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Abstract We relocated the seismicity in SE Aegean
that was recorded by both permanent and temporary
seismic networks during 2004–2018 in order to investi-
gate its correlation with the active faults in this area. P
and S-phase travel times of best quality events were
used to estimate a minimum 1D velocity model with
station delays by utilizing VELEST. This velocity mod-
el and station delays were then used to obtain absolute
locations of 3055 events, utilizing the probabilistic non-
linear algorithm NLLOC. The double-difference algo-
rithm was used along with catalog and cross-correlation
differential times to relocate all the events, resulting in
2200 precise relative locations with horizontal and ver-
tical uncertainties of less than 1.0 km. The precise

locations delineated faults along the Gulf of Gökova,
SW of Nisyros, and Karpathos area. Based on the com-
parison of the resulting seismicity distribution with the
regional stress field, it can be concluded that seismicity
only occurred along faults with ENE-WSW strike in the
area north of Tilos and N-S strike in the area south of
Tilos. Seismogenic layer thickness estimated from the
hypocentral depth distribution was found to vary be-
tween 12.1 and 15.4 km. Expected moment magnitudes
of faults in this area were calculated by using their
geometrical properties and the seismogenic layer thick-
ness, yielding magnitudes in the range of 5.9–6.9. The
fact that most of the seismically active faults in SE
Aegean lie offshore increases the probability that a
major earthquake will be followed by a tsunami and
calls for the close monitoring of seismicity in this area.

Keywords Aegean . Greece . Seismotectonics . Crustal
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1 Introduction

The Aegean region exhibits significant tectonic activity
as a result of several geodynamic processes. One of
these processes is the subduction of the African litho-
spheric plate beneath the Aegean at the rate of about 0.9
cm/year (Reilinger et al. 2006; McClusky et al. 2000),
forming the Hellenic subduction zone (Fig. 1). The
African plate is subducting beneath the Aegean with
an increasing degree of obliquity from the western to
the eastern part with a maximum value of 40° to 50°
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(Bohnhoff et al. 2005). The Aegean microplate is
dragged in a southwestward direction at a rate of 3.5
cm/year due to the slab rollback of the African plate
(Hollenstein et al. 2008; Nyst and Thatcher 2004;
Reilinger et al. 2006; Rontogianni 2010). The SE Ae-
gean in particular experiences significant extensional
deformation (Rontogianni 2010) characterized by
ENE-WSW trending normal faulting along the Gulf of
Gökova (Kurt et al. 1999) as well as N-S normal faulting
to the north of Karpathos island. However, there is no
significant extensional deformation observed in the area
around Rhodes island (Hall et al. 2009). The dominance
of extensional regime in SE Aegean is also supported by
GPS observations showing an increase in the velocity
field towards the Pliny-Strabo trenches, relative to cen-
tral Aegean and Peloponnese (Reilinger et al. 2010).
Aside from that, the SE Aegean also hosts the active
Nisyros caldera that produced several eruptions in the
past and during 1995-1997 it also experienced a period
of unrest.

From the point of view of historical seismicity, the
SEAegean region has a rich record of large earthquakes.
Based on the ISC-GEM catalog (Storchak et al. 2013)
and the catalog of the National Observatory of Athens
(NOA), as many as 15 earthquakes with moment mag-
nitude varying between 5.5 and 7.3 have been recorded
from the year 1911 up until 2017 (Table 1). Among
these earthquakes, there were 3 events with moment
magnitude of 6.4 or larger (Fig. 1). The first of these
events is the Kos earthquake that occurred on 23 April
1933 with a moment magnitude of 6.4. This earthquake
was felt in the islands of Kos and Nisyros, as well as in
broad areas along the Turkish coast. Other than causing
a tsunami that affected Kos island, this earthquake also
caused the death of 200 people with 600 others injured
(Papazachos and Papazachou 2003). The second large
earthquake occurred on 9 February 1948 to the east of
Karpathos with moment magnitude of 7.3 (Ebelling
et al. 2012). This earthquake destroyed 573 houses and
excited a tsunami that inundated the coast up to 1 km
(Papazachos and Papazachou 2003). The latest destruc-
tive earthquake in the SE Aegean occurred on 20 Ju-
ly 2017 with magnitude of 6.6 and was located in
Gökova graben between the city of Bodrum and the
island of Kos. Hence, this event will be referred to as
the Bodrum-Kos earthquake hereafter. The rupture zone
of this earthquake could not be observed directly since it
was located offshore. Besides from generating a small
tsunami and causing heavy damages in Bodrum

peninsula and on Kara Ada island, the Bodrum-Kos
earthquake also caused the death of 2 people in Kos
island. Based on these observations, it can be easily
understood that SE Aegean is an area significantly ex-
posed to both seismic and tsunami hazards.

The main purpose of this work is to relocate the
shallow crustal seismicity in SE Aegean in order to
investigate the geometry and segmentation characteris-
tics of active faults in this area. The resulting informa-
tion will later be used to determine the seismogenic
layer thickness and assess the potential seismic hazard.
First, a minimum 1D velocitymodel was estimated from
the well-recorded earthquakes and was then utilized to
obtain absolute earthquake locations. The resulting ab-
solute locations were then compared to routine locations
provided by NOA to assess their differences. Subse-
quently, precise relative relocation was performed and
the resulting seismicity distribution was analyzed in the
interest of delineating active faults in the area, and for
the purpose of examining the correlation of the resulting
seismicity distributionwith the prevailing regional stress
field. Finally, we combined historical seismicity infor-
mation with the delineated faults to study several
seismogenic sources in the area in terms of their poten-
tial to generate strong earthquakes in the future.

2 Data

The data that we used was recorded by permanent and
temporary networks deployed in the southern Aegean
and SW Turkey. These networks are Hellenic Seismic
Network (HL) (National Observatory of Athens,
Institute of Geodynamics, Athens 1997), the Hellenic
Unified Seismic Network (HUSN), KOERI seismic net-
work (Boğaziçi University Kandilli Observatory and
Earthquake Research Institute 2001), and the
EGELADOS (Exploring the Geodynamics of
Subducted Lithosphere Using an Amphibian Deploy-
ment of Seismographs) network (Friederich and Meier
2005). HL consisted of only 26 seismic stations which
were equipped with 20–120 s three-component broad-
band seismometers. This seismic network was merged
with other permanent seismic networks in Greece to
form HUSN in 2008. From August 2004 to January
2005, a series of events originated in the Gulf of Gökova
were recorded by HL and stations that belonged to
KOERI. As many as 41 crustal events from the men-
tioned period with moment magnitude between 4.0 and
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5.5 were used in this study. We also included 30 other
events recorded by KOERI and HL/HUSN for the peri-
od ofMarch 2006 to November 2010. These events also
occurred in the Gulf of Gökova with magnitudes rang-
ing from 3.3 to 4.8. The inclusion of these events in our
analysis was based on the fact that they occurred in the
central and eastern part of the gulf where fewer events
were recorded in the following years. We obtained the
waveforms of all these events and manually picked their
phases. In October 2005 to March 2007, the
EGELADOS network was deployed in the southern
Aegean. This network extended from Peloponnese to
SW Turkey and consisted of 56 stations equipped with
broadband three-components sensors (45 Güralp 60-s

seismometers, 4 STS-2 seismometers, and also 7 1-Hz
Mark seismometers). The EGELADOS network also
included permanent stations of the GeoForschungsNetz
(GEOFON) network equipped with short period three-
component seismometers and 1 Mediterranean Very
Broadband Seismographic Network (MedNet) station.
As many as 740 crustal events that occurred in our study
area were recorded by this network during its functional
period and their phases were also manually picked. The
strongest earthquakes that were recorded by
EGELADOS network in our study area have magni-
tudes of 4.0–4.4. A large portion of our data consists of
crustal earthquakes recorded by HUSN. Established in
2008, this seismic network consists of 153 stations

