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ARTICLE INFO ABSTRACT

We studied source mechanism parameters and slip distributions of earthquakes with M, > 5.0 occurred dur-
ing 2000-2008 along the Hellenic subduction zone by using teleseismic P- and SH-waveform inversion
methods. In addition, the major and well-known earthquake-induced Eastern Mediterranean tsunamis
(e.g., 365, 1222, 1303, 1481, 1494, 1822 and 1948) were numerically simulated and several hypothetical tsu-
nami scenarios were proposed to demonstrate the characteristics of tsunami waves, propagations and effects
of coastal topography. The analogy of current plate boundaries, earthquake source mechanisms, various
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Active tectonics earthquake moment tensor catalogues and several empirical self-similarity equations, valid for global or
Earthquakes local scales, were used to assume conceivable source parameters which constitute the initial and boundary

conditions in simulations. Teleseismic inversion results showed that earthquakes along the Hellenic subduc-
tion zone can be classified into three major categories: [1] focal mechanisms of the earthquakes exhibiting E-
W extension within the overriding Aegean plate; [2] earthquakes related to the African-Aegean convergence;
and [3] focal mechanisms of earthquakes lying within the subducting African plate. Normal faulting mecha-
nisms with left-lateral strike slip components were observed at the eastern part of the Hellenic subduction
zone, and we suggest that they were probably concerned with the overriding Aegean plate. However, earth-
quakes involved in the convergence between the Aegean and the Eastern Mediterranean lithospheres indi-
cated thrust faulting mechanisms with strike slip components, and they had shallow focal depths
(h<45 km). Deeper earthquakes mainly occurred in the subducting African plate, and they presented domi-
nantly strike slip faulting mechanisms. Slip distributions on fault planes showed both complex and simple
rupture propagations with respect to the variation of source mechanism and faulting geometry. We calculat-
ed low stress drop values (Ao<30 bars) for all earthquakes implying typically interplate seismic activity in
the region. Further, results of numerical simulations verified that damaging historical tsunamis along the Hel-
lenic subduction zone are able to threaten especially the coastal plains of Crete and Rhodes islands, SW Tur-
key, Cyprus, Levantine, and Nile Delta-Egypt regions. Thus, we tentatively recommend that special care
should be considered in the evaluation of the tsunami risk assessment of the Eastern Mediterranean region
for future studies.
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2010; Skarlatoudis et al., 2009; Taymaz et al, 1990, 1991, 2004,
2007a, 2007b; Vassilakis et al., 2011; Yolsal-Cevikbilen, 2012; Zitter et
al., 2003). Hellenic and Cyprus arcs, deep Rhodes and Finike basins,
Anaximander and Erasthothenes Sea Mountains, Pliny and Strabo

1. Introduction

Complex tectonic evolution is responsible for intense earthquake
activity, deformation, and various types of faulting mechanisms, tsu-

namis, volcanism and geological structures in Eastern Mediterranean.
This region is so called as a natural laboratory to study the main
stages of active margin development such as ocean closure and
ophiolite formation, continental subduction, continent-continent
collision, back-arc basin evolution, slab roll-back and slab-break-off
(Fig. 1a,b; Aksu et al, 2008; Bécel et al, 2009, 2010; Ganas and
Parsons, 2009; Hall et al., 2008; Laigle et al., 2008; Le Pichon and
Angelier, 1981; Mascle et al, 1986; McClusky et al., 2000, 2003;
McKenzie, 1972, 1978; Roumelioti et al., 2011; Shaw and Jackson,
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trenches, and the Dead Sea Transform Fault are the best examples
reflecting the tectonic complexity of the region (Fig. 1b). Additionally,
historical documents, earthquake catalogues (e.g. Ambraseys, 1962,
2009; Ambraseys et al., 1994; Ambraseys and Synolakis, 2010;
Antonopoulos, 1980; Guidoboni and Comastri, 2005a, 2005b;
Guidoboni and Ebel, 2009; Papadopoulos, 2001; Sbeinati et al.,, 2005;
Soloviev et al., 2000) and several tsunami studies (e.g. Bilham, 2008;
Fokaefs and Papadopoulos, 2006; Guidoboni and Comastri, 1997; Okal
et al., 2009; Shaw et al., 2008; Yalciner et al., 2004; Yolsal et al., 2007)
clearly demonstrate the tsunami potential along the Eastern Mediterra-
nean coastal plains. They verified many catastrophic earthquake-
induced tsunamis occurred particularly along the convergent plate
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Fig. 1. (a) General view of seismicity in the Mediterranean Sea and (b) tectonic sketch map of active boundaries and main structures in the Eastern Mediterranean region, compiled from
our observations and those of Mascle and Martin (1990), Taymaz et al. (1990, 1991, 2004), Saroglu et al. (1992 ), Woodside et al. (2000, 2002), Tan and Taymaz (2006), Yolsal et al. (2007),
Aksu et al. (2008), Hall et al. (2008) and thereafter. AS: Apseron Sill, ASM: Anaximander Sea Mountains, BF: Bozova Fault, BGF: Beysehir Golii Fault, BMG: Biiyiik Menderes Graben, BuF:
Burdur Fault, CTF: Cephalonia Transform Fault, DSF: Dead Sea Transform Fault, DF: Deliler Fault, EAF: East Anatolian Fault, EcF: Ecemis Fault, EF: Elbistan Fault, EPF: Ezine Pazari Fault, ErF:
Erciyes Fault, ESM: Eratosthenes Sea Mountains, G: Gokova, Ge: Gediz Graben, GF: Garni Fault, HB: Herodotus Basin, IF: Igdir Fault, KBF: Kavakbasi Fault, KF: Kagizman Fault, KFZ: Karatas-
Osmaniye Fault Zone, MF: Malatya Fault, MRF: Main Recent Fault, MT: Mus Thrust, NAF: North Anatolian Fault, NEAF: North East Anatolian Fault, OF: Ovacik Fault, PSF: Pampak-Savan
Fault, PTF: Paphos Transform Fault, RB: Rhodes Basin, SaF: Salmas Fault, Si: Simav Graben, SuF: Sultandag Fault, TeF: Tebriz Fault, TF: Tatarli Fault, TGF: Tuz Golii Fault. Large black ar-
rows show relative plate motions with respect to Eurasia (McClusky et al., 2000, 2003). Topography and bathymetry data are taken from USGS - NOAA / GTOPO30 and GEBCO-
BODC (1997), respectively. Black circles with numbers represent the locations of earthquakes which are discussed as case studies in the text.
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Table 1

63

Earthquake source parameters obtained from teleseismic P- and SH-waveform inversion. Earthquake epicenters are taken from ISC earthquake catalogue. Error limits are estimated
from uncertainty tests. M,: seismic moment, t,: origin time, M,,: moment magnitude, h: focal depth of the earthquake. Earthquakes are classified into three major groups according
to active tectonics, [1] E-W extension within overriding Aegean, [2] African-Aegean convergence, and [3] the subducting African plate.

Date Origin time  Lat. Long. Velocity Depth (km) M,, Strike Dip Rake h M, Related
(d.m.y) (to) (h:m:s) (°N)  (°E)  model ISC HRV  NEIC (¢, %) (8,°) N (km) (x10'®Nm) tectonics
20.07.1996 00:00:41.57 36.13 27.05 A 26.8 15 14 6.1 210+10 4445 —76° (+5,—10) 9+2 2044 1
22.02.2000 11:55:22.38 3448 2554 A 9.7 33 33 52 111410 72410 43410 742 68 2
10.03.2000 22:01:45.63 34.26 26.01 A 10 15 10 54 140410 64+10 71+10 16+2 146 2
05.04.2000 04:36:57.51 3442 2579 A 33 15 38 56 27245 36+5 108+5 442 295 2
24.05.2000 05:40:36.05 3597 2199 A 199 383 33 55 263 (45, —10) 5845 296+ 10 13+£2 238 1
13.06.2000 01:43:14.69 35.12 27.06 A 9.8 15 10 53 43+£10 82410 945 1242 9.7 1
01.05.2001 06:00:56.04 35.67 2747 A 285 33 33 51 194 (+5,—10) 5545 —78+5 10+£2 58 1
29.05.2001 04:43:57.06 3538 27.74 A 11 46 207 50 142410 62 (+5,—10) —137+10 32+2 46 1
23.06.2001 06:52:42.67 35.54 28.10 A 455 584 501 57 80+5 8745 8+10 44+2 419 3
30.10.2001 21:00:05.41 35.86 29.77 A 5 - 51.1 52 102+10 75+10 159410 35+£2 90 3
26.11.2001 05:03:21.06 34.82 2429 A 33 478 33 52 143+10 57+10 64 (+5, —10) 30+£2 72 2
22.01.2002 04:53:52.10 35.57 26.62 B 946 903 88 6.1 445 414£5 17545 82+2 1516 3
21.05.2002 20:53:30.18 36.63 2427 B 106.7 1004 97.1 58 26745 8445 18045 9142 527 3
06.06.2002 22:35:41.51 35.53 26.16 B 95.2 1104 - 51 168 (+5, —10) 5145 545 81+2 5.1 3
12.10.2002 05:58:50.44 34.75 2637 A 12.2 15 10 54 219410 29410 —4410 942 18.0 1
17.10.2003 12:57:07.13 3596 22.18 A 30 - 339 55 201+10 134+10 —304+10 1242 248 1
07.02.2004 21:17:21.37 35.83 2686 A 14.1 159 25 52 198+10 1245 —70+10 8+2 69 1
17.03.2004 05:20:57.75 34.66 2338 A 14.7 12 - 6.0 169 (—5, +10) 8245 8 (+5,—10) 35+£2 1071 3
04.11.2004 06:22:37.56 3596 23.14 B 70.1 921 - 51 4645 53 (—5,+10) 117+10 67+2 48 3
23.01.2005 22:36:07.39 35.84 29.66 A 424 24 10 56 12845 8245 14945 3442 356 3
30.01.2005 16:23:49.69 35.80 29.71 A 43 21.8 10 54 178+10 69+5 545 2742 182 3
08.01.2006 11:34:54.64 36.27 2326 B 584 64 66 6.5 62 (—5,+10) 5745 121 (+5, —10) 60+2 8255 3
03.02.2007 13:43:22.50 35.80 2248 B 53 535 591 53 19445 71+£5 19410 574+2 124 3
28.03.2008 00:16:20.54 34.79 2534 A 489  59.1 45 55 242 (+5,—10) 2445 53+5 4442 186 2
15.07.2008 03:26:36.55 3592 27.80 B 649 355 52 6.1 9445 8045 30+£5 5042 2049 3

boundaries such as Hellenic and Cyprus arcs in the past, and empha-
sized the importance of numerical tsunami simulation studies on esti-
mating tsunami wave characteristics on coastal regions.

The Hellenic subduction zone, which is our study area, plays an
important role on the evolution of the active tectonics of the Eastern

Table 2

Source region velocity-depth models used in teleseismic body waveform inversions.
Velocity models are compiled from Makris and Stobbe (1984), Makris et al. (1983)
and Taymaz et al. (1990).

Velocity model Vp Vs Density Thickness
(km/s)  (km/s)  (g/em®)  (km)
A (for shallow and 4,50 2.59 242 <10
intermediate earthquakes) 6.80 391 291 Half-space
B (for deep earthquakes) 6.50 3.70 2.8 >25
7.80 4.50 33 Half-space

Table 3

Dynamic and kinematic earthquake source parameters obtained from inversions of slip
distributions on fault planes. M,: seismic moment, T: total source duration, L: fault
length, W: fault width, S: faulting area, Dy.x: maximum displacement, D,,: average
displacement, Ao: stress drop.

