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Abstract

The July 20, 2017, My, 6.6 Kos—Gokova Gulf earthquake occurred offshore, near Bodrum of Turkey and Kos of Greece. It
was one of the strongest in the broader area during the last many decades causing two deaths, many injuries and extensive
damages. We investigated the evolution of the seismic sequence using seismological and geological tools. The aftershock
sequence was relocated mainly in order to define the geometry of the main seismic source, depicting a NNW-dipping fault
plane. It also revealed significant clustering, associated with other nearby faults, and asymmetric spatio-temporal evolution.
Along with morphotectonic analysis on Kos Island, and other published seismological information (e.g. focal mechanisms),
we modelled the seismic source of the mainshock, as well as the one of the strongest aftershocks (August 8, My, 5.3). We
applied the Coulomb failure criterion in order to investigate the effect of the mainshock on the strongest aftershock, and the
rest of the sequence as well. Using the same method, we also investigated the stress changes of both strongest shocks for the
prevailing E-W-trending normal faults in this area. Among other conclusions and implications, we deduce that the prevail-
ing tectonic setting of the Gokova Gulf consists of roughly E-W-striking normal faults forming inner horsts and grabens.

Keywords Kos—Gokova earthquake sequence - Epicentral relocation - Coulomb stress change - Seismotectonics - SE

Aegean

Introduction

On July 20, 2017, at 22:31:11.0 (UTC), a strong (My, 6.6)
and destructive earthquake occurred in the southeastern
Aegean Sea, near the border region of Greece and Turkey.
The epicentre is located offshore, within the Gokova (Kera-
mikos) Gulf, between Kos Island in Greece and Bodrum
City in Turkey, at an initially calculated depth of 10.2 km
(NOA). The earthquake caused two deaths and 120 inju-
ries on Kos Island; only historic monuments in Kos town
suffered extensive damage (IESEE 2017; Psycharis and
Taflampas 2017; Kiratzi and Koskosidi 2018). In Bodrum
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area, 90 people were injured, 26 buildings collapsed, and
941 buildings were damaged, 202 of which heavily (Alcik
2018). The mainshock was preceded 21 min before by a M.
2.9 foreshock near to the mainshock’s epicentre and was
followed by numerous aftershocks, the strongest of which
(My,; 5.3) was recorded many days later, on August 8, 18 km
east of Bodrum.

The broader Kos—Go6kova Gulf region demonstrates quite
intense historical seismicity (Fig. 1). The oldest recorded
event occurred in 412 BC (Ambraseys and White 1997,
Papazachos and Papazachou 2003), with estimated magni-
tude and intensity M 6.8 and IX MM, respectively, near the
mid-southern coast of Kos Island (Papazachos and Papaza-
chou 2003). The strongest event occurred during the early
instrumental period, on June 26, 1926, with a magnitude of
M 7.6 and intensity of XI MM. Its epicentral location is esti-
mated ca. 45 km SE of Kos Island and its hypocentral depth
at 100 km (Papazachos and Papazachou 2003). During the
instrumental period, a strong M; 6.1 (V+MM, according to
Papazachos and Papazachou 2003) earthquake occurred on

@ Springer


http://orcid.org/0000-0001-6832-8801
http://crossmark.crossref.org/dialog/?doi=10.1007/s11600-020-00471-8&domain=pdf

1246

Acta Geophysica (2020) 68:1245-1261

27°0E

3/5/1868 13/611846

37“30'N

37°0N

-
23/411 933 334
V6.6
/

556
i
459

Kos Is. §©

37°30'N

37°0N

mosls.

,&gf'den

L 18 2

18/8/1493 2.0
V6.8 S [o3
2 = ”’SV"’S Is- 181411869 N 27/1011896 GNisyros Is. v z
§ 300611958 isfe‘ngzsma 13'1:'/,1:74 515M 6Ajma ’ C, 2.2 8”",5 L %? i
o W6 M7.6 M7 NEAZNG.T o Y LA S, . ). ._d_m
Seismicity 550 BC - AD 1963 Seismicity 1/1/1964 - 31/12/2007 20/07/2017 mainshock
) Q ® 4050 N
B 6070 _
@ 5060 = wll)os
[. 7078 Q 6.06.2 *
0-20  20-40 40-60 60-120 120-220 0 10 20 30 40 80 km
Depth (km) J g t
27°0E 27°15'E 27°30'E 27°45'E 28°0E 28°15'E 28°30'E
5 2 3 > o
Gallak Shallow (d < 60 km) seismicity
(Mandalya) 11112008 - 19/7/2017
Gulf o [} ° [ .0-3.
3040 =
4.0-5.0

0-10 10-20 20-30 30-40 40-60
Depth (km)

* 20/6/2017, M,,6.6 (NOA)

[20/07/2018 Mw 6.6

0 5 10 15 20 40 km
i ) ]
L T 1

.

Fig. 1 Seismicity of the broader Kos—Gokova Gulf area for different
periods. (Top left) Historic and early instrumental period (550 BC-
AD 1963) for M>6.0 events (Papazachos and Papazachou 2003).
(Top right) Recent instrumental period (1964-2007) for M; >4.0

December 5, 1968, just west of Nisyros Island at a depth of
10 km, while many events between M| 5.0 and M 6.0 have
been recorded within this region (Fig. 1).