Fig. 1 Map of south Aegean with the study area highlighted in the
dashed square. Solid orange lines represent active faults contained
in the GReDaSS database (Caputo and Pavlides 2013). The ma-
genta lines show isodepth curves of earthquake hypocenters that
occurred along the Wadati-Benioff zone (Papazachos et al. 2000).
The thick black arrows represent the present-day plate motions.
The yellow stars indicate the locations of active volcanic centers.

Inset map in the bottom right corner shows a detailed map of the
study area. GG and HP in inset map represent the Gulf of Gökova
and Hisarönü Peninsula, respectively. Red stars in inset map
indicate the location of 3 earthquakes with moment magnitude
6.4 or larger that occurred in SE Aegean within the period of
1911–2017
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equipped with 30–120-s three-component broadband
seismometers with various types of sensors, such as
CMG-3ESPC, CMG-3T, CMG-40T, STS-1, STS-2,
Le-3D, KS2000M, and TRILLIUM 120p. All events
recorded by HUSN are relayed to NOA in order to be
processed further. The basic processing includes phase
picking and earthquake location, as well as moment
tensor determination using waveform inversion. The P
and S-phase arrivals of these events are picked by NOA
staff and a weight factor is also assigned to every phase
pick. Most of the P-phase picks are assigned 0-1 weight
factor indicating best quality picks, whereas most of the
S-phase picks are assigned 2-3 weight factor. As many
as 2244 crustal earthquakes were recorded by this seis-
mic network from January 2011 to June 2018. Except
from the Bodrum-Kos earthquake, all other events have
local magnitudes between 1.2 and 5.1 as determined by
NOA. In order to ensure the accuracy of the picks,
manual phase repicking has been done whenever
necessary.

3 Estimation of minimum 1D model

In order to obtain precise locations for all of our events,
we derived a minimum 1D velocity model for our study
area. Theminimum 1D velocitymodel was estimated by

inverting P and S-wave travel times together with the
hypocentral locations and station delays by using
VELEST (Kissling et al. 1994). The algorithmVELEST
estimates the most appropriate solution for the coupled
hypocenter-velocity problem for any given set of earth-
quakes, resulting in a minimum 1D velocity model with
station delays. The events that are used to derive a
minimum 1D model must provide good coverage of
the study area and must conform to these criteria: (a)
the number of observed phase picks should be more
than 8 with at least 4 S-phase picks, (b) the RMS
residual should be less than 0.5 s, and (c) the azimuthal
gap should be less than 180°. Seismic stations used for
the inversion are the ones located 200 km or less from
the center of our study area, consisting of 25 stations of
HUSN and 16 stations of EGELADOS Network. This
selection yielded 298 events recorded by EGELADOS
network and 92 events recorded by HUSN with a total
number of 4561 P-phase and 2586 S-phase readings.
The number of P and S-phases of each station can be
found in Table S1 in Online Resource. The reference
station chosen is TILO (36.4485° N and 25.3535° E)
which is installed on limestone. In the later analysis, the
knowledge of near-surface geology of the reference
station can be used to qualitatively interpret geological
structure beneath the other stations. The P-wave delay of
the reference station will be fixed to zero during the

Table 1 Source parameters of earthquakes with moment magni-
tude of 5.5 or larger that occurred in SEAegean from the year 1911
until 2017. OT is the origin time of each earthquake in UTC. The

letter Bf^ next to the value of the hypocentral depth indicates that
the hypocenter was fixed. ΔM is the uncertainty of the moment
magnitude for each earthquake

Date OT Lat Lon H (km) Mw ΔM Reference

1911-04-30 20:42:27.89 36.80 27.68 15f 5.6 0.20 ISC-GEM

1918-07-16 20:03:39.05 36.59 27.04 15f 5.9 0.42 ISC-GEM

1921-01-27 11:30:24.85 36.85 27.99 15f 5.5 0.20 ISC-GEM

1933-04-23 05:57:34.97 36.76 27.30 15f 6.4 0.32 ISC-GEM

1941-12-13 06:16:02.95 36.81 27.95 15f 6.0 0.20 ISC-GEM

1942-02-02 17:05:30.17 36.29 28.10 15f 5.7 0.22 ISC-GEM

1942-06-21 04:38:33.74 36.03 26.97 15f 5.5 0.20 ISC-GEM

1943-10-16 13:08:46.77 35.99 27.73 15f 5.7 0.43 ISC-GEM

1944-01-05 07:44:06.59 36.27 27.80 15f 5.7 0.20 ISC-GEM

1948-02-09 12:58:18.43 35.64 27.16 15f 7.3 0.20 ISC-GEM

1948-02-12 22:27:15.13 35.85 27.43 15f 5.6 0.22 ISC-GEM

1948-10-18 08:59:57.41 35.61 27.30 15f 5.7 0.20 ISC-GEM

1952-10-22 04:14:56.00 36.39 27.77 15f 5.5 0.20 ISC-GEM

1968-12-05 07:52:11.58 36.48 26.99 20 6.1 0.30 ISC-GEM

2017-07-20 22:31:11.71 36.96 27.43 6 6.6 - NOA
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inversion. Hence, the resulting station delays indicate
whether the geological structure beneath a particular
station consists of harder or softer rocks relative to the
structure of the reference station. The layers used for the
initial model were set to be 2 km thick from the surface
down to the depth of 30 km and layer thickness of 5 km
was used for the depth below 30 km.

In a coupled hypocenter-velocity problem, several
local RMS misfit minima may occur. To make sure that
we have obtained a velocity model that is associated
with a robust minimum, probing a larger solution space
is required. In order to do this, we performed multiple
VELEST runs with various models as suggested by
Kissling et al. (1994). We used a P-velocity model
proposed by Papazachos et al. (2000) as the initial
model. Then, we created as many as 80 new initial
models for P-velocity by shifting the initial model by
as much as ± 5%, ± 10%, and ± 15% of its original
values. Random numbers between − 1.0 and 1.0 were
then added to the velocity of each layer of these shifted
initial models. Figure 2 shows all the initial P-velocity
models as well as the resulting models together with
their RMS misfits. The final P-velocity model was ob-
tained by averaging 5 resulting models with the lowest
RMS misfits (0.299–0.306 s). Another VELEST run
was then performed to invert for S-velocity by fixing
the final P-velocity model. In the S-velocity estimation,
the occurrence of any low-velocity layers was not
allowed as this would introduce more nonlinearity to
the inversion problem.

