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A B S T R A C T

A major earthquake (Mwö=ö6.3) occurred on the 12th of June 2017 (12:28 GMT) offshore, south of the SE coast
of Lesvos Island, at a depth of 13ökm, in an area characterized by normal faulting with an important strike-slip
component in certain cases. Over 900 events of the sequence between 12 and 30 June 2017 were manually
analyzed and located, employing an optimized local velocity model. Double-difference relocation revealed seven
spatially separated groups of events, forming two linear branches, roughly aligned N130°E, compatible with the
strike of known mapped faults along the southern coast of Lesvos Island. Spatiotemporal analysis indicated
gradual migration of seismicity towards NW and SE from the margins of the main rupture, while a strong
secondary sequence at a separate fault patch SE of the mainshock, oriented NW-SE, was triggered by the largest
aftershock (Mwö=ö5.2) that occurred on 17 June. The focal mechanisms of the mainshock (φö=ö122°,
δö=ö40° and λö=ö−83°) and of the major aftershocks were determined using regional moment tensor in-
version. In most cases normal faulting was revealed with the fault plane oriented in a NW-SE direction, dipping
SW, with the exception of the largest aftershock that was characterized by strike-slip faulting. Stress inversion
revealed a complex stress field south of Lesvos, related both to normal, in an approximate E-W direction, and
strike-slip faulting. All aftershocks outside the main rupture, where gradual seismicity migration was observed,
are located within the positive lobes of static stress transfer determined by applying the Coulomb criterion for
the mainshock. Stress loading on optimal faults under a strike-slip regime explains the occurrence of the largest
aftershock and the seismicity that was triggered at the eastern patch of the rupture zone.

1. Introduction

On 12 June 2017, a shallow crustal strong earthquake with mag-
nitude 6.3 occurred offshore, south of Lesvos (12:28 GMT), 35.8 km
SSW of the capital of Lesvos Island, Mytilene (Fig. 1), causing one
fatality and severe structural damage in the SE part of the island. The
event was strongly felt in the north Aegean islands and the neighboring

Turkish coasts, while it was also felt in the Greek mainland. The se-
verity of ground motion was not instrumentally recorded in the epi-
central area, since the closest accelerograph in Greece was at a distance
of ∼36 km. The hypocenter of the mainshock was automatically de-
termined by the Seismological Laboratory of the National and Kapo-
distrian University of Athens (SL-NKUA) and the solution was promptly
available online for the public. This study presents the effects of the
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mainshock derived from instrumental and in-situ observations and in-
vestigates in detail the dynamics and evolution of the seismic sequence.

Lesvos Island is located in the north Aegean Sea, west of the coast of
NW Asia Minor (Turkey) (Fig. 1). Lesvos is part of an old volcanic
center in the east Aegean Sea that was active 15–19 My ago (Hecht,
1972; Pe-Piper, 1978; Katsikatsos et al., 1986). The famous Sigri Pet-
rified Forest, one of the most beautiful monuments of geological heri-
tage globally, was formed during that period as enormous quantities of
ash and lavas covered the rich flora at the western part of Lesvos Island
(e.g. Zouros et al., 2011). The geology of the island can be summarized
as a basement composed of metamorphic rocks overlain by post-Alpine
formations, comprising Miocene volcanic rocks and Neogene marine
and lacustrine deposits (Soulakellis et al., 2006).

Geological (Pe-Piper and Piper, 1993), seismological (e.g.
(Papazachos et al., 1984; Kiratzi et al., 1991; Taymaz et al., 1991;
Barakou et al., 2001) and geodesy data (e.g. Barka and Reilinger, 1997)
indicate that the region’s deformation is driven by transtensional

tectonics (Reilinger et al., 1997; Kahle et al., 1998; Yaltırak and Alpar,
2002), including E-W normal and NE-SW strike-slip faulting. Seismic
reflection data suggest that basin-bounding faults, exhibiting primarily
apparent normal offsets, as well as positive and negative flower struc-
tures, reflect strike-slip geometry (Maley and Johnson, 1971; Ferentinos
et al., 1981; Saner, 1985; Mascle and Martin, 1990; Roussos and
Lyssimachou, 1991; Çağatay et al., 1998; Saatcilar et al., 1999; Yaltirak
et al., 2000). The above-mentioned complex deformation has been as-
sociated with intense seismicity (Makropoulos and Burton, 1981;
Taymaz et al., 2007; Yolsal-Çevikbilen et al., 2014).

The tectonic evolution of Lesvos Island is affected by the general
neotectonic evolution of the Aegean, which started in the Oligocene (15
Myr). Tectonic analysis of faults and micro-ruptures of the island
(Hecht, 1974a, 1974b; Katsikatsos et al., 1982) revealed three main
fault systems striking N40-60°W, N30-60°E and E-W, respectively
(Fig. 1). The Agia Paraskevi Fault (APF) is an almost pure dextral
strike–slip fault, forming a series of elongated valleys in a NNE–SSW

Fig. 1. Seismotectonic map of the broader Lesvos area. Solid triangles are recording stations used in this study from HUSN (yellow), the GI-NOA temporary network (red) and KOERI
(blue). Empty circles are instrumental earthquakes with M≥ 4 (Makropoulos et al., 2012). Black beachballs are CMT solutions (Ekström et al., 2012) of earthquakes with M≥ 6 and blue
are solutions of earthquakes with M > 5 from the 2017 Biga peninsula sequence (http://www.geophysics.geol.uoa.gr). Arrows denote strain rates (nanostrain/yr, Kreemer et al., 2003).
Faults lines are after Altinok et al. (2012), Yaltirak et al. (2012), Lekkas et al. (2017a). APF: Agia Paraskevi Fault, BBF: Bababurnu Fault, BGF: Biga Fault, EFZ: Edremit Fault Zone GG:
Gulf of Gera, M: Mytilene, NAF m.s.: North Anatolian Fault middle segment, PF: Polichnitos Fault and V: Vrissa. The inset minimap shows the location of Fig. 1 within the regional system
of lithospheric plates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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direction (Chatzipetros et al., 2013). APF is the only fault that has been
associated with historical earthquakes in Lesvos (i.e. the 1867 event,
Papazachos and Papazachou, 2003). NW-SE trending normal faults
control the northern margins of the Gulf of Gera (GG) in eastern Lesvos
(Chatzipetros et al., 2013) (Fig. 1). Polichnitos normal Fault (PF in
Fig. 1) is an onshore marginal fault of the structurally complex Lesvos
Basin, bounded by NW-SE striking normal faults characterized by nu-
merous slumps and mass slides due to tilting of the basin margin
(Mascle and Martin, 1990). From the published interpreted seismic
section of Mascle and Martin (1990), it appears that Lesvos Basin is an
asymmetrical graben, with the main marginal fault being the northeast
one that dips SW, while antithetic faults dipping NE are found on its
hangingwall. To the north, Bababurnu basin, which is located NW of
Lesvos and SW of Biga Peninsula, is considered to be a transtensional
basin correlated with the middle branch of the North Anatolia Fault
Zone (NAFZ) (Yaltirak and Alpar, 2002). This basin is defined by NE-
and SE-striking faults.

The region struck by the 12th June 2017 earthquake, has suffered
several strong and destructive earthquakes since the antiquity
(Papazachos and Papazachou, 2003; Makropoulos et al., 2012; Stucchi
et al., 2013) (Table A1 in Appendix A). The event that presents most
similarities with the 12th June 2017 earthquake is the historical one
that occurred on 11 October 1845 (M=6.7, IEMS98= 8.5) (Taxeidis,
2003; Kouskouna and Sakkas, 2013). In Vrissa, 60 houses were col-
lapsed and a woman was killed. In Plomari, 8 houses were destroyed
and 40 were damaged, whereas nearby villages were also heavily af-
fected (Papazachos and Papazachou, 2003).