Static stress transfer not only can help us to under-
stand the conditions under which the aftershock sequence
evolved, but to give us a degree of validation for our fault
model(s). As already shown in other significant seismic
events, aftershocks and subsequent main shocks often
occur in regions of increased Coulomb stress caused by
the main shock, while earthquakes become less prevalent
than before the main shock in regions subject to Coulomb
stress drop (e.g. Harris 1998; Stein 1999; King and Cocco
2001; Toda et al. 2002, 2012). The primary target of our
research is twofold: (1) to investigate the effects of main-
shock on the sequence and the strongest aftershock, and
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events (IG-NOA'’s catalogue). (Bottom) Very recent instrumental
period (2008-19/7/2017) only for shallow earthquakes (d<60 km)
with M; >2.0 (IG-NOA’s catalogue); IG-NOA’s moment tensor
solution of the 20/7/2017 mainshock is also shown

(2) to estimate the post-sequence effects by defining the
areas where stress increases and possible triggering may
occur, a case which is important for seismic hazard assess-
ment (SHA). The calculation of the static stress changes is
based on the Coulomb failure criterion. In more particu-
lar, when the Coulomb stress change exceeds a threshold
value, slip on fault plane occurs. The aforementioned value
is calculated by the following equation:

Aoy = At + 4’ X Ao,

where Aoy is the Coulomb stress change, Az, is the shear
stress change on the failure plane, u' is the friction coef-
ficient and Ao, is the normal stress change.



Acta Geophysica (2020) 68:1245-1261

1247

Our secondary target is to contribute to the comprehen-
sion of the seismotectonic regime of the area, based on the
hypocentral relocation, our fault modelling and other pub-
lished data.

Neotectonic and geodynamic setting

The epicentral area lies on the back-arc basin of the Hel-
lenic Subduction Zone, a tectonic feature that results from
the Aegean—Anatolian and African plates convergence. The
southwestward tectonic escape of the Aegean—Anatolian
plate is also evident by GPS measurements, suggesting a
motion of ca. 20 mm/a to the eastern up to 30 mm/a to the
western part, relative to Eurasia (e.g. Reilinger et al. 2010;
England et al. 2016). The western Turkish coast, from the
Biga peninsula to the north down to Rhodes Island to the
south, exhibits a N-S dilatation with calculated geodetic
strain rates above 50 E09 strain/a throughout the area and
up to 140 EO09 strain/a locally across the major grabens
(Aktug et al. 2009). Within our study area the above authors
calculated a strain rate of approx. 60 E09 strain/a which is
slightly lower than other estimates for this area (~80 E09
strain/a; Jenny et al. 2004; Hollenstein et al. 2008). Although
the proposed kinematic elastic block models of Reilinger
et al. (2006), Aktug et al. (2009) and Vernant et al. (2014)
are quite different, they all suggest a similar block bound-
ary running Gokova Gulf in an E-W direction. According
to these models, the estimated slip/motion rates along this
boundary are equal to 20.2, 6.6 and 4.0 mm/a for extension,
and 8.6, 2.5 and 2.8 mm/a for left-lateral strike-slip, respec-
tively. A 7 mm/a N-S extension is geodetically estimated for
this area by Nocquet (2012).

The seismic sequence occurred on the overriding
Aegean—Anatolian continental plate, where crust under-
goes extension. Due to the complexity of the back-arc area
between the subduction zone to the south and the North
Anatolian Fault to the north, extension’s direction locally
varies from NE-SW in the mid-eastern Aegean to a roughly
NW-SE axis towards the SE Aegean (e.g. Hatzfeld 1999;
Kiratzi and Louvari 2003; Benetatos et al. 2004; Ring et al.
2017). Moreover, within the narrow borders of the study
area, extension gradually changes from NW-SE direction
east of Kos to roughly N-S direction towards the eastern-
most part of Gokova Gulf (Hatzfeld 1999; Benetatos et al.
2004; Yolsal-Cevikbilen et al. 2014). Crustal stretching and
its consequent tectonic and seismic activity also affect local
geomorphology both onshore and offshore. Normal faulting
is the most prominent extensional tectonic feature, although
significant strike-slip faulting of NE-SW direction is very
common at the eastern Aegean (e.g. Zanchi and Angelier
1993; Benetatos et al. 2006; Aktar et al. 2007; Chatzipetros
et al. 2013).

Moment tensor solutions (NOA’s revised moment ten-
sor catalogue: http://bbnet.gein.noa.gr/HL/seismicity/mts/
revised-moment-tensors) confirm the prevailing normal or
oblique normal faulting of a broader E-W direction (from
ENE-WSW to ESE-WNW), but also reveal quasi-strike-slip
faulting of NE-SW direction near Nisyros Island and quasi-
normal faulting of approx. N-S direction at western Kos
Island (Fig. 2). T-axes have an almost ESE-WNW direc-
tion at eastern Kos and Nisyros Islands which turns into
NW-SE direction eastwards. At the central part of Gokova
Gulf, extension has already changed into N-S direction and
further eastwards turns to NNE-SSW direction.

Kos Island and surrounding area
Offshore

Offshore surveys south and west of Kos Island (Pe-Piper
et al. 2005; Nomikou and Papanikolaou 2010) revealed sev-
eral fault systems with different orientations (Fig. 2): (1)
ENE-WSW-striking, (2) ESE-WSW-striking, (3) approx.
N-S-striking, (4) E-W-striking, and (5) NE-SW-striking
fault systems. In fact, there is a gradual change of strike
when moving westwards, from ENE-WSW to NE-SW,
while ESE-WNW-striking faults occur around the western
part of Kos Island also affecting onshore geomorphology.
According to Pe-Piper et al. (2005), these faults were devel-
oped during three successive tectonic phases that took action
since Miocene. The last one, which is still active since Late
Pliocene, is responsible for the NE-SW-striking sinistral
shear faulting, which also forms extensional Riedel shears.

Onshore

The most prominent morphological feature of Kos Island is
Mt Dikaeos, an elongated ENE-WSW-oriented mountain
with its highest peak at 843 m a.s.l. Mt Dikaeos mainly con-
sists of Paleozoic (western half) and Mesozoic (eastern half)
volcanosedimentary formations (phyllites, pelites and sand-
stones), which are intruded to the west by a Middle Miocene
plutonite (IGME 1998). Narrow parts of the overthrusted
(1) Gavrovo tectonic nappe (Upper Jurassic—-Middle-Upper
Eocene limestones and flysch), and (2) an Upper Tectonic
Unit (Lower Jurassic—Cenomanian dolomites, limestones
and phyllites-sandstones) can be also found mainly at the
northern part of the mountain (IGME 1998). The lowland
extends to the northern part of west Kos Island and consists
of post-alpidic sediments.