Date M, T L W S Dmax Dav Ao
(d.m.y.) (x10'"°*Nm) (s) (km) (km) (km?) (cm) (cm) (bar)
20.07.1996 196.3 8-10 20 14 280 130 233 10
05.04.2000 38.2 6-8 11 10 110 40 115 8
24.05.2000 25.1 4 10 10 100 20 83 6
13.06.2000 123 2 5 5 25 50 164 24
01.05.2001 4.4 3 6.5 5.5 36 20 413 5
23.06.2001 343 6 15 12 180 10 6.3 4
22.01.2002 218.2 8 10 15 150 50 48 29
21.05.2002 52.8 4-8 8 11 88 30 200 16
06.06.2002 6.3 2 5 5 25 10 8.5 12
12.10.2002 16.7 10-12 15 14 210 10 6.2 1
17.03.2004 166.7 4-6 12 9 108 80 514 37
23.01.2005 41.6 4 8 11 88 20 15.77 12
08.01.2006 1056 6 24 24 576 120 61.1 19
03.02.2007 16.2 2 5.5 5.5 3025 20 17.8 24
28.03.2008 28.8 3-6 6 10 60 20 16.3 15
15.07.2008 291.3 3-6 12 16 192 100 50.5 27

Mediterranean region. Seismological observations along this zone
are widely used to get a better understanding of tectonic processes
and recent deformations. For example, the crustal and lithospheric
structures have been hitherto examined by receiver functions, to-
mography studies, Rayleigh wave phase velocities, focal mechanism
solutions and wide aperture seismic data (e.g., Benetatos et al., 2004;
Biryol et al., 2011; Bohnhoff et al., 2001; Endrun et al., 2004;
Karagianni et al., 2005; Spakman et al., 1988; Taymaz et al., 1990,
1991; Wortel and Spakman, 1992). They revealed a subducting slab
that dips to the north beneath Crete. Further, GPS surveys (Cocard
et al., 1999; Le Pichon et al., 1995; McClusky et al., 2000, 2003;
Nyst and Thatcher, 2004; Reilinger et al., 2010; Skarlatoudis et al.,
2009) provided crucial evidences to large-scale kinematics and
movement patterns in the region. The overall rate of convergence
was found as ~4 cm/year along the Hellenic subduction zone
(McClusky et al., 2000). A well-developed Benioff zone was also
identified by using earthquake activity to a depth of 150-180 km
below the central Aegean (Papazachos et al., 2000) and the subduct-
ing lithosphere was followed down to about 1200 km by seismic
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Fig. 2. Schematic representation of faulting area in slip distribution inversion. The star
shows the initial break of rupture propagation. The rupture in each cell starts after Ty,
time delay. Slip rate function is defined by L isosceles triangles with a rise time T in sec-
onds. Two components of slip vector with rakes slip 04-45° (Tan and Taymaz, 2006;
Yagi and Kikuchi, 2000; Yagi et al., 2004; Yolsal, 2008).
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Fig. 3. Flow chart of processing steps in tsunami simulations (Imamura, 1995, 1996;
Yalginer et al., 2004; Yolsal, 2008).

tomography (Bijwaard and Spakman, 1998; Spakman et al., 1988).
The Global CMT and other moment tensor catalogues, and earth-
quake source studies exhibited variety of faulting mechanisms in
the region. For example, Taymaz et al. (1990) studied earthquake
source mechanisms and classified them into four groups: [1] normal
faults with a N-S strike in the overriding material above the subduc-
tion zone; [2] low-angle thrusts with an E-W strike at a depth of
about 40 km; [3] high-angle reverse faults with shallow focal depths,
and [4] earthquakes within the subducting lithosphere with approxi-
mately E-W P-axes. Benetatos et al. (2004) also found that the outer
part of the Hellenic Arc, starting south of Zante Island and up to the
coast of Turkey, is deforming through high-angle reverse and low-
angle thrust faulting by studying earthquakes whose focal depths do
not exceed ~40 km. They found NE-SW directed P-axes which are per-
pendicular to the trench in the western part and parallel to it in the
eastern part. However, for deeper earthquakes (h>40 km), they deter-
mined strike-slip faulting mechanisms with considerable amount of
thrust components at the western and eastern edges of the Hellenic
arc. Similarly, Bohnhoff et al. (2005) concluded that slab-pull is the
dominant force within the subduction process, and it is responsible for
the roll-back of the Hellenic arc. Recently, Shaw and Jackson (2010)
suggested that the downgoing African plate deforms by arc-parallel
contraction at all depths, and T-axes directions align down-dip within
the descending slab. They also addressed the kinematic questions
which are related to the eastern termination of the Hellenic subduction
zone. Furthermore, Lorito et al. (2008) studied historical tsunamigenic
earthquakes, constrained specifically rake angles of fault planes by
using maps of principal stress and strain axes and GPS velocity fields.

It is well-known that tsunami waves are generally occurred when a
destructive earthquake (M>7.0) shows dip-slip mechanisms (i.e. nor-
mal or thrust faulting). Therefore, most of tsunami waves have been ob-
served along oceanic trenches and shallow parts of subduction zones
where convergent motions and large dip-slip (vertical) displacements
are dominantly seen (Bilek, 2009; Bryant, 1991). The December 26,
2004 Sumatra earthquake (M, ~9.3) and related tsunami is one of the
best examples of catastrophic earthquakes which occurred as a result
of subduction process between Indo-Australian and Eurasian Plates in
recent years. Due to the existence of several tsunamigenic zones in
the Eastern Mediterranean, we highlighted the importance of numeri-
cal tsunami simulation studies on estimating tsunami wave propaga-
tions and wave amplitudes along the coastal locations.

The goal of this article is to study recent earthquakes, active defor-
mations, kinematic and dynamic source parameters along the Hellen-
ic subduction zone, and illustrate potential tsunamigenic sources in
the Eastern Mediterranean region. Thus, source mechanisms, slip dis-
tributions and rupture propagations on fault planes of 25 earthquakes
(My,>5.0; 2000-2008; Table 1) are analyzed. We specifically focus on
earthquakes near Crete and Dodecanese (22°-29°N and 32°-36.5°E)
Islands. Other Aegean earthquakes (e.g., Gulf of Gokova) will be dis-
cussed in elsewhere. Major extended tsunamigenic zones such as
Hellenic and Cyprus arcs, Dodecanese islands and Levantine Basin
are examined in order to understand the tsunami potential in the
Eastern Mediterranean region.

2. Material and methods

In this section we briefly explained the methods of teleseismic
waveform modeling and numerical tsunami simulations used in the
present study.

2.1. Teleseismic body waveform inversion

Determination methods of source mechanisms aim at adjusting
earthquake source parameters such as strike (&), dip (8) and rake
(N\) angles of fault plane, focal (centroid) depth (h), source time func-
tion (STF) and seismic moment (M,). They are commonly applied
to earthquakes with My, > 5.0 along with observations recorded at tel-
eseismic distances (30° <A <90°). In this study, we used teleseismic
P- and SH-body waveforms and MT5 inversion algorithm developed
by McCaffrey and Abers (1988) and Nabélek's (1984). This method
is based on the weighted least-square sense and obtaining the mini-
mum misfit between observed and synthetic seismograms
(Benetatos et al., 2004; Jackson et al., 2002; Maggi et al., 2000;
McCaffrey et al,, 1991; Shaw and Jackson, 2010; Tan and Taymaz,
2006; Taymaz, 1990, 1996; Taymaz et al., 1990, 1991, 2007a, 2007b;
Yolsal, 2008). Earthquake data were retrieved from Global Digital
Seismographic Network (GDSN) of the Incorporated Research Insti-
tute of Seismology (IRIS). Both teleseismic long period (LP) P-, SH-
and broad band (BB) P-waveforms were used. All records were
converted to the displacement from velocity by de-convolving
responses and then re-convolving them with the response of the
WWSSN 15-100 long period instruments. We did not apply any fil-
tering to the waveforms. Earthquake source was constrained to be
double-couple. Synthetic waveforms were formed by combining di-
rect P- and SH-waves with surface reflections pP, sP, and sS. Ampli-
tudes were adjusted for geometrical spreading, and for attenuation
using Futterman's (1962) operator, with t*=1s for P- and t*=4s
for SH-waves. This method assumes that earthquake source can be
represented as a point in space, although not in time. Time history
of the displacement on the fault was represented by a source time
function, described by a series of overlapping isosceles triangles,
whose number and duration we defined. The best inversion result
is referred to as the “minimum misfit solution”. However, it is
known that the covariance matrix associated with the minimum
misfit solution usually underestimates the true uncertainties associ-
ated with source parameters. Hence, we followed the procedure de-
scribed by Molnar and Lyon-Caen (1989), Nelson et al. (1987), Tan
and Taymaz (2006) and Taymaz et al. (1990, 1991) in which the in-
version routine was used to perform experiments to test the robust-
ness of the minimum misfit solutions. We looked into one parameter
at a time by fixing it at a series of values either side of its value
yielded by the minimum misfit solution, and allowing the other pa-
rameters to be found by the inversion routine. Then, we visually ex-
amined the quality of fitting between observed and synthetic
seismograms to notice if it had deteriorated from the minimum mis-
fit solution. In this way, we found the uncertainties in strike, dip and
rake angles to be 4 5°-10°, and of focal depths to be 4+ 2 km
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Fig. 6. a. Minimum misfit solution of the May 24, 2000 Crete earthquake (M,,: 5.5) determined by teleseismic long period P- and SH-waveform inversion. Header information is as in
Fig. 5a.b. Focal mechanism, co-seismic slip distribution and total moment rate function of the May 24, 2000 earthquake and comparison of the observed (black) and synthetic (red)
broad band P-waveforms used in slip distribution inversion. Header information is as in Fig. 5d.

depending on azimuthal distribution of stations and signal quality of
waveforms. We estimated accurate earthquake focal depths
(& 2 km) which were not well determined by moment tensor cata-
logues such as Harvard-CMT (Harvard University), USGS-NEIC
(United States Geological Survey), ERI-CMT (Earthquake Research

Institute), KOERI (Kandilli Observatory and Earthquake Institution),
MEDNET-INGV (Mediterranean Network) and ETHZ-SED (Swiss
Federal Institute of Technology Zurich). However, it is well-known
that focal depths are essential in understanding the tectonic struc-
ture and seismogenic zone of a region and in better acquiring the

Fig. 5. a. Minimum misfit solution of the July 20, 1996 Dodecanese earthquake (M,,: 6.1) determined by teleseismic long period P- and SH-waveform inversion. The strike, dip, rake angles
and slip vector azimuth of the first and second nodal planes (NP), focal depth (h) and seismic moment (M,) are given. Observed and synthetic waveforms are shown by solid and dashed
lines, respectively. The source time function (STF) is shown in the middle of the figure, and beneath it is the time scale used for the waveforms. Focal spheres are shown with P- (top) and SH-
(bottom) nodal planes in lower hemisphere projection. Station positions are indicated by letter and are arranged alphabetically clockwise, starting from north. The P- and T-axes are marked
by solid and open circles, respectively. * exhibit waveforms not used in inversion.b. Comparison of our minimum misfit solution with the source parameters reported by USGS-NEIC, Harvard-
CMT catalogues and Louvari (2000). The top row shows waveforms from the minimum misfit solution. The stations are identified at the top of each column, with the type of waveform
marked by P- and SH- and followed by the instrument type. At the start of each row are the P- and SH-focal spheres for the focal parameters represented by the five numbers (strike,
dip, rake, depth and seismic moment), showing the positions on the focal spheres of the stations chosen. X show matches of observed to synthetic waveforms that are worse than in the
minimum misfit solution.c. Distribution of P-wave first motion polarities of the July 20, 1996 earthquake recorded by seismic stations at teleseismic and regional distances. Lower hemisphere
equal area projections are used. The station positions have been plotted with the same velocity model beneath the source used in our minimum misfit solution. Both nodal planes are those of
the minimum misfit solution. Station names and epicentral distances are given near example waveforms. Filled circles are compressional first motions, opens are dilatational. First motions are
only used here to examine the nodal planes constrain.d. Focal mechanism, co-seismic slip distribution and total moment rate function of the April 05, 2000 earthquake and comparison of the
observed (black) and synthetic (red) broad band P-waveforms used in slip distribution inversion. The strike, dip and rake angles of the first and second nodal planes (NP) and focal depth (h)
obtained from minimum misfit solution are given in the header. The white star indicates the focal depth obtained from minimum misfit solution. Station code and maximum amplitude are
above the waveforms, station azimuth and distance below. The vertical scale given on the right-hand side shows the displacement values in meters.
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Fig. 6 (continued).

evaluation of earthquake hazard. Another important point is to be
used appropriate velocity-depth structure at source, since the un-
certainty in the velocity structure leads directly to an uncertainty
in focal depth. We used a velocity-depth model at source reported by
Makris and Stobbe (1984), Taymaz (1996), Taymaz et al. (1990) for
our study area. Furthermore, for each sub-sea earthquakes, we added
an overlying water layer of variable thickness depending on the earth-
quake epicenter and GEBCO-BODC (1997) bathymetry data (Smith
and Sandwell, 1997a,b; Table 2). We also calculated earthquake mo-
ment magnitudes by using seismic moment (M,) and Kanamori
(1977) equation for all earthquakes.