In search of similarities with previous activity in the study area, it is
revealed that instrumental seismicity (since 1900) is mainly located
offshore, between Lesvos, Chios Islands and the western coast of Turkey
(Fig. 1). Despite the fact that the obtained image by regional earth-
quake catalogues lacks resolution, given the low detectability of the
respective seismological networks (e.g. Mignan and Chouliaras, 2014),
more than 120 seismic events with Ms≥ 4 have been registered in the
broader area since 1900 (Fig. 1) (Makropoulos et al., 2012). In addition,
locally recorded microseismicity during 1987–1988 by a temporary
network (Delibasis and Voulgaris, 1989; Voulgaris et al., 2004) pre-
sented concentration of epicenters on Lesvos Island.

The most recent seismic activity in the broader Lesvos area before the
earthquake of 12 June 2017 occurred earlier in the same year, in two
regions close to the western coasts of Turkey. The first, at the tip of the
Biga Peninsula north of Lesvos (Fig. 1) and the second about 100 km ESE
of Lesvos, close to the Turkish city of Manisa. The magnitude of the
largest event in the first case was Mw=5.2 (two events), whereas in the
second Mw=5.1. According to the results of SL-NKUA, the vast majority
of focal mechanisms in both areas reveal normal faulting (Fig. 1), with
the causative fault striking in a NW-SE direction. The aforementioned
suggest that the east Aegean is a highly hazardous seismogenic region.

In the frame of this work, a comprehensive dataset of recordings
from the Hellenic Unified Seismological Network (HUSN), a local
temporary network and the Bogazici University Kandilli Observatory
and Earthquake Research Institute (KOERI, 2001) was collected and
applied towards a detailed investigation of the region’s seismotectonics.
In this respect, the following are elaborated: (a) determination of pre-
cise hypocentral locations by manual analysis of waveform data from
all operational stations in the region, employing a custom velocity
model, followed by double-difference relocation, (b) spatiotemporal
analysis of the sequence to understand the geometry of the activated
structures, reveal possible migration patterns, indications of the main
rupture’s directivity, clustered activity and secondary subsequences, (c)
regional moment tensor inversion for the determination of the source
parameters of the mainshock and the largest events, (d) inversion of
focal mechanisms to investigate the local stress-field and (e) computa-
tion of Coulomb stress transfer to identify the nature of the sequence,
regions that were loaded with additional stress by the mainshock and
their relation to the distribution of aftershocks.

2. The effects of the mainshock

With respect to secondary effects, landslides and surface ruptures
caused temporary blockage of the roads. Both road accesses from
Plomari closed due to rock falls; the access form Lesvos capital,
Mytilene, was also temporarily blocked, in the area of Agios Isidoros,
due to landslide of the roads slopes. Severe damage occurred on the
provincial coastal road connecting Plomari with Melinta, in the SE part
of Lesvos, where rocks have fallen, due to which the access of the road
was denied. A small tsunami was generated offshore southeastern
Lesvos and was observed in Plomari port, with wave height of
30–40 cm. Blur, vortex, drawback and return of the sea water, as well as
characteristic movements of the boats were observed. It is worth noting
that no damage was incurred to the tourist infrastructure of Lesvos, fact
of crucial importance in view of the current summer season. Only minor
problems were reported in Chios Island, where an old house in the
Vouno village collapsed, while damage was also reported at a house in
Kampos. The tremor was also felt in Istanbul, the western Turkish
province of Izmir and in Bulgaria. According to the Turkish emergency
management agency, there were no reports of casualties or injuries in
the country.

As far as the impact to the built environment of Lesvos is concerned,
first considerations are presented based on the preliminary data re-
leased by the local Earthquake Rehabilitation Organization (ERO).
According to the first degree inspections, conducted few days after the
main-shock, the buildings are characterized with respect to their main
bearing system/material and immediate habitability. Until presently,
inspection data regarding a total of 1996 buildings is available, among
which 1143 are tagged as “immediately uninhabitable”. Fig. 2a, pre-
sents their distribution with respect to their construction material. It is
evident that the most vulnerable typology of load bearing masonry
walls has suffered most of the damage. Panel b and c of Fig. 2 sum-
marize the absolute number and the ratio of the habitable and unin-
habitable masonry buildings for the most affected localities, respec-
tively. As it can be observed, the largest damage throughout the island
occurred in Vrissa, where 436 buildings (64% of the building stock)
were heavily affected and around 80% has exhibited some degree of
damage. Regarding reinforced concrete buildings, 12 in Vrissa and 7 in
Plomari have been characterized as uninhabitable, without yet having
further information regarding the type of damage or erection period.
Monumental constructions, such as post-Byzantine churches suffered
some damage to their structural and non-structural elements.

Based on the preliminary results released by ERO (first order in-
spection), the macroseismic field of the 12 June 2017 earthquake has
been estimated according to the EMS-98 (Grünthal et al., 1998) (Fig. 3).
It is noted that, apart from Vrissa, i.e. the locality with the most severe
damage, the inspections elsewhere have taken place upon request of
each building’s owner and, thus, non-complete sampling may impose
some effect on the outcome. A range of intensities varying between V
and VI is assumed for most of the localities where inspections were
either not performed, or revealed only safely habitable buildings. In a
forthcoming second order inspection stage, the initially “uninhabitable”
buildings will be further distinguished into “Green—Safe for Use”,
“Yellow—Unsafe for Use” and “Red—Dangerous for Use” according to
the Earthquake Planning and Protection Organization guidelines
(EPPO, 2014). Typically, the last two categories are considered, which
incorporate all degrees of damage, from 3 (substantial-to-heavy) to 5
(destruction). Taking into account these assumptions and given that
data regarding the actual damage is not yet available, an intensity range
has been attributed to the most affected localities. In particular, for
Vrissa, the partial collapse of most of the damaged structures leads to
the conclusion of local intensity IX.

2.1. The Vrissa paradox

Vrissa settlement was hit the hardest by the earthquake. Being
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further from the epicenter than other settlements that suffered much
less damage (e.g. Plomari, Vatera, etc), Vrissa seemed somewhat as an
impact paradox. Moreover, the first reports, apart from the fatality and
fifteen injuries, referred to numerous collapses and high grade damage.
A twofold of activities were performed by our research team during an
in-situ survey conducted few hours after the mainshock in Vrissa: a) a
house-by-house inspection of the damaged buildings, upload of their
geocoded photos to an online GIS application, so that all interested
parties have access to the information and b) construction of a detailed
3D model of the settlement with the use of a UAS (DJI Phantom 4 Pro)
and appropriate software (Pix4D), before any intervention was made in
the settlement (Antoniou et al., 2017) (Fig. 4).

Most of Vrissa’s building stock includes stone masonry structures,
built during the end of the 19th century or the beginning of the 20th
century that were heavily damaged. In order to understand the reasons
for this damage distribution in Vrissa, various factors were taken into
account. It is concluded that the geological setting, morphological

parameters, geotechnical properties of the foundation soils and the
building characteristics in the devastated village have been identified as
factors controlling the spatial distribution of building damage in Vrissa
settlement. More specifically, the existence of old and highly vulnerable
structures founded on recent deposits and on slopes in an area that it is
bounded by active faults, in combination with directivity and amplifi-
cation phenomena, resulted in the observed destruction (Lekkas et al.,
2017b).