As Nomikou et al. (2018) also propose, both slopes of Mt
Dikaeos are bounded by ENE-WSW-striking normal fault
zones, forming the ca. 20-km-long tectonic horst. These fault
zones consist of parallel, overlapping and down-stepping
fault segments, locally affecting the morphological relief.
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Fig.2 Tectonic map of the study area combined from Nomikou and
Papanikolaou (2010) and Tur et al. (2015) for the offshore neotectonic
faults in the SE Aegean and Gokova Gulf, respectively. The shear
zone is obtained from Ulug et al. (2005). The Turkish on land neo-

An approximately 2.2-4.0 km-wide alluvial plain extends
north of the mountain range until the northern coastline.
The southern slope of Mt Dikaeos is locally steeper than
the northern one implying a faster uplift along the southern
side of the island. Both slopes have developed parallel drain-
age networks superimposed on the alpidic and post-alpidic
formations (Fig. 3). The northern networks locally show
diversions or asymmetrical development which many times
are due to tectonic causes. The southern ones, as expected,
are much shorter and locally sparser without any change in
direction.

From a morphotectonic point of view, the northern side
is cut by a series of parallel, down-stepping normal faults
controlling the mountain-front. Swath profiling across the
northern slope (Fig. 3) shows narrow tectonic terraces and
knick-points between successive overlapping faults that run
parallel the foothills. Normal fault growth and interaction
investigations using the relationship between fault length
and displacement (e.g. Cowie and Scholz 1992; Cartwright
et al. 1995; Gupta and Scholz 2000) have shown that indi-
vidual fault growth produces a roughly elliptical cumulative
displacement along strike. When another adjacent individ-
ual fault segment starts to interact, displacement’s ellipti-
cal shape of one or both segments becomes disturbed, until
the two segments are breached. Along the northern slope of
Dikaeos Mountain, longitudinal swath profiles depict two
cumulative displacement elliptical shapes, suggesting the
existence of two fault segments, ‘A’ and ‘B’ (Fig. 3). In fact,
it seems that segment ‘B’ tends to interact with the west-
ern segment ‘B’. Similar tectonic pattern is also met at the
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tectonic faults are obtained from Duman et al. (2011) and Emre et al.
(2011). Onshore faults of Kos island derive from new field observa-
tions and the reassessment of IGME’s (1998) 1:50,000 geologic map.
Focal mechanisms are from NOA-GI (since 2012)

southern slope of Dikaeos Mountain. Swath profiles perpen-
dicular to the slope suggest the occurrence of a SSE-dipping
normal fault array. Considering the occurrence of a paral-
lel to the coast, offshore fault (Nomikou and Papanikolaou
2010), and comparing the northern and southern side slope
gradients, it is also implied that a faster uplift occurs along
the southern side of the island.

The Gokova Gulf

Gokova Gulf, an E-W-trending graben (Yilmaz et al. 2000)
of late Pliocene—early Pleistocene age (Tur et al. 2015), is
located between Bodrum and Datga peninsulas and extends
for ca. 100 km on an E-W axis with a N-S opening of
ca. 25 km. Onshore normal faults are evident along both
northern and southern margins of Gokova Gulf (Fig. 2; e.g.
Yilmaz et al. 2000; Giirer and Yilmaz 2002; Altunel et al.
2003; Duman et al. 2011). The northern margin (Bodrum
peninsula) is characterized by a steep linear mountain front
cut by E-W- and NW-SE-striking faults. The southern
margin (Dat¢a peninsula) demonstrates a much more sub-
dued relief and a fewer number of faults. Based on focal
mechanism calculations, Yolsal-Cevikbilen et al. (2014) rec-
ognised only extensional tectonics with a small amount of
strike-slip component and T-axis direction ranging between
N-S and NW-SE.

Offshore surveys in the Gokova Gulf have revealed a tec-
tonically affected seafloor (Kurt et al. 1999; Ulug et al. 2005;
1§can et al. 2013; Tur et al. 2015; Ocakoglu et al. 2018). Tur
et al. (2015) calculated an average subsidence rate of the gulf
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at ~0.8 mm/a and a differential counter-clockwise rotation of
1.5° during the last 500 ka for the eastern part of the gulf
and 3° during the last 1.5 Ma for the western one. They also
conclude that the western part of the Gokova Graben is older
and subsides faster than the eastern one. Based on seismic-
reflection profiles and multibeam bathymetry, the authors

Swath Profile NNW-SSE / /\
—Min —Max / y/\
A
600 Av; Max-Min
i . 11 | \. 1
[N [ \n
? LI}
- [
$400 i ()}
'g e,
1 LW 1
R \Y v
(R
200 1
A
11
1
A 1
0 —— 4
0 2 4 6 8 10
Distance {m)
1000
Swath profile WSW-ENE
800 Pl A
e Jh i b —Min —Max
_ g ”" Y'N 1 W —Avg Max-Min
£ 600 ’ ¥ A
@ \ A
3 /, ;/-’ ',\V’ S
=1 / '
S i ¢ Y
400 / W X
/ B, v l' \\
/ PR N 1 \
200 [/ /f-"»-’/ \J\‘ / \
" A \
\‘\r——:..—.v:,,_ \‘
7 ' . .
- segmentA 4>1_scgmcnl B \
0
0 5 10 15 20