2.2. Slip distribution and rupture propagation

Slip distribution inversions have been mostly used to reveal the
earthquake source characteristics. We obtained rupture histories
and slip distributions on fault planes of 16 earthquakes (Table 3) by
using the slip inversion scheme given by Yagi and Kikuchi (2000)
and Yoshida (1992). Initially, waveforms were windowed for 60 s,
starting 10 s before the origin time. After band-pass filtering between
0.01 Hz and 1.0 Hz, all records were converted into ground displace-
ment with a sampling time of 0.25 s as described by previous studies

(e.g. Tan and Taymaz, 2006; Yagi and Kikuchi, 2000; Yagi et al., 2004).
We assumed that faulting occurs on a single fault plane, and slip angle
remains unchanged during the rupture. The rupture process were
presented as a spatio-temporal slip distribution on a fault plane
which was divided into MxN sub-faults with length dx and width
dy. Then, slip rate function on each sub-fault was described by a series
of triangle functions with a rise time (Fig. 2). To calculate Green's
functions for teleseismic body waves, the method of Kikuchi and
Kanamori (1991) were used. Arrival times were determined by
using the Jeffreys-Bullen travel time table (Jeffreys and Bullen,
1940). Since increasing number of model parameters may cause the
instability in inversion, we applied smoothing constraints to slip dis-
tributions with respect to time and space to prevent it.

Slip distribution models also help us calculate dimensions of faulting
area (fault length and width), stress drop (A0), average (D,,) and max-
imum displacement (Dp,.x) of earthquakes (Table 3). Furthermore, the
recognition of irregular motions and the roughness of faulting surfaces
such as asperities and barriers can be achieved. We choose a nodal
plane which is consistent with the general geology, GPS motions and
tectonic background of the region as a fault plane. Further, we tested
the effects of choosing the accurate nodal plane by applying slip inver-
sions using both alternative nodal plane parameters. We observed
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differences mainly in rupture propagation directions and seismic mo-
ment values. But, maximum and average displacement values did not
alter significantly. We also found different seismic moment (M,) values
from minimum misfit solutions and slip distribution models for the
same earthquake. It is simply due to the usage of different seismic sta-
tions, type of the waveforms and variation in frequency contents of
long period and broad band seismograms. For example, while obtaining
source mechanism solutions we used long period P- and SH-
waveforms, but for slip inversions we could only use broad-band P-
waveforms due to the principle of inversion codes used in this study.
The variation in seismic moment (M,) slightly affects earthquake
moment magnitude values. Further details can be found in the relevant
studies done by Fukahata et al. (2003), Hartzell and Heaton (1983), Tan
and Taymaz (2006), Yagi and Fukahata (2011), Yagi and Kikuchi
(2000), Yagi et al. (2004), Yolsal (2008) and Yoshida (1992).

2.3. Numerical tsunami simulations

Several mathematical models mainly based on the resolution of
bathymetry data and selected source model are developed in order
to identify tsunami wave characteristics. It is critical to advance the
capability of modeling tsunamis for the purposes of predicting arrival
times, water surface fluctuations and describing wave interactions
with bathymetrical structures. Faulting geometry (source depth,
strike, dip, rake angles), amount of slip on the centroid and fault sur-
face, fault area, seismic moment (energy), location (distance from
shore and focal depth) and beach geometry (water depth and beach
slope) are basic parameters for setting tsunami source model. First
of all, it involves accurate estimation of the earthquake epicenter.
Source parameters are vital to set initial and boundary conditions
and to calculate the deformation of sea bottom, which in turn yields
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Fig. 7. a. Minimum misfit solution of the January 22, 2002 Karpathos earthquake (M,: 6.1) determined by teleseismic long period P- and SH-waveform inversion. Header informa-
tion is as in Fig. 5a.b. Focal mechanism, co-seismic slip distribution and total moment rate function of the January 22, 2002 earthquake and comparison of the observed (black) and
synthetic (red) broad band P-waveforms used in slip distribution inversion. Header information is as in Fig. 5d.


image of Fig.�7

S. Yolsal-Cevikbilen, T. Taymaz / Tecton

b

ophysics 536-537 (2012) 61-100 71

Strike (km)
0 5

-10 5 10
22 JANUARY 2002-KARPATHOS $4 L L L L
NP1: 4°/41°175° NP2 : 98°/87°/49° 54 ° ) ()
Focal Depth: 82 km P 0.50
Seismic Moment (Mo): 2.182 E18 Nm 0.45
1.0 —_ % // \\ ! 0.40
v £ i ‘ 0.35
2 £ | | R\ | [ros0
2 25 \ \ | ‘ i 0.25
Fos 5°1@) || | | ([©fH o3
w - \ — 0.15
= -10 -1 0.10
= i 0.05
o0 0 2 4 6 8 10 = \ 800
Time (s) e _ I . . . oF
KEVPZ LVZPZ BILLP.
6583 [\, ; 6.270 A, 3888
Ml‘—-,ﬁ"M/?‘w SHZ‘W 14/M
TIXIPZ MA2PZ PETPZ
5.058 4.435 2,801
ZUIW 25/74 Sl %IM
YAKPZ ARUP. s YSSPZ
3.904 5885 [ N 5507 l\ A "
3015‘k~/\\/ﬂ 36/29 B BT YET) '
HIAPZ BRVKP] TLYPZ
3.756 ) 4.703 o 4530 A
45165 s a3 T W 47155 ;
ULNPZ BJTPZ : MAKZ,
4112 A A . 4583 A A w4807 J
51/58 i  ssie ; g WI?LM

WMQP.
5.32

60 /46

CHMP.
3.980 5 ¥,
63/37 )
AAKPZ
2819 f
64/37 = ;

ULHLP|
3.263

64/38
KMIPZ
2.390
76 IW
LBTBPZ
6.046 g

TSUMPZ

181/ 60
SSPAP. BLOPZ
4.488 5.288

5815 A
* 190755 4

355/43 il ¥

Time (s)

29 58

Fig. 7 (continued).

initial tsunami waveform (Geist, 2005; Gica et al., 2007; Yolsal and
Taymaz, 2010). However, it could be sometimes hard due to the
lack of verified catalogues, records and knowledge of historical earth-
quakes. Here, we used non-linear shallow water mathematical
models (TUNAMI-N2 and AVI-NAMI) based on elastic dislocations of
Okada (1985) and a given GEBCO-BODC (1997) bathymetry data
(~1000 m and 2000 m grid). We calculated the generation, propaga-
tion and coastal amplifications of tsunami waves (Fig. 3). Related
equations of mass conservation and momentum in three dimensions

can be found in Goto et al. (1997), Imamura (1995, 1996) and Shuto
et al. (1990). These numerical codes solve the governing equations
by the finite difference technique with leap-frog scheme (Yalciner
et al., 2004; Yolsal, 2008; Yolsal and Taymaz, 2010; Yolsal et al.,
2007). Water surface fluctuations and velocities at all locations can
be computed even at shallow and land regions (Imamura, 1996)
within the limitations of grid size. Time steps were adjusted as satis-
fying the CFL (Courant-Friedrichs-Lewy) stability condition. As an
initial condition, the vertical displacement of water surface was
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considered to be the same as the bottom deformation (Mansinha and
Smylie, 1971). Non-linearity becomes important in many dynamic as-
pects when tsunami waves approach the shore. A typical Manning's
bottom friction coefficient value of 0.025 was used. Details of numer-
ical simulation steps (Fig. 3) are explained by Yalciner et al. (2004);
Yolsal (2008) and Yolsal et al. (2007).

3. Results
3.1. Earthquake source mechanisms and slip distributions

We have studied source mechanisms and rupture/slip distributions of
25 moderate earthquakes (M, >5.0; 2000-2008) occurred in the Eastern

Mediterranean. However, among these earthquakes, one of them oc-
curred on July 20, 1996 which we have included for its significance.

Source mechanism solutions of all earthquakes are summarized in
Fig. 4a,b,c and source parameters are listed in Tables 1, 3 and A1-A3. As
case studies, we presented teleseismic waveform inversion results of
only 6 Eastern Mediterranean earthquakes sampling different parts of
the Hellenic subduction zone (Fig. 1b); June 20, 1996 Dodecanese (M,,:
6.1), May 24, 2000 Crete (M,,: 5.5), January 22, 2002 Karpathos (M,
6.1), January 08, 2006 Kythira (M,: 6.5), March 28, 2008 Crete (M,:
5.5) and July 15, 2008 Dodecanese (M,,: 6.1). Azimuthal distributions of
teleseismic stations are mostly good enough to find the earthquake
source parameters with minimum errors. In waveform inversion figures,
straight and dashed lines are observed and synthetic waveforms, respec-
tively. Strike, dip and rake angles are shown for both nodal planes (NP).
M,, h, and sv refer to seismic moment, focal depth and slip vector azi-
muth, respectively. The station code is shown to the left of each wave-
form, together with an upper-case letter that identifies its position on

a
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Fig. 8. a. Minimum misfit solution of the January 08, 2006 Kythira earthquake (M,,: 6.5) determined by teleseismic long period P- and SH-waveform inversion. Header information
is as in Fig. 5a.b. Focal mechanism, co-seismic slip distribution and total moment rate function of the January 08, 2006 earthquake and comparison of the observed (black) and syn-
thetic (red) broad band P-waveforms used in slip distribution inversion. Header information is as in Fig. 5d.
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Fig. 8 (continued).

the focal sphere and a lower-case letter that identifies the type of instru-
ment (d: long period, b: broad band). Focal spheres are shown with P-
and SH-nodal planes in lower hemisphere projection. The vertical bar
beneath the focal spheres indicates the scale in microns, with the
lower-case letter identifying the instrument type as before. The source
time function is shown in the middle of the figure, and beneath it is the
time scale used for the waveforms. Station positions indicated by letters
are arranged alphabetically clockwise, starting from north. * exhibits
the waveforms not used in inversion.

For slip inversions, we adopted earthquake hypocenters reported
by ISC (Table 1) earthquake catalogue and the faulting mechanism
were taken from teleseismic P- and SH-waveform inversions

obtained by this study. Rupture propagation velocity (V;) was set to
3.2 km/s. Although the resolution of slip models are not too good
due to the utilization of only teleseismic body wave and the lack of
strong motion data, they give general view of rupture propagation
on the fault plane and sizes of faulting area. However, Hartzell and
Heaton (1983) pointed out that teleseismic waveforms constrain
the timing or position of gross features on the fault, while the strong
motion records resolve more of the details. We also calculated stress
3/2
% x ;\;’—g; Aki, 1972; Kanamori, 1994;
Kanamori and Anderson, 1975; Keilis-Borok, 1959) based on the
assumption of circular crack model. At each slip model, star indicates

drop values ( Ao =
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the location of initial break. The numbers below the station codes refer
to maximum amplitude in microns. Source mechanism solutions of 19
earthquakes which are not given in the manuscript can be found in
Supplementary Material Section.

3.1.1. Case studies

3.1.1.1. The July 20, 1996 earthquake (M,,: 6.1)—West of Rhodes Island.
On July 20, 1996, a moderate-sized earthquake occurred in the
western part of the Rhodes Island (No: 1 in Fig. 1b). In order to
find earthquake source parameters, we used thirty two long period
(LP) P- and eighteen SH-teleseismic body waveforms (Fig. 5a).
Most of the seismograms were very well-modeled. Inversion result
indicates normal faulting mechanism with small amount of strike
slip component. The focal depth was found to be 9+ 2 km. There
are also another earthquakes (e.g., May 01, 2001—M,,: 5.1 and Feb-
ruary 07, 2004—M,,: 5.2) which have the same faulting mecha-
nisms and shallow focal depths in the same area. We suggested
that these earthquakes might be related to graben systems

a

(Mascle and Martin, 1990) developed on the overriding Aegean
plate (Fig. 4a). T- Axes directions showed ~E-W extensional forces
in the area. We compared the source parameters of the July 20,
1996 earthquake reported by several moment tensor catalogues
(e.g., USGS-NEIC and HARVARD-CMT) and Louvari (2000). Source pa-
rameters given by Louvari (2000) were quite similar to our solution
(Fig. 5b). But, small differences in dip and rake angles caused consider-
able misfits particularly on SH-waveforms. We also checked first mo-
tion polarities of P-waveforms recorded at regional and teleseismic
stations (Fig. 5¢) and applied uncertainty tests (see Appendix) to find
the error limits of the minimum misfit solution. P-waveforms recorded
by stations at regional distances especially have great importance since
they help to constrain the nodal planes. For example, KIV (A =14.09°),
ANTO (A=5.87°), GRFO (A=17.78") and SSB (A =19.31°) stations lo-
cate close to nodal planes on the focal sphere and they clearly verified
our faulting mechanism.

