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MepiAnyn

H ekTinon tng XWPLKAG Kal XPOVIKAG KATAVOUAg tnG oAloBnong otnv emudpavela tou
PNYUATOC OTMOTEAEL ONUAVIIKO EPYAAEIO ylO TOUG OELOMOAOYOUC KOL OAOUG TOUC YEW-
ETUOTAMOVEG Yla TNV KOTOVONON TNG XWPOXPOVIKAG €EEALENG TNG OELOULKAG Sldppnéng. Mua
tétola Stadikacio anattel dedopéva ta onola mpoaodlopilovtal HETA amd £va LOXUPO OELOWLKO
yeyovog, dnAadn TIG E0TLAKEG TAPOAUETPOUC, CUUTMEPIAAUBAVOUEVOU TOU UNXOVLIOMOU YEVEDNC
Kall TN YEWUETPla Tou priypatog. H uéBodog avtiotpodrg tou Tavuoth oAicBnong umopet va
OUMBAAAEL ot Snuloupyia aflomotwy xaptwyv Katavoung edadikng kivnong (shakemaps), otn
ypriyopn avtidpaon tng moAttelag HETA amd YUEYAAO OELOUO KOL OTNV EKTUNON TiBavotntog
ekdnAwong petacslopwv. To Aoyoptko LinSliplnv (Gallovic and Zahradnik, 2011; Gallovic et al.,
2014) ekteAeltal XpnOLOTIOLWVTAC TOTIKA Kal Tepldepelokd dedopéva mou €xouv kataypadel
anod oslopoypadoug tou Eviaiou EBvikou AiktUou Zewopoypadwyv (EEAZ), kabBwg kal anod ta
Siktua emtayuvoloypadwv tou lMewduvaplkol lvotitoutou tou EBvikoU Aoctepookomeiou
ABnvwv (T-EAA), tou Ivotitoutou TexViknG ZelopoAoyilag Kal AVTIOELOMIKWY KoTtooKeuwv
(ITZAK) kat, yla to AvatoAwko Awyaio, debdopéva amo Kandilli Observatory and Earthquake
Research Institute (KOERI) kat to Kevtpko Zuotnua Aedopévwy Zelopwv tng Toupkiag (AFAD).
E€etaotnkav emheypévol Loxupol oswopol (ue My = 6.0) mou £€ywvav Katd TNV TeAeutaia
TEVTAETIO 08 OLAdOPEG TEPLOXEC TNG €AANVLIKAG ETKPATELAC. KOTA TOV TPOoSLloplopd TNg
KaTavoung oAioBnong péow tou Aoyloptkou LinSliplnv, e€etdotnkav oL pnxoaviopot yéveong, tTa
HOVTEAQ TOXUTNTOG KOL N YEWHUETPLA TWV pNYUATWY arod én SnUooleUUEVES EpyaOieG.

Ta amoteAéopata TNG KATAVounS oAloBnaong xpnolpomnotndnkav wg dedopéva eloodou
yla Tov UTOAOYLoPO TNG £6adLkAg mapapuopdwaong, XpnoLLomolwvTag To nmpoypapua DIS3D
(Erickson, 1987), Aaupdvovtag umoyn otL dev mapatnpnOnke (xvog Tou pPAYMATOC OTNV
emupavela. H mpokuntouoa katavour oAlobnong kat n edadiki mapapopdwon cuykpibBnkav
HE eKelveg mou mpoodloplotnkav amd AANEG UEAETEG, cUUMEPLAQUBOAVOUEVWY EKEIVWY TTOU
XPNOLLOTOLOUV TEXVIKEC ouBoAopeTpiag INSAR kot GNSS.

Ta amoteAéopata TnG Katavopng oAlobnong kpivovtal wavomowntikd. H katavopn
oAioBnong yla tov celopo tng Kedbalovidg mou élafe xwpa otig 26 lavovapiou 2014, kal
npoékuPe amnod tnv epappoyn Tou Aoyiloptkou LinSliplnv xpnowuonowwvtag Se50Uéva O€ TOTILKEG
€WC Kol TEPLPEPELAKEG ATTOOTAOCELS, avedelke €va emeloddlo Slappnéng, ATOL Uia OEOULKNA
mnyn, Ue pEylotn oAioBnon ion pe 40 cm. Oocov adopd otnv edadikni mapapopdwaon mou
MpoékuPe amod tnv umoAoyloBeioca katavourny oAloBnong, ol TWEC otnv opllovila Kal
Katakopudn cuvictwoa gival XapnAég, Kuplwg Adyw Tou HeyEBOUG Kal Tou eotiakol Baboug
ToUu oelopoU. Ta anoteAéopata £8elav HEYLOTN TR 0pL{OVTLAG LETATOTILONG 2 CM, AVOTOALKA
TOU PryHaToq, yUpw amo To ApyooTOAL.

H oAioBnon ywa tov oswopd ¢ Aquvou otig 24 Maiou 2014 avédele pia MOAUTTAOKN
mnyn, n omola amoteleital anod tpia dtakpltd umo-yeyovota. Ta oTyuldtuna tng oAioBnong
armok@Auav OtL auth KateuBuvlnke mpPog tnv opodr TOU PAYHOTOC, EVW N MEYLOTN TLUA



€ptaocse ta 1.4 m, epdavidovtag pa  dwkavtevBuvtiky Swappnén. Mo  CUYKEKPLUEVQ,
napatnpnbnke uwa apxiki Stadoon mpPog Tt SUTIKA, okoAouBoUpevn amod E€va Heyalo
enelo08lo oAioOnong mpog ta avatoAikd. H mapayouevn edadikn mapapopdwaon otn Afuvo
Oeiyvel de€lootpodn oplldvtia kivnon.

Ta tomka €wg mepldepelakd Sedopéva mou xpnaotpomnolnénkav otnv avtotpodn tng
oAioBnong ywa tov oewopod NG Agukadag tng 17"¢ NoeguPpiou 2015 amokaAvpav
kateuBuvtikotnta mpo¢ ta NNA. EmutAéov, avayvwpiotnkav SU0 OCELOUIKEG TINYEC, EVW N
péylotn Tl Ntav 1.2 m. Ocov adopa otnv edadikn mapapopdwaon, n deflootpodn kivnon
emPBeBalwONKe e T AMOTEAECUATA TIOU TIPOEKUYAV OTNV TAPOUCA UEAETH, XPNOLLOTIOLWVTOG
To Aoyloptko DIS3D. Mapatnpndnkav HKPEG TIHEG avUPwong yLa TO VOTLO TUAHA TG AsuKAdag
(uéylotn avupwon 7 cm).

JUpdpwva pe Ta anoteAéopata avaotpodrn tou LinSliplnv yla tov oglopo tng Aéofou
Tou ouvéRn otig 12 louviou 2017, n péylotn oAicBnon ntav ~ 1.0 m kot evrtomiotnke pia
povadikn mnyn. H e€€AEn tng Stappnéng, omwe amokaAudpOnke amod ta otypotuna oAicbnong
ava 1 dsutepolento, £6el€e éva povadiko emelcodlo oAicBnong kat Stappnén mpog ta BA, n
omolia Ba pmopouoe va €nynoet ev PEpeL TIG PAABeg ou mapatnprndnkav oto xwpld Bpica. H
epapuoyn tou Aoywopikol DIS3D avédelle oplldvtia kivnon mpo¢ ta BBA otn Nnoo Aéofo.
ErmumtAéov, evrtomiotnke kabilnon mou ¢Odavel ta 20 cm ota voTla TAPAALN, TIAnGlov Tou
OELOMOYOVOU pHYUATOC.

Ta amoteAéopata Katavoung oAlobnong¢ mou mpoékuav ylo Tov OO tng 207
louAiou 2017 otnv Kw mapouciocav pia povadikn mnyn He péylotn T oAicbnong 1.8 m. To
TIPOTEWVOUEVO pryda €ivat autd mou KAivel mpo¢ Boppd. Ocov adopd tnv edadukn
napapopdwaon, evromiotnke petatomion pe OSlevBuvon mepimou B-N. Twég opllovtiag
HETABEONC, TNG TAENG TwWV 5 cm, gviomiotnkav otn Xepoodvnoo tn¢ Mapuapidag. Ztov KOATo
lkokoPBa evromiotnke kaBilnon mou €dpOave ta 30 cm.



Abstract

The temporal and spatial slip distribution assessment is a vital tool for seismologists and
other geoscientists towards understanding the spatiotemporal evolution of the earthquake
rupture. Such an evaluation requires data which are typically extracted after a large event,
meaning the earthquake’s source parameters, including focal mechanism, fault geometry and
hypocentral relocation. The slip inversion method has application potential for shakemaps,
emergency response and aftershock hazard assessment. The LinSliplnv software (Gallovic and
Zahradnik, 2011; Gallovic et al., 2014) is implemented using local and near-regional data
recorded by seismographs belonging to the Hellenic Unified Seismological Network (HUSN), as
well as by the accelerometric network of the Geodynamic Institute of the National Observatory
of Athens (GI-NOA), the Institute of Engineering Seismology & Earthquake Engineering (ITSAK)
and for the eastern regions, the Kandilli Observatory and Earthquake Research Institute (KOERI)
and the Turkey Earthquake Data Center System (AFAD). Selected strong earthquakes (with Mw
> 6.0) that occurred during the last decade in various regions of the Hellenic territory are
examined. Towards the slip distribution determination via LinSliplnv, focal mechanisms, velocity
models and fault geometries, were examined.

The slip distribution results were used as input to extrapolate ground deformation using
the DIS3D Program (Erickson, 1987), even in cases where no surficial trace of the fault is
observed. The obtained slip distribution and crustal deformation are compared with the ones
determined by other studies, including InSAR and GPS.

The slip distribution results were promising. The results for the 26 January 2014
Cephalonia event, derived by the LinSliplnv software utilizing local and near-regional data,
indicate a single rupture episode, with the maximum slip calculated at 40 cm. Concerning the
ground deformation derived by the obtained slip distribution, the values in the horizontal and
vertical component are low, mainly due to the magnitude and the focal depth of the event. The
results revealed a maximum of 2 cm of horizontal displacement, to the east of the fault, on
Cephalonia Island.

The calculated slip of the 24 May 2014 Lemnos earthquake revealed a complex source,
comprised of three discrete patches. The slip snapshots revealed that the slip migrated updip,
whereas the total maximum slip value reached 1.4 m. In addition, the slip velocity snapshots
identified a bilateral rupture. More specifically, an initial westward rupture propagation was
observed, followed by a major slip patch heading to the east. The obtained ground deformation
results in Lemnos indicate a right lateral horizontal movement.

The local to near-regional slip inversion results for the 17 November 2015 Lefkada event
revealed directivity towards the SSW. In addition, two slip episodes can clearly be identified,
whereas the maximum obtained slip value was 1.2 m. Regarding the ground deformation, the
dextral movement was verified by the herein obtained results, using the DIS3D software. Small
uplift values were obtained for the southern part of the Lefkada Island (7 cm maximum uplift).



According to the LinSlipInv inversion results for the 12 June 2017 Lesvos earthquake, the
maximum slip was ~1.0 m and a single patch was identified. The space-time rupture evolution,
as revealed by slip velocity snapshots obtained per 1 s, indicated a unique slip patch and
rupture directivity towards the NW, which could partly explain the damage observed in the
Vrissa village. However, extended destruction is also due to other factors, such as soil
conditions and vulnerability of the buildings. An extensional regime and a NNE horizontal
movement on the Lesvos Island were identified by the application of the DIS3D software along
with subsidence reaching 20 cm offshore, in the vicinity of the causative fault.

The slip distribution results derived by the LinSliplnv software for the 20 July 2017 Kos
earthquake presented a unique patch with a maximum slip value of 1.8 m. The suggested
causative fault is the one dipping to the north. Regarding the ground deformation, a N-S
extension is observed. Values of horizontal movement of the order of 5 cm were obtained in
Marmaris. Subsidence up to 30 cm was identified in the Gokova gulf.