Distance [m)

range. The sets on the right show the minimum, average, maximum
and the maximum minus the minimum values of the swath profiles.
Red arrowheads and dashed black lines in the NNW-SSE swath
profile inset mark faults location and tectonic terraces width, respec-
tively. More explanations in the text

recognized three distinct fault orientations in the area, both
offshore and inland, with prominent morphological expres-
sion: (1) NW-SE-striking faults that delimit margins of the
submarine rhomboidal basins, (2) broadly E-W-striking low-
angle normal faults that bound the present-day shoreline and
the morphological structures in the western part of the gulf,

@ Springer



1250

Acta Geophysica (2020) 68:1245-1261

and (3) the ENE-WSW-striking normal faults that occur along
the northern shoreline of the gulf. Iscan et al. (2013) sup-
port that the seafloor morphological structures are the result
of compressional deformation due to the presence of shear
faulting. According to Kurt et al. (1999), the most prominent
tectonic structure in the gulf is the offshore, N-dipping, (low
angle) listric ‘Datca’ blind normal fault, which delineates the
southern margin. The authors, and later Ulug et al. (2005),
suggested that the ‘Datca’ fault is responsible for the opening
of the gulf since the Latest Miocene-Pliocene, but its activ-
ity has been decelerated, giving space for WNW-ESE- and
major E-W-striking faults to develop on the hanging-wall.
Moreover, Tur et al. (2015) concluded that the ‘Datga’ fault has
gone to inactivity since late Pliocene. On the contrary, based
on seismological data, Rontogianni et al. (2011) argue about
the activity deceleration of the fault suggesting that there is a
probable connection between a young NE-SW-striking sinis-
tral transfer fault, the Gokova Transfer Fault (GTF), and the
‘Fault of Kos’. The existence of the GTF in the middle of the
gulf was initially proposed by Ulug et al. (2005) and was later
supported by other researchers (Iscan et al. 2013; Ocakoglu
et al. 2018). This tectonic feature is considered similar to the
parallel Fethiye-Bordur sinistral shear zone (e.g. Taymaz and
Price 1992; ten Veen 2004; Ocakoglu 2012; Hall et al. 2014;
Elitez et al. 2016), which lies just some tenths of kilometres
further to the east. On the other hand, Tur et al. (2015) suggest
that this NE-SW-trending structure in the gulf is misinter-
preted and it represents the continuation of a prominent arcuate
normal fault. A twofold interpretation is given by Ocakoglu
et al. (2018) for the NE-SW-trending morphological features,
besides the existence of the GTF: (1) the faults east of Kos
Island are the continuation of the E-W-striking normal faults
at the inner part of the gulf that keep their kinematic charac-
ter, and (2) the faults moving towards the middle of the gulf
suddenly become sinistral strike-slip that cut and displace the
E—W-striking normal faults, implying being younger struc-
tures. It is not explained, however, the reason of the suddenly
change in kinematics of these two fault groups.

It is obvious from the above that there are many tec-
tonic interpretations for the Gokova Gulf. The diversity of
regional focal mechanisms (Fig. 2) supports the occurrence
of a variety of faults in both terms of kinematics (ranging
between almost left-lateral strike-slip and normal dip-slip
motion) and geometry (various fault directions, from E-W to
NE-SW, or even N-S at the eastern part of the study area).

The 2017 seismic sequence
Seismological data

The mainshock occurred on July 20, 2017, at 22:31:11.0
(UTC) and was preceded (21 min earlier) by a M| 2.9

@ Springer

foreshock near to the mainshock’s epicentre. Numerous
aftershocks followed, the strongest of which occurred on
August 8, with a magnitude of My, 5.3.

The source parameters of the mainshock, given by
IG-NOA’s moment tensor solution, are shown in Table 1.
The solution suggests quasi-E—W-striking, moderate dip-
ping, normal faulting, and it is compatible with other pro-
posed focal mechanisms (KOERI, USGS, GFZ, GCMT,
INGYV, UoA and AUTh). Nevertheless, the moment tensor
alone is not enough to resolve which nodal plane is respon-
sible for the mainshock.

We relocated the seismic sequence of Kos using com-
bined P- and S-wave phase data from the HUSN (Hellenic
Unified Seismograph Network) and the KOERI (Kandilli
Observatory and Earthquake Research Institute) networks.
During the period of 5/7/2017 to 31/10/2017 more than
11,000 events were recorded in the broader region of the
main shock. Our initial dataset consisted of more than
110,000 P and 47,000 S phases recorded by the stations of
HUSN and KOERI networks.

The nonlinear location algorithm NonLinLoc (Lomax
et al. 2000) was used for the event location procedure.
The Posterior Density Function (PDF) of the solution is
calculated using the equal-differential-time (EDT) likeli-
hood function (Font et al. 2004) with which the travel-time
difference between observed and synthetic travel times is
calculated for pairs of stations, contrary to typical least
squares methodologies. The advantage of this method is that
the solution is independent of the origin time, and thus the
problem is reduced to a 3-D search over space. Furthermore,
this methodology makes it possible to identify mispicked
data and exclude them from the final location solution. The
search for the optimal location is performed throughout the
whole space using the Oct-tree importance sampling algo-
rithm (Lomax and Curtis 2001) which uses recursive sub-
divisions of a gridded space. This eliminates the issue of
location error due to local minima in the PDF.

The relocation procedure was based on the 1-D veloc-
ity model proposed by Panagiotopoulos et al. (1985). In
our final dataset (Fig. 2) we selected all events with more
than 15 phases, located with azimuthal gap < 180°, location
RMS <1 s and horizontal and vertical errors <2.5 km.