However, there are parts of the village that do not exactly meet
these criteria (as for example the school area), that is, the buildings that
are not founded on slopes or alluvial deposits. Moreover, there are
buildings belonging to vulnerability class (C) that did not suffer the
same damage grade, although being in the heart of the mostly hit part
of the settlement. Consequently, the above conclusions cannot be easily
generalized for the total damage or the whole village and further re-
search is necessary and ongoing.

Fig. 2. (a) Distribution of uninhabitable buildings with respect to their construction material, (b) number and (c) ratio of “uninhabitable” masonry buildings based on the latest Census
(EL.STAT., 2011).
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Fig. 3. EMS-98 Macroseismic intensities of the 12.6.2017Mw=6.3 earthquake.

Fig. 4. Damage density in Vrissa village (Lekkas et al., 2017c). Orthophotomap created with Pix4D, with the use of UAS photos one day after the occurrence of the mainshock.

P. Papadimitriou et al. Journal of Geodynamics 115 (2018) 23–42

27



3. Analysis of the aftershock sequence

In the framework of the present study, data recorded by seismo-
graphs of HUSN, a virtual network in Greece comprising stations be-
longing to the SL-NKUA, the Institute of Geodynamics of the National
Observatory of Athens (GI-NOA), the Seismological Laboratory of the
University of Patras and the Department of Geophysics of the Aristotle
University of Thessaloniki, were used. In addition, recordings from
three temporary stations, installed in Lesvos and Chios islands by GI-
NOA, and from broadband and strong motion stations of KOERI (2001),
were incorporated in the waveform database in order to increase the
azimuthal coverage and to determine more accurate hypocentral solu-
tions. The waveform data from stations that were not available by
HUSN were retrieved through the European Integrated waveform Data
Archive (EIDA) node, located in KOERI, via the web services provided
by the International Federation of Digital Seismograph Networks
(FDSN), facilitating prompt data availability toward monitoring the
seismic sequence. Data of the three temporary stations were acquired
from the EIDA node of GI-NOA via the ArcLink data request protocol.
The closest stations to Lesvos, recordings of which were used herein, are
shown in Fig. 1.

3.1. Location of the sequence

P- and S-wave arrival times were manually picked for 915 earth-
quakes that occurred between 12 and 30 June 2017, given that since 1
July and until presently, the aftershock activity significantly decreased.
The initial hypocentral solutions for the study area were determined
using a regional velocity model proposed by Karakonstantis (2017).
Next, events with at least eight (8) P- and five (5) S-wave phases were
employed to obtain a local optimum 1D velocity model for the available
dataset. The optimum model was determined by applying the location
error minimization method (Kissling et al., 1994; Chiarabba and
Frepoli, 1997; Lopes and Assumpção, 2011) and the HYPOINVERSE
location algorithm (Klein, 1989). The concluded local velocity model,
consisting of seven (7) horizontal homogeneous layers (Table 1),
yielded significantly improved hypocentral solutions with respect to the
initial regional model (Table 2). The value of the Vp/Vs ratio was ob-
tained using: a) the Chatelain method that consists of determining the
slope, using linear regression, of the straight best-fit line of the differ-
ences of the P- and S-wave arrival-times for every pair of stations (i,j),
Vp/Vs= (tsj− tsi)/(tpj− tpi), for all events (Chatelain, 1978) and b) the
travel-time residuals and location uncertainties errors minimization
method. The Vp/Vs ratio value obtained by the application of both
methods was identical, equal to 1.79. Magnitudes were determined
using the coda duration and an empirical relation that takes into ac-
count the duration and the epicentral distance (Kaviris, 2003;
Papadimitriou et al., 2010).

The statistics of the hypocentral solutions of the 915 manually
analyzed events that were obtained using the determined 1-D velocity
model for the study area are presented in Fig. 5. The magnitude values

reach Mw=5.2, with the majority (87.3%) ranging between M=1.8
and M=3.0. Most focal depths (82.2%) are less than 12 km. The use of
the optimal, as previously described, dataset yielded satisfactory hor-
izontal location uncertainties. More specifically, the ωaσt majority of
the epicentral solutions present ERX (99.4%) and ERY (98.8%) less than
2 km. Concerning ERZ, almost all values are smaller than 4 km, whereas
RMS mainly ranges between 0.0 s and 0.3 s, with 65.8% of the values
being smaller than or equal to 0.2 s.

The Frequency-Magnitude Distribution (FMD) diagram, presented
in Fig. 6, shows that the final catalogue is complete down to Mc= 2.2.
The b-value of the Gutenberg-Richter (G-R) law (Gutenberg and
Richter, 1944) is b=0.96 for the linear part of the distribution, or
bMLE=0.99 by maximum likelihood estimation. These are higher than
the reported background b-value, which according to Papazachos and
Papazachou (2003) is b=0.84. It is also higher than b=0.85 that was
determined by employing the earthquake catalogue of Makropoulos
et al. (2012) and the source zones determined by the SHARE Project
(area source TRAS395 of the 2013 European Seismic Hazard Model;
Arvidsson et al., 2010; Woessner et al., 2015). This result is consistent
with a reduction of the local shear-stresses due to the occurrence of the
2017 mainshock. Furthermore, the extrapolation of the diagram down
to N=1 shows that the expected largest magnitude is m*≈5.13, which
closely matches the one observed for the Mw=5.2 event that occurred
on June 17th.

3.2. HypoDD relocation of the sequence

Aiming to further improve the clarity of the epicentral spatial dis-
tribution by reducing the relative location errors, the double-difference
relocation algorithm HypoDD was employed (Waldhauser, 2001). This
method works by minimizing the double-difference between observed
and calculated travel-times for pairs of neighboring events and re-
locates the hypocenters by assuming that if the inter-event distance is
much smaller compared to the approximately common ray-path then
travel-time differences can be attributed to the inter-event distance. The
algorithm can incorporate both catalogue and cross-correlation differ-
ential times. The latter can account for arrival-time reading errors and
also create links between strongly correlated events.

Cross-correlation measurements of full-signal waveforms (both P
and S) were applied on station PRK, which was chosen as a reference
station due to its proximity to the epicentral area and its adequate
operational status (working continuously since the time of the main-
shock without gaps on any component). The waveforms were filtered
between 2 Hz and 15 Hz, while all 3 components were taken into ac-
count. Cross-correlation was performed between all pairs of resolved
events and the respective value of the cross-correlation maximum,
XCmax, was registered in one matrix per component. Due to the rela-
tively large dimensions of the spatial distribution, with only few ap-
parent spatial clusters, the matrices mainly contain small XCmax values
with relatively few significant ones. To strengthen the correlation va-
lues, the results for all three components were combined by keeping the
maximum XCmax for each pair from any component. Nearest-neighbor
linkage was then applied to construct multiplets, i.e. groups of events
with similar waveforms, hence similar focal parameters, after selecting
a proper correlation threshold at Cth= 0.64. The latter was chosen

Table 1
Initial and final velocity model.

Karakonstantis (2017) VP/VS=1.79 Model (This Study) VP/VS= 1.79

Layer VP (km/s) Depth (km) VP (km/s) Depth (km)

1 5.1 0.0 5.1 0.0
2 5.4 5.0 5.7 4.0
3 5.9 9.5 6.1 7.0
4 6.0 15.0 6.3 10.0
5 6.5 19.0 6.5 20.0
6 7.0 30.0 7.8 35.0
7 7.3 60.0 8.1 80.0
8 8.1 85.0

Table 2
Mean location and depth uncertainties for the initial and final models.