1. Introduction

Earthquake physics constitute the wholeness of seismology. During the last decades
efforts have been made in order to study and understand the mechanism that drives the
earthquake’s genesis and rupture pattern. Various methods and approaches have been applied
from many branches of Geosciences, from geodesy and geology up to rock mechanics and
seismology. The complexity of the problem with the interference of many unstable parameters
consist a conundrum of that matter. Therefore, slip distribution is another tool in
comprehending the mechanics of the Earth during the occurrence of an earthquake. Although
the calculations contain some uncertainties and present limitations (i.e. the need of a given
fault plane, the focal mechanism pre-determination, the hypocentral location and the
magnitude), slip distribution assessment is the closest we have been in understanding the
earthquake processes. It is important to note that the information needed to determine the slip
on a fault can be provided either directly by the source and the propagation medium
(seismograms/accelerograms) or by the deformation, induced by the earthquake, to the surface
(GPS and InSAR Interferometry). In this thesis, the utility and reliability of the slip distribution
determination was examined, using local and near-regional seismograms, as well as
accelerograms.

In order to calculate the slip distribution on a fault, certain steps should be followed.
The first is to determine the focal mechanism, the epicenter, the focal depth and the magnitude
of the earthquake. These parameters are included in the routine analysis of seismology and are
the first information extracted by the processing. For a more detailed input, a relocation
procedure over the foci is very useful. Then, the fault plane that hosted the earthquake must be
specified in space (width and length) for the initial model to be complete. As it is obvious, slip
distribution assessment is one of the last steps to be performed in a seismotectonic study due
to the fact that the input parameters are determined after the main analysis of the mainshock
and aftershock sequence. Another application could be a deterministic approach of the
problem. In such a point of view, the first step is for the analyst to define the expected values of
each parameter and the second step is to run the inversion, for a scenario earthquake.
Nevertheless, the results of the slip on the fault can provide, reckoning in all other findings of
the seismic analysis of a sequence, valuable information and understanding of the source
directivity, duration and complexity, hence of the source behavior.

In the present Master’s thesis, regarding the slip distribution assessment, Linear Slip
Inversion (LinSliplnv software; Gallovic and Zahradnik, 2011; Gallovic et al., 2014) is
implemented using local and near-regional data. There are certain limitations using this
program, mainly the acquisition of local data from accelerometers in regions with sparse station
density (seismometers usually clip during large earthquakes). However, if the necessary data is
acquired, the results provide fine discretization of the slip distribution on the fault.

There are important applications in Geosciences which capitalize the results of the slip
distribution procedure. One of them is to determine the surface deformation after the
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occurrence of a major event. There are of course other methods and approaches to determine
the surficial deformation, such as GPS and InSAR Interferometry, however none of them uses
data and information directly related to the source, but observations/data from the surficial
effects of an earthquake. In the present work, a different approach was followed. The results
obtained by the slip distribution assessment were used as input to the DIS3D program
(Erickson, 1987) to extrapolate deformation originated by the slip distribution of the
earthquake to the surface. DIS3D calculates the displacement both vertically and horizontally.
The displacement results acquired by slip calculations (using the LinSliplnv software) are then
compared with the ones derived by GPS and InSAR.

Additional information regarding the methodology and the dataset of this work will be
provided in Chapter 3. In Chapter 2 the slip inversion theory and a brief analysis of the
approach that is used for the slip distribution assessment are discussed. In Chapter 4 a brief
Seismotectonic analysis of each case study is provided, along with the slip results of large
earthquakes that occurred in Greece during the last five years by applying the local approach.
The results are analyzed regarding both the space and time evolution of the rupture. In the
same chapter the extrapolation of the slip distribution to the surface (that is surface
displacement) through the DIS3D software is also presented. The discussion over the results is
included in Chapter 5. In this chapter you may find a comparison between the obtained results
(both slip distribution and crustal displacement) and those by previous work in each case study
to find similarities and differentiations of the results. Lastly, in Chapter 6 the conclusions of this
Master’s thesis are provided: the usefulness, the reliability and the capability of the used
programs, along with a brief summary and future goal determination.

11



2. Slip Inversion and Ground Deformation Theory

In Seismology, the determination of the focal mechanism and of the rupture process are
of great importance. There are various methodologies of forward modeling and inversion.
Although forward modeling is simpler to understand, it is much more difficult to find the best
solution of the seismic parameters. On the contrary, the inverse problem is usually more
difficult than the simple question that it reverses, but it is easier to estimate the solution of the
problem. With the advance of computer sciences, the capabilities of inversion procedures, to
determine the best solution of the problem, were augmented.

The main idea of the inversion theorem is the minimization of the residuals between the
observed and the calculated (synthetic) waveforms. The theory of waveform modeling and
inversion was well documented by many researchers, such as Chadan et al. (1977), Stein and
Wysession (2003) and Aster et al. (2012). In seismology, the observations are derived via
waveforms. The recorded waveform, u(t), in each recording station is the convolution (in the
time domain) of the source time function, x(t), the elastic wave phenomena (geometrical
spreading, reflections and conversions at interfaces along the ray path), e(t), the anelastic
attenuation, q(t), and the instrument response of the recording station, i(t):

u(t) =x(6) * e(t) *q(t) * i(t) (2.1)
The goal of an inverse problem is to obtain the best model parameters m so that:
d=G(m) (2.2)

where G is an operator describing the explicit relationship between the observed data (d) and
the model parameters. In various contexts, the operator G is called forward operator,
observation operator or observation function. In the most general context, G represents the
governing equations that relate the model parameters to the observed data. To solve for the
model parameters that fit the data, it is possible to invert the matrix G to directly convert the
measurements into the model parameters:

m=G"1d (2.3)

However, not all square matrices are invertible (in fact G is almost never invertible).
Given that the observation matrix cannot directly be inverted, mathematical methods are used,
in a least square sense, to solve the inverse problem. To do so, a goal is defined, also known as
an objective function, for the inverse problem. The goal is a function that measures how well
the predicted data from the recovered model fits the observed data. In the case where the data
(i.e. no noise) and the physical understanding are both perfect, then the recovered model
should fit the observed data perfectly. The standard objective function (¢) is usually of the
form:

¢ =|ld — Gm||3 (2.4)

which represents the L — 2 norm of the misfit between the observed and the predicted data
from the model. A norm is a function that assigns a strictly positive length or size to
each vector in a vector space, except for the zero vector, which is assigned a length of zero. Lp
spaces are function spaces defined using a natural generalization of the p-norm for finite-
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dimensional vector spaces. Forp = 2, the L — 2 norm, also known as Euclidean norm or least
squares, is determined. It minimizes the sum of the square of the differences (§) between the
target value (y;) and the estimated values (f(x;)) as:

2
S=3ri(vi — f(x)) (2.5)
or in order to calculate the distance of the vector:
lxll, = (Xiqlx;?)Y/? (2.6)

To minimize the objective function (i.e. to solve the inverse problem) the gradient of the
objective function is computed using the same rationale as the one that minimizes a function of
only one variable. The gradient of the objective function is:

Vmp =GTGm—GT'd =0 (2.7)
where GT denotes the transpose matrix of G. This equation is simplified to:
GTGm = GTd (2.8)
After rearrangement in order to solve m, this becomes:
m=(GTG)"1G"'d (2.9)

This expression is known as the Normal Equation, also called generalized inverse of G,
and gives a possible solution to the inverse problem. It is equivalent to Ordinary Least Squares.
The best fit is usually defined as the model with the smallest residual, or difference between
observed and predicted data (Least Square Solution).

2.1. Source time function

The earthquake source signal, x(t) (eq. 2.1), is the source time function produced by
the faulting. In the simplest case of a short fault that slips instantaneously, the seismic moment
function (eq. 2.10) is a step function whose derivative is a delta function that coincides with the
source time function. Real faults, however, give rise to more complicated source time functions.
The time derivative of the seismic moment function, M(t), is defined as the seismic moment
rate function or source time function. The seismic moment function is:

M(t) = uD(t)S(t) (2.10)

which describes the faulting process in terms of rigidity, u (also known as shear modulus),
defined as the ratio of the shear stress to the shear strain, of material and history of the slip
D(t) and fault area S(t). The latter terms are time-dependent, given that they can vary during
an earthquake (Stein and Wysession, 2003).

In reality, a non-point source rupture is to be activated in a rectangular fault. Hence, the
source time function can no longer be presented as a delta function, considering that waves
arrive first from the initial point of the rupture and later from every point of the fault in the
direction of the rupture. In Fig. 2.1, the correlation between the source time function, the
azimuth, the rupture velocity and the wave velocity is presented.
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Figure 2.1. For a given fault with length L, the duration of the source time function varies in regard to the
observer (station) as a function of azimuth, depending on the ratio of the rupture velocity vy and the wave
velocity v (Stein and Wysession, 2003).

Let a rupture occur with rupture velocity vy along a fault of length L, and a receiver
(station) at distance 1, and azimuth 8 from the initial rupture point. The first seismic wave will
arrive at time 7, /v, where v is the wave propagation velocity (different for P and S waves). At
the time L/vg the last point of the fault will rupture, giving a seismic arrival at time (L/vy +
r/v), where 1 is the distance from the far end to the receiver (Fig. 2.1). The law of cosines
provides that:

r2 =12+ L% —2r,LcosH (2.11)
which for r >> L, is approximately:
r = 1, — LcosO (2.12)
Thus, the time pulse due to the finite fault length is a “boxcar” of duration
Tg = L(1/Vg — cos8/v) = (L/v)(v/vg — cosO) (2.13)

where T is the rupture time (Stein and Wysession, 2003).
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Figure 2.2. The source time function depends on the derivative of the slip history on the fault, i.e. a ramp time
history (top) with duration Tj. The time derivative is a “boxcar”. When convolved with the “boxcar” time
function due to the rupture propagation (center), the source time function takes the shape of a trapezoidal
(bottom) (Stein and Wysession, 2003).
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Another parameter that changes the delta-like source time function is the fact that slip
does not occur instantaneously. The slip history is often modeled as a ramp function (Fig. 2.2)
that begins at time zero and ends at the rise time T. The source time function depends on the
derivative of the slip history, i.e. a ramp function, which is a “boxcar”. Convolving the finiteness
and rise time effects yields a trapezoid. Its length is the sum of the rise and rupture times,
which is often used to represent an earthquake source time function (Stein and Wysession,
2003). For large earthquakes, which are more complex cases, the source time function is more
complicated, corresponding to the variation in slip along the fault as a function of space and
time. Source time functions could also be approached with other shapes such as triangles (e.g.
Hartzell and Heaton, 1983; Hartzell and Langer, 1993; Hartzell et al., 1996; Mendoza and
Hartzell, 1999).

The radiated pulse varies in time duration as a function of azimuth from the rupture
direction, due to the finite rupture length (eq. 2.13). Taking into account that the area of the
pulse is the same at all azimuths, the magnitude of the source time function varies inversely
with its duration (Fig. 2.3). In some cases, these directivity effects can be used to identify the
fault plane (because no similar effect is associated with the auxiliary plane). Directivity is
related to the Doppler effect for sound and light waves, which shifts the frequency of a moving
oscillator to higher values when the oscillator moves toward an observer and lower ones when
it moves away (Stein and Wysession, 2003).
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Figure 2.3. Effects of rupture directivity on the source time function at different azimuths from the rupture. The
area of each source time function and the seismic moment are the same because the arriving energy is the same
(Stein and Wysession, 2003).

If the difference of the arrival time of waves traveling at velocity v from different parts
of the fault with length L is the rupture time Ty, which is approximately L /v and is comparable
to the period of the seismic wave, T, the arriving waveform will be significantly affected. Thus,
when the ratio:

L
3 (2.14)

SERNI SRS

is small, the fault length is short compared to the wavelength, A, of the seismic waves and the
finiteness of the source can be neglected and treated as a point.

2.2. Green’s Functions

A widely applied method to estimate source time functions is based on the Green’s
functions. The mathematical expression of a Green’s function is:

g(t) = e(t) xq(t) (2.15)
with e(t) representing the effect of reflections and conversions of seismic waves at different
interfaces along the ray path and the effect of geometric spreading of the rays due to the
velocity structure and q(t) describes the anelastic attenuation, whereby a part of the seismic
waves’ mechanical energy is lost by conversion into heat. In general, e(t) and q(t) correspond
to the effects of the Earth structure, combining the elastic and anelastic effects of propagation
from the source to the receiver. The Green’s function thus describes the signal that would
arrive at the seismometer if the source time function was a delta function (Stein and
Wysession, 2003). Using the equation (2.1), the source time function can be determined as:

x(t) =u() * [g) = i(H)]™! (2.16)

The seismogram is treated as the sum of source time functions with different
amplitudes Cjat different times 1;:
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u(t) = Zjo; Glx(t — 1) * g (&) x i(8)] (2.17)

In all inversion procedures in Seismology, Green’s Functions play a crucial role. They
constitute the G operator (eq. 2.2), i.e. the synthetic (calculated) waveforms, which are then
correlated with the real data.