The hypocentral relocation reveals two main clus-
ters (Fig. 4), an eastern and a western one (clusters ‘A’
and ‘B’, respectively), which is in accordance with pat-
terns suggested by Karasozen et al. (2018), Ganas et al.
(2019) and Konca et al. (2019). The eastern cluster can be
divided into three sub-clusters. Sub-cluster ‘A1’ is allo-
cated along an E-W-trending axis for a distance of almost
10 km long and shows a N-dipping trend (profile C—C' in
Fig. 5). Sub-cluster ‘A2’ is tangential to ‘A1’, but allocated
along a NNW-SSE-trending axis for a shorter distance
(ca. 7.5 km) and shows a NE-dipping trend (profiles C—C’
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Table 1 Moment tensor solution for the July 20, 2017 mainshock by IG-NOA

P-axis T-axis

Nodal plane 2

Nodal plane 1

My, M, (Nm)

Centroid long  Centroid

Centroid lat

(°N)

Event

Strike (°) Dip (°) Rake (°) Strike (°) Dip (°) Rake (°) Azimuth (°) Plunge (°) Azimuth (°) Plunge (°)

depth (km)

(’B)

81 184

48 -79 76

102

-102

43

6.6 8.928 E18 265

27.415

July 20,2017 36.9585
mainshock

and D-D’ in Fig. 5). Sub-cluster ‘A3’ is located south of
the previous two; it is sparser and it does not demonstrate
any particular trend. Sub-cluster ‘A3’ is less concentrated
and clearly separated from ‘A1’ and ‘A2’ (profile C-C' in
Fig. 5).

Eastern cluster ‘B’ extends for almost 16 km (map
view in Fig. 4 and profile B-B’ in Fig. 5) in a roughly
E-W direction and shows a clear N-dipping trend (profile
A-A'"in Fig. 5). It represents the rupture length of the
mainshock.

The vertical distribution of the sequence suggests that
the maximum number of events occurred at the depths of
8-9 km (28.7% of total aftershocks). Besides sub-cluster
‘A2’, all other clusters reach maximum depths of approxi-
mately 15 km (Fig.6). Mainshock’s and strongest after-
shock’s relocated hypocentral depths are calculated to 9.3
and 8.0 km, respectively.

Spatio-temporal evolution of the aftershock sequence
(Fig. 4) shows that 1 day after the event, only sub-clus-
ter ‘A3’ started to develop, while cluster ‘B’, i.e. the
epicentral area, is much poorer in events. This contrast
goes on for almost one week, after of which sub-cluster
‘A1’ started to develop, while cluster ‘B’ became richer.
Approximately one month after the mainshock all clus-
ters and sub-clusters had been adequately developed. The
spatio-temporal evolution indicates different behaviour in
the clusters development which is probably due to stress
loading and successive reactivation of different tectonic
structures.

GPS-based geodetic data

The use of satellite geodesy is a reliable way of estimating
the upper crust deformation, related to the fault zones activ-
ity or the occurrence of a seismic event. In particular, the
study area is monitored by a dense GPS/GNSS network,
including 10 continuous-permanent stations (7 in Turkish
and 3 in Greek area) and 5 campaign-surveyed stations
(Fig. 7; Tiryakioglu et al. 2018).

The recorded coseismic displacements close to the
epicentral area are significant, presenting values ranging
between 19 and 153 mm for the North component, and
between 9.2 and 39.4 mm for the East one (Tiryakioglu et al.
2018). The interpretation of these measurements suggests
that the main event is developed in a N-S-striking motion,
being in an agreement with the N-S extensional regime of
the area; thus, they can be correlated to an E-W-striking,
normal seismic fault (Tiryakioglu et al. 2018). In addition,
the effect of coseismic displacement in the vertical compo-
nent was limited, while stations located 50 km or more from
the mainshock epicenter recorded minor values (Tiryakioglu
et al. 2018).
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Fig.4 (Top) Hypocentral
relocation of the 2017 seismic
sequence (after Sboras et al.
2018). Light blue and yellow
stars mark the mainshock and
the second strongest shock.
Focal mechanism of the main-
shock is by IG-NOA. Three
sub-clusters, A, A, and A;,
can be distinguished east of the
Karaada Is., and a main cluster
B around the epicentral area,
west of the Karaada Is. (dashed
red outlined ellipses). Path
lines correspond to the vertical
profiles of Fig. 5. (Bottom)
Spatio-temporal aftershock
evolution one day (24 h), two
days (2 d), one week (1 w), two
weeks (2 w), one month (1 m)
and until 30/10/2017 (light blue
star = mainshock)

Ground deformation effects
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On Kos Island, the secondary ground deformation effects
were constrained at the eastern part of the island (Sboras

Primary ground deformation effects were not observed, on et al. 2018; Papathanassiou et al. 2019). These effects
either Kos Island or the Turkish coast. However, several  included liquefaction-related phenomena (sand volcanos and
secondary effects were recorded on both areas. lateral spreading) and secondary ground fissures. Landslides

@ Springer



Acta Geophysica (2020) 68:1245-1261

1253

Fig.5 Vertical hypocentral dis-
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and rockfalls were limited and no primary ground ruptures
were observed.

Along the Turkish coast, there is information only for a
tsunami occurrence. According to field surveys (Yalciner
et al. 2017; Dogan et al. 2019), a tsunami hit the southern
coast of Bodrum peninsula causing damage. The maximum
impact was recorded at Gumbet Bay (west of Bodrum town).
On Kos Island, 1.5 m-high tsunami wave was measured in
the port (Dogan et al. 2019).

Source modelling

The preferred slip model of the mainshock proposed by
Kiratzi and Koskosidi (2018) suggests, but not exclusively,

a S-dipping (~50° dip) fault plane with two shallow slip
patches, an average slip of 50 cm, plane dimensions of
~30 km (length) by 15 km (down-dip width) and a moment
of My=1.214 E19 Nm (Table 2). The selection of the
S-dipping fault plane was based on morphology and the
research of Ocakoglu et al. (2018). This model opposes
the N-dipping trend of the aftershocks’ spatial distribution.
The less preferred model of the authors is a N-dipping fault
plane (Table 2) on which the peak slip values are calculated
towards its western part.