Based on the estimated P and S-velocity model, the
Vp/Vs value as a function of depth can also be calculat-
ed (Fig. 3). While the P and S-velocities are increasing
slowly from the depth of 4 down to 18 km, the Vp/Vs
ratio stabilizes around the value of 1.73 in this depth
range only to greatly fluctuate at 20–30 km. Our new P-
velocity model agrees quite well with the P-velocity
model of Brüstle (2012), with noticeable differences at
depths of 20 km and ~ 30 km. Our P-velocity model is
faster by 6.8% and 18% at depths of ~ 20 km and ~ 30
km, respectively. Other than that, the differences be-
tween both P-velocity models in the other layers are in
the order of 0.1–5.2%. We also compared the newly
estimated S-velocity model to the S-velocity model
derived from Rayleigh wave dispersion by Karagianni
et al. (2005). The major difference between the two
models can be found at depths 10–16 km where the
model of Karagianni et al. (2005) indicates the existence
of a low-velocity layer. Besides this, there are also more

than 20% differences in velocity values at depths less
than 4 km and deeper than 30 km. At the shallow depths,
the layers are subvertically penetrated by the seismic
rays. On the other hand, smaller number of seismic rays
penetrated the layers at depths greater than 30 km (Fig.
3). Thus, our newly estimated minimum 1D model is
not well constrained at depths of less than 4 km and also
deeper than 30 km.

It should be noted that the inclusion of all the seismic
stations (at distances more than 200 km) in the velocity
inversion will result in a similar 1D velocity model since
the majority of the selected events are of small magni-
tude and are less likely to be recorded by seismic sta-
tions located more than 200 km away. The comparison
of minimum 1D velocity model estimated by using all
the available stations in southern Aegean and stations
located 200 km or less from the center of our study area
is shown in Fig. S1 in Online Resource. The similarity
of these models, however, does not extend deeper than
22-km depth. The absence of deep propagating seismic
rays which were recorded by stations located more than
200 km away may be causing the differences in the
resulting P and S-velocities for layers deeper than 22
km.

One way to assess the robustness of the resulting
minimum 1D model is by using a perturbation test for
the initial hypocentral locations. This test is performed
by shifting the initial locations randomly by 5 km and
then using this as an input for a single VELEST run
together with the obtained minimum 1D model. If both
station delays and the minimum 1D model denote a
robust minimum, the resulting locations will be having
small difference compared to the initial ones. From this
test, we find that the average location shift for longitude,
latitude, and depth are 0.13 km (± 0.40 km), − 0.02 km
(± 0.30 km), and 1.47 km (± 1.31 km), respectively (Fig.
S2 in Online Resource). Another way to assess the
robustness of a minimum 1D velocity model is by
matching the resulting values of station delay with the
geological structure beneath every station. Stations with
negative station delay values should lie on local high-
velocity rocks with respect to the reference station. On
the contrary, stations with positive station delay values
should lie on low-velocity materials (softer rocks). In
order to make the assessment process easier, the stations
are divided into three categories based on the near-
surface geology. These three categories are hard rocks,
soft rocks, and alluvium. The hard rocks category in-
cludes granite, lavas, limestone, marble, and gneiss,
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whereas soft rocks category consists of sedimentary
deposits and tuffs. The stations located in the Cyclades
have mostly negative station delays for both P and S-
wave arrivals, while the ones located in SE Aegean and
eastern Crete have zero to positive station delays. This
result is consistent with the geological setting of Cycla-
des which predominantly consists of metamorphic
rocks, while most of the stations in SE Aegean are
situated on top of alluvium deposits and soft rocks
(tuffs). A map of the station delays with matched near-
surface geological structure for each station is shown in
Fig. S3 in Online Resource.

4 Absolute locations

In this study, we used the NLLOC package (Lomax
et al. 2000) along with the new minimum 1D velocity
model and its station delays to obtain absolute locations

for all the events in SE Aegean. NLLOC estimates
absolute earthquake locations by utilizing the probabi-
listic formulation proposed by Tarantola and Valette
(1982). Based on this formulation, the most probable
location of an earthquake can be estimated from a set of
points of the posterior Probability Density Function
(PDF). The optimal hypocenter location is then
approached by finding the maximum likelihood point
of the PDF through the Oct-tree search algorithm
(Lomax and Curtis 2001). In this study, we also utilized
the Equal Differential-Time (EDT) likelihood function
(Font et al. 2004) which is generated from the differ-
ences of residuals of an event recorded at a pair of
stations. The usage of PDF complemented with EDT
likelihood function will result in a robust location even
in the presence of large outliers in the observed travel
times.

Prior to locating all the earthquakes, a 3D grid must
be constructed that is encompassing the study area as

Fig. 2 The 80 initial P-wave ve-
locity models versus depth and
the final P-wave velocity models
derived using VELEST. The gray
lines represent randomized initial
P-velocity models. Colored lines
represent final P-velocity models
as a function of RMS misfit based
on the color scale at the right. The
blue line represents the stable P-
velocity model calculated by av-
eraging 5 final P-velocity models
with lowest RMS misfit
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well as all of the stations. The chosen 3D grid for this
study is 1900 × 900 × 80 cells with 1 × 1 × 1-km node
spacing. This 3D grid was then used to calculate theo-
retical travel times for every station. This calculation
was carried out by using the finite differences algorithm
of Podvin and Lecomte (1991). The covariance matrix
was utilized to calculate the horizontal (ERH) and ver-
tical uncertainties (ERV) for the resulting absolute loca-
tions (Maleki et al. 2013). Both ERH and ERV values
depend on the shape of the PDF and will become large if
the PDF deviates from ellipsoidal shape. Figure 4 shows
the absolute locations obtained using NLLOC as a func-
tion of depth, ERH, and ERV.

Prominent seismicity can be seen along the Gulf of
Gökova, with earthquakes concentrated in the western part
of the gulf. This concentrated cluster of earthquakes was
mainly caused by the mainshock of the Bodrum-Kos
earthquake and its aftershocks. Several events were also
located in the eastern part of the gulf which correspond to
the earthquakes that occurred fromAugust 2004 to January
2005. Smaller clusters of earthquakes can also be found in
the Hisarönü Peninsula and SWof Nisyros. In the southern
part of our study area, earthquakes can be found in the east
and west of Karpathos island with most events

concentrated to the north of the island. On the other hand,
the islands of Tilos and Rhodes are almost free of
seismicity.

The overall absolute earthquake locations in the study
area yielded average RMS residual of 0.35 s (± 0.63 s).
The average ERH and ERV values are 5.06 km (± 4.20
km) and 5.67 km (± 5.04 km), respectively. Based on the
distribution of ERH and ERV values (Fig. 4), the events
with smaller uncertainties are the ones that were located in
the Gulf of Gökova, around Nisyros area, to the west of
Rhodes, and to the north of Karpathos. The uncertainties of
the events located in the southern part of the study area are
generally larger. This might be caused by the smaller
number of seismic stations located in the southern part of
the area compared to the northern part.