2.3. Representation theorem

In theory, the rupture process on the fault is assumed to be smooth. However, this is
not usually the case. The irregular slip on fault, due to the heterogeneity of the fault plane (e.g.
steps and rock heterogeneities) and the source directivity, may yield a more complex source
time function. The different behavior of the fault plane can highlight areas of high and low slip,
asperities, i.e. areas with very high slip, or even barriers, meaning regions that terminate the
rupture progress. The identification of barriers is very important, given that they could possibly
host future earthquakes due to stress accumulation. During the last 50 years several slip
inversion methods have been introduced (e.g. Hartzell and Heaton, 1983; Dreger and Kaverina,
2000; Ji et al., 2002; Hartzell et al., 2007, Gallovic et al., 2015). They basically differ in how the
rupture model is parameterized and which constraints are applied. Certain methods are utilized
even routinely for large earthquakes and the results are published online (e.g. the USGS
website, www.usgs.gov). However, there is currently no consensus about which of the slip
inversion methods is preferable and there are doubts about the reliability of the inferred source
models due to the inherent non-uniqueness (i.e. ill-conditioning) of the inverse problem
(Hartzell et al., 2007; Shao and Ji, 2012). Therefore, the slip inversion results may differ for the
same earthquake by authors utilizing different methods. Moreover, using different type of data
(near-field, teleseismic, regional, static co-seismic) or their combination can provide also
different models (e.g. Delouis et al., 2002). This makes slip inversion a subject of still active
research.

Kinematic seismic source and its radiation is a well investigated theoretical problem in
elastodynamics (e.g. Aki and Richards, 2002). A tectonic earthquake can be described by purely
shear slip (discontinuity of displacement) Au(¢,t), describing the rupture propagation along a
fault X (€). Such a source can be represented by the seismic moment tensor density:

m (&, 1) = u(§)Au(é, t)[n; (v (&) + ni (v ()] (2.18)

where v and n are the unit normal to the fault and the unit vector in the slip direction,
respectively. Then displacement, u(r, t), measured at position r caused by the slip, is given by
the representation theorem (Aki and Richards, 2002):

u(r,t) = [[; Gij(r, t; &) * my (8, t)dé (2.19)

where G;; is the Green’s tensor composed of solutions of elastodynamic equation in terms of
displacement in direction i for force impulse acting at position ¢ in direction j.

Introducing the impulse response H;(r, t; &) of the medium to a point double couple
dislocation:
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Hi(r, t;&) = p(Oni (v [Gijn(r, t;8) + Gij i (r, £ 6)] (2.20)

the representation integral (2.19) reads:
u(r,t) = [ Hi(r, ;) * Au(§, t)dé (2.21)

The equation (2.21) is the basic formula used for the earthquake source analyses.
Indeed, considering that the crustal model, fault plane geometry and slip direction (rake) are
considered to be known a priori (i.e. impulse responses H are known), the equation (2.21)
represents a linear relationship between the slip distributed along the fault and the
displacement observed at a receiver. Given that, typically, slip rates Au are preferred as model
parameters in slip inversions, the equation (2.21) can be alternatively expressed as:

w(r,t) = [ Hy(r, t;§) * du(§, t)d§ (2.22)
where ﬁi represents the temporal integral of the impulse response Hi, i.e. ﬁi(r, t;é) =
Jy Hi(r,1;8) d.

2.4. Adopted methods

As it is aforementioned, slip inversion methods differ mainly in how the rupture model
is parameterized and which constraints are applied. Depending on how the slip rate functions
are parameterized, two general methods can be distinguished. The linear inversion techniques
(also called multitime window) are based on a discretized version of the representation
theorem (2.19). The slip rate functions are parameterized by elementary functions (overlapping
narrow triangles, delta like, etc), acting in several time windows. This procedure requires a large
number of model parameters that are linearly related to the wavefield. The inversion is then
performed considering regularization by applying smoothing and a positivity constraint. The
nonlinear (or parametric) inversion also utilizes the representation theorem, but the shape of
the slip rate function is prescribed a priori (such as rupture-onset time, rise time and peak slip
rate). The major advantage of nonlinear inversions is that they work with a much lower number
of parameters, thus allowing for an efficient uncertainty analysis (Monelli et al., 2009; Cirella et
al., 2012; Gallovi¢ and Zahradnik, 2012; Razafindrakoto and Mai, 2014). In contrast, although
the linear inversion can now be performed fast and efficiently on common desktop computers,
any practical uncertainty analysis is prohibited due to the great number of model parameters.
In the following chapter (2.4.1.), the adopted approach of slip determination using data from
local to near-regional data will be introduced. The rupture surface is represented with a plane
divided into subfaults as shown in Fig. 2.4. This parametrization of the fault was introduced by
Hartzell and Heaton (1983) for the fault rupture history of the 1979, Imperial Valley earthquake
in California, utilizing teleseismic data.
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Figure 2.4. A 40 km x 10.5 km fault plane of the Imperial fault, showing the 56 subfaults used in the inversion
modeling of the teleseismic records (Hartzell and Heaton, 1983).

Synthetic ground motions are calculated for each subfault for both a right-lateral, strike-
slip dislocation and a normal (east-side down) dislocation of constant amplitude. Each of these
calculations is repeated for every teleseismic station in the inversion.

2.4.1. Linear Slip Inversion technique (LinSliplnv software)

Regarding the LinSliplnv Software (Gallovic and Zahradnik, 2011; Gallovic et al., 2014), a
prior covariance function acting as a smoothing constraint and a constraint on the scalar
seismic moment M,, of the earthquake are considered. In such a case, the L — 2 misfit function
reads:

M(m) == (d — 6Gm)TC5 (d — Gm) + (m — m)T Cig" (m — m,) + ﬁ(E m—M,)? (2.23)

, Where Cp, refers to the data and €y to the prior covariance matrix, gy, is the weight of the
seismic moment constraint and E is a vector of seismic moments of the elementary subfaults i,
E; = uiA Ay ;. We consider oy, = My and m, = 0. Aiming to ensure that the non-negativity
constraint on the slip rates is applied, a system of equations in implemented, the misfit function
of which is the same as in Eq. (2.23):

Up'G Uyld
—T

—FE U_Mo

oM, Mg

In Eq. (2.24) the matrices Up and Uy, are (upper) triangular matrices, obtained by the
Cholesky decomposition (C = UTU) of Cp, and Cy,, respectively. The augmented matrix and
augmented data vector in (2.22) are used as inputs to the fast NNLS subroutine, proposed by
Luo and Duraiswami (2011). In the LinSlipInv software, Cy, is composed of the discretized prior
covariance function gZcy (7, x,y) with temporal lag T and spatial lags x (along strike) and y
(along dip), where o, is the marginal standard deviation of the model parameters (c,, itself is
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considered to have unit variance). Assuming that the Fourier spectrum of ¢y, (i.e. slip-rate
power spectral density) is proportional to:

2
cm(frkyr ky) ( : ) (2.25)

1+ (ko L) 2+ (ky W)

where f is the frequency and k, and k,, are wavenumbers in the along-strike and along-dip
directions, respectively. Given that ¢y, in (2.23) is independent of f, the prior model parameters
are considered to be statistically independent of time. From (2.23) it can also be extracted that
the slip rates are considered to have k=2 amplitude spectrum in the spatial domain (with radial
wavenumber k = ,/kZ + k3 ). The spectral decay is defined according to theoretical
(Andrews, 1980; Gallovic and BrokeSova, 2004) and observational (Somerville et al., 1999)
studies on spatial properties of earthquake slip distributions. It is worth noting that the
covariance function controls the spectral decay (i.e. smoothness) of the solution.

2.4.2. Ground Deformation determination

Ground deformation is focused on the movement of an observation point in time and
space. It can be divided into two categories in terms of time; the inter- and co-seismic ground
deformation. Regarding the former, the motion of the tectonic plates and of microplates
accumulates stress in an area of the Earth’s crust. This accumulation is mainly expressed by
earthquakes, however, a vast part of the energy in the system is transformed to deformation,
either by changing the shape (change on volume, altitude, horizontal distance, etc) or the
orientation (rotation) of the mass. The displacement can be measured via GPS instruments and
satellites and provide an image of the Earth’s procedures in terms of plate movement and
strain in an area. We can also identify areas and time periods in which creeping (or aseismic
movement) occurs in the upper crust.

Regarding the co-seismic ground deformation, the mechanics are different. Large
earthquakes can permanently change the form of the ground if the fault reaches the surface, by
generating fault scarps and topographic steps. Even moderate earthquakes generate
permanent small surface deformation, which can affect, however, numerous Earth’s processes
(e.g. changes in the hydrological equilibrium). The source of an earthquake is a fault
rupture/dislocation in the Earth’s crust, instead of plate movement. There are methods to
determine the ground deformation using data from the Earth’s surface, such as GPS and InSAR
Interferometry, which measure the permanent ground movement caused by the fault slip.
Ground deformation due to the seismic event is also calculated by the extrapolation of the slip-
on-fault to the surface. This can be achieved by considering the crust as an elastic medium and
thus, the rupture on the fault is transferred to the surface.

As it is already explained, ground deformation is the change of the surface both in
shape, volume and orientation. Regarding the first, there are limited ways of deforming the
shape of an object, that is Distortion. Any non-rigid change in shape is referred as strain and it
implies that particles in a rock have changed positions relative to each other. The change in
orientation can be due to displacement (translation) or rotation. Translation refers to the
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movement of every particle in the rock in the same direction and distance and its displacement
field consists of parallel vectors of equal length. Rotation involves a uniform physical rotation of
a rock volume (such as a shear zone) relative to an external coordinate system. In Fig. 2.5 the
translational component is shown in (b), the rotation component in (c) and the rest (the strain)
in (d). Even if the shape of a rock volume is unchanged, it may have shrunk or expanded.
Therefore, the volume change has to be added (area change in two dimensions) for a complete
description of deformation. Volume change, also referred to as dilation, is commonly
considered to be a special type of strain, called volumetric strain (Fossen, 2010). In the present
study, the ground deformation is translated only as ground displacement, both vertically and

horizontally.
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Figure 2.5. (a) The total deformation of an object (square with an internal circle). Arrows in (a) are displacement
vectors connecting the initial and final particle positions. Arrows in (b)—(e) are particle paths. (b, c) are the
translation and rotation components of the deformation shown in (a). (d) is the strain component. A new

coordinate system is introduced (d). The simple shear (e) reveals the strain component (Fossen, 2010).
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3. Data and Methodology

The main scope of the present thesis is to determine the slip distribution on faults. In
order to apply the algorithm, which utilizes local to near-regional data (LinSliplnv Software;
Gallovic and Zahradnik, 2011; Gallovic et al., 2014), that is strong motion records from local and
seismograms from near-regional stations, were collected. Data were obtained by the webpages
of the Institute of Engineering Seismology and Earthquake Engineering (ITSAK; www.itsak.gr)
and the Institute of Geodynamics of the National Observatory of Athens (GI-NOA;
bbnet.gein.noa.gr), as well as from the GHEAD database (http://ghead.itsak.gr/map/). Data for
the most recent events were acquired from the NOA EIDA node that hosts recordings of ITSAK
(HI), as well as of all stations of the Hellenic Unified Seismological Network (HUSN), comprising
of the Seismological Laboratory of the National and Kapodistrian University of Athens or SL-
NKUA (HA; doi:10.7914/SN/HA), the GI-NOA (HL; do0i:10.7914/SN/HL), the Department of
Geophysics of the Aristotle University of Thessaloniki (HT; doi:10.7914/SN/HT), the
Seismological Laboratory of the University of Patras (HP; doi:10.7914/SN/HP) and the
Seismological Network of the TEI of Crete (HC; doi:10.7914/SN/HC). In addition, for the events
in the eastern part of Greece, data recorded by stations belonging to the Turkey Earthquake
Data Center System (AFAD-TDVMS) and the Kandilli Observatory and Earthquake Research
Institute (KOERI) networks were utilized.