Ganas et al. (2019) modelled a NNE-dipping, blind seis-
mic source, with 14 km length and 12.5 km width and upper
depth at 2.5 km. Their model is mainly based on GNSS and
InSAR inversion. The seismic source is located between the
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Fig.6 Depth distribution of the
2017 Kos—-Bodrum aftershocks
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Fig.7 Coseismic displace-
ments, recorded by GPS/
GNSS stations (modified from
Tiryakioglu et al. 2018)

two aftershock clusters ‘A’ and ‘B’ (Fig. 4, top) as the result
of stress increase (off-fault aftershock clusters). However,
the uneven spatio-temporal evolution of the two clusters
(Fig. 4, bottom) makes this scenario less credible.

The source model of Saltogianni et al. (2017) suggests
a S-dipping fault plane based on GPS data inversion and
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the moment tensor of the mainshock. This model comes in
contrast with the N-dipping trend of the relocated aftershock
sequence.

For the purposes of tsunami modelling, Dimova and
Raykova (2018) proposed three (3) candidate tsunamo-
genic fault models, based on focal mechanisms (GFZ and
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Table 2 Proposed fault models for the July 20, 2017 mainshock

No Strike Dip Rake Length (km) Width (km) Upper Average slip (m) References
depth (km)
1 098.0° ~50.0 —-98.0 30.0 15.0 0 0.5-0.6 Kiratzi and Koskosidi (2018)"
2 284.0° 32.0° -71.0 30.0 15.0 0 0.5-0.6 Kiratzi and Koskosidi (2018)?
3 095.0° 56.0° -98.0 25.0 14.5 0 - Saltogianni et al. (2017)
4 283.0° 37.0° -75.0 14.0 12.5 25 2.03 Ganas et al. (2019)
5 274.9° 36.5° -79.5 16.8 13.3 1.2 1.46 Karasozen et al. (2018)?
6 274.9° 36.5° -79.5° 30.0 16.8 0 1.8 Karasozen et al. (2018)*
7 285.0° 39.0° -73.0° 25.0 15.0 7.0 0.4 Heidarzadeh et al. (2017)°
8 84.0° 53.0° -103° 25.0 15.0 7.0 0.4 Heidarzadeh et al. (2017)°
9 265.0° 43.0° -102.0° 26.0 15.0 4.0 0.68 Sboras et al. (2018)
10 270.0° 56.0° -94.0° 33.0 17.0 1.0 2.5 Dimova and Raykova (2018)

'Best S-dipping model (preferred)
Best N-dipping model (alternative)
3Uniform slip

“Variable slip

SN-dipping plane

6S-dipping plane

GCMT). The most favourable scenario uses a N-dipping
fault (Table 2) after comparing the results with recorded
sea level elevations from the Bodrum station.

Our model, initially published in 2018 (Sboras et al.)
and slightly modified in this paper, is mostly based on
seismological data. The source dimensions are estimated
at 26 km length and 15 km width, using the scalar relation-
ships of Wells and Coppersmith (1994). Strike, dip and
rake are obtained from NOA’s focal mechanism (Table 1).
The vertical position of the fault plane is based on the
lack of any primary ground ruptures and on the vertical
distribution of the western cluster ‘B’, which shows that it
was restricted approximately between the depths of 4 and
14 km. The relocated hypocentre of the mainshock also
constrained the N-S horizontal positioning of the source.
The horizontal positioning depends on (1) the horizontal
relocated aftershock distribution, and (2) the ground defor-
mation observed on the southeastern edge of Kos Island
as revealed by InSAR images (Ganas et al. 2019). The
NNW-dipping fault segment along the northern front of
Mt Dikaeos (Kos Island) is probably the surficial expres-
sion of the geological fault, part of which is the seismic
source of the 2017 mainshock. An average slip of 0.68 m is
calculated from M, and the source dimensions after apply-
ing the formula of Aki (1966): My=p-u-L-W (u is shear
modulus, u is average slip, L is length and W is width).
Thus, we suggest a N-dipping normal fault plane for the
mainshock. The model was also tested by Sboras et al.
(2018) after comparing the theoretic surface deformation,
based on Okada’s (1992) formulae, with the deformation
calculated in InSAR images (Ganas et al. 2019). Moreover,

a N-dipping fault provides better results in the tsunami
model scenarios of Dimova and Raykova (2018).

The two sub-clusters A, and A, (Fig. 4) obviously cor-
respond to two different active tectonic structures within
the Gokova Gulf. Sub-cluster A, also includes the second
strongest shock (My, 5.3) which occurred on August 8 and
whose hypocentral depth is calculated at ca. 8 km. Although
GFZ’s centroid epicentre is located few kilometres south
from the relocated epicentre, the proposed nodal planes
reveal E-W-striking, almost pure normal faulting (Fig. 8).
Given that sub-cluster A, dips to the North (profile C—C’,
Fig. 4 and Fig. 5), our preferred model for this event is a
N-dipping normal fault (Table 3) which also matches the
offshore tectonic pattern of the Gokova Gulf (Tur et al. 2015;
Fig. 2). Sub-cluster A, delineates a NW-SE-striking fault
dipping to the NE; however, there is neither a significant
event nor a focal mechanism in order to model this tectonic
structure.