Further, the spatial and temporal slip distribution was obtained from
the inversion of forty-two teleseismic broad band P-waveforms
(Fig. 5d). The fault plane was divided into 7x5 sub-faults with
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Fig. 9. a. Minimum misfit solution of the March 28, 2008 Crete earthquake (M,: 5.5) determined by teleseismic long period P- and SH-waveform inversion. Header information is as
in Fig. 5a.b. Focal mechanism, co-seismic slip distribution and total moment rate function of the March 28, 2008 earthquake and comparison of the observed (black) and synthetic
(red) broad band P-waveforms used in slip distribution inversion. Header information is as in Fig. 5d.
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dimensions of 3x3 km? We determined simple and circular-shaped
rupture at hypocenter. Maximum displacement was found to be
~1.3 m (Table 3). Slip model showed that rupture propagated along
the dip direction of the fault. Rupture process occurred in two stages:
[1] the rupture nucleated near the hypocenter, [2] then, it moved up-
wards about 10 km southwest from the epicenter. Source time func-
tions (Fig. 5a,d) are relatively simple and reveal the earthquake
duration of ~8 s. The fault length (L: 20 km), fault width (W: 14 km),

average displacement (D,,: 23 cm) and stress drop (Ao~10 bars)
were also determined from the slip distribution model (Table 3).

3.1.1.2. The May 24, 2000 earthquake (M,,: 5.5)—Western part of the
Hellenic Subduction Zone. Another moderate-sized earthquake (M,y:
5.5) occurred on May 24, 2000 at south of Greece (No: 2 in Fig. 1b).
Twenty nine P- and twenty SH-waveforms were used in the inversion
and normal faulting mechanism with considerable amount of strike
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slip component was obtained (Fig. 6a). The focal depth was found to
be 13 £2 km. Source time function has a simple shape and shows
earthquake duration of ~4 s. On the contrary, Benetatos et al. (2004)
indicated thrust faulting mechanism with strike slip component and
a focal depth of 18 km for this earthquake. But, it is clearly seen that
most of P-waveforms show dilatational first motion polarities at the
center of the P-focal sphere, and they evidently support the normal
faulting mechanism (Figs. 6a and A3).

Slip distribution model and comparison of observed and synthetic
teleseismic waveforms are shown in Fig. 6b. Initially, we took a suffi-
ciently broad faulting area (18 x 18 sub-faults) in order to see rupture
propagation in a wide scale. Then, we selected the division which has
6 x 6 sub-faults with dimensions of 3 x 3 km?. The moment-rate func-
tion was expanded by isosceles triangle functions, having 0.5 s rise
time. We determined two major slip patches where high seismic mo-
ment releases were observed. Most of them largely occurred at
the focal depth, and then slip moved downwards 6 km from the hy-
pocenter. That is, rupture propagated mainly along the dip of the

a
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fault plane. Maximum and average displacement values (Dyax:
20 cm; D,: 8cm), faulting area (S: 100 km?), rupture duration
(T~4s) and stress drop (Ao~6 bars) were estimated parameters
from the slip model (Fig. 6b and Table 3).

3.1.1.3. The January 22, 2002 earthquake (M,,: 6.1)—East of the Hellenic
Subduction Zone. The earthquake epicenter located near the Kar-
pathos Island in the eastern part of the Hellenic subduction zone
(No: 3 in Fig. 1b). Minimum misfit solution shows strike slip faulting
mechanism with a thrust component at a focal depth of 82 +2 km
(Fig. 7a). Due to its faulting mechanism and focal depth, we suggested
that this earthquake occurred in the downgoing African plate
(Fig. 4c). Similar to the results of Benetatos et al. (2004), we obtained
a T-axis direction showing down-dip extension same as the angle of
Hellenic subduction zone (~35°) at this part of the region. We further
constrained the minimum misfit solution by using the P-wave first
motion polarities recorded at regional and teleseismic stations
(Fig. A4).
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Fig. 10. a. Minimum misfit solution of the July 15, 2008 Dodecanese earthquake (M,,: 6.1) determined by teleseismic long period P- and SH-waveform inversion. Header informa-

tion is as in Fig. 5a.b. Focal mechanism, co-seismic slip distribution and total moment rate

function of the July 15, 2008 earthquake and comparison of the observed (black) and

synthetic (red) broad band P-waveforms used in slip distribution inversion. Header information is as in Fig. 5d.


image of Fig.�10

S. Yolsal-Cevikbilen, T. Taymaz / Tectonophysics 536-537 (2012) 61-100

b
15 JULY 2008 - DODECANESE

NP1: 94°/80°/30° NP2: 358°/61°/168°
Focal Depth: 50 km
Seismic Moment (Mo): 2.913 E18 Nm

4

KDAKP,
3.304

0/86 i

MRF*E18 (Nmisn)
& 2 &

8

2 4 6
Time (s)

TIXIPZ

tl‘w

HIAPZ

99/73
LBTBPZ
5.702

MCWVK
6.429

311/79

312/75 :

OXFPZ

2.872 I\

312788 v
KBSPZ

5.353 "
355/43 '

313/78

TNAPZ
3017t )
6/78
PETPZ
2.255
27 IFA\/WM

ALLYP.

5.780 R § v o
COLAP,

3.592 )
358779 AV Lo S

77
Strike (km)
il e - e
4 + L
2 v A -
[ { [ ] v} @ \ v -(m)1.0
=)= N2
| | FFros
N\ ZZImYE
v vL ¥ IJ{ - gg
},—v’ v v - g;
--£T>w v -
144 ¥ __v\\:/ 4 L

KMBOPZ
5.932

NCBPZ H
5.516

312/73

FFCPZ
4220 A
333780 PN )

Time (s)

31 62

Fig. 10 (continued).

Observed and synthetic teleseismic broad band P-waveforms used in
slip inversion are shown in Fig. 7b. We chose the nodal plane which has
strike (¢b: 4°), dip (6: 41°) and rake (\: 175°) angles as a fault plane in
the inversion. This plane was divided into 8 x 8 sub-faults which have di-
mensions of 3x3 km?2 The moment-rate function was expanded by

isosceles triangle functions, having 1 s rise time. Obtained source param-
eters were seismic moment (M,: 2.1x 10'Nm), source duration (~8 s),
fault length (L: 10 km), fault width (W: 15km) and stress drop
(A0~29 bars) (Table 3). We further determined that maximum dis-
placement (Dphax: 50 cm) occurred beneath ~6 km of the hypocenter.
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Fig. 11. Lower hemisphere equal area projections of the first motion polarity data recorded by stations at regional and teleseismic distances for all earthquakes studied in this article.
Station positions of the focal sphere have been plotted using the same velocity model beneath the source used in our minimum misfit solution. Filled circles are compressional first
motions, opens are dilatational. Nodal planes are those of the minimum misfit solutions. Above each focal sphere is the event's date (day, month, year) and moment magnitude

(My). Strike, dip and rake angles of first nodal plane is also shown under focal spheres.

3.1.1.4. The january 08, 2006 earthquake (M,,: 6.5)—Kythira Island.
On January 08, 2006, an intermediate-depth earthquake (No: 4
in Fig. 1b) occurred at the western part of the Hellenic subduction
zone close to the island of Kythira (southern Greece). It was strongly
felt in nearby regions and slight damage was especially observed in

the village Mitata of Kythira Island (Karakostas et al, 2006;
Konstantinou et al., 2006; Skarlatoudis et al., 2009; Taymaz et al.,
2007c). The main earthquake and its aftershocks are directly related
to the active Hellenic subduction zone. Many studies have been
done in order to define source characteristics of this earthquake. For
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Fig. 12. A schematic sketch map of potential tsunamigenic regions and representative focal mechanism solutions of historical tsunamigenic Eastern Mediterranean earthquakes es-
timated from current source mechanisms, and by analogy of plate boundaries and tectonic motions. Coastal plains that are at tsunamigenic earthquake risk are marked with red
wave-curves. AKF: Akkar Fault, AKMH: Aksu, Koprii, Manavgat Basins, AT: Aksu Thrust, BMG: Biilyiik Menderes Graben, BTB: Beirut-Tripoli Thrust, CaFZ: Carmel Fault Zone, DSF:
Dead Sea Fault, EAF: East Anatolian Fault, EF: Ecemis Fault, FR: Florence Rise, FBFZ: Fethiye-Burdur Fault Zone, IA: Isparta Angle, KFZ: Karatas Fault Zone, PTF: Paphos Transform
Fault, RF: Roum Fault, RTF: Rhodes Transform Fault, YF: Yammouneh Fault (see references in Fig. 1b).
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example, Ventouzi et al. (2007) pointed out a NE-SW trending of the
aftershock sequence, in good agreement with the general stress field
of the intermediate-depth earthquakes of the western Hellenic sub-
duction zone. In addition, Skarlatoudis et al. (2009) obtained differ-
ences in attenuation patterns between the back-arc and along-arc
records by using Acceleration-Sensor and Broad-band Velocity-
Sensor records. We observed that a simple double-couple mechanism
was adequate to model the details of body waveforms where clear
depth phases of P- and SH- were quite helpful to distinguish the
nodal planes. Minimum misfit solution from the teleseismic body
waves was determined to be a reverse faulting mechanism with con-
siderable amount of strike slip motion (for NP1 strike=62°,
dip=57°, rake=121°; for NP2 strike =194°, dip =44°, rake=51°;
M,=28.255x 10" N m). The source time function is rather simple
and about 6-8 s (Fig. 8a). At this part of the region northwest — south-
east compression follows the local trend of the Hellenic arc and
northeast-southwest down-dip extension is parallel to the dip of
the subducting slab (Kiratzi and Papazachos, 1995).

Rupture properties and slip histories on the fault plane were fur-
ther obtained by carefully analyzing the details of broad band records
(Fig. 8b). We selected the nodal plane which has a right-lateral strike
slip component as a fault plane. The inversion of teleseismic wave-
forms showed that the seismic moment was released in two main
slip patches on the fault propagating upwards with a rupture velocity
of Vr =3.2 km/s. We calculated rupture area and maximum displace-
ment at the centroid to be A=576 km? and Dy.x = 120 cm, respec-
tively (see Table 3). The overall mechanism is in agreement with
known regional stress field where compression is confirmed to be
NW-SE along with the trend of the Hellenic trench at intermediate
depths. The further details of this event were studied by analyzing
near-field waveforms collected during EGELADOS experiment and
supplemented with the observed near-field strong motion records
(Skarlatoudis et al., 2009). Furthermore, Taymaz et al. (2007c)

Table 4

reported the uncorrected maximum accelerations of the nearest sta-
tions to be 0.13 g on the island of Kythira and 0.14 g on Agios Niko-
laos, and 0.05 g on Crete Island.

3.1.1.5. The March 28, 2008 earthquake (M, 5.5)—South of Crete.
This earthquake occurred at the south of Crete (No: 5 in Fig. 1b). We
used thirty P- and fifteen SH-teleseismic waveforms to find a minimum
misfit solution. Inversion result indicates thrust faulting mechanism
with a small amount of strike slip component. We proposed that this
earthquake occurred related to the African-Aegean convergence
(Figs. 4b and 9a). The focal depth of 44 + 2 km and seismic moment of
18.68x10'®Nm was found (Table 1). Similarly, Shaw and Jackson
(2010) reported 43+4 km focal depth and they emphasized that
this earthquake occurred on the subduction zone interface. Moment
tensor catalogues such as Harvard-CMT, USGS-NEIC, MEDNET-INGV,
ETHZ-SED reported earthquake source parameters indicating thrust
faulting mechanism with strike slip component which is similar to our
minimum misfit solution, but their reported focal depths are different.
We checked P-wave first motion polarity distributions (Fig. A6) and ob-
served ~£5°-10° errors in strike, dip and rake angles.