Karakonstantis (2017) This Study

Mean RMS (s) 0.303 0.235
Mean ERX (km) 1.714 0.756
Mean ERY (km) 2.347 1.110
Mean ERZ (km) 6.538 4.350
Mean Depth (km) 14.387 9.437
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using an empirical rule, according to which the optimal threshold is the
one that maximizes the difference between the size of the largest
multiplets and the sum of clustered events (Kapetanidis, 2017). This
resulted in 560 events (61%) sorted into 126 multiplets, with 24 of
them containing at least 5 events. Cross-correlation measurements were
then applied for all pairs of events within each multiplet at all available
stations within a 150 km radius from the mainshock, on P- and S-wave
windows separately. The time-lag of the resulting XCmax was also
measured and registered as a differential time measurement along with
XC max as weight, to be used as cross-correlation input data for HypoDD.

Relocation was then applied in two main sets of iterations, the first
mainly taking into account catalogue data with a small a priori weight
to cross-correlation data and then reversing the weights relation to
improve the relative locations of strongly correlated events. A total of
718 events (78.6%) were successfully relocated. Fig. 7 presents the
distribution of the epicenters derived by the HYPOINVERSE (Fig. 7a)
and HypoDD (Fig. 7b) procedure. Many sparse events in the HY-
POINVERSE locations were shifted towards a few spatial clusters, which

were concentrated into tighter volumes near their centroids, while
several outliers, mainly due to the lack of available observations (re-
quiring at least 8) or links within certain margins of inter-event dis-
tances and residuals, were rejected. Despite several attempts using
different weighting methods, experimental gradient velocity models
and station-corrections, the depth estimates could not be significantly
improved. Most spatial clusters were found to exhibit a sub-vertical
distribution which is indicative of large depth location errors due to the
large interstation distances. Nonetheless, the horizontal relocations are
considered reliable, especially for clustered events.

4. Moment tensor solutions

Moment tensor inversion was applied using regional waveforms
recorded by the HUSN stations. The procedure followed has success-
fully been applied in several regions of the Greek territory (e.g. Kassaras
et al., 2014a; Kapetanidis et al., 2015; Papadimitriou et al., 2015).
Waveform data selection criteria were high signal to noise ratio and the
optimal, according to the available data, azimuthal station coverage.
Data processing involves instrument response correction and bandpass
filtering in the range of 0.035–0.200 Hz. Synthetic seismograms were
produced using the Axitra code (Bouchon, 1981) for five elementary
types of faulting, and the moment tensor elements were calculated
using the Singular Value Decomposition (SVD) method (Nash, 1990;
Golub and Van Loan, 1996). Finally, a grid search was performed for
the estimation of the misfit function of strike, dip, rake and focal depth
(Papadimitriou et al., 2012).

Fig. 8 presents two examples of the results of the modelling proce-
dure for the mainshock and the largest aftershock of the sequence. In
the first case, the determined focal mechanism, obtained using re-
cordings of 16 seismological stations (6 vertical and 15 horizontal
components) revealed normal faulting with strike 122°, dip 40°, rake
−83°, centroid depth 13 km and seismic moment M0= 3.5
1025 dyn cm. The solution presents satisfactory fitting between the ob-
served (red) and the synthetic (blue) waveforms for the selected sta-
tions, as evidenced by the misfit value (0.15).

Concerning the major aftershock, where 14 stations (7 vertical and
14 horizontal components) were used, the focal mechanism is strike-
slip with φ=238°, δ=68°, λ=−163°, centroid depth 11 km and
seismic moment M0= 7.8 1023 dyn cm. The results, as evidenced by the
misfit error (0.14) and the variance (0.80), are satisfactory. The cal-
culated moment magnitudes of the presented events are Mw=6.3 and
Mw=5.2, respectively.

Fig. 5. Histograms presenting the summary of the solutions of 914 manually analyzed aftershocks of the sequence.

Fig. 6. The FMD of the 2017 Lesvos aftershock sequence. Blue circles and red squares
represent the number of events with magnitude M≥m and M≤m, respectively. The
solid red line is the least squares line representing the Gutenberg-Richter (G-R) law. Its
extrapolation down to N=1 (dashed red line) marks the expected magnitude of the
largest aftershock, m*, according to the modified Båth’s law (Shcherbakov and Turcotte,
2004). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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By applying the above procedure, moment tensor solutions (MTS)
were determined for 15 events of the sequence (Fig. 9 and Table 3). The
vast majority of the MTS were found to exhibit normal faulting similar
to the mainshock. Specifically, their strike presents a range of
114°–159°, whereas the dip ranges between 32° and 67°, defining a NW-
SE oriented and SW dipping structure. The largest aftershock differs,
presenting left-lateral strike-slip faulting, yet with similar strike to the
mainshock, also dipping SW. The inferred existence of normal and
strike-slip faulting pattern that has also been documented previously in
north Aegean (e.g. Ekström and England, 1989; Kiratzi and Louvari,
2003; Kiratzi, 2014; Kassaras and Kapetanidis, 2017) is investigated in
the next paragraphs.

5. Spatiotemporal evolution of the sequence

Spatial and temporal analysis of an earthquake sequence can pro-
vide clues concerning the geometry of the activated structures, the
existence of clustered activity, related to asperities, implications on the
directivity of the main rupture and the possible contribution of aseismic

factors, such as creep or fluids diffusion, to the evolution of the se-
quence (Kapetanidis, 2017). A spatiotemporal projection along the
N130°E oriented profile A–B (Fig. 7b) was performed to investigate the
nature/driving mechanism of the sequence (Fig. 10b). The temporal
axis was divided into 8 periods (a–h), at key-points, marking secondary
outbursts of spatiotemporally clustered activity. The on-fault 20km-
long area was activated immediately after the mainshock, with most
events occurring in group #5 but also to the neighboring groups #3 and
#4 (Fig. 10c). Events in groups #1, #2 and #7 started to appear 1, 3
and 7 h, respectively, after the mainshock, while the westernmost group
#6 wasn’t activated until about 14 June. During periods a–b all major
events are concentrated in group #5. This also marks the, so far, east-
ernmost part of the sequence (Fig. 11a,b), indicating that the directivity
of the rupture was towards NNW, which could partly explain the dis-
proportional degree of damage observed in Vrissa. Near the end of
period b, a few clustered events occurred in groups #3 and #6. In
period c, the former cluster was followed by an Mw=4.6 event on 17
June, while a series of smaller events at the beginning of the period,
with an Mw=4.2 earthquake on 16 June (Fig. 10b, c), boosted the

Fig. 7. a) Map of the manually located events of the June 2017 Lesvos sequence. b) Map of the relocated events. Solid black lines denote active faults. The two stars denote the epicenters
of the mainshock and the largest aftershock. Colors and numbers in panel b) refer to the 7 spatial groups determined for the relocated catalogue (Section 5). The profile line A–B is used for
the spatiotemporal projection of Fig. 11b.

Fig. 8. Focal mechanisms of the 12 June 2017 12:28 GMT mainshock (left) and the strongest aftershock of the sequence at 17 June 2017 19:50 GMT (right), derived by modelling of local
and regional waveforms. Synthetic (blue) and observed (red) waveforms and their correlation are presented, for each station. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Focal mechanisms determined for the 2017 Lesvos sequence. Solid black lines denote active faults.

Table 3
Parameters of 15 MT solutions obtained in this study. Epicentral coordinates are after the relocation procedure, whereas focal depths after moment tensor inversion.