Coulomb static stress changes

Methodological approach

We used the Coulomb failure criterion (see Introduction) for
two different cases:

Case A Our first target is to examine how the mainshock
affected the aftershock sequence and especially the strong-
est aftershock, also validating our mainshock’s fault model.
Thus, we used fault model F1 as the only slipping fault
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Fig.8 Map showing the two modelled seismic faults (seismic
sources) of the two strongest shocks during the 2017 Kos—Bodrum
sequence. The rectangular represents the vertical projection of the
fault plane; parallel line represents the section of the upward fault
plane prolongation and the map plane; line in the centre of the fault
plane shows the slip direction. The dashed, toothed red line corre-
sponds to a NE-dipping fault detected from the relocated hypocentral

distribution (cluster A,). Focal mechanisms are obtained from GFZ
Potsdam (main and second stronger shocks are proportionally over-
sized). The relocated epicentres are shown in grey circles. Light blue
and yellow star correspond to the epicentres of the main and second
stronger shocks of the sequence. Orange lines stand for the geological
faults recognised in the area

Table 3 Seismic source main parameters of the two strongest shocks of the 2017 Kos earthquake sequence

Source Strike (°)  Dip (°) Rake (°) Length (km) Width (km) Min Max depth (km)  Average slip (m) M, (Nm)
depth
(km)
F1 (mainshock) 265 43 -102 26.0 15.0 4.0 14.2 0.68 9.0E+18
F2 267 63 -91 6.0 4.0 8.5 0.17 1.7E+17

(source fault) and fault model F2 as a receiver fault (Fig. 8
and Table 3). Our primary concern was to calculate the Cou-
lomb stress changes near the strongest aftershock’s hypo-
central depth, i.e. 8 km. Nevertheless, further calculations
are needed in order to examine the whole sequence spatial
distribution.

Case B Based on our knowledge of the seismotectonic
regime of the area (Fig. 2), both on land and offshore, we
also focus on estimating possible triggering (or delay) effects
caused by the combined reactivation of both fault models F1
and F2. Based on the fact that (1) stress changes depend on
the geometry (strike and dip) and kinematics (rake) of the
receiver faults, and (2) the dominating fault system in the
area is the E-W-striking normal faults, we preferred to cal-
culate the static stress changes for the aforementioned fault
system as receiver faults (assuming a moderate dip angle of
45°) at three different depths of 8, 10 and 12 km. It must be
mentioned that dip direction does not significantly change
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the stress change pattern; thus, we expect similar patterns
for either north- or south-dipping faults.

Results

Case A Our in-sequence investigation shows that fault
model F2 lies entirely within the crustal volume where stress
rises (Fig. 9). The on-fault calculations (Fig. 9) show that the
minimum values (ca. 1 bar) occur on the top eastern corner
of the fault plane, whereas the maximum ones (ca. 3 bar)
occur on the opposite corner. The area bilaterally of F1’s
fault plane is dominated by stress drop, while from all tips
(upper, lower, east and west) and beyond stress increases.
Aftershock spatial distribution can be separated into two
groups: the aftershocks that closely surround F1’s fault plane
(matching cluster B of in our previous discussion, see Fig. 4)
and the aftershocks that mostly comprise cluster A. The for-
mer is quite sparse and located within the stress-drop crustal
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Coulomb stress change: source fault = F1, receiver fault = F2
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Fig.9 Coulomb static stress changes calculated for the 2017 Kos—
Bodrum earthquake sequence using fault model F1 (mainshock) as
source fault and fault model F2 (strongest aftershock) as receiver
fault. a Stress changes on a map view (top) for the depth of 8 km
(close to the hypocentral depth of the strongest aftershock), and on
vertical cross sections (profiles 1, 2 and 3). The relocated hypocen-

volume. On the contrary, the rich, denser cluster B, with all
its sub-clusters, is almost totally located within the stress-
rise crustal volume.

Case B Our post-sequence investigation for faults in Group
A shows that E-W-striking faults within the Gokova Gulf
and immediately east of fault F1 are loaded with stress
(Fig. 10). Stress rise is extended not much to the east, leav-
ing unaffected similar faults that lie in the middle and east-
ern part of the gulf. Faults of Group A that are located south

tres are also plotted. b Sequential stress change calculations (in 3D
map view from the south) from surface to the depth of 20 km with
4 km intervals. ¢ Stress change on fault’s F2 plane after dividing the
surface in 180 tiles (15 along strike and 12 along width). View from
hanging-wall

of fault F1 (or north, if any exist) are relieved from stresses.
Underneath fault F1, stress load occurs only at greater
depths, i.e. 14 km (Fig. 10).

Discussion
The seismic sequence took place near to the border of the

back-arc N-S extensional regime, which controls the west-
ern coast of Turkey (e.g. Hancock and Barka 1987; Cohen
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Fig. 10 Coulomb static stress changes calculated after the activation
of seismic sources F1 and F2 for receiver faults of E-W strike, mod-
erate (45°) dip and pure normal kinematics. Top row: Horizontal sec-

et al. 1995; Giirer et al. 2009), the large NE-SW-striking
Burdur—Fethiye shear zone further to the southeast (e.g. Hall
et al. 2014; Elitez et al. 2016), which is part of the Isparta
Angle, and the NE-SW-striking shear zones that seem to
dominate the southeastern Aegean Sea (just west of Kos
and Nysiros islands; e.g. Mascle and Martin 1990; Pe-Piper
et al. 2005; Tsampouraki-Kraounaki and Sakellariou 2017).
Morphotectonic features and focal mechanisms in the epi-
central area of both diachronic seismicity and the latest 2017
sequence suggest that the roughly N-S extension prevails,
besides the occurrence of the NE-SW-striking shear zones
immediately west of Kos Island (Sakellariou and Tsampou-
raki-Kraounaki 2019 and references therein). Thus, from a
kinematics point of view, the Island of Kos probably marks
a stress and fault direction change point toward the west, as
its morphological pattern implies as well. Our tectonic inter-
pretation in the 2017 epicentral area shows no significant
differentiation with the diachronic focal mechanisms and
the fault pattern in the Gokova Gulf (Fig. 2). Could the 2017
seismic fault be part of the separating boundary between two
geodetically rigid blocks? Its N-dipping direction and its
continuation on land Kos Island, north of Mt Dikaeos, prob-
ably rule out such a consideration. Spatial epicentral distri-
bution since 2008 (Fig. 1) shows a quite long (several tens
of kilometres), ENE-WSW alignment at the middle of the
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tions at depths of 8, 10 and 12 km; black lines represent all faults in
the study area. Middle row: N-S profiles. Bottom row: E-W profiles

gulf, matching the on land geologically determined tectonic
pattern of the area. Perhaps this structure plays an impor-
tant role in the gulf and local tectonics; its nature, however,
is unknown. In contrast with the above regime, a group of
scientists supports the occurrence of a left-lateral shear zone
that ‘splits’ the gulf diagonally, from NE to SW, based on
marine surveys. A question still remains: is the Gokova Gulf
affected by the Hellenic Arc curvature and how?