In slip distribution inversion, we used forty-two teleseismic broad
band P-waveforms. We chose the low-angle and north-dipping nodal
plane as a fault plane. Source orientation (strike, dip, rake = 242°, 24°,
53°) and earthquake epicenter reported by ISC (latitude =34.79°N;
longitude =25.34°E) were adopted as initial inversion parameters.
We divided the fault plane into 3 x4 sub-faults, each of them has an
area of 3x3 km?. The slip rate function on each sub-fault was ex-
panded into a series of three triangle functions with a rise time of
1 s. Slip model shows a uniform and circular-shaped rupture propaga-
tion on the fault plane (Fig. 9b). Maximum moment release occurred
within ~3 s. It is consistent with teleseismic waveform modeling re-
sult (Fig. 9a,b). The maximum slip was obtained to be ~20 cm at the
centroid and ~16 cm average over the faulting area (Table 3).

Assumed source parameters of tsunamigenic Eastern Mediterranean earthquakes used in plausible tsunami scenarios. I,: Intensity, t,: origin time, M: Magnitude, L: Fault length, W:
fault width, H: focal depth, D: displacement, and NP: Nodal Plane. PO7: Papadopoulos et al. (2007); PFO5: Papadopoulos and Fokaefs (2005); GC05a: Guidoboni and Comastri

(2005a); SO5: Sbeinati et al. (2005); A94: Ambraseys et al. (1994), YO8: Yolsal (2008).

Date Mag.

Region Reference

21 July 365 M>8.0

08 August 1303

3 May 1481
17-18-19 December 1481
28 February-03 April—23 May 1851

1 July 1494 Io=VII-IX

09 February 1948 M;: 7.1

I: IX

11 May 1222 M.=6.0

Ih=IX

13 August 1822 My 7.1; Ms 7.4

Crete (35°N, 23°E)

NP1: 295°/15°/90°

NP2: 115°/75°/90°

L: 200 km, W:50 km; H: 20 km; D: 15 m
Crete

Lat: 35° 11/, Lon: 25° 38’

NP1: 115°/45°/110°

NP2: 268°/48°/71°

L: 100 km, W:30 km; H: 20 km; D: 8 m
Southern Aegea, Rhodes, Antalya

NP1: 50°/60°/70°

NP2: 266°/36°/121°

L: 70 km, W:30 km; H: 15 km; D: 3.5 m
Crete GCO05a, YO8
Lat: 35° 12/; Lon: 24° 55/

NP1: 110°/50°/80°

NP2:305°/41°/102°

L: 70 km, W:30 km; H: 15 km; D: 3.5 m
Karpathos island, SE Aegea

to: 12:58:13-Lat: 35° 30’; Lon: 27° 12’
NP1: 45°/80°/—15°

NP2: 138°/75°/—170°

L: 95 km, W:20 km; H: 15 km; D: 5 m
Cyprus, lat: 34° 42'; lon: 32° 48’

NP1: 305°/35°/110°

NP2: 101°/57°/77°

L: 50 km, W:25 km; H: 15 km; D: 3 m
Syria, Iskenderun, Jerusalem, Beirut
NP1: 190°/20°/—20°

NP2: 299°/83°/—109°

L: 50 km, W:50 km; H: 15 km; D: 5m

P07, PFO5
A94, YO8

GC05a
P07, PFO5, YO8

GC05a, YO8

P07, PFO5, YO8

GCO05, YO8

S05, YO8
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Fig. 13. a: Snapshots of sea states at different time steps (t= 10, 30, 50, 70 min) generated by non-linear shallow water theory for various times at 10 min intervals for 1481 Rhodes
earthquakes. The color scale which is given on the right-hand side in meters shows the water height values.b. Computed tsunami records at selected locations for historical 1481
Rhodes earthquakes. The vertical and horizontal scales show water surface elevation (wse) in centimeters and tsunami simulation time (t) in minutes, respectively. Above each
synthetic mareogram, the maximum synthetic wave heights (H) and theoretical arrival times (T) of the initial wave are given in centimeters and minutes, respectively. Letters
and numbers indicate synthetic tsunami mareograms generated at pseudo-tide-gauge locations. The height of initial tsunami wave is given in the box in the lower left corner of
the map.c. Distribution of maximum positive tsunami wave amplitudes along the north and south coasts of the Eastern Mediterranean and directivity of tsunami wave
propagation during 1481 Rhodes earthquakes sequences.
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Fig. 13 (continued).

3.1.1.6. The July 15, 2008 earthquake (M,,: 6.1)—South East of Rhodes Is-
land. This earthquake occurred at the southeastern part of the Rhodes
Island (No: 6 in Fig. 1b). We used teleseismic long period twenty
eight P- and twenty two SH-waveforms to determine the minimum
misfit solution. Result indicates left-lateral strike slip faulting mecha-
nism with thrust component (Fig. 4c). We found the seismic moment
(M,) and focal depth (h) to be 2.049x10'® N m and 50 km, respec-
tively (Table 1). The depth phases were clearly seen on both P- and
SH-waveforms. Further, we obtained source time function represent-
ing the main moment release in about 3 s (Fig. 10a). By using seismic
moment value and Kanamori (1977) equation, we calculated earth-
quake moment magnitude (M,,) to be 6.1. Both uncertainty tests
and P-wave first motion polarities (Fig. A7) revealed about +5°-10°
errors in strike, dip and rake angles. Moment tensor catalogues
reported similar source mechanism solutions, but their focal depths
and seismic moment values were slightly different from each other.
For example, Harvard-CMT and INGV-RCMT catalogues reported the
focal depth as 42.2 km and 37 km, respectively.

We used thirty nine teleseismic broad band P-waveforms in slip dis-
tribution inversion (Fig. 10b). Resolution of the model has been further
investigated by several synthetic tests performed using varied grid
sizes. Finally, the fault plane was divided into 8 x 10 sub-faults, each

having an area of 2x 2 km?2. We chose a nodal plane which has strike,
dip and rake angles as 94°, 80° and 30°, respectively as a fault plane
(Fig. 10b and Table 1). Our slip model showed that rupture started at
4 km below the hypocenter, and propagated mainly along the dip direc-
tion of the fault towards the east. The effective rupture area was roughly
estimated to be 12 km (length) x 16 km (width). The maximum dis-
placement and seismic moment were found to be 1m and
291.3x 10" N m, respectively. We also calculated the stress drop
(Ao~27 bars) and average displacement (D,,: 50.5 cm) from our slip
inversion model (Table 3).

For all earthquakes studied in this article, P-wave first motion po-
larities recorded by regional and teleseismic stations are plotted in
Fig. 11. As noticeably seen, our minimum misfit solutions are mostly
in accordance with distributions of P-wave first motion polarities.

3.2. Simulation of selected historical tsunamis

Historical catalogues, documents, geological, coastal and archaeo-
logical evidences indicate many catastrophic earthquakes and associ-
ated tsunamis which demolished the Eastern Mediterranean coastal
plains, especially Crete, Rhodes, Cyprus Dodecanese islands and Le-
vantine Basin in the past (e.g., Ambraseys, 1962; Antonopoulos,
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1980; Guidoboni and Comastri, 2005a, 2005b; Pirazzoli et al., 1982;
Sbeinati et al., 2005; Soloviev et al., 2000; Stiros, 2001, 2010; Stiros
and Drakos, 2006). Our approach combines updated knowledge on
the regional tectonic setting and scenario-like calculations of
expected tsunami impact. We have simulated tsunami wave propaga-
tions of historical 365 AD, 1303 and 1494 Crete and 1481 and 1948
Dodecanese Islands earthquakes which occurred along the Hellenic
subduction zone in the Eastern Mediterranean region (Fig. 12 and
Table 4). We emphasized the importance of joint examination of
earthquake source parameters and tsunami simulation studies. Fur-
ther, simulation results of historical 1222 Cyprus and 1822 Syria tsu-
namis were obtained, and given in Appendix (Figs. A8-A9). It is well-
known that the choice of tsunami source is too important and usually
requires a good knowledge of active tectonics and earthquake rupture
mechanisms since it affects the overall characteristics of synthetic
tsunami waves. In order to constrain earthquake source parameters
(Table 4), we specifically used current plate boundaries, empirical
seismological equations (Mai and Beroza, 2000; Tan and Taymaz,

2006; Wells and Coppersmith, 1994), focal mechanism solutions of
Crete - Hellenic subduction zone earthquakes (e.g., Benetatos et al.,
2004; Bohnhoff et al., 2005; Hatzfeld et al., 1993; Kiratzi and
Louvari, 2003; Laigle et al., 2004; Louvari, 2000; Papazachos et al.,
1999; Shaw and Jackson, 2010; Taymaz et al., 1990, 1991, 2004,
20073, 2007b; Yolsal, 2008; Yolsal et al., 2007), moment tensor cata-
logues (e.g., Harvard-CMT, UGSG, MED-RCMT) and historical earthquake
catalogues with verified documents (Ambraseys, 1962; Ambraseys et al.,
1994; Antonopoulos, 1980; Fokaefs and Papadopoulos, 2006; Guidoboni
and Comastri, 2005a, 2005b; Sbeinati et al., 2005). We briefly summa-
rized the results of numerical wave simulations concerned with
these major historical tsunamigenic earthquakes occurred in Eastern
Mediterranean.

3.2.1. Dodecanese Islands Region

3.2.1.1. The May-December, 1481 earthquakes (M~7.0-7.5)—Rhodes.
Many tsunamigenic earthquakes have been reported in Dodecanese

Fig. 14. a. Snapshots of sea states at different time steps (t=10, 30, 50, 70, 90 min) generated by non-linear shallow water theory for various times at 10 min intervals for the Feb-
ruary 09, 1948 Karpathos earthquake. The color scale which is given on the right-hand side in meters shows the water height values.b. Computed tsunami records at selected lo-
cations for the February 09, 1948 Karpathos earthquake. Header information is as in Fig. 13b.c. Distribution of maximum positive tsunami wave amplitudes along the north and
south coasts of the Eastern Mediterranean and directivity of tsunami wave propagation during the February 09, 1948 Karpathos earthquake.
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Fig. 14 (continued).

islands region (Fig. 12 and Table 4). The May-December, 1481
earthquake series are one of the best reported and well-known his-
torical earthquakes. Coronelli and Parisotti (1688) reported that
these earthquake series caused ~3 m high tsunami waves which
flooded the coastal plains of Rhodes Island, and a ship was smashed
in a reef and sank with all its crew. Ben Menahem (1979) expressed
tsunami waves as far away as the Levantine coasts. In addition,
Papadopoulos et al. (2004) found a sedimentary layer in Dalaman
which shows 1473 £46 AD earthquake and related tsunami by
using radiocarbon dating methods. We proposed a hypothetical
tsunami scenario for this tsunamigenic earthquake by constraining
the earthquake source parameters. These parameters and a repre-
sentative fault plane solution are given in Table 4 and Fig. 12.
Snapshots of tsunami wave propagations for various times at 10 min
intervals and computed water surface fluctuations within the limita-
tions of the bathymetric grid size are plotted in Fig. 13a. Effects of tsuna-
mi waves are clearly seen when synthetic tsunami simulations at
several sea states are compared. Simulation results (Fig. 13a,b) show
that tsunami waves may reach SW Turkish coasts (e.g. Mugla and Antal-
ya) in ~10-20 min, Libyan coastal plains in ~60 min, Cyprus in ~50 min
and Alexandria-Nile Delta in ~70 min. The largest wave amplitudes are

calculated near the earthquake epicenter (~3.5m at location 1) and
along Turkish coastal plains (~1.5 m atlocations 7 and 9). However, tsu-
nami waves had not large amplitudes so as to demolish the Cyprus and
Levantine coasts (~20-30cm) during the 1481 tsunami (Fig. 13b).
Fig. 13c shows the distributions of computed maximum positive tsuna-
mi amplitudes and directions of tsunami wave propagation along the
northern and southern coastal plains in Eastern Mediterranean. It is ob-
viously seen that wave propagation is grown at the right angles to the
major axis of tsunami source, that is, it propagated towards southeast
direction. Consequently, anomalous sea wave amplitudes at Alexandria
and African coastal plains (~1m at location 24) were calculated
(Fig. 13b,c).