Since NOA also provides routine locations for earth-
quakes in the Aegean, a comparison between probabilistic
nonlinear locations and NOA routine locations can be
performed. The locations used for this comparison are
the absolute locations of events recorded by HUSN ex-
cluding the absolute locations of events recorded by HL,
KOERI, and EGELADOS network. The quantities we
chose for this comparison were RMS residuals and the
hypocentral depths. RMS residual indicates the quality of

Fig. 3 Final 1D velocity model along with the corresponding Vp/
Vs ratio and percentage of rays passing through every layer. The
solid black lines in the left panel are the P and S-velocity, while the
dashed red and blue lines are the S-velocity model of Karagianni

et al. (2005) and the P-velocity model of Brüstle (2012), respec-
tively. The green line in the middle panel indicates the Vp/Vs ratio
of 1.73 which is expected for a Poisson solid

J Seismol



the resulting absolute locations and the suitability of the
velocitymodel used for the location.On the other hand, the
hypocentral depth is the most difficult parameter to con-
strain in the earthquake location problem. Figure 5 shows
the comparison between the RMS residuals and hypocen-
tral depths of NOA routine locations and NLLOC loca-
tions. The RMS residuals of NOA locations range from
0.01 to 0.98 s with average value of 0.37 s (± 0.13 s), while
the RMS residuals of events recorded by HUSN and
relocated by using NLLOC is 0.39 s (± 0.71 s). Even
though the average RMS residuals of the NOA routine
locations show smaller values compared to the NLLOC
locations, the hypocentral depths are significantly different.
The average hypocentral difference between NOA and
NLLOC locations is 11.64 km (± 8.31 km), while the
average epicentral difference is much smaller (0.72 ±
1.53 km). The hypocentral depths of absolute locations
obtained by NLLOC lie mostly above 16 km. This result
agrees well with the Moho in this area which lies between
20 and 26 km (Karagianni et al. 2005; Sodoudi et al. 2006;
van der Meijde et al. 2003; Tirel et al. 2004). On the
contrary, the hypocentral depths of NOA routine locations
are concentrated around 10–16 km and 24–30 km with
several events deeper than 30 km. This bimodal distribu-
tion of NOA hypocentral depths has been also observed
along the North Aegean Trough (Konstantinou 2017) and
in NEAegean (Konstantinou 2018). According to synthet-
ic tests done by Konstantinou (2017), NOA uses a rela-
tively simple velocity model which only consists of two
layers over a half-space and this may be causing shallow
events to be located 7–10 km deeper than their true loca-
tions. While this partly explains the occurrence of events
slightly below the Moho in NOA locations, it cannot
explain the occurrence of events deeper than 26 km.

5 Relative locations

5.1 Method

The double-difference algorithm, or HYPODD, of
Waldhauser and Ellsworth (2000) can be used to en-
hance the obtained locations from the previous section.

Fig. 4 Results of absolute relocation for all the events in the study
area. Green star represents the location of the recent large earth-
quake on 20 July 2017 and the gray stars represent earthquakes
with moment magnitude 5.0 or larger. The absolute locations are
plotted as a function of (a) hypocentral depth, (b) horizontal
uncertainty or ERH, and (c) vertical uncertainty or ERV

R

J Seismol



The basic concept of this algorithm is to adjust the
discrepancy of hypocentral distance between two earth-
quakes as long as its value is smaller compared to the
distance of both earthquakes to a common station. This
algorithm makes use of catalog travel time differences
or both catalog and waveform cross-correlation differ-
ential times. Catalog travel time differences can be
obtained by constructing a network of links between
events so that a chain of well-connected events from
one event to any other event could be obtained
(Waldhauser 2001). The search radius was set to
15 km for stations 200 km away from earthquake
sources and each event was required to have 8 neigh-
boring events so that the resulting link is well connected.
These parameters yielded a total of 3055 events, with
the network of links consisting of 704,385 P-phase and
350,484 S-phase pairs. The calculation of differential
travel times resulted in an average number of 8 links per

event pair and average offset between linked events of
8.97 km. There were approximately 17% weakly linked
events and 2% outliers which indicates that the data
have relatively good quality. To increase the precision
of the relocation, catalog travel time differences were
used along with the cross-correlation differential times
of any event pairs with cross-correlation coefficient
higher than 0.7 (Fig. S4a in Online Resource). For the
waveform cross-correlation, we used a window length
of 2 s for the P-wave and 3 s for the S-wave, while we
first lowpass filtered the waveforms using a corner
frequency of 5 Hz. The waveform cross-correlation
was performed by using a modified version of the
multi-channel cross-correlation method of VanDecar
and Crosson (1990). The velocity model used in the
relative relocation is the P-velocity model from the
previous section along with Vp/Vs ratio of 1.72. This
Vp/Vs ratio was obtained by averaging all the Vp/Vs

Fig. 5 Histograms showing the comparison of RMS residual and
depth distribution of NOA and NLLOC locations (top panel) and
epicentral as well as hypocentral differences between NOA and
NLLOC locations (bottom panel). The blue and red bars in the top

panels represent NOA locations and NLLOC locations, respec-
tively. The numbers in the upper right corner of each histogram in
the bottom panel show the average value and standard deviation of
each distribution
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values obtained from the minimum 1Dmodel down to a
depth of 40 km (Fig. 3). We also utilized a Wadati
diagram in order to calculate the Vp/Vs ratio which
yielded again a value of 1.72 (Fig. S5 in Online
Resource).

Since we had to relocate a large number of earth-
quakes, the LSQR conjugate gradients method was
chosen as it is computationally more efficient. The
damping parameter was set to 80 as this value produced
condition numbers between 40 and 80 for the majority
of obtained event clusters as suggested by Waldhauser
(2001). The catalog data were given higher a priori
phase weightings in order to obtain the relative position
of all the events during the first five iterations; then, they
were down-weighted relative to the cross-correlation
data during the next five iterations to improve the loca-
tion of event pairs with small separation distances
(Waldhauser 2001). A total of 2200 events were suc-
cessfully relocated (~ 72%) with an average RMS resid-
ual of 0.26 s (± 0.32 s). This value is lower compared to
the average RMS residual for the absolute locations
obtained with NLLOC, which is 0.35 s. LSQR does
not produce accurate error estimates, therefore location
uncertainties are estimated by relocating smaller earth-
quake clusters using the Singular Value Decomposition
(SVD) method (Waldhauser 2001). Detailed informa-
tion for these clusters as well as the obtained uncer-
tainties is shown in Table 2. The largest value of hori-
zontal uncertainty is 0.56 km, while the largest value of
vertical uncertainty is 0.87 km. Table S2 in Online
Resource contains the catalog of the relocated events.