No Yr Mo Dy Hr Mn Sc Lat(°N) Lon(°E) Depth(km) Mag Strike(°) Dip(°) Rake(°)

1 2017 6 12 12 28 38.1 38.8529 26.3509 13.0 6.3 122 40 −83
2 2017 6 12 14 19 47.5 38.8599 26.3848 12.0 4.4 136 41 −78
3 2017 6 12 16 30 15.9 38.8772 26.4189 11.0 3.9 135 52 −80
4 2017 6 12 18 25 41.4 38.8886 26.2863 13.0 3.9 159 32 −47
5 2017 6 13 3 19 59.4 38.8743 26.3871 13.0 4.2 119 47 −91
6 2017 6 14 4 35 56.0 38.9001 26.3639 12.0 4.1 153 48 −75
7 2017 6 15 10 37 4.6 38.9071 26.2539 12.0 3.9 115 48 −74
8 2017 6 16 5 59 22.8 38.9111 26.355 12.0 3.7 156 37 −48
9 2017 6 16 13 25 55.0 38.8561 26.4478 13.0 4.2 120 48 −41
10 2017 6 17 3 40 37.5 38.9203 26.2391 12.0 4.6 119 55 −72
11 2017 6 17 19 33 33.3 38.8352 26.4545 11.0 4.2 114 67 −72
12 2017 6 17 19 50 5.4 38.8375 26.4476 11.0 5.2 142 74 −23
13 2017 6 17 20 16 16.1 38.8509 26.4448 11.0 3.8 124 42 −83
14 2017 6 22 2 48 53.1 38.8204 26.4678 11.0 4.9 114 61 −54
15 2017 6 26 5 54 54.2 38.8291 26.4768 12.0 3.9 134 55 −27
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cumulative number in group #7 (Fig. 10c). This likely contributed to
the triggering of the largest aftershock (Mw=5.2) that occurred on late
17 June (beginning of period d). In addition, 17min earlier an
Mw=4.2 foreshock (Table 3) was recorded, generating a strong sec-
ondary sequence which pushed group #7 at the top of the cumulative
number curves by 19 June. The largest aftershock is located roughly in
the middle of group #7, oriented NW-SE (Fig. 11d), with activity
spreading gradually outwards, towards its margins. While activity in

the other groups was slowly diminishing, with just group #2 exhibiting
a small spatiotemporal cluster in period e, group #7 remained highly
active, fueled by another major (Mw=4.9) event on 22 June (period e)
and some smaller events which, however, generated small sub-se-
quences of their own at the beginning of periods g and h. Taking into
account the gradual spread of activity from the mainshock towards the
largest aftershock, an eastwards migration velocity, calculated ac-
cording to the procedure followed by Kapetanidis et al. (2015), of

Fig. 10. (a) Histogram of the number of earthquakes per 3 h for the 2017 Lesvos sequence, stacked (colors) according to the respective spatial groups, (b) spatiotemporal projection of the
relocated epicenters along the N130°E oriented profile line A–B (Fig. 8b). Stars represent earthquakes with Mw≥ 4.0, listed in Table 3, and (c) cumulative number of events for each of the
7 spatial groups. Circles denote major events (M≥ 3.5). Vertical thick gray lines divide the 8 successive temporal periods (a–h).
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∼(1.4 ± 0.1)km/day can be approximated while a roughly
∼(0.8 ± 0.1)km/day westwards migration velocity can be considered
regarding the triggering of the westernmost clusters of group #6. These
values are quite large compared to known cases of migration caused by
fluids diffusion elsewhere in Greece (e.g. Kassaras et al., 2014b;
Kapetanidis et al., 2015), thus they are likely related to tectonic stress
transfer, with major earthquakes producing their own subsequences.

Another view of the spatiotemporal evolution of seismicity can be
acquired by considering the evolution of multiplets and repeating
earthquakes, purely based on the property of waveform similarity
(Fig. 12). Naturally, at the beginning of the sequence, given that the
mainshock activated a broad area, a large number of new multiplets
were abruptly generated, with the largest ones (belonging to groups #4
and #5) during the first 2 days. However, the easternmost group (#7)
dominates the multiplets after 16 June, when the occurrence of the
largest aftershock on 17 June imposed a culmination of new multiplets,
indicating that the activity was spread into non-disturbed regions (e.g.
small asperities). The fault patch that was ruptured by the Mw=5.2
event is next to the spatial group where the mainshock belongs, so it
may consist an asperity on the same main fault, which is compatible
with the delineation of epicenters indicated by the spatial distribution
of group #7. This area was likely loaded after the occurrence of the
mainshock due to Coulomb stress transfer, a subject that will be in-
vestigated in the next section.

6. Implications from stress inversion

Focal mechanisms of earthquakes in the broader Lesvos region were
employed in an inversion scheme towards determining the four para-
meters of the local stress-field in terms of the orientation S1, S2, S3 and
the relative magnitude σ1, σ2, σ3 of the principal components of the
tectonic stress tensor, the latter defined by the shape ratio (or shape
factor, or aspect ratio, or stress magnitude parameter), R (Gephart and
Forsyth, 1984), or Φ (Angelier, 1979, 1984; Angelier et al., 1982;
Michael 1984; 1987), related to each other as Φ=1–R.

For the inversion of focal mechanisms, typically faultless methods
are applied. They rely on the W-B assumption (Wallace, 1951; Bott,
1959) for shear stress and slip vector parallelism, the hypotheses of
stress uniformity within space and that input focal mechanisms are
independent from each other. The main limitations regarding their
application on focal mechanism data come from the hypothesis about
the stress invariance, which holds when processes that operate at dif-
ferent spatial scales are involved.

The approach of Michael (Michael 1984, 1987) was adopted for
resolving the tectonic stress in the study area. It is one of the most
acknowledged least-squares stress inversion methods that uses regres-
sion to directly determine the best fitting line that minimizes the
squares of the deviations between data and model. The data-model
misfit in the method is derived by the model confidence regions using a
bootstrap technique; for a certain confidence level, a percentage of the

Fig. 11. Maps of temporal evolution of activity during the 2017 Lesvos sequence, divided in 8 periods (a–h) Colors represent the 7 spatial groups. Open gray circles in panels (b-h)
represent events that occurred during the previous periods, mainly for spatial reference.
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bootstrap solutions being closer to the preferred solution define the
confidence region (Hardebeck and Hauksson, 2001). The SATSI soft-
ware (Spatial And Temporal Stress Inversion; Hardebeck and Michael,
2006), a variation of Michael’s approach, was applied.

Similarly to all faultless methods, inversions in SATSI are conducted
within volumes of a small enough size for the assumption of stress uni-
formity to remain valid. Consequently, the study area is divided in sub-
areas and focal mechanisms subsets per sub-region are inverted simulta-
neously for all cells, searching for the optimal stress within each cell while
minimizing the stress differences between neighbouring cells (Hardebeck
and Michael, 2006). In SATSI, a damped grid-search is used to optimize
the fit between the observed and the calculated stress parameters by
minimizing the weighted sum of the data misfit and the model length and
to decrease data singularities. Since appropriate damping is needed to
produce a regional stress field model that contains only those variations of
the stress field that are strongly related to the data, the search for the
optimum damping parameter (e) occurs in the first stage of the procedure.
The optimum value of e is usually chosen from a range of damping values
using the trade-off curve between the data misfit and the model length
(e.g. Eberhart-Phillips, 1986). In the second step, stress inversion is per-
formed and the best stress tensors are found for each grid point. In the
third stage, the uncertainty is provided by the computation of the con-
fidence interval for each grid node using a bootstrap procedure.

The data set used consists of 82 focal mechanisms with magnitudes
ranging from 3.3 to 7.0, available from the comprehensive catalogue of
Kassaras et al. (2016) and fault-plane solutions from the SL-NKUA
(http://www.geophysics.geol.uoa.gr). Fig. 13 illustrates the spatial
distribution of the 82 individual focal mechanisms in terms of sense of
faulting according to the rake of one of their nodal planes and Table 3
and Table A2 (in Appendix A) present their detailed parameters.