3.2.1.2. The February 9, 1948 earthquake (M~7.0-7.5)—Karpathos Is-
land. As reported by Galanopoulos (1960), the February 9, 1948
earthquake caused destruction near Pigadia, the main town of the
Karpathos Island, and “ ... a huge seismic sea wave that penetrated
inland 1 km” (Fig. 12). The first motion of tsunami wave was with-
drawal (Papadopoulos et al., 2007). A few eye witnesses reported
that first tsunami wave arrived to Karpathos Island coasts about 5
to 10 min after the earthquake and many vessels were violently
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moved ashore and destructed. Field surveys revealed ~2.5 m tsuna-
mi wave heights in Pigadia and 250 m inland penetration at maxi-
mum to the west of this town (Papadopoulos and Fokaefs, 2005;
Papadopoulos et al., 2007). Therefore, it is suggested that the earth-
quake epicenter was probably near the Karpathos Island, its magni-
tude was 7.1 and it had a shallow focal depth (Altinok and Ersoy,
2000; Papadopoulos, 2001). In the light of earthquake source
mechanisms, current plate motions and tectonic boundaries near
the Dodecanese Islands region, we constrained strike, dip and
rake angles as 45°, 80° and —15° respectively (Fig. 12 and
Table 4) and we proposed a hypothetical tsunami scenario for this
earthquake. The faulting area and vertical displacement were reck-
oned to be about 95 km (fault length)x20 km (fault width) and
5m (Table 4), respectively. Simulation results showed the height
of initial tsunami wave to be 0.612 m. The crest and trough ampli-
tudes were found as 0.212m and —0.4 m, respectively. Initial
wave height was less than the heights of other historical tsunami-
genic earthquakes which had about the same magnitude. The rea-
son was that the assumption of a large amount of strike slip
component for this earthquake. Results also showed a NW-SE di-
rected tsunami wave propagation. The most destructive tsunami

waves were calculated along the coastal plains of the Karpathos Is-
land (Fig. 14a,b,c). The distribution of maximum positive tsunami
wave amplitudes exhibited ~1.2 m tsunami wave height along the
northern coastal plains and ~40 cm along the southern coastal
plains of Eastern Mediterranean (Fig. 14c). However, they were
not too high when compared to heights of the other tsunamigenic
Eastern Mediterranean earthquakes. Hence, we suggested that
1948 Karpathos tsunami was observed only near the earthquake
source area and had local effects and destructions. These findings are
in consistent with historical documents and records. Other Eastern
Mediterranean coasts such as African, Levantine and Turkish coastal
plains were not affected from tsunami waves related to 1948 tsunami
(Fig. 14b,c).

3.2.2. Crete-Hellenic Arc region

3.2.2.1. The July 21, 365 earthquake (M~8.5)-W Crete. It is widely
reported that a catastrophic earthquake, occurred near the western
part of Crete on July 21, 365 (Fig. 12), destroyed a large area in East-
ern Mediterranean. It particularly devastated all towns on Crete Is-
land and most of Eastern Mediterranean coastal plains up to the
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Nile Delta by killing thousands of people and hurling ships to inland.
Many researchers and historians continue to debate the question
whether ancient sources refer to a single catastrophic earthquake in
365 AD, or whether they represent a historical amalgamation of a
number of earthquakes occurring between 350 AD and 450 AD
(Stiros, 2001, 2010; Stiros and Drakos, 2006). Archaeological evi-
dences pointed out that this earthquake mainly destroyed the ancient
town of Kisamos, a wealthy Roman town in Western Crete. Hence,
earthquake epicenter was assumed to be located at the western part
of the Hellenic subduction zone (Fig. 12). In addition, Pirazzoli et al.
(1992) presented two tsunami deposits correlated with 365 AD
event near the ancient harbor of Phalasarna in the western Crete,
which is presently 6-7 m above the water. Furthermore, uplift analy-
sis indicated that 365 AD earthquake had a magnitude of ~8.5
(Fischer and Babeyko, 2007; Shaw et al., 2008). So far, many numer-
ical tsunami studies related to this earthquake were done (e.g.
Fischer and Babeyko, 2007; Lorito et al., 2008; Shaw et al., 2008)
and destructive tsunami waves along Crete, Nile Delta, African and
Adriatic coasts were reported. But they did not illustrate any synthet-
ic tsunami wave amplitudes at pseudo tide-gauge locations along

different parts of the Eastern Mediterranean Sea especially African,
Arabian and Anatolian coastal plains. In order to demonstrate the
overall effects of this tsunamigenic earthquake, we applied a hypo-
thetical tsunami scenario and obtained synthetic wave amplitudes
at several pseudo tide-gauge locations in Eastern Mediterranean
(Figs. 12 and 15a,b,c).

Simulation of the 365 AD Crete earthquake-induced tsunami
has been widely speculated with various debates based on diverse
rupture parameters estimated (Fischer and Babeyko, 2007; Shaw
et al., 2008). We suggested thrust faulting mechanism with a shal-
low focal depth for this earthquake in the light of previous focal
mechanism solutions, current plate motions and tectonic structures
along the Hellenic subduction zone (Benetatos et al., 2004; Kiratzi
and Louvari, 2003; Laigle et al., 2004; Shaw and Jackson, 2010;
Taymaz et al., 1990, 1991, 2007a, 2007b; Yolsal, 2008; Yolsal
et al., 2007). We adopted the fault length, fault width, and vertical
displacement as 200 km, 50 km and 15 m, respectively. Water sur-
face fluctuations at all grid points were obtained and snapshots of
tsunami wave propagations at 10 min intervals were displayed
(Fig. 15a). The height of initial tsunami wave was calculated as
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Fig. 15. a. Snapshots of sea states at different time steps (t =10, 30, 50, 70, 90 min) generated by non-linear shallow water theory for various times at 10 min intervals for the July
21, 365 AD Crete earthquake. The color scale which is given on the right-hand side in meters shows the water height values.b. Computed tsunami records at selected locations for
the July 21, 365 AD Crete earthquake. Header information is as in Fig. 13b.c. Distribution of maximum positive tsunami wave amplitudes along the north and south coasts of the
Eastern Mediterranean and directivity of tsunami wave propagation during the July 21, 365 AD Crete earthquake.
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Fig. 15 (continued).

7.528 m (Fig. 15b). The computed water surface elevations (wse)
and theoretical arrival times were presented at selected pseudo
tide-gauge locations in Fig. 15b. We determined maximum tsunami
wave heights near Crete (~12m at location 3), Libyan-African
coasts (~11 m at location 50), Alexandria-Nile Delta (~3 m at loca-
tion 43), Fethiye (SW Turkey; ~1.5 m at location 30), Israel coasts
(~1.5m at location 42), Dodecanese islands (~1-2 m), Rhodes
(~1m at location 28) and Antalya, Alanya and SW Cyprus
(~40-70 cm) (Fig. 15b,c). Finally, we suggest that our results are
consistent with historical documents, reports, catalogues, observa-
tions, and they reflect catastrophic tsunami waves resulted from
365 AD earthquake along the Eastern Mediterranean coastal plains.

3.2.2.2. The 08 August 1303 earthquake (M~8.0)—SE Crete. This earth-
quake is known as one of the largest and best-documented seismic
events in the Eastern Mediterranean Sea region throughout its his-
tory. It has been reported that the earthquake epicenter was possi-
bly located near the eastern part of Crete, and it occurred related to
the Hellenic subduction zone at a shallow focal depth (Fig. 12 and
Table 4). Historical documents and trench analysis demonstrated
that a large area including Crete, the Peloponnese, Rhodes, Antalya

(SW Turkey), Cyprus, Alexandria-Nile Delta (Egypt) coastal plains
had been seriously affected from this catastrophic earthquake
(Altinok and Ersoy, 2000; Ambraseys, 1962; Ambraseys et al.,
1994; Antonopoulos, 1980; Guidoboni and Comastri, 1997, 20053,
2005b; Yolsal et al., 2007). Yolsal et al. (2007) suggested strike,
dip and rake angles and source depth of this earthquake as 115°,
45°, 110° 20 km, respectively. Furthermore, they also estimated
the amount of vertical displacement and faulting area using empir-
ical equations developed by Mai and Beroza (2000), Tan and
Taymaz (2006), and Wells and Coppersmith (1994). Initial tsunami
wave height was found to be 2.444 m. The details of tsunami simu-
lations can be found in Yolsal (2008) and Yolsal et al. (2007). How-
ever, in this article we briefly summarized numerical simulation
results of the August 08, 1303 Crete earthquake by showing tsuna-
mi wave propagation and the distribution of maximum positive tsu-
nami wave amplitudes along the northern and southern coasts of
Eastern Mediterranean (Fig. 16a,b). As seen in Fig. 16b, the largest
wave amplitudes were calculated at the eastern part of Crete
(~6 m). It was also observed that tsunami wave amplitudes should
be destructive along the southern coastal plains such as Alexandria
(Nile Delta) and Libyan coastlines (~1.5 m).
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3.2.2.3. The July 01, 1494 earthquake (M~7.0-7.5)—S Crete. Another
large tsunamigenic earthquake occurred at the vicinity of southern
Crete on July 01, 1494 (Ambraseys, 1962; Ambraseys et al., 1994;
Antonopoulos, 1980; Guidoboni and Comastri, 2005a; Papadopoulos,
2001; Soloviev et al., 2000) (Fig. 12). This earthquake was strong
enough to create a local tsunami at the Candia (Iraklion) harbor. All
the ships at anchor struck violently against each other to the extent
that they seemed likely to break up. Historical documents also pointed
out tsunami waves reaching to the Levantine Basin as far as Jaffa and Is-
rael coasts. Guidoboni and Comastri (2005a) suggested an epicentral
coordinates of 35.12" N and 24.55’ E and an intensity of I, = VIII-IX for
this earthquake which corresponds to the earthquake magnitude of
about M~7.5 (Table 4).

By taking into consideration of earthquake focal mechanism solu-
tions, the geometry of the Hellenic subduction zone and current plate
boundaries near the epicenter, we suggested earthquake source pa-
rameters indicating thrust faulting mechanism with a small amount
of strike slip component. The strike, dip and rake angles were as-
sumed to be 110°, 50° and 80°, respectively (Fig. 12 and Table 4). Sim-
ilar to the other numerical tsunami simulations, we approximately
calculated the faulting area (fault length and fault width) and vertical
displacement for M~7.0-7.5 sized earthquakes by using several
empirical seismological equations (Mai and Beroza, 2000; Tan and
Taymaz, 2006; Wells and Coppersmith, 1994). We assumed the
focal depth to be 15 km. The water surface fluctuations at all grid
points were computed and displayed as snapshots of tsunami
wave propagations at 10 min intervals in Fig. 17. The height of

initial tsunami wave was calculated to be 1.281 m. We also demon-
strated water surface elevations at selected pseudo tide-gauge lo-
cations (Fig. 17b). Distribution of computed maximum positive
tsunami amplitudes along the northern and southern coastal plains
(Fig. 17¢) showed NE-SW directed wave propagations so as to be at
right angles to the major axis of tsunami source, as was predicted in
theoretical models (see Pelinovsky, 1996). Hence, we obtained larg-
est wave amplitudes (Fig. 17b) near Crete (~1 m at locations 1 and 2)
and African coasts (~2 m at locations 46 and 48). We observed that
other parts of Crete were not severely affected by tsunami waves.
There were also no significant tsunami wave amplitudes at Cyprus
(~12 cmat location a), Alexandria-Egypt, Turkish and Levantine coastal
plains (see Fig. 17b,c).