We also obtained precise relative locations by using
cross-correlation differential times utilizing waveforms
filtered between 1–10 Hz and 1–15 Hz. Filtering wave-
forms in this frequency range will result in smaller
number of event pairs with cross-correlation coefficient
of 0.7 or higher. This may be caused by strong wave

scattering effects of the short-wavelength component in
higher frequencies which reduces the similarities of
waveforms recorded by a particular station. The com-
parison of total number of event pairs obtained by cross-
correlating lowpass filtered waveforms of 5 Hz and
waveforms filtered between 1 and 10 Hz as well as 1–
15Hz are shown in Fig. S4 in Online Resource. Relative
relocations by using cross-correlation differential times
of waveforms filtered between 1–10 Hz and 1–15 Hz
also result in smaller number of relocated events (2158
and 2159, respectively) with higher average RMS resid-
uals (0.33 ± 0.36 s and 0.33 ± 0.37 s, respectively). The
relative locations obtained by using cross-correlation
differential times of waveforms filtered between 1–10
Hz and 1–15 Hz are shown in Fig. S6–S11 in Online
Resource. Therefore, the use of lowpass filtered wave-
forms with corner frequency of 5 Hz is considered to be
preferable. The relative locations we used for the subse-
quent analysis are the locations produced by using the
mentioned filter. The obtained relative locations were
subsequently plotted along with moment tensor solu-
tions provided by NOA (Konstantinou et al. 2010) and
RCMT (Pondrelli et al. 2002) as well as with the traces
of known active faults in the SEAegean contained in the
GReDaSS database (Caputo and Pavlides 2013). In the
next section, we present the most important features of
the relocated seismicity.

5.2 Results

The most clustered seismicity in SE Aegean can be seen
along the Gulf of Gökova (Fig. 6) and mainly concen-
trates in the northern part of the gulf. The most recent
large earthquake in this area is the Bodrum-Kos earth-
quake that occurred near the island of Kara Ada. The
mainshock was relocated at 36.9575°N and 27.4522°E
at a depth of 11.3 km. Most of the earthquakes prior to

Table 2 Results of smaller clusters relocated using the SVD
method to assess the relative relocation uncertainties. Neq is the
number of events in each cluster; cLat, cLong, and cH represent

centroid location of each cluster and depth, and ErrX ErrY ErrZ
represent mean uncertainties

ID Neq cLat cLong cH (km) ErrX (km) ErrY (km) ErrZ (km)

1 228 36.94 27.41 13.07 0.42 0.34 0.61

2 207 36.27 27.17 13.14 0.27 0.28 0.51

3 145 36.45 27.08 11.97 0.35 0.36 0.65

4 132 36.96 27.98 11.49 0.34 0.38 0.74

5 61 36.68 27.99 10.48 0.42 0.56 0.87
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the Bodrum-Kos earthquake were concentrated in the
north and far south of the mainshock. However, the
aftershocks of Bodrum-Kos earthquake mostly occurred
in the east and west of the mainshock (Fig. S12 in
Online Resource). The epicentral distribution of the
aftershocks formed an area that was almost free of any
seismicity to the south of Kara Ada as shown in Fig. 6.
This area is probably the asperity that ruptured during
the mainshock of the mentioned earthquake. The after-
shocks were mostly located shallower than 15 km as
shown in the cross-section A–A’ in Fig. 7. Even so, a
small number of aftershocks can be found at depths
deeper than 20 km. Cross-section A–A’ shows an area
almost free of seismicity located right above the
mainshock that extends from very shallow depth down
to about 11 km. This area indicates the most probable
location of the slip patch of the Bodrum-Kos earth-
quake. Recent studies that combined InSAR, geodetic,
and seismological data suggested that the slip patch of
the Bodrum-Kos earthquake extends from a very shal-
low depth down to 12 km (Tiryakioğlu et al. 2018;
Karasözen et al. 2018) which agrees well with our
results. Depth cross-section A–A’ also shows that the
earthquakes located in the eastern part of the gulf have

shallower hypocentral depths. This observation is in
agreement with the work of Tur et al. (2015) which
shows decreasing depth of tectonic subsidence in the
eastern part of the gulf.

The inversion of geodetic and InSAR data performed
by Karasözen et al. (2018) and Ganas et al. (2019)
showed that the fault that ruptured during the Bodrum-
Kos earthquake was most probably a north-dipping
normal fault. Our results in cross-sections A1–A1’ to
A10––A10’ (Fig. 7) show no clear dipping direction for
the mentioned fault. Even though the dipping direction
is inconclusive, the length of the fault can still be deter-
mined. Based on the distribution of the aftershocks
within the first week after the Bodrum-Kos earthquake,
the length of the ruptured fault is 31 km with about ~
20 km of it located to the east of the mainshock. From
the seismicity distribution in cross-section A–A’, the
estimated total length of the fault located in the western
to central part of the gulf is 50 km and some of it (~ 19
km), which we highlight as segment GF1, is still intact
after the mainshock. Field data of Karasözen et al.
(2018) suggested that there is also a separate fault seg-
ment located in the eastern part of the gulf, precisely
along its northern boundary (segment GF2). The

Fig. 6 Map showing relative locations of all the events that
occurred in the Gulf of Gökova. The solid yellow lines represent
active faults contained in the GReDaSS database (Caputo and
Pavlides 2013). The color of every circle represents a depth value
based on the scale at the lower right. Green star represents the
epicenter of the Bodrum-Kos earthquake, while the epicenters of

earthquakes with moment magnitude 5.0 or larger are shown as
gray stars. The green beach balls show focal mechanisms of
moderate and large earthquakes provided by NOA
(Konstantinou et al. 2010) and RCMT (Pondrelli et al. 2002).
The black lines represent the depth cross-sections
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existence of GF2 is indicated by clustered shallow
earthquakes in the eastern part of the gulf (Fig. 7). From
the hypocentral distribution of these earthquakes shown
in cross-sections A9–A9’ and A10–A10’, we cannot
infer whether GF2 is a north-dipping or south-dipping
fault. Nevertheless, we also estimated the length of GF2
by using the seismicity distribution, which yielded a
length of 20 km.

A smaller cluster of earthquakes can be observed
in the SW of Nisyros caldera also extending to the
west of Tilos island (Fig. 8). The relocated hypocen-
ters of these earthquakes are distributed from shallow
depth down to about 20 km. The local magnitudes of
the earthquakes in this cluster vary from 1.6 to 3.9 as
determined by NOA. It should be noted that this

cluster does not coincide with any of the active faults
contained in the GReDaSS database. It seems likely
that this cluster may have been caused by the reacti-
vation of an offshore fault, considering that swath
bathymetry SW of Nisyros indicates the existence of
extensive seafloor faulting (Piper and Perissoratis
2003). This argument is further strengthened by the
ISC-GEM location of 5 December 1968 earthquake
with moment magnitude 6.1 that is close to the loca-
tion of this cluster. Past earthquake activity that was
located near Nisyros occurred on its NW coast during
the 1995–1997 unrest (Sachpazi et al. 2002). Infla-
tion of a magma chamber at the mentioned location
was suggested as the most likely cause for the intense
seismicity during this period. Our relocation results

Fig. 7 Depth cross-sections corresponding to the profiles shown
in Fig. 6. Red circles represent hypocenters of the earthquakes that
occurred before the Bodrum-Kos earthquake, and blue circles
show the earthquake hypocenters of the aftershocks. Dashed el-
lipse in cross-section A–A’ denotes the most probable location of

the slip patch that ruptured during the Bodrum-Kos earthquake.
GF1 is the fault segment that did not rupture during the mainshock
of Bodrum-Kos earthquake and GF2 is another fault segment
observed in the field survey of Karasözen et al. (2018). All other
symbols are the same as in Fig. 6
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show no such cluster in this area during the different
periods covered by our study.