Regarding data processing, after acquiring the timeseries, a waveform preparation is
carried out in order to construct the suitable input files to fulfill the software requirements. The
first step is to demean and detrend the waveforms and then apply a filter (wider than the one
used in the inversion procedure). The filter is usually a taper from 0.3 to 50 Hz. After the
application of the filter, the timeseries are integrated against time in order to obtain
displacement units (one or two times depending on the original data, i.e. seismograms or
accelerograms, respectively).

3.1. LinSlipInv Software

The slip distribution assessment using local to near-regional data (Linear Slip Inversion;
LinSliplnv program) required the utilization of strong motion recordings due to the fact that the
seismometer’s recordings in local and, in some cases, in near-regional distances were clipped.
The procedure regarding the dataset compilation was quite complex due to its heterogeneity,
meaning that the required dataset for the method that utilizes local to near-regional data was
comprised by recordings of eight different networks (HI, HA, HL, HT, HP, HC, AFAD-TDVMS,
KOERI), which unfortunately do not follow the same format structure. That been said, for the
networks of which data were acquired by EIDA Nodes, the waveforms were deconvolved to
remove the instruments response. For the data from the HI and AFAD-TDVMS networks, the
procedure was quite simpler (detrending and demean was only applied), given that the data
were provided already deconvoluted and in the displacement field. In the LinSliplnv software,
the rupture process is discretized in space and time along a given fault plane and the model
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parameters are the spatiotemporal samples of the slip rates, spanning the whole rupture
duration.

Regarding the LinSliplnv’'s approach for calculating slip distribution, no a priori
constraints are required for the source time function. Hence, the necessary input values are few
and easy to determine. In more detail, the input files required for LinSliplnv are:

» Processseis.in: In this input file the origin time of the earthquake, the start-time and
characteristics of the waveforms (sampling rate, units of measurement, etc.) and the
coordinates of each station are given. Additionally, the number and the time-step of the
samples that will be used in the inversion procedure are provided (down-sampling).

» Stations.in: The hypocenter of the earthquake is given to the program by this file.

» Crustal.dat: In this input file, a 1-D velocity model, also including the density, Qs and Qp (the
attenuation factor for S and P waves, respectively) is given. In seismology, the anelastic
attenuation factor, or the seismic quality factor, Q (which is inversely proportional to the
attenuation factor), quantifies the effects of anelastic attenuation on the seismic wave
caused by fluid movement and grain boundary friction. When a seismic wave propagates
through a medium, the elastic energy associated with the wave is gradually absorbed by the
medium, eventually ending up as heat energy (Stein and Wysession, 2003).

» Input.dat: The fault characteristics (e.g. length and width) and the focal mechanism
parameters (azimuth, dip and rake) are inserted in this file. Additional information regarding
the inversion parametrization (e.g. slip rate time window, number of computed frequencies
and spatial discretization of the fault) is also provided.

The slip distribution assessment follows a simple procedure. First, the Green’s functions
(GFs) are calculated. In case of considering a 1D velocity model, composed of homogeneous
layers, the GFs are calculated by the discrete wavenumber method (DWN; Coutant, 1989;
Bouchon, 1981; Kennett and Kerry, 1979) using the axitra code. Following, the waveforms are
filtered, demeaned and detrended. Lastly, data are down-sampled to be in accordance with the
maximum frequency used in the inversion process, fulfilling the Nyquist criterion, i.e.
At<1/2fmax. In more detail, the downsampling rate is calculated as follows: first the length of the
waveform for the inversion is determined and then the number of samples is defined by the

length .
ength fnyquist)- To stabilize the

user in order to fulfill the aforementioned criterion (i.e.

samples

inverse problem in the least squares sense, two constraints were implemented; spatial
smoothing by considering covariance function with k? decay at large wave numbers k as a prior
for the slip rates and a positivity constraint on the slip rate by means of the nonnegative least
squares approach (Lawson and Hanson, 1974). The source description is very general with no a
priori constraints on the position of the nucleation point, rupture velocity and shape of the slip-
rate functions. It must be noted that, as in any multiparameter inversion, the slip model is
sensitive to artifacts and biases imposed by the imperfect station distribution and smoothing.
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3.2. Ground deformation (DIS3D Software)

DIS3D (Erickson, 1987) is a fully three-dimensional dislocation program that calculates
the elastic fields at specified “observation points” located either at depth or at the surface of a
linear elastic half-space. The program's input routines allow the user to specify individual
observation points or grids of such points in any plane of half space and permit the calculation
of the elastic fields with respect to any reference structure specified by the user. In the present
thesis the program is used to convert slip distribution along a fault to ground/surface
deformation. The elastic field equations implemented in DIS3D are based on equations derived
by Converse (1973).

The input file specifies the coordinates of the "observation points" which are the points
where the elastic fields are to be calculated, i.e. X1G: the distance measured at the X1 axis
(horizontal axis in the N-S direction) and X2G: the distance measured along the X2 axis
(horizontal axis in the E-W direction). In addition, the parameters that describe the dislocation
plane in the model are required. These are the dislocation plane's identification number, the
half-length of the dislocation plane, the distance measured down-dip from the local coordinate
origin to the upper (and lower) edge of the dislocation plane, the dip and strike of the fault and
the values of the strike and dip of the slip motion in the dislocation plane. In addition, the
database contains the parameters needed for the grid of observation coordinates and the dip
and strike of the target fault, according to which the ground displacement will be calculated.

For the present thesis, the obtained slip distribution, determined by the LinSlipinv
software, is utilized as input to DIS3D. For that purpose, the fault is discretized in the same way
as in the slip calculations. The results (output of DIS3D) are then visualized in a map projection,
with a color scale representing the vertical displacement and vectors representing the
horizontal one.
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4. Case Studies

Greece is the most seismically active region in Europe and one of the most active
regions in the globe. However, the distribution of earthquakes in the broader Greek region is
not random. In fact, there are areas with significantly more earthquakes, both in terms of
guantity and magnitude. Hence, in the present study, major events of the most seismically
active regions of the Greek territory are examined. In more detail, for western Greece and
particularly for the Cephalonia Transform Fault Zone (CTFZ), which is the outcome of the
continental collision between the Eurasian and the Apulian plates, the first main event of
Cephalonia 2014 with moment magnitude My, 6.1 (chapter 4.1) and the earthquake of Lefkada
2015 with My, 6.4 (chapter 4.3) were analyzed. To the NE borders of Greece, the North Aegean
Trough (NAT) is the dominant tectonic feature. The NAT is the extension of the North Anatolian
Fault (NAF) to the west and marks the northern tectonic boundary of the expanding Aegean
microplate. In order to include this area and tectonic regime, the earthquake of Lemnos 2014
with My 6.8 (chapter 4.2) was selected. The destructive earthquake of Lesvos 2017 M, 6.3
(chapter 4.4) that occurred SW of the homonymous Island was also included. The region
presents an extensional regime which is recent from the geological point of view. Lastly, the
most recent selected event is the earthquake of Kos 2017 M 6.6 (Chapter 4.5), which belongs
to an extensional regime in a N-S direction in SW Greece and close to the borders between
Greece and Turkey. This extension is attributed to the westerly escape of the Anatolian plate in
response to the convergence of the African, Eurasian and Arab plates. All the aforementioned
areas are presented in Fig. 4.1. In other highly seismogenic regions, such as the Gulf of Corinth
(e.g. Bernard et al., 1997; Papadimitriou et al., 1999; Chouliaras et al., 2015; Kapetanidis et al.,
2015; Kaviris et al., 2017, 2018; Mesimeri et al., 2018 a,b; Michas and Vallianatos, 2018), no
major earthquakes occurred in the timeframe studied in this Thesis.
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Figure 4.1. Map presenting the focal mechanism of each case study. The black lines represent the major tectonic
boundaries in the Hellenic region. The notation represents the areas of the case studies as: A: Cephalonia, B:
Lemnos, C: Lefkada, D: Lesvos and E: Kos.

In this chapter, there will be a brief analysis of the seismotectonic setting, followed by
the mainshock and aftershock sequence description, for each case study, based on already
published research. The results of slip inversion, using the LinSliplnv software, are then
presented. For each case study, all the models, suggested in the literature, were examined and
the one with the best Variance Reduction (VR) and the best fit of the synthetic and observed
waveforms, was selected. An extensive description of the parameters used for each earthquake
and the evaluation of the results are also provided. Finally, the derived ground deformation,
utilizing as input the determined slip distribution, is presented.

4.1. Cephalonia 2014 (Mw =6.1)

On January 26, 2014 a shallow crustal earthquake of moment magnitude My 6.1
occurred in the western part of the Cephalonia Island, on the Paliki peninsula. One week later,
on February 3, 2014, another strong shallow crustal earthquake of magnitude My 6.1 was
nucleated on the Paliki peninsula, northern of the first and close to the town of Lixouri
(Karakostas et al., 2014; Papadopoulos et al.,, 2014; Sokos et al., 2015; Theodoulidis et al.,
2016). Both events, characterized by proximity both in time and space, engendered intense
aftershock sequences.
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4.1.1. Seismotectonic setting

The main event of January 26, 2014 occurred in the central lonian Sea, in the western
part of the Cephalonia Island, the Paliki peninsula. The activated area is a known branch of the
dextral Cephalonia Transform Fault Zone (CTFZ). The CTFZ covers an area of more than 100 km
along the western coast of the Cephalonia Island and it can be distinguished into the north and
the south segment, i.e. the Lefkada and Cephalonia, respectively (Scordilis et al., 1985; Louvari
et al., 1999; Karakostas et al., 2015).

The CTFZ is located west of the island chain from Lefkada to Cephalonia and follows the
submarine valley of Cephalonia (Kokinou et al., 2006; Karakostas et al., 2015). However, the
main strike-slip motion (often with a thrust component) is expressed not only in the CTFZ but
also in a wide zone of about 100 km, up to the western part of Peloponnese (Louvari et al.,
1999; Tzanis et al., 2000; Shaw and Jackson, 2010; Sokos et al., 2015). The mapped faults on the
island of Cephalonia are in agreement with evidence derived via seismic observations (Kokinou
et al., 2006). There are few strike-slip fault segments offshore Cephalonia (Caputo et al., 2012)
and an onshore fault zone (Lekkas et al., 2001).

4.1.2. Mainshock and aftershock sequence

The intense aftershock sequence lasted for about three weeks (from 26 January to 16
February), whereas the whole sequence lasted for several months, with the hypocenters
revealing the activation of a NNE-SSW plane (Karakostas et al., 2015). This plane is parallel to
the Paliki peninsula and the Myrtos gulf. The first major earthquake occurred in the
southwestern tip of the peninsula (26/1/2014, My, 6.1, 20°/65°/177°), producing a very intense
aftershock sequence towards the north, however concentrated near the focal area. The
distribution of the aftershock sequence suggests a 13 km long plane (Karakostas et al., 2015).
Further to the north of this sequence, an area of low seismicity was identified, with absence of
M > 4 earthquakes. This area hosted the second My 6 event (3/2/2014, 12°/45°/154°). In fact,
the second major shock occurred at the southern edge of the low seismic area to the north. The
aftershock sequence of the latter event was less intense, compared to the first, however it
indicates a 10 km long rupture plane. According to Papadimitriou et al. (2014), the entire
aftershock sequence is roughly oriented NNE-SSW, covering an area of approximately 32 km
long and ~5 km wide on the northern and ~15 km on the southern part. The same authors also
suggest that at least two main faults, located on the Paliki peninsula, were activated.