4. Summary and discussion

This study exhibits that present-day deformation along the Hellenic
subduction zone is mainly driven by a convergence between the African
and Aegean plates. It also shows that seismic deformation is not uni-
formly distributed throughout the region. The topography and bathym-
etry along the Hellenic subduction zone reflect deformation styles such
as extensions and compressions. We observe major effects of tectonic
structures which are related to complex tectonic evolution and defor-
mation patterns on earthquake source parameters and tsunami wave
characteristics. During the period of 2000-2008, there were no cata-
strophic earthquakes in the study area; earthquakes are generally mod-
erate size (5.0<M,,<6.5; Table 1). Most of our observations are

Fig. 16. a. Snapshots of sea states at different time steps (t= 10, 30, 50, 70 min) generated by non-linear shallow water theory for various times at 10 min intervals for the August
08, 1303 Crete earthquake. The color scale which is given on the right-hand side in meters shows the water height values.b. Distribution of maximum positive tsunami wave am-
plitudes along the north and south coasts of the Eastern Mediterranean and directivity of tsunami wave propagation during the August 08, 1303 Crete earthquake.
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concerned with the southern part of the Aegean and Eastern Mediterra-
nean Seas since intense earthquake activity is mainly concentrated
along the Hellenic subduction zone. We calculated low stress drop
values (Ao<30 bars) indicating typically interplate seismic activity.
Similar to previous seismological studies (e.g. Benetatos et al., 2004;
Bohnhoff et al,, 2005; Louvari, 2000; Papazachos and Kiratzi, 1996;
Shaw and Jackson, 2010; Taymaz et al., 1990, 1991), we confirm and
therefore classify earthquakes into three major categories: [1] focal
mechanisms of earthquakes exhibiting E-W extension within the Aege-
an overriding plate; [2] earthquakes related to the African-Aegean con-
vergence; and [3] focal mechanisms of earthquakes lying within the
subducting African plate (Fig. 4a,b,c). Below we summarize current ac-
tive tectonics and tsunami potential on the Hellenic subduction zone
along with source mechanisms, slip distributions, rupture propagations,
earthquake activity and numerical tsunami simulation results. Further-
more, various tectonic models as indicated by local geology, geodesy
(GPS, InSAR as such), paleoseismology, and geophysics (gravity, mag-
netic, seismic refraction and reflection) help us to conclude the overall
tectonic activity of the region.
[1] Overriding Aegean Plate and the eastern part of the Hellenic sub-
duction zone: Source parameters of earthquakes occurred in the

east of the Hellenic subduction zone mostly indicate normal
faulting mechanisms with left-lateral transtensional compo-
nents and shallow focal depths (h~8-10km) (e.g., July
20,1996; October 12, 2002; May 01, 2001; February 07, 2004
earthquakes). We suggest that source mechanisms and focal
depths of these earthquakes expose the overriding Aegean
plate (Fig. 4a). This area consists of the Ptolemeus, Pliny and
Strabo deep-sea depressions. T-axes directions show E-W
and NW-SE extensional forces. Shaw and Jackson (2010) em-
phasized that GPS vectors manifest the largest divergence in
azimuth between 25°E-29°E, and support the dominant exten-
sion which occurs rapidly in the east of the subduction zone
based on the observations of Reilinger et al. (2006). Farther
north-west, similar to the eastern part of the Hellenic arc, we
find normal faulting mechanisms with small amounts of strike
slip components (e.g., May 24, 2000 and October 17, 2003
earthquakes) along the inner part of the shallow crustal layer
(h<15 km; Fig. 4a). These earthquakes might be related to
thick unconsolidated sediments on the downgoing African
plate and aseismic interface deeper than~45 km due to the
thermal and dewatering effects (Shaw and Jackson, 2010).
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While we observe the dominant extensional motion in the east
and west of the Hellenic arc, we cannot find any evidence of
normal faulting earthquakes at south of Crete. We also suggest
that dominant source mechanisms dramatically change from
normal to strike slip faulting mechanisms with thrust compo-
nents towards the east of Rhodes (e.g., June 23, 2001; October
30, 2001; January 23-30, 2005 and July 15, 2008 earthquakes).
These earthquakes have relatively deeper focal depths (~35-
40 km). We propose that they probably occurred on the down-
going African plate (Fig. 4c). Further, we determine slip distri-
butions of earthquakes which have simple and circular-shaped
ruptures with short source durations. Ruptures generally prop-
agated along dip directions of fault planes.

[2] African-Aegean convergence: Shaw and Jackson (2010)

reported that earthquakes along the Hellenic Subduction
Zone account for less than 10% of the African-Aegean con-
vergence. However, the number of moderate-sized earth-
quakes is good enough to define the geometry and depth of

the subduction interface. In this study, source parameters
of earthquakes related to the convergence between African
and Aegean plates (h<45 km) show that the outer part of
the Hellenic Subduction Zone, especially the south of Crete,
is deforming by thrust faulting mechanisms with strike slip
components (e.g., February 22, 2000; April 05, 2000 and
March 28, 2008 earthquakes; Fig. 4b). P-axes directions
mostly present N-S and NE-SW compressional motions.
These shallow-depth thrust faulting mechanisms are also re-
sponsible for catastrophic tsunamis such as tsunamigenic
365 AD earthquake. The March 28, 2008 (M,, 5.5) earth-
quake is a good example reflecting the African-Aegean con-
vergence in the study region. It shows north-dipping low-
angle thrust faulting mechanism with a small amount of
left-lateral strike slip component at south of Crete. Teleseismic
slip and rupture models generally exhibit seismic moment re-
leases and large displacement values mainly occurred at focal
depths. They have uniform rupture propagations on faulting

Fig. 17. a. Snapshots of sea states at different time steps (t=10, 30, 50, 70, 90 min) generated by non-linear shallow water theory for various times at 10 min intervals for the July
01, 1494 Crete earthquake. The color scale which is given on the right-hand side in meters shows the water height values.b. Computed tsunami records at selected locations for the
July 01, 1494 Crete earthquake. Header information is as in Fig. 13b.c. Distribution of maximum positive tsunami wave amplitudes along the north and south coasts of the Eastern
Mediterranean and directivity of tsunami wave propagation during the July 01, 1494 Crete earthquake.
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planes. The overall source time functions for complete ruptures
show that most of the seismic energy is released in the first
5-10 s (Table 3).

Earthquakes in the subducting African Plate: Earthquake source
studies are important to define the position and depth of
the subducting African plate. Along the Hellenic Subduction
Zone, deep-focus earthquakes (h>45 km) are mostly related to
the downgoing African plate and they show mainly strike slip
faulting mechanisms with considerable amount of thrust compo-
nents (e.g., January 22, 2002 and May 21, 2002 earthquakes;
Table 1). We summarize the earthquakes whose depths, locations
and mechanisms make it likely they occurred within the subduct-
ing lithosphere in Fig. 4c. These earthquakes exhibit down-dip
extension which is parallel to the dip of the subducting African
plate and they have T-axes aligned ~N-S, indicating the expected
pull of the subducting slab (Taymaz et al., 1990). Source mecha-
nisms generally have P- axes parallel to the local strike of the
subduction zone at south of Crete and they expose the along-
strike shortening of the African lithosphere which may be related
to the strong curvature of the Hellenic subduction zone. Similarly,
Shaw and Jackson (2010) pointed out that earthquakes
(h<410 km) where seismically-active slabs did not penetrate as
deep as 670 km generally had down-dip T-axes. Our results
display the similar faulting geometry and T-axes directions
which are consistent with previous seismological studies. Addi-
tionally, at north western part of Crete Island, there are earth-
quakes indicating dominantly thrust faulting mechanisms (e.g.,
November 04, 2004 and January 08, 2006 earthquakes) at about
60-65 km focal depth. They occurred on a fracture zone called
as right-lateral strike slip Kythira fault. This zone is vertical
to the boundary of African and Aegean plates along the south-
western section of the Hellenic arc. It is known that this part of
the Eastern Mediterranean lithosphere reflects high deformation
rate and it accounts for over 60% of the seismic-energy release in
Europe. Papazachos (1996) suggested that deformation in this

area could lead to earthquakes as large as M,, 8.3. Rupture prop-
agations are not too simple and uniform for these earthquakes.
For example, slip inversion model of the January 08, 2006 showed
complex slip distributions along dip of the fault plane. Seismic
moment of this earthquake was released in two main slip patches
on the fault which propagate upwards direction.

[4] Numerical tsunami studies clearly reveal the importance

of seismological studies which are related to earthquake
source mechanisms, focal depth, bathymetry data and geo-
morphology of any adjacent land for identifying the large-
earthquake-prone regions along the subduction zones. Our re-
sults indicate non-uniform wave propagations in Eastern
Mediterranean Sea correlated with the complex sea bottom
and coastal topography. We observe that tsunami waves
reach all Eastern Mediterranean coastal plains at most in 3
hours. But sea wave disturbances may continue for a long
time due to the reflections and refractions from the bathymet-
rical features, islands, bays, and coastal plains. We suggest that
future oceanographic and marine geophysical research should
aim to improve the resolution of bathymetric maps, particu-
larly for the details of continental shelf, and those of sea-
mounts. Simulations also expose that damaging historical
tsunami waves in the eastern (e.g., 1303 and 1481) and west-
ern Hellenic arc (e.g., 365 AD, 1494) are able to threaten espe-
cially the coastal plains of the Crete, SW Turkey, Dodecanese,
Cyprus, Levantine, and Nile Delta regions, consistent with
the historical catalogues, documents, and reported field ob-
servations. Thus special care should be considered in the eval-
uation of the tsunami risk assessment for these regions
(Fig. 12). However, synthetic tsunami wave amplitudes calcu-
lated for Cyprus and Levantine Basin tsunamigenic earth-
quakes are not high enough to demolish SW Turkey, African,
Dodecanese and Crete Islands coasts. They have especially
local effects, only damaged the regions nearby earthquake
epicenters. Hence, we think that the Cyprus Island acts as a
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Fig. 17 (continued).

natural barrier for tsunami waves in case of the occurrence of
earthquakes along the Cyprus Arc and Levantine Basin (Figs.
A8-A9 in Appendix).

Finally, we conclude that complexities of the Eastern Mediterranean
region are correlated with structural variations and intense deforma-
tions. We emphasize the importance of combined seismological results
on tsunami studies as they are used to set initial boundary conditions
for numerical simulations, and suggest that tsunami simulations can
be further improved by implementing better geophysical, seismological
and geological observations in the future.
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Appendix A

In Appendix, we summarize earthquakes which are previously
reported by other studies and Harvard-CMT moment tensor cata-
logue (Tables A1-A3). We could not find source mechanism param-
eters of several earthquakes occurred during 2000-2008 listed in
these tables, due to the lack of P- and SH-waveform data that have
good signal/noise ratio. As an example of uncertainty analysis, we
demonstrated the tests for strike, dip, rake angles and focal depth
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Table A1

Source parameters of earthquakes occurred within the overriding Aegean plate along the eastern and western parts of the Hellenic Subduction Zone reported by previous studies.
L88: Lyon-Caen et al. (1988); T90: Taymaz et al. (1990); HRV-CMT: Harvard-CMT; KLO3: Kiratzi and Louvari (2003); BO4: Benetatos et al. (2004); and SJ10: Shaw and Jackson
(2010). M,y: moment magnitude, M,: seismic moment, t,: origin time, h: focal depth of the earthquake.

Date (d.m.y) Origin time (to) (h:m:s) Lat. (°N) Long. (°E) \Y/ Strike (°) Dip (°) Rake (°) h (km) Ref.
27.04.1965 14:09:05 35.65 23.53 5.4 191 65 —-79 13 L88
29.11.1973 10:57:44 35.18 23.81 5.8 224 67 10 18 T90
13.09.1986 17:24:34 37.07 22.14 5.8 196 51 —90 8 L88
02.10.1986 10:12:45 34.81 28.30 52 99 37 —53 15 HRV-CMT
05.09.1988 20:03:25 34.44 26.55 52 15 55 —11 15 HRV-CMT
20.11.1988 21:01:06 35.29 28.70 5.4 24 32 —152 15 HRV-CMT
09.07.1990 11:22:18 3494 26.62 52 217 56 —21 9 KLO3
19.03.1991 12:09:22 34.79 26.31 5.5 261 30 40 12 KLO3
30.04.1992 11:44:39 35.06 26.63 5.8 214 52 —47 7 KLO3
22.07.1996 01:44:37 36.08 27.12 5.0 223 36 —78 15 HRV-CMT
09.04.2006 23:27:19 35.17 27.24 5.3 144 36 —117 26 HRV-CMT
13.08.2006 10:35:12 34.35 26.56 5.1 197 43 -1 17 Sj10
21.05.2007 16:39:10 35.06 27.74 5.0 1 39 —146 18 HRV-CMT
23.09.2007 00:54:29 35.11 27.06 53 234 41 —23 18 HRV-CMT
Table A2

Source parameters of earthquakes occurred related to the African-Aegean convergence reported by previous studies. Mc72: McKenzie (1972); T90: Taymaz et al. (1990); HRV-
CMT: Harvard-CMT; B04: Benetatos et al. (2004); and SJ10: Shaw and Jackson (2010). My,: moment magnitude, M,: seismic moment, t,: origin time, h: focal depth of the
earthquake.