Two other earthquake clusters are located near
Karpathos island (Fig. 9). The first cluster is located to
the NW of Karpathos and coincides with a fault
contained in the GReDaSS database, namely the fault
KAF1. The earthquakes in this cluster have various
hypocentral depths from 10 to 25 km. The moment
tensor solutions indicate that the seismicity of this clus-
ter occurred as a result of normal faulting with a dipping
angle of 38–67°. The hypocentral distribution in cross-
section C2–C2’, however, shows that KAF1 is steep
with unclear dipping direction. The relocated seismicity
in this area appears to be distributed to the east of the
mentioned fault, suggesting that KAF1 may be dipping
to the east. The other earthquake cluster can be found

exactly to the north of Karpathos island. This cluster
occurred very close to a fault contained in the GReDaSS
database, referred to as KAF2. However, it is unlikely
that this mentioned earthquake cluster is related to this
fault. Tur et al. (2015) used seismic-reflection profiles,
GPS slip vectors, and available fault-plane solutions to
investigate the subsided bathymetry known as the
Gökova-Nisyros-Karpathos Graben that extends from
the Gulf of Gökova to the west of Karpathos. It is
possible that KAF2 is outlining the western boundary
of this graben and is dipping to the west, uplifting the
western coast of Karpathos as a result. The GReDaSS
database also specifies that this fault is steeply dipping
to the west with a dipping angle of 70–89°. There is no
significant seismicity along KAF2 during our period of
study, making it impossible to infer its dipping direction.

Fig. 8 Map showing the relative
locations for the area of Nisyros.
Dashed red lines outline the
dipping of the delineated fault
planes. All other symbols are the
same as in Fig. 6
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Fig. 9 Relative locations of earthquakes in the southern part of the
study area. The dashed black ellipse represents an unconstrained
earthquake cluster located in an area lacking station coverage.
KAF1 and KAF3 are the seismically active faults in this area,
while KAF2 is a fault contained in GReDaSS database that

exhibited no seismicity during our period of study. Dashed green
line in the cross-section C–C’ denotes the boundary of well-
constrained events and the diffuse locations in the south of
Karpathos. All other symbols are the same as in Fig. 6
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The hypocentral distribution in cross-sections C2–C2’
and C3–C3’ as well as the available moment tensor
solutions reveal that the earthquake cluster north of
Karpathos was generated by an east-dipping normal
fault with a dipping angle of 46–58° (KAF3). Based
on the epicentral distribution of the mentioned earth-
quake cluster, we inferred that KAF3 may be located 3–
5 km to the east of KAF2. Although it has been seismi-
cally active during the different periods of our study,
KAF3 is not contained in the GReDaSS database.

From the depth cross-section C–C’ of Fig. 9, we can
clearly see that some of the hypocentral depths of the
earthquakes that occurred in the northern part of this
area appear more clustered, while the rest of the events
in the southern part exhibit more diffuse distribution.
The boundary between these two groups of events is
also very distinguishable (the green line in cross-section
C–C’ of Fig. 9). This difference may be caused by the
lack of azimuthal coverage in this part of the SE Aegean
and due to large epicentral distances of up to 20 km or
more between these events and station KARP which is
the closest station in the area. A small earthquake clus-
ter, marked with a dashed ellipse in Fig. 9, can also be
seen about 40 km to the east of Karpathos. This cluster is
elongated in NW-SE direction and consists mostly of
earthquakes with hypocentral depths of less than 10 km.
It is important to note that there is no seismic station
located SE from this cluster, while the closest station is
KARP which is about 57 km to the west. In addition,
most faults along the plate boundary in this area have
NE-SW orientation, exactly perpendicular to the orien-
tation of the mentioned cluster (Özbakır et al. 2013).
The lack of constraint in the SE direction together with
the NE-SWorientation of the faults in the area strength-
en the possibility that the orientation of this cluster is
most likely an artifact and that the relative locations
obtained are not well constrained.

6 Delineated faults and expected earthquake
magnitudes

The relationship between seismicity and active faults in
SE Aegean can be examined by utilizing the precise
locations of all the earthquakes that occurred in our
study area. Fig. 10 shows all the active faults in the SE
Aegean included in the GReDaSS database (Caputo and
Pavlides 2013) as well as faults exhibiting seismicity
during our period of study. Location of moderate to

large earthquakes obtained from the ISC-GEM catalog
(Storchak et al. 2013) and their error ellipses are also
overlain in Fig. 10 as well as the epicenter of the 2017
Bodrum-Kos earthquake. Furthermore, the Figure also
shows σ3-axes orientation from the present-day stress
field of the Aegean that has been derived by
Konstantinou et al. (2016) along a grid with 0.35° node
spacing. The orientation of the σ3-axes in Fig. 10 shows
a counterclockwise rotation from NNW-SSE in the
north to almost E-W in the south of our study area and
with plunge angles varying between 0.04 and 7.03°
from north to south. As it can be seen in the figure, the
faults that were seismically active during the period of
our study are the ones whose strikes are almost perpen-
dicular to the σ3-axes orientation, which are the faults
with ENE-WSW strike in the area north of Tilos and N-
S strike in the area south of Tilos. On the other hand,
faults with a strike parallel to the orientation of σ3-axes
experience extension along strike, resulting in no seis-
micity. The dominant structures in SE Aegean range
from normal faulting in the Gulf of Gökova, Nisyros,
and the offshore area around Tilos, to oblique dip-slip in
the island of Karpathos to the south.