The existence of an area with low seismicity after the occurrence of the first main event
and its activation shortly after, may suggest that the northern part remained locked after the
first main shock and was activated with the My 6 event. Regarding the northern part, the
relatively low seismicity, even after the occurrence of the second event, suggests the
inexistence of other faults in the area, whereas, for the southern part, the high seismicity could
be explained as the consequence of the activation of secondary faults and of stress transfer due
to the February 3, 2014 event (Karakostas et al., 2015). In the next figure (Fig. 4.2) the relocated
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epicenters as derived by Papadimitriou et al., 2014 are presented. Two groups are defined, with
the southern revealing two possible structures with N20°E and N350°E, respectively.
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Figure 4.2. Relocated epicenters of the Cephalonia 2014 sequence (Papadimitriou et al., 2014)

4.1.3. Slip Inversion Results

The mainshock coordinates were set as 38.2030°N and 20.4308°E (Karakostas et al., 2015),
respectively (Fig. 4.1). The stations used in the inversion are presented with black triangles in
the Fig. 4.3. The epicentral distances vary from 1 to 150 km. The results derived using data from
local to near-regional distances are presented below (Fig. 4.4 and Fig. 4.5). Regarding the
parameters that were used as an input for the LinSliplnv software (Gallovic and Zahradnik,
2011; Gallovic et al., 2014), the fault plane was considered 16 km long and 10 km wide. The
focal mechanism of the January 26, 2014 event, which is also an input to the inversion, was
20°/65°/177° (Karakostas et al., 2015) with the focal depth being equal to 16 km. The velocity
model used for the inversion was the one suggested by Haslinger et al. (1999).
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Figure 4.3. The epicenter, the causative fault and the stations used in the slip inversion procedure of the January
26, 2014 Cephalonia earthquake.

The rupture evolution is presented in Fig. 4.4, in terms of slip velocity, with a snap taken
every one second. The rupture evolution presents a major patch activated at the beginning,
lasting for 2 seconds, and a secondary in the ending of the rupture process. The main rupture
lasted for 9 s and the maximum slip velocity occurred during the 1% second. It is worth
mentioning that the long duration and the minor patch which is present during the 7t and 8t
seconds are possibly due to noise. In any case, if the secondary patch is not taken into account,
the duration of the rupture of the January 26, 2014 earthquake is limited to 4 s.

In the next figure (Fig. 4.5), the total slip distribution on the fault is provided. The slip patch
is identified at the upper left part of the image, i.e. at the SSW part of the rupture. The focus is
located at the edge of the lobe (to the NNE), which may suggest a general orientation of the slip
vector towards SSW. The maximum slip value is 0.4 m and is obtained at the center of the lobe.
It is important to notice that the figure is up-dip, meaning that it starts from the bottom (0 km)
towards the ceiling of the fault (10 km).
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Figure 4.4. The slip distribution evolution is presented by snaps of one second intervals. Note that the maximum
slip velocity is 0.15 m/s.
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Figure 4.5. The total slip distribution on the fault. The maximum slip reaches 0.4 m.
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4.1.4. Ground Deformation Results

Regarding the ground deformation, a right lateral horizontal motion has been
determined. Low vertical displacement values were obtained (that is 30 mm of maximum uplift
and 50 mm of maximum subsidence), which was expected given the magnitude of the
earthquake and, mainly, the focal depth. Small subsidence was calculated for the major part of
the Cephalonia Island, with the exception of the southern coasts, where small uplift (less than 1
cm) has been determined. Low values were also the case for the horizontal movement, which
revealed a maximum of 2 cm of horizontal displacement, in a WSW direction, close to Argostoli,
to the east of the fault (onshore area in the central part of the island).
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Figure 4.6. Ground deformation determined using the DIS3D software, utilizing the determined slip distribution
on the fault, as derived by the LisnSlipinv software, using local to near-regional data. The maximum subsidence
is up to 0.5 cm and the maximum uplift reaches 0.3 cm.
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4.2. Lemnos 2014 (My = 6.8)

The May 24, 2014 My, 6.8 earthquake occurred southeast of the Samothrace Island, in
the offshore area between the islands of Lemnos and Samothrace, in the North Aegean Trough
(NAT; Kiratzi et al., 2016; Sboras et al., 2017). According to Kiratzi et al. (2016), the source was
complex, comprising of two sub-events (Saltogianni et al., 2015), while the rupture duration
was long, varying from 40 s to 65 s (Trabant et al., 2012; Kiratzi et al., 2016; Konca et al., 2018).
It is also worth noting that the length of the region where aftershocks occurred was
approximately 200 km and that no strong aftershock (M > 5.0) occurred.

4.2.1. Seismotectonic setting

The island of Lemnos is located in the North Aegean Trough (NAT), a very complex
tectonic regime, where many earthquakes, with different characteristics, occur. The complexity
lies in the fact that in the NAT there are various fault types regarding the dimensions and the
kinematics, given that dip — slip and strike — slip faults, with the latter related to large events,
are documented (Papazachos and Kiratzi, 1996; Hatzfeld, 1999; Kiratzi and Louvari, 2003;
Kokkalas et al., 2006; Mountrakis, 2006; Kiratzi et al., 2007; Rhoades et al., 2010;
Leptokaropoulos et al.,, 2012; Nocquet, 2012; Mitsakaki et al., 2013; Miller et al., 2013;
Karakostas et al., 2014; Sakellariou et al., 2016). Secondary faults, parallel to the NAT, are also
recognized from seismicity and fault-plane solutions of recent strong earthquakes
(Papadimitriou and Sykes, 2001).

The neotectonic history of the Aegean region is rich, with evidence of additional internal
deformation, as suggested by geological, geodetic, seismological and palaeomagnetic
investigations (Kissel and Laj, 1988; Drakatos and Drakopoulos, 1991; Hatzfeld, 1999;
Papazachos, 1999; Taymaz et al., 2007; Le Pichon and Kreemer, 2010; Ozeren and Holt, 2010;
Nocquet, 2012; Pérouse et al., 2012; Miller et al., 2013; Ersoy et al., 2014; Papadakis and
Vallianatos, 2017). It can be considered as a combination of back — arc extension that is driven
by slab rollback since the Middle Eocene (45 Ma) and westward extrusion of the Anatolian
block into the Aegean Sea along the North Anatolian Fault (NAF) since the Early Pliocene, i.e.
about 5 Ma ago (Armijo et al., 1999, 2003; Hubert-Ferrari et al., 2003; Sengér et al., 2005;
Papanikolaou et al., 2006; Brun and Sokoutis, 2010; Philippon et al., 2014). The extension of the
NAT is associated with the westward prolongation of the NAF into the Aegean Sea (McKenzie,
1970, 1972; Dewey and Sengor, 1979; Lyberis, 1984; Armijo et al., 1999; Papanikolaou et al.,
2002, 2006). The NAT marks the northern tectonic boundary of the expanding Aegean
microplate, compared to the stable Europe (Mascle and Martin, 1990; Sakellariou et al., 2013;
Sakellariou and Tsampouraki-Kraounaki, 2019).

According to geodetic studies that utilize GPS measurements, dextral strike — slip
motion along the NAT decreases from the NE (21.2 mm/yr along the Saros basin) to the central
part of the basin (12.5 mm/yr south of the Chalkidiki peninsula) and further to the SW (7 mm/yr
at the SW corner of the Sporadhes basin; Miiller et al., 2013). Thus, the basin is characterized
by obliqgue opening (Mascle and Martin, 1990; Papanikolaou et al., 2002, 2006) due to the
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predominantly dextral strike — slip motions and the significant normal components (Kiratzi et
al.,, 1991, 2016; Taymaz et al., 1991; Koukouvelas and Aydin, 2002; Chatzipetros et al., 2013;
Leptokaropoulos et al., 2013 Kiratzi and Svigkas, 2013; Kiratzi, 2014).

The seafloor of NAT is segmented by numerous faults and fault splays that consist the
uppermost parts of flower structures, either positive or negative, and therefore create uplifted
and subsided blocks (Mascle and Martin, 1990; Papanikolaou et al., 2006; Sakellariou et al.,
2016). A rough approximation for fault slip rates is 18 — 34 cm/kyr (Roussakis et al., 2004), using
Holocene sedimentation rates for the subsided areas (Papanikolaou et al., 2006). Both
instrumental data and historical catalogues report many destructive earthquakes in the wider
area of the North Aegean Sea (Galanopoulos, 1960; Ambraseys and Finkel, 1995; Papadimitriou
and Sykes, 2001; Papazachos and Papazachou, 2003; Makropoulos et al., 2012; Stucchi et al.,
2013).

4.2.2. Mainshock and aftershock sequence

The earthquake that occurred in 2014 activated a great part of the NAT, between Mt
Athos to the west and the Saros Gulf to the east (Kiratzi et al., 2016). According to Kurt et al.
(2000) and McNeill et al. (2004), the geometry of the Saros basin is not simple, given that it is
divided by a NW trending fault, striking N310°E, possibly connected with left-lateral motion.
Therefore, two sub-basins can be identified. The main expression of the mainshock and the
aftershock sequence was located to the East, in the Saros Basin and specifically in the junction
of the two sub-basins (Kiratzi et al., 2016). The aftershock distribution provides a blatant
description of the operative fault, trending ENE-WSW, parallel to the large axis of the basins,
with the expression of the aftershocks presenting clear cluster-like patterns both to the NW and
the SW.

Additionally, the location of the clusters indicates a bilateral rupture, with the major
aftershocks (M>4.0) belonging to the eastern part. It is worth mentioning that the first and
second major aftershocks of the sequence, with magnitudes equal to 4.9 and 4.6, respectively,
occurred at both ends of the entire activated rupture zone. Regarding these aftershocks, no
focal mechanisms were obtained, due to the intervention of the mainshock’s coda to the
recordings (Kiratzi et al., 2016).

The length of the rupture zone, as determined by the aftershock sequence, was L=95 km
(Kiratzi et al., 2016). This evidence is in contrast with the empirical relations introduced by
Wells and Coppersmith (1994) and Papazachos et al. (2004) for strike slip earthquakes of
relevant magnitudes, according to which the length is expected to be around 50 - 70 km. The
results of Evangelidis (2015) indicate that the 2014 Lemnos earthquake ruptured on two fault
segments. Regarding the first, the rupture propagated approximately 20 km westward, whereas
the second about 65 km eastward with a supershear velocity.
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Figure 4.7. Relocated epicenters of earthquakes M=21.8 which occurred in the North Aegean Trough from
24/5/2014 to 5/9/2014 (Evangelidis, 2015). The mainshock epicenter and the three major aftershocks are
denoted by stars. The distinguished clusters are marked with letters A-D (Kiratzi et al., 2016).

4.2.3. Slip Inversion Results

The coordinates of the mainshock were set as 40.29°N and 25.40°E (Kiratzi et al., 2016),
respectively (Fig. 4.1). The stations used for the analysis are presented with black triangles in
Fig. 4.8. The epicentral distances vary from 25 to 100 km. The results derived using data from
local to near-regional distances are presented below (Fig 4.9 and Fig 4.10). The fault plane was
considered 40 km long and 15 km wide. The focal mechanism, which is an input to the
inversion, was 72°/85°/-173° (Kiratzi et al., 2016) with the focal depth at 14 km. The velocity
model utilized in order to calculate the Green’s functions was the one determined by Karabulut
et al. (2006).
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Figure 4.8. The epicenter, the causative fault and the stations used in the slip inversion procedure of the May 24,
2014 Lemnos earthquake.

The rupture evolution is presented in the figure Fig. 4.9, with a snap taken every one
second. The rupture evolution presents several patches that were activated at distinct times
throughout the total rupture time. The rupture lasted for 11 s and the maximum slip velocity
occurred during the 9t and 11t second.

In the Fig. 4.10, the total slip distribution on the fault is provided. It is obvious that there
is a lack of a continuum regarding the slip spatial distribution, but four distinguishable patches
are observed. From left to right (or from West to East), in the upper part of the image, three
patches are identified. In the center of the fault another patch can be distinguished. The last
patch is located at the eastern part of the fault at a depth of 13 km. The maximum slip is 1.4 m
and is obtained in the central patch. It is important to notice that the figure is up-dip, meaning
that it starts from the bottom (0 km) towards the ceiling of the fault (15 km). The existence of a
possible barrier is suggested between 7 and 11 km depth from 5 to 22 km along strike, in
respect to the upper left corner of the fault plane.
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Figure 4.9. The slip distribution evolution is presented by snaps of one second intervals. Note that the maximum
slip velocity is 0.15 m/s.
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Figure 4.10. The total slip distribution on the fault. The maximum slip reaches 1.4 m. The along strike axis is
oriented from the WSW (left) to ENE (right). In the vertical axis, the 0 km indicates the roof of the fault.

