 11 01 23:01 37.1710 22.0271 3.0 1.2 109 35 −90
65 2011 11 01 23:29 37.1621 22.0054 7.0 1.2 79 79 −90
66 2011 11 02 00:26 37.1803 21.9857 5.4 1.2 70 54 −55
67 2011 11 02 02:21 37.1635 21.9962 5.4 0.8 159 9 −90
68 2011 11 02 03:00 37.1689 22.0709 1.5 0.7 159 65 −55
69 2011 11 02 04:12 37.2034 22.0190 3.7 0.9 159 65 −55
70 2011 11 02 07:12 37.1871 22.0012 4.8 1.9 169 67 −50
71 2011 11 02 09:42 37.1579 22.0100 6.0 1.4 154 35 −70
72 2011 11 02 10:42 37.2035 22.0207 2.0 1.1 144 54 −75
73 2011 11 02 17:43 37.1597 21.9962 2.8 1.2 142 26 −65
74 2011 11 02 19:53 37.1537 22.0025 6.2 2.4 289 82 100
75 2011 11 02 20:06 37.1598 21.9966 1.4 1.2 289 72 100
76 2011 11 02 20:33 37.1598 21.9941 5.0 1.8 293 72 −90

(continued on next page)
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Table 5 (continued)

Rank Origin Time Lat. (°) Lon. (°) Depth (km) ML Strike (°) Dip (°) Rake (°)

77 2011 11 02 20:49 37.2358 22.0235 3.6 1.9 293 72 −90
78 2011 11 03 00:32 37.1799 21.9903 5.6 1.6 293 65 −90
79 2011 11 03 00:40 37.1807 21.9998 5.9 1.8 293 65 90
80 2011 11 03 02:28 37.1814 21.9911 5.6 1.0 293 65 −90
81 2011 11 03 03:41 37.1856 21.9893 5.9 0.8 293 54 −90
82 2011 11 03 04:33 37.1670 22.0323 3.3 1.6 293 65 −90
83 2011 11 03 05:17 37.2054 22.0139 4.1 1.7 169 65 −100
84 2011 11 03 06:42 37.1628 22.0455 3.2 2.3 169 74 −65
85 2011 11 03 17:24 37.1778 22.0277 3.7 1.0 149 50 −85
86 2011 11 03 17:35 37.1648 22.0458 3.8 1.0 159 47 −60
87 2011 11 03 23:30 37.1952 21.9872 5.3 1.4 159 47 −90
88 2011 11 04 05:28 37.2178 22.0372 7.5 1.5 159 79 −100
89 2011 11 04 06:00 37.1567 22.0335 7.7 1.4 289 79 −90
90 2011 11 04 14:18 37.1631 22.0008 5.7 2.0 109 86 −80
91 2011 11 04 16:00 37.1639 21.9881 8.3 2.0 154 30 −140
92 2011 11 04 16:09 37.1565 22.0425 0.1 1.1 289 79 −95
93 2011 11 04 21:40 37.1626 21.9924 3.8 1.5 174 39 −65
94 2011 11 05 06:13 37.1642 22.0316 4.9 1.2 164 25 −70
95 2011 11 05 08:25 37.1847 22.0157 5.3 1.1 289 45 90
96 2011 11 05 08:44 37.2047 22.0110 1.1 1.0 159 25 −70
97 2011 11 05 11:18 37.2135 22.0051 5.7 1.1 180 56 −70
98 2011 11 05 15:24 37.2115 22.0220 6.7 1.1 185 60 −80
99 2011 11 05 17:00 37.2134 22.0404 2.6 1.0 109 62 −90
100 2011 11 05 19:43 37.1944 22.0092 5.3 1.2 159 53 −50
101 2011 11 06 05:26 37.1701 22.0319 3.9 0.9 174 70 −30
102 2011 11 06 10:01 37.2341 22.0090 3.5 1.5 169 65 −30
103 2011 11 06 10:17 37.2270 22.0371 1.8 1.6 169 65 −65
104 2011 11 06 20:34 37.2118 22.0112 4.3 1.3 169 65 −65
105 2011 11 08 02:33 37.1791 22.0463 3.3 1.9 174 39 −60
106 2011 11 08 05:07 37.1519 22.0222 5.8 1.0 130 30 −100
107 2011 11 08 06:22 37.2125 22.0458 2.1 1.1 130 65 −85
108 2011 11 08 10:32 37.1601 22.0336 6.5 1.2 240 72 −50
109 2011 11 08 20:25 37.1630 22.0166 6.7 1.6 230 72 60
110 2011 11 08 23:41 37.1654 22.0295 5.4 0.9 109 30 90
111 2011 11 09 02:24 37.1836 22.0433 3.3 1.1 109 30 −90
112 2011 11 09 03:57 37.1815 22.0249 3.6 2.0 125 45 −125
113 2011 11 09 04:05 37.1636 22.0333 2.4 1.6 185 65 130
114 2011 11 09 15:21 37.2070 22.0101 4.0 1.2 174 54 −50
115 2011 11 09 17:25 37.1828 21.9990 3.9 0.5 174 54 −50
116 2011 11 09 18:22 37.1991 21.9859 6.3 0.8 174 54 −40
117 2011 11 09 19:15 37.1695 22.0288 4.5 1.0 174 50 −40
118 2011 11 09 22:20 37.1811 22.0043 4.4 1.7 289 57 140
119 2011 11 09 22:20 37.1811 22.0043 6.6 2.2 289 57 140
120 2011 11 10 06:15 37.1784 21.9986 3.0 0.7 174 50 −40
121 2011 11 10 09:23 37.1513 22.0255 4.0 1.3 0 74 −145
122 2011 12 01 00:19 37.2556 21.9676 9.3 1.3 169 60 −65
123 2011 12 01 01:19 37.253 21.9742 9.2 2.3 169 60 −65
124 2011 12 01 01:56 37.2529 21.9682 9.3 1.3 169 60 −65
125 2011 12 01 02:29 37.2466 21.954 2.5 1.3 169 60 −65
126 2011 12 01 02:41 37.2569 21.9737 6.7 0.9 169 70 −65
127 2011 12 01 03:16 37.1905 22.0212 0.3 1.2 169 50 −65
128 2011 12 01 03:52 37.2614 21.9707 7.6 1.3 169 50 −65
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observed in the rapidly opening western Corinth graben, where seismic
strain is hosted on E–W low angle normal faults (Bernard et al., 1997;
Rigo et al., 1996), cross-cutting older structures which have been
known to generate swarms under the influence of fluids (Lyon-Caen
et al., 2004; Pacchiani and Lyon-Caen, 2010).

The relatively inhomogeneous types of the smaller events focal
mechanisms that is evident at the southern part of the swarm is unlikely
an artifact, as the nodal planes solutions adopted represent robust de-
terminations, undergone strict qualification criteria. On the other
hand, it is typical for events in earthquake swarms to be characterized
by a combination of strike-slip and normal faulting mechanisms (e.g.
Hill, 1977; Lay and Wallace, 1995). A possible explanation (Rigo,
2010) is that thediffuse activitymight probably be enhanced byfluid in-
teraction with the activated fault plane, as the presence of fluids may
impose an increased non-double-couple component (volumetric,
CLVD) to the moment tensors. It is worth mentioning that a large
CLVD component was defined during the 14-8-2011 major event
(Mw = 4.8), of the order of 32.1%, increasing suspicions for the fluid
hypothesis.
Fig. 11 presents the geometry of P- and T-axes. These approximate
the maximum and minimum compressional stress directions in the
region (McKenzie, 1969). As the rose diagrams show, the extensional
T-axes have a nearly horizontal average NE–SW trendwhile the average
compressive stress P-axes are nearly vertical with a NW–SE trend. This
distribution suggests that the tectonic regime in the study area is
dominated by ENE–WSW extension and NNW–SSE normal faulting,
compatible with the direction of the activated structure. ENE–WSW
extension deduced from the strike of the prevailing T-axes is consistent
with the horizontal ground opening vector direction obtained from field
measurements at Siamo village (Ganas et al., 2012).

3.3. Spatio-temporal distribution

The temporal distribution of the seismic swarm can be divided in 6
groups that correspond to periods of main/secondary outbreaks in the
seismicity (Figs. 12 and 13). Period A (14–22 August 2011) with 170
events, begins with the major Mw = 4.8 earthquake of 14 August and
spatially concentrated activity at the northern part of the distribution,



Fig. 9. All 146 focal mechanisms determined in the present study. The size of beachballs is
proportional to the magnitude, which ranges between 0.4 and 4.8. Beachballs with solid
circles at their centers denote regional MT solutions, while the rest denote P-wave first
motion polarities solutions. The profiles AA′, BB′, and CC′, drawn at N75°E direction, as
well as profile DD′ drawn at N165°E direction, centered at the white diamond, are used
for the focal mechanisms cross-sections of Fig. 10.
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involving almost exclusively spatial clusters #1 and#2. Period B (22 Au-
gust–13 September 2011)with 137 events, is a secondary sequence that
follows theMw = 4.1 andMw = 4.0 events of 22 and 23 August, when
amore southerly segment of the rupture zonewas activated, mostly not
only involving cluster #2 but also reaching clusters #3 and #4. The next
outbreak (period C: 13 September–9 October 2011)was triggered by an
Mw = 4.6 event on 14 September and contains several events with
ML ≥ 3.0. Seismicity within spatial cluster #5 was also recorded during
this period, while the activity keeps spreading towards the South. The
next threemajor events of the sequence (Mw = 4.3, 4.3 and 4.7, respec-
tively, on 10 October 2011) generated themajor outbreak that occurred
during Period D (9 October–7 November 2011) with a total of 457
events, not only ranging mainly at the southern portion of clusters #4
and 5 but also reaching cluster #6. During the last two periods (E and
F) a couple of spatio-temporal sub-clusters occurred in the northern
part (occupying cluster #1), induced by an Mw = 4.1 event on 12
November, while the activity in the rest of the rupture zone continues
to spread towards the southern end, at the shallower portion of the
activated zone.

As far as the 6 largest multiplets are concerned, in the northern and
themiddle part of the activated zone, two of them (#4 and#5 in Fig. 14)
were simultaneously generated at the beginning of the sequence,
strongly clustered both in time and space. Later, starting on September
14th and for more than a month, there was sporadic activation of three
large multiplets on the southern part, namely #2, #3 and #6 (Fig. 14).
The last largemultiplet is located in theNorth (#1 in Fig. 14). It emerged
on December 1st after a few pre-shocks, probably triggered by another,
smaller spatio-temporal cluster that was activated on November 12th.
It is qualitatively different from multiplet #4, which occurred at the
beginning of the sequence, as no pair of events with a cross-correlation
maximum value over Cth = 0.75 could link the two of them. The
relocated foci of these large multiplets are concentrated in volumes of
about 1–2 km diameter, following the general direction and dip of the
rest of the swarm's distribution. However, multiplets #1 and #4 appear
to be slightly dislocated from the others, mainly because of the gap
between these two and multiplet #5.

It is noteworthy that a gradual migration of seismic activity can be
observed from the Northern to the Southern part of the rupture zone.
Although this is evident from the cross-sections of Fig. 13 it is
more clearly demonstrated in the diagram of Fig. 15, which shows the
projection of epicenters on a line that passes through the middle of
the spatial sequence at N165°E azimuth with respect to the relative
origin time (X-axis). The temporal derivative of the thick parabolic
curve drawn through the middle of the distribution represents the
migration rate. A linear approximation for the average rate of migration
of the seismic activity towards the south during the first 80 days is
about 80 m/day. At the same time, it appears to ascend to relatively
shallower depths in the southern part. Since the first outbreak of 14
August 2011, starting from ~18 August and up to about ~28 October,
the seismicity occurs on a migrating active patch, about 6–8 km long
(~8 km, roughly represented by the 95% confidence bounds drawn
with dashed lines) in the N165°E direction. The occurrence of two
small sub-clusters around days ~90 and ~110 (at about 12 November
and 1 December) with Y b− 4 km, located in the northern part, likely
contributed to the more dispersed distribution of events within the
whole length of the rupture zone. The migration speed apparently
slows down after day 80, as the seismicity reaches its full expansion,
being gradually diminished afterwards.

The thick envelope curve in Fig. 15 corresponds to the distance of the
triggering front r = r(t) (Eq. (1)) from the source of fluid infiltration,
relative to the time (t − to) since the occurrence of the injection, as
defined by Shapiro et al. (1997):

r tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πD t−toð Þ þ γo

q
ð1Þ

starting at to = 6 days before the origin time of the major event
(14 August 2011), with hydraulic diffusivity D = 1.10 m2/s. This is by
no means the only plausible solution, as various combinations of D,
temporal and spatial offsets can define a satisfactory envelope line.
Additionally, the exact time, location and geometry of thefluid injection
source are unknown. However, this set of parameters provides an
envelope curve for the triggering front with approximately the same
slope as the seismicity migration curve. We have also imposed the to
value so that the source of fluids (yo) coincides with the projection
of the hypocenter of the major event. The same curve mirrored down-
wards can also be thought of as an envelope of the events occurring
NNW of the major earthquake, at the beginning of the sequence,
along the same direction.

A wide range of D values has been calculated in other cases world-
wide. For the earthquake swarms of 2002 in Mt. Hochstaufen,
Germany, a hydraulic diffusivity value of D = 0.75 ± 0.35 m2/s was
measured, with origin times for the fluid intrusion based on intense
raining events, while the seismicity was also correlated to precipitation
and groundwater increase (Kraft et al., 2006). For the 2001 Agios
Ioannis earthquake swarm in Northern Peloponnese, Greece, themigra-
tion rate was estimated at 20 m/day for an active fault patch length of
~3 km, propagating up to a distance of ~2 km at shallower parts of
the fault surface in 100 days (Pacchiani and Lyon-Caen, 2010). In that
case, values ofD between 0.08 and 0.20 m2/swere considered for origin
times of diffusion between 88 and 22 days, respectively, prior to the
occurrence of the major Mw = 4.3 event of 8 April 2001. Temporally
variable measurements of hydraulic diffusivity have been carried out
by Rigo (2010), for an aftershock sequence of 1996 in Pyrenees,
France, with values of D decreasing from 5 to 1 m2/s for different
multiplet families with a common origin time and location of fluid
intrusion. In China, gradually increasing average D values between 2.1
and 3.5 m2/swere calculated for three stages of the aftershock sequence
of the 2008, Ms = 8.0 Wenchuan earthquake (Liu et al., 2013).



Fig. 10. Focal mechanism cross-sections along profiles AA′, BB′, CC′ and DD′ (Fig. 9). The gray beachballs denote MT solutions derived using regional data, while the black ones denote
mechanisms constrainedwith P-wave first motion polarities. The size of the beachballs is proportional to the corresponding event's magnitude. The dashed lines represent the projection
of the inferred fault surface, with a lower dip angle at its deeper portion.
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The triggering front model for the migration of seismicity provides
evidence that the spatio-temporal distribution of the seismic swarm
can be explained by an injection of fluids (Schoenball et al., 2010).
Their source is assumed to be close to the hypocenter of the major
event of 14 August, starting about a week before its occurrence. It is
interesting at this point to note that the NOA database has registered
about 120 events between July and August 2011, with epicenters
concentrated at the area where the 14 August event occurred. This
means that the fluid injection could have started more than a month
before t = 0. However, under the scope of this study, we have
used to = 6 days to avoid a long extrapolation of the theoretical
rt-curve.
3.4. b-Value distribution

The tool we used to investigate redistribution of stress, which
influences the subsequent swarm evolution, is the spatio-temporal
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Table 6
Tabulated source parameters of the major events used for Coulomb stress transfer calculation.

Date Origin time Lat (°) Lon (°) Depth (km) M Strike (°) Dip (°) Rake (°) Origin

13/9/1986 17:24 37.11 22.19 5 6.0 201 45 −77 Lyon-Caen et al. (1988)
16/9/2001 02:00 37.24 21.93 10 5.4 130 40 −86 CMT
3/1/2004 00:36 37.17 22.12 12 5.4 211 30 −58 UoA
14/8/2011 01:05 37.23 21.98 8 4.8 165 39 −75 This study
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distribution of b-values of the Gutenberg–Richter law (Gutenberg and
Richter, 1944),

log10N ¼ a−b �M; ð2Þ

where N represents the number of earthquakes withmagnitudes larger
than or equal toM, and a and b are constants. The b-value of Eq. (2) is of
great importance in constraining seismotectonic and hazard analysis
because of its dependence on the stress, material heterogeneity and
pore pressure (Wyss, 1973). Statistically significant variations of the
b-value have been reported in laboratory experiments, mines, volca-
noes, subducting slabs and along fault zones in foreshock and aftershock
sequences, as well as in seismic swarms (Mogi, 1963; Scholz, 2002;
Wiemer and Wyss, 2002). When sampling large volumes of the earth's
crust, it has been observed that the b-values approach unity, which has
led to the interpretation of this value as a universal constant (Kagan,
1999). On the other hand, when sampling smaller volumes, such
as fault zones, significant deviations have been reported, with the
b-values varying systematically with respect to the faulting mecha-
nism, thus resembling a stress-meter that measures differential stress
(Schorlemmer et al., 2005; Wiemer and Wyss, 2002). In general,
the behavior of the b-value is inversely proportional to the stress. Low
b-values are associated with highly stressed asperities (Scholz, 1968),
effective stress (Wyss, 1973), foreshock activity and impending large
earthquakes while high b-values are related to decreased shear
stress in aftershock sequences, heterogeneous and complex geological
environments, extensional stress regimes, volcanic processes, swarms,
pore pressure variations and fault creep mechanisms.
Fig. 11. Geometry of P- and T-axes of focal mechanism solutions obtained in this study. Plung
horizontal direction and 90° the vertical one. Black arrows show the average solution (the len
for P-axes and 19° for T-axes. The distribution of azimuths is presented in (C) and (D) for P- a
the P-axis. Arrow in panel (D) has zero length, since T-axes are almost horizontal; those are tr
In a previous recent work, Chouliaras et al. (2013), using the NOA
catalog locations and magnitude determinations, studied the case of
self-triggering of the 2011 Oichalia swarm by investigating the b-value
distribution across the study area. However, the data included in that
catalog contain significant hypocentral uncertainties, hence the authors
encourage the elaboration of a more detailed study with the use of
improved hypocentral locations of the swarm. We were therefore
motivated to perform a complementary analysis using the 1480
relocated events. By applying this, we aim to a certain improvement in
the accuracy of the swarm's spatio-temporal characteristics, providing
further insight to its triggering and evolution mechanism.

We have determined and mapped the spatial and temporal b-value
distribution in the Messinia basin using the relocated hypocenter
data set and the ZMAP software (Wiemer, 2001). The waveform data
recorded at 4 out of the 8 temporarily installed local stations were
available in real-time to the NOA acquisition server. These stations
were also included in the automatic event-detection scheme, thus
improving the detectability of smaller events since 14–20 October
2011. This is evidenced in Fig. 16A which shows the temporal distribu-
tion of the completeness magnitude (Mc). An important improvement
ofMc can be observed after the installation of the local network, around
decimal year 2011.8, compatible with Chouliaras et al. (2013). Another
important point regarding the FMD is the increase of the average
b-value from 0.85 to 1.16, during the second period (Fig. 16B–C).

The increase of b-values is further evidenced in Fig. 17A, which
shows the temporal evolution of b during the 2011 swarm using the
entire earthquake catalog including 1480 relocated events. In Fig. 17A,
a number of 100 events and 100 bootstraps per b estimate were used.
The standard error of the mean b values estimated by the bootstrap
e angles are shown in (A) and (B) for P- and T-axes, respectively, with 0° indicating the
gth of arrows is proportional to the homogeneity of the corresponding observations): 60°
nd T-axes, respectively. Arrow in panel (C) corresponds to the average azimuth N135° of
ending roughly in a NE–SW direction.
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Fig. 12.Map of the temporal evolution of the relocated events with different colors representing the six consecutive periods in which the seismic swarm sequence has been divided. The
embeddedhistogram shows the daily number of earthquakes per time-period (A–F). The line drawn atN165°E azimuth, centered at 37.2018°N, 22.0148°E (white diamond) is used for the
cross-sections of Fig. 13 and the spatio-temporal projection of Fig. 15. The star denotes the major event of 14 August 2011. Local stations are represented by triangles.
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method is calculated using the formula of Shi and Bolt (1982). Estimates
correspond to the end-time of eachmoving average, hence the calculat-
ed b-values represent the conditions right before the absolute occur-
rence time of the last event in each window. Temporal distribution of
b was also calculated using a lower magnitude threshold of 1.6, equal
to the average Mc of the period prior to the installation of the local
network, adopting thus homogeneous sample data. A number of 150
events per b estimate were used at each one of 200 bootstrap solutions
with overlapping. As it can be seen, the b pattern between the two
panels is consistent, hence we can imply that the overall b-value in-
crease during the evolution of the swarm is not an artifact due to the
catalog completeness, but reflects the physical properties of the seismic
volume. As it can be seen from both panels of Fig. 17, the average
b-values range mainly between 0.7 and 1.5, in agreement with the
corresponding values of seismic swarms in continental rifts (Ibs-von
Seht et al., 2008). Significant variations are observed throughout the
sequence, which correlate with the occurrence of major events
(Fig. 17). Inter-seismic periods (ellipses in Fig. 17A) likely represent
discrete phases of the swarm's evolution (capital letters above the
ellipses in the same figure).

As the distribution implies, the first phase during 14/8/2011–
14-9/2011 (A) is characterized by low b-values. This phase started
with the occurrence of the major event on 14/8/2011 at the northern
part of the sequence and propagated to the south (spatio-temporal
clusters A and B, Fig. 12). The second phase (B) started on 14/9/2011
with a major Mw = 4.6 and is characterized not only by generally
high b-values, but also by significant transitions of b. Phase B involves
the largest spatio-temporal clusters C and D and further migration to-
wards the south (Fig. 12). A minimum value observed on 10/10/2011
correlates with the occurrence of 3major events (on 10 and 11October),
marking the end of the first part of the phase (B1) and the initiation of B2.
The latter is characterized by the largest variations of b during the
swarm, including two local minima. The first, at the end of October
2011, is not correlated with any major event. The second minimum of
B1 phase on 12/11/2011 correlates with a major event of Mw = 4.1
that occurred at the northern part of the epicentral area, in the vicinity
of the initiation of the crisis. This is the beginning of phase C, which
presents smoother variations of b-values towards the universal constant
of unity, signifying the end of the activity around 31/12/2011.

The seismicity during phase C is spread throughout the epicentral
area, as spatio-temporal clusters E–F indicate (Fig. 12). However, it is
noteworthy that the results displayed in Fig. 17 suggest that the ob-
served variations of the Frequency–Magnitude Distribution (FMD) are
related to a temporal shift of the seismic activity from volumes of low
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Fig. 13. Cross-section of the events at N165°E direction (NNW–SSE), centered at 37.2018°N, 22.0148°E (see Fig. 12) for consecutive timewindows. Panels A–F represent the 6 periods that
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background b-value to neighboring volumes with higher values. The
migration of seismicity towards SSE is indeed demonstrated by the
spatio-temporal cluster analysis. To investigate possible association of
the FMD with stress variations around asperities on the fault, we
proceeded with mapping the spatial distribution of b-values.

The technique of mapping b-values with ZMAP is described in detail
by (e.g.)Wiemer (1996),Wiemer and Benoit (1996),Wiemer andWyss
(1997). Accordingly, in this work, b-values were estimated at every
node of a densely spaced grid of overlapping volumes in order to
provide a natural smoothing of the results, using the n nearest events.
The seismic volume was divided into cylinder-shaped sub-volumes of
radius R. The nodal separation was 0.01° in map-view and 0.5 km in
cross-sections. Each overlapping sub-volume (cylinder) has a constant
radius R = 4 km, containing n = 80 events. Several tests were
performed compiling b-value maps with constant R and varying
n, resulting in only marginal differences in the spatial pattern.
The b-values were calculated using maximum-likelihood estimates
(Bender, 1983) extending from the magnitude of completeness, Mc, to
the maximum magnitude in the set of data. Since Mc can vary as a
function of hypocentral location, it was estimated separately for each
sub-volume by adopting the maximum value of the derivative of the
FMD (Westerhaus et al., 2002).

Resolution tests, regarding the spatial sampling density of the
analyzed volume and the standard deviation of b-value estimations
(b0.1) (Fig. 18), show that our data set can adequately depict the spatial
seismicity rate variations using the considered nodal parameterization.
The calculated b-values are only displayed in areas sampled by n = 80
events, as shown in panels A, B and D of Fig. 18. Panel C in Fig. 18 shows
that the density of earthquakes is such that the sampling radius is about
R = 4 ± 1 km for most nodes if n = 80.

The spatial distribution of b-values calculated from the 1480
relocated events of the 2011 swarm is presented in Fig. 18A. The lowest
values (0.6 ≤ b b 1) are found in the northernmost part, the epicentral
area of the initiation of the swarm with the major shock on 14/8/2011.
Based on the correlation of low b-values with high ambient stress
(Wiemer and Wyss, 1997), we can assume that the events involved in
these calculations have occurred in a highly stressed area, even after
the major shock. Two patches of normal to moderate b-values (1–1.3)
have been found at the central-western and the southern patch of the
fault. The first is related to the later major outbreaks that occurred
during 14 September–12 November 2011, characterized by several
events with ML ≥ 3.0, as depicted in Fig. 17. The second correlates
with the southern termination of the rupture zone, activated after 12
November 2011. Hence, we can define two phases of temporal distribu-
tion of b-values. A low b-value phase during 14 August–9 October 2011,
related mostly to the northern part, and a normal to moderate b-value
phase thereafter, mostly involving the southern part. Translating to
ambient stress, we can suggest that the northern part of the
seismogenic volume, despite hosting the largest part of co-seismic slip
during the swarm, still accumulates high stress, which is rather unusual,
as areas of large slip release correlate with high b-values (Wiemer and
Katsumata, 1999). Therefore, the northern patch may constitute an
asperity capable for a future earthquake. However, an aseismic crustal
stress relaxation mechanism, perhaps related to fluid circulation across
the rupture zone, might be involved, increasing the effective stress and,
consequently, decreasing the b-values. A concurrent seismic afterslip
translation to the south, implied by the spatio-temporal distribution of
both b-values and earthquake clusters, could have produced the second
phase of the swarm, around 14/9/2011. Therefore, an Epidemic Type
Aftershock Sequence (ETAS)model (Hainzl andOgata, 2005) is inferred.
According to ETAS, each eventwithin a swarm is capable to induce other
events, in other words its own aftershocks, driving the seismicity,
redistributing stress within the seismogenic volume. The latter is
further implied by the spatio-temporal b-value distribution, which
demonstrates both expansion of epicenters and increase of seismicity
rates towards the SSE (Fig. 19).

In order to explore volumes of significantly increased or decreased
b-values, associated with possible un-ruptured asperities along the
fault zone that are capable to produce forthcoming earthquakes, differ-
ential mapping of b-values was performed, regarding periods of the 3
distinguished temporal phases of the seismic swarm. Differential maps
were compiled for pairs of different temporal phases using ZMAP soft-
ware, with n = 80 earthquakes per sample, applying constant-sized
volumes (R = 4 km) to allow the comparison of the FMD at each
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Fig. 14.Map of the relocated epicenters for the 6 largestmultipletswith size≥20. Different colors and shapes represent differentmultiplets, labeledwith numbers from1 to 6.Waveforms in the periphery of thefigure depict the vertical component of
the permanent station ITM for pairs of events that belong to the same multiplet. The waveform panels also include information about the origin time and depth of the corresponding event. Local stations are marked as diamonds.
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node between two different phases (Fig. 20). According toWiemer and
Wyss (2002), for sample sizes n = 80 variations of b of the order of 0.3
(Δb ≥ 0.3) can be established with significance and hence, we only
discuss analogousΔb contrasts. Small increase is implied at thenorthern
part especially during phase C and a larger decrease (0.3–0.4) at the
southern part, during phases B and C. This means that change in b has
occurred near the patches of largest slip. The AB–C differential map
indicates that b-values in the northern part, while being low overall
(Fig. 19), have in fact been increased during phase C (Fig. 20, lower
panels). This change is due to the occurrence of two small spatio-
temporal clusters in phase C,which, evidently, relaxed the stressed area.

3.5. Coulomb stress changes

Seismic slip causes redistribution of static stress, which may in turn
accelerate or delay the occurrence of other strong seismic events. Sites
with increased probability for future earthquakes may be predicted
based on the Coulomb failure criterion; events are more likely to occur
where Coulomb stresses have risen (King et al., 1994). To understand
whether the 2011 swarm was induced by static stress load and if the
foci distribution follows a relevant pattern, we evaluated the Coulomb
stress changes upon the fault plane, considering all major earthquakes
that have occurred in the broader region since the most severe 1986,
Ms = 6.0, Kalamata earthquake. The parameters of the earthquakes
used in the calculations are listed in Table 6. The estimation of Coulomb
stress changes was performed with the Coulomb 3.3 algorithm (Toda
et al., 2011), assuming a Poisson's ratio of 0.25 and a shear modulus of
30 GPa. The Coulomb stress change on a specified fault is independent
of regional stress but depends on the fault geometry, type of slip, and
the coefficient of friction (King et al., 1994). Since no slip distribution
models were available, unilateral and uniform ruptures were consid-
ered in all cases. Our analysis relied solely on earthquake data, thus it
does not provide any estimate of the total stress amplitude, e.g. the
pre-existing shear stress. Furthermore, we did not account for non-
elastic, aseismic processes, like post-seismic visco-elastic relaxation
due to afterslip. These effects have been shown to increase the overall
stress (Pollitz and Sacks, 1992), in which case our stress change calcula-
tions may be slightly underestimated. The analysis of such parameters
is beyond the scope of the current research, as it would require a
variety of additional experimental constraints, like continuous GPS
measurements.

Stress changes along Receiver Faults (RF) are presented in Fig. 21,
with “stress-loaded” areas (where slip is accelerated) and relaxed
areas (where slip is delayed). Concerning the effective friction coeffi-
cient (μ′), which is directly proportional to the amplitude of the induced
stress across the RFs, a relatively low value (μ′ = 0.40) was adopted.
This is in accordance with Floyd et al. (2010), who suggest that
the normal‐fault systems throughout the Aegean, aligned roughly per-
pendicular to the principal axes of elongation in the geodetic velocity
field, require that the upper crust accommodates a coherent strain
rate field with relatively low effective friction coefficient on faults
(b45%). Coulomb stress transfer computations were performed on a
RF with strike, dip and rake assumed by averaging the MT solutions of
Table 4 (Strike = 175°, Dip = 37°, Rake = −72°).

As presented in Fig. 21, only the southernmost portion of the 2011
hypocenters is located within positive stress lobes of the 1986,
Ms = 6.0 Kalamata earthquake. The Oichalia seismic swarmwas initiat-
ed with an Mw = 4.8 event on 14 August 2011 at the northern part
(latitude ≈ 37.23°), where no Coulomb stress was transferred. We
can therefore suggest that the epicentral area of the 2011 activity was
not affected by the 1986 event. Regarding the cases of the 2001 and
2004 earthquakes (Table 6), both could have accelerated the occurrence
of the 2011 seismic swarm, as it is included within positive lobes of
Coulomb stress.
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Fig. 16. (A) Temporal distribution of the completeness magnitude using ZMAP. A sample of 150 events, 200 bootstrap solutions and overlapping were considered. δMc is computed using
the Shi and Bolt (1982) formula. (B and C) FMDs prior to and after the installation of the local network, respectively.
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Lastly, we examined the case of the 14 August 2011 major shock
(Mw = 4.8). As with the other cases, the size of the maximum induced
stress is small, ~0.5 bars. At the bottom-right panel of Fig. 21, a NW–SE
cross-section, parallel to the inferred 2011 fault zone, shows that the
temporal clusters ‘A’ and ‘B’ (period 14 August–13 September, Fig. 12)
are located within the relaxed area of the initiating event, below the
stress-loaded zone, which is restricted between 7 and 9 km depth.

Coulomb stress calculations were performed using the strong event
of Methoni on 14-02-2008 (36.30° N, 21.69° E, depth = 35 km,
Mw = 6.7, NP1 (strike = 290°, dip = 16°, rake = 89°)) showing that
this recent event did not affect the 2011 epicentral area. Furthermore,
calculations employing regional stress were also performed resulting
negligible stress changes as expected. It is worth to mention that
the small regional stress is in association with the regional strain
(1–3 mm/yr) as GPS measurements over an Aegean reference
frame indicate (Fig. 1) (Vernant et al., 2014).

The amplitude of the induced stress in the epicentral area was esti-
mated in all cases at about 0.5 bars, just a fraction of the stress drop of
an earthquake. Even suchweak stress transfer values may be associated
with possible earthquake triggering and significant changes in the seis-
micity rate (Stein, 1999). Seismic activity is expected to increase where
additional stress is accumulated (aftershocks) and decrease where the
stress drops. To investigate possible seismicity rate changes in the
study area, induced by major shocks in the broader area, we analyzed
the NOA instrumental catalog during 1964–2007 using the ZMAP soft-
ware (Wiemer, 2001). We excluded the era after 2007 because the
reconfiguration and upgrade of the HUSN have changed the complete-
ness magnitude of the catalog, therefore a direct comparison with the
previous period is not feasible. Fig. 22 shows the significance of the seis-
micity rate change (over 5%)within the 2011 epicentral area. Significant
changes are observed only during the 1986, Ms = 6.0 Kalamata earth-
quake and the 2001,Mw = 5.4 earthquake that occurred in the vicinity
of Oichalia prefecture. No significant post-seismic seismicity rate chang-
es were inferred. This potentially shows that there has been stress
shortage in the study area. Hence, an external mechanism of aseismic
forcing seems to be required to critically load the focal area and trigger
earthquakes (Hainzl et al., 2012;Horálek and Fischer, 2008). This is like-
ly the case when pressurized fluids are involved, which increase the
pore pressure and reduce the friction coefficient, bringing the fault to
the limit of its stability.

Tectonic forcing, when assuming a first-order approximation of the
regional fault slip rate between 0.1 and 2–3 mm/yr (Armijo et al.,
1992), is expected to be negligible on the considered time span of
25 years (1986–2011) in the study area. Hence, we suggest fluid



Fig. 17. (A) Triaxial diagram showing the frequency of earthquakes (right axis) and the distribution of b (left axis) with respect to the origin time of the last event in the sliding window
during theOichalia sequence (14/8/2011–31/12/2011) using the entire catalog. Circles represent earthquakeswithM N 3.0. Thedashed linedenotes the cumulativenumber of eventswith
time (right axis). Ellipses define inter-seismic periods marked by the occurrence of major earthquakes and the variations of the parameter b. Letters at the top of ellipses denote discrete
phases of the sequence. Arrows show the date of occurrence of major events correlated with the initiation of sub-phases. (B) Temporal b-value distribution using a magnitude threshold
≥1.6, equal to the averageMc of the catalog prior to the installation of the local network using 200 bootstrap solutions. Stars denote major events. δb is the standard error of the mean b
bootstrap estimates.
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intrusion to be the aseismic loading process, leading to increased pore
pressure within the seismogenic rock volume, increasing thus, the
effective stress on the fault plane. This might be interpreted by fluid
translation prior to the 14 August major event at the deeper part of
the seismogenic zone, triggering its occurrence and, consequently, the
first spatio-temporal cluster of the swarm (Fig. 15).
4. Discussion–conclusions

In this paper, we present results from the analysis of the dynamics
and the spatio-temporal evolution of the Oichalia (SW Peloponnesus)
swarm. This was initiated on 14/8/2011 with an Mw = 4.8 event and
was followed by a large number of aftershocks, several of which having

image of Fig.�17


Fig. 18. (A) b-Valuemap for all 1480 relocated earthquakes during14/8/2011–31/12/2011. Thenumber of earthquakes per sample isn = 80, thenodal separation is 0.01° and the radius of
the vertical cylindrical sample volumes is R = 4 km. (B) b-Value cross-section along the ab profile shown in panel A. The nodal separation is 0.5 km at both x and y directions and the
radius of the cylindrical sample volumes is R = 2 km. The inset histogram shows the distribution of b-values. (C) Sampling density, as ameasure of spatial resolution of themapping pro-
cedure. (D) Standarddeviation of spatial b-value determinations. A, B andDpanels present areas sampled byn = 80byoverlapping sub-volumes of constantR = 4 km. Panel C shows the
radii necessary to cover the study area. White symbols denote earthquakes and stars represent larger earthquakes with M ≥ 3.5.
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Mw N 3.5. Our scope was to assess the dynamic processes of the rupture
zone, which provide crucial constraints for the hazard of the seismically
prone area of SW Peloponnesus. For this, various techniques and com-
prehensive analyses were employed. The accurate event location of
the 2011 earthquake swarm was made possible using waveform data
from both the regional HUSN and a temporary local network, which
increased the resolution of the seismicity image. We managed to
locate 1615 events withmagnitudes ranging 0.4–4.8, using an optimum
1-D average P-wave velocity model and Vp/Vs, which minimized
hypocentral errors (Table 1). The obtained hypocentral parameters
were further improved by applying a double-difference relocation
algorithm (HypoDD) using: (a) the optimized travel-times obtained
by HYPOINVERSE with the incorporation of the new local 1-D velocity
model, (b) differential P- and S-wave travel-times obtained by wave-
form cross-correlation on pairs of repeating earthquakes. In total, 1480
events were successfully relocated (about 90% of the swarm) oriented
roughly NNW–SSE, compatible with the ground tensile cracks observed
at Siamo village (Ganas et al., 2012). Focal depths vary between 3 and
14 km, with an average depth of about 8.7 km. The spatio-temporal
cluster analysis of the swarm showed that it follows a NNW–SSE trend
with time, towards a large seismogenic zone which produced the 13
September, 1986,Ms(NOA) = 6.0 destructive earthquake.

The geometry of the nearby recording stations allowed the deter-
mination of 146 focal mechanisms, with 128 of them constrained
using P-wave first motion polarities and 18 using regional moment
tensor inversion solutions. Most of the focal mechanisms are character-
ized by dip-slip normal faulting. Several of them contain a significant
strike-slip component and a few appear to be reverse, located mainly
at the southwestern part of the epicentral area. Both the spatial distribu-
tion of the relocated seismicity and the focalmechanisms reveal that the
activated zone has a length of ~18 km. It is a low angle dip-slip normal
structure, trending NNW–SSE and dipping ~32° SSW. The average T-
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Fig. 20.Differential b-valuemaps for pairs of discrete seismicity periods A, B and C at each node of the same grid as described in Fig. 18, showing volumes of increased or decreased b-value.
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and P-axis orientations are ENE–WSW and WNW–ESE, while their
plunge is 19° and 60°, respectively. The trend of the elongation
axes is compatible with results deduced from seismological (Hatzfeld
et al., 1990; Lyon-Caen et al., 1988; Papoulia and Makris, 2004),
morphotectonic (e.g. Armijo et al., 1992) and GPS observations (e.g.
Floyd et al., 2010).

Regarding the geometry of the activated structure during the 2011
seismic sequence, the average dip of the hypocenter distribution is
roughly 20° WSW, while the computed focal mechanisms present
a steeper average dip of 42° WSW. Following each of the dip angle
configurations, two scenarios are potentially probable: (A) Taking into
Fig. 21. Left: Coulomb stress transfer due to themajor events in the area (Table 6). The active fau
the rupture area. Black circles are the 2011 relocated events. Stress changes are presented on RF
“Stress-loaded” or “relaxed” areas are represented in the color scale by positive or negative valu
sections along AB profile, parallel to the RF. The calculation depth at each panel on the left is 9
consideration the low-angle of 20° WSW, a major rupture plane is de-
fined, which, if extrapolated to the surface, is situated some 12 km
east of the swarm, apparently projected within an area dominated by
the Alpine basement formations and the core of the tectonic horst
north of Taygetos Mt. The hypothetic fault should lie along the western
ramps of Taygetos Mt. (Fig. 23), (B) Taking into account the focal
mechanism average dip of 42° WSW, we could presume that more
than one structures are involved, interacting with each other, forming
a complex fault network which is compatible with the NW–SE striking
and west dipping normal fault observed at the eastern flanks of the
Upper Messinia basin. The activation of numerous small-scale synthetic
lt's projection to the surface is denoted by a thick linemarkedwith “AC”. Rectangles denote
resolved by the averageMT focal mechanisms of Table 4 and the hypocentral distribution.
es, respectively. Black circles are the relocated events. Right: Coulomb stress transfer cross-
km.
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Fig. 22. Diagram showing the probability that a seismicity rate change is significant in the study area constrained within 37.1°–37.3°N, 21.9°–22.1°E, during 1964–2007 (NOA). The por-
tions with significance N5% are drawn with thick line. The period after 2007 is not considered due to the much lower completeness magnitude compared to the period before 2007.
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faults may explain both the observed ground openings at Siamo village
and the inhomogeneous distribution of macroseismic intensities
reported across the meizoseismal area during the activity period.

In view of the geometrical evolution of normal fault systems, the
low-angle dipping configuration observed in depth is probably not
continued to the surface, as normal faults tend to be concave upwards,
or listric (Jackson and McKenzie, 1983). We therefore suggest that
scenario B is rather probable. A similar pattern is deduced from detailed
multidisciplinary investigations in the western part of the Corinth Gulf,
where predominantly E–W striking and north dipping normal faults,
rooting at depths of 5–12 km, overlay a low-angle detachment zone of
brittle to ductile transition (Bernard et al., 1997; Chouliaras et al.,
1997; Rigo et al., 1996). Given the specific common characteristics
between Corinth and Upper Messinia grabens, such as their vicinity to
the western Hellenic Arc and the concurrent age of initiation (about
1 My, Armijo et al., 1992), we could reasonably assume an analogous
configuration between the two systems. This remark is of crucial
importance for the seismic hazard of the study area and it definitely
has to be considered and further clarified.

As seismicity patterns constitute effective tools to illuminate the
underlying mechanisms for the generation and evolution of the earth-
quake swarms, we have analyzed the spatio-temporal distribution of
the obtained high-resolution image of the 2011 swarm considering
the following possiblemechanisms: (A) Stress triggering. Stress trigger-
ing effectswere studied through the Frequency–MagnitudeDistribution
(FMD) and the Coulomb stress transfer. (B) Fluid diffusion. It was
studied through the spatio-temporal migration of hypocenters.

As the calculated FMD has shown, considerable variations of
b-values are observed throughout the sequence, correlating well,
most of the time, with the occurrence of major events. According to
both b-value variations with time and spatial clustering of hypocenters,
three phases can be distinguished during the swarm. The first phase
evolved during 14/8/2011–14-9/2011, characterized by low b-values
and hypocentral clustering mainly at the northern part. The second
phase, which took place between 14/9/2011 and 12/11/2011, included
several major events and is characterized by significant variations of
b-values andmigration of seismicity to the south. The last phase, during
12/11/2011–31/12/2011, presents smoother variations of b-values,
which tend towards unity, signifying the end of the activity with a
Gaussian (bell-shaped) diminution. The overall spatial distribution of
b-values calculated from 1480 relocated events shows that the lowest
ones are found in the northernmost part. Assuming that low b-value
volumes correlate with high stress and asperities (Wiemer and Wyss,
1997), it is inferred that the northern patch of the seismogenic volume,
which also hosted the largest slip, may be associated with an asperity
that could be ruptured in a future earthquake. It is, however, reasonable
to suspect an underlain aseismic stress relaxation mechanism that is
responsible for the accumulation of effective stress and, consequently,
decrease of b-values, related to increased pore pressure across the
rupture zone. Normal to moderate b-values that have been found at
the central and the southern patch of the fault zone correlate with seis-
mic slip translation to the south that is compatible with earthquake
cluster distribution during the second phase. Therefore, an Epidemic
Type Aftershock Sequence (ETAS) model (Hainzl and Ogata, 2005),
which argues that each event has a magnitude-dependent ability to
trigger its own aftershocks, is inferred during this period. Differential
b-valuemaps compiled for pairs of successive temporal phases, allowed
the determination of areas of increased or decreased FMD rates. Small
increase has been detected at the northern patch, especially during
the third phase, indicating that stresses were apparently relaxed. It is
noteworthy that the most significant b-value variations have occurred
at the sites of the largest slip release.

Coulomb stress transfer computations revealed that the strongest
earthquakes in the broader region did not significantly affect the 2011
epicentral area, because of the small magnitude of stress load, of the
order of 0.5 bars, or less. Although, even such low stress values are
capable to induce earthquakes (e.g. Stein, 1999), there is no evidence
that those major events have affected the local seismic field, as no
significant seismicity rate change was observed after their occurrence.
We can deduce, therefore, that earthquake nucleation during 2011 can
be sufficiently explained if the stress deficit is balanced by aseismic
forcing (e.g. Hainzl et al., 2012). Hence, it is likely that the additional
stress was induced by pore-pressure change, which critically loaded
the seismogenic volume, accelerating the fault towards instability.
Nevertheless, it is important to note that our analysis relied only on
earthquake data. Thus, we cannot give any estimate of the total stress
amplitudes, like the pre-existing shear stress. Furthermore, we have
not performed any quantitative estimation of non-elastic (aseismic)
processes. The explicit investigation of those processes would require
additional observational constraints and assumptions, which are
beyond our scope. It is noteworthy, however, that Kyriakopoulos et al.
(2013) have found a difference between seismic and geodetic moments
for the interval 3/7–1/10/2011 in the epicentral area, suggesting an
ongoing region-wide aseismic creep over the same period.

Fluid diffusion is reflected in the spatio-temporal hypocenter migra-
tion. Seismicity spreading can be often modeled by pore-pressure

image of Fig.�22


Fig. 23. A) Map showing the location of the known hot springs (see the corresponding symbols) in western Peloponnesus (after Kiskyras, 1962). Black barbed lines are scarps of normal
faults after Armijo et al. (1992) and Lyon-Caen et al. (1988). Open circles represent the relocated epicenters of the 2011 seismic swarm. Continuous curves denote the main hydrographic
network along with the names of certain rivers. B) Zoom-in map corresponding to the box of the left panel. UMB: Upper Messinia Basin. LMB: Lower Messinia Basin.
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diffusion (Shapiro et al., 1997). In this case, earthquakes are representing
localized shear fracturing, due to incremental changes of the effective
load rather than expressing an ongoing larger fracturing (Cornet et al.,
2007). We found that the spatio-temporal hypocenter migration is
bounded by the theoretical curve of the triggering front (Eq. (2)) with
hydraulic diffusivity D ≈ 1.10 m2/s, supposing that the fluid intrusion
event started 6 days before themajor shock of August 14th, in the vicin-
ity of its hypocenter. However, the occurrence of several events at the
northernmost part of the swarm during June–July 2011, points towards
external triggering, most probably due to injection of pressurized fluids
that could have started more than a month before the major event. The
average rate of the seismicity migration towards the south during the
first 80 days was found at about 80 m/day. At the same time, the
diffusion appears to ascend to shallower depths towards the southern
part. In the scientific literature, similar methodology has been followed
in many cases for the interpretation of seismicity caused by fluids intru-
sion, with a wide range of D values from the order of 10−2 m2/s up to a
few m2/s, measured using the triggering front parabolic envelope (e.g.
Kraft et al., 2006; Liu et al., 2013; Pacchiani and Lyon-Caen, 2010; Rigo,
2010).

Summarizing, in theOichalia earthquake swarm region crustalfluids
likely play a key role in the alteration of the pre-existing faults from
subcritical to critical state, due to pore pressure increase. After bringing
the fault to instability, the swarm activity is mainly driven by the stress
changes due to co-seismic and post-seismic slips, which considerably
depend on the frictional conditions at the fault. According to the
relocated spatio-temporal distribution, the swarm was initiated north
of Oichalia, beneath the Loutro sulfide thermal spring (Fig. 23) and
propagated towards the SSE, at a rate of ~80 m/day (Fig. 15). The
clustering analysis, showed that the swarm evolved in three major
phases, employingfluids and ETAS. As deduced from theCoulomb stress
transfer that was induced by past major earthquakes in the region,
which did not cause any significant post-seismic rate increase, the stress
deficit area, certainly requires external triggering, which may be attrib-
uted to fluid injection. After the fault patch was brought into a critical
state by increase of the pore pressure, the swarm was further driven
by self-organization due to stress transfer. The second phase, during
14/9/2011–12/11/2011, started with the occurrence of a major earth-
quake on September 14th, likely triggered by another fluid injection
and possibly followed by afterslip due to ambient stress redistribution.
Thereafter, the last phase produced increased activity at the northern
part, relaxing the stressed area and driving it into post-seismic balance.

Several mineral thermal springs that have been reported in the
broader region of western Peloponnesus since the antiquity (Fig. 23)
are classified as “relatively hot–hot springs” (Kappelmeyer and
Haenel, 1974; Lambrakis and Kallergis, 2005) and attributed to indige-
nous heat (Stratikopoulos, 2007). Their existence typically implies for
increased crustal fluids of meteoric or marine origin circulating in
depth. If this is the case that smaller scale conjugate faults rooting at
depth dominate the seismogenic volume, forming the inferred from
seismicity low-angle seismic zone, these likely enhance fluid circulation
through the weakened crust. The results of our analysis converge
towards the involvement of crustal fluids that contribute to earthquake
triggering by imposing decrease of the effective friction coefficient.
However, in order to evaluate our assessment on the fluid aspect,
additional experimental constraints are required complementary
to the seismic data, towards the quantification of underlying non-
tectonic forcing processes, that is by implementing CGPSmeasurements
and a 3-D seismic tomography study.
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