The distribution of hypocenters obtained from the
precise relative locations can be used to infer the thick-
ness of the seismogenic layer in our study area. Consid-
ering that the magnitude of an earthquake does not
depend only on the length of a ruptured fault but also
on its width, inferring the thickness of the seismogenic
layer becomes important. By using the value of
seismogenic layer thickness H, we will be able to esti-
mate the fault width asW = H/sinδ, where δ is the dip of
the fault. The ruptured area A is then obtained by mul-
tiplying the value of fault length L with the estimated
fault width W. Finally, we calculated the expected mo-
ment magnitudes along several faults by utilizing the
scaling relationships developed by Konstantinou (2014)
that state that the momentmagnitudeM of an earthquake
with rupture area A is

M ¼ logAþ 3:82; i f A ≤ 251 km2 ð1Þ

M ¼ 4

3
log Aþ 3:07; if A > 251 km2 ð2Þ

In this study, we calculated the fault length from the
extent of the seismicity. In order to determine the dip of
each fault, we matched the nodal planes of the available
moment tensor solutions with the obtained cross-
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Fig. 10 Map showing σ3-axes orientation across SE Aegean (red
solid lines) adopted from Konstantinou et al. (2016). The length of
each red solid line represents σ3 axes plunge shown on the scale at
the lower right. Solid orange lines show active faults from the
GReDaSS database (Caputo and Pavlides 2013). Solid green lines
represent faults with seismicity delineated in this study. Comb-like
lines show the direction of fault dipping. The magenta line extend-
ing from NW Nisyros to Yali shows the active fault zone

investigated by Nomikou and Papanikolaou (2011). The stars
represent moderate to large events from 1911 to 1968 taken from
the ISC-GEM catalog (Storchak et al. 2013). The color of every
star indicates a moment magnitude based on the scale at the lower
right. The dashed ellipses indicate the error ellipse of each earth-
quake location. The blue dashed ellipses show the most probable
location of fault segments in the Gulf of Gökova.
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sections to infer which nodal plane is following the dip
direction of the relocated earthquakes. The seismogenic
layer thickness itself can be estimated by using the 5th
and 95th percentile for each hypocentral depth distribu-
tion as the onset and cutoff depths, respectively. Fig-
ure 11 shows the thickness of seismogenic layers in the
areas with high seismicity, such as the Gulf of Gökova,
Nisyros, and Karpathos. For the area of Karpathos, we
only included hypocentral depths of well-constrained
events (i.e., to the north of station KARP). We found
that the seismogenic layer thickness for the Gulf of
Gökova and its surrounding area is 12.1 km, while for
the areas of Nisyros and Karpathos, the seismogenic
layer thickness is 12.9 km and 15.4 km, respectively.
By comparison, Konstantinou (2018) found that NE
Aegean has a somewhat thicker seismogenic layer of
14.8–15.8 km. Thicker seismogenic layer in an area
makes it more prone to the nucleation of a large earth-
quake. This fact has to be considered in future assess-
ments of seismic hazard in the SEAegean, especially for
the area of Karpathos.

There are at least eight faults within our study area
that may rupture and cause large earthquakes in the
future (cf. Fig. 10). These faults are the two fault seg-
ments in the Gulf of Gökova (GF1 and GF2), the Kos
Fault (KF) located along the southern coast of Kos
island, a fault extending from NE to SW in the Hisarönü
Peninsula (HF), the fault located to the west of Nisyros
(NF1), the active fault located far NW of Karpathos
(KAF1), and the fault north of Karpathos (KAF3). Some
of these faults ruptured in the past and generated mod-
erate to large earthquakes as summarized previously in
Table 1. Furthermore, we also calculated the expected
magnitude along an east-dipping fault that extends from
the north-western part of Nisyros to the small island of
Yali (NF2) and was previously studied by Nomikou and
Papanikolaou (2011). For this fault, we took the length
and its dipping angle directly from the mentioned study.
The geometrical properties of all faults, as well as the
expected magnitude for each of them, are summarized
in Table 3.

6.1 Gulf of Gökova and Kos

We estimated the expected magnitude for fault segment
GF1 with a length of 19 km, located in the center of the
Gulf of Gökova, which is shown in cross-section A–A’
of Fig. 7. In order to determine the dip of the mentioned
fault segment, we took the median dip of nodal planes of

Fig. 11 Histograms showing hypocentral depth distribution of
relocated events that occurred around: (a) Gulf of Gökova, (b)
Nisyros island, and (c) Karpathos and its surrounding area. The 5th
and 95th percentile in each depth distribution are shown by sym-
bols d5 and d95, respectively.
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the available moment tensor solutions from NOA and
other agencies (GCMT, GFZ, USGS, KOERI, INGV,
and AUTH). The north-dipping nodal planes from all
the obtained moment tensor solutions lie between 39
and 56° with a median of 43°, while the south-dipping
nodal planes range between 35 and 54° with a median of
50°. Since the dipping direction of the mentioned fault is
not clear, we consider that the fault is dipping to the
north following the results of geodetic and InSAR data
inversions published by Karasözen et al. (2018) and
Ganas et al. (2019). We then used the median of the
north-dipping nodal planes in the calculation, yielding
an expected magnitude of 6.4. It is important to note that
the use of median of the south-dipping nodal planes in
the calculation will only yield 0.06 units of discrepancy
in the resulting expected magnitude. We also estimated
expected magnitude for GF2 that is located in the east-
ern part of the gulf with a length of 20 km. The extent of
seismicity indicating GF2 can be observed in cross-
section A–A’ in Fig. 7. There are no moment tensor
solutions available for the earthquakes that occurred in
the eastern part of the gulf; therefore, we used the same
dip angle value of 43° for GF2 and obtained the expect-
ed magnitude of 6.5. Although GF2 is located in close
proximity to GF1, it is a completely separate fault seg-
ment (see Karasözen et al. 2018) located less than 10 km
to the east of GF1. A cluster of earthquakes can also be
observed to the south of Gulf of Gökova, outlining a
fault that may produce a large earthquake in the
Hisarönü Peninsula (HF). A large portion of HF is
contained within the error ellipse of the earthquake that
occurred on 27 January 1921, indicating that this earth-
quake might be related to HF. The fault dip determined

from the available moment tensor solutions and depth
cross-section (Fig. S13 in Online Resource) is 62°.
Combining this fault dip with the fault length of HF (~
15 km) and the seismogenic layer thickness of this
particular area, we obtained an expected moment mag-
nitude of 6.1 which is considerably higher when com-
pared to the moment magnitude of the 1921 earthquake
(Mw 5.5 ± 0.20). On the other hand, we also calculated
the expected magnitude of a future earthquake for the
fault KF. The lack of significant seismicity along this
fault during the different periods covered by our study
leads to the possibility that it either exhibits aseismic
creep or that it is locked and is accumulating strain
energy. KF itself is a normal fault that likely produced
the Kos earthquake on 23 April 1933 (Mw 6.4 ± 0.32).
Assuming that the entire fault ruptures, the expected
moment magnitude will be 6.9 which is higher than
the momentmagnitude of the 1933Kos earthquake even
if we take into account the magnitude uncertainty.