4.2.4. Ground Deformation Results

Regarding the derived ground displacement field by the slip model, acquired from the
LinSliplnv software, the results are presented below (Fig. 4.11). Three zones can be
distinguished in the vicinity of the causative fault. The first lies close to its NE part, towards the
Samothrace Island, with an uplift of about 3 cm, the second to its SE, towards the Imbros
(Gokceada) Island, with a subsidence of about 4 cm, and the third to the West, with 1 cm of
uplift.
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Figure 4.11. Ground deformation determined using the DIS3D software utilizing the determined slip distribution
on the fault, as derived by the LisnSlipinv software (using local to near-regional data). The maximum subsidence
is up to 4 cm and the maximum uplift reaches 3 cm. The vectors represent the horizontal movement.
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4.3. Lefkada 2015 (M = 6.4)

The island of Lefkada is located in the lonian Sea, in Western Greece, which is
considered as one of the most seismically active regions in the Mediterranean. The broader
Lefkada region, including the neighboring Cephalonia Island, has experienced strong
earthquakes (Mw > 6.0), mostly along the Cephalonia Transform Fault Zone (CTFZ;
Papadimitriou et al., 2006; Ganas et al.,, 2016). On November 17, 2015, a shallow My 6.5
earthquake occurred in the southwestern part of Lefkada (Papadimitriou et al., 2017).

4.3.1. Seismotectonic setting

The island of Lefkada is considered as one of the most active tectonic areas in Europe
and particularly in the eastern Mediterranean region, with often recorded strong ground
shaking due to its location near to the 140-km long CTFZ (Scordilis et al., 1985; Kouskouna et al.,
1993; Louvari et al., 1999; Kokinou et al., 2006; Papadimitriou et al., 2006; Makropoulos et al.,
2012; Ganas et al., 2016). The tectonic framework of the overall area can be described by the
combination of the continental collision between the Eurasian and the Apulian plates and the
subduction of the Tethys oceanic plate beneath the Aegean continental microplate along the
active Hellenic Orogenic Arc to the SW (Papadimitriou et al., 2015). Generally, the islands of
Lefkada and Cephalonia are characterized by high seismicity, with frequent strong (M > 6.0)
earthquakes, followed by severe casualties and damage during the last six centuries, as
revealed by historical records (Papadimitriou et al.,2015; Papadimitriou et al., 2017 and
references therein). The western coast of the Lefkada island accommodates the most
destructive historical earthquakes, such as the 22 November 1704 (M=6.3), the 12 October
1769 (M=6.7), the 23 March 1783 (M=6.7) and the 28 December 1869 (M=6.4) earthquakes
(Kouskouna et al., 1993; Papadimitriou et al., 2006, 2015). It is worth noting that the same fault
segment is reactivated almost 3 times per century, producing seismic events. Regarding the
historical catalogue of disastrous earthquakes, Stamatelos (1870) listed 13 destructive events in
Lefkada Island between 1612 and 1869 (Papazachos and Papazachou 2003; Kouskouna and
Sakkas, 2013; Stucchi et al., 2013) that present similarities to the instrumental events located in
the western onshore area (Papadimitriou et al., 2017). The first recorded destructive
earthquake during the instrumental period was the event that occurred on 27 November 1914,
Mw 5.9, where severe onshore damage was reported near the NW coastline. Afterwards, a
doublet was recorded in 1948, with the first event on 22 April, with My 6.5, destroying the SW
part of the island and almost 2 months later, on 30 June, the second event occurred, with My,
6.5, that damaged the NW part of the Island (Makropoulos et al., 2012). The most recent,
before the occurrence of the 2015 event, destructive earthquake, of Mw=6.3, took place on 14
August 2003 NW of the Lefkada Island (e.g. Karakostas et al., 2004; Papadimitriou et al., 2006;
Karakostas and Papadimitriou, 2010; Kassaras et al., 2015). It was a shallow event, whose focal
mechanism revealed dextral strike—slip faulting, that occurred close to the northern end of the
CLTFZ. According to the aftershock’s spatial distribution, two clusters were identified
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(Papadimitriou et al., 2006): the first in the vicinity of the mainshock’s epicenter and the second
close to the northwestern coast of the Cephalonia Island.

The island of Lefkada consists of sedimentary rocks (mainly carbonates) of the external
Hellenides that belong to the lonian and Paxos zones (Jacobshagen, 1979), whereas the SW part
consists of the limestone of the Paxos zone (Bornovas, 1964). The boundary between the two
aforementioned geological zones, the lonian Thrust (dipping NE), outcrops onshore central
Lefkada. South Lefkada is characterized by neotectonic faults (Lekkas et al., 2001; Rondoyanni
et al.,, 2012) striking N-S and NE-SW, with the most important being the NNE-SSW oriented
Athani fault (or Athani-Dragano fault). However, the detailed field observations of the area did
not lead to the mapping of any major, onshore strike slip fault that could be responsible for
events of M> 6.0. Furthermore, no surface expression was identified after the occurrence of the
17 November 2015 mainshock (Ganas et al. 2016; Lekkas et al., 2018).

4.3.2. Mainshock and aftershock sequence

The mainshock occurred on 17 November 2015 07:10:07 (GMT) in the southwestern
part of Lefkada Island. The epicenter was determined at 38.6643°N and 20.5845°E by
Papadimitriou et al. (2017), whereas at 38.6779°N and 20.5827°E by Sokos et al. (2016).
Regarding the damage caused by the mainshock, it was significantly lower compared to the one
due to the 2003 event, fact that showcases the good behavior of the local buildings (Kassaras et
al., 2018). The aftershock sequence was composed of more than 2600 events up to December
3, 2015 (Papadimitriou et al., 2015). According to Papathanassiou et al. (2017), the earthquake
occurred on a near-vertical strike-slip fault with dextral sense of motion; the fault plane strikes
N(20 + 5)°E and dips to the east with an angle of about 70-80° (Ganas et al., 2016; Sokos et al.,
2016), in accordance with Papadimitriou et al. (2015). The focal depth was determined equal to
9 km by the latter. Double-difference relocation revealed that the aftershock distribution
spanned ~65 km in length in a SSW-NNE direction and is spread over an area far beyond either
sides of the mainshock epicenter, parallel to the western coast of the Lefkada Island. Most
epicenters are located ~2-3 km onshore Lefkada, while a second, spatially separated group of
activity is located to the south, with a more sporadic appearance than in other areas where
clusters are formed. The focal depths mainly range between 5 km and 10 km in Lefkada and 5
km - 15 km for the southern spatial group. The activity of the southern group appears to be
divided in smaller sub-clusters (Papadimitriou et al., 2015; Papadimitriou et al., 2017). The
strongest aftershock of the Lefkada 2015 sequence occurred on 17 November, 08:33 (GMT)
with My, 5.0, about 4 km SSW of the mainshock. The seismic activity was mostly expressed by
two dense clusters in central Lefkada and south of the island towards Cephalonia. The temporal
distribution of the aftershock sequence followed a smooth exponential decay, with the
exception of a small secondary outburst of activity on 29 November at the dense cluster in
central Lefkada, including two events of M=4.0 (Papadimitriou et al., 2015).
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Figure 4.12. Relocated aftershock epicenters using the double difference and cross-correlation techniques
(Papadimitriou et al., 2015).

4.3.3. Slip Inversion Results

The coordinates of the mainshock ware taken as 38.6779°N and 20.5827°E (Sokos et al.,
2016), respectively (Fig. 4.1). The stations utilized in the inversion scheme are presented with
black triangles in Fig. 4.13. The epicentral distances vary, from 5 to 80 km. The results derived
using the LinSlipInv software, which requires data recorded in local to near-regional distances,
are presented below (Fig. 4.14 and Fig. 4.15). The fault plane was considered 25 km long and 10
km wide. The focal mechanism, utilized as input in the inversion, was 22°/72°/161°, with the
focal depth at 14 km (Papadimitriou et al., 2015). The velocity model used in the inversion was
determined by Papadimitriou et al. (2017).
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Figure 4.13. The epicenter, the causative fault and the stations used in the slip inversion procedure of the
November 17, 2015 Lefkada earthquake.

The rupture evolution is presented in Fig. 4.14, with a snap taken every one second. The
rupture is complex, given that it starts from the lowest SSW point of the fault and evolves
upward and to the NNE. At the 5% second, a new patch is generated from the lowest NNE part
of the rupture, heading also upwards. The rupture related to this patch lasts for about two
seconds, until it reaches the ceiling of the fault. Then, a third patch is activated from the NNE
heading to the SSW. The rupture ends in the NNE part of the fault. The total rupture lasts for 11
seconds, with the maximum slip rate occurring during the 3™ and the 6% second.

In the Fig. 4.15, the total slip distribution on the fault is given. A single lobe with its
principal axis heading from NNE to SSW is identified. The maximum slip is 1.2 m and it is located
in the NNE part of the fault. It is important to notice that the figure is up-dip, meaning that it
starts from the bottom (0 km) towards the ceiling of the fault (10 km). The total slip is not
concentrated in a certain part of the fault, but almost the total fault plane has slipped. A slight
directivity to the NNE is evident.
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Figure 4.14. The slip distribution evolution is presented by snaps of one second intervals. Note that the maximum
slip velocity is 0.2 m/s.
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Figure 4.15. The total slip distribution on the fault. The maximum slip reaches 1.2 m. The along strike axis is
oriented from the SSW (left) to NNE (right). In the vertical axis, the 0 km indicates the roof of the fault.
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4.3.4. Ground Deformation Results

Regarding the ground deformation (Fig. 4.16), a right lateral horizontal movement has
been identified. The fault plane controls the calculated uplift and subsidence, with the vertical
deformation presenting uplift to the east of the fault and subsidence to the west. Almost the
whole island of Lefkada was uplifted, with the exception of the northern part which presents
almost no vertical deformation (slight subsidence). The maximum uplift was 18 cm and it is
located at the southern coast of the island, between Vassiliki and Syvota.
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Figure 4.16. Ground deformation determined using the DIS3D software utilizing the determined slip distribution
on the fault, as derived by the LinSlipinv software (using local to near-regional data). The maximum subsidence
is 2 cm and the maximum uplift reaches 6 cm. The vectors represent the horizontal movement.

4.4. Lesvos 2017 (Mw=6.3)

On 12 June 2017, a major earthquake occurred S of Lesvos. A rough examination of
tectonics in the epicentral area highlights a local extensional regime with normal faulting and
an important strike slip component in certain cases. After applying relocation, using the double-
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difference HYPODD algorithm (Waldhouser, 2001), the aftershock sequence revealed seven
clusters, forming two linear branches (roughly N130°E), in agreement with known faulting in
the region. An aftershock that was located SE of the mainshock (5 days later with magnitude
Mw 5.2) triggered a secondary aftershock sequence (Papadimitriou et al., 2018).

4.4.1. Seismotectonic setting

The main processes that control the neotectonic history of the Aegean region are
responsible for the tectonic evolution of the island of Lesvos, since the Oligocene period (15
Ma). The island is dominated by the presence of three main fault systems striking N40-60°W,
N30-60°E and E-W (Hecht, 1974a,b; Katsikatsos et al., 1982). One of the most significant faults
of the island is the Agia Paraskevi Fault (APF), characterized by almost pure dextral strike — slip
motion, which is related to the formation of elongated NNE — SSW directed depressions
(Chatzipetros et al.,, 2013). It is noteworthy that the APF hosted the Lesvos 1867 event
(Papazachos and Papazachou, 2003; Altinok et al., 2012). In the eastern part of Lesvos, the
northern margins of the Gulf of Gera (GG) are controlled by normal faults striking NW — SE
(Chatzipetros et al., 2013). The Polichnitos Fault is an onshore normal fault that defines the
margin of the Lesvos Basin, bounded by normal faults with NW-SE direction, where numerous
landslides occur (Mascle and Martin, 1990). The Lesvos Basin is a tectonic asymmetric graben,
where the NE marginal fault is dipping towards the SW and antithetic faults exist on the
hanging wall, dipping NE (Mascle and Martin 1990). According to Yaltirak and Alpar (2002), the
Bababurnu Basin is a transtensional basin, related to the middle branch of the North Anatolian
Fault Zone (NAFZ) and is located NW of Lesvos and SW of the Biga Peninsula (Mesimeri et al.,
2018c; Papadimitriou et al.,, 2018). The overall foci in the Lesvos area are shallow and
categorized in three seismic zones (Voulgaris et al., 2004):

e The first zone crosses the north coast of Lesvos Island.

e The second zone crosses the south and SE coasts.

e The third zone, being the most active (Delibasis and Voulgaris, 1989), crosses the SW
part of Lesvos with a NW orientation (Papadimitriou et al., 2018).