Fig. 13 demonstrates that the focal mechanism data mostly exhibit
normal faulting (rake≈ 90°). However, more than one type of faulting
is inferred at certain areas and spatial sampling inhomogeneity is ob-
served, with some areas having more data than others. The above imply
for a varying stress state that probably applies at different scales. In
order to correctly reconstruct the stress tensor, given that the inversion
is expected to resolve its uniform part only if it is larger than the
variable part (Michael, 1991), the data were divided into subsets ac-
cording to their spatial distribution.

6.1. Application of SATSI

SATSI was implemented using the MATLAB based MSATSI visuali-
zation and plotting tools of the inversion results (Martínez-Garzón
et al., 2014). The inversion of the 82 focal mechanisms was performed
using both nodal planes of focal mechanisms over a 0.5° by 0.5° grid
(Fig. 13). The optimum damping parameter (e) was found equal to 1.2
in the first stage of the procedure. Adopted solutions of the inverted
model lie within the 95% confidence interval of 2000 resamples, as
determined by the bootstrapping method (Hardebeck and Michael,
2006).

Fig. 14 illustrates the results of the SATSI procedure and Table 4
summarizes them. Fig. 14a (95% confidence regions of 2000 bootstrap
resamples) provides a measure of the data homogeneity, showing that
S3 axes (red dots in Fig. 14a) present a stable, well-defined solution
with respect to the input data. The latter is partly true for S2 (green dots
in Fig. 14a), whereas S1 (blue dots in Fig. 14a) exhibits large variability,
especially at the southern part of the area, including the epicentral area
of the June 2017 earthquake sequence.

From Fig. 14b it can be observed that extensional tectonics prevails
in the area, with S3 being almost horizontal in a NNE-SSW direction,
compatible with the regional kinematics (e.g. Kreemer et al., 2014). S1
is less pronounced, oriented in a roughly WNW-ESE direction, thus
producing a horizontal sense of slip on the regional fault sources
(Fig. 14c), dextral when a NE-SW or an E-W nodal plane is selected as
the fault plane, according to the active faults in the area (Ganas et al.,
2013) and the broader area’s kinematics related to the prolongation of
NAFZ in the Aegean (e.g. Armijo et al., 2003).

The pattern of the resolved stress (Fig. 14b, c), implies for more than
one stress states involved in the local stress field. However, the SATSI
method does not ensure independency of focal mechanism observa-
tions, given that it treats heterogeneous data as noise (e.g. Gephart and
Forsyth, 1984; Michael, 1984), and hence the method cannot resolve
multiple stress states in the presence of heterogeneous data, due to
over-smoothing that the damping procedure can induce, and, more-
over, because the proper spatial arrangement of focal mechanism da-
tasets is subjective (Kassaras and Kapetanidis, 2017).

Fig. 12. (bottom-left) Multiplet evolution history during the 2017 Lesvos sequence. Each row represents a single multiplet, with IDs sorted in increasing order according to the origin time
of the first event in each multiplet. Circles represent repeating earthquakes. Vertical gray lines correspond to the origin times of major events (Mw≥ 4.0), (top) stacked histogram of the
number of repeating earthquakes per 3 h, with colors corresponding to the multiplet ID, (right) total number of repeating earthquakes per multiplet. Numerical labels next to certain large
multiplets (size≥ 10) correspond to the spatial groups to which they (mostly; where inside parenthesis) belong.
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Fig. 13. Spatial distribution of 82 epicenters (circles) of events with focal mechanism data (Kassaras et al., 2016 and references therein; http://www.geophysics.geol.uoa.gr) employed in
the SATSI inversion scheme. Solid black lines denote active faults. Numbers in brackets denote the coordinates of equal-area sub-regions in which the area has been divided.

Fig. 14. Results of the MSATSI inversion for 7 sub-regions in the broader Lesvos region. (a) Stereo plots showing the 95% confidence regions of 2000 bootstrap resamples for the S1 (blue),
S2 (green) and S3 (red) axes, (b) arrangement of the projections on the horizontal plane of the resolved best-fit principal stress components S1 and S3. The star denotes the Mw=6.3
earthquake that occurred on 12 June 2017 and (c) equivalent focal mechanisms representation of the resolved stress field. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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6.2. Application of MIM

Given the above mentioned limitations related to the inversion
method and the data configuration (faulting type heterogeneity, spatial
sampling, and subjective selection of datasets) and in order to in-
vestigate in more detail the local stress field, the MIM (Multiple Inverse
Method) (Yamaji, 2000) was applied in the epicentral area south of
Lesvos (cell [1, 0] in Fig. 13), which presents high degree of hetero-
geneity. MIM is a broadly implemented procedure, since it has been
proven powerful enough to separate stresses from heterogeneous fault
slickenside and focal mechanism data (Otsubo et al., 2008). The method
employs a resampling technique (Otsubo and Yamaji, 2006; Otsubo
et al., 2008; Yamaji and Sato, 2011) producing k-fault subsets from a
given set of data, and calculates the optimal stress for each subset by
applying iteratively the Angelier’s (1979) inversion scheme. Thereafter,
each focal mechanism that belongs to a subset is evaluated towards a
set of trial reduced stress tensors using the angular misfit between the
observed and the theoretical slip directions and tensors which are more
compatible with the data of the subset are considered as optimal
(Yamaji et al., 2006).

The MIM procedure comprises the following steps: (a) removal of
obsolete nodal planes that correspond to similar focal mechanisms and
do not contribute to the solution (Otsubo et al., 2008), (b) rejection of
subsets that surpass the dT= 20° misfit angle threshold for any possible
stress configuration (Otsubo et al., 2008) and (c) a procedure that
employs a user-defined “enhance factor” (EF) to thin out erroneous
solutions and enhance correct ones (Yamaji, 2000). Εach k-th datum is
projected on the surface of a unit hypersphere in a five-dimensional
Euclidean space, representing five parameters that define the reduced
stress tensor (orientation of the principal stress axes S1, S2 and S3 with
respective magnitudes σ1, σ2 and σ3 and stress-ratio Φ) and the fault-slip
(Otsubo et al., 2008).

MIM was applied on the focal mechanisms dataset belonging to the
epicentral area of the 2017 Lesvos earthquake (grid [1, 0] in Fig. 13),
comprising 26 focal mechanisms, most of which correspond to its
aftershocks. The method considers both nodal planes of the focal me-
chanisms to account for the fault/auxiliary plane ambiguity. Resam-
pling of the focal mechanisms for generating subsets was performed
using an integer called “data combination number” that controls the
number of resamples with respect to the number of input data (Yamaji
and Sato, 2011). A value of κ=5 was utilized, as suggested by Yamaji
et al. (2006) for focal mechanism data.

Figs. 15 and 16 present the results of the MIM analysis. In Fig. 16,
observations are plotted as “tadpole” symbols (5-elements stress ten-
sors) on the 5D hypersphere. Significant stresses in the focal mechan-
isms dataset can be identified graphically as clusters of tadpoles with
similar color (Φ or Phi), tail direction and tail length. Fig. 15a presents
all k subsets after the removal of obsolete nodal planes and rejection of
subsets with misfit angles> 20°. Fig. 15b and c present the distribution
of tadpoles “filtered” by the stress shape Φ. Two clusters of stresses are
evidenced by Fig. 15, the first (A) having sub-vertical S1 and S3 almost
horizontal and the second (B) presenting oblique-to-sub-horizontal S1

and almost horizontal S3.
Panels a and b of Fig. 16 present the quality estimates of the re-

solved stresses by the MIM; stress state A is well explained by the ma-
jority of individual observations in terms of their misfit angle with the
resolved fault-slip, whereas stress state B appears compatible with a
smaller number of observations which present large dispersion across
the hypersphere, likely related to the heterogeneity of the input dataset.