Date (d.m.y) Origin time (to) (h:m:s) Lat. (°N) Long. (°E) \Y/ Strike (°) Dip (°) Rake (°) h (km) Ref.
09.05.1966 00:42:53 34.43 26.44 55 132 46 110 16 T90
30.05.1968 17:40:26 35.45 27.88 6.0 314 25 119 21 Mc72
14.01.1969 23:12:06 36.11 29.19 6.3 100 74 82 33 Mc72
16.04.1969 23:21:06 35.23 27.72 55 104 80 85 45 Mc72
04.05.1972 21:39:57 35.15 23.56 6.2 112 74 98 41 T90
18.08.1977 09:27:40 35.27 23.51 5.5 114 79 96 38 T90
11.09.1977 23:19:19 34.94 23.05 5.9 276 47 89 19 T90
15.05.1979 06:59:22 34.58 24.44 5.7 253 17 65 35 T90
15.06.1979 11:34:16 34.93 24.20 5.6 150 75 70 40 T90
21.06.1984 10:43:40 35.30 23.28 6.0 110 72 83 39 T90
22.05.1986 19:52:22 34.64 26.52 53 118 86 99 27 B04
07.12.1995 18:00:54 34.81 24.09 5.1 344 16 126 19 Sj10
13.10.1997 13:39:36 36.34 22.10 6.3 300 18 86 26 SJj10
05.11.1997 12:22:50 34.65 23.95 5.1 358 26 153 19 SJj10
17.04.1999 08:17:56 35.95 21.71 53 172 59 95 27 Sj10
25.11.2005 09:30:55 35.07 23.51 52 300 23 72 40 Sj10
22.08.2006 09:23:21 35.07 27.09 51 5 10 8 12 HRV-CMT
10.05.2008 20:53:04 36.31 22.19 5.4 329 4 122 20 HRV-CMT
Table A3

Source parameters of earthquakes lying within the subducting African Plate reported by previous studies. T90: Taymaz et al. (1990); HRV-CMT: Harvard-CMT; PO1: Parke (2001);
B04: Benetatos et al. (2004); and SJ10: Shaw and Jackson (2010). My,: moment magnitude, M,: seismic moment, t,: origin time, h: focal depth of the earthquake.

Date (d.m.y) Origin time (t,) (h:m:s) Lat. (°N) Long. (°E) Mw Strike (°) Dip (°) Rake (°) h (km) Ref.
09.04.1965 23:57:02 35.06 2431 6.1 63 76 157 51 T90
12.06.1969 15:13:30 34.43 25.04 6.0 163 50 44 19 T90
22.09.1975 00:44:56 35.19 26.25 5.6 209 75 131 64 T90
28.11.1977 02:59:09 35.95 27.78 5.6 88 51 32 66 B04
22.08.1979 20:12:47 35.89 27.38 5.3 64 31 —106 68 B04
17.08.1982 22:22:19 33.70 22.94 6.3 230 45 109 39 T90
03.01.1983 00:12:25 34.53 2431 5.1 30 36 70 102 HRV-CMT
19.03.1983 21:41:41 35.01 25.32 5.6 44 51 139 67 T90
27.09.1983 23:59:38 36.71 26.93 54 312 46 162 170 HRV-CMT
22.05.1984 13:57:04 35.82 22.57 5.1 188 44 32 63 B04
27.09.1985 16:39:46 34.40 26.54 58 125 77 9 38 T90
12.04.1987 02:47:20 35.51 23.41 5.1 252 90 180 15 HRV-CMT
19.06.1987 18:45:42 36.79 28.18 52 121 41 88 65 B04
18.10.1991 14:04:55 35.75 28.45 52 82 88 13 43 B04
21.11.1992 05:07:21 35.85 22.50 59 194 53 28 54 P01
23.05.1994 06:46:15 35.54 24.69 6.7 64 77 163 75 P01
12.04.1996 15:39:10 36.58 27.04 52 235 80 —52 162 B04
26.04.1996 07:01:27 36.33 27.96 53 343 54 174 70 B04
09.03.1998 11:21:18 35.88 28.40 5.1 10 33 —116 54 HRV-CMT
29.04.2003 01:51:20 36.93 21.73 5.1 193 81 4 56 HRV-CMT
13.09.2003 13:46:14 36.61 26.87 52 97 40 10 160 HRV-CMT
07.10.2004 01:05:12 36.46 26.79 55 334 40 166 130 HRV-CMT
04.08.2005 10:45:28 34.83 26.50 5.0 90 80 7 31 HRV-CMT

06.01.2008 05:14:21 37.25 22.70 6.0 218 45 20 68 SJj10




94 S. Yolsal-Cevikbilen, T. Taymaz / Tectonophysics 536-537 (2012) 61-100

20 JULY 1996

STRIKE TEST _ NRIL-Pd

TLY-Pd XAN-Pd

KOG-Pd ULN-SHd MSEY-SHd KMBO-SHd DBIC-SHd

210%/44/284/9/2.044E18

190*1‘431’279E]8

200%/44/281/9/2.067E18

220*/45/286/9/2.005E18
@B Aol

230*/47/289/10/1.95E18

240%/48/290/9/1.882E18

Wi

20 JULY 1996

DIP TEST NRIL-Pd TLY-Pd

XAN-Pd

KOG-Pd

ULN-SHd MSEY-SHd KMBO-SHd DBIC-SHd

210/44*/284/9/2,044E18

193/24*/286/5/2.07E18

198/34%/283/7/1.93E18 X

226/54%/292/8/1.90E18 X X
239/64*/302/7/1,64E18  x

247/74*/311/6/1.3TE18 ¢

:

Figure A1. An example of uncertainty tests for strike and dip angles of the July 20, 1996 Dodecanese earthquake. The top row shows selected waveforms from the minimum
misfit solution. The stations are identified at the top of each column, with the type of waveform marked by P- and SH- and followed by the instrument type. At the start of
each row are the P and SH focal spheres for the focal parameters represented by the five numbers (strike, dip, rake, depth and seismic moment), showing the positions on
the focal spheres of the stations chosen. X show matches of observed to synthetic waveforms that are worse than in the minimum misfit solution. Fixed strike and dip angles

are marked by *.

belong to the July 20, 1996 Dodecanese Islands (M, 6.1) earthquake
(Figs. A1, A2).

We also illustrated distributions of P-wave first motion polarities
of five Eastern Mediterranean earthquakes discussed individually in
the text (see Section 3.1.1). P-waveforms are recorded by seismic sta-
tions at teleseismic and regional distances. Black and white circles
show up (compressional) and down (dilatational) P-wave polarities,
respectively. They are used to further constrain the inversion solu-
tions (Figs. A3-A7).

In addition, we briefly explained numerical tsunami simulation re-
sults of tsunamigenic 1222 Cyprus Arc (Fig. A8) and 1822 Levantine
Basin (Fig. A9) earthquakes. Thus, we demonstrated the effects of tsu-
namigenic earthquakes occurred at different parts of the study region
on Eastern Mediterranean coastal plains.

The May 11, 1222 earthquake—Paphos, Cyprus

According to historical and archaeological documents, Limassol, Nic-
osia and especially Paphos where the castle collapsed, were severely af-
fected from the 1222 tsunamigenic Cyprus earthquake (Fig. 12;
Table 4). There were many victims and loses. This earthquake was felt
in regions as far as Alexandria (Altinok and Ersoy, 2000; Ambraseys,
1962; Ambraseys et al., 1994; Calvi, 1941). We briefly presented tsuna-
mi wave propagations of the 1222 Paphos earthquake in this article to
discuss the importance of the Cyprus Arc and different tectonic com-
plexities on tsunami studies (Fig. A8). Yolsal et al. (2007) proposed a
hypothetically tsunami scenario for this earthquake. They used current
plate boundaries and focal mechanism solutions of earthquakes oc-
curred along the Cyprus Arc in order to estimate source parameters.
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Figure A2. An example of uncertainty tests for rake angle and focal depth of the July 20, 1996 Dodecanese earthquake. Fixed rake angle and focal depth are marked by *. Header

information is as in Fig. A1.

Their results showed the effects of bathymetric features of the Nile Delta,
and hence they suggested that the Nile Delta acts as a natural barrier to
slow down tsunami waves at shallower depths (<500 m) as a result of in-
terferences of refractions and diffractions of sea waves. According to the
numerical simulation, tsunami waves propagated towards SW direction.
Most destructive waves were calculated near the Cyprus Island. Maxi-
mum positive tsunami amplitudes were found to be about 2.5 m along
the northern coastal plains of the Eastern Mediterranean Sea. At the
southern coastal plains, the more destruction observed at Alexandria—
Egypt coasts with ~1 m maximum tsunami wave amplitudes (Fig. A8).

The August 13, 1822 earthquake—Syria

This earthquake is known as the largest event along the Dead
Sea Fault Zone in historical past (Fig. 12; Table 4). Historical

documents reported that it was felt from the Black Sea to Gaza,
and it was followed by an aftershock sequence that lasted almost
2.5 years. It destroyed the regions between Gaziantep and Antakya
in Turkey and Aleppo and Khan Sheikhun in NW Syria (Sbeinati
et al., 2005). In addition, Poirier and Taher (1980) suggested that
this event (I,: X-XI) destroyed 60% of Aleppo and generated sea
waves in Iskenderun Gulf. Plassard and Kogoj (1981) demonstrated
intensity (I,)~V in Lebanon, and destruction in Antakya, Aleppo
and Lattakia with tsunami waves. In this study, we assumed a mag-
nitude of M~7.0-7.5 and normal faulting mechanism with a small
amount of strike slip component for the 1822 Syria earthquake
by using active tectonic structures, earthquake source parameters
and geological knowledge of the region. Related parameters and
a representative fault mechanism solution are shown in Fig. 12
and Table 4. Initial tsunami wave was calculated to be 2.053 m
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Figure A3. Distribution of P-Wave first motion polarities of the May 24, 2000 earth-
quake recorded by seismic stations at teleseismic and regional distances. Lower hemi-
sphere equal area projections are used. The station positions have been plotted with
the same velocity model beneath the source used in our minimum misfit solution.
Both nodal planes are those of the minimum misfit solution. Station names and epicen-
tral distances are given near example waveforms. Filled circles are compressional first
motions, opens are dilatational.

which obtained by the summation of trough (0.806 m) and crest
(—1.247 m) amplitudes. According to numerical simulation results
(Fig. A9), tsunami waves in the Iskenderun Gulf propagated to-
wards the eastern part of Cyprus where destructive tsunami
waves were observed. Maximum positive tsunami amplitudes
were calculated as about 3 m along Antakya coasts and ~2.5m
along Adana coasts. We also obtained ~1.75 m wave heights along

BFO
A=18.53

Figure A4. Distribution of P-Wave first motion polarities of the January 22, 2002 earth-
quake recorded by seismic stations at teleseismic and regional distances. Header infor-
mation is as in Fig. A3.
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Figure A5. Distribution of P-Wave first motion polarities of the January 08, 2006 earth-
quake recorded by seismic stations at teleseismic and regional distances. Header infor-
mation is as in Fig. A3.

the Lattakia (Cyprus) and Syria coastal plains. However, the other
Eastern Mediterranean coastal plains such as SW Anatolia, the
Nile Delta and African coastal plains were not affected too much
from tsunami waves since the wave energy did not propagate as
far away and dissipated due to natural bathymetrical barriers
such as the Cyprus Island (Fig. A9).

Appendix B. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.tecto.2012.02.019.
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Figure A6. Distribution of P-Wave first motion polarities of the March 28, 2008 earth-
quake recorded by seismic stations at teleseismic and regional distances. Header infor-
mation is as in Fig. A3.
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Figure A7. Distribution of P-Wave first motion polarities of the July 15, 2008 earth-
quake recorded by seismic stations at teleseismic and regional distances. Header infor-
mation is as in Fig. A3.
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Figure A8. Distribution of maximum positive tsunami wave amplitudes along the north
and south coasts of the Eastern Mediterranean and directivity of tsunami wave propa-
gation during the tsunamigenic May 11, 1222 Cyprus earthquake.
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Figure A9. Distribution of maximum positive tsunami wave amplitudes along the north
and south coasts of the Eastern Mediterranean and directivity of tsunami wave propa-
gation during the tsunamigenic August 13, 1822 Syria earthquake.
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