4.4.2. Mainshock and aftershock sequence

The mainshock occurred on 12 June 2017, approximately 15 km south of the South
coast of the Lesvos Island. The seismic moment was determined at M, 3.5-10'8 N-m and the
centroid depth at 13 km. The acquired focal mechanism by SL-NKUA indicates normal faulting
with the fault plane oriented in a N122°E direction with a 40° dip to the SSW and rake equal to -
83°. Similar type of faulting is extracted by focal mechanisms of the major events of the
sequence, with the exception of the largest aftershock that was characterized by strike-slip
faulting (Papadimitriou et al., 2018).

The aftershock sequence covered an area of 20x12 km? according to Papadimitriou et al.
(2018), whereas according to Kiratzi (2018) the total length of the aftershock sequence spread
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for about 40 km, with the epicenters displaying gradual migration to the NW of the mainshock
and then to the SE, providing a NW-SE direction. The occurrence of a strong aftershock (Mw 5.2)
5 days later (17 of June) to the eastern part of the aftershock distribution provided a dense
cluster (Papadimitriou et al., 2018).
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Figure 4.17. a) Map of the manually located events of the June 2017 Lesvos sequence. b) Map of the relocated
events. Solid black lines denote active faults. The two stars denote the epicenters of the mainshock and the
largest aftershock. Colors and numbers in panel b) refer to the 7 spatial groups determined for the relocated
catalogue (Papadimitriou et al., 2018).

In more detail, according to Papadimitriou et al. (2018), seven spatiotemporal groups
were identified (Fig. 4.17). Events in groups #1, #2 and #7 started to appear 1, 3 and 7 hours,
respectively, after the mainshock. Two days later, group #6 was activated in the western part of
the fault plane. The largest aftershock was located roughly in the middle of group #7, oriented
NW-SE, with activity spreading gradually outwards, towards its margins. Regarding group #7, its
seismic activity remained highly active until 30 June, due to another major aftershock (Mw 4.9)
on 22 of the same month, in contradiction to the other groups which slowly diminished, with
just group #2 exhibiting a small spatiotemporal cluster until 22 of June (Papadimitriou et al.,
2018).

4.4.3. Slip Inversion Results

The focal depth of the mainshock was set 13 km after performing a grid search to obtain
the optimum fit, whereas its geographical coordinates, i.e. the longitude and latitude,
38.8488°N and 26.3126°E (AFAD, 2017), respectively (Fig. 4.1). The stations used in the slip
distribution analysis are presented with black triangles in (Fig. 4.18). The epicentral distances
vary, from 40 to 70 km. The results derived using data from local to near-regional distances are
presented below (Fig 4.19 and Fig 4.20). The fault plane was considered 20 km long and 12 km
wide, as proposed by Papadimitriou et al. (2018). The dimensions were determined by the
spatial distribution of the relocated aftershock sequence. The focal mechanism that was used
as input in the inversion is 122°/40°/-83° and was calculated by applying moment tensor
inversion in regional distances (Papadimitriou et al., 2018). The utilized crustal model is the one
determined by Papadimitriou et al. (2018), consisting of seven horizontal homogeneous layers.
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Figure 4.18. The epicenter, the causative fault and the stations used in the slip inversion procedure of the June
12, 2017 earthquake.

In the next figure, the rupture evolution is presented (Fig. 4.19), with a snap taken every
one second. The total slip of the fault is concentrated in a limited area in the upper right part
(SE) and fades away to the NW end of the fault. The rupture lasts for 7 seconds, with the first 3
seconds being the fastest in terms of the slip rate. The maximum slip velocity occurred during
the initiation of the rupture in the central part of the slipping area.

In the Fig. 4.20, the total slip distribution on the fault is presented. A lobe with its
principal axis heading from SE to NW is observed. The maximum slip is 1 m and it is located in
the left edge of the lobe. It is important to notice that the figure is up-dip, meaning that it starts
from the bottom (0 km) towards the ceiling of the fault (12 km). It is observed that the total slip
is concentrated within a small area of the fault, i.e. almost the half of the total fault plane. A
directivity phenomenon to the NW is evident.
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Figure 4.19. The slip distribution evolution is presented by snaps of one second intervals. Note that the maximum
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Figure 4.20. The total slip distribution on the fault. The maximum slip reaches 1 m. The along strike axis is
oriented from the NW (left) to SE (right). In the vertical axis, the 0 km indicates the roof of the fault.
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4.4.4. Ground Deformation Results

Concerning the ground deformation and specifically the horizontal component, an
extension in a NNE-SSW direction is evident with the center of the system being the causative
fault plane. Thus, horizontal movement in a NNE direction has been determined on the Lesvos
Island. As for the vertical component, the entire deformation is located in the vicinity of the
fault plane, with the subsidence reaching 20 cm, offshore. Very low uplift values have been
obtained for the vast part of the Lesvos Island, with the exception of the SE coasts, including
the villages of Plomari and Vatera, where low subsidence has been identified (Fig. 4.21).
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Figure 4.21. Ground deformation determined using the software utilizing the determined slip distribution on the
fault, as derived by the LisnSlipinv software (using local to near-regional data). The maximum subsidence is 20
cm. The vectors represent the horizontal movement.

4.5. Kos 2017 (Mw = 6.6)

The My 6.6 earthquake that occurred on 20 July 2017 northeast of the Kos Island and
south of the Bodrum Peninsula was a destructive one, with two reported casualties and several
injured in Kos Island (Ganas et al., 2017). The mainshock is associated with the generation of a
moderate tsunami with a, however, significant impact to the surrounding regions (Heidarzadeh
et al,, 2017; Yalginer et al., 2017).
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4.5.1. Seismotectonic setting

The study area presents high seismic activity, which is supported by the fact that more
than 14 earthquakes with M > 6.5 have occurred since 1900 (Makropoulos et al., 2012; Stucchi
et al., 2013; Heidarzadeh et al., 2017; Ocakoglu et al., 2018). The stress regime is extensional
with a N-S direction, at a rate of 35 — 40 mm/year (Kurt et al., 1999), 30 mm/year (McKenzie
1972; Sengor 1979; Dewey and Sengor 1979; Le Pichon and Angelier 1981; Reilinger et al. 2010)
or 20 mm/yr, as derived by Aktug et al. (2009), which is most probably attributed to the
westerly escape of the Anatolian plate in response to the convergence of the African, Eurasian
and Arab plates (Heidarzadeh et al., 2017).

Regarding the geology of the study area, the Gokova graben presents an E-W direction
with the major part being offshore, i.e. the Goékova Gulf. Two major tectonic features
characterize the stress regime: a NW-SE rift and graben system (Gorur et al. 1995a,b) and a E-W
trending graben developed under a N-S extensional regime (Yilmaz et al. 2000). The Gokova
Gulf is about 90 km long (E-W) and 5-30 km wide (N-S) (Ocakoglu et al., 2018).

The Kos Island is mainly comprised by metamorphic basement rocks, Alpine Mesozoic
thrust units and volcanic deposits (Fig. 4.22.; Boger et al., 1974; Boger, 1978; Keller, 1982;
Dalabakis, 1987; Bardintzeff et al., 1989; Papanikolaou and Lekkas, 1990; Davis et al., 1993;
Triantaphyllis, 1994; Papanikolaou and Nomikou, 1998). Lastly, the Kos Island is a result of a
ENE-WSW oriented complex tectonic mega-horst (Nomikou and Papanikolaou, 2010).
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Figure 4.22. Regional on land geology, modified from Gériir et al. (1995a,b).

4.5.2. Mainshock and aftershock sequence

The Kos 2017 aftershock sequence was relocated and analyzed in detail in the work of
Ganas et al. (2019). According to this study, most of the aftershocks are located outside the
area of the main rupture and towards the edges of the inferred fault plane. The sequence
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presented spatiotemporal clustering, with two major spatial groups #1 and #3 (Fig. 4.23) being
activated right after the occurrence of the mainshock (blue star). The area of the main rupture
is delineated by a 15-km gap, nearly void of aftershocks, between these two groups, which
suggests that the fault may have ruptured as a single asperity. Most of the activity was
concentrated in the eastern cluster (#3), while the cluster #5 was mainly triggered by the
largest aftershock (Mw=5.2) that occurred on 8 August, 2017. It is suggested (Ganas et al., 2019)
that cluster #5 may belong to an antithetic fault, dipping southwards. However, the lack of local
stations and adequate azimuthal coverage did not permit focal depths to be constrained
enough to allow for a secure determination of fault dips by the spatial distribution of
hypocenters. Only the western cluster (#1), which is also the closest one to the mainshock’s
hypocenter, indicated a roughly north-dipping plane. Ganas et al. (2019) constrained the fault
plane, using a joint inversion of GNSS and InSAR data, striking N283°E and dipping ~37° NNE,
with its upwards extension associating its outcrop with the Gokova ridge (Tur et al., 2015). The
focal mechanism suggested by Karakostas et al. (2018) is 278°/35°/-80° whereas the one
derived by the SL-NKUA is 267°/38°/-110°.
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Figure 4.23. Spatial distribution of the relocated Kos 2017 aftershock sequence. Colors represent different spatial
groups. The rectangle delineates the inferred fault plane, constrained by inversion of GNSS and InSAR data
(modified after Ganas et al., 2019).
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4.5.3. Slip Inversion Results

The longitude and latitude of the mainshock (Fig. 4.1) were 36.9643°N and 27.4332°E,
respectively, according to Karakostas et al. (2018). The stations used for the analysis are
presented with black triangles in Fig. 4.24). The epicentral distances vary from 13 to 90 km. The
results derived using data from local to near-regional distances are presented below (Fig 4.24
and Fig 4.25). The fault plane was considered 20 km long and 10 km wide (Karakostas et al.,
2018; Karasozen et al., 2018). The focal mechanism that was used as input in the inversion was
278°/35°/-80° (Karakostas et al., 2018) with the focal depth at 11 km (UoA;
www.geophysics.geol.uoa.gr).

375°N
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Figure 4.24. The epicenter, the causative fault and the stations used in the slip inversion procedure of the July 20,
2017 earthquake.

In the Fig. 4.25, the rupture evolution is presented, with a snap taken every one second.
The total slip of the fault is concentrated in a limited area in the central upper part and fades
away to the NW end of the fault. The rupture lasts for 9 s, with the first two seconds being slow
in terms of slipping. The maximum slip velocity occurred during the 3" and 4t second in the
central part of the slipping area and is of the order of 0.6 m/s.
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Figure 4.25. The slip distribution evolution is presented by snaps of one second intervals. Note that the maximum
slip velocity is 0.56 m/s.

In the next figure (Fig. 4.26), the total slip distribution on the fault is given. A lobe with
its principal axis heading from W to E is observed. The maximum slip is 1.8 m and it is located in
the SSE part of the lobe. It is important to notice that the figure is up-dip, meaning that it starts
from the bottom (0 km) towards the ceiling of the fault (17 km). Again, the total slip is
concentrated within a small part of the fault, almost one third of the total fault plane. A non-
intense directivity to the East is evident.
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Figure 4.26. The total slip distribution on the fault. The maximum slip reaches 1.8 m. The along strike axis is
oriented from the WNW (left) to SSE (right). In the vertical axis, the 0 km indicates the roof of the fault.

4.5.4. Ground Deformation Results

Concerning the ground deformation and specifically the horizontal component, an
extension in an almost N-S direction can clearly be identified. Regarding the vertical
component, the fault plane has a low dip angle (35°) and thus the projection of the fault to the
surface is relatively far to the south, in respect to the actual area where slip occurred. The
deformation is mainly located inside the Gokova gulf, with the subsidence reaching 30 cm. The
area that subsided also reaches the eastern part of Kos and the Datc¢a peninsula (Fig. 4.27).
Regarding the Kos Island, horizontal ground movement is in a ENE direction. In addition, low
vertical values have been identified, with the northern part of the island being subsided and the
southern uplifted.
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Figure 4.27. Ground deformation determined using the DIS3D software utilizing the determined slip distribution
on the fault, as derived by the LisnSliplnv software (using local to near-regional data). The maximum subsidence
is up to 30 cm. The vectors represent the horizontal movement.
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5. Discussion

The obtained results of the slip distribution and of the ground deformation for the
selected Greek earthquakes will be compared in this chapter, with already published work for
each case study.