Table 4
Summary of the stress parameters resolved by the SATSI procedure. FMS: Focal Mechanism Solution.

Sub-region R S1 trend (°) S1 plunge (°) S2 trend (°) S2 plunge (°) S3 trend (°) S3 plunge (°) FMS # FMS

Strike (°) Dip (°) Rake (°)

[0,0] 0.01 291 6 124 84 21 1 65 86 −176 12
[0,1] 0.14 283 77 113 13 23 2 100 44 −109 4
[0,2] 0.11 288 16 119 74 18 3 64 79 −169 7
[1,0] 0.16 301 51 293 39 202 1 327 50 −37 26
[1,1] 0.21 268 83 109 7 18 3 101 43 −100 11
[1,2] 0.17 238 82 102 6 11 6 95 40 −99 12
[2,0] 0.12 104 33 281 57 13 2 143 66 −24 6

Fig. 15. Stereograms presenting the projection of optimized diagrams of tadpole symbols
for S1 and S3 after declustering and removal of erroneous data, including (a) all data, (b)
data filtered by bluish Φ and (c) data filtered by yellowish-to-redish Φ (or Phi). The S1
tadpole tails indicate the azimuth and plunge of the corresponding S3 vector and vice
versa for the S3 tail. Colored areas indicate k-means clusters characterized as stress states
A (yellow) and B (blue). Beach-balls indicate Andersonian style of faulting per each da-
taset. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Nonetheless, both resolved stress states are considered representative of
the complexity of the local stress field, consistently with Kassaras and
Kapetanidis (2017), who found a similar stress field in the north Aegean
region. Normal faults in a WNW-ESE direction are compatible with the
orientation of S1 that characterizes north Aegean. Table 5 summarizes
the outcome of the MIM procedure.

7. Coulomb stress transfer

The inferred complex stress state in the epicentral area demands the
examination of whether the main-shock may produce triggering to
neighboring structures by stress transfer. To this end, static stress
change associated with the coseismic slip of the Mw=6.3 earthquake

was determined on optimally oriented planes related to the deduced
local stress state, on the basis of the Coulomb failure criterion (King
et al., 1994; Stein, 1999). Coulomb stress is a measure of the increase or
decrease of the failure stress on a fault surface, considered to be re-
ceiving the energy transmitted by a nearby seismic source. In this re-
spect, positive stress transfer on a receiver fault enhances its rupture,
while negative one delays it.

Coulomb stress change was calculated according to the faulting type
of the mainshock that has been determined herein by moment tensor
inversion, assuming uniform slip. The source fault geometry, as well as
the values of Young modulus (E), Poisson’s ratio and friction coefficient
(μ), involved in the Coulomb stress calculations, are listed in Table 6.
The receiver faults were considered according to the local stress field

Fig. 16. (a) Diagrams showing tangential-lineation of
the input data, color-coded with respect to the misfit
angles shown in panel b. Thin gray arrows denote
fault kinematics predicted by the resolved stress
states, (b) histograms presenting the data-model
misfit angles in terms of the slip vector orientations.
The horizontal axis is in tens of degrees. The vertical
axes denote the multitude of reduced stress tensor
pairs with the corresponding misfit value and (c)
beach-balls representative of faulting that corre-
sponds to the resolved stress states A and B.

Table 5
The two stress states resolved for cell [1, 0] in the epicentral area. FMS: Focal Mechanism Solution.

Node Lat (°N) Lon (°E) Stress state A Stress state B

S1 (°) S3 (°) Φ S1 (°) S3 (°) Φ

Trend Plunge Trend Plunge Trend Plunge Trend Plunge

[1,0] 38.75 25.75 66 69 197 14 0.17 111 17 204 8 0.98
FMS 1 FMS 2
Strike (°) Dip (°) Rake (°) Strike (°) Dip (°) Rake (°)
120 61 −62 249 67 −173

Table 6
Source parameters by use of the Coulomb v3.3 software (Toda et al., 2011).

Mw Fault length/width (km) Fault Top/ Bottom (km) Depth (km) Source Poisson Ratio E (bars) μ

Strike (°) Dip (°) Rake (°)

6.3 18.75/11.8 9/17 13 122 40 −83 0.25 8E+05 0.4
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for two stress states determined in the epicentral area by the previously
described focal mechanisms inversion (Table 5).

Fig. 17 presents two models of Coulomb stress transfer calculated on
optimal receiver faults based on: (a) an extensional stress regime
(model A in panel a) and (b) a strike-slip regime (model B in panel b). It
is evident that the 2017 mainshock imposed a lobe of positive static
stress at both edges of the causative fault. The on-fault aftershocks are
located inside an area of negative stress changes, given that a uniform
slip rupture model was considered. The majority of aftershocks is in-
cluded in the positive lobes (red colors in Fig. 17) at the tips of the fault
plane. In this regard, both models, presented in Fig. 17, explain the
evolution of the aftershock sequence. However, high stress, predicted
by model B (optimal receiver faults based on a strike-slip regime) to
have been transferred to the east of the causative fault, better explains
the occurrence of the largest Mw=5.2 aftershock on 17.6.2017 for
which a strike-slip focal mechanism has been determined (Fig. 8).

8. Discussion—conclusions

On 12 June 2017 (12:28 GMT) a destructive earthquake occurred
offshore, approximately 15 km south of the SE coast of Lesvos Island,
NE of Chios, causing one fatality, 15 injuries and severe structural da-
mage, mainly in Vrissa village. This event was one of the largest that
have occurred in the vicinity of Lesvos Island since the antiquity, as
well as during the 20th century.

In this paper, in an attempt to highlight: (a) the nature and dy-
namics of the earthquake sequence, (b) the driving forces that acted
during its evolution and (c) potential consequences of its occurrence on
the regional hazard, we present the results of detailed analyses invol-
ving assessment of the earthquake effects on the natural and built en-
vironment, manual location and relocation of the aftershock sequence,
computation of the moment tensors of the largest events, the study of
the spatiotemporal distribution of aftershocks, stress inversion and
Coulomb stress transfer computations.

Manual data analysis, based on a comprehensive dataset of earth-
quake waveform recordings regarding the period from 12 to 30 June
2017, led to the location of 915 events, while the application of the

HypoDD algorithm (Waldhauser, 2001) resulted in 718 relocated events
with reduced errors. The horizontal spatial distribution of the after-
shocks reveals concentration offshore, south of the SE coasts of Lesvos
Island. The epicenters are aligned along an approximate NW-SE direc-
tion. Regional moment tensor inversion of the major events of the se-
quence mainly indicate predominant normal faulting, defining an off-
shore NW-SE oriented and SW dipping plane, related to the Lesvos
Basin, where the major part of the aftershocks was concentrated.

The available dataset, even though optimum, did not allow precise
determination of the depth distribution of the sequence due to large
distances between the epicentral area and the existing recording sta-
tions. Given the high seismic hazard of the region, for which identifi-
cation and detailed investigation of the major offshore seismogenic
features is required.

The spatiotemporal analysis revealed a 20 km fault length that was
coseismically activated with the occurrence of the 12 June
2017Mw=6.3 main event. Seismic activity gradually migrated NW of
the mainshock and then SE, at a rate that is consistent with stress-re-
lated aftershock generation (Fig. 10). A strong subsequence was gen-
erated by the largest aftershock (Mw=5.2) of 17 June, at a cluster in
the easternmost portion of the spatial distribution (Fig. 10). Thereafter,
towards the end of the study period, the activity slowly decreased.