6.2 Nisyros-Yali

We found two major normal faults in Nisyros island and
its surrounding area that may generate large earthquakes
in the future. NF1 is the fault that might have caused two
large earthquakes on 5 December 1968 (Mw 6.1 ± 0.30)
and 16 July 1918 (Mw 5.9 ±0.42). Cross-section B2–B2’
of Fig. 8 shows structures similar to two faults that dip
eastward with different dipping angle. Therefore, we
considered two scenarios involving different dipping
angles in order to estimate the expected magnitude for
this fault. In the first scenario, we used the focal mech-
anism of the earthquake on 5 December 1968, derived

Table 3 Geometrical properties of the faults in the study area that
may produce large earthquakes in the future. H is the seismogenic
layer thickness of the area, L is the fault length, δ is the dipping

angle,W is the width of the fault, A is the rupture area, andM is the
expected moment magnitude

Fault H (km) L (km) δ W (km) A (km2) M

GF1 12.1 19 43° 17.8 338 6.4

GF2 12.1 20 43° 17.7 355 6.5

HF 12.1 15 62° 13.8 207 6.1

KF 12.1 45 51° 15.6 701 6.9

NF1 (scenario 1) 12.9 20 46° 17.9 359 6.5

NF1 (scenario 2) 12.9 20 66° 14.1 282 6.3

NF2 12.9 9 75° 14.4 120 5.9

KAF1 15.4 33 65° 17.0 561 6.7

KAF3 15.4 30 53° 19.3 578 6.8
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by McKenzie (1972), that shows a fault plane with
dipping angle of 46°. By using this value and taking
the extent of the seismicity SW of Nisyros as the fault
length (~ 20 km), we calculated the expected moment
magnitude and obtained a value of 6.5. As a second
scenario, we consider a steeper dip of 66° as shown in
cross-section B2–B2’, yielding an expected magnitude
of 6.3. The expected magnitude of the second scenario
falls in the ranges of magnitude uncertainties for both
1968 and 1918 earthquake. This indicates the possibility
that NF1 has a very steep dip of ~ 66°. Another major
fault in this area is NF2 with a length of 9 km extending
from NW part of Nisyros to the small island of Yali with
a steep dipping angle of 75°. Nomikou and
Papanikolaou (2011) also calculated expected magni-
tudes for this fault by using the relationships developed
by Wells and Coppersmith (1994) and Pavlides and
Caputo (2004), yielding values that ranged from 6.1 to
6.3. However, if we assume that this fault ruptures
completely along its length, we estimate that the expect-
ed moment magnitude will have a lower value of 5.9.
The difference in expected magnitudes from both cal-
culations is probably caused by the use of relationships
by Nomikou and Papanikolaou (2011) that take only
fault length into account, whereas our calculation uti-
lized both fault length and width.

6.3 Karpathos

Two seismically active faults are located in the
Karpathos area, namely KAF1 and KAF3. From the
available moment tensor solutions and epicentral distri-
bution in this area (Fig. 9) we can infer that KAF1 is a
normal fault which dips to the east. The error ellipse of
the ISC-GEM catalog suggests that this fault might be
related to a moderate earthquake that occurred on 21
June 1942 (Mw 5.5 ± 0.20). The nodal planes of the
available moment tensor solutions for earthquakes that
occurred along this fault show that it has a dipping angle
of 65°. The resulting expected magnitude for KAF1 is
6.7, which is considerably higher than the magnitude of
the 1942 earthquake. The other active fault in this area is
KAF3 with a fault dip of 53° to the east. We estimated
the length of KAF3 based on the extent of the seismicity
north of Karpathos (~ 30 km) and calculated the expect-
ed magnitude, yielding a value of 6.8. Another fault in
this area that is contained in the GReDaSS database is
KAF2. This fault has been seismically silent during our
period of study and the information regarding its

properties can only be found in the GReDaSS database.
If we use these geometrical properties and calculate the
expected magnitude, KAF2 may generate a crustal
earthquake with a magnitude in the order of 7.0.

A large earthquake of moment magnitude 7.3 (±
0.20) occurred on 9 February 1948 in close proximity
to KAF2 (~ 10 km). This earthquake was reassessed by
Ebelling et al. (2012) by using digitized historical
seismograms recorded by 108 stations with epicentral
distances up to 100°. According to their study, the
hypocenter of the 1948 earthquake was located at
60 km depth with 10–15 km vertical error. Such a large
depth suggests that this earthquake is probably related to
the subduction process between the African and Aegean
plates. Moreover, the moment tensor of this earthquake
also showed a thrust-dominated solution with E-W
strike, which is incompatible with the N-S striking
KAF2. Therefore, we conclude that the 1948 earthquake
is likely not related to KAF2 and that there was no other
large crustal earthquake since 1911 in the ISC-GEM
catalog that may be related to this fault. Since Karpathos
exhibits relatively large expected moment magnitudes
in SE Aegean and is also exposed to tsunami hazards,
continuous monitoring as well as further studies on the
seismicity of the faults in this area are required.

7 Conclusions

Our study focused on the seismicity of the SE Aegean
recorded during the periods of October 2005 to
March 2007 and from January 2011 to June 2018, in-
cluding the crustal earthquakes that occurred in the Gulf
of Gökova during the period of August 2004 to January
2005 and moderate events fromMarch 2006 to Novem-
ber 2010. These events were used to derive a minimum
1Dmodel with station delays, which later was utilized to
obtain absolute and precise relative locations. Active
faults in the area were then delineated by using these
precise locations. The conclusions of our work are as
follows:

1. As many as 3055 events were successfully located
by using probabilistic nonlinear location algorithm
NLLOC and the newly derived minimum 1Dmodel
with station delays. Both the average horizontal and
vertical uncertainties of these absolute locations
were less than 6.0 km with average RMS residual
of 0.35 s. Differences in RMS residual and depth
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distributions were found in the comparison between
the obtained absolute locations and the NOA rou-
tine locations. These differences were partly caused
by the use of a relatively simple velocity model by
NOA.

2. Precise relative locations of 2200 events were ob-
tained by using the double-difference method with
less than 1.0 km vertical and horizontal uncer-
tainties. These relative locations were used to delin-
eate the fault segments along the Gulf of Gökova
and also the fault outlined by a cluster of earth-
quakes SW of Nisyros. Two active faults in
Karpathos area were also delineated. However, the
depths of the events located south of seismic station
KARP were not well constrained due to the lack of
azimuthal coverage and also due to large distances
between these events and the closest seismic station.

3. The comparison of the resulting seismicity distribu-
tion and the active faults of the study area with the
regional stress field shows that seismicity was only
observed along faults with ENE-WSW strike in the
area north of Tilos and N-S strike in the area south
of Tilos. The seismotectonic regime in SE Aegean
varies from normal faulting in the areas of Gulf of
Gökova, Nisyros, and Tilos to oblique dip-slip in
the island of Karpathos to the south.

4. The seismogenic layer thickness in the SE Aegean
derived from the value difference between the 5th
and 95th percentile of the hypocentral depth distri-
bution is ranging from 12.1 to 15.4 km. Based on
this thickness and the geometrical properties of
faults in the area, the expected moment magnitudes
of potential earthquakes vary between 5.9 and 6.9.
Kos Fault (KF), which exhibited lack of significant
seismicity during different periods of our study has
the potential to produce the largest earthquake in SE
Aegean with moment magnitude equal to 6.9. Since
most of these faults lie offshore, there is an in-
creased probability that a large crustal earthquake
will be followed by a tsunami. It is therefore of
particular importance to closely monitor the seis-
micity in Southern Aegean and strengthen the
existing tsunami early warning capabilities.
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