5.1.Cephalonia 2014 Earthquake

The slip distribution of the 26 January 2014 event, derived by the LinSliplnv software
utilizing local and near-regional data, indicates a single rupture episode, with the maximum slip
calculated at 40 cm. The shape and the maximum slip, suggested by the present Thesis, is in
agreement with the results derived by Sokos et al. (2015), according to which the maximum slip
was calculated 25 cm. The small maximum value could be due to the difference in the given
dimensions of the fault plane, i.e. Sokos et al. (2015) suggest a 30 km x 30 km fault, in contrast
to the 16 km x 10 km utilized by the present study. The maximum slip also agrees with
Papadopoulos et al. (2014), who determined a maximum value of 60 cm. However, they
suggest three distinct patches. Saltogianni et al. (2018) calculated a maximum slip of 1.2 m and
two patches, utilizing GPS and InSAR data.

Concerning the ground deformation derived by the slip distribution of the 26 January
2014 Cephalonia earthquake, using the local to near-regional method, the values in the
horizontal and vertical component are low, mainly due to the magnitude and the focal depth of
the event. However, further investigation is necessary. The results revealed a maximum of 2 cm
of horizontal displacement, to the east of the fault, on Cephalonia Island. On the other hand,
Boncori et al. (2015) and Saltogianni et al. (2018) determined the ground deformation, utilizing
INSAR and GPS data, respectively, suggesting a cumulative horizontal displacement up to 20 - 25
cm, taking into account both large events of 26 January and 3 February. Sakkas and Lagios
(2015) derived a horizontal displacement up to 10 cm, in similar directions with the present
study.

5.2.Lemnos 2014 Earthquake

Regarding the results obtained by the LinSliplnv software, the calculated slip revealed a
complex source, comprised by three discrete patches. The slip snapshots revealed that the slip
migrated updip, whereas the total maximum slip value reached 1.4 m. In addition, the slip
velocity snapshots identified a bilateral rupture. More specifically, a initial westward rupture
propagation was observed, followed by a major slip patch heading to the east, in agreement
with Evangelidis et al. (2015). The slip distribution over time, determined by Saltogianni et al.
(2015, 2016), presents a resemblance with the obtained slip derived using local to near-regional
data, however the maximum slip area presented by the aforementioned study was probably an
artifact, given that it did not appear in all solutions and the apparent peak slip corresponds to a
relatively low rate of seismic moment release. Konca et al. (2018) suggest a maximum slip of
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more than 2 m, using GPS and teleseismic data, whereas Saltogianni et al. (2015, 2016) equal to
2.6 m, yet the slip distribution pattern and the dimensions of the suggested fault of the two
studies do not correlate. Kiratzi et al. (2016) proposed that the earthquake hosted two discrete
patches, with the maximum slip being significantly smaller, equal to 0.7 m, in respect to all
aforementioned studies, including the present one. A possible cause could be the significantly
larger dimensions (65x35 km?) of the utilized fault plane by Kiratzi et al. (2016), taking into
account that the respective ones of the present Thesis are 40 x 15 km?.

The obtained ground deformation results in Lemnos indicate a right lateral horizontal
movement, in good agreement with Sboras et al. (2017). Regarding the Lemnos Island, the
direction of horizontal displacement determined by the present study (2 cm towards the SW) is
in agreement with the results of Ganas et al. (2014), Saltogianni et al. (2015, 2016) and Bitharis
et al. (2016), who identified, using GPS data, co-seismic horizontal displacement of about 4-6
cm. Similar results are also obtained for the Samothrace Island. The findings of the present
study, as well as the ones of Saltogianni et al. (2015, 2016) and Bitharis et al. (2016), indicate
horizontal movement of about 5 cm. Regarding the vertical displacement, the results of the
present study derived a maximum uplift of 3 cm and subsidence of 4 cm, in agreement with the
2 cm of uplift and subsidence, suggested in the same areas by Sboras et al. (2017).

5.3.Lefkada 2015 Earthquake

The local to near-regional slip inversion results revealed directivity towards the SSW, in
full agreement with the ones obtained by all models applied by Sokos et al. (2016). In addition,
three slip episodes can clearly be identified, supporting the conclusion of Sokos et al. (2016),
according to which the rupture propagation was complex, consisting of two or three sub-
episodes. The slip model of Bie et al. (2017), determined using INSAR observations, indicated
that the main slip patches are confined to shallow depths (<10 km), in agreement with the
present results, and that the segmentation occurred along strike. The maximum obtained slip
value of this Thesis was 1.2 m, in agreement with the values of 1.4 m and 1.5 m, obtained by
Sokos et al. (2016) and Bie et al. (2017), respectively. Chousianitis et al. (2016) determined the
slip distribution utilizing teleseismic, strong motion and GPS data. The maximum slip was 2.5 m
which is a rather high value, taking into account the fault dimensions and the earthquake
magnitude. Nevertheless, the maximum value that they obtained using only teleseismic data
was about 1.5 m, similar to the previously mentioned studies. In addition, Avallone et al. (2017),
who used InSAR and GPS data, determined the maximum slip value equal to 2 m. Last, the
results of Saltogianni et al. (2017) agree in terms of the maximum slip value (1.4 m) and
directivity, with the ones of the present study, however, the shape of the slip distribution
differs.

Regarding the ground deformation, the dextral movement of the fault was verified by
the herein obtained results, using the DIS3D software. Small uplift values were obtained for the
southern part of Lefkada (7 cm maximum uplift). The direction of horizontal deformation
derived by the present study agrees with the results of Saltogianni et al. (2017). The values are
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similar at the northern part of the Lefkada Island, whereas they differ at the southern part, with
the horizontal vectors of the latter study presenting a dislocation of about 50 cm towards the
SSE, in contradiction to the present thesis, in which the derived horizontal dislocation is about 8
cm.

5.4.Lesvos 2017 Earthquake

According to the LinSliplnv inversion results, the maximum slip was ~1.0 m, identical
with the one obtained by Kiratzi (2018) and similar to the one (1.2 m) by Chousianitis and Konca
(2018) and by Papadopoulos et al. (2017), who utilized teleseismic recordings. The space-time
rupture evolution, presented by slip velocity snapshots per 1 s, indicated a unique slip patch
and rupture directivity towards the NW, in agreement with the results of the spatiotemporal
evolution of the sequence, according to Papadimitriou et al. (2018). Similar directivity effects
were also observed by Chousianitis and Konca (2018) and by Kiratzi (2018). In addition, this
directivity could partly explain the damage observed in Vrissa village (Mavroulis et al., 2018).
However, extended destruction is also due to other factors, such as soil conditions and
vulnerability of the buildings. The dimensions of the fault were determined 20 km long and 12
km wide, which coincide with the 20 km x 10 km along strike and dip fault plane derived by
Kiratzi (2018) for the main slip patch, after considering dimensions of 50 km x 22 km. However,
Papadopoulos et al. (2017) suggest a fault plane of 27 km x 17 km. The focal mechanism (input
in the inversion) was 122°/40°/-83° (Papadimitriou et al., 2018), with the optimal solution
obtained after a grid search at a focal depth at 11 km. Sokos and Zahradnik (2017) and Kiratzi
(2018) suggest that the focal depth is around 7 to 9 km, whereas Papadimitriou et al. (2018)
determined the focal depth at 13 km by applying moment tensor inversion.

The obtained low ground deformation values agree with the results of Ganas et al.
(2018), according to which surface deformation is not visible with InSAR, but cm-size co-seismic
horizontal offsets were recorded by continuous GPS stations in Lesvos. In addition, the NNE
horizontal movement not exceeding 3 cm on Lesvos Island, according to the present study, is
similar with the values provided by Chousianitis and Konca (2018).

5.5.Kos 2017 Earthquake

The slip distribution results derived by the LinSliplnv software are in agreement with the
ones derived by Karasozen et al. (2018) regarding the unique patch of the slip distribution and
the maximum slip value (slightly exceeding 1.6 m for Karasdzen et al. and 1.8 m in the present
study). Both studies consider as causative the fault dipping to the north. Saltogianni et al.
(2017) and Kiratzi and Koskosidi (2018) suggest a south dipping fault plane and, thus, the results
cannot be compared. The slip distribution assessment of Tiryakioglu et al. (2017), obtained by
GPS measurements, presents very small values (maximum slip of 0.25 m) which cannot be the
case for an event with such a magnitude.

Regarding the ground deformation, Tiryakioglu et al. (2017) derived horizontal
displacement by utilizing GPS data. Their results agree with the present ground deformation

57



derived by DIS3D, providing extension in a N-S direction. Values of horizontal movements, of
the order of 3 cm in Marmaris, are also in agreement. The results of the surficial deformation of
the present study are also in accordance to the ones of Karasdzen et al. (2018), determined via
InSAR interferometry. Similar directions of horizontal dislocation have been obtained in Bodrum
Peninsula, although the results of the present Thesis provide lower values, given that the ones
by Karasdzen et al. (2018) are of the order of 10 cm. Sboras et al. (2018) propose that the
vertical displacement was spatially constrained and provided a region of about 30 cm of
subsidence in the vicinity of the fault area, in full agreement with the results obtained by DIS3D.
Horizontal displacement results are in a general agreement with the ones by Sboras et al.
(2018). Last, Heidarzadeh et al. (2017) presented an approach of determining the seafloor
deformation utilizing “tsunami waveforms” and a mean slip of 0.4 m. The results obtained by
this method are similar to the ones from the present study, presenting an uplift (of insignificant
values) to the western part of the Bodrum Peninsula and subsidence of 5 — 10 cm in the
northeastern part of the Kos Island, in agreement with the present results.

6. Conclusions

In the present Master Thesis, the temporal and spatial slip distribution of major
earthquakes that occurred in the Hellenic region during the last five years was examined. The
selected events were characterized either by strike-slip or by normal faulting. The investigation
of the case studies was not in the framework of a Seismotectonic study and only the derived
slip on fault, along with the resulting ground deformation, were examined by this procedure.
The slip distribution determination was carried out by using local to near-regional data. The
selection of the LinSliplnv software (Gallovic and Zahradnik, 2011; Gallovic et al., 2014) was
considered the optimum, considering that there was a number of published studies with
satisfactory results, using this program. The procedure for all the case studies was straight
forward, considering as fixed variables the results obtained by already published
Seismotectonic studies (that is the focal mechanism, the epicenter, the focal depth and the
fault dimensions) for each case study. In other words, the evaluation of the slip distribution
results was based on the best fit and Variance Reduction of each run, in respect to the other
pre-existing solutions. Then, the derived slip was inserted as input to extrapolate slip
distribution along a fault to ground/surface deformation using the DIS3D software (Erickson,
1986).

The results obtained using the LinSliplnv and the DIS3D software were quite promising.
The Cephalonia, Lesvos and Kos earthquakes presented unilateral rupture, whereas the Lefkada
and Lemnos events provided a more complex rupture process. In more detail, for the
Cephalonia earthquake, the analysis indicated a single rupture episode, with the maximum slip
calculated at 40 cm. The Lemnos earthquake revealed three discrete patches, with the total
maximum slip value reaching 1.4 m, whereas the Lefkada event revealed two slip episodes with
an evident directivity towards the SSW. For the Lesvos earthquake, a unique slip patch was
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derived with rupture directivity towards the NW and a maximum slip of ~1.0 m. Lastly, the slip
distribution for the Kos earthquake presented a unique patch of slip distribution and the
maximum slip value of 1.8 m.

In the present chapter, the advantages and limitations of the applied approach,
regarding slip determination, will be discussed. The conclusions regarding this endeavor were
quite encouraging. The approach using local to near-regional data does not require a priori
constrains over the source time function (the boxcar geometry) and thus it can identify complex
rupture patterns. The LinSliplnv software can also provide satisfactory discretization along the
fault (as long as the hardware of the working station is powerful enough) and keeping in mind
that the data used in the inversion is the whole waveform and not a specific phase (e.g. P or S),
the results provide details regarding the rupture process and the derived value of slip is more
secure. The limitations of the LinSliplnv software are strictly dependent on the (mainly
accelerometric) networks density, meaning that, in most if not all cases, no satisfactory
azimuthal coverage could be established and additionally, in some cases the number of
satisfactory recordings was limited.

The future goals, emanated by this endeavor, are the examination of the properties and
determination of the source time function as well as the computation of shakemaps utilizing
the results from LinSliplnv (slip distribution).
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