Inversion of 82 focal mechanisms yielded prevalent NE-SW exten-
sion, in good agreement with regional kinematics deduced from geo-
desy (e.g. Kreemer et al., 2014). A complex stress field is inferred south
of Lesvos, capable of producing∼E-W normal and strike-slip faulting. A
similar pattern, i.e. coexisting normal and strike-slip faulting is inferred
in the north Aegean region from earthquake focal mechanisms (e.g.
Ekström and England, 1989; Kiratzi and Louvari, 2003; Kiratzi, 2002,
2014; Kassaras and Kapetanidis, 2017), as well as from kinematic
analysis of faults (Aktar et al., 2007) and has been attributed to pull-
apart basins at the tips of conjugate strike-slip faults (e.g. Ganas et al.,
2005).

Static stress transfer was computed for a uniform slip source model
on optimum receiver faults according to the derived local stress field.
The distribution of positive stress lobes of both stress states explains
well the aftershocks to the western part of the area, whereas the strike-

Fig. 17. Coulomb stress change from the Mw=6.3 Lesvos earthquake calculated at 13 km depth on optimally oriented planes according to the regional stress states A (panel a) and B
(panel B), respectively (see Table 5). Palette of stress values is in the range −1 to +1 bar and contours are per 0.1 bar. Blue and red colors indicate stress unloading and loading,
respectively. Black dots denote relocated aftershocks. White rectangle is the surface projection of the ruptured plane. On-fault beachballs indicate the mainshock and the largest
aftershock. The beach-balls at the top of both panels represent Andersonian faulting due to stress states A and B (Table 5). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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slip kinematics better explains the largest aftershock of Mw=5.2 lo-
cated east of the mainshock (Fig. 17). Interestingly, the western positive
lobe covers well the south-westernmost cluster (group #6 in Fig. 7b)
that was activated on 14th of June, about two days after the occurrence
of the mainshock, implying triggering due to static stress load.

Static stress transfer employing all major events in the North Aegean
during the post-1943 period on optimal planes to regional compression
does not clearly relate to the current crisis, since positive stresses were
found only marginally to the activated area. Similarly, Leptokaropoulos
et al. (2014) found low static stress changes due to the 6 November
1992 (Mw=6.0) earthquake, that occurred south of Lesvos, producing
low positive stresses at the June 2017 epicentral area that possibly did
not strongly affect the occurrence of the mainshock. On the other hand,
Nalbant et al. (1998) suggest that large historical earthquakes in the
area are likely related to stressing the area of south Lesvos.

In conclusion, the 12 June 2017 earthquake, with seismic moment
M0=3.5 1025 dyn cm, ruptured an offshore NW-SE trending normal
fault (φ=122°, δ=40° and λ=−83°) with a length of approximately
20 km. The mainshock has similar characteristics with the historical
earthquake that occurred in 1845. The distribution of the earthquake
effects in Vrissa is related mainly to strong site-effects that demand
extensive investigation before reconstruction begins, but also possibly
to directivity effects of the main rupture. The aftershock sequence is

well explained by static stress load by the mainshock that triggered
seismicity to the western edge of the epicentral area. Specifically, apart
from the existence of seismicity along the main fault, at the western
edge the activity appears prolongated to the SW that could be related to
a NE-SW oriented offshore structure. The latter has a similar orientation
with the APF which likely produced the 1867 earthquake onshore
Lesvos. Nevertheless, further investigation is needed to examine a
possible relation between these structures, fact that could be proven of
significant importance for seismic hazard assessment of the region. The
mainshock has also loaded with stress the eastern part, close to the
Turkish coast where major structures related to past strong earthquakes
occur.

Acknowledgements

We would like to thank the scientists and personnel who partici-
pated in the installation or maintenance of the permanent and tem-
porary stations belonging to the HUSN network. We are grateful to the
Observatories and Research Facilities for European Seismology
(ORFEUS) and EIDA for the infrastructure that made possible the re-
trieval of waveform data in almost real time, as well as to the staff of
KOERI for installing and maintaining the KO network.

Appendix A

Table A1
Earthquakes with M≥ 6.0 until 2016 in the broader study area. Parameters for the historical era (until 1900) are from Papazachos and Papazachou (2003), Taxeidis (2003), Kouskouna
and Sakkas (2013) and Stucchi et al. (2013). For the instrumental era, Imax and description/damage are from Papazachos and Papazachou (2003) and all other parameters from
Makropoulos et al. (2012).

Yr Mo Dy Lat(°N) Lon(°E) M/Ms Imax (Locality) Description/Damage

−496 0 0 38.40 26.20 6.0 VIII (Chios) Collapse of a school’s roof. At least 119 casualties.
−231 0 0 39.20 26.30 6.8 X (Lesvos) Destruction and partial submersion underwater of the ancient city of Pyrrha.
1383 8 6 39.30 26.40 6.8 IX (Mytilene) Major damage throughout Lesvos island, with 500 casualties.
1389 3 20 38.70 26.20 6.7 VIII (Chios) Severe damage throughout the island of Chios. Felt in nearby islands and the coast of Asia Minor, causing

significant damage.
1636 2 27 39.20 26.20 6.2 VII (Lesvos) Several buildings were destroyed.
1674 1 23 38.70 26.30 6.2 VII (Chios) Minor damage to buildings. Felt in Asia Minor.
1772 11 24 38.60 26.70 6.4 VIII (Foça) Severe damage in the city of Foça. Building collapses in Lesvos. Felt in Chios.
1778 7 3 38.40 26.80 6.4 IX (İzmir) Severe damage and major collapses in İzmir due to the mainshock. City walls collapsed due to an equally

violent aftershock. Damage was observed in other areas to the west. Over 200 casualties.
1845 10 11 39.10 26.30 6.7 VIII-IX (Lisvori, Lesvos) Extreme damage to the building stock of the island, with multiple building collapses. In Lisvori, only 2

houses were left standing, out of 70 or 80. Several slope failures led to additional damage to housing.
One casualty and 60 houses destroyed in Vrissa

1863 8 16 38.30 26.10 6.2 VIII (Chios) Extended damage in Chios and adjacent areas.
1865 7 23 39.40 26.30 6.6 IX (Lesvos) Most of the housing in Molyvos village was destroyed. Several damages to nearby villages, with 100

building collapses.
1867 3 7 39.20 26.25 7.0 X (Kloumidados, Lesvos) A total of 4746 buildings collapsed and 5529 were damaged in the broader area of Mytilene, with 550

casualties. Out of the 70 villages of the island, only 5 or 6 were not damaged Considerable damage in
Asia Minor.

1883 10 15 38.40 26.60 6.8 IX (Çeşme) A total of 3600 building collapses and 120 casualties were observed in Çeşme. Building collapses were
also observed in İzmir. The earthquake was felt as far as Athens.

1889 10 25 39.20 25.90 6.8 IX (Lesvos) Extreme damages in 1800 houses and 36 casualties. Strong shaking was felt in nearby areas, up to
Istanbul.

1890 5 26 38.50 25.50 6.2 VII (Psara) One building collapse and slight damage. Felt in Chios.
1919 11 18 39.41 26.09 7.0 IX (W Turkey) Destruction of villages in epicentral distances up to 50 km. Severe damage in Mytilene and minor in

İzmir and Chios.
1939 9 22 38.78 26.73 7.0 VIII (W Turkey) Severe damage in areas near the epicenter.
1944 10 6 39.46 26.43 7.0 IX (NW Turkey) Severe damage in areas as far as Lesvos.
1949 7 23 38.71 26.27 7.0 IX (Chios) In Chios, 534 houses collapsed, 2526 showcased major damage and 2985 minor, while 3 casualties were

reported. Damage from Psara (to the west) to Foça (to the east).
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