The 2017 earthquake sequence shows no evidence of a
NE-SW-striking shear zone, although the location of hor-
izontal distribution was limited just east of the proposed
zone. It is unfounded to say whether the spatial distribution
was limited due to the occurrence of the shear zone or the
lack of any stress load. Moreover, the relocated aftershock
distribution does not depict any NE-SW-striking tectonic
structures and all moment tensors demonstrate quasi-pure
normal faulting mostly on ca. E-W-striking faults.

The spatio-temporal evolution of the 2017 sequence
(Fig. 4) showed an asymmetrical seismic evolution, with
cluster ‘A’ being significantly enriched immediately after the
mainshock on July 20. It took more than one week for cluster
‘B’ to practically start developing. Until the end of October,
both clusters had been developed, but with an explicit differ-
ence in the number of events. It is noteworthy that seismicity
around the main fault F1 is mostly constrained near, and
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practically surrounds, the fault plane. A possible explanation
for this effect is that, after the July 20 mainshock, the rupture
of fault F1 immediately loaded the eastern area with stresses,
while the fault itself was considerably relieved, preventing
the occurrence of further aftershocks along the fault plane
until some stresses slowly started to develop producing the
late seismicity of cluster ‘B’. The stress load at the eastern
tip of the main fault facilitated the neighbouring tectonic
structures to develop notable seismicity. It is noteworthy that
west of the mainshock-inducing fault F1 (offshore, north of
Kos Island) seismicity entirely lacks, possibly also imply-
ing either the absence of any tectonically active structures,
or the occurrence of a different local geodynamic/seismo-
tectonic regime that does not allow interactions in between.
However, the mapped onshore faults of Kos Island show no
further aftershock activity, probably due to the stress drop
that covers this area.

Highly notable is the NW-SE-striking, NE-dipping tec-
tonic structure detected only by the relocated aftershock spa-
tial distribution (corresponding to sub-cluster A,; Fig. 4).
Other faults with similar orientation have been detected in
the broader area, however without representing the dominat-
ing tectonic structures. This particular fault is located imme-
diately east of the E-W-striking fault F2, possibly preventing
the latter to extend further to the east.

Field observations and morphotectonic evidences on
eastern Kos Island imply that the N-dipping faults are the
upward prolongation of the 2017 earthquake rupture surface,
although rupture never reached the surface. If we consider
that older earthquakes might have ruptured the surface, the
total fault dimensions may be greater than the 2017 rupture,
which implies a greater magnitude potential. Estimations
from historic events suggest quite high magnitudes up to M
7.0 near Kos Island and M 6.8 at the far eastern margin of
Gokova Gulf (Papazachos and Papazachou 2003; Fig. 1);
these old, prior to the twentieth century, earthquakes, how-
ever, involve significant errors in both magnitude and loca-
tion estimation. The rich seismic history near Kos Island
could be related to the on land faults of the island, even
though both the N- or S-dipping faults can be responsible
for these events. The central part of Gokova Gulf does not
demonstrate any significant historic events; only two moder-
ate events were instrumentally recorded in 2004 at the order
of M; 5.0. On the seismicity map of the last ca. 10 years (and
before the 2017 sequence, Fig. 1), an ENE-WSW-trending
elongated seismic cluster is formed, parallel to the fault F1’s
strike, suggesting that this orientation of faulting prevails in
this particular part of the study area.

The geodetically constrained fault geometry and the off-
fault aftershock process suggested by Ganas et al. (2019)
matches neither the seismological data (focal mechanism,
spatial distribution) nor it can explain why the western and
eastern clusters developed so differently from each other.

Our seismologically, and less geologically, constrained
model better fits the aforementioned geometric criteria and
supports the on-fault aftershock evolution.

Conclusions

The July 20, 2017 mainshock ruptured a N-dipping fault
plane near the northern margin of Gokova Gulf, at the east-
ern part of Kos Island, in contrast to the prevailing S-dipping
tectonic structures that control the coastline. The mainshock
triggered minor adjacent tectonic structures east of the epi-
central area which can be clearly detected from the spatial
hypocentral distribution. The on land N-dipping faults
mapped on eastern Kos Island probably belong to the same
tectonic structure which produced the 2017 earthquake, even
though the latter never ruptured the surface. Seismological
and geodetic data show N-S crustal stretching and no evi-
dence for the occurrence of a NE-SW-striking shear zone
in the central part of Gokova Gulf.

The spatio-temporal evolution shows long quiescence of
the main fault F1 and immediate generation with rapid evo-
lution of aftershocks east of the epicentral area, also forming
a hypocentral gap between the two. Aftershocks around the
main fault occurred much later than the eastern cluster and
with a slower rate concluding in an asymmetrical develop-
ment of the two main clusters.

The post-sequence stress change suggests that (roughly)
E—W-striking normal faults, located beyond the opposite
tips (along strike) of both mainshock’s and strongest after-
shock’s faults (F1 and F2, respectively), have been loaded
with stresses, the eastern part of which was slightly relieved
by the aftershock activity. As previously discussed, the
western part lacks any 2017 aftershock activity. Moreover,
diachronic seismicity (north of Pserimos Island, Fig. 1) and
(known) faults also lack in the same area. Thus, this area is
fully loaded with stress, but without any faults. Bodrum and
Datca peninsulas lie within the stress-drop areas, implying a
possible delay of future seismic activity.
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