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Short Note

Waveform Relocation and Focal Mechanism Analysis of an Earthquake

Swarm in Trichonis Lake, Western Greece

by C. P. Evangelidis, K. I. Konstantinou, N. S. Melis, M. Charalambakis, and G. N. Stavrakakis

Abstract 1In early April 2007, a series of moderate earthquakes (M, 4.1-4.8) oc-
curred in the area of Trichonis Lake in western Greece. The earthquake activity was
well recorded by the Hellenic Broadband Seismic Network (HL) operated by the Na-
tional Observatory of Athens. Initial locations for 156 events of the swarm showed a
diffuse image of seismicity. Subsequently, 101 events are precisely relocated, calcu-
lating source-specific station terms and differential travel times from waveform cross
correlation. Uncertainties in relocations are estimated with a bootstrap approach by
randomly weighting the original picks and the differential times. Additionally, wave-
forms of seven out of the eight largest earthquakes of the swarm were inverted in
order to derive regional moment tensor solutions. The results showed a tight north-
northwest—south-southeast cluster located on an offshore extension of a similarly
oriented fault trace mapped onshore. Moment tensor solutions indicate normal fault-
ing with a substantial component of left-lateral strike-slip motion. It is possible that
this identified fault forms part of a link that connects the Gulf of Corinth rift system to

the west-northwest—east-southeast fault zone south of Trichonis basin.

Online Material: Event catalog and focal mechanism for the eight largest events.

Introduction

On 9 April 2007 at 23:27 (hereafter, all times are given
in Greenwich Mean Time) a moderate earthquake with mag-
nitude M; 4.1 occurred in western Greece and was located at
the eastern side of Trichonis Lake. Seismic activity contin-
ued with numerous smaller events, and the following day,
five larger earthquakes with magnitude M 4.8-4.2 followed,
respectively. Another event with similar magnitude occur-
red on 15 April 2007 at 02:14 with M| 4.0. During this six-
day period (9-15 April 2007), 156 events with magnitude
M; >3.0 were identified by the routine analysis of the
National Observatory of Athens, Institute of Geodynamics
(NOA-IG). The eight largest earthquakes were felt in the
broader region of western Greece, but the reported damage
to buildings was mainly limited to northeast of the lake, at
the village of Thermo (Fig. 1c), where 80 houses and the
local high school were partially damaged. Landslides and
rockfalls were reported on a road to the northeast of
Thermo. Seismic activity resumed again on 5 June 2007
at 11:50 with a similar magnitude earthquake (M; 4.6).

Trichonis is the largest natural lake in Greece, covering
an area of 97 km? and located in the western part of the coun-
try (Fig. 1a). The lake is particularly important for the people
living around it, as it is used as a freshwater source for irri-
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gation and domestic consumption, while its natural beauty
attracts a large number of visitors every year. The broader
Trichonis basin is a 30-km-long by 10-km-wide neotec-
tonic graben. Its southern border is marked by a major west-
northwest trending normal fault (Fig. 1c) that is hidden by
Pleistocene deposits and thick alluvial cones (Doutsos et al.,
1987). Although there is not direct association of this fault
with large modern or historical earthquakes, Goldsworthy
et al. (2002) have reported evidence of its relative youth that
can be seen in the geomorphology and the drainage system of
the area. These authors suggest that the north-dipping fault
continues to the west on the south side of Lake Lesimachia
(Fig. 1c). The Trichonis basin and its associated faults were
considered the northwestward extension of a 120° N broader
rift zone (Brooks et al., 1988; Melis et al. 1989; Melis et al.,
1995), centered at the Corinth Gulf where Peloponnese drifts
away from mainland Greece (Fig. 1a).

Western Greece is dominated by west-northwest and
northeast-trending normal faults and basins that have been
formed since late Miocene, due to the back-arc extension
of the Hellenic arc and movements transmitted to the Aegean
area from the north Anatolian transform fault (Brooks et al.,
1988; Doutsos and Kokkalas, 2001; Goldsworthy et al.,
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(a) General map of central Greece with faults after Papazachos and Papazachou (1997). Stations of the Hellenic Broadband

Seismic Network (HL) are also indicated as black triangles. Rectangle marks the position of map (c). (b) Inset map of the Hellenic peninsula
and the Aegean Sea shows the selected area of (a) as rectangle and the NOA-IG, GEOFON, and MedNet stations marked as triangles. These
stations used for the waveform relocation (WCC) are indicated with their names. (c) Geological map of the study area with bathymetry of the
Trichonis Lake and mapped faults by the Greek Institute of Geology and Mineral Exploration (IGME). Focal mechanism and dates of past
events are also plotted. Nearby towns and villages mostly affected by the Trichonis Lake swarm are indicated. Trichonis Lake, LT; Lake
Lesimachia, LL; Gulf of Corinth, GC; Gulf of Patra, GP; Agrinio, Agr; Mesolongi, Mes; alluvium, al; upper Cretaceous limestones, c2;
Paleocene limestones, e; semimetamorphised flysch, fi; flysch, fo; upper Jurassic limestones, j3; Pindus flysch, jc; Pliocene lacustrine sedi-

ments, p; Pyrite slates and limestones, t.

2002). Preexisting north-northwest and east-northeast nor-
mal faults and basins were developed, since middle Miocene,
parallel and perpendicular to the main thrusting and folding
of the Hellenides (Doutsos et al., 1987). As the back-arc
stress regime migrated westwards these structures became
inactive, however, these older normal faults may be reacti-
vated with a strike-slip character by the applied north—south
extensional regime.

As the first analog seismic network in Greece only
started operating after 1965, very little is known about the

seismicity around Trichonis before that period. Since then,
important seismic swarm activity in the area was reported
during June and December 1975 (NOA-IG, 1975). The first
of the largest events took place on 30 June 1975 at 13:26
with Mg5.4/M; 5.4 and again on 21 December 1975 at 16:07
with magnitude M5.8/M; 5.1 followed by another event on
31 December 1975 at 09:45 with magnitude M¢5.9/M; 5.1.
Although there are discrepancies in the magnitudes reported
in the bulletins for these three events, it appears that the most
damaging was the third one with one casualty, 200 houses
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destroyed, and 580 houses seriously damaged at the village
Kato Makrinou, while the first one had no casualties but
caused serious damage to 60 houses. Focal mechanism
solutions for these three largest events were derived by
Drakopoulos and Delibasis (1982) using first-motion polar-
ities (Fig. 1c). Although all three mechanisms indicate a
northwest—southeast fault strike, the sense of motion is dif-
ferent for each of the solutions. It has to be emphasized that
the accuracy is low because only polarities from analogue
records are used.

In this article, we present an analysis of the earthquake
swarm that occurred in Trichonis Lake using high-quality
regional waveform data recorded by the Hellenic Broadband
Seismic Network (HL), which is operated by NOA-IG. Our
analysis starts with the location and accurate relocation of
swarm events using both catalogue and waveform cross-
correlation differential travel times. We also invert the broad-
band waveforms in order to derive the regional moment
tensors for the seven out of the eight largest events of the
swarm. Finally, we discuss our results in connection with
the surface geology and tectonics around the lake in order
to interpret the relationship of this seismic activity with
the prevailing deformation pattern in western Greece.

Data and Initial Locations

The NOA-IG Hellenic Broadband Seismic Network
consists of 23 broadband, three-component stations (see
Fig. 1b and http://bbnet.gein.noa.gr, last accessed February
2008). Additional data from stations in the eastern Mediter-
ranean region (i.e., GEOFON and MedNet networks) are
also available in real time, through an implementation of
the SeisComP acquisition software (for details, see Melis
and Konstantinou (2006)). For 156 events recorded from
9-15 April 2007 and the last one on 5 June 2007, the P
and S phases were repicked manually. The travel time picks
were initially used as input to HYPO2000 (Klein, 2002) for
event location using a 1D velocity model that stems from
the tomographic study of western Greece published by
Haslinger et al. (1999). Figure 2a shows the distribution
of the initial locations that were obtained in this way. The
mean horizontal and vertical errors are 1.4 and 3.8 km, re-
spectively, while there are events with much larger errors that
increase the deviation (Fig. 2b,c). These first locations show
a considerable scatter of the epicenters over the area of the
lake and hypocentral depths that vary from less than 5 to
more than 20 km, not allowing the delineation of any seis-
mogenic structure.

Earthquake Relocation

The initial earthquake locations that were obtained pre-
viously were subsequently used as input to the relocation
method. Based on the same 1D velocity model, P and S
travel-time tables are calculated, and the earthquakes are re-
located with the shrinking grid-search algorithm (Lin and
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Shearer, 2005). The events are separated into smaller groups
of neighboring events, and station corrections are calculated
for each source-station pair. As introduced by Richards-
Dinger and Shearer (2000), the source specific station term
(SSST) for each source-station pair represents the weighted
median of residuals at a given station from N nearby events.
The number N and the maximum allowed distance between
them is defined and reduced in iterations. In our case, it starts
with 200 nearby events and a maximum cutoff value of
50 km between events and is gradually reduced after 35 itera-
tions to 10 nearby events and maximum cutoff distance
of 5 km. Using a station-event cutoff range of 200 km,
152 events are relocated with the SSST method having a
0.24-sec mean root mean square travel-time misfit.

Differential travel times between two closely spaced
events recorded in a station can be obtained either from ob-
served and calculated travel times or directly from cross cor-
relation (WCC) of their waveforms. Differential travel times
from WCC are used as additional information to the observed
ones in order to solve for a new set of adjusted picks by
minimizing the misfit to both the original picks and the
differential times (Shearer, 1997). This procedure requires
a similar-event cluster identification and is termed as cluster
analysis (Shearer et al., 2005).

The waveforms for all events are low-pass filtered at
5 Hz, as it is generally found that WCC is more stable at lower
frequencies (e.g., Shearer, 1997; Shearer et al., 2005). To
avoid ambiguities associated with the P,/P, crossover dis-
tance, we cross correlate waveforms from stations within a
maximum 200-km epicentral distance. The cross-correlation
function is computed for all nearby event pairs at each
individual station and, specifically, for windows of 3 and
4 sec around the picked arrival time of P and S phases, re-
spectively. The number of event pairs at different cross-
correlation coefficients (CC) is highest for P windows at
0.8 and for S windows at 0.55 (Fig. 3a). P waves correlate
better than S waves because the latter are combined with less
coherent coda from the P waves. Most event pairs correlate
with CC higher than 0.55 at a minimum of three stations
(Fig. 3b) and the stations with most waveform pairs with
CC higher than 0.55 are those in proximity of Trichonis Lake
(e.g., THL, EVR, VLS, and RLS; see Figs. 3c and 1b).

Closely spaced events with average CC values, for P and
S, higher than 0.6 in at least three stations define an event
cluster. The choice of these values is a compromise between
the highest relocation precision and the largest possible num-
ber of events that can be assigned to every cluster (Shearer
et al., 2003). In our case, this choice insures that all events
with magnitude greater than 4 are included within the result-
ing clusters. Any two different clusters with random events
may correlate well to each other for only some events. These
two clusters will merge into one, if more than a fraction of
the possible correlations have a coefficient greater than 0.6.
In our case, using lower than 20% fraction values causes col-
lapsing of all distributed events into a single cluster. There-
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(a) Initially located hypocenters of the Trichonis Lake 2007 swarm are marked as dots in color scale according to hypocentral

depth. Numbered stars mark events greater that M} 4 in chronological order. Lake bathymetry and mapped faults are also marked. (b) and
(c) Horizontal and vertical error in kilometers for the events located with HYP0O2000. The mean values are also indicated. Note that histograms
and mean values are only for the 101 events that were subsequently relocated with SSST and WCC methods, to allow direct comparison with

Figure 4.

fore, to ensure that this is not a possible false single cluster,
we apply a 20% fraction value to obtain the resulting clusters.

Location uncertainties during WCC relocation are esti-
mated using a bootstrap technique. This method is based
on the bootstrap approach by Billings et al. (1994) and
Shearer (1997) in which random picking errors are added
to the travel-time picks, and events are relocated multiple
times to account for the location scattering due to uncertain-

ties in the picks. Similarly, a random weighting to the ad-
justed picks (original picks and differential times) could
be applied during their location inversion. This procedure
was repeated 200 times in order to obtain a cloud of scattered
locations for each event. The standard deviation from each
mean event position is a relative error estimate. The mean
horizontal and vertical relative uncertainties in our case are
found to be 0.9 and 0.6 km, respectively (Fig. 4). A compar-
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Figure 3. (a) Number of event pairs at different CC for P and S
picks, respectively. (b) Number of event pairs with CC higher than
0.55 at different number of stations. (¢) Number of waveform pairs
with CC higher than 0.55 at stations used in the waveform relocation
(see Fig. 1b for station locations).
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Figure 4. Horizontal and vertical bootstrap error in 0.2-km bins
for the events relocated with waveform cross correlation. The mean
values are also indicated.

ison between Figure 2b,c and Figure 4 shows that the lo-
cation error estimates were significantly reduced after the
SSST and WCC relocation. Figure 5 shows the locations of
101 events that were finally relocated using the procedure
described previously, utilizing both the observed and dif-
ferential travel times ((E) see Table 1 in the electronic edition
of BSSA).

Moment Tensor Inversion

We apply a linear, time-domain moment tensor inversion
method with a point-source approximation (Randall et al.,
1995) in order to model the waveform data of the largest
events of the swarm. Green’s functions are calculated using
the reflection method of Kennett (1983) as implemented by
Randall (1994) and using the same 1D velocity model of
Haslinger et al. (1999) that was utilized for the earthquake
locations. Data preparation prior to inversion includes the re-
duction of velocity waveforms to displacement and rotation
of the horizontal components into radial and transverse. The
rotation is performed with respect to the epicenter stemming
from the relocation procedure described previously. Both the
data and the Green'’s functions are band-pass filtered between
0.05-0.08 Hz using a two-pole Butterworth filter and aligned
according to their arrival times.

The waveforms are inverted assuming a vanishing iso-
tropic component and a delta source time function. Inver-
sions were repeated initially using a coarse depth interval
of 5 km, followed by a finer one every 2 km around the depth
that exhibited the minimum misfit. The criteria for including
a station in the inversion process were (a) its azimuth relative
to the epicenter so that different parts of the focal sphere
could be covered, and (b) its epicentral distance, which
should not exceed 150 km so that the source-receiver struc-
ture could be successfully approximated by our simple 1D
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Figure 5. (a) Final relocation map of April-June 2007 Trichonis Lake earthquakes. Gray dots indicate events relocated with SSST and
WCC methods, whereas white dots indicate events relocated with the SSST method only. Numbered stars mark the WCC relocations of the
eight larger events and their focal mechanisms. Inside sketch demonstrates the stress regime in the region with Trichonis Lake, LT; Gulf of
Corinth, GC; present studied activity zone, PAZ. Topographic relief, mapped faults, and nearby towns are also visible. Dashed rectangle marks
a more detailed close up of the WCC-relocated events as shown in (b). (c) Cross-section AB marked in (a) that incorporates all relocated
events within 5 km of the cross-section line. Focal mechanisms of seven out of the eight largest events are shown in the close-up cross section

on the right. Focal spheres are lower hemispheres in map view and behind vertical plane hemispheres in the cross section.
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velocity model. This analysis was applied to the seven largest
events of the Trichonis swarm but not to the event on
10 April (07:14:13, My 4.2) because its waveforms were
corrupted by the coda of the immediately previous event
at 07:13:02. A summary of the source parameters for these
events, as well as moment tensor inversion results, can be
seen in (E) Table 2 in the electronic edition of BSSA. We
evaluate the quality of these solutions by jointly considering
their average misfit (quality range A-D with A indicating
misfit smaller than 0.3 and D larger than 0.7) and compen-
sated linear vector dipole (CLVD) amount (quality range 14,
with 1 indicating CLVD smaller than 20% and 4 indicat-
ing larger than 80%) ((E) see also Table 3 in the electronic
edition of BSSA). Based on these criteria, solutions 1-5 with
qualities A1-B1 appear to be the most well constrained and
indicate normal faulting with a substantial left-lateral strike-
slip component (Fig. 5a).

Discussion

After the relocation using WCC, the event locations
collapse in a north-northwest—south-southeast-trending clus-
ter with a total length of ~6-km and ~3-km width lying on
the offshore extension of the north-northwest—east-southeast
fault that is mapped to the south of the lake (Fig. 5a). The
relocated epicenters of the seven largest events in April
2007 (Fig. 5b, events 1-7) appear to have propagated in time
from south-southeast to north-northwest direction, whereas
the last event that occurred in June is located at the center
of the cluster (Fig. 5b, event 8). A vertical cross section nor-
mal to the relocated alignment shows a near-vertical cluster
at around 5-10-km depth dipping towards the northeast
(Fig. 5¢). Scattered epicenters that lie outside the major clus-
ters are only located with the SSST method, and they are not
considered as accurate. However, most of them lie eastwards
of the north-northwest—south-southeast well-located align-
ment. The cluster geometry obtained agrees well with the
best-constrained moment tensor solutions and furthermore
helps in distinguishing the fault plane as the one dipping
towards the northeast.

It is interesting to point out that the bathymetry of the
lake exhibits an abrupt depth change along its southeast
shore, and it quickly reaches the near-maximum depth to-
wards the northeast direction. Our relocation results suggest
that most of the events that occurred during the swarm orig-
inated beneath this part of the lake and at the extension of the
onshore fault. This indicates, that the earthquake swarm un-
der study could have been caused by the failure of a pre-
existing fault beneath the lake that had not been identified
previously. Based on these results and the locations of the
three largest events during the 1975 swarm activity (Fig. 1c)
it is probable that the onshore section of the same fault might
have been activated then. Despite the fact that the locations
of these past events are not considered very accurate, this
conclusion is supported by two other observations: (a) macro-
seismic intensity maps for these events (NOA-IG, 1975) show
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a similar pattern with an approximate northwest—southeast
direction of the main contours and peak intensity VII+4 at
the village of Kato Makrinou, (b) an SR-100 Willmot seis-
moscope deployed at the nearby town of Messolongi showed
deflections in a N120°E to N130°E direction for these events,
indicating that the back azimuth of the incoming waves was
to the southeast of Trichonis Lake.

Trichonis Lake is bounded by an almost west-
northwest—east-southeast striking normal fault that lies close
to the south shore and is marked by a major escarpment. It is
also believed to be the youngest western extension of the
Gulf of Corinth rift system (Brooks et al., 1988; Melis et al.
1989). Oblique trending faults, like the one defined in our
study, are linking the major west-northwest—east-southeast
extensional structures that form the central Greece rift system
and exhibit strike-slip components under the prevailing
north—south extensional regime of the region. In particular,
the north-northwest—south-southeast zone that has been
identified in this study may form part of the eastward con-
tinuation link, connecting the major west-northwest—east-
southeast Trichonis graben fault zone to the Gulf of Corinth
rift system. Its oblique orientation with respect to the domi-
nant north—south extensional stress field implies that some
part of the deformation should be accommodated by left-
lateral strike-slip motion, as it is actually observed in most
of the moment tensor solutions (Fig. 5a, sketch). Finally, it
must be mentioned that this suggested link cannot be seen at
surface to continue towards the south due to the thick Hel-
lenides thrust sequences. However, its existence has been
suggested by the numerous swarms and moderate earth-
quakes that take place in the area and have also been
recorded by temporary microearthquake surveys (Brooks
et al., 1988; Melis, 1992; Melis et al., 